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Foreword

T HE tremendous research and development effort that went into the
development of radar and related techniques during World War II

resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, ,and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DUBRIDGE.
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Preface

T HEearliest plans for the Radiation Laboratory Series, made in the fall
of 1944, envisaged only books concerned with the basic microwave

and electronic theory and techniques that had been so thoroughly devel-
oped during the wartime work on radar. These plans were laid aside for
a time when it became clear in this country that several months of fighting
remained in the European war.

When work on the Series was resumed in the early summer of 1945, the
books planned, as before, dealt with basic matters and with techniques.
Every effort was made to point out the general applicability of the work
reported and to avoid special emphasis on its application to radar, since
radar itself was thought to have only a limited importance.

The end of the Pacific war made it possible to put more effort on the
job of preparing the Series than had been available earlier. The books
on theory and techniques having been planned as comprehensively as
appeared to be worth while, the work was extended by the addition of
five books concerned with radar and allied systems.

Of those five books, this is the only one that deals with radar itself.
One book takes up the use of radar in navigation, one concerns the design
of radar scanners and radomes, one treats the design and construction of
beacons, and one describes hyperbolic navigational systems—in particular
Loran.

This book is intended to serve as a general treatise and reference book
on the design of radar systems. No apology seems to be needed for the
fact that it deals primarily-though by no means altogether-with micro-
wave pulse radar. Thousands of times as much work has gone into pulse
radar as into any other kind, and the overwhehning majority of this work
has been concerned with microwave pulse radar. The superiority of
microwaves for almost all radar purposes is now clear.

The first eight chapters of this book are intended to provide an intro-
duction to the field of radar and a general approach to the problems of
system design. Chapters 9 through 14 take up the leading design con-
siderations for the various important components that make up a radar
set. These chapters are so thorough in their treatment that Chap. 15,
which gives two fairly detailed examples of actual system design, can be
quite brief. Chapters 16 and 17 take up two new and important ancillary

ix



x PREFACE

techniques that are not dealt with fully elsewhere in the Series: moving-
target indication and the transmission of radar displays to a remote
indicator by radio means.

For fuller information than can be found in this book on any detailed
point of design, the reader is referred to one of the other books of the
Series. In a sense, this book specializes to radar the techniques repotied
more fully elsewhere in the Series.

Radar is a very simple subject, and no special mathematical, physical,
or engineering background is needed to read and understand this book.

Because the book covers the entire field of effort of the Radiation
Laboratory and the other wartime radar establishments, its contributing
authors are more numerous than those listed for most other volumes of
this series. I am especially grateful to L. J. Haworth and to E. M.
Purcell, whose contributions have been more extensive than those of
other authors, and whose advice on editorial problems has often been
extremely helpful. In addition to the authors already listed, whose
names appear in the book in connection with the material they have
written, I wish to thank the following men for their work in provid-
ing essential background material that did not eventually find its way
into the book: R. M. Alexander, A. H. Brown, J. F. Carlson, M. A.
Chaffee, L. M. Hollingsworth, E. L. Hudspeth, R. C. Spencer, and I. G.
Swope. Changing plans for the book also reduced the acknowledged
contribution of E. C. Pollard far below the very considerable quantity of
material he prepared.

I owe an apology to all the authors for the liberty I have often
taken in altering their original text to fit the final framework of the
book and my own ideas of style. Because most authors left the Labora-
tory immediately on finishing their writing, and much of the editorial
work had to be deferred until the book was substantially complete, it has
not always been possible to adjust with the authors the alterations in their
manuscripts that have seemed desirable to me.

The general acknowledgments I owe as Editor-in-Chief of the Series
are set forth in the Series Index. In connection with the preparation
of this book, however, it is a pleasure to thank Dr. B. ~. Bowden, of the
British Air Commission, not only for his assistance as an author but also
for his general comments on the book as a whole. I am grateful to
Lois Capen for her work in following the preparation of illustrations, and
to Phyllis Brown for general secretarial assistance.

LOUIS N. RIDENOUR.

CAMBRIDGE, MASS.
Jum, 1946
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CHAPTER 1

INTRODUCTION

BY LOUIS N. RIDENOUR

101. What Radar Does. —Radar is an addition to man’s sensory
equipment which affords genuinely new facilities. It enables a certain
class of objects to be “seen” —that is, detected andlocated—at distances
far beyond those at which they could be distinguished by the unaided
eye. This ‘(seeing” is unimpaired by night, fog, cloud, smoke, and most
other obstacles to ordinary vision. Radar further permits the measure-
ment of the range of the objects it “sees” (this verb will hereafter be used
without apologetic quotation marks) with a convenience and precision
entirely unknown in the past. It can also measure the instantaneous
speed of such an object toward or away from the observing station in a
simple and natural way.

The superiority of radar to ordinary vision lies, then, in the greater
distances at which seeing is possible with radar, in the ability of radar to
work regardless of light condition and of obscuration of the object being
seen, and in the unparalled ease with which target range and its rate of
change can be measured. In certain other respects radar is definitely
inferior to the eye. The detailed definition of the picture it offers is very
much poorer than that afforded by the eye. Even the most advanced
radar equipment can on]y show the gross outlines of a large object, such
as a ship; the eye can—if it can see the ship at all—pick out fine details
such as the rails on the deck and the number or character of the flags at
the masthead. Because of this grossness of radar vision, the objects
that can usefully be seen by radar are not as numerous as the objects
that canabe distinguished by the eye. Radar is at its best in dealing with
isolated targets located in a relatively featureless background, such as
aircraft in the air, ships on the open sea, islands and coastlines, cities in
a plain, and the like. Though modern high-definition radar does afford
a fairly detailed presentation of such a complex target as a city viewed
from the air (see, for example, Fig. 335), the radar picture of such a
target is incomparably poorer in detail than a vertical photograph taken
under favorable conditions would be.

One further property of radar is worth remarking: its freedom from
difficulties of perspective, By suitable design of the equipment, the
picture obtained from a radar set can be presented as a true plan view,

1
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the radar picture would have been unaffected while photography or
ordinary vision would have been useless.

1.2. How Radar Works.—The coined word rodaris derived from the
descriptive phrase “radio detection and ranging. ” Radar works by
sending out radio waves from a transmitter powerful enough so that
measurable amounts of radio energy will be reflected from the objects to
beseenby theradar toaradio receiver usually located, for convenience,
at the same site as the transmitter. The properties of the received echoes

are used to form a picture or to determine certain properties of the objects
that cause the echoes. Theradar transmitter may send out c-w signals,
or frequency-modulated c-w signals, or signals modulated in other ways.
Many schemes based on transmissions of various sorts have been proposed
and some of them have been used. Chapter 5 of this book treats the
general radar problem, in which any scheme of transmitter modulation
may be used, in a very fundamental and elegant way.

Despite the great number of ways in which a radar system can in
principle be designed, one of these ways has been used to such an over-
whelming degree that the whole of this book, with the exception of Chap.
5, is devoted to it. When radar is mentioned without qualification in
this book, pulse radar will be meant. NTOapology for this specialization
is needed. Thousands of times as much effort as that expended on all
other forms of radar put together has gone into the remarkably swift
development of pulse radar since its origin in the years just before World
War II.

In pulse radar, the transmitter is modulated in such a way that it
sends out very intense, very brief pulses of radio energy at intervals that
are spaced rather far apart in terms of the duration of each pulse. During
the waiting time of the transmitter between pulses, the receiver is active.
Echoes are received from the nearest objects soon after the transmission
of the pulse, from objects farther away at a slightly later time, and so on.
When sufficient time has elapsed to allow for the reception of echoes from
the most distant objects of interest, the transmitter is keyed again to
send another very short pulse, and the cycle repeats. Since the radio
waves used in radar are propagated with the speed of light, c, the delay
between the transmission of a pulse and the reception of the echo from
an object at range R will be

(1)

the factor 2 entering because the distance to the target has to be traversed
twice, once out and once back, Figure 1.2 shows schematically the
principle of pulse radar.

The linear relation between delay time and range shown in Eq. (I) is
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theclue totheease tithwtich range can remeasured by radar. Range
measurement is reduced to a measurement of time, and time can be
measured perhaps more accurately than any other basic physical quan-
tity. Because the velocity of light is high, the intervals of time that
must be measured in radar are short. Numerically, the range corre-
sponding to a given delay time is 164 yd for each microsecond elapsing
between the transmission of the pulse and the reception of the echo. If
it is desired to measure range to a precision of 5 yd, which is necessary in
some applications of radar, time intervals must be measured with a

precision better than & psec. Modern electronic timing and display
techniques have been developed to such a point that this can readily be
done.

One of the simplest ways in which radar echo signals can be displayed
is shown in Fig. 1.3. The beam of a cathode-ray tube is caused to begin
a sweep from left to right across the face of the tube at the instant a pulse
is sent from the transmitter. The beam is swept to the right at a uniform
rate by means of a sawtooth waveform applied to the horizontal deflection
plates of the CRT. The output signals of the radar receiver are applied
to the vertical deflection plates. To ensure that the weakest signals
that are at all detectable are not missed, the over-all gain of the receiver
is high enough so that thermal noise originating in the receiver (Sec. 2.7)
is perceptible on the display. The two signals that rise significantly
above this noise in Fig. 1.3 are, on the left, the “tail” of the transmitted
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pulse leaking into the receiver, and on the right, the echo signal from a
radar target. The target in the particular case of Fig. 1“3 is the earth’s
moon.

The measurement of range by means of radar is thus a straightforward
problem of time measurement. It is also desirable to be able to measure
the direction in which a target lies as viewed from a radar station. In
principle, this can be done on the basis of triangulation, using range
information on the same target from two or more separate radar locations.
Although this method permits of great accuracy and has occasionally
been used for special purposes, it is far more desirable from the stand-
point of simplicity and flexibility to measure direction, as well as range,
from a single radar station. Measurement of target bearing was made
possible by the development of radio techniques on wavelengths short
enough to permit the use of highly directional antennas, so that a more
or less sharp beam of radiation could be produced by an antenna of
reasonable physical size.

When the pulses are sent out in such a beam, echoes will be received
only from targets that lie in the direction the beam is pointing. If the
antenna, and hence the radar beam, is swept or scanned around the
horizon, the strongest echo will be received from each target when
the beam is pointing directly toward the target, weaker echoes when the
beam is pointed a little to one side or the other of the target, and no echo
at all when it is pointing in other directions. Thus, the bearing of a
target can be determined by noting the bearing of the radar antenna
when that target gives the strongest echo signal. This can be done in a
variety of ways, and more precise and convenient means for determining
target bearing by means of radar have been developed (Chap. 6), but the
method described here illustrates the basic principle.

It is convenient to arrange the radar display so that, instead of show-
ing target range only, as in Fig. 1.3, it shows the range and angular
disposition of all targets at all azimuths. The plan-position indicator,
or PPI, is the most common and convenient display of this type. Figure
1.1 is a photograph of a PPI-scope. The direction of each echo signal
from the center of the PPI shows its direction from the radar; its distance
from the center is proportional to target range. Many other forms of
indication are convenient for special purposes; the various types of indi-
cator are cataloged in Chap. 6.

1.3. Components of a Radar System.—A radar set can be considered
as separable, for the purposes of design and description, into several major
components concerned with different functions. Figure 1.4 is a block
diagram of a simple radar set broken up into the components ordinarily
distinguished from one another.

In the set illustrated in Fig. 1“4, a cycle of operation is begun by the
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firing of the modulator. This sends a high-power, high-voltage pulse to
the magnetron, which is the type of transmitting tube almost universally
used in modern radar. For the brief duration of the modulator pulse,
which may typically be 1 ~sec, the magnetron oscillates at the radio
frequency for which it is designed, usually some thousands of megacycles
per second. The r-f pulse thus produced travels down the r-f transmis-
sion line shown by double lines in Fig. 1.4, and passes through the two
switches designated as TR and ATR. These are gas-discharge devices
of a very special sort. The gas discharge is started by the high-power
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r-f pulse from the transmitter, and maintained for the duration of that
pulse; during this time the TR (for transmit-receive) switch connects
the transmitter r-f line to the antenna, and disconnects the mixer and the
rest of the radar receiver shown below the TR switch. The ATR (for
anti-TR) switch, when fired, simply permits the r-f pulse from the trans-
mitter to pass through it with negligible loss. Between pulses, when
these gas-discharge switches are in an unfired state, the TR switch
connects the rnher to the antenna, and the ATR disconnects the magne-
tron to prevent loss of any part of the feeble received signal.

After passing through these two switches, the transmitter pulse
travels down the r-f line to the antenna, where it is radiated. The
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antenna is designed in such a way that the beam shape it produces is
suitable for the requirements the radar set must meet. It is mounted on
a scanner which is arranged to sweep the beam through space in the
manner desired; simple azimuth rotation is indicated in Fig. 1“4.

After the transmission of the pulse, the discharges in the TR and
ATRstitches cease andthesystem isready to receive echoes. Echoes
are picked up by the antenna and sent down the r-f line to the mixer.
The mixer is a nonlinear device which, in addition to receiving the signals
from the antenna, is supplied c-w power from a local oscillator operating
at a frequency only a few tens of megacycles per second away from the
magnetron frequency. The difference frequency that results from mixing
these two signals contains the same intelligence as did the original r-f
echoes, but it is at a sufficiently low frequency (typically, 30 Me/see) to
be amplilied by more or less conventional techniques in the intermediate-
frequency amplifier shown. Output signals from the i-f amplifier are
demodulated by a detector, and the resulting unipolar signals are further
amplified by a video-frequency amplifier similar to those familiar in
television technique.

The output signals of the video amplifier are passed to the indicator,
which displays them, let us say for definiteness, in plan-position form.
In order to do this, it must receive a timing pulse from the modulator, to
indicate the instant at which each of the uniform range sweeps out from
the center of the PPI tube should begin. It must also receive from the
scanner information on the direction in which the antenna is pointing,
in order that the range sweep be executed in the proper direction from the
center of the tube. Connections for accomplishing this are indicated in
the Fig. 1.4.

In Chaps. 9 to 14, inclusive, the detailed design of each of the com-
ponents shown in Fig. 1.4 is treated. In addition, consideration is given
to the problem of supplying primary power in a form suitable for use with
a radar set; this is especially difficult and important in the case of airborne
radar.

1.4. The Performance of Radar.-In discussing the performance of
radar, one usually refers to its range pwforrnunce-that is, the maximum
distance at which some target of interest will return a sufficiently strong
signal to be detected. The factors that determine range performance are
numerous and they interact in a rather complicated way. Chapter 2 is
devoted to a discussion of them, and Chap. 3 deals with the important
matter of the properties of radar targets.

The usual inverse-square law which governs the intensity of radiation
from a point source acts to determine the range dependence of the fraction
of the total transmitted energy that falls on a target. So far as the echo
is concerned, the target can also be thought of as a point source of radia-
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tion, so that the inverse-square law must be applied again to determine
the range dependence of the amount of echo energy reaching the receiver.
In consequence, the echo energy received from a target varies with the
inverse fourth power of the range from the radar set to the target, other
factors being constant.

To be detectable, a signal must have a certain minimum power; let
us call the minimum detectable signal tlti~. Then the maximum range
of a radar set on a target of a given type will be determined by Smi.,

according to the expression

S.n = g,

where K is a constant and Pt is the power in the transmitted pulse, to
which the received signal power will clearly be proportional. Rearranging,

()

?’4
R-= ~ . (2)

m.

Equation (2) displays the difficulty of increasing the range performance
of a radar set by raising its pulse power. A 16-fold increase in power is
required to double the range.
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However formidable this requirement appears, one of the most
remarkable facts of the wartime years of development of radar is that
practicable pulse powers in the microwave frequency range (about 1000
Me/see and above) have increased by a factor of hundreds in a relatively
short time. This stupendous advance resulted from the invention and
rapid improvement of the multicavity magnetron, which is described in
Chap. 10. Figure 1.5 shows the history of magnetron development, with
respect to pulse power and efficiency, at the three most important micro-
wave bands exploited during the war. The curves are rather arbitrarily
drawn, and only their general trend is significant. Not every upward
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step in output power was due to an improvement in the magnetron itself.
The increase at 10-cm wavelength in the early part of 1941 was brought
about by the development of modulators of higher power.

It is important to realize that the curves of Fig. 1.5 lie above one
another in the order of increasing wavelength not because development
was begun earlier at 10 cm than at 3 cm, and earlier at 3 cm than at 1 cm,
but because magnetrons of the type used in radar are subject to inherent
limitations on maximum power which are more severe the shorter the
wavelength. The same is true of the r-f transmission lines used at
microwave frequencies. The horizontal dashed lines shown in Fig. 15a
show the maximum power that can be handled in the standard sizes of
‘‘ waveguide” used for r-f transmission at the three bands.

A similarly spectacular decrease in the minimum detectable signal,
due to the improvement of microwave radar receivers, has marked the
war years. In the wavelength bands above about 10 m, natural “static”
and man-made interference set a rather high noise level above which
signals must be detected, so that there is little necessity for pursuing the
best possible receiver performance. This is not true at microwave fre-
quencies. Natural and man-made interference can be neglected at these
frequeficies in comparison with the unavoidable inherent noise of the
receiver. This has put a premium on the development of the most
sensitive receivers possible; at the end of 1945 microwave receivers were
within a factor of 10 of theoretically perfect performance. Improvement
by this factor of 10 would increase the range of a radar set only by the
factor 1.8; and further receiver improvement can today be won only by
the most painstaking and difficult attention to details of design.

Why Microwave s?-The reader will have observed that when radar is
discussed in what has gone before, microwave radar is assumed. This is
true of the balance of this book as well. So far as the authors of this
book are concerned, the word m.dar implies not only pulse radar, as has
already been remarked, but microwave pulse radar. Though it is true
that the efforts of the Radiation Laboratory were devoted exclusively to
microwave pulse radar, this attitude is not entirely parochialism. The
fact is that for nearly every purpose served by radar, microwave radar
is preferable. There are a few applications in which longer-wave radar
is equally good, and a very few where long waves are definitely preferable,
but for the overwhelming majority of radar applications microwave radar
is demonstrably far more desirable than radar operating at longer
wavelengths.

The superiority of microwave radar arises largely because of the
desirability of focusing radar energy into sharp beams, so that the direc-
tion as well as the range of targets can be determined. In conformity
with the well-known laws of physical optics, by which the sharpness of
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the beam passing through an aperture of given size depends on the ratio
of the diameter of the aperture to the wavelength of the radiation in the
beam, the sharpness of the beam produced by a radar antenna (which
can be thought of as a sort of aperture for the radio energy) depends on
the ratio of the antenna dimensions to the wavelength used. For an
antenna of given size, the breadth of the beam produced is proportional
to the wavelength. These statements are made precise in Sec. 9.1.

Particularly in the case of airborne radar, where a large antenna
cannot be tolerated for aerodynamic reasons, it is important to produce
sharp radar beams with an antenna structure of modest size. This
demands the use of microwaves. Roughly speaking, microwaves are
radio waves whose wavelength is less than 30 cm.

Radar definition, its ability to discriminate between targets close
together in space, improves as the beamwidth is narrowed. Targets at
the same range can be distinguished by radar as being separate if they
are separated in azimuth by an angle larger than one beamwidth; thus
the quality of the picture afforded by radar improves as the beamwidth
is reduced. For an antenna of given size, the beamwidth can be decreased
only by lowering the wavelength.

The finite velocity of light sets a limit to the desirable beamwidth if
a region of finite size is to be scanned at a given speed by a radar set.
Chapter 4 considers this and other limitations of pulse radar in some
detail.

The Propagation of Microwaves. —Further limitations on the perform-
ance of radar arise from the propagation properties of radio waves in the
microwave region of the electromagnetic spectrum. Like light, micro-
waves are propagated in straight lines. Unlike radio waves at frequencies
lower than about 30 Me/see, microwaves are not reflected from the
ionosphere. This means that the maximum range of a radar set whose
performance is not otherwise limited will be set by the optical horizon
which occurs because the earth is round. This is in fact the limitation
on the performance of the best radar Sets developed during the war.
Under certain conditions, bending of the microwave beam around the
earth is produced by meteorological conditions (Sec. 2.14). This can
increase the range of a radar set beyond the optical horizon, but such
phenomena are relatively rare and essentially unpredictable.

A lower limit on the wavelengths which can be used for practical
radar systems is fixed by the onset of atmospheric absorption of micro-
wave energy. Below a wavelength of about 1.9 cm, serious absorption
occurs in moist atmosphere, because of a molecular transition in water
vapor which can be excited by the radiation (Sec. 2.15). For this reason,
2 cm is about the shortest wavelength at which radar systems of good
range performance can be built. For certain very special applications
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where high absorption can be tolerated or is even welcome, shorter wave-
lengths can be used, but 2 cm is a good practical limit. The wartime
development of radar components and systems at 1.25 cm antedated the
discovery of the strong water-vapor absorption at this wavelength. A
wavelength of 1.25 cm is, fortuitously, very nearly the most unf ort tinate
choice that could have been made in the development of a new short-
wavelength band.

105. Radar Systems.—The uses made of radar were so various under
wartime conditions that many different systems were developed to fill
different needs. These systems usually differed more in regard to beam
shape, scanning means, and mode of indication than in regard to any
other properties. Chapter 6 gives a brief conspectus of the principal
varieties of radar, with especial emphasis on those types that promise to
have an important peacetime use. Two examples of the detailed design
of radar systems are given in Chap. 15, after the components of radar
systems have been discussed.

Considerable use has been made of radar beacons. These ,are devices
which, on receiving a pulse or a series of properly coded pulses from a
radar set, will send back in reply a pulse or a series of coded pulses. A
great increase in the flexibility and convenience of the use of radar under
certain conditions can be obtained by the use of such beacons. A brief
account of their properties and uses, though not of their design, will be
found in Chap. 8.

Toward the end of the war, two major’ developments occurred which
promised to extend greatly the applicability of pulse radar under unfavor-
able conditions. Means were developed for reproducing radar indications
at a point distant from the set that gathered the original data; the intelli-
gence necessary was transmitted from the radar to the distant indicator
by radio means. This radar relay, as it has come to be called, is described
in some detail in Chap. 17.

Chapter 16 deals with another important development—namely, the
modification of pulse-radar equipment so that it will display only targets
that are in motion relative to the radar. Such moving-target indication
is potentially of great importance in freeing radar from the limitations of
site. At the present, a radar site must be chosen with careful attention
to the surrounding terrain; hills or buildings within the line of sight can
return strong “permanent echoes” which mask target signals over a large
part of the desirable coverage of the set. In mountainous temati, this
problem is very serious. An arrangement that gives signals only from
targets that are moving appears to be the best solution to the permanent-
echo problem.

A fact that has been too little recognized when radar systems are
discussed is that the organization which is to make use of the positional
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information afforded by radar is usually at least as important as is the
radar itself. A good organization can make excellent use even of inferior
radar information, as was proved by the success of the British Home
Chain of radar stations, the first large-scale radar installation to be made.
An inadequate organizational set-up can do a poor job, even though
provided with splendid radar from the technical standpoint. The many
problems that enter into the creation of an adequate organization for the
use of radar data have not received the study that they should. Despite
this fact, Chap. 7 attempts to provide an introduction to this sort of
planning, and to raise some of the important problems, even though they
may not yet be satisfactorily solved.

106. The Early History of Radar.—Though the complete history of
the origins and the growth of modern radar is a long and complicated one, 1
it will be of some interest to sketch here its main lines, with especial
reference to Allied developments.

Successful pulse radar systems were developed independently in
America, England, France, and Germany during the latter 1930’s. Back
of their development lay half a century of radio development for commu-
nication purposes, and a handful of early suggestions that, since radio
waves are known to be reflected by objects whose size is of the order of a
wavelength, they might be used to detect objects in fog or darkness.

The fact that radio waves have optical properties identical with those
associated with ordinary visible light was established by Heinrich Hertz
in 1886, in the famous series of experiments in which he first discovered
radio waves. Hertz showed, among other things, that radio waves were
reflected from solid objects. In 1904 a German engineer, Hulsmeyer,
was granted a patent in several countries on a proposed way of using
this property in an obstacle detector and navigational aid for ships. In
June 1922, Marconi strongly urged the use of short waves for radio
detection.

The principle of pulse ranging which characterizes modern radar was
first used in 1925 by Breit and Tuve, of the Carnegie Institution of Washing-
ton, for measuring the height of the ionosphere. 2 After the successful
experiments of Breit and Tuve, the radio-pulse echo technique became the
established method for ionospheric investigation in all countries. The
step from this technique to the notion of using it for the detection of air-
craft and ships is, in retrospect, not such a great one; and various indi-
viduals took it independently and almost simultaneously in America,

1For the fullesttreatmentof radarhistory available, the readeris referredto the
officialhistory of Div. 14, NDRC, “Radar” by H. E. Guerlac, to be published by
Little, Brown, & Co., Boston.

2M. A. Tuve and G, Breit, “Terrestrial Magnetismand AtmosphericElectricity,”
Vol. 30, March-December1925, PP. 15-16. Also Phys Rev, 28, 554 (1926).
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England, France, and Germany, about ten years after the original work
of Breit and Tuve.

The research agencies of the American Army and Navy have a long and
complicated history of early experiment, total failure, and qualified suc-
cess in the field of radio detection. The interested reader will find this
dealt with at length in Dr. Guerlac’s history. 1 Here it will be sufficient
to report the earliest full successes. In early 1939, a radar set designed
and built at the Naval Research Laboratory was given exhaustive
tests at sea during battle maneuvers, installed on the U.S.S. New York.
The first contract- for the commercial manufacture of radar equipment
was let as a result of these tests, for the construction of six sets, designated
as CXAM (Sec. 6.9), duplicating that used in the trials. In November
1938, a radar position-finding equipment intended for the control of
antiaircraft guns and searchlights, designed and built by the Signal Corps
Laboratories of the Army, was given extensive tests by the Coast Artillery
Board, representing the using arm. This set also went into quantity
manufacture, as the SC R-268 (Sec. 6.14). An Army long-range aircraft-
detection set whose development had been requested earlier by the Air
Corps was demonstrated to the Secretary of Jt’ar by the Signal Corps
Laboratories in November 1939. A contract for the production of thk
equipment, the SCR-270 (and SCR-271; see Sec. 6.9) was let in August
1940.

British radar was developed at about the same time but its application
proceeded at a somewhat faster pace under the immediate threat to
England and with considerably greater realism during the early years of
the war. During the winter of 1934-1935, the Air Ministry setup a Com-
mittee for the Scientific Survey of Air Defense. Among the suggestions
it received was a carefully worked out plan for the detection of aircraft
by a pulse method, submitted by a Scottish physicist, now Sir Robert
Watson-Watt, then at the head of the Radio Department of the National
Physical Laboratory.

The first experimental radar system of the type suggested by Watson-
Watt was set up in the late spring of 1935 on a small island off the east
coast of England. Development work during the summer led to the
blocking-out of the main features of the British Home Chain of early-
warning stations (Sec. 6“9) by fall. Work began in 1936 toward setting
up five stations, about 25 miles apart, to protect the Thames estuary.
By March 1938, all these stations—the nucleus of the final Chain-were
complete and in operation under the charge of RAF personnel.

British radar development effort was then brought to bear on airborne
radar equipment. Two types were envisaged: a set for the detection of
surface vessels by patrol aircraft (called ASV, for air to surface vessel),

1op. ant.
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and an equipment for enabling night fighters to home on enemy aircraft
(called AI, for aircraft interception). Work was concentrated on ASV
first, and an experimental equipment was successfully demonstrated
during fleet maneuvers in September 1938. Experimental AI equipment
was working by June, 1939, and it was demonstrated to the chief of RAF
Fighter Command in August of that year. The Air Ministry asked that
30 such systems be installed in aircraft in the next 30 days. Before the
end of September all these systems had been installed, four having been
ready on the day war broke out.

Emphasis on airborne radar underlined the point that, if sharp radar
beams were ever to be produced by antennas small enough to carry in an
~Plane, wavelengths shorter than the 1+ m used in early British air-

borne equipment would have to be employed. This led to the effort
that the British put into developing a generator of microwaves which
could give pulse power adequate for radar use. By early 1940, a British
version of the multicavity magnetron had been developed to the point
where it was an entirely practicable source of pulsed microwave energy,
and the history of modern radar had begun.

1.7. Wartime Radar Development in the United States. —Before the
end of 1940, the work on radar of American and British laboratories had
been combined as a result of an agreement between the two governments for
exchange of technical information of a military nature. A British Technical
Mission arrived in Washington in September 1940 and mutual disclosures
were made of British and American accomplishments in radar up to that
time. Members of the British mission visited the N’aval Research
Laboratory, the Army Signal Corps Laboratories at Fort Monmouth,
and the Aircraft Radio Laboratory at Wright Field, as well as manufac-
turing establishments engaged in radar work. They demonstrated their
version of the cavity magnetron and furnished design information that
enabled U. S. manufacturers to duplicate it promptly.

In discussions with the Microwave Committee of the National
Defense Research Committee, which had been set up a few months before,
members of the British Mission proposed two specific projects which
they suggested that the United States undertake: a microwave aircraft-
interception equipment, and a microwave position finder for antiaircraft
lire control.

To implement their decision to follow these suggestions, the Micro-
wave Committee of the NDRC decided to set up a development labora-
tory staffed primarily by physicists from a number of universities.
They were encouraged in this step by the success that the British had
already experienced with civilian wartime radar development agencies
staffed with physicists having no special radio experience but good
general scientific training. After exploring several possibilities, the
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Microwave Committee persuaded the Massachusetts Institute of Tech-
nology to accept the responsibility of administering the new laboratory,
The Radiation Laboratory, as it was named, opened its doors early in
November 1940. The director of the laboratory throughout its 62
months of life was Dr. L. A. DuBridge.

The Army and Navy development laboratories were glad to depend
on the new Radiation Laboratory for an investigation of the usefulness
for radar of the new microwave region of the radio spectrum. They were
fully occupied with the urgent engineering, training, and installation
problems involved in getting radar equipment that had already been
developed out into actual military and naval service. At the end of
1940, the use of microwaves for radar purposes seemed highly speculative,
and the Service laboratories quite properly felt it their duty to concentrate
on radar techniques that had already been worked out successfully.

During 1941, while the Navy was installing long-wave search radar
and medium-wavelength fire-control radar on ships of the fleet, and the
Army was sending out Signal Aircraft Warning Battalions equipped with
the SCR-270 and antiaircraft batteries with the SCR-268, not a single
item of radar equipment based on the new microwave techniques was
delivered for operational use. However, development work at the
Radiation Laboratory had broadened far beyond the two specific projects
suggested by the British Technical Mission, and microwave equipment
was showing great promise for many wartime uses.

A few important dates will indicate the way in which this develop-
ment was proceeding. On Jan. 4, 1941, the Radiation Laboratory’s first
microwave radar echoes were obtained. A successful flight test of a
working “breadboard” model of an airborne radar intended for AI use
was made on March 10, in a B-18A furnished by the Army Air Corps.
In this fight it was found that the equipment was extremely effective in
searching for ships and surfaced submarines at sea.

In the late spring of 1941, an experimental microwave sea-search
radar equipped with a PPI was installed on the old destroyer U.S.S.
Semmes. On June 30, the Navy let the first production contract for
microwave radar equipment based on the work of the Radiation Labora-
tory. This was for a production version of the set that had been demon-
strated on the Semmes.

At the end of May, a prototype of the microwave antiaircraft position
finder developed at the Radiation Laboratory was in operation. It
accomplished the then-astonishing feat of tracking a target plane in
azimuth and elevation wholly automatically.

These and other early successes led to an increasing Service interest in
microwave radar, which had seemed so speculative a venture in 1940.
The tremendous expansion of the development program can be measured
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by the fact that the personnel of the Radiation Laboratory, which had
been about 40 at the beginning of 1941, rose to nearly 4000 by mid-1945.
Similarly, the Radar Section of the Naval Research Laboratory increased
its personnel to 600. The Radio Position Finding section of the Signal
Corps Laboratories grew into the Evans Signal Laboratory, with a peak
personnel of more than 3000. A similar growth took place at the Air-
craft Radio Laboratory at Wright Field.

A tremendous amount of work was carried out during the war by the
research and engineering staffs of many industrial concerns, both large
and small. In some cases, these firms, working either independent y
or on development or production contracts with the armed forces or with
NDRC, engineered certain types of radar sets all the way through from
the basic idea to the finished product. To a larger extent, the contribu-
tion of industry was to take the prototype equipment produced in
government laboratories and make the design suitable for quantity
manuf act ure and for service use tinder combat conditions. The art
advanced so rapidly in the early years that manufacturers were often
called upon to make major changes during the course of production in
order to take account of new lessons from both the laboratories and the
battlefields.

The growth of the radar industry, which scarcely existed before 1940,
is indicated by the fact that by the end of June 1945, approximately
$2,700,000,000 worth of radar equipment had been delivered to the Army
and the Navy. At the end of the war, radar equipment was being
produced at a rate of more than $100,000,000 worth per month.

The enormous wartime investment of money, skill, and productive
facilities in radar paid the Allies handsome dividends with the fleet, in the
air, and on the battlefield. 1 The uses of radar in a peaceful world were
jusb beginning to be worked out in 1946. Some of these are dealt with
in Vol. 2 of this series. But the technical achievement represented by
the wartime development of radar seems very nearly unparalleled. In
terms of the time intervening between ‘the reception of the first radar
signals and the large-scale use of radar in the war, it is as if, seven years
after the first faltering flight of the Wright brothers at Kitty Hawk, the
airplane had been developed into a powerful weapon of which thousands
were in constant use.

1The story of radar’soperationaluse in the war is told, in a way that is somewhat
blurred about the edgesby the censorshipobtzining just before the end of the war
with Japan, in a pamphlet entitled “Radar: A Report,on Scienceat War,” released
by the Joint Board on ScientificInformation Policy on Aug. 15, 1945. It is obtain-
able from the Superintendentof Documents, U.S. Government Printing Office,
\Vashington,D.C.



CHAPTER 2

THE lU.DAR EQUATION

BY E. M. PURCELL

The operation of a radar set depends on the detection of a weak
signal returned from a distant reflecting object. The factors which
control the strength of the signal so received are clearly of first importance
in determining the maximum range of detection of a given target by a
specified radar set. In Sees. 2.1 to 26 we shall formulate and examine
the basic relation between these quantities, which is commonly known
as the “radar equation. ” Specifically, we want to derive an expression
for the peak radio-frequency signal power S, available at the terminals
of the radar antenna, which will involve measurable properties of the
transmitting and receiving antenna system, the transmission path
through space, and the target itself. Now this relation will not suffice
to fix the maximum range of detection unless the minimum power
required for detection, Sk, is known. This important quantity S~ti we
prefer to discuss separately, beginning in Sec. 2.7 below. It will be found
to depend on many other factors, not all readily accessible to measure-
ment, ranging from thermal noise in a resistor to the integrating property
of the eye of the radar observer. Thus we choose to divide the problem
into two parts, by a fictitious boundary, as it were, between the radar
antenna and the rest of the set. The relations which we shall develop
in Sees. 2.1 to 2.6 are wholly geometrical ones in the sense that the factors
upon which the received power S depends are all lengths, apart from
transmitted power P, to which, of course, S is always proportional.

THE RADAR EQUATION FOR FREE-SPACE PROPAGATION

2.1. The Meaning of Free-space Propagation.-Fortunately,

the

the
quasi-optical nature of microwave propagation permits us to concentrate
our attention at the outset on a very simple case, which we shall call
“free-space propagation.” The circumstances implied would be realized
exactly if radar set and target were isolated in unbounded empty space.
They are realized well enough for practical purposes if the following
conditions are fulfilled:

1, No large obstacles intervene between antenna and target, along
an optical line of sight.

18
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2. No alternate transmission path, via a reflecting surface, can be
followed by a substantial fraction of the radiated energy.

3. The intervening atmosphere is homogeneous with respect to index
of refraction, at the frequency used.

4. The intervening atmosphere is transparent, i.e., does not absorb
energy from the wave, at the frequency used.

Condition 1 restricts our attention to targets within the horizon.
Condition 2 bars, for the present, consideration of radar search at low
angles over water, although later we shall include this case by a suitable
modification of the radar equation. Microwave radar over land appears
to be relatively free, even at low angles, from the reflection effects which
are so pronounced at longer wavelengths. In any case, if the directivity
of the antenna pattern is such that very little energy strikes the reflecting
surface, Condition 2 is fulfilled. Any implications of Conditions 3 and 4
which are not self-evident will be clarified in the last part of this chapter,
where other types of propagation will be discussed. If, now, these condi-
tions of free-space propagation apply, the result is very simple: The
transmitted wave, at any considerable distance from the antenna, 1 has
spherical wavefronts—limited in extent,. of course, by the radiation
pattern of the antenna—which spread so that the intensity of the dis-
turbance falls off with the inverse square of the distance.

2.2. Antenna Gain and Receiving Cross Section. -If the transmitting
antenna were to radiate energy isotropically-that is, uniformly in all
directions—the power flow through unit area at a distance R from the
antenna could be found by dividing P, the total radiated power, by
4TRZ. A directive antenna, however, will concentrate the energy in
certain directions. The power flow observed at some distant point will
differ by some factor G from that which would be produced by an antenna
radiating isotropically the same total power. This factor G is called the
“gain” of the antenna in the direction in question. By our definition,
the gain of the hypothetical isotropic radiator is 1 in every direction. For
any other antenna G will be greater than 1 in some directions and less
than 1 in others. It is clear that G could not be greater than 1 in every
direction, and in fact the average of G taken over the whole sphere must
be just 1.

Usually we are interested in antennas for which G has a very pro-
nounced maximum in one direction, that is to say, antennas which

1The limitationimplied is to distancesgreaterthan all/X,whered is the width of
the antennaapertureand x the wavelength. At distancesR lessthan this (lessthan
366ft, for example,for x = 3 cm, d = 6 ft), the intensity does not fall off as 1/RJ.
Althoughthisregionhas been until now of no interestfor radarapplications,one can
anticipatethe developmentof short-range,very-high-resolutionradar for which thc
nearzone,so defined,will be.of primaryimportance.
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radiate a well-defined beam. This maximum value of G we shall denote
by GO. The narrow, concentrated beams which are characteristic of
microwave radar require, for their formation, antennas large compared
to a wavelength. In nearly every case the radiating system amounts to
an aperture of large area over which a substantially plane wave is excited.
For such a system, a fundamental relation connects the maximum gain
G,, the area of the aperture A, and the wavelength:

(1)

The dimensionless factor .f is equal to 1 if the excitation is uniform in
phase and intensity over the whole aperture; in actual antennas f is often
as large as 0.6 or 0.7 and is rarely less than 0.5. An antenna formed by a
paraboloidal mirror 100 cm in diameter, for a wavelength of 10 cm,
would have a gain of 986 according to Eq. (1) with ~ = 1, and in practice
might be designed to attain GO = 640.

The connection between gain and beamwidth is easily seen. Using
an aperture of dimensions d in both directions, a beam may be formed
whose angular width, 1 determined by diffraction, is about X/d radians.
The radiated power is then mainly concentrated in a solid angle of X2/dZ.

An isotropic radiator would spread the same power over a solid angle
of 4T. Therefore, we expect the gain to be approximately 4rd2/X’, which
is consistent with Eq. (1), since the area of the aperture is about d’. For
a more rigorous discussion of these questions the reader is referred to
Vol. 12, Chap. 5.

A complementary property of an antenna which is of importance
equal to that of the gain is the e.fective receiving cross section. This
quantity has the dimensions of an area, and when multiplied by the power
density (power per unit area) of an incident plane wave yields the total
signal power available at the terminals of the antenna. The effective
receiving cross section A, is related to the gain as follows:

A . G@2.
, 4rr

(2)

Note that G, not Go, has been written in Eq. (2), the applicability of
which is not restricted to the direction of maximum gain or to beams of
any special shape. Once the gain of the antenna in a particular direction
is specified, its effective receiving cross section for plane waves incident
jrom that direction is fixed. Equation (2) can be based rigorously on the
Reciprocity Theorem (see Vol. 12, Chap. 1). Comparing Eqs. (2) and

(1) we observe that, if the factor j is unity, the effective receiving cross

1Wherever a precise definition of beamwidth is intended, we shall mean the
angularintervalbetweentwo directionsfor whichG = G,/2.
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section of an antenna in the principal direction is precisely the area of
the aperture; in other words, all the energy incident on the aperture is
absorbed. Quite generally A, will depend on the area of the antenna
aperture and not on~, whereas GOwill depend on A/h2.

2.3. Scattering Cross Section of the Target.—We have to consider
how the target itself enters the radar problem. Evidently we need some
measure of the amount of power reflected by the target. For this
purpose we define the scattering cross section of the target u as follows:
u (dimensions of an area) is to be 4T times the ratio of the power per unit
solid angle scattered back toward the transmitter, to the power density
(power per unit area) in the wave incident on the target. In other
words, if at the target the power incident on an area u placed normal
to the beam were to be scattered uniformly in all directions, the intensity
of the signal received back at the radar set would be just what it is in the
case of the actual target. In some respects “radar cross section” is a
more appropriate name for u in so far as it indicates that we are concerned
only with the power scattered directly back toward the transmitter.

It is essential to realize that the cross section of a given target will
depend not only upon the wavelength but upon the angle from which the
target is viewed by the radar. The fluctuation of u with “target aspect,”
as it is called, is due to the interference of reflected waves from various
parts of the target (see Chap. 3). only for certain special cases can u be
calculated rigorously; for most targets u has to be inferred from the radar
data themselves. Usually this cannot be done in any uniform way
because of the fluctuation referred to, and it may be well to assert at this
point that intelligent use of the formulas which we shall derive, in all of
which u appears, requires an appreciation of these limitations.

2s4. The Radar Equation. -With the pertinent quantities defined it is
now a simple matter to formulate the radar equation. If S is the signal
power received, P the transmitted power, G the gain of the antenna, A the
wavelength, a the radar cross section of the target, and R the distance
to the target or range, this relation must hold:

‘ ‘(s)(&)(z) (3a)

The quantity in the first parenthesis is the power density in the incident
wave at the target. The first two terms in parentheses together give the
power density in the returning wave at the radar antenna, and the last
factor will be recognized as the receiving cross section of the radar
antenna, from Eq. (2). Rearranging terms, for compactness,

S= P=.
(47r)3R4

(3b)
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Again we call attention to the fact that Eq. (3b), like Eq. (2), contains G
rather than Go, and is not restricted to any particular direction or to
beams of any special shape. The sole restriction which has not yet been
made explicit is that G should not vary significantly over the angle which
the target subtends at the radar antenna.

Usually we shall be interested in the signal that is returned when the
target lies somewhere along the maximum of the radar beam, and we
should then replace G by G,. It is instructive to proceed then to elimi-
nate GOby means of Eq. (l), obtaining

S = P(TA ‘j2
47rR%2”

(4a)

Note that AZnow appears in the denominator, while the numerator con-
tains the square of the area of the antenna aperture. A further manipu-
lation of Eq. (4a) is of interest. Suppose the minimum power required
for satisfactory detection, Smin, is known; we may solve Eq. (4a) for the
maximum range of detection, R~..:

4 PuA ‘jz
R

J
.s, = —

4~S~,.A2”
(4b)

At this point it may be well to get an idea of the order of magnitude
of the quantities involved by inserting numbers not unusual in wartime
pulse-radar practice. If we choose X = 0.10 ft ( = 3.0 cm), P = 10’
watts, A = 10 ft 2, j = 0.6, u = 100 ftz (typical for small aircraft),
& = 5 X 10–12 watts, we obtain R~.. = 155,000 ft or 29 statute miles.

We observe that a 16-fold increase in transmitted power is required to
double the maximum range; on the other hand, it would appear that R~..

could be doubled by doubling the linear dimensions of the antenna. But
the latter step would at the same time reduce the beamwidth by a factor
of 2 and as we shall see in Sec. 2“11 that this indirectly affects Sti.. A
change in wavelength is even more difficult to discuss as it entails changes
in S~i., P, and possibly u as well.

2.5. Beams of Special Shapes.—In several applications of radar, use
is made of an antenna designed to spread the radiated energy out over a
considerable range in angle in one plane. The object usually is to
increase the angular region covered at one time. An example of such a
radiation pattern is the simple “fan beam” sketched in Fig. 2.1. It is
easy to produce such a beam by means of an antenna whose effective
aperture is wide in the direction in which the beam is to be narrow and
narrow in the direction in which the beam is to be broad. The con-
nection given by Eq. (1) between aperture and gain still holds, implying
that by reducing the vertical dimension of the antenna aperture (in
Fig. 2.1), gain has necessarily been sacrificed; of course this is inevitable,
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for the radiated energy has been spread out over a large solid angle.
Consider the problem of designing a radar set with the requirement
imposed that the vertical beamwidth be B. Let us recast Eq. (4) in a
form appropriate for this case, introducing explicitly the vertical and
horizontal dimensions of the antenna aperture, which we denote by b
and a respectively. To a good enough approximation we can set b = k/B.

Then A’ = azbz = a2A2/~2, and inserting this in Eq. (4b) we have

J

4 Puf ‘az
R—m.. = 4iTSmirJ32”

(5)

The range no longer depends explicitly on the wavelength.
From what has been said it should be clear that an excess of antenna

gain, in any direction, over what is needed to meet any requirement for

_——-—

FIG.2.1.—Aradiationpatternof thisshapeis calleda “ fan beam.”

detecting targets in that direction is wasteful. It would be most desirable
to adj us~ the- directional pattern of the antenna so that just the desired
angular coverage, and no more, would be obtained. A prescription for
such an antenna pattern can be obtained from the basic radar equation,
Eq. (3b), in any given case. A particular y important and instructive
example is that of airborne ground-mapping radar, which we shall now
examine in detail.

The object here is to obtain a radar picture, from above, of a circular
area on the ground stretching out in all directions from the aircraft to
some maximum range Ro. This is done by illuminating, at any one
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time, a narrow radial strip extending outward from, for example, the
point directly beneath the aircraft and rotating or “scanning” this strip
about a vertical axis (see Fig. 2.2). Evidently some sort of fan beam, as
narrow as possible in the horizontal direction but spread out vertically, is
demanded. To find the shape which the beam should have, in a vertical
plane, the properties of the target must be taken into account. Unlike
the targets previously discussed, which were assumed to be small tom.
pared to the cross section of the beam and to be characterized by a fixed
radar cross section u, the ground is an extended, or compound target.It
consists of a multitude of small scattering or reflecting objects, many of

F-, -

‘T

~
0

//
---

—.——

FIG.2.2.—Theproblemof theground-mappingantenna.

which contribute to the echo received at any instant. It is easy to see
that the area of the patch on the ground, such as C in Fig. 2.2, from which
echoes can be received at one instant is proportional to the width of the
radar beam at the range in question and to the pulse duration. Also, the
effectiveness of such a patch undoubtedly depends on the angle from
which it is viewed. A detailed discussion of this matter must be reserved
for Chap. 3, but the foregoing remarks should make plausible the follow-
ing hypothesis:

v = LRa sin 0, (6a)

in which a is the beamwidth in azimuth and L is a factor having the
dimensions of a length that contains the pulse length and otherwise
depends only on the characteristics of the terrain. The factor sin 0
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expresses well enough for our purposes the effect of viewing the echoing
area obliquely, at least when 0 is small. (In Fig. 22 the vertical angles
have been exaggerated, for clarity.)

Substitution of this expression for a in the radar equation, and the
replacement, of R by h/sin 0, h being the height of the aircraft, leads to

s = P = = p~2&;&4 ‘.
(4r)’R4

(6b)

If S is to be independent of 0 between O = 00 and 8 = 7r/2, we must
require that G(o) vary aa CSC20 through this angular interval. The ideal
antenna pattern then would be described by

G = Go=& for 00<0< ~/2,

G = O, at all other angles. }

(7)

The requirement of Eq. (7) imposes a restriction on the maximum
gain GOwhich can be achieved and hence on the maximum range. To see
this, let us compute the average of the gain of the antenna over all
directions, or l/47rJJG d~ extended over the whole sphere, where d~ is the
element of solid angle. By the definition of gain this integral must be
equal to 1. But first something must be said about the shape of the
antenna pattern in the other plane--that is, in a plane normal to the fan
beam. Suppose that the horizontal width of the antenna aperture has
been fixed by other design considerations at the value a. The maximum
gain possible will be obtained if the illumination of the antenna aperture
is uniform horizontally, and in this case it can be shown that in any
plane such as ACEF, Fig. 2“2, the gain as a function of the angle @
will bel

()7ra+
sin2 —

G+ = G(~=o)
A

(-)

2“rra+
x

As a function of 8 and @ then, the pattern is completely described by

()CSC28 ‘in2‘+4
G= GosO

(-)
2’7ra+

A

(8)

(9)

.

H
2. +2

and we have to require L G cos @d@ dtl = 1. Since G is very
47r o _;

1This expressionwill,be recognizedas the diffraction pattern of a rectangular
aperture. See Vol. 12, Sec. 49.
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small except for small values of O, and since G vanishes for values of o
outside the interval 00to ~/2, it is permissible to write and evaluate the
integral as follows;

()7raij
1 G, H

=/2 - sin2 —
i

4UCSCZ00 ~. o
CSC2e

(-)

d@dO=~cos O,sin OO= 1. (10)
7ra4 2

A
Hence

GO = ~sec OOCSC00,

Returning nowto Eq. (6b), if Gisreplaced bytheright-hand side of
Eq. (n), andareplaced byk/a, weobtain,forS,

S = PLah tanz 0,
4uh3

(12)

When O,issmall, asisusually thecase, itispermissible toreplace h/tan 00
by Rti, the maximum range, which leads tothefinalr elation

(13)

The appearance of Xin this formula, which isto be contrasted with
theresult obtained forthesimple fan beam and point target, Eq. (5), can
be traced to the influence of the horizontal beamwidth upon the effective
cross section of the extended target. It will be observed that once the
other system parameters, P, L!&, and a, ale specified, the quantity
hR2 is fixed. That is to say, the maximum range obtainable is inversely
proportional to the square root of the height of the aircraft, keeping
everything about the radar set constant but the vertical radiation
pattern of the antenna, which we assume to be adjusted to optimum
shape for each height.

A problem related to the preceding one is met in the design of ground-
based air-search radar, which may be required to provide uniform cover-
age at all ranges for point targets (aircraft) flying at some limiting
altitude h. Here, however, u is generally assumed to be constant: the
reader will easily verify that this assumption leads again to the require-
ment that the gain vary as CSC20, but with a diflerent final result for the
dependence of S upon h, R, and a. It turns out in fact that for the point
target with u independent of angle, the quantity hR~,. is constant, rather
than hR5.,, and S is proportional to az rather than to ah.



SEC.26] TIIE BEA6’ON EQUATION 27

In practice it is not feasible to produce a pattern which exactly meets
the specification of Eq. (7) but a reasonable approximation has been
achieved in several instances. A comprehensive discussion of the
problem of the ‘‘ cosecant-squared” antenna, as this type has been
called, will be found in Chap. 14 of Vol. 12.

2.6. The Beacon Equation.-So far we have confined our attention to
the “two-way” radar problem, in which the route from transmitter to
receiver is a complete round trip involving scattering of the energy by
some remote object. Radar beacons operate on a different principle. A
receiving antenna at a remote point picks up directly energy sent out
from the radar transmitter. The signal is amplified and enabled to
initiate the transmission of another signal, in reply, by an associated
transmitter. This signal, received back at the radar, provides an
artificial echo which can be utilized in various ways (Chap. 8). Here
the analogue of the radar equation for radar-beacon operation will be
discussed.

It is clear that we have to do with two entirely independent processes,
each of which consists simply of one-way transmission and reception.
Consider the first process, usually called “interrogation.” Let P, be the
power transmitted by the radar, ~b the signal power received by the
beacon antenna. These must be related by

()A%=p, =) (14)

where G, and Gb are the gains of the radar and beacon antennas respec-
tively. The subsequent process of beacon reply is described by a similar
equation with the subscripts b and r interchanged throughout. If the
same antenna or similar antennas are employed for transmission and
reception at the beacon and likewise at the radar, as is nearly always the
case, the quantity in the parenthesis has the same value for interrogation
and reply, and we can infer the corollary relation

s P,,b

E–P,
(15)

In practice, the gain G, of the beacon antenna is fixed at a relatively
low number by the requirement of something like omnidirectional cover-
age. The remaining factor in the parenthesis in Eq. (14) is the quantity
G,k* which is proportional to the aperture of the radar antenna. This
leads one to suspect that long beacon ranges should be, in general, more
difficult to achieve at shorter wavelengths. Antenna apertures are
rarely increased in area when shorter wavelengths are employed: on the
other hand, available r-f power generally decreases markedly with
decreasing wavelength. Actually this has not proved to be a serious
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limitation down to wavelengths of the order of 3 cm, because ranges that
can be achieved are already very great and are limited usually by the
horizon rather than by the relation expressed in Eq. (14). That is to
say, the condition of free-space propagation, which we have assumed in
this section, often does not apply at the extremity of the microwave-
beacon range.

Long beacon ranges are, of course, a result of the enormous advantage
of one-way over tw~way transmission. If we compare Eq. (14) with
Eq. (4), we see that in signal strength for given transmitted power the
beacon process enjoys the advantage of a factor of 4flJP/G+s. It is
interesting to compute the limiting free-space range for a beacon oper-
ating in conjunction with a radar set of the characteristics assumed in
our earlier radar example. Let us suppose that the gain of the beacon
antenna is 10, and that the tranwnitted power and minimum required
signal power for the beacon are the same as those assumed for the radar
set. Using Eq. (14) we obtain for the maximum range, either for inter-
rogation or reply, 60,000 statute miles.

In conclusion, we may point out that Eq. (14), although it has been
written in notation appropriate to the radar-beacon problem, applies, of
course, to any one-way transmission problem where free-space propaga-
tion can be assumed. Applications of Eq. (14) are to be found in
the fields of microwave radar relay, radar j amrning, and microwave
communication.

THE MINIMUM DETECTABLESIGNAL

2.7. Noise.—It is well known that despite our ability to amplify
a feeble electrical signal by practically any desired factor, it is still not
possible to discern an arbitrarily weak signal because of the presence of
random elect rical fluctuations, or “noise.” If the true signal entering
any receiver is made weaker and weaker, it subsides eventually into the
fluctuating background of noise and is lost. What is the origin of these
fluctuations, and what factors determine precisely the level at which
the radar signal is hopelessly obscured by them?

Before we attempt to answer these decisive questions, it is worth
while to consider briefly the limit of useful sensitivity of an ordinary
low-frequency radio receiver. This limit is also set by random dis-
turbances, but in this case the largest random disturbances with which
the signal must compete originate generally not in the receiver itself
but elsewhere in space. Whatever their sourc+and this may range
from a passing trolley car to the mysterious reaches of interstellar
spat-these disturbances enter the receiver by way of the antenna.
The crucial quantity is therefore the ratio of the field strength of the
signal in the neighborhood of the antenna to that of noise or interference.
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The absolute magnitudes of signal and interference power available
at the antenna terminals are of little importance; only their ratio, which,
for example, might be favorably altered by the use of a directional
antenna pattern, determines the ultimate performance. This circum-
stance is perhaps one reason why the effective receiving cross section
of an ordinary radio antenna is a number of little interest and is indeed
rarely discussed in radio engineering texts. More significantly, it
explains why the emphasis in the development of radio receivers has
been mainly on improving discrimination against some of the external
noise (for example, by greater frequency selectivity) rather than on
reduction of noise inherent in the receiver.

The situation is different in the microwave region. Substantially
all the noise originates in the receiver itself, not because microwave
receivers are noisier or more imperfect receivers than low-frequency
receivers—f or they are not, as a rule l—but because noise and interference
originating outside the receiver are enormously greater at the lower
frequencies. In fact, such noise in the microwave region is almost
wholly negligible in existing receivers. 2 It is the noise that originates
in the receiver itself against which the signal power determined by
Eq. (3) must compete for recognition.

The level of fluctuations in an otherwise quiescent electrical circuit
can be described in many equivalent ways. One description of which
we shall make use is the following. Let R be the real part of the imped-
ance measured, at frequency f, between two points in a passive electrical
network, all dissipative parts of which are in thermal equilibrium at
absolute temperature 2’. Then let the voltage e between these two
points be measured by an ideal voltmeter which is capable of indicating,
without disturbing the circuit in any way, the time average of the square
of e, denoted by e~, over a small frequency range 6$3 in the neighborhood
of the frequency f. It will be found that ~ so defined is given by

(16)

where k is Boltzmann’s constant (1.38 X 10–23jouIes/degree).

1Veryfew low-frequencyreceiversapproachthe best modernmicrowavereceivers
inrespectto signal-to-noiseratio,despitethe fact that it is easierto attaina low noise
figureat low frequencies,other thingsbeing equal.

2Futurelarge-scaleexploitationof the microwavebands may changethe picture,
althoughnot, perhaps,as much asonemightat firstsuppose. Boththeopticalnature
of microwavepropagationand the vast frequencyband available in the microwave
regionof the spectrummitigatemutual interference.

?We use ~ for bandwidth throughout, for uniformity, although it is common
practice, and in some respects preferable, to write Eq. (16) in clifferential form
~ = 4RkT df. Wherea finitebandwidth is implied, it will sufficefor our purposes
in thischapterto supposethatthevoltmeteror amplifierin questionhasa rectangular
passband of width @ cps.
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Another description that is often useful involves the notion of “ avail-
able power. ” Again, let some passive circuit, which we shall call C, be
in thermal equilibrium at the temperature T. If nowwe connect across
the terminals of C an impedance element Z, itself at absolute zero, the
maximum rate of transfer of energy from C to Z within the frequency
band (B is just lcT(B. This rate, which is actually attained when Z is
adjusted to be the complex conjugate of the impedance observed between
the terminals of C, we call the “availablen oisepower” from C. If Zis
not at absolute zero, the transfer is not wholly one-sided; and if Z is at
the same temperature as C, the net transfer vanishes, as of course it must.

This law, which has been derived in various forms by Nyquist’ and
others, is based on the equipartition law of statistical mechanics and not
on any special assumption as to the details of the mechanism responsible
for the observed fluctuations.

B

k!- Z
r“-

FIG.2,3.—Schematicdiagramof anidealreceivingsystem.

Other sources of noise are to be found in receivers—notably shot
noise in vacuum tubes—which do depend on a special mechanism. These
we do not intend to examine here since our purposes are first to demon-
strate the fundamental limitations of an ideal receiver. no matter how
constituted, and second, to study the factors that influence the distin-
guishability of the signal in noise of a specified relative level. In the
latter problem it is allowable to lump together thermal noise and noise
from other sources within the receiver only because these other types of
noise share with thermal noise the bandwidth factor (s, and give rise, at
all frequencies of interest to us, to signals of precisely the same character.

2s8. Receivers, Ideal and Real.—Returning to the original problem,
let us consider the rudimentary receiver shown in Fig. 2.3.

For simplicity, we shall assume that the antenna A constitutes a
matched load on the transmission line of characteristic impedance Z, the
latter being terminated at the other end in the resistor BC, whose resis-
tance R need not be equal to Z. The box D is an ideal amplifier of
bandwidth c%,equipped with an output meter E, whose reading is propor-

tional to the mean square voltage ~ across BC. The bar as before
denotes a time average, or, more explicitly, an average over a time long
compared with 1/@.

1H, Nyquist,Phys. Rev. 34, 110 (1928), See also Vol. 24 of this series,Chap. 4
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We are interested in the magnitude of ~ in the absence of signal, which

we denote by ~. In order to apply Eq. (16) we must know the resistance
R,c between B and C. This consists of R in parallel with the impedance
of the line, Z, or what amounts to the same thing in this case, in parallel
with the radiation resist ante of the antenna. That is,

RZ
R,. = ~z. (17)

What temperature is to be associated with the resistance Z? Or to put
a more restricted question, under what circumstances can we say that R
and Z are at the same temperature? Clearly this is the case if all
surroundings of the antenna with which the antenna is capable of exchang-
ing energy are at the same temperature T as is R. Let us assume for th.
moment that thk is so. Then

(18)

Now let a signal be received by the antenna, and let S be the available
signal power—that is, the power which would be absorbed by a matched

load (R = Z) at BC. In general, the mean-square signal voltage Z
developed across R will be

4R2Z
~=~@+z)”

from which we have

(19)

(20)

From Eq. (20) we should infer that the most favorable condition
possible is attained by making R infinite, that is, by terminating the

antenna line in an open circuit. In this special case, z/e3 = S’/k T@.
The physical interpretation is at once evident; in this case the noise
originates entirely outside the system, arriving at the antenna as radia-
tion.’ The available noise power from the external region is lcT@ just

as S is the available signal power.
In practice, however, the antenna is usually not terminated in an open

circuit, for reasons which were ignored when we made our earlier assump-
tions about the ideal nature of the amplifier D. Without trying to do
justice to this complicated and important problem we shall say only that
when other sources of noise—in particular, noise in the output of the

1It is interestingto note that this resultcan be deriveddirectlyfrom the theory of
black-bodyradiationby assuming(aswe have tacitly done already)the antennato be
enclosedin a regionall at temperature1’, and makinguseof the receivingcrosssection
of the antennagiven by Eq. (2),



32 THE RADAR EQUATION [SEC.28

first amplifier stage-are taken into account, together with the fact that
the input impedance of microwave receivers is not unlimited, the optimum
value of R turns out to be finite. The condition R = Z is, in fact, not
unusual. This condition, in our ideal system of Fig. 2.3, leads to

(21)

A question of fundamental interest, though not as yet of much
practical moment, is the one raised eaiiier about the temperature to be
assigned to the antenna radiation resistance. This is certainly not in
general the temperature of the metal parts of the, antenna. The reader
may correctly surmise, from what has been said, that the effective tem-
perature of this element of the circuit is that of any surroundings of the
antenna with which the antenna can exchange energy by radiation—that
is to say, it is the temperature (or a suitable average of the temperatures)
of whatever would absorb energy radiated by the antenna as a trans-
mitter. This has indeed been demonstrated experimentally. It has been
shown 1that a microwave antenna pointed at the sky receives only a very
small amount of radiation, corresponding to an absolute temperature of
at most a few degrees. If our receivers were very nearly ideal this would
have the practical result of making it much easier to detect aircraft
appearing at high angles of elevation. In the best existing receivers the
reduction in noise output which could be obtained by pointing the antenna
upward would amount to some 10 per cent.

The foregoing somewhat academic discussion of thermal noise would
be inappropriate in this place were it not for two facts. First, microwave
receivers, even as this is written, have been brought so close to the
pinnacle of ideal performance that it is well for the radar engineer to
appreciate the nearness, and the finality, of the goal. Second, thermal
noise, although it is not wholly to blame for the noise background in
microwave receivers, provides a very convenient standard in terms of
which the performance of an actual receiver can be specified.

We shall define, as the over-all noise jigure N of a receiver, the ratio of
signal power available from the antenna to kZ’@, 2 when the mean noise
power and the signal power are equal as observed at some stage in the
receiver where both have been amplified so highly as to override com-
pletely any noise introduced by succeeding stages. In framing the defini-
tion so broadly we have in effect included, under “receiver,” not only the
rnixer but all associated r-f circuits. It is well to do so at this stage, for the
analysis of the contribution of each part of the input system to the over-

I R. H. Dicke, ‘(The Measurementof Thermal Radiation at Microwave Fre-
quencies,” RL Report No. 787. See also Dicke etal., Phys. Rsu., 70, 340 (1946).

2In thisdefinitionT is customarily,and arbitrarily,takento be 291“K
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all noise figure is complicated by many subtle questions which should not
now concern us. By our definition the noise figure N of the ideal system
of Fig. 2.3 is just 2, if the antenna temperature and the temperature of R

are both 291°K. For the open circuit termination, N = 1. Actually,
over-all noise figures of 10 or lower are not now uncommon in the best
microwave receivers. A noise figure of 10 and a bandwidth of 3 Me/see,
for example, imply that a signal of 1.2 X 10–’3 watts will be sufficient to
increase the receiver output by an amount equal to the average noise
output

2.9. Receiver Bandwidth and Pulse Energy.-In all the expressions
for noise power there appears the width of the amplifier pass band, (B.
Apart from certain technical limitations, this factor is completely at our
disposal, and we must now decide how its value shall be chosen. TO do
this we must for the first time in this chapter admit that we are concerned
with the detection of pulses. Suppose that the r-f
signal pulse consists of a wave train with a rectan-
gular envelope, of duration r seconds. The re-
sponse of an amplifier (or filter) to such a pulse
depends on the width of its pass band, which is
in effect an inverse measure of the time of response
of the amplifier. If this response time, in order of
magnitude 1/63, is very much longer than T, the
peak output signal power will be proportional to
the square of the bandwidth @’. On the other
hand, if the response of the amplifier is relatively

FIG.2.4.—Variationof
output signal power a
andoutputnoisepowerb
with bandwidthat con-
stantpulseduration.

very “fast, the o-utput will quickly reach a level determined solely by the
input power and the gain, and independent of CB. Thus if we plot peak
output signal power against 6$ for constant (during the pulse) input power
a curve like a of Fig. 2.4 will be obtained.

The average noise power, however, is just proportional to @ according
to Eq. (16) and is represented by the line b of Fig. 24. We must there-
fore expect a minimum in the ratio of noise output to peak signal output,
at some value of @ closely related to l/T. It is not obvious that such a
minimum should represent precisely the best condition for the detection
of the signal. Indeed it would be surprising if any one criterion, appro-
priate to all of the various methods of final detection that can be used,
could be found. This need not discourage us as it turns out that all such
criteria lead to similar results, and that moreover the minimum is fairly
flat.

Some results obtained by the group headed by J. L. Lawson in their
investigation of signal discernibilityy are displayed in Fig. 2.5. A simple
range time base, or A-scope, was used; the video bandwidth was so wide
(10 Me/see) as to have a negligible influence on the outcome, at least in
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the neighborhood of the minimum. The signal threshold power plotted
in Fig. 2.5 is essentially the signal strength, relative to average noise
power, for\vhich anobserver \rouldidentify thesignal correctly nine out
of ten times. Foramore precise defir,itionof thee~perimental criterion
for threshold signal in these tests, the reader is referred to Vol. 24, Sec.
8.2. Our interest just now is in the position of the minimum of each
curve that is seen to lie near @ = 1.2/7. However, departure from this
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FIG. 25.-Signalt hreshold vs. i.f bandwidth forapulse durationof lpsec. The signal
power is measuredin unitsof the noisepower, .Y,, within a band 1 Me/see wide, In these
experimentsthe video bandwidth was 10 Mc/sPc, the signal presentationtime was 3 see,
andthe length of the pulseon the screenof the .L.scopewas 1,7mm.

value by a factor of 2 in either direction increases the minimum discern-
ible signal power by less than 1 db. The radar designer is inclined to
take advantage of this latitude to set @ somewhat greater than 1.2/7 as
this eases the requirement of accurate frequency control. .A vallle of CB
in the neighborhood of 2/r is typical of present practice; there is some
evidence also from controlled experiments on intensity-modulated indi-
cators (Vol. 24, Chap. 9) which favors this higher value.

The quantity S/kT@, which has been our primary concern in this
section, can now be rewritten by expressing @ in terms of T. If, for
simplicity, we require @ = 1/7 then S/kT@ becomes S7/k T. The prod-
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uct of the received signal power S and the pulse duration 7 is just the
energy contained in the received signal pulse, while k T is the average
stored energy in a quiescent system with one degree of freedom. That
the ultimate criterion of detectability should involve a comparison of
these two quantities is certainly not surprising. Thus it is always
possible to rewrite the radar equation, Eq. (4b), in which Srninwill always
involve k T(I$ in a form containing, exp!icitl y, not the transmitted power
P, but the energy emitted per pulse, PT. For example, if the pulse
duration ~is increased by a factor of 4, peak pulse power being maintained
constant, a 40 per cent increase in maximum range would be expected.
This can be regarded as the result of increasing the total energy in the
transmitted pulse. The pulse energy is a more significant measure of the
usefulness of a transmitter in long-range detection than is the pulse power,
in so far as the choice of pulse length and bandwidth is not restricted by
other considerations.

201O. The Statistical Problem.~It might seem that wc now have
within our grasp a specification for S& which can be introduced into the
radar equation to yield the maximum range of detection, R~a,. Unfor-
tunately, it is not so simple as that. Let us summarize what we do know,
once we are provided with the over-all noise figure and bandwidth of the
receiver, the transmitted power, and the geometrical factors in the radar
equation which concern the antenna and the target. We know the ratio
of the amplified signal power to the average value of the amplified noise
power. We are not yet able to say how large this ratio must be before
the signal can be identified with reasonable certainty. The root of the
difficulty is that we have to do with a statistical problem, a game of
chance. The answers will be given as probabditics, and will depend
upon many features of the system by which the signal is presented to the
observer, as well as upon the precise description of the “ reasonable
certainty” mentioned above. We approach the problem by examining
first the character of the noise fluctuations.

The output noise power will fluctuate continually and irregularly
above and below its aoer-age value, the latter being understood as an
average taken over a time long enough to include very many fluctuations.
An example that is easy to discuss quantitatively is the following.
Suppose that the intermediate frequency amplifier is followed by a square-
law detector and by further (video) amplification in stages whose pass
band is so broad as to introduce no distortion of the signal. The final
output voltage is then a direct measure of the instantaneous power output
of the i-f amplifier. I,et this voltage be displayed, as a function of time,
on an oscilloscope. Figure 245a shows a typical single trace which might
he obtained in this way. Now in spite of the wildly irregular nature of
the noise voltage, the theory of random processes applied to this case
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(Vol. 24, Chap. 8)leads tocertain positive statements. First, therapid-
ity of the fluctuations is determined by the bandwidth @ of the amplifier.
That is to say, in a time short compared with l/(B, it is extremely unlikely
that the output power will change noticeably. 1 On the other hand,
during a time long compared with l/01, fluctuations will almost certainly
occur, and the value of the power P at the end of such a long time will
bear no systematic relation at all to the value it happened to have at the
beginning. This is a roundabout way of saying that values of P deter-
mined at times differing by much more than 1/6 are statistical y inde-
pendent, or, in other words, I/@ is a measure of the correlation time of the
fluctuations.

The second statement which can be made concerns the probability
that at some arbitrarily selected instant the output power will be found
to lie between some specified level, P, and P + dP. This probability,
which we shall label WI(P) dP, is given by

W,(P) dP = #o e-$ dP. (22)

PO is the average power, determined over a long time.
A statement which is easily seen to be equivalent to this is: The prob-

ability that the power exceeds some specified level P, at an arbitrarily
P

selected instant, is just e ‘F”. Thus there is always a finite chance of
getting a high noise peak. For example, the probability that at a given
time P is greater than 5Po is e-5 or 0.0068. For the discussion that
follows it is convenient to simplify the problem somewhat by dividing
the time base into discrete intervals each l/CB long. In Fig. 2.6a we
would have 50 such intervals. The essential features of the noise back-
ground can then be described by regarding these intervals as independent
and associating some one value of P with each. Again Eq. (22) correctly
expresses the probability that the power, in an arbitrary interval, will lie
between P and P + dP.

The task of detecting a signal amid the noise in this simplified case
amounts to selecting an interval which displays so large a value of P

that one is justified in betting that the peak was due to a combination of
signal and noise, and not to noise alone. This should dispose of any hope
that we shall be able to define once and for all the minimum detectable

1The intermediatefrequencyitselfis assumedto be high comparedwith (B,so that
it is permissibleto speakof the instantaneouspowerwhileactuallymeaningthe power
averagedover one cycle of the intermediatefrequency.

‘ The intervalsso defined are actually not entirely independent,for the output
poweris, after all, a continuousfunction of the time. We areheresubstitutingfor a
continuousrandom processa discreterandom process,which is easierto discuss in
elementaryterms,
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signal Srni.. One can never be absolutely sure that any observed peak is
not due to a chance noise fluctuation, and one cannot even say how
probable it is that the peak is not due to noise, unless one knows how
probable it is, a priori, that the peak is due to something else-namely,
signal plus noise. Knowledge of the a priori probability of the presence
of signal is possible in controlled experiments such as those described in
Vol. 24, Chap. 8. For example, it might be arranged to present a signal
at a given point on the oscilloscope sweep about half the time, the observer
being required to judge whether or not the signal was there. A shrewd
observer would call “Signal” whenever the scope deflection at this point
was only a little greater than average, and could score a pretty good
“batting average” even for rather weak signals. If, however, he
expected the signal to occur only very rarely, he would naturally set his
standard higher, in order to avoid frequent false identification of what
were, in fact, noise fluctuations.

For obvious reasons, no such clear delineation of the statistical prob-
lem is possible in the normal operation of a radar set. However, we can
roughly distinguish different orders of what was called above the a priori
probability of the signal. Compare, for example, the use of a radar set
for early warning (detection of enemy aircraft at a great distance) and
for ground control of aircraft, in which a selected plane, already picked
up on the radar, is followed, its position being noted in each scan. In the
latter case, we know about where to look for the echo in a given scan,
having observed the position in the previous scan and knowing approxi-
mately the course and speed from still earlier information. Hence, we
accept even a weak indication of the presence of signal if it comes near
the expected place, with comparatively small chance of error. In the
former case, however, a large area of the radar scope must be kept under
surveillance for a long time. The likelihood that a high noise peak will
be observed is much greater: only a very pronounced peak can now be
confidently identified as a new signal.

We have divided our time base into intervals I/@ long. In one
second than, @ intervals come under observation. If (B is 2 Me/see, for
example, this amounts to 2,000,000 intervals per sec. According to Eq.
(22) we expect to find among these some hundred that represent noise
peaks greater than 10Po. In one hour there is better than an even chance
of observing one noise peak greater than 20P0. Must we therefore
require that to be detectable a single signal pulse be at least greater than
20P~, or at the terminals of the antenna, greater than 20NkT@?

We should indeed, if we are speaking of a singk signal pulse. But
anyone who has had anything to do with the design or operation of a
radar set will perceive at once that an essential part of the problem has
so far been ignored. The fact is that detection of a target by radar
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practically never depends on the detection of alone signal pulse, but on
reception, from the same range and bearing, of repeated signal pulses.
This has a profound influence on the statistical problem that we have
been discussing because, whereas thenoise fluctuations during successive
sweeps 1 are completely independent, the signal can be made to appear
at the same position in each sweep. To take advantage of this essential
difference between signal and noise it is evidently necessary to resort to
some method of information storage, or integration, which would make
use of the information contained in several sweeps. It might be possible,

Time - (b)

Time a (c)

FIG.2.6.—Outputnoiseporrer:(a) singlesmeep;(b) average of two sweeps;(c) averageof
four sweeps,

for example, to average over a number of s~veeps—that is, to present to
the observer a single trace whose height at any time would represent the
average of the power output which was obtained in each of the several
sweeps at that same time (measured from the transmitted pulse). Now
this is substantially what many radar indicators do; it is so nearly what
they do, in fact, that quantitative conclusions drawn from a study of
the ideal process outlined are of practical significance and are surpris-
ingly well borne out by actual observations. Therefore, we want to
inquire more carefully into the simple averaging or integration process.

I We use the term “sweep” to mean one entireintervalbetweensuccessivepulse
transmissions. Such a termunavoidably suggestsa particulartype of display, but a
more generaland formal terminologyseemstoo cumbersome.
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Let us turn to Fig. 2.6a, which represents a single oscilloscope trace
starting at the time of the transmitted pulse or at some known time
thereafter. This is a typical single trace showing noise only, without
signal. 1 Clearly only a rather strong signal could stand out conspicuously
among these fluctuations. Now examine Fig. 2.6b in which the average
of two noise traces is plotted, each point ih one trace being averaged
with the corresponding point in the other. The fluctuations are here
less violent. We note a scarcity of excessively high peaks: this is not
surprising as it is unlikely that very high peaks, being in any case infre-
quent events, should occur at the same place on two original traces. In
Fig. 2.6c, four sweeps with noise have been averaged, and we notice a
further reduction in the magnitude of the fluctuations. As the size of a
signal peak (which means, really, signal-plus-noise) will not be essentially
altered by the averaging provided the signal occurs at the same place on
successive sweeps, it will be easier to detect a small signal on the trace c
than on a. More than this we cannot say without elaborate analysis of
the statistical problem. Such analysis can be carried through by well-
known methods (see Chap. 8, Vol. 24) and one can obtain, for example, the
results displayed in Table 2.1 below,

TABLE2.1.—PROBABILITYOF NOISEEXCEEDINGSIGNAL-PLUS-NOISE

T
n 7J= 10-1

1 50
2 3.0
4 1.0
8 –0.8

16 –2.5
32 –4.2
64 –5.9

~ = 10–2

8,9
6.7
4.6
2.7
0.8

–1.1
–2.9

10.9

8.6
6.5
45
2.5

05
–1.4

rfj= 10-4 ~ = lo+ ~ = 10-O

12.3 13,3 14.2
9.9 10.8 11.6
7.7 8.6 9.3
5.7 6.5 7.3
3,7 4.5 5,2
1.6 2.5 3,2

–0.4 0.4 1.1

The entries in Table 2.1 are the strength of a signal, in decibels, rela-
tive to the average noise power Po. The number n, at the left, is the
number of sweeps averaged—for example, 4 in the case of Fig. 2.6c.
The quantity w at the head of each column is the probability that an
arbitrary interval along the final averaged sweep will display a larger
deflection than the interval that contains the signal. For example, if
the signal is 4.6 db above Po (third row, second column) and the integra-
tion has been carried over four sweeps, there is one chance in a hundred
that a selected interval will actually exceed in power the interval con-

1This tracewasconstructed,as werethe othersin Fig. 2.6, by randomsamplingof
a numberfieldpreparedaccordingto the appropriatedistributionfunction, the sweep
having been divided into intervalsfor this purpose. Again we are overlooking the
differencebetweena discreteand a continuousrandomprocess.
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taining the signal. If the sweep length were equivalent to, for example,
500 intervals (remember that what we call an “interval” is about I/@
long), one would expect to find several (roughly, five) noise peaks in the
sweep which were higher than the signal peak. In this case we should
certainly need either a stronger signal or more integration.

Now it is the trend of th6 numbers in Table 2.1 which is of interest to
us, since any real radar problem will differ in many particulars from the
ideal process to which Table 2.1 applies exactly. If we select any column
(w = constant) we observe that the variation of signal power with n is

something intermediate bet ween 1/n and 1/fi. For large n and par-

ticularly for w not too small, the variation is not far from l/~~. This
implies that doubling the number of sweeps integrated, other things being

equal, allows the signal power to be reduced by a factor l/~2. This
relation has been strikingly verified by the experiments of J. L. Lawson
and others (Vol. 24) in the detection of signals on the A-scope, under
conditions where n was large. On the other hand, for small n, and
especially for very small values of w, Table 2.1 would require the signal
power to vary more nearly as I/n. This is not too important in practical
radar design, for so many factors are involved in the real problem that we
cannot hope for, and do not need, a very precise answer to such questions.
We shall most frequently assume, in later chapters, that the required

signal power varies as l/~;.
It must be observed, to put the above considerations in proper per-

spective, that the benefits of integration are not confined to the smoothing
out of thermal or purely random noise. A very important requirement,
in practice, is discrimination against isolated but powerful disturbances
such as transients from nearby electrical apparatus, or, very commonly,
pulse interference from other radar sets. Indeed, the frequency of such
disturbances, in most locations, renders academic our earlier remarks
about the likelihood of getting an abnormally high noise peak once an
hour or so. The fact that the desired signal occurs repeatedly allows
such isolated disturbances to be discarded easily, or disregarded. Strictly
it is not integration, but a sort of coincidence selection, that is most potent
against these scattered flashes of interference. Such selection is inherent
to a greater or lesser degree in nearly all radar systems and as a rule very
little selection suffices. In practice then, it is still the noise that we have
to combat, not the interference, if we want to reduce the minimum
detectable signal power.’

I Becausethis is true, an essentialpart of any test of the condition or quality of a
radarsetincludesa measurementof thenoiselevel,or a quantity proportionalthereto.
The determination of minimum discernible signal power under any reproducible
conditionsof observationconstitutessucha measurement.
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2.11. Effect of Storage on Radar Performance.-How is the integra-
tion process, or its equivalent, actually carried out in a radar set? The
earliest and simplest radar indicator is the A-scope, the horizontal range
sweep with vertical deflection by the signal. Usually the screen of the
cathode-ray tube does not give a persistent glow but the picture decays
immediately. It is dithcult to see any integrating or storage mechanism
here, and indeed there is none. The storage is accomplished in the eye
and mind of the ohserver and is rather astonishingly effective. 1 Just
how itis done we do not know in detail, but we may see the results in
Fig. 2.5 (page 35). Note now the significance of the three curves in that
figure which correspond to different pulse repetition jrequew”es with the
same total time of observation. An increase in PRF by a factor of 16,
from one curve to the one below, reduces the signal power required by
very nearly a factor of 4. It is natural to assume that, whatever the
effective number of integrations, it is proportional to the PRF, for
constant observation time, and we may regard the experiments described
by Fig. 2.5 as evidence favoring the relation

s.. . +;. (23)

In Fig. 2.7, which has been taken from Vol. 24 of this series, an attempt
has been made to show directly the effect of integration in the A-scope.
Here the camera has been substituted for the eye, and the number of
sweeps overlapping in one picture has been varied. Signals of different
strength are present at two positions in each sweep and by referring to
the explanation accompanying the figure, the reader will be able to trace
the improvement in discrimination from one picture to the next. The
noise and signal shown, incidentally, were derived from a linear detector.

In the case of an intensity-modulated indicator with a persistent
screen, what we have called “integration” is very nearly exactly that—
namely, the repeated addition, and hence averaging, of a number of
successive sweeps. The difference is that the number of sweeps so aver-
aged is not sharply defined, since the luminosity of the screen decays
gradually with time. However there will be some time which is charac-
teristic of the decay, and we can say simply that if the electron beam
traces repeatedly over the same strip of the screen, the number of sweeps
averaged will be of the order of the pulse repetition frequency times this
decay time. In practice, the radar is usually scanning. That is, before
the decay time elapses, the radar beam moves off the target and the cath-
ode-ray-tube trace moves to a new position on the screen. The number of

1Failureto appreciatethe power of the observerto integratewas responsiblefor
some disappointment with early electrical integrating devices, which, through no
fault of their own, did not bring the expectedimprovementover the simpleA-scope.
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sweeps integrated then is limited by the number of pulses striking the
target during the scan and not by the screen persistence. If, however,
the latter is so long that storage is effective from one scan to the next, we

FIG.2.7.—Inthisseriesof photographs,thenumberof A-scopesweepsrecordedduring
eachexposurewasvariedfrom 12to 400. Artificialsignalswereinjectedat tbe locations
marked,withthefollowingstrength,relativeto averagenoisepower: S1,+10 db; S!, +5 db;
.’%,Odb; S,, –5 db.

must include more than one scan in estimating the amount of the integra-
tion, and the screen persistence again enters.

Let us try to elucidate this rather complicated state of affairs by
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tracing through an example of the familiar plan-position indicator, PPI.
Suppose that the effective storage time of the screen is 4 see, and that the
angular width of the radar beam is 6°: let the rate of rotation be variable.
Assume a constant pulse repetition frequency of 500 pps. Let us begin
with the antenna stationary, pointing at a single target. The number
of sweeps available for integration, n~, will be limited by the screen per-
sistence and will be 4 sec X 500 see–l, or 2000. This will remain true,
even though the antenna rotates, until the rate of rotation becomes sti
great that the beam dwells on the target less than 4 see, in other words,
up to ~ rpm. With increasing speed of rotation, the number of sweeps
integrated will decrease as 1/ (rpm) until the beam rotates faster than
one revolution in 4 see, at which time we begin to include more than one
scan in the integration. Then ni will begin to level off, its asymptotic
value, for high speed, being given by

(screen storage time) x (PRF) X ‘bea~6~}dth)

or, in this case, n~ = 33 at speeds much greater than 15 rpm. Altogether
n, has changed by a factor of & between low and high speed, or by just
the ratio of the beamwidth to 360°.

If now we assume that the signal
power required for detection, &,

is proportional to l/fi, a plot of Sm,m
against scanning speed will look like
Fig. 2“8. To be sure, we have so dras-
tically oversimplified the problems
that no significance can be claimed for
the exact shape of the curve. Never-
theless, the main features of the curve-
especially the existence of the plateau
regions I and 111, whose vertical sepa-

FIG. 2.8.—l3ffect of scanning speed
on storage gain, assuming 6“ beam-
width, and 4-see storage time, with
PRF = 500PPS.

ration is determined by the ratio of the beamwidth to the total scan
angle-are worthy of attention, and have been confirmed by controlled
tests (Vol. 24, Sec. 9“1).

The effect of scan speed on threshold-signal level is often called
“scanning loss,” the condition of scan-speed zero being implied as the
standard of reference. This condition merits no more than any other
the distinction of being a standard. On the contrary, the factors
determining Stimare in this case especially elusive, if one wants to take
them all into account. We prefer not to use the term “scanning 10SS,”

and if a basic standard of reference is deemed desirable we would choose,
on logical grounds, the single A-scope trace, which contains all the infor-
mation normally available from a single pulse transmission. With
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respect to this standard all other modes of indication provide varying
amounts of storage gain, by making use, more or less imperfectly to be
sure, of information gathered on repeated pulse transmissions. Thus we
say that Fig. 2.8 describes the effect of scanning on storage gain.

The number of other independent variables, yet unmentioned, which
affect the amount of gain realized through storage is appallingly large.
The more prominent of these must be discussed briefly, if only to suggest
the scope of the general problem treated comprehensively in Vol. 24.

The video bandwidth b, as distinguished from the i-f bandwidth ~, has
hitherto been assumed to be so great as to allow reproduction of the
detected i-f signal without distortion. This is seldom true in practice
and the question arises, how does the video bandwidth influence the
signal discernibilityy, and how narrow can it be without harm? Making
the video bandwidth b considerably less than I/r amounts to putting the
rectified signals and noise through a long-time-constant filter. This is a
sort of aveTaging, or integration process, in effect, the final output at any
instant being an average over several adjacent intervals, each of the order
of r in duration. It is clearly an integration process operating at a loss
rather than at a gain, in contrast to the sweep-to-sweep integration
discussed earlier, for it includes with the signal an unnecessarily large
amount of noise. The result is an increase in signal power required for

detection: for b << l/T, S~,. is roughly proportional to l/v’~. Of course
such a decrease in video bandwidth is accompanied by a marked deterio-
ration in the time discrimination, or resolution in range, of the system
unless the range resolution is already limited by other factors. Because
of this, and for other reasons as well, designers have usually aimed at
adequately wide video bands.

Actually, the effect of video bandwidth narrowing would not deserve
even this much discussion here, were it not that, in a less obvious way,
a very similar effect arises from certain other influences, having to do
with the spot size and the sweep speed. Let us consider an intensity-
modulated indicator tube, such as the PPI. Let d be the diameter of
the light spot due to the beam, and let v be the speed with which the
beam is swept across the face of the tube. If d/v < r, the pulse duration,
the intervak of which we spoke earlier are spread apart on the tube; if
d/v > r, the spot overlaps several such intervals, or better, several such
intervals contribute to the same spot of light on the tube. Now this is
precisely what happened when the video bandwidth was made too narrow,
and we must expect the same consequences. In effect, the intensity-
modulated cathode-ray tube is a low-pass filter, whose bandwidth is of
the order v/d. For example, a radial sweep covering 50 miles of range
cm a 7-in. PPI tube would be written in with a velocity of about 1.5 X 104
cm/sec. If d is 0.1 cm, the bandwidth of the system is about 150 kc/see.
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To use such a display for a l-psec pulse would entail a penalty of about
2 db in fl~im.

An extreme, indeed a limiting, case of the spot-size sweep-speed effect
is met in the type C indicator (Sec. 6.6) which presents only elevation
and azimuth data, not range. Here the sweep speed v is zero or very
nearly zero, the spot moving only as the antenna scans. All the noise
and the signal, if any, from one range sweep are piled up on one spot.
If T is the duration of such a sweep,’ we should expect an increase in S~,.

due to this superposition of noise, of the order of V“T/r.
Video mixing, which is practiced in certain radar applications, consists

in superimposing two radar pictures on the same screen. Because this
results in adding noise from one picture onto a signal from the other, we
would expect, and we find, an increase in S~. If two similar but inde-
pendent radar pictures are superimposed on one cathode-ray-tube screen,

a signal on one of these pictures will have to be about 1.5 db, or @
stronger to be detected than would have been necessary if the other
picture were absent. A related problem is this: Suppose that on a single
radar indicator we simply remove the signal from alternate sweeps (by
holding off the transmitter pulse, for example). The resulting increase
in Stin will amount to about 3 db in this case, for what we have done is
equivalent to the following two changes; (1) reduction in PRF by factor
of ~ with corresponding reduction in n;; (2) mixing in an equal number of
foreign noise-bearing sweeps, as in the previous example.

Whether the detector is a square-law detector, a linear detector, or
something else, will no doubt influence S~i. in any given case. 3 However,
we may as well lump together the effect of the detector, the cathode-ray-
tube modulation characteristics, the screen characteristics, and those of
the eye, and admit that no brief discussion of these factors is possible.
In most cases one has to rely on experience; that is to say, one has to
design by making relatively short extrapolations from previous practice,
or by making preliminary tests under conditions approximating those
selected.

I Becausethe C-scopewas found usefulonly for targetsat short range, it was the
practiceto apply a rangegatecoveringonly the usefulrangeintervaland suppressing
the electronbeam during the remainderof the period between pulses. In this case
thetime T representsthe durationof the “on” part of the sweep.

2By “independent,“ it is meantthat the signalfrom a radartargetwill appearon
oneof the picturesonly, or at any rate,not at the samepositionon each. The super-
positionis usually accomplishedby interlacingthe sweeps.

sIn so far as the questionof discernibilitycan be statedin termsof the probability
of signal-plus-noisebeing largerthan noise,the law of the detector,and indeedof any
subsequentelements,can be eliminatedfrom the theoreticalproblem. Table 21, for
example,holdsfor any detectorwhoseoutput is a functionof the absolutevalueof the
i-f voltage.
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Although we have not arrived at a universal prescription for the
minimum detectable signal power, we have studied the influence of
various factors onS~i~, and weare nowin a position to predict therelutive
change in &i. which will accompany some proposed alteration in the
radar system. Onewayto establish some absolute basis isto give the
~bserved value of the ratio of minimum detectable signal power to
average noise power, for one particular system. This is done in Table
22, in which are displayed the relevant constants of the system selected.

TABLE 22.-(2HARACTERISTICS OF A SAMPLE SYSTEM
Type of indication. PPI; P7 screen;decay time about 7 sec
I-f bandwidth. . . . . . . . . . . . . . . . . @=l.2Mc/sec
Video bandwidth.,.... ., b = 5 Me/see
Pulseduration. . . . . . . . . . . . . . . . T=l.Oxee
Pulserepetitionfrequency. 320 pps

)

Hence about 50 pulses on one point
Scan rate..................,., 6rpm targetperscan, with negligiblescan-
Beamwidth. . . . . . . . . . . . . . . . . . . 0=6° to-scan storage.
Sweepspeed. . . . . . . . . . . . . . . . . . v=2X10’cm/sec Note that d/u> r, which is
Spot diameter. . . . . . . . . . . . . . . . d= O.lcm

}
not the best condition, but
is a typical one.

conditions of observation. Signal occurs on one scan, at known azimuth, in
one of six rangepositions. Observermust locate
it with 90% certainty. This corresponds to a
value of rv,in Table 2.1, of the orderof 10–1,

Ratio of minimum detectabk sig-
nal power to average nm”se
power, under above cmditiom. 1,25 (+1 db)

Working from Table 2.2, we can infer that if the system there described
had an over-all noise figure N of, for example, 15, the signal power required
at the terminals of the antenna would be S~im= 1.25NkT@ = (1.25) (15)
(1.37 X 10-23) (291) (1.2 X 10’) = 9 X 10-’4 watts. Now if for some
other system N is given, together with the new values of the parameters
listed in Table 2.2, the reader should be able to estimate Stim for that
system. The estimate will be better, of course, the less extreme the
departure from the conditions of Table 2.2. We must emphasize, how-
ever, the limited utility of a value of Sti. obtained in this way. The
experiments upon which Table 2.2 is based were performed in the labora-
tory under ideal conditions of observation; moreover, the value of w (the
parameter of Table 21) is here certainly much too large for any radar
search operation, although it might not be inappropriate for the continuous
tracking of a target already detected.

The experimental determination of the maximum range of an actual
radar set is as uncertain a matter as is the calculation of the maximum
range by the method outlined in this chapter. Some arbitrary procedure
for observation must be specified, and the limit of range must be defined
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in a manner consistent with the inherently statistical nature of the
problem. That R.., is not rendered so uncertain by these statistical
effects as to lose any usefulness is largely due to the inverse-fourth-power
law expressed by the radar equation, which makes the range relatively
insensitive to moderate changes in the system parameters.

It should not be forgotten that in these latter pages we have been
wholly concerned with that obscure marginal region between strong
signals and utterly undetectable signals. This margin is not, after all,
very broad. A glance at Table 21, for instance, sho~vs how very rapidly
w diminishes as the signal becomes strong. }Iost of the useful signals in
any radar set are strong enough to be practically unmistakable.

MICROWAVE PROPAGATION

In the first part of this chapter the radar equation was derived under
the assumption of free-space propagation. The assumption is frequently
not justified, and we must now turn to some of the important cases that
fail to fulfill one or more of the requirements laid down in Sec. 2.1. We
shall try, where possible, to modify the radar equation to suit the new
circumstances, but it will be our broader purpose to describe, if only
qualitatively, certain propagation phenomena peculiar to the microwave
region, This is a vast subject. It includes some exceedingly difficult
problems in mathematical physics, not yet completely solved; it includes
topics in meteorology; above all, since it involves the weather and the
variegated features of landscape and seascape never susceptible of exact
mathematical description, it includes a large collection of observations
and experience, rarely easy to interpret. We could not here treat such
a subject. comprehensive y, but certain aspects with which the radar
engineer should be familiar are not hard to explain. Their influence on
radar planning and design is felt, or should be, at a very early stage,

2.12. Propagation over a Reflecting Surface. -If the transmission
path lies near a reflecting surface it may be possible for energy to reach
the target, and hence also for scattered energy to return to the radar
antenna, by way of the surface as well as directly. The result of combin-
ing the direct and the reflected wave at the target will depend on the
relative intensity and phase of the reflected wave, which in turn will
depend not only on the difference in the length of the two paths but upon
changes of phase or intensity int reduced in the process of reflection.
The analysis is very easy in the case of a jut, perfectly rejecting, surface.

Let us consider a nondirective transmitting antenna A located at a
height h, above a flat reflecting surface S, as in Fig. 2.9. The field
strength at some other point B of height h~ can be described by giving
the ratio of the field strength at that point to the field strength which
would have been observed in the absence of the reflecting surfacein
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other words, under free-space conditions. It is this ratio, which we shall
call F, that we want now to compute.

The difference in length between the paths All and AMB, if the angle
o is small, is given quite closely by

Xim-m=y. (24)

This is responsible for a difference in electrical phase of 4rhlh,/RA radians
bet ween the two waves arriving at B, to which we must add any phase

klG. 29.-Pr0pagati0n over a flat reflecting surface

shift ~ resulting from the reflection of the one wave at M. The total
phase difference b is then

(25)

If the reflection at M is total, both waves arriving at 1? will have sub-
stantially the same intensity, namely, that corresponding to free-space
propagation. 1 Taking the phase difference into account, then

F’ = 2(1 + COS~). (26)

The angle #, contained in O, depends upon the nature of the reflecting
medium, upon the angle 0 between the surface and the direction of wave
travel, and upon the polarization. If the surface were a perfect conduc-
tor, # would be r radians for horizontal polarization (electric vector
parallel to surface) and zero for vertical polarization (magnetic vector
parallel to surface). We shall be chiefly concerned, however, with the
surface of the sea, and to a lesser extent with land, and these mediums
behave more like dielectrics than conductors at microwave frequencies.
For horizontal polarization it is still true that ~ = r, but for vertical
polarization the situation is more complicated. If O is considerably

1The fact that the waves arriveat B from slightlydifferentdirections,as well as
the effectof the slightlyunequalpath lengthsupon the relativeintensity,neednot be
takeninto account so long as R >>h, >>A.

‘ This use of the terms “horizontal” and “vertical” polarization, though not
meticulous,is common radarpractice,and causes no confusionwhenthe directionsof
propagation make small angles with the horizontal, Gf course the electric vector
of a verticallypolarizedwave travelingfrom A to M is not preciselyvertical.
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smaller than 6°, in the case of water the phase shift ~ is nearly r; for
nearly normal incidence, on the other hand, IJ is nearly zero. Also, the

magnitude of the reflection coefficient, contrary to what we assumed in
writing Eq. (26), varies widely as 0 is changed, being in fact very nearly
zero for 0 = 6° (Brewster’s angle). This is as far as we care to pursue
this complicated matter, apart from displaying, in Fig. 2.10, curves
showing the dependence upon 8 of the reflection coefficient and the phase
shift, for reflection of 10-cm radiation at a water surface (there is very
little difference between salt and fresh water at microwave frequencies).

10
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FIG.2.10.—Reflectionby water at 3000Me/see. Curve a: amplitudeof reflectioncoef-
ficient, vertical polarization; Curve h; phaseshift at reflection, vertical polarization; Curve
c: amplitude of reflection coefficient, horizontal polarization. Phase shift for horizontal
polarization is 180°throughoutrange shown.

Fortunately, the case which is of the greatest practical importance,
that of nearly grazing incidence, is peculiarly easy to discuss, for if o is
less than, for example, 2° there is not much error in taking the phase shift
to be T and the reflection coefficient, unity, for both polarizations. In
this region, then, we can write

F2=2+2cos~%+.) =4sinz(2*) (271

Now F’ measures directly the ratio of the power incident on a target at B

to that which would strike the target under free-space conditions. This
ratio, according to Eq. (27), varies between O and 4, the latter value being
attained when the direct and reflected waves arrive precisely in phase, or
when the geometry is such as to satisfy the condition

4h,h2

AR
= n, an odd integer. (28j
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The effect of the interference described by Eq. (28) is to break up the
original radiation pattern of the source at A into a lo’be structure, as
sketched in Fig. 2.11; at least this is an appropriate description of the
effect at a considerable distance from the source. The lowest maximum
in Fig. 2.11 occurs at an elevation angle of A/4hl radians. Below this
angle the field strength diminishes until, at the reflecting surface itself,
it vanishes. X’o modification of the above argument is required for a
diwcti~e antenna at A, unless the directivity is high enough to affect the
relative intensity of the waves traveling along All and AM (Fig. 2.9)

respectively. In any case, the width
of an interference lobe will be less
than the width of the primary radi-

_&=,,,/,

ation pattern since MI will certainly
be greater than the vertical aperture

_~ of the antenna.
A ------ ‘- A,/4hl As the geometry of the problem------

is not altered if we interchange
I:IG. 2.1 I.—Lobes causedby interference transmitter and target, the interfer-

ondirectandreflectedwares. ence must affect the return of the
radar echo in the same degree as it affects the pulse transmission. There-
fore the required modification of the radar equation is obtained by multi-
plying by F’ the expression given in Eq. (3) for the received signal po~ver
S; that is,

()ll=P~,16sin4 * (29)

To discuss the practical consequences of this we first distinguis!l
between the problems of “ high coverage” and “ low coverage, ” In
the former case we are concerned with targets so high or so close that
2rh,hZ/kR > 1; that is, with targets lying well up in, or above, the
lowest lobe of Fig. 2.11. Evidently the detection of such a target will
depend critically on its range and altitude. lf an airplane flies in toward
the radar at constant altitude hZ we must expect the signal to vanish
and reappear repeatedly, as the lobe structure is traversed. The smaller
x and the larger h,, the more finely divided is the lobe pattern. A
welcome change, on the other hand, is the additional factor of 16, effective
in Eq. (29) for directions of maximum constructive interference. This
factor should double the maximum range of detection, compared to free-
space conditions. Something like this increase is actually observed,
although it should not in every case be taken for granted, in view of the
idealized model upon which it is based.

“Low coverage” refers to a situation in which the target lies well
below the lowest maximum in Fig. 211, in the region where
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(30)

For this case the sine in Eq. (29) can be replaced by its argument, leading
to

(31)

We see that in this region the signal strength falls off as l/R* rather than
l/R4, if the other factors are held constant. This region is often referred
to loosely as the “eighth-power region, ” or occasionally as the “far zone. ”

FIG.2.12.-–Radar I]erformanceover water. Target: 5000.ton freighter. .htenn a height:
21 ft.

As radar and target are separated, keeping h, and h2 constant, the range
at which this inverse eighth-power dependence begins varies as the
reciprocal of the wavelength; in other words, the longer the wavelength,
the higher the lowest lobe in Fig. 2.11 is tilted, and the sooner an out-
going target recedes underneath it. This gives a heavy advantage to
shorter wavelengths where the primary task of the radar set is to search
the sea for low-lying targets, the radar antenna itself not being mounted
at a great height. The advantage of the shorter wavelength is main-
tained throughout the inverse eighth-power region. Comparison of Eq.
(3) with Eq. (31) shows that if two radar sets, operating at wavelengths
Xl and x2, receive equal signals from a target in the free-space region, the
ratio of respective signal strengths in the region to which Eq. (31) applies
will be S1/S2 = (~2/~1) 4.

Figure 2.12 records some radar observations made at two wavelengths
with the same ship as the target. The signal strength in decibels is
plotted against the logarithm of the range. Clearly distinguishable are
two regions in which the slope corresponds respectively to an R–4 and to
an R–8 dependence, and the relative advantage of the shorter wavelength
in the latter region is apparent.
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The maxima and minima which one might have expected in the
nearer region are not conspicuous in Fig. 2.12. The reason for this is
that the target was not a point with a unique height hz but a complicated
object extending from the surface up to some maximum height. In this
“near zone” some parts of the ship lie on maxima and some lie in the
nulls, and the net result at any instant is some sort of average, in
the fluctuations of which one could hardly expect to discern traces of the
regular interference pattern predicted by Eq. (29). The absence of a
sharply defined break in the curve between the two regions is readily
justified on the same grounds. The location of the break, ill-defined as
it is, can however be used to compute some “effective height” hz.

Although the relation in Eq. (30) fixes roughly the inner boundary of
the “ R–a region, ” were we to cling to our flat-earth hypothesis there
would be no outer limit. Actually, of course, the region is ultimately

FIG. 2, 13.—Reflection from an irregularsurface.

bounded by the radar horizon, where a new and even more drastic falling-
off in signal strength sets in. In many instances, especially at microwave
frequencies, this limit occurs so soon after the beginning of the eighth-
power region as to reduce the latter to rather inconsequential size.

Before we discuss the effect of the earth’s curvature, we should
comment on certain other, less important, shortcomings of the preceding
simplified argument. For one thing, we have ignored the fact that the
reflecting suface is not smooth; even in the case of the sea, the irregulari-
ties (waves) are both wide and deep compared to a microwavelength; in
the case of a land surface, we may be confronted with any imaginable
irregularity. Nevertheless, at least for reflection on the sea at nearly
grazing incidence, the observed reflection coefficient is rather close to
what a glassily smooth sea would give. 1 This is, perhaps, no more
surprising than the fact that an ordinary piece of paper displays, at
nearly grazing incidence, specular reflection of light, and it can be made
plausible by some argument such as this: In Fig. 2.13, two parallel rays,
AB and DE, strike a “rough” surface, the roughness consisting of a
single bump of height h. The reader will find with little trouble that the

net path difference between the two rays ~F — AB is just 2h sin O. If

I The reflectioncoefficientwould have to be substantiallylessthan 1 to changethe
resultsignificantly,so far as the radarproblem is concerned.
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only this difference is small compared with k, the surface should reflect
as though it were optically smooth. But M < A implies h < A/t), and if
0 is small, bumps which are actually large compared to k can be tolerated.

Something like this may occur in some circumstances over land.
Indeed, reflection has been observed on unusually flat terrain, such as an
airfield, at microwave frequencies. Except in such unusual circumstances
there is very little evidence of ground reflection at wavelengths of 10 cm
or less. For microwaves, then, the results of this section are almost
wholly restricted to transmission over water at nearly grazing incidence.

2013. The Round Earth.-The distance Rh to the optical horizon,
from an observer situated h feet above the surface of a spherical earth

of diameter Do ft would be given by the formula, Rh = V’DO . h if the
atmosphere did not bend the rays of light. Actually, the earth’s atmos-
phere decreases in density with height, introducing a downward curvature
in all rays, which allows a ray to reach somewhat beyond the distance
given by the above formula. For rays of small inclination to the hori-
zontal, and for heights small compared to the thickness of the atmosphere,
this effect can be taken into account by replacing the true diameter of
the earth by a somewhat larger number D.11. How much larger it is
depends on the rate of change with height of the index of refraction of the
atmosphere. This effect may be expected to show local variations. A
reasonable choice of a” standard” condition leads to a value R.~r = 1.33R0,
and thence, thanks to a fortuitous numerical relation between units, to
an easily remembered formula for the distance to the radar horizon,

R, (statute miles) = ~2h (feet). (32)

The formula Eq. (32) predicts a somewhat greater horizon distance
than does the corresponding formula for the optical horizon, because the
conditions assumed as “standard” include a moderate gradient of water-
vapor concentration. Water vapor, although it has but a minor influence
on the atmospheric refraction of visible light, displays a very pronounced
refractive effect at all radio frequencies, including microwave frequencies.
This effect, caused by the permanent electric moment of the water
molecule, can, in some circumstances, drasti tally affect the propagation
of microwaves in a manner to be described in the next section.

Confining our attention for the moment to the atmosphere of “stand-
ard” refractive properties, to which Eq. (32) applies, let us see why it
makes sense to speak of a microwave horizon when radiation of much
lower frequency, as is well known, travels far beyond any such horizon.
In the first place, the ionosphere does not, to any appreciable degree,
reflect or refract microwaves. In the second place, the spreading of
waves around the curved surface of the earth, essentially by diflruction,

is much reduced at microwave frequencies because the wavelength is so
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small compared with the size of the obstacle, to put it very crudely.
There is some spreading of this sort, of course, and it is a phenomenon
upon which a good deal of theoretical effort has been expended. Methods
have been developed for calculating the intensity of the radiation in the
“diffraction region,” that is, beyond the horizon (Vol. 13, Chap. 2). In
this region, however, the field strength normally diminishes so rapidly
with increasing range that any additional radar coverage thus obtained
is of little value. From the point of view of the radar designer, targets
over the horizon might as well be regarded as totally inaccessible under
‘ 1standard” conditions of propagation.

D,stancein males

FIG,2.14.—Coverage diagram for 2600Me/see, transmitterheight 120ft. Solid curve for
totally reflecting earth. Dotted curve for nonreflectingearth.

.

As for regions well within the horizon, the curvature of the earth at
most complicates the geometry of the interference problem discussed in the
preceding section. Naturally, we have no right to apply Eq. (29), as it
stands, to targets near the horizon. We need not concern ourselves here
with these complications, which are adequately treated in Vol. 13.
Methods have been worked out for rapidly calculating the field strength
over a curved reflecting earth. The radar designer usually prefers to
display the results in the form of a coverage diagram, which shows contours
of constant field strength plotted in coordinates contrived to show directly
the effect of the curvature of the earth. One such contour, shown in
Fig. 2.14, is calculated for an omnidirectional antenna transmitting at
2600 Me/see from a height of 120 ft above a totally reflecting earth.
The dotted curve is the corresponding contour with a nonreflecting earth.
Both contours would usually be modified by the directional pattern of the
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radar antenna and it is not difficult to take this into account in the
calculation. Note the exaggeration of the vertical scale.

A contour of constant field strength is a contour of constant power
intensity as well; moreover, the intensity of the signal received from a
radar target of given cross section, located anywhere along such a contour,
is the same.1 Thus, iftheproper contour is chosenit will represent, as
nearly as any curve can, the boundary of the region in which a given
target can be detected. The reader’s earlier introduction to some of the
statistical factors involved in radar should prepare him for the warning
that such coverage diagrams arenotto betaken too literally. They are,
nevertheless, useful intheplanning and design of long-range search radar.

2,14. Superrefraction.-As we have seen, the effect of the normal
vertical gradient of refractive index in the atmosphere is to introduce a
slight downward curvature in the path of light and of microwaves. Were
this curvature only a few times greater, it would equal the curvature of the
earth itself, and it would be possible for a ray to bend around the earth
without leaving the surface; in other words, there would be no horizon.
Whatever misgivings we may have about the use of the word “ray” in
this connection, it would not be surprising if some interesting departure
from standard microwave propagation were to manifest itself under such
conditions.

Refractive index gradients of the requisite strength (5 parts in 10s per
ft) can be produced under some conditions by temperature gradients
alone. For example, if land heated by the sun cools by radiation at
night, a fairly thin layer of cold (therefore dense) air may be formed just
above the ground, which results in an unusually rapid decrease of refrac-
tive index with height, the index of the lowest layer being abnormally
great.

A more widespread cause of strong vertical gradients in refractive
index, and therefore of excessive bending of rays, is the refractive effect
of water vapor mentioned earlier. Over most of the surface of the ocean
the region above the water is not saturated with water vapor, whereas
the layer directly in contact with the water must be very nearly saturated.
There is, in other words, a continual evaporation of water from the sea

10ne must be careful not to confuse the directional pattern of an antenna with
the plot of contours of constant intensity in the field of the antenna, which it occa-
sionally superficially resembles. If we plot the gain of an antenna as a function of
angle, in polar coordinates, we have an antenna pattern that has meaning, strictly)
only if the antenna is isolated in space. On the other hand, contours of constant
intensity, the coordinates of which refer directly tO pOsitiOnsin sPace, can be used tO
describe the radiation field no matter what the surroundings or type of propagation
involved. The fact that a signal of the same intensity is received from a target at
any position on one such contour does not depend on the inverse-squarelaw or any
otherlaw of propagationbut only on the Reciprocity Theorem.
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and a diffusion of the vapor upward into the overlying air mass. This
implies the existence of a vertical gradient in the concentration of water
vapor with, normally, the highest concentration at the surface and
decreasing upward.

A typical condition to which such an effect may lead is that of a
relatively shallow layer just above the surface wit hin which the vertical
gradient of refractive index is negative and exceeds the critical value of
5 parts in 10’ per ft. Such a region is called a “duct” for reasons that
will appear shortly, and the level at which the gradient has just the critical
value is called the “top of the duct. ” Were we to trace the path of an
initially horizontal ray at this level, we would find it curving downward
just enough to keep up with the curvature of the earth, and therefore
maintaining constant height. Farther down in the duct, where the
gradient is stronger, it would be possible for a ray launched at a slight
upward inclination to be bent back to the surface again and thus to
proceed by a series of bounces, trapped as it were, within the duct.

From this temptingly graphic picture of propagation within a duct
it is easy to draw false conclusions. Since the description of the process
in terms of rays, traced by the rules of geometrical optics, nowhere
involves the wavekngth of the radiation, we should be led to expect
similar effects at all frequencies for which the index of refraction has the
same value, namely for all radio frequencies. But, actually, ducts such
as we have described have no observable eflect on the propagation of low-
frequency radio waves. The reason for this is that the duct is effective
in “trapping” and guiding radiation only if the wavelength is less than
some critical value determined by the height of the duct and the steep-
ness of the gradient of refractive index within the duct. The ducts
which we have described have no great vertical extent, their heights
being of the order of a few tens, or at the most a few hundreds, of feet;
their influence on propagation is usually confined to frequencies in the
1000-M c/sec range and above.’ For gradients in refractive index which
would not be unusual in these surface ducts over water, the relation
between height of duct and the longest wavelength strongly affected by
the duct is suggested by the figures in Table 2.3.

TABLE2.3

Height totopof duct, ft . . . . . . . . . . . . . . . . 25 50 100 200 4@3
Longestwavelengthtrapped, cm*. . . . . . . 1.8 5 15 40 110

● Thesenumbersarebwedcmanarbitrary,althoughreavmable,criterionfor trapping,and“Pen a
simplifiedmodelin whichtherefractiveindexdecreasesupwardthroughtheductat thecomtantrate
of 8 parta in 108perfoot. Theyareintendedonlyto be iUustrative.

1In certain parts of the world, the effect of trapping has been observed for fre-
quenciesas low as 200 Me/see.
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That the height of the duct and the wavelength should be related,
and in such a manner that the heights involved are hundreds of times
greater than the corresponding wavelengths, may perhaps be made
plausible to the reader acquainted with propagation through waveguides.
The duct is, in a sense, a waveguide. Let us consider an oversimplified
model of a duct in which the index of refraction, nl, is constant from the
surface up to some height a, where it abruptly changes to nz (Fig. 2“15).
If nl exceeds n.zby some very small amount ~, both nl and nz being very
nearly unity, a wave incident on the boundary CD at a grazing angle a

wader than V% will experience total internal reflection. Under such
conditions the region between A B and CD can be regarded as the interior
of a waveguide bounded by two reflecting surfaces. But in an ordinary

,. .
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., ,“. . ,.
,, . . . . . . .
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FIG.2.15.—Propagationwithina duct (overeimplified).

waveguide there is a basic relation between the width of the guide and the
angle of incidence of the plane waves into which the simpler waveguide
modes can be resolved. The longer the wavelength and the narrower
the guide, the larger the angle a according to a relation which for very
wide guides reduces to a = h/2u. But if, in our model sketched in Fig.

2.15, a becomes larger than @, total internal reflection no longer
occurs, and the energy leaks rapidly out of the guide. We might there-

fore anticipate some such restriction as )i/2a < ~% or h2 < %azbfor an
effective duct. The form of this result is not inconsistent with the
figures quoted above which were based on a constant gradient of nl in
the duct, although it must be admitted that we have brutally over-
simplified a problem that abounds in mathematical difficulties and
subtleties.

Actually, no sharp distinction between trapping and standard propa-
gation can be drawn. Even our naive model suggests this; for we need
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not require total reflection at CD to get appreciable guiding for a con-
siderable distance. Nor does the source of radiation have to lie within
the duct to permit a portion of the energy to be partially trapped in the
duct, although it may not be too far above it. The variation of field
strength with distance from the transmitter and height above the surface
is very complicated, and to cover this type of propagation by a mere
modification of the radar equation is entirely out of the question, as the
reader who pursues this subject into Vol. 13, where it is treated at length,
will learn. It is perhaps best here to summarize the aspects of super-
rcfraction which have a significant bearing on radar planning and design.

1. The guiding of microwaves by refractive anomalies of the duct
type appears to be the sole means by which coverage beyond the horizon
can be obtained. Extensions of range up to several times the horizon
distance have often been observed.

2. The most prevalent, the best understood, and probably the most
important example of the type is associated with the surface evaporation
duct, which seems to exist most of the time over large areas of the oceans
of the world.

3. Short wavelengths are required to take advantage of the guiding
effects of ducts, and, for surface ducts, low antenna (and target) heights.
This is especially true of the evaporation duct.

4. Substandard as well as superstandard radar ranges can be caused by
refractive anomalies, if the transmission path is nearly horizontal.

5. Propagation at angles steeper than a few degrees with respect
to the horizontal is not affected by the refractive anomalies here discussed.

2.15. Attenuation of Microwaves in the Atmosphere.—The earth’s
atmosphere, excluding the ionosphere, is for all practical purposes
transparent to radio waves of frequency lower than 1000 llc/sec. Even
over a transmission path hundreds of miles long no appreciable fraction
of the energy in the radio wave is lost by absorption or scattering in the
atmosphere. With the extension of the useful range of radio frequencies
into the microwave region we have at last entered a part 01 the electro-
magnetic spectrum to which the atmosphere is not wh 011y transparent.
Indeed an upper limit to frequencies useful for radar, imposed by the
properties of the atmosphere, is now within sight. The radar engineer
must therefore acquaint himself with certain phenomena falling hereto-
fore within the exclusive province of the molecular spectroscopist.

Broadly speaking, there are two ways in which energy can be dis-
sipated from a radar beam: (1) by direct absorption of energy in the
gases of the atmosphere; (2) through absorption or scattering of energy
by condensed matter such as water drops. All such processes lead to an
exponential decrease of intensity with distance from the source, super-
imposed on, and eventually dominating, the iu~erse-square dependence.
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The effect is therefore truly an attenuation in the sense in which the word
is applied to transmission lines, and is properly measured in decibels per
kilometer. We shall discuss first the absorption by the gases of the
atmosphere.

Of the three abundant gases of the atmosphere—nitrogen, oxygen,
and water vapor—the latter two are intrinsically capable of interacting
with and absorbing energy from a radio wave by virtue of the permanent
electric dipole moment of the water molecule and the permanent mag-
netic dipole moment of the oxygen molecule. We know, however, that
molecules absorb radiation in more or less well-defined absorption lines,
or bands, and we have to inquire whether either of these molecules
exhibits absorption lines in the microwave range—that is, at frequencies
much lower than those usually associated with molecular absorption
spectra. It has been found that both oxygen and water vapor do in fact
dkplay such absorption. Although the effects observed would be
classed as very weak %y a spectroscopist, radar involves transmission
over such long paths that very serious attenuation is encountered in
certain parts of the spectrum. In Fig. 2.16 are plotted curves showing
the course of the water vapor absorption and oxygen absorption, as a
function of wavelength. The absorption is measured by the rate of
attenuation in decibels per kilometer.

The most prominent feature of the water-vapor absorption is a single
“line” which appears as a broad maximum centered about 1.3-cm
wavelength, superimposed on the residual effect of a multitude of far
stronger li~es located at much shorter wavelengths. The soiid part of
the curve is based on extensive direct measurements. These confirmed
the main features of the theoretical predictions,l on the basis of which
the remainder of the curve has been sketched in; one cannot, however,
rely on the quantitative accuracy of the dotted part of the curve. The
curve is plotted for an atmosphere containing 10 g of water vapor per
cubic meter. This corresponds to a Felative humidity of 66 per cent
at a temperature of 18°C, for example. Over the range of absolute
humidities normally encountered in the atmosphere one may assume
that the attenuation is simply proportional to the absolute humidity.
The rapid rise of the curve below 3 mm is evidence of the powerful
absorption displayed by water vapor throughout the far infrared. No
further transparent regions are to be found until we reach a wavelength
of the order of 15 microns (0.0015 cm).

The oxygen absorption rises to a high peak at 5-mm wavelength;
this has been quantitatively verined by direct measurement. At longer

lJ. H. VanVleck, ``FurtherTheoreticalInvestigationsof the At,mosphericAbsorp-
tion of Microwaves,” RL Report No. 664, March 1, 1945. See also Vol. 13 of
thk series.
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wtivelengths, in contrast to the behavior of the water-vapor curve, a
residual absorption persists up to wavelengths of the order of 30 cm.
This effect is small enough to have escaped experimental detection,
butitis clearly predicted by the theory.’ Except near thecenter of the
absorption maximum, the attenuation due to oxygen should vary about
as the s~uare of the pressure; hence the effect rapidly diminishes at

high altitudes. It is perhaps unnecessary to remark that attenuations

Wavelengthin cm

F,c. 216.-Attenuation caused by water vapor (Curve a) and oxygen (Curve b).
Curves appliesto an atmospherecontaining10goi water vapor per m3. Curve b applies
to an atmospherewhich isone fifth oxygen, at a total pressureof 76cm Hg.

due to independent causes, such as water vapor and oxygen, are directly
additive.

Water drops in the atmosphere can affect the passage of microwave
radiation in two ways. In the first place liquid water is a very imperfect
dielectric at microwave frequencies, and absorbs energy from an oscillat-
ing electric field just as any 10SSYdielectric WOuld. . For extremely small

drops, such as those in fog or clouds, this is the only important effect,
and in this limiting case the attenuation at a given wavelength is simply
proportional to the aggregate liquid water content of the atmosphere,

1J H. Van Vleck, op. cit.; seealso Vol. 13.
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measured, for instance, in grams per cubic meter. 1 The effect of larger
drops is more complicated, depending not only upon the total mass of
water per unit volume, but upon the diameter of the drops as well. The
absorption process itself is no longer simple, and scattering of energy by
the drops, which depends very strongly on the ratio of wavelength to
drop diameter, begins to play a role. Energy scattered out of the
directed beam must, of course, be counted as lost.

0,01
0.5 1 5 10

Wavelengthin cm
FIG. 2.17.—Solidcurvesshowattenuationin rainof intensity (a), 0.25mm/hr (drizzle);

(b), 1 mm/hr (light rain); (c), 4 mm/hr (moderate ra,n); (d), 16 mm/hr (heavy rain).
Dashedcurvesshow attenuationin fog or cloud: (e), 0.032 g/m’ (visibility about 2ooo ft);
(j), 0.32 glm~ (visibility about 400 ft); (u), 2.3 g/mi (visibility about 100 ft).

The attenuation resulting from these effects can be calculated for
drops of any given diameter. Reliable and accurate though they may
be, such results are not in themselves of much use, for it is neither
customary nor convenient to describe a rain in terms of the drop diameter
and the number of drops per cubic meter. In any case, the drops are
never all of one size and it is not sufficient to know merely the average
diameter. Instead, one has to make use of empirical meteorological
data correlating drop size (really distribution-in-sizej with precipitation
rate to arrive finally at a relation connecting attenuation in decibels

: This conclusionholds so long as the diameterof the drops is very much lessthan
A/n, wheren is the index of refractionof water at the frequenty in question.
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per kilometer, with precipitation rate in millimeters per hour. The
most extensive analysis of this sort has been carried out by J. W. and
D. Ryde, upon \vhose~\,ork'thecurves of Fig. 2.17 are based. The direct
measurements of attenuation and rainfall which ha~’e been made confirm
these predictions satisfactorily. The chief difficulty in such experiments
is connected with the measurement of the rainfall, which is homogeneous
in neither time nor space.

The dashed curves of Fig. 2.17 show the attenuation in fog or clouds
which, as we have said, does not depend on the drop diameter. Accord-
ing to Ryde a certain limit of optical visibility can be, at least loosely,
associated with each of the dashed curves. For the conditions to which
Curve f applies, for example, the optical range is limited to about 400 ft.
At a wavelength of 3 mm the radar range could be 50 to 100 times as
long,

It would be easy, but not very instructive, to introduce an exponential
factor into the radar equation to take account of the attenuation that
we have been discussing. }Ve leave this task to the reader, \rho will
find no difficulty in calculating, for any given case, the reduction in range
caused by a specified strength of attenuation, which is effective, of
course, on both the outgoing and return path. One general observation
should be made, however, which is that the effect of an exponential term
in the radar equation is insignificant at very short ranges but over-
whelming at very long ranges. What we mean by short and long is
determined by the rate of attenuation. An entirely arbitrary criterion,
\rhich will serve as well as any other for discussion, is the range for \vhich
the presence of the atmospheric attenuation just doubles the normal rate
of decrease of signal intensity with range. If a is the rate of attenuation
in db/km, the range RO so defined is given by Ro = 8.68/a km. At
shorter ranges than this the inverse-square la~v is the more important
factor; at ranges greater than R, the exponential factor controls the
situation and any slight improvement in range must be bought at enor-
mous price. In other words, once attenuation takes hold, it is of little
avail to struggle against it.

1J. IV. Ryde and D Ryde, Report 8670 of ‘~hc ResearchLaboratory of Cxeneral
Electric Company,Ltd. ‘~hisis a Britishpublication.



CHAPTER 3

PROPERTIES OF RADAR TARGETS

SIMPLE TARGETS

BY A. J. F. SIEGERII, L. N. RIDENOUR, AND M. H. JOHNSON1

3.1, Cross Section in Terms of Field Quantities. -In the preceding
chapter the quantity “cross section of a target” was introduced phe-
nomenologically. Theoretical considerations which in certain cases
will allow the prediction of the value of these quantities from the known
properties (shape, material) of the target will be presented in this chapter.
The following considerations will be restricted to cases where the indi-
vidual target is sufficiently small, compared with the distance from the
transmitter, to permit the incident electromagnetic field at the target to
be approximated by a plane wave propagating in the direction of the
target away from the transmitter; this is chosen as the z direction.
The problem of finding the cross section then reduces to the mathe-
matical problem of finding that solution of Maxwell’s equations which
at large distances from the target reduces to the incident plane wave
and at the target fulfills the proper boundary conditions.

Suppose a solution of this problem has been found. .\t large distances
from the target the component of the electric field parallel to the receiving

% – Cf)
dipole can be written in the form Eoe

:(2 – co
+s~ + terms

r
decreasing faster than r–l, where En is the amplitude of the incident plane
wave, S/r is the amplitude of the only important part of the scattered
wave, A the radar wa~-elength, c the velocity of light, and t the time.
Usually 13, and S contain complex phase factors; S is in general a function
of the scattering angles. In the following discussion the symbol SE is
used to denote the value of S in the direction of the receiver. In terms
of Eo and S~, the cross section u defined in Sec. 2.3 is given by

(1)

3-2. Rayleigh Scattering from a Small Sphere.—As an illustration of
the use of this equation, we shall derive the Rayleigh law for the case

1Sections3.1-3.4 and 3.6 by .!. J, F, Siegert,3,5 by L, X. Ridenoar, and 3.7 b.v
11. H. Johnson.

63



64 PROPERTIES OF RADAR TARGETS [SEC.3.3

of back scattering from a sphere of radius a small compared to the radar
wavelength. In this limiting case the incident field is considered homo-
geneous over the extension of the target. In the homogeneous field the

—yct
sphere becomes an electric dipole with a dipole moment pe , where

(2)

and c is the dielectric constant. The field of this dipole, observed at a
distance r in the wave zone and in a direction perpendicular to the
polarization, is

‘(,–.()

()
2 Z-cl)~A ek

ART= : p—.
r

Thecross section is therefore

If It] >>1, which is true, for instance, for a raindrop,
simpler expression

()27ra ~~=4—Ta~,
x’

(3)

(4)

we obtain the

(5)

which in this form serves to compare the radar cross section with the
‘(geometric cross section’’ raz.

Forthe case of a metal sphere, onewould betempted touse the same
formula with [cl = CO. This, however, is not correct, because, in the
case of a conducting sphere, surface currents which have a magnetic
dipole moment are induced by the field. The radiation of both the
electric and the magnetic dipole must therefore be considered. We then
obtain

(6)

3.3. Scattering of a Plane Wave by a Sphere.—The general problem
of scattering of a plane wa~e by a sphere is solved in detail in J. A.
Stratton’s book, Electromagnetic Theory (pages 563 ff), and references to
the original papers can be found there. The cross section for back
scattering from a metal spherel divided by ~az is plotted vs. a/X in Fig.

I P. J. Rubenstein, RL Report So. 42, .\pr. 3, 1943, \-umericalvalues for the
problem of scatteringfrom a dielectricspherecan be found for certainvalues of the
dielectric constant in the references given by Stratton, Electromagnetic Theory,
McGraw-Hill, New York, 1941,p. 563 ff. See also Robert JVeinstock,RRL Report
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3.1, where a is the radius of the sphere and X the radar wavelength. For
wavelengths large compared to the radius, the cross section is given by
Rayleigh’s law. In the opposite limiting case (A << a) the cross section
approaches the geometrical cross section ~az. Between these limits are
the resonance maxima.

0.05 0.1 0.2 0.4 0.6 1.0 2 4
a/~

~.3.1.—Barkscatteringfroma metallicsphere. In theregionwherethelineis shown
dotted,no calculationshavebeenruade.

3.4. Approximations for Large Metal Targets. ‘—For metal targets
whose dimensions as well as radii of curvature are large compared with
the radar wavelength, the following approximation yields good results.
For every surface element the ctirrent is used which would be caused by
the incident field if the surface element were a part of an infinite plane
sheet. The radiation from all the surface elements is added in the proper
phase relations, and the resultant field is considered as the scattered field
from the target. For a flat metal sheet of area A perpendicular to the

No. 411-125, Nov. 14, 1944 (for cylinderand sphere); hforse and Rubenstein,Phys.
Rev,, 54, 895 (1938) (for elhpticalcylinder); L. J. Chu, RRL Report No. 4, Oct. 22,
1942; Lfarion C. Gray, “Reflection of Plane Waves from Spheresand Cylinders,”
BTL Report hfM 42-13095.

1J. F. CarlSonand S. A. Goudsmit, ‘‘ MicrowaveRadar Reflections,” RL Report
No. 43-23, Feb. 2, 1943.
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incident radar beam we thus obtain the cross section

47rA2
“=7” (7)

For general angles of incidence the cross section is a function of the
angle of incidence and it varies very rapidly when, as is assumed here,
the wavelength is small compared with the linear dimensions of the plate.
In a diagram of return power vs. angle of observation these variations
show up as the “Iobes.” The strong main lobe is normal to the plate and
the side lobes decrease rapidly with increasing angle. For small angles
O,but excluding the main lobe, the average cross section a (averaged over
several lobes) is given approximately by

4rrA’
@=—

(27r19)‘“
(8)

I’his result is independent of the size of the target, subject of course to
the limitation that the linear dimensions of the target are large compared
to the. wavelength.

For a cylinder of radius R and length 1, both large compared to X, we
obtain

R12

u=27r —
A

(9)

for incidence perpendicular to the axis. For the same cylinder, if the
beam forms an angle O with the normal to the axis the average cross
section (averaged over several lobes) is approximated by

(lo)

valid for small angles o excluding the main lobe.
For rur~ed surfaces, the formulas of geometrical optics can ordinarily

be used. 1 For a segment of spherical surface of radius R we find

independently of the size of the segment and of the wavelength h. This
formula is valid as long as the diameter d of the segment (perpendicular
to the incident beam) is larger than v’2kR, and provided that the edge of
the segment deviates sufficiently ( > k/4) from a plane perpendicular to
the incident beam, since otherwise edge effects may become important.
If the surface is not spherical the formula is still valid if we take for R the
geometric mean of the two principal radii of curvature. The result is
the same whether the concave or convex side is turned toward the radar
transmitter.

I For more detaileddiscussionsee Vol. 13 of this series, (’hap. fi,
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3.5. The Corner Reflector. -It is often desirable to make a compact
radar target with a large cross section. Aflat plate of dimensions large
compared to a w-avelength exhibits a large cross section when viewed
along its normal, because of specular reflection, but the cross section falls
off sharply in other directions [see Eqs. (7) and (8), Sec. 3.4]. The
problem of designing a target that will give strong specular reflection for
almost any direction of illumination has been solved by taking over into
microwave radar practice the corner reflector familiar in optics. The small
glass reflectors usedin highway markers work on this principle.

A corner reflector consists of three mutually perpendicular intersecting
planes (Fig. 3.2cL). If abeam is directed into the corner formed by the
planes, triple reflections occur which send it back in the direction from

(a) (b)
FIG. 32.-Tl1e triangularCOI’UCVreflector.

which it came (Fig. 3.2b). The effective area for triple reflection depends
on the direction in \vhich the corner is viewed, but it is large over most
of the octant in which a single corner is effective. When the area for
triple reflection grows small, double reflection (from two planes whose
line of intersection is near]Y normal to the line of sight) and single reflec-

tion (from a plane nearly normal to the line of sight) begin to make
important contributions to the radar cross section. A single corner will
be effective only for directions of illumination that cover one octant of a
sphere centered at the reflector, as has been remarked; but all directions
can be covered by makinga cluster of eight such corners (Fig. 3.3).

We can find the cross section for a corner by considering it equivalent
toa flat reflecting plate whose area is the effective area of the corner for
triple reflection. Equation (7) gives, for area .-l andwavelengthk, the
cross section

4TA ‘
‘= A’”

The maximum area for triple reflection ~villbe that afforded by the corner
tlhen it is ~-ieived along its axis of symmetry. This maximum area is
that of the wgular hexagon formed by cutting off the rorners of the
projection of the corner on its axis of symmetry; it is given by



68 PROPERTIES OF RADAR TARGETS

A ~nx = ~.

where a is the edge of the corner. This yields for the
section

4 7ra4
‘m” = 3 F’

[SEC.3.6

maximum cross

showing that the free-space range at which a corner reflector can be seen
by a given radar is proportional to its linear dimensions. Figure 3.4
shows the maximum cross section at various radar frequencies as a
function of edge length.

As a/X (and consequently the gain of a corner reflector) is increased,
greater attention must be paid
to the mechanical construction
of the reflector. When the angle
between one pair of planes differs
from 90°, the triply reflected re-
turn from the corner splits into
two divergent beams, with a con-

1,~

Edge(a) of comer in cm

FIG. 33.-A cluster of corner
reflectors.

FIG. 34.-. Maximum scattering crosssection
of triangularcorner reflector.

sequent reduction in signal return. If two angles are in error, there
are four beams; if all three angles are wrong, six beams result. The
theory of the effect of errors’ yields the result that a loss in returned
signal of 3 db is caused by a displacement of the outer edge of the corner
of about A/2. This limitation requires extremely close attention to the
mechanical construction of corner reflectors of high gain. It also presents
the possibility of applying modulation to the reflection from a corner by
slight motion of one side.

3.6. Target Shaping to Diminish Cross Section.-A corner reflector
gives a radar return by specular reflection for nearly all directions of

1R. C. Spencer, “ Optical Theory of the CornerReflector,” RL Report No. 433,
Nfar,2, 1944,
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approach. A target consisting of twoplanes intersecting at right angles
gives specular reflection for all directions of observation perpendicular to
the line of intersection. Acylinder standing perpendicular ona plane is
also strongly visible for most directions of approach. If the problem is,
on the contrary, to construct a target with a low radar cross section for
most directions of approach, such configurations must be avoided.
Furthermore, to eliminate ordinary specular reflection, surfaces perpen-
dicular to the probable directions of observation must be eliminated.
Partial camouflage of targets has been achieved by proper shaping.

3“7. Use of Absorbent Materials.—The possibility of reducing the
radar cross section by the use of materials absorbent at radar frequencies
has been the subject of considerable investigation. Contributions to the
cross section can be separated roughly into two parts. The first arises
from flat orgently curved surfaces of considerable area (in square wave-
lengths) which arenormal totheline joining the target and transmitter.
Radiation returned from such surfaces may be properly classed as specular
reflection; cross sections arising therefrom willbereferred to as “specular
cross sections. ” If any dimension of the target is smaller than a wave-
length, or if the backward radiation arises from the secondary maxima in
the diffraction pattern, the cross section will be referred to as a “ diffrac-
tion cross section. ” When both types of backward scattering are present,
the specular cross section is usually much greater. In considering the use
of absorbent materials, this distinction must always be borne in mind.
The theory that follows is applicable only to specularly reflected radiation,
and therefore to the specular cross section.

Absorbers in general are of two types. In the first kind, reflections
occurring at the front surface of the absorber are canceled by destructive
interference with the wave that enters the layer and subsequently
reemerges. This type, analogous to the antireflection coatings applied
to optical lenses, will be referred to as “interference absorbers. ” In the
second kind, the material of the absorber is so designed that no reflection
takes place at the front surface and the attenuation in the layer extin-
guishes the entering wave. A continuous gradation from one kind of
absorber to the other exists.

Consider the reflection from an infinite plane sheet of material that
is characterized by a complex dielectric constant c and a complex magnetic
permeabilityy ~. The imaginary part of : arises from dielectric loss and
electrical conduction in the medium. The physical cause for the imaginary
part of p in the ultrahigh and microwave frequency range is not known.
Let the bounding plane between the medium and air be at z = O. The
solution of Maxwell’s equations which represents a plane wave incident
on the bounding surface, a wave reflected from the surface, and a wave
transmitted into the medium is given by
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(12)

(13)

In these equations a is the amplitude reflection coefficient.
The boundary conditions that the tangential components of E and of

H be continuous at z = O immediately yield

(14)

It is clear that a will be O if c = p. 31aterial with such a property \vill
serve as an absorber of the second kind, providing c has a considerable
imaginary part. If the refractive index n and the absorption index K are
introduced by the familiar relation

n+iK=16L, (15)
Eq. (14) can be rewritten

~=?t+~K-Ji

n+iK+p”
(16)

Let us now examine the behavior of an absorber of the first kind in
which the internal reflection occurs from a metal surface at the plane
z = – d. It will be assumed that .2 is small compared to n’. The
calculation of the resultant reflection can be made by summing the
emergent rays and adding this sum to the wave reflected from the plane
z = O. Let g = 4rdK/~ be the damping of a wave for one passage from
the front to back surface and return. Let @ = -lmd,’x be the change in
phase for the same passage. Finally let p be the transmission coefficient
of the front surface. When the index of refraction is high, Eq. (16) gives

(17)

If it is remembered that the coefficient for the internal reflection at the
front surface is – a, the following table can be constructed.

TABLE 31.-EMERGENT RAYS AFTEE MULTIPLE REFLECTION
No. of passages through .kmplitudeof emergent

the layer Ivave
o
1 De-o.: B
2 —a@-P@ B

3 ~2~e3[–o~r+lp

m ( –a)m-jgem(:c+i p
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The minimum reflection clearly occurs when sin @ = Oand cos @ = – 1.
Hence

@ = (2p – l)7r p=o, 1,2, . . . (19)

d=(2p– 1):.

Thus for cancellation the phase change must be r and the layer an odd
multiple of a quarter wavelength thick. The minimum reflection will
actually be O if

g=lnl~~,
a

Mid since
gn gn~.—. —
or
2/l~=—.
T

(20)

‘l’his condition determines the necessary attenuation in the layer in order
that the emergent wave ~rill produce complete cancellation. It is quali-
tatively obvious that the attenuation for each passage must become
smaller as the reflection at the front surface becomes greater.

When Eq. (20) is satisfied the power reflection coefficient is given by
the relation

+!azcoS2~
R2 = -. (21)

(a’ – 1)’ + 4a2 Cos’;

If the bandwidth AX of the absorber be defined as the range of wavelengths
in which more than half the incident power is absorbed, it can be shown
from Eo. (21) that

(22)

Therefore the bandlvidth of an absorber is proportional to p and inversely
proportional to n. The qualitative nature of this behayior follows at
once from the way in which a depends upon n and p. For a given refrac-
tive index, a continuous transition from absorbers of the first kind to
those of the second kind may be effected by allowing the value of p to
ringe from 1 to c,

Ahsmbent materials have been pI educed in Germany for the
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radar camouflage of U-boats. The type of absorber that was actually
put into service was of the interference kind. The dielectric constant
and permeability were produced by a high concentration of spheroidal
metal particles (carbonyl iron). The concentration of metal was80 per

100

10

z~

k

$
1J=

(i

0.1
0 51015202530354045 505560

Anglewith normalto plate indegrees
F]~. 3.5.—ElTect of absorbingmaterial on energy returnedfrom a flat plate at various

zm,glesofincidence. Curves: diffraction pattern of a metal plate, electric vector of radia-
tion normal to Planeof incidehce. Curveb: plate covered with absorbingmaterialof high
dielectricconstant. Curve c: plate covered with magneticabsorbingmaterialoflowdielec-
trlc c0n9tant.

cent by weight, and values of dielectric constant and permeability were
e=7, p= 3.5.

An absorber of the second kind was also developed in Germany. It
consisted of a series of layers whose conductivity regularly increased with
depth. The layers were separated by a foam-type plastic whose dielectric
constant was close to 1. The absorption was excellent from 4 to 13 cm.
However, the complete absorber was a rigid structure 2+ in. thick, and it
was never actually used
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When absorbent materials are applied to targets whose cross section
is mainly specula~, the cross section is reduced by the factor \R\~—aresult
that is confirmed by field tests.

The manner in which absorbent materials influence the diffraction
cross section is shown in Fig. 3,5. The diffraction pattern of a small
plate exhibits a strong maximum at an angle corresponding to that for
specular reflection, and at other angles fails off with the oscillations shown.
If the plate is covered with absorbing material of high refractive index,
the principal diffraction maximum is greatly reduced whereas the second-
ary maximum is in general only slightly changed. Covering the plate
with magnet ic material of low refractive index not only reduces the
principal diffraction maximum, but also makes the secondary maxima
considerably lower. Generally speaking, material of high refractive
index can be expected to reduce the specular cross section while it leaves
the diffraction cross section substantially unaltered. Magnetic material
of low refractive index may, however, also effect a reduction in the
diffraction cross section.

COMPLICATED TARGETS

BY A. J. F. SIEGERT AND E. M. PURCELL

Most targets are much more complicated than those dealt with in the
previous sections. A distinction will be made between ‘‘ complex targets”
and “compound targets” (Sec. 310). The latter term denotes targets
consisting of many independent elements (rain, vegetation) which
generally fill the volume illuminated by a “pulse packet” (Sec. 4.2)
completely. The former denotes complicated targets (such as ships, air-
craft, and structures) which are large, but still smaller than the illuminated
region. The power received from compound targets is thus dependent
on beamwidth and pulse length, since these govern the size of the pulse
packet; the signal from a complex target is not.

3.8. Return from Two Isotropic Targets.—The outstanding features
of the signal returned from complex targets—its fluctuations and its
wavelength dependence-can be studied by considering a simple model
consisting of two equal isotropic targets a distance 1apart. This distance
is assumed to be smaller than c7/2, where ~ is the pulse duration, so that
the signals overla~at least partly. The ratio of the received power
from the two targets to that which would be received from one of the
targets alone (at a distance large compared with 1) is given by

g = 1,%+3””’)+.%(’-;””’’)12

“COS2(+’)‘++4+’)1 ’23)
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Because of interference, the received power varies
between O and 4 times the po~ver received from
one of the targets.

A beautiful example of the change of signal
power with 1, as predicted by this formula, is
given in Fig. 3,6, which sho~vs sucmssive frames
of a photographic recording of an A-scope trace
at +T-sec intervals. These recordings \rere ob-
tained on Deer Island in Boston Harbor, The
signal on the right-hand side is received from
the antenna towers of Radio Station WBZ. The.,

c+)~ ? signals received from these two towers overlap

~L_.JL
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FIG. 3.6.—Successive
frames of a photographic
recording of an A-scope
trace at +sec intervals.

in the center and there show the effects of de-
structive and constructive interference. In the
last frame (No. 0311 ) and in the enlarged frame
(No. 0479, Fig. 37) the parts of the signal \vhere
there is no overlapping are separated by a gap of
zero power due to destructive interference in the
overlapping region. In Frame h-o. 0303 and in
Frame No. 0538, Fig. 37, we have full construc-
tive interference. The deflection of the A-scoue.
used w-as not linear in the power, so that the
highest deflection with constructive interference
is only 3 times that of the individual signals,
whereas the power itself is 4 times the power
received from the towers individually. The
change in power is due to changes in the distance
1 arising from a swaying motion of the towers.
The other possible cause, change of wavelength
due to change in frequency or refractive index,
has been ruled out.’ Correlation was actually
observed between the wind velocity and the rate
of fluct uat ion. The towers would have to move
only one inch relative to each other to change
from constructive to destructive interference.

In Eq. (23) we note further that the return
power from a complex target consisting of two
equal isotropic scatterers a fixed distance apart
depends upon k, and that the change in signal
for a given wavelength change increases with the
value of 1. This fact has been applied in a

18ee Propagation of Short Radio ~~aves, Vol. 13, Sec.
6.17, Radiation Laboratory Series.



SEC, 39] ACTUAL COMPLEX TARGETIS 75

dev~ce to distinguish small targets of large radar cross section from
large complex targets such as SKIPSby obser~-ing the change in signal
intensity caused by a change in wavelength.

3.9. Actual Complex Targets.—The actual targets encountered in
the practical use of radar are of amuchhigherdegrec of complexity than
the simple model just considered. Only a rough estimate of the cross

a)

C9

FIG. 37.-Enlarged frames of a photographicrecording of an A-scope trace.

section of such targets as aircraft or ships can be obtained by calculation.
Even if one could carry through the calculation for the actual target
(usually one has to be content with considering an oversimplified model)
the comparison of calculated and observed cross section would be
extremely difficult because of the strong dependence of the cross section
on aspect. In Figs. 3.8 and 39 the observed return powerl from a B-26

] Ashby etal., RL ReportsX’o. 931, Apr. 8, 1946,and No. 914, Mar. 28, 1946,
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and an AT-11 aircraft, respectively, is shown as a function of azimuth
angle.

The airplane in each case was mounted on a turntable in surroundings
free from other reflecting objects, and was observed with a near-by radar
set. The signal strength was automatically recorded as the airplane was
SIOW1y revolved at a uniform rate.

35 db

Fm. 3.S.—Return power from a B-26aircraft at 10-cmwavelength asa functionof azimuth
angle.

In many positions, the power received changes by as much as 15 db
for a change of only ~ in aspect angle. To a lesser, but still very notice-
able, extent the cross section is a function of the position of the propeller,
so that modulation of the received power is produced when the propeller
is rotating (Figs. 3.10 and 3“11). The modulation is far from sinusoidal,

1ikihby, bC. d.
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and can be described better as a series of flashes. The power in the
higher harmonics decreases only slowly with increasing harmonic number.
Because of these variations of cross section, it has been necessary to
modify the definition of cross section, in order to make at least the
experimental definition unique.

40 db

I’1[:. 39.-Return power from an AT-I 1 aircraft at 10-cm wavelength as a function of
azimuth angle,

In RL Report A’o. 64-10,1 where a number of measured cross sections
are tabulated, the convention is made that the cross section attains the
tabulated value during one half of a series of time intervals. The signal
is considered as seen in a time interval At if at least once during this
interval it was distinguishable in the noise. The interval length is

1L. B. Linford, D, Williams, V. Josephson,W. Woodcock, and supplementby
L. B. Linford, RL Report No. 64-10, Nov. 12, 1942.
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m=l.1)

I:I,:. 310.-l’rartional modulatingof ret”,-nedsignal from a B-26 at hlac!efrequent>-;left
propeller rotating, right propellerstationary.

chosen as 5 sec. The cross section thus defined exceeds the average
cross section by an amount as yet unlmo~vn.

The values for cross sections in Table 3-2 hare been obtained using
this definition of cross section.
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A more serious modification of the definition of cross section is made
necessary by the reflection of radar waves w-hen the target is observed at
an elevation angle smaller than half the beamwidth and over a -water
surf ace. In such cases, the received power is modified by the interference
of the direct wave with the reflected wave, both for the incoming and for
the outgoing wave (Sec. 2. 12). The concept of cross section in the

FIG, 31 l.—Fractional modulationof returnedsignalfrom a B-26,both propellersrotating.

original sense breaks clown in such cases, because it is then no longer
possible to define a single quantity characterizing the target —namely the
cross section—in such a manner that the received power depends only
on the properties of the radar set (P, G, and .4), on the range, and on the
cross section.

.%slong as the target does not extend in elevation o~.er more than one
lobe (an assumption that is usually correct for airplanes) a modification
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of the definition of cross section can be made in a natural and simple
fashion if the target is not too near to the radar horizon. Assuming a
flat earth with reflection coefficient –1, the power per unit area at the
target is modified by the factor

where hl and h2 are the heights of the antenna and the target, respectively,
k is the radar wavelength, and R the range (see Sec. 2.12). The same
factor has to be applied again in computing the return signal to take
account of the interference along the return path: The assumption of a
flat earth is a good approximation’ up to ranges somewhat greater than

4h,hz
R, = ~. The cross section is thus redefined by the equation

s=g.4:R2 –“”14‘in2(2+a12”
An attempt has been made in RL Report No. 401 to extend the

validity of this definition to include ship targets by determining experi-
mentally an “effective value” for R,. This is done by observing the
range at which the attenuation of the return signal becomes greater than
that predicted by the inverse fourth-power law. In this way the cross
sections in Table 3.3 were obtained. The procedure amounts to a replace-

TABLE 3.3,—RADAR CROSSSECTION OF SHIPS

I Crosssection, ft’
Type of ship [

1 >=1 Ocm I A=3 cm

I
Tanker. 24 X 103
Cruiser. ... ,, ~ 150
Small freighter . . . . . . . . 1.5
?Jedium freighter ., 80
Large freighter . . . . . . . . . . . . . . . . 160
Small submarine (surfaced). 0.4

24 x 10’

150
1,5

80

160
1.5

ment of the real target, which extends over an elevation range from zero
to its actual height and whose illumination varies with elevation, by a
target at an “effective height” determined experimentally.

A different attempt has been made by M, Katzin,’ who computes the

10. J. Baltzer, V. A. Counter, W. M. Fairbank, tf”. 0, Gordy, E. L. Hudspeth,
“ OverwaterObservationsat .Y and ,’5’Frequencies,” RL Report ATO.401, June 26.
1943,

2Navy Report RA3A213.\.
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effect on the received power of the variation of illumination for a vertical
rectangular sheet and uses the formula thus obtained as a definition of
cross section.

3.10. Compound Targets Extended through Space.—Targets such as
rain, vegetation, 6’window,’” or the surface of the sea are much more
complicated than the targets considered in the preceding sections. It is,
however, easier to predict and verify certain features of the return from
such targets because the compound targets here considered are composed
of large numbers of independent individual scatterers, and for that
reason statistical considerations can be used in their treatment. The
aim of this statistical treatment is to predict the probability distribution
of the returned power and of the correlat ion of successive measurements
of the return power.

It will be useful to distinguish between compound targets distributed
throughout a volume (rain, “ window”) and those distributed over a
surface (vegetation, waves). In this section the first class is considered,
the second being deferred to Sec. 3.11.

The Rain-echo Problem.—Echoes fmm rain are frequently observed
on microwave radar (Fig. 3012). Under some circumstances, the ability
to map out storm areas by radar may be put to good use. In many
applications, however, the presence on the radar screen of storm echoes
(that is, echoes from rain drops within a storm area) is objectionable for
either of two reasons. (1) A small isolated storm cloud at long range
may be mistaken for a legitimate target; airborne sea-search radar is
especially vulnerable to this kind of confusion. (2) Echoes from a storm
area may mask or confuse the echoes from targets at the same range and
azimuth.

The nuisance of “ rain clutter,” which the latter effect is sometimes
called, is most severe when the radar cross section of the desired target
is small. Other factors that determine the intensity of the rain echo
relative to that of the target echo are the beamwidth, pulse length, and
}ravelength of the radar, the distance to the target, and the number and
size of the water drops in the neighborhood of the target. In the case of
a radar set using a pencil beam or a simple fan beam, these factors enter
the problem as follows:

-( )R’A~ CT .VooAverage rain-echo intensity = _ _

Target-echo intensity .1” 2 T’
(24)

I CI~~ndo,v“ is the British and most commonly used code nanle for conducting
foil or sheetcut into piecesof sucha sizethat eachpieceresonatesas a dipoleat enemy
radar frequency. When this matermlis dispensedfrom aircraft, large volumes of
space can be filled with it. It falls at a speed of only a few malesper hour, Tbe
strong signalsit returnsso effectively mask the radar signalsfrom aircraft that arc
in tbe midst of a cloud of windowthat severaltons of aluminumusedto he dispensed
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FIG. 3.12.—Echoes from a tvnhoon on the stove of a 10-cnl shinborne radar svstem.
“ Eye” of sto~n]is clearly visihle”ahovecenter of sc~pe.

range
wavelength
velocity of light
pulse duration
area of antenna aperture
number of drops per unit volume
radar cross section of an average drop
radar cross section of target,

in this form on each Europeanheavy bomber raid. The 1;. S..irmy referred to this
material as “chaff”; the Germans called it “ Dueppel. ”
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The quantity in parenthesis in Eq. (24) will be recognized as the volume
of the region in space [mm which, at a givem ins+.an+.,m%ctd signals can
be received. One must assume, to obtain Eq. (24), that the rain is
distributed over a region larger than this pulse packet and that the
target is smaller than the pulse packet.

The average total power received from all the raindrops that contri-
Imte to the return at a given range is the sum of the return powers of the
individual drops. The return po}vers, not the return fields, must be
addedl be’cauw the random distribution of raindrops in space results in
random phases of the individual contributions.

The cross section uo for raindrops is that of a small sphere of large
dielectric constant (Sec. 32) and is given by

(25)

where a is the radius o’f the raindrops, d their diameter, and the bar
denotes averaging over all drops that contribute to the return. Since
ueither K nor the distribution in drop size is very ~vellknown, it will not
be possible to test this formula experimentally with great precision, but
the existing measurements of average intensity can be explained, assum-

ing reasonable values of N and =6.
Using Eq. (25) we can now rewrite Eq. (24) as

Average rain-echo intensity = ~50 Rzcr@~
Target-echo intensity .4i%, ‘

(26)

which displays the strong dependence of rain echo upon wavelength and
drop diameter.

What has been said above pertains to the a~erage intensity of the -
rain echo. Actually, the signal received from a given region, being the
vector sum of the ~vaves reflected from the indi~-idual drops, fluctuates
continually in amplitudp as these clrops. shift in position relative to one
:mother. ~ This fluctuation obeys a simple statistical law, which, for our
purpose here, can be stated as follows: the probabilityy of recei~ing, at

P
arly time, an echo of intensity (power) P or greater is just e ~D,where
P, is the a~erage intensity o~-er a time long compared to the fluctuation
time. l’reciscly the same law describes the distribution in intensity of
thermal noise po!rer as amplified by the i-f amplifier of the radar set,
and this is one reason for the striking similarity between rain clutter ancl
receiver noise as seen on a radar oscilloscope. There is, however, onc

LThis point is discussedin greaterdetail in Chap. i’, Vol. 13 of this series.
z ‘~he changes of intensitv caused by statistical fluctuationsof the mmber Of

raindropswithin a pulsepacket are small comparedwith thesechanges.
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essential point of difference:l the rate of fluctuation of the receiver output
is determined by the bandwidth of the receiver, whereas the rate of
fluctuation, in time, of the echo from a given element of volume in the
rain is fixed by the time required for the drops in the volume to assume
a new configuration. Thk is ordinarily so long that several successive
radar pulses find the drops disposed in nearly the same way, that is, with
changes in relative positions amounting to a small fraction of a wave-
length only. A quantitative formulation of this statement is derived in
Vol. 24, Sec. 6.2.

The latter effect makes the detection of a desired target echo within
the rain clutter even more difficult, for the very persistence of the target
echo on successive pulses helps greatly to distinguish it from noise
(Sec. 2. 10). Such help is of no avail against rain unless the target echo
is received over a time long compared to the rain fluctuation period
discussed above.

To distinguish a target in the midst of rain clutter, we must make
use of some peculiar feature of a raindrop as a radar target. One such
feature, perhaps the only one unique to rain, is that the raindrops are
round; thus the intensity and phase of the reflection from a single drop
do not depend on the direction in which the incident beam is polarized.
This cannot be said of most radar targets, which, being complicated
objects usually not rotationally symmetrical about the line of sight,
show very large variations, with polarization, of the total (complex)
reflection coefficient. An experimental verification of the theory that
this property of symmetry which is peculiar to raindrops can be used
to distinguish a target signal in the midst of rain clutter has been carried
out.

J“ery briefly, the principle is this: if a sphere is struck by a circularl,v
polarized plane wave, formed by passing a linearly polarized plane wave
through a quarter-~vave plate, z the scattered wave observed in the back-

‘ Thereareother minor differences: the length in range of a “noise spot” is deter-
rniaedby the receiverbandwidthand the cathode-ray-tubespot size. The leugthin
rangeof a “rain spot” dependson the pulse lengthas well. The width, in azimuth,
of a noisespot dependsonl’yon cathode-ray-tubespot size, or sweepinterval,which-
ever is larger,whereasthe azimuthalwidth of a rain spot dependson the antenna
beamwidth.

‘ Quarter-waveplates and half-waveplates for radar, entirelyanalogousto those
familiar in optics, can be made. l~hat is necessaryis to make the phase velocity
of the \va\,eas it passesthroughthe plate dependupon its directionof polarization
with respectto some directionin the face of the plate. This is done by making the
plate of a stack of parallel metal sheets spaced an appropriatedistance from one
another. l~-hena linearly polarizedradar wa~-eencountersthe edges of the sheets
forming the stack, the component\vhoseelectricYector is normal to the edge passes
through unaffected. The component whose electric vector is parallel to the edge,
however,findsitselfin a waveguideof greatheightbut of finitewidth, Its wavelength



SEC 3.11] EXTENDED SURFACE TARGETS 85

ward direction will be circularly polarized. However, the sense of
rotation of the vector which represents the field of the scattered wave
is such that if the scattered wave passes back through the original
quarter-wave plate it WN emerge as a wave whose polarization is per-
pendicular to that of the initial linearly polarized wave (Fig. 3“13).
It will therefore not enter the antenna which was the source of the
original linearLy polariaedwwre.

Experimental results are shown Raindrop
Quarter-wave plate

in Fig. 3.14. Theaverage intensity
of the rain echo at a given range
was reduced approximately 26 db,
while the ground targets (buildings) JW’
which were being observed at the

KA”tenna ~
same time suffered a reduction of
4 to 8 db. Imperfections of the FIG. 3 13,—Scheme for reduction of rain

echo.
quarter-wave plate, as well as the
slight ellipticity of falling raindrops, prevent complete cancellation of the
rain echo.

3.11. Extended Surface Targets.’—In many cases the individual
scatterers in a compound target are confined to a relatively thin layer,
which can be treated as an extended surface target. Nearly all of the
signals received by airborne radar are from targets that fall into this
classification. One example is vegetation, which covers most of the
land over which an airplane is likely to fly. Another is the diffuse return
from irregularities on the surface of the sea.

Let us examine briefly the processes involved in the reception of a
radar signal from a layer of scatterers, such as the layer of vegetation
on the ground. The radar set transmits a pulse of duration ?, which
travels from the airplane toward the target at the velocity c. A particu-
lar scatterer will be illuminated for a time equal to the pulse length,
as the advancing pulse goes by, and will send a reflected pulse of the
same duration back to the receiver. The signal received at a time t,
measured from the moment the transmitter begins to radiate its pulse,
will consist of contributions from all those scatterers Which lie within
the antenna beamwidth a and within a range interval AR, where

R’ – AR = ~c(t – r), (27)
R{ = ~ct.

in thk guide is greaterthan the free-spacewavelength (Sec. 11.3), and the phaseof
this component can be advanced over that of the other component by any desired
amount,simplyby choosingthe widthof thesheetsalongthe directionof propagation
appropriately. SeeW. E. Kock, ‘‘ Metal PlateLensesfor Microwaves,” BTL Report
hlM-45-160-23.

1By R, E. Clapp.
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As we can see from Fig. 3.15, this group of scatterers will lie within a
patch of surface of nearly rectangular shape, with its area approximately
given by

A = (Rci) (+cT sec O). (28)

Here we have used
R= R’–; AR, (29)

which is the range to a point in the center of the “target area,” the area
shaded in Fig. 3“15.

-

-

Rain echo

Without A14 plate

sweep: 33 small div/mi

With A/4 plate
sweep & gain same as
above

Land targets

Without 2/4 plate
sweep: 9.5 small div/mi
Rain visible only at close
range

With A/4 plate

gain increased 6 db
Broad pip at center
is artificial signal

FIG. 3.14.—A-scopeobservationsof rain and land targets.

The radar equation was derived in Chap. 2 for the case of a discrete
target with cross section O, Eq. (2 W). This equation, repeated here, is

(30)
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We can generalize this formula t o the case of an extended surface target,
if we replace a by an expression whose fmm will be deduced though
statistical arguments similar to those used in Sec. 3.10. As long as the
relative positions of the objects in the target layer are random,l we add
the power received from each object in the area to find the average

\’-.

/

,,

r II

h

L
I \

--&l-
FIG.3.15.—Theareacontributingto the instantaneouspowerreceivedfrom an extended

surfacetargetis hmitedin rangeandazinluthhy theresolutionof theradarsystem.

level of the probability distribution. The average signal S will thus be
proportional to the area A, but it can also be expected to depend on
the aspect angle 8, in a way which need not be specified here beyond

l Specifically,we requirethat the wave trainsreceivedfrom the individual scat-
tererswithinthe targetareashouldcombine in randomphase,which will be the case
if the rangesI?i to the scatteringobjects are distributedwith a randomnessor devia-
tion much greaterthan one wavelength,over a rangeintervalAR itselfmuch greater
than one wavelength.
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denoting it by a function F(o). The aspect function F(e) {vill thus
include three effects: (1) the amount of power intercepted by the area .4
will depend upon the orientation of the surface with respect to the
incident wave; (2) only apart of the incident radiation will be reradiated
diffusely, the rest being absorbed (or, as in the case of sea return, reflected
specularly); (3) the scattered power may be reradiated preferentially
in certain directions, depending on the properties of the scatterers. If
we let F(6) include these three factors, the expression for the effective
cross section of an extended surface target becomes

u = (fik) . (+CTsec 0) F(6), (31)

Substitution of Eq. (31) into Eq. (30) will give the received signal S.
At medium and long ranges (compared to the altitude of the airplane),

the factor sec 8 is approximately unity and can be neglected. On the
other hand, for the computation of the altitude signal,l Eq. (31) is not
sufficiently precise, because the aspect angle o varies considerably over
the large area, directly below the airplane, which lies within the range
interval AR when R is approximately equal to h, the altitude. In that
case, the received signal must be obtained from an integration ovrr the
large area contributing to the instantaneous pow-er level in the radar
receiver. z

GROUND-PAINTING BY AIRBORNE RADAR

BY C. F. J. OVERH.~GE.w~ R. E, CI..\PP

Airborne radar equipment has been extmsively used in military
aircraft for navigation by pilotage under conditions of restricted visi-
bility. The performance of these radar sets in displaying topographic
features below the aircraft depends on point-to-point variations in the
radar-reflection properties of the earth’s surface. The information
contained in the received echo signals is generally presented to the
observer as a brightness pattern on an intensity-modulated persistent-
screen cathode-ray tube in which radial distance from the center cor-
responds to slant range or ground range, and azimuth to relative or true
bearing. While the coordinates of this plan-position indicator (PPI)
presentation thus lend themselves tocornparison withmaps, the correla-
tion between the brightness pattern and the topographic features of
the ground is a matter of varying difficulty, depending on the nature
of the terrain, the experience and skill of the operator, ancl the particular

1The first signalto arrive is the reflectionfrom tllr ground directly I]elleaththe
aircraft; it is called the “altitu(ie signal” ljcctlll>(,itsr:illge isc,cltl:ll[otlle altitudeof
the aircraft.

ZSee the chapter on “The .MtitudeSignal,)’ R. E. (’IJPP, “.i Theoretical and
ExperiIllentalStudy of Radt~rGrotlr){iRet[lrll.'' RI, Ileport So. 1024, lYW
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radar system that is used. The identification and correlation are
based upon intensity contrasts which fall into se~-eral categories, such
as the contrasts between land and water, between hill and valley, and
between built-up areas and open countryside. As each type of contrast
is discussed, it will be illustrated by radar scope photographs.

3.12. Specular and Diffuse Reflection.-0f the several ways in which
airborne radar gives its information, the most important is through the
contrast between rough and smooth surfaces. .i smooth surface on
the ground appears as a black area in the radar picture, while a rough
surface appears bright in contrast, In the case of the smooth surface,
the incident radiation is deflected away, as in Fig. 316. l~here the
ground is rough, the incident raciiation is scattered in all directions, as

(a)

in Fig. 3.16, a part of it returning to the recei~f’r to bc amplifiwl and

sboff-n on the r:idiir scope,

The signal strength from land areas is so mtIch greater than that

ret urned }JY lf-:~ter surfaces that t hc iut erpretation ot’ hind -\\”atcrbound-
:~rirs is the simplest of all rcrognition problrms. In a region of highly
indrntcd comtline the prrwntati[)n is so strikingly- simil:w to ordinary
maps tlmt navi~aticon lJYpilotagc can be performed e~”enb}- ill(’x~]t’ric’llceci
operators. Situatlfnw of thi~ tJ-p(> are illllstr:ltml in I;igs. .3 I7, 3.18,
319, and 320. in Fig. 317, for example, the positi(m of the aircraft
(given by the spot at the center of the pict~lre) c:tn immetii:~tely be
identifie(l I)y rcfrr(,nr(’ to the ( )akl:ln(l 1!att,rfrt)nt. ‘~rt,:l.lllc I.luIId, and

the lla~ Bridge. I;igllr{, 32’() illll.tr:ites t lle :ii(l in r(,to~nil ion ai’to]ded

))y a broad ri]-c,r f-:llle~.

‘1’he finenes.~ of the (Irt:iil Tvhich can be ..ho\f-n depen(k (Jn the range

an(~ :tzirnlith resolution ()[ the radar ::~stcnl and on the >h:irpne~s Of
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airport runways stand out clearly against the grass-covered ground
between the runways. At the wavelength of 1.25 cm the grass isthor-
oughlyrough and the runways quite smooth, resulting in strong contrast.
The contrast is reduced at much shorter wavelengths (ordinary light),
for which the runways as well as the grass appears rough. At much

N

FIG. 31S.-Coastal areasof Kyushuand Shikokuin the vicinityof Uwajima,Japan.
Wavelength= 3.2 cm, 3° beam, altitude 10,000 ft, radius 24 nautical mi. 33”03’N.
132”20’E.

longer wavelengths both the grass and the runways appear smooth in
comparison with wooded areas around the airport. There isstill a small
signal from the grass and a smaller signal from the pa~-ed runway,
(because any irregularity scatters a certain amount of power), but on
the radar picture a surface that is flat in comparison with the wave-
length appears dark in comparison with a rough surface, except when the
flat surface is viewed at normal incidence.
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confusion between sea and land. Sea return is strongest in the direction
from which the wind is blowing, This effect is shown clearly in Fig.
3.22, which not only shows substantial sea return in the upwind and down-
wind directions (north and south), with no visible return in directions
crosswind from the radar, but also shows a much weaker sea return in
the protected inner harbor than in the outer harbor.

N

For microwave radar most land areas are wholly on the rough side
of the division between rough and smooth surfaces-primarily because of
the presence of vegetation, Because the ground is thoroughly rough,
the aspect function F(fI) of Sec. 3.11 takes, for ground return, the follow-
in~ simple form:

F(6) = K sin 0, (32)
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where K is a numerical constant which can be interpreted as the reflection
coefficient of the ground. Equation (32) is based on the assumption
that every bit of the incident energy that is headed for an area on the
ground will strike some object in that area, where a fraction, (1 – K),
will be absorbed, and a fraction, K, will be reradiated, all directions of
reradiation being assumed equally probable. Some experimental

N

FIG. 3.21.—.4irport runways at Bedford, Mass. Wavelength = 1.25 cm, O.SObeam,
altitude 1500ft, radius3 nauticalmi. The blanksectorsto the southare shadowscast by
the wheelsof the airc,aft. 42°29’N. 71019’\\”.

measurements have been made of the radar signals received by an air-
borne radar system from level, vegetation-co~-cred ground, and of the
variation with aspect angle of the intensity of the signals. These
measurements are in substantial agreement with Eq, (32).

Introduction of Eq. (32) into Eq. (31) gives the radar cross section
of the ground:

a = (Ra)(~c7 sec 8)K sin 0. (33)
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in comparison with the wavelength, and \vhich have the same reflection
coefficient K, reflect signals of equal intensity and must be distinguished
from each other through large-scale irregularities such as hills, structures,
and bodies of ~vater. TO make these large-scale irregularities most easy
to detect, it is desirable that the antenna pattern be smooth and properly
shaped to produce on the radar picture an even background against
which irregularities will stand out, by contrast, The shaping of the
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antenna pattern is discussed in Sec. 2.5, where an expression for the
ideal antenna pattern is derived from an approximate expression for u:

u = (Ra)(L) sin 0. (34)

In Sec. 25 it was assumed that L wasa constant, and a comparison of
Eq. (34) with Eq. (33) shows this to be approximately true, since sec o
differs appreciably from unity only for very short ranges. Based on
Eq. (34), theideal antenna pattern is

G(o) = GO CSC28. (35)

A more exact expression, based onEq. (33), is

G(o) =GOcsc20~0. (36)

The effect of using an antenna whose pattern fits Eq. (35) rather than
Eq. (36) is to increase the strength of the signals at close ranges above
those at medium and long ranges. This increase is not large, amounting
only to 3 db at 60°; its main effect is to make the altitude signal stronger
than the succeeding ground signals. Radar experience indicates that the
specification of what curve the pattern should follow is less important
than the requirement that the pattern be smooth.

In Fig. 3.20 the diffuse bright rings at the center of the picture are
the result of an imperfectly shaped antenna pattern. These intensifica-
tion ringsl make it difficult to distinguish irregularities on the ground,
but they are not as objectionable as the black rings or “holes” which
would have appeared if the antenna pattern, instead of being too strong,
had been too weak in those regions.

Equations (30) and (33), combined, give only the average level S
of ground return. Particular signals vary widely. On the PPI, with a
medium gain setting, ground return can be seen to consist of many
bright signals. Among these bright signals are weaker signals, some
of them too faint to show on the screen. The resulting stippled or
“ beaded” texture of ground return is clearly visible when fast sweeps
are used, as in Fig. 3.25. If the receiver gain control is set high, most
ground signals rise to saturation and ground return takes on the more
flattened texture seen in Fig. 317.

3.14. Mountain Relief .—The presence of hills and mountains in the
area covered by the radar presentation is indicated by the bright returns
from the mountain sides facing toward the aircraft and by the shadow
regions on the far side of the crests. These conditions follow directly
from the geometry of the illumination, and produce a very realistic

I ‘l_he ratherdiffuseringsof intensificationshouldnot be confusedwith the range
markers,which are narro~verand appear at equal radial intervalsout to the edge of
the picture.
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surface in terms of a small-scale relief model illuminated by a rotating
fan-shaped beam of light, with the source of light held above the model
at a height equivalent to the altitude of the aircraft. The direction
and shape of terrain shadows and the brightness of the near sides of the
mountains are properties of the radar picture which can readily be
understood through such scale models.

N

As an aircraft approaches a hill or mountain, it will evimtually (if
its altitude is greater than the height of the mountain) reach a position
where the farther slope is no longer hidden behind the crest. Although
the shadow is gone, it is still possible to distinguish the mountain on the
radar picture through the contrast between the brighter signal from the
near slope and the weaker signal from the far slope. In Fig. 3.24, for
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example, the contours of the land are indicated partly by shading, partly
by true shadows. The identification of hills through intensity shading
depends largely upon the radar operator. There is a natural tendency on
the part of theoperator tosetthe gain too high, raising all groundsignals
to saturation and making small variations in intensity indistinguishable.

N

FI~. 325-Mouth of the SusquehannaRilcr at Havrc de GIWC, lfd. Bll]l(iings of
Edgewood Arsenaland.\herdeenPro\,ingGrour]dalevibible as bright patcllesst]~]tt1of the
electrifiedrailway line. lYavelength 1,25cIll,0.80bcalll,altitude4000ft, radiuslOnautlcal
mi. 39”32’N. 76”13’W.

3.15. Structures.-The general appearance of structures and clusters
of buildings is illustrated in Fig. 3.25, which was obtained with a high-
resolution system in the region betlvccn Baltimore and Havre de Grace,
Md. The most prominent single feature is the curved line of the Pennsyl-
vania Railroad. Bridges over t\vo branches stand out, in sharp contrast,
with the water. Southwest of the position of the aircraft, near the
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periphery of the picture, the buildings comprising Edgewood Arsenal
are clearly visible; a similar group southeast of the aircraft corresponds to
Aberdeen Proving Ground. A third bridge over the Susquehanna
River, just north of the two visible in the picture, is barely suggested
by two bright dots at the upper end of the small island in the river.
In general, the three bridges appear as equally strong signals; in the
particular sweep corresponding to this photograph the third bridge
returned a poor signal.

Many structures stand out against ground return because they
project vertically above the surrounding level ground and intercept
energy intcmlcd for target areas behind them. The central portion of
the railroad in Fig. 3.25 is an example of a structure which casts a shadow.
Seen broadside from a relatively low angle, the wires and supports of
the overhead electrification system and the embankment upon which
the tracks are laid intercept energy and cast their shadows in the same

k
1:1IJ.3.26.—Increasednngleintercepted by inclined target area. The length in range of a

PUISCpacket, AR, is ~cr.

way as would a small hill or ridge. This type of contrast is less effective
\vhcn the target is viefvcd from a higher angle, for the same reasons that
make mountain contrast Icss effective at high angles of incidence.

Natural structures also show radar contrast. Examples are the rows
of trees that line canals and streams in otherwise treeless regions, the
hedgerows of Normandy and the cliffs of Dover, or the edges of forestsl
:md the banks of rivers. As an illustration, Fig. 3.26 shows the increased
angle intcrccptcd by a target area which spans a river bank. In Fig.
3,25, the bright line marking the east shore of the Susquehanna River is
characteristic of the strong reflections returned by sharply inclined river
embankments.

The radar signals received from man-made structures are often too
strong to bc fully explained in terms of the solid angle intercepted by the
targct. Figure 3.25 sholrs several examples of the bright signals from
groups of buildings, without accompanying shadows. In order to
account for contrasts as strong as those in Fig. 3.25 a certain amount of
rctrodircctivity in the target objects themselves must be present.

This rctrodirectivity can arise in several }vays. Strong specular

1“~lIc llcur edge of a forestor groupof treesgivesa brightsignal; the far edgegives
i wcikcncd signal or cnstsa shadoJv.
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reflection will result whenever a flat surface happens to be oriented normal
to the line of sight; yet the mere presence of flat surfaces is not enough to
guarantee a strong reflection. If these surfaces were oriented in random
directions, the probabilityy of finding one at just the right orientation
would be so low that the average signal from such a group of flat surfaces
would be no stronger than the average signal from a collection of isotropic
scatterers filling about the same volume. Therefore the flat surfaces
must be so oriented that the reflection is concentrated in the direction
of the radar receiver. In a group of buildings, a large proportion of the
flat surfaces will be vertical walls, while many others are smooth pave-
ments or flat roofs. There are many opportunities for combinations of
three flat surfaces at right angles to form corner reflectors (Sec. 3.5),
which are highly retredirect ive targets. The full potentialities of these
tremendous corner reflectors are never realized in practice because of
the strict tolerances imposed by the short wavelengths of microwave
radar. Insufficient flatness in the walls makes a huge, imperfect corner
reflector behave like one which is smaller but perfect. Inadequate
perpendicularity results in several return beams in the vicinity of the
aircraft instead of a single return beam pointed directly at the aircraft.
Nevertheless, the average effect of many triple corners is to provide
retrodirectivity in the radar target.

Vertical and horizontal surfaces can combine into double (rather
than triple) corners, giving directivity in elevation under certain con-
ditions. It was shown in Sec. 2.12 that rough surfaces like the ground
can serve as satisfactory mirrors for more distant targets when the angle
of incidence is sufficiently low. Because double-corner directivity
depends on the mirror-like properties of a horizontal surface in front of
vertical structures, we should expect strongest signals from these struc-
tures when they are seen from low angles. Many buildings or groups of
buildings return strong signals at long ranges but tend to fade at shorter
ranges when the higher angle of incidence reduces their retrodirectivity.
If the line of sight is nearly horizontal, strong signals are sometimes
observed by direct specular reflection from vertical surfaces without the
benefit of mirror reflection from’ an intermediate horizontal surface.

Special cases of target directivity in azimuth arise when, for instance,
large groups of buildings have parallel walls. The signals in directions
perpendicular to these walls are often intensified, as can be seen in
Fig. 3.35.

3.16. Cities.-The brightest signals within a built-up area (Boston,
Mass. ) are presented in Fig. 3.27. This particular photograph was
obtained with a so-called “ three-tone” presentation (Sec. 13.21), in
which gain and limit level are electronically switched back and forth
from levels most suitable for land-water contrast to levels giving the
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best overland contrast for the brightest target highlights. In this
manner, the points yielding the brightest returns are presented over a
“base map” which shows the location of the aircraft and which partici-
pates in any geometrical distortions of the radar presentation. Studies
of this type of presentation show that (1) the location of the brightest

N

Fm. 3.27.—Boston,M2ss.,~th “ three-tOm”presentation(Sec. 13.21). Wavelength =
3,2 cm, 3° beam, altitude 4000 ft, radius 5 nautical mi. 42”20’N. 71°05’W.

signals changes from instant to instant, and (2) the great majority of
these highlights cannot be identified with any particular prominent
structures in the city. These bright signals, therefore, must be acci-
dental strong reflections produced at random by favorable illumination
of particular surfaces and by constructive interference of reflections
from different surfaces within a signal pulse packet or target area.
“City return” is similar to ground return and sea return in that each
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signal represents the superposition of reflections from the surface ele-
ments located within a region bounded by bearnwidth and pulse length.
The individual targets, however, because of their low absorption and high
retrodirectivity, are more effective than the scatterers and irregularities
responsible for ground return and sea return.

N

FIG. 3,28.—The Kanto plain north of Tokyo. Wavelength = 3.2 cm, 3“ beam, altitude
10,000ft, radius28 nauticalmi. 35”59’?J.139°59’E.

In spite of the fluctuations of individual signals the average intensity
of the return from a city is sufficiently high to form a relatively stable
bright area on the screen. The shape of this area and the brightness of
particular sections remain sensitive to altitude and direction of approach,
but the whole group of signals is strong enough to give a reliable indica-
tion under most circumstances.

The appearance of city signals of various sizes is illustrated in Fig.
3.28, a photograph obtained over the Kanto plain north of Tokyo. The
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urban area of Tokyo is a large group of signals near the southern limit
of the picture, with the industrial suburbs of Urawa and Omiya, north-
west of the city, showing as a strong elongated signal. East of Tokyo
is Funabashi, a strong signal at the head of Tokyo Bay. Numerous
small towns in the Kanto plain are shown as individual arcs, particularly
to the west of the aircraft. The Tone River is visible just below the

N

FIG, 3.29.—Small towns near Worcester, Mass. Wavelength = 1.25 cm, O.SObeam,
altitude 7000ft. radius24 naut]calmi, 42°16’N. 71°4S’\V.

center of the picture, with the Toride railroad bridge appearing as a
strong signal just south of the aircraft.

Figure 3.29, taken at some~vhat closer range with a system of higher
resolution, shows a number of small towns in the vicinity of Worcester,
IVIass. A’ characteristic group of five bright signals appears near the
top of the photograph. The signal nearest the aircraft is a mountain
signal, readily identified as such by its triangular shadow. The remaining
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four signals represent the towns of Gardner, Fitchburg, Leominster, and
Ayer.

Figures 3.28 and 3.29 illustrate situations in which identification
depends on the recognition of particular groups or “ constellations” of
towns; at long ranges the returns from individual towns lack distinctive

N

FIG. 330.-Part of the Connecticut River valley, with Springfield, Mass., to the north
and Hartford, Corm., to the south. Their shapes correspond roughly to the principal
built-up areas. Wavelength 1.25cm, 0.8° beam, altitude 7000ft, radius 20 nautical Il]i,
41”57’N, 72”39’W,

characteristics of their own, although at shorter ranges and with systems
of higher resolution such characteristics do appear. Fig. 3.30 shows
the cities of Springfield, Mass., and Hartford, Corm., observed at ranges
of about 10 miles with a 1.25-cm system. Here the bright returns form
characteristic shapes roughly corresponding to the densely built-up
parts of the cities. Intermediate conditions are illustrated in Figs. 3.31
and 3.32, which show two Japanese towns as seen with medium-resolution
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portion of New York City in which immediate identification is possible
by reference to the Hackensack, Hudson, Harlem, and East Rivers,
together with Central Park andthe various bridges.

It is sometimes possible to discern a few prominent features of the
street pattern of a city. A complete presentation of the street pattern
would be ideal, but present radar equipment lacks the resolution which

N

FIG. 3.32.—Obihiro, Hokkaido, Wavelength = 3.2cm, 3° beam, altitude 12,000ft, radius
15nauticalmi. 42”41’N. 143”12’E.

would rnakethispossible. At very lowaltitudes and very short ranges,
major thoroughfares may occasionally be seen asdarklines in the bright
mass of city return. There is some evidence of the hIanhattan street
pattern near the center of Fig. 335. Airport runways, which are
normally much wider than streets, can often be seen clearly at low alti-
tudes, M in Fig. 3.21. On the other hand, the concentration of large
buildings along major streets and the presence of elevated railways or
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overhead trolley systems often results in a concentration of particularly
bright signals along such streets. The street patterns of Chicago and
Detroit, partially visible in Figs. 3.36 and 3.37, are of this type. Some
caution is necessary in the interpretation of such displays; bright radial
lines are occasionally caused by directionally selective reflection from a
mass of buildings with parallel surfaces. Such lines appear to move along

N

FIG. 3.33.—Outer harbor, Boston, Mass. Wavelength = 1.25 cm, 0.8° beam, altitude
8000ft, radius 10nauticalmi. 42°18’N’. 70”58’W.

with the aircraft and can thus be distinguished from streets, which are
stable with respect to other signals.

3.17. Navigation. -Sections 3.12 to 3.16 have been devoted to dis-
cussions of the kinds of targets and target contrasts encountered with
airborne radar. It remains to describe their integration into the radar
picture as a whole and the use of this picture as a navigational aid. A
fullerdiscussionof this subject will be found in vol. 2of this series.



SEC.317] NA VIGA TIO.V 109

Airborne radar is best used as a supplement to standard navigational
methods, rather than as a substitute for them. Overland navigation by
the traditional dead-reckoning procedure can be based upon determina-
tions of ground speed and drift angle made by the radar operator through
measurements of the motion of ground targets, while the position of the

N

FIG.334.-Boston, Mass. Detailed resolutionof land-waterboundariespermitsdirect
comparisonwith conventionalmaps. Wavelength = 1,25cm, 0.8° beam, altitude 4000ft,
~adi”s5 na”tiral rni. 42”21’?J,71°03’~V.

aircraft is checked at intervals against a map by the identification of
radar landmarks along the route.

The characteristics of the radar system must be kept in mind when
flights are planned. Each radar set has its limitations in range and
resolution. The maximum range is limited by many factors, 1 including
the transmitted power, the receiver sensitivity, and the antenna gain.

] See Chap. 2.
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miles on large targets are observed with 3-cm systems such as the AA”/-
APQ-13 and AN/APS-15, while with 1.25-cm systems like the AX/APS-
22 the ranges available at present are about 15 miles on ground return
and 30 miles on large targets, for average atmospheric conditions in the
Eastern United States. Under conditions of high atmospheric humidity,

N

FIG. 3.37.—Detroit, Mich. The Ford Rouge River plant showsas a bright patrh 7 mi
southeastof the amcraft. Wavelength = 1.25cm, 0,8° beam, altltude 4000ft. radius 10
IMUtiCalmi. 42°21’N, 83001‘TV,

the absorption of energy by water vapor becomes an important factor
limiting the maximum range of a radar set at 1.25 cm (see Sec. 2. 15).
Even strong signals from large cities are attenuated below noise level
if the cities are much beyond the maximum range for ground return.
Figure 3.39, which illustrates this uniform range cutoff, ~yas obtained
with a 1.25 cm system at an altitude of 20,000 ft near the Pacific entrance
of the Panama Canal, with an average water-vapor concentration of
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tion, while with systems of less resolution but greater range it is often
the spatial relationship of a group of targets which results in their
identification.

In mountainous regions the presentation of a given area varies con-
siderably with the altitude and position of the observing aircraft, and
skill is required in using radar pilotage over this sort of terrain. How-

N

Frc. 339.-Pacific Coast near Balboa, c.Z. Average water-vapor conrcntration over
fight path 6.9 .g/m~, Wavelength = 1,25 cm, 0.8° beam, altitude 20,000ft, ~adiu~23
nauhctilmi. 9“01’.N.79”35’TV.

ever, the Fifteenth Air Force of the U.S. Army has used the method
extensively in navigating across the Alps. One difficulty inherent in
the use of radar pilotage over mountainous terrain is illustrated in
Fig. 3-K). N-est of theaircraft amountai nchainrisin gto6000ft throws
long shadowsintothe 310gami Yalley beyond. ‘1’heto\vnof Yarnagata
is seen as a bright signal beyond a spur of Mt. Taki extending northwest





CHAPTER 4

LIMITATIONS OF PULSE RADAR

BY E. M. PURCELL

To a thoughtful observer, one of the most striking features of a
microwave radar screen is the quantity of information that is available
at a glance and continually being renewed. In some installations the
map of an area of many thousands of square miles is drawn every few
seconds. Such a map may comprise in effect some 105 to 106 separate
“elements” of information similar to the elements from which a tele-
vision picture or a half-tone cut is constructed. This in itself is no cause
for complacency; an ordinary photograph, recorded in a fraction of a
second, usually contains much more information. Indeed, the unini-
tiated, comparing the rather fuzzy radar picture with the pin-point detail
of the photograph, may conclude that the obvious deficiencies of the
former merely betray the primitive state of the art, and that vast improve-
ment in distinctness of detail is to be expected in the normal course of
development. These conclusions are only partly true. In the first
place many of the unique capabilities of radar, such as direct range
measurement or detection of very remote objects despite cloud and dark-
ness, often deserve more emphasis in radar design than does the ability
of the set to produce a lifelike picture. In the second place, the pulse
radar process is subject to certain inherent limitations. These limitations
are of obvious origin. A few have been mentioned already in preceding
chapters, but since the interest there was merely in the detection of
energy reflected from a single target and not in over-all radar system
design, their implications were not pursued.

4.1. Range, Pulse-repetition Frequency, and Speed of Scan—It is
the function of most radar sets to search continually through some region
in space by scanning. Naturally the radar designer strives always to
enlarge the region which can thus be searched, to increase the rapidity
with which it can be completely explored, and to improve the ability to
distinguish detail within the region. In this endeavor he is made
acutely aware of two of the fundamental limitations of pulse radar which
can be blamed respectively on the finite velocity of light and the necessity
of funneling all information in sequence through a single electrical
channel. The effect of these two limitations and the close connection
between them can be seen in a simple example.

116
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After each pulse transmission enough time must be allowed for euergy
to travel to, and return from, the most distant targets, the time required
for range R being 2R/c, or nearly 11 psec for each statute mile of range.
If it is supposed that a radar set operates with a pulse-recurrence frequency

of 500 pps, during the 2000-psec interval following each pulse echoes
will be received from objects within a range of 186 miles. A target
250 miles away may, however, return a signal strong enough to be
detected. If it does, this signal will arrive 690 psec after the next trans-
mitted pulse, in exact imitation of an echo from a target at 64 miles
To decide how serious a complication the possibility of a “second time
around echo, ” as it is called, presents, two cases must be carefully
distinguished.

1. Targets beyond 186 miles are not of interesL The second-time-
around echo is a nuisance only. It would be well to get rid
of it if there were some way to do so; if there is not, it would be
desirable to identify it as an interloper.

2. The extension of coverage beyond 186 miles is for some reason
important. Echoes from targets beyond that range constitute
valuable information that ought to be sorted out and presented
unambiguous y.

If Case 1 applies, the difficulty can hardly be regarded as funda-
mental. For one thing, there are several ways in which the echo in
question can be identified as originating from the preceding pulse. The
use of a slightly irregular pulse-recurrence rate, for instance, will prevent
overlapping of successive echoes of this type from the same target,
without affecting the superposition of echoes from a target lying within
the range limit defined above. If a more powerful remedy is needed, the
unwanted echoes can be removed altogether by some such scheme as
the following one. The frequency of the transmitter maybe changed for
each pulse, with a corresponding shift in the frequency of the local
oscillator of the receiver. For example, the transmitter frequency—
that is, the, carrier frequency—might alternate between two values, ~1
and jz, separated by a frequency interval greater than the receiver pass
band. Echoes originating from the first transmitted pulse, at frequency
j,, would not be amplified if received during the interval following the
second pulse, for during this interval the receiver would be in tune only
for echoes of frequency j,, and so on. This rather clumsy expedient,
although it is actually feasible, would scarcely be justified solely as a
means of avoiding a reduction in pulse-repetition frequency. It is men-
tioned only to show that objectionable second time around, or even
“ nth time around, ” echoes could be eliminated if necessary without
reduction in PRF and without a drastic change in the radar process.
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The situation is different in Case 2, for if it is required to receive both
first- and second-time echoes, to separate out the latter, and to present
them in proper relation to a range scale, some method must be used
which is the equivalent of operation on two or more frequency channels
simultaneously. Various schemes to circumvent such operation may
occur to the ingenious mind, but close examination will show that each
is either tantamount to multichannel operation 1or involves some sacrifice
in performance through an abnormally wide pass band, incomplete usc
of available time, or the like.

Supposing that the reader accepts, with more or less reservation, the
force ofi the range-PRF restriction, we proceed with the example, in
which the PRF is 500 pps and the range limit is accordingly 186 miles.
Suppose that the width of the radar beam in azimuth is effect~vely 1°,
and that the ope~ation required is a search through 360° in az .inuth by
rotation of the antenna. Clearly, if the antenna turns at a rate exceeding
500° per see, during one revolution some narrow sectors in the region to
be covered will fail to be illuminated. We therefore conclude that the
shortest possible time in which the area can be searched is %+$ or 0.72
sec. If the rate of rotation were much faster than 1/0.72 sec or 1.4 rps,
a retentive screen could be used to accumulate information over several
revolutions until all gaps were filled. but the time for collecting a complete
picture would again be 0.72 sec or longer.

As a matter of fact, rotation at a rate higher than 1.4 rps is ruled out
by quite another consideration. In order to receive an echo from the
target, the antenna must point toward the target with an accuracy
measured by the beamwidth. At a speed of 1.4 rps, in the present
example, this requirement is already jeopardized since the antenna will
have rotated through just 1° between the transmission of a pulse and the
arrival of the corresponding echo from a target at the range limit.

The extreme limiting conditions which have been assumed allow any
target to be struck by one pulse of energy, at most, within the time of one
complete searching cycle, or scan. In Chap. 2 it was pointed out that
the minimum detectable signal power depends sensitively on the number
of echoes from the same target which can be accumulated and integrated.
The reduction in Sm,npurchased at the price of increased scanning time
by allowing the beam to dwell in the target for several pulse intervals, is
almost always worth the cost.

The number of pulses striking the target during one scan is an impor-
tant parameter in radar design which will reappear frequently in later

1The use of differentdirectionsof pokv-izationas a n~cansof distinguishingone
arrivingsignalfrom anothersuggestsitself immediately. ‘~hiswould be an effective
and elegant method fcr operation on two channelswith common antennaswere it
not that radarechoes,in general,aresubstantiallydepolarized.
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chapters. This number will be denoted by N- and defined, where exact
specification is required, by the relation

(1)

In Eq. (1), v, is the pulse-repetition frequent y, e is the width in radians
of the radar beam, between half-gain points as usual, and u~ is the angular
velocity of scanning in radians per second. Of course NM is closely
related. to the more general and more loosely defined quantity ni intro-
duced in Sec. 2.11. If N* is required to be, for example, 10, the rate of
rotation of the antenna in the previous example must be restricted to
0.14 rps or about 9 rpm.1

The numbers arrived at in this example are typical of long-range
ground-based microwave radar. Any considerable improvement in all
three characteristics—range, scanning speed, and angular resolution—
will be blocked by irreconcilable requirements as long as a single radar
set is relied upon for the entire coverage. But the restriction falls
even more severely on radar systems designed to search rapidly iri two
angular coordinates rather than in one.

Suppose that it is our ambition to design a radar system which will
locate in azimuth, elevation, and range any aircraft within 20 miles
with the angular accuracy that can be achieved through the use of a
beam 2° wide in both azimuth and elevation. The solid angle which
the beam itself includes is roughly 0.001 steradlans whereas the hemis-
phere to be searched represents a solid angle of 27r. Some 6000” patches”
in the sky must therefore be covered. The number of radar pulses
needed during a complete scanning operation, regardless of the order
in which it is carried out, cannot be less than 6000 N... The maximum
pulse-recurrence frequency consistent with a 20-mile rangez is about
45OO pps. Hence the minimum time for completion of the scanning
operation is 6000 N,~/4500 or 1.3N.C sec. Even if N- is permitted to
be as small as 3, for a complete picture a scanning time of 4 sec is required,
which for many purposes is uncomfortably long.

The only physical constant which has been invoked in the foregoing
discussion is the velocity of light. The only assumption which has
been made about the radar system amounts to this: There is only one
channel, through which elements of information in the form of echoes

I It should be noted that imposing this restrictionincidentally insuresthat the
antennawill not turn too far away from the direction of the target before the echo
returns.

*Certain practical considerationswhich prevent the use of the entire interval
between pulsesfor receptionof signals and which thereforeset the limit on P,even
lowerthan c/2R (seeChap. 12) arehereignored.
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move in single file. It must be concluded that the restriction which
thus arises can be overcome only by the use of multiple channels. The
simplest—at least in conception—and the most direct way to do this is
to use two or more radar systems, apportioning to each a part of the
region to be covered.

This method is not the only practical scheme for multichannel
operation. In fact, in one of the most important existing applications of
multichannel operation, the “V-beam” radar, an increase in the amount

FIG. 4.1.—Principle of V-beam height measurement.
1. Plane of Beam I is vertical. Plane of Beam II falls back45° from Beam I. Ground

edgesof both beamsare common at K.
2. As both beamsrotate tozether, target T is pickedUPin Beam I whengroundedgesof

both beamsare at K. –
3. Target T is later picked up in Beam H when groundedges of both beams are at K’.
4, The angle formed by the advancement of the ground edges from K to K’ (Aq$)

dependson the angle Oof elevation of the target T.

of information provided is achieved in a more subtle and, under the
circumstances, a more effective way. The V-beam principle permits
a single scanning radar to give height as well as range and
azimuth of aircraft. In addition to the vertical fan beam which is char-
acteristic of microwave search radar (cf. Chap. 15), the V-beam set
provides an additional fan beam that is rotating at the same speed and
the plane of which is tilted out of the vertical. If the azimuth and range
of a target are known from the first beam, the height can be inferred
from the time of appearance of the same target in the second, or “slant”
beam (see Fig. 4.1). This latter beam is associated with a completely
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separate transmitter and receiver. The V-beam radar is thus an authen-
tic example of the use of a separate radar system to overcome a scanning
speed limitation.

In a certain sense, however, the use of the second channel in this
way more than doubles the number of angular elements searched in a
given time. That istosay, anisolated target can relocated in azimuth
and in elevation with an accuracy that would ordinarily require a sharp
“pencil” beam. But to scan the whole region with such a pencil beam
would take, according to the earlier discussion, a very much longer time.
It might therefore appear that the V-beam system eludes the very
restrictions which have been claimed to be fundamental. This is to be
explained by the fact that the V-beam height-finding method works
only if relatively few targets appear on the screen at one time; otherwise
there is essential ambiguity in the interpretation of the picture. The
system is, therefore, not fully equivalent to a pencil-beam scan of the
same angular region.

Actually more than two separate radar sets are involved in the
V-beam system, for both the vertical and the slant beams are themselves
composite. This, however, has nothing to do with the scanning speed
limitation, but is required merely to get adequate range and vertical
coverage. It is a consequence, in other words, of the radar equation
for fan beams discussed in Sec. 2.5.

4.2. Bandwidth, Power, and Information Rate.—If a radar system
were used to find only the direction of a target, range information being
suppressed, it would be operating very much like a television camera.
The picture so obtained would, in effect, be divided into a number of
elements equal to the ratio of the total solid angle scanned to the solid
angle included in the beam itself. Thus the number of pieces of informa-
tion that the system can collect per second is simply the number of
picture elements multiplied by the number of complete scans per second,
exactly as in television. In the radar system giving hemispherical
coverage which was used as an example in the preceding section, this
number comes to 1500 elements per second, which is not very impressive
by television standards. The type C indicator already mentioned in
Sec. 2“11 and described in more detail in Sec. 6.6 gives information of
just this sort. It has not found wide use fort wo reasons: (1) the accom-
panying increases in minimum detectable signal power, explained in
Sec. 211, and (2) the fact that the method discards a large fraction of the
information available in the radar system, the range information.

An even closer approach to the television method has been visual-
ized, in which the proposed radar receiving system is built something
like a television camera. A mosaic of microwave-sensitive elements
located at the focal surface of a receiving antenna would be scanned by an
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electron beam. The system would be handicapped by the limitation
on angular resolution imposed by wavelength and antenna aperture,
but it should be said that the possibilities of storage inherent in the
mosaic method might eventually offset to some degree the other apparent
disadvantage of the system—its low sensitivityy. As usual in c-w radar,
knowledge of target range would not be afforded by such a system
without further elaboration.

If range is taken into account, the rate at which the radar collects
information can be computed in a very direct way. Under ideal cir-
cumstances (use of entire interval between pulses, PRF consistent with
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FIG.42.-Analysis into pulsepacketsof the regionscanned. Note that the pulse-
packet,whichdefinesa ~olume from whichechoesare receix,edsimultaneously,is only half
as long as the outgoing wave train.

range limit, and adequate bandwidth in both video amplifier and indica-
tor system), the rate at which information of all types is collected is
simply the rate at which separate echo pulses can be received. This
rate would normally be about l/T, diminished by the factor I/N.. which
takes account of repetition of pulses from the same target. 1 This
number, l/~N~, is correct no matter how the information is divided
between angular coordinates and range coordinates. The same result
can be obtained by observing that the radar system analyzes h region
in space by dksecting it into elements of volume, so-called “pulse

1To be sure,repetitionof pulsesfrom the sametargetdoes give extrainformation
in that it helps to distinguisha weak echo from noise. In this section, however,
sensitivityis not the primaryconcern,and it hasbeentacitly assumedthat the echoes
appearingon the radarsrreenareall weliabove the noisebackground,
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packets,” whose dimensions are determined by the angular size of the
beam together with the radial distance cT/2. If Q (see Fig. 4.2) is the
total solid angle scanned in a particular case, m the solid angle included
in the beam, and 2’ the total scanning time, it is necessary to apply the
restrictions discussed in the previous section which require that

N.. Q 2RQN9” –T=—
Uv, Uc

(2)

On the other hand the number of pulse packets in the volume scanned
is (Q/u) (2R/cT). Hence the number of separate volume elements
examined per second is

(3)

Since the pulse duration 7 and the bandwidth @ of the radar receiver
are ordinarily related approximately by @ = 1/7, it can also be stated
that the rate at which elements of information are collected is of the
order of magnitude of the bandwidth (B. This conclusion, which has
been approached by a roundabout way, is familiar to the communication
engineer, whether he is concerned with voice, facsimile, or television
transmission.

Let us see how closely a typical radar system approaches this funda-
mental limit. Consider an airborne ground-mapping radar with a 1.5°
beamwidth and PRF of 1800 pps, scanning at 15 rpm. Suppose that
the pulse duration is 1 psec and that a region 30 miles in radius is mapped
on the indicator screen. By a little arithmetic it is found that N,. is
30 in this case and that the number of separate patches on the ground
that are examined in 1 sec is 18,000. The product of these numbers,
540,000, is to be compared with the bandwidth of the system described,
whloh would probably be about 2 Me/see. The important point is
that the numbers do not differ by orders of magnitude. It must be
said, however, that it is not always easy to make full use on the indicator
of the information available in the radar system (cf. Sees. 13.20 and
13.21).

4.3. Pulse Radar and C-w Radar.—The last section has a bearing on
the relative capabilities of pulse radar and so-called “c-w radar,” by
which is meant a system operating at relatively low peak power, with
a very narrow receiver pass band, and making use of the doppler prin-
ciple, or of frequency modulation. As was explained ;n Sec. 2.9, a
reduction in pulse power, accompanied by a corresponding increase in
pulse length and decrease in receiver bandwidth, leaves the maximum
range of a radar system unaffected. Proceeding to a limit in this direc-
tion, imagine the pulse to be made so long that it fills the whole interval,
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l/v, long, which previously separated successive pulses. At the same
time the average power is kept constant by a reduction in pulse power
by the factor rv,. The receiver bandwidth, meanwhile, is reduced to
about U,cps. The result is essentially a c-w system in so far as power and
sensitivity are concerned, with a bandwidth of v,. It can see as far as
the previous radar system, but it cannot see as much in the same time.
Unless it is provided with multiple channels it can collect information
only at the rate v,.

The reader must be cautioned against taking too literally the result
of the above argument, for the hypothetical variation of system param-
eters cannot be duplicated in practice. A change in pulse power, by a
large factor, entails a change in the type of tube used as a transmitter,
and perhaps in other components as well. The radar designer, in other
words, cannot adjust pulse duration arbitrarily, keeping average power
constant; nor can the receiver pass band be made arbitrarily narrow
as ~ is increased, for effects such as fluctuations of the echo eventually
impose a limit. This problem will be discussed in detail in the following
chapter which is concerned specifically with c-w radar. The general
conclusion, however, remains valid—an essential advantage of high
pulse power, as used in pulse radar, is that it permits information to be
obtained rapidly.

For certain tasks, no very high information rate is required, and for
such applications the various c-w methods (Chap. 5) deserve considera-
tion. In the problem of the radio altimeter, for example, what is required
is merely the range of a single, large, ever-present target—the earth below.
It is significant that the most important practical application of c-w
radar has been made in this field.

4.4. Clutter.-One of the most formidable limitations to the useful-
ness of pulse radar until recently was that imposed by “clutter.” Often
a radar system sees too much, rather than too little; the picture is con-
fused by unwanted echoes, or clutter. This can be made up of echoes
from surrounding objects on the ground (ground clutter), of echoes from
the irregular surface of the sea (sea clutter), or even of echoes from storm
clouds. The problem is to find the desired echo in the midst of the
clutter. Although various palliative have been invented (Chap. 12)
which accentuate a fairly strong echo relative to a diffuse background of
clutter, this difficulty is plainly fundamental as long as there is no essen-
tial difference between the echoes that make up the clutter and the echoes
from what we may choose to call the true target. How can the radar
system distinguish between the echoes from boulders, ridges, trees, and a
multitude of irregularities on the side of a hill, and the echo from a tank
moving down the hill? How can the periscope of a submarine be seen
against the background of echoes from a considerable area of rough water?
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How can a low-flying plane be tracked across a radar map filled with
“permanent” echoes?

The only basis that is known for a distinction between the echoes
from a particular target and equally strong echoes from its immediate
surroundings is the motion, if any, of the target relative to its surround-
ings. 1 The reflection of a wave by a moving object gives rise to a signal
as received in the neighborhood of the (stationary) transmitter, which
differs slightly in frequency from the outgoing wave. This is the familiar
doppler effect. The frequency difference Aj is but a small fraction of
the original frequency j., in the case of electromagnetic waves, being in
fact (2u/c)fo where v is the velocity of the target along the line of sight
and c the velocity of light.

Doppler detection systems, or “c-w radar” as they are sometimes
loosely called, utilize this principle. In fact the doppler effect and c-w
radar were from the beginning so closely identified as to create a rather
widespread impression that pulse radar was inherently incapable of
capitalizing on this essential difference between fixed and moving targets.
This is not true, fortunately, as has been vividly demonstrated by the
development of methods, described in Chap. 16, which make possible a
distinction between moving targets and their surroundings. In some
cases the echoes from the latter are automatically rejected.

This is a spectacular advance in pulse-radar technique but it does
not entirely eliminate the clutter problem. It is applicable only to
moving targets, and then only when the unwanted echoes from the sur-
roundings do not fluctuate so rapidly as to defeat the pulse-to-pulse
comparison which is an essential part of the scheme.

Another direction from which the clutter problem can be attacked
is that of resolution. To just this quality is due the great advantage of
microwave radar over long-wave radar in respect to clutter. As the
radar beam is made narrower and the pulse shorter, the amount of
clutter signal superimposed on the target signal decreases. Also,
improved resolution often allows recognizable forms to be distinguished
in the radar picture. A road or a river may be plainly discernible on a
radar map even though any one of the many traces making up the picture
}~ould be undecipherable. How far we can hope to go in improving
resolution depends on factors already discussed, namely the beamwidth-
aperture-wavelength relation, considerations of scanning speed, and the
practical limits on pulse length and range resolution. Within these
limitations, however, there is still much room for development.

1One exception to this statementmust be made. Echoes from sphericalwater
drops (rain clutter) accuratelypreservethe polarizationof the incident wave, and it
has been demonstratedthat rain cluttercan be almost entirelyeliminatedby making
use of this fact (Sec. 3.10),
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The reader may well ask whether a phenomenon has been overlooked
which could be used to distinguish some targets from others. There
appears to be no possibility for such a phenomenon in the elementary
process of reflection of electromagnetic waves from inhomogeneities
in the medium through which they travel. A returning wave is char-
acterized by frequency (including phase), intensity, and polarization.
If two targets within the radar beam—for example, a telephone pole and
a stationary man—produce echoes similar in the respects listed, they are
utterly indistinguishable, as much as we might prefer to label one clutter
and the other the true target. Such echoes may very well be identical
in the respects listed since no significant difference exists at these fre-
quencies between the electromagnetic properties of a man and those of a
piece of wood. To put it another way, the dimension of “color” is not
available because the radar cross section of most objects varies in no
systematic way ,with frequency. Distinction by shape, on the other
hand, is possible only when the radar beam is considerably smaller in
cross section than the object viewed.



CHAPTER 5

C-W RADAR SYSTEMS

BY W. W. HANSEN

6.1. General Considerations. -We shall begin with a discussion that
is fundamentally useful in understanding what follows, but has as its
immediate object a definition of the scope of this chapter more precise
than is given by the chapter title.

The simplest conceivable radar system consists of a source of r-f
power, an antenna, and a scattering object or target. The antenna
emits waves with time factor eh~, which, on striking the target at a
distance r, are reflected and returned to the antenna, where their time
factor will be e’(”’-’kr) with k = 27r/A. The returned waves will be
reduced in amplitude by a factor a which depends on the target and
various geometrical factors, as discussed in Chaps. 2 and 3.

This returned wave will give rise to currents and voltages in the
antenna, which add to those produced by the power source and so give
rise to a voltage-current ratio, or impedance, which is changed from the
value existing ~vhen no target is present.

In principle, this impedance, or some similar quantity, might be
measured on an absolute scale, and the deviations from the normal, or
no-targrt value, ascribed to the presence of a target.

Practically, this procedure is impossible because the returned signals
are often 10–9 times as large, on a voltage basis, as the outgoing signals,
with the result that the variations in impedance might be of the order
of a part in 10’. Such variations can hardly be measured in the labora-
tory at low frequencies, let alone in the field and at microwave frequencies.

It is therefore necessary to cause the returned signals to vary in some
manner so that the variation can be measured, rather than to attempt
such an absolute measurement as that described above.

This desired variation is caused by a modulation process of some sort.
The word “modulation” is used herein a general sense to include changes
induced by the target as well as changes in signal introduced at the
transmitter. All possible radar systems can then be classified by describ-
ing the type of modulation and the use made of the resulting information.

As a specific example of these general remarks, let us take a very
simple radar system which consists, as shown in Fig. 5.1, of an r-f power
source, an antenna, a rectifier, a high-pass filter, an indicator, and a
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target. It is assumed that the target is moving radially, thus supplying
the needed modulation.

Inconsequence of theradial motion of the target, which we suppose
to be at constant velocity v,, the phase of the returned signal, relative

f

Target

+

-
FI~. 6.1.—Simplest possible radar system, using single transmitted frequency, with

modulationderived from target motion.

to the outgoing one, shifts continuously. In other words, the returned
frequency is different from the outgoing frequency, the difference being
(2w/c)f with v, the radial velocity and c the velocity of light.

Numerically, with v, in mph and j defined by a wavelength x in cm,
the frequency” difference, which is called the ‘‘ doppler frequency, ” is

;:
Zz
j: L_l-f.f-il

J.—- /-
FIG. 5,2.—The upper dia-

gram showsthe singleFourier
componentfo radiated hy the
transmitter; the lower shows
the componentspresentin the
receiver, these being fo from
the transmitter and fo * fD
from the target.

given by

~. = 89.4 ~
A’

(1)

or, at 10-cm wavelength, f. amounts roughly
to 9 cps/mph. The doppler-shifted return
signal, when added to the transmitter voltage
and rectified, gives rise to a voltage with
small pulsations recurring at the doppler fre-
quency. The steady component is removed
by the highpass filter, which may be simply
a transformer or a series condenser. The
fluctuations are amplified and used to actuate
the indicator. Thus the presence of a (mov-
ing) target is detected.

Although the system just described is hardly
practical, apparatus working on exactly this

principle but with slight te~hnical modifications can be useful.
In Fig. 5.2 such a system is described diagrammatically in terms of

type of modulation and use made of the returned signal. The upper
part of the diagram shows the amplitude of the Fourier components
radiated by the transmitter; the lower part shows the amplitude of the
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components present in the receiver. The modulation is produced by
target motion, and the system makes use of this modulation by deter-
mining the presence or absence of a signal of doppler-shifted frequency,
and usually also, by giving some indication of the magnitude and possibly
the doppler shift of this signal.

6.2. Transmitted Spectra. -Consider now a radar system of a general
type, as described from the Fourier-analysis point of view, either by a
diagram such as Fig 52 or, more precisely, by a Fourier series (or
integral) for some transmitter voltage or current. Such a series might be
written as

E=
z

~new, (2)

and we know that if CO.= nu, such a series can represent any periodic’
function. This series is sufficiently general—in fact, that is the difficulty.
The series contains more information
about the transmitted signal than is ~
commonly available. g:

02
—. /,

To make use of Eq. (1) we must $’:
therefore relate the different an with

— —. +

various known quantities. A precise , l,.
f+

and complete connection for all pos- f.
FIO. 5.3.—Approximate frequency

sible forms of modulation might well spectrumof a sequenceof pulsesof carrier
occupy a book, but sufficient infor- frequency f~, repetition irequency f,, and

durationr.mation for present purposes is con-
tained in the brief series of statements that follow.

In the amplitude-modulation case the signal generally consists of a
carrier of angular frequency uO,which is modulated at a frequency asso-
ciated with the repetition rate. Thus U. = coo+ m.o, and we have a
carrier uo and a number of evenly spaced sidebands, as shown dia-
grammatically in Fig. 5.3, which shows a spectral distribution resulting
from a sequence of pulses. Of course the signal is not strictly periodio
unless tio chances to be an integral multiple of co,.

The sidebands have significant amplitude over a range that depends
on the pulse width, being approximate y 1/7 on a frequency scale. Thus
the number of important sidebands is roughly l/.f,~ or T,/r. As is

1The voltages in radar systemsare often, and even usually, not really periodic—
there is no phase relation between the various pulses. We choose to simplify the
situationby ignoringthis fact. Ordinarilyno harm is done, for in f-m and doppler
systems,voltages are periodic, and in normal pulse systemsthe relativephasesfrom
pulseto pulseare ignored. In the specialform of pulsesystemknown as the “ MTI
type” (Chap, 16) thevoltagesarenot actual]y periodic,but specialrelationsbetween
receiverand transmittercombine to give the sameeffect.
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pointed out in Chap. 4, l/T is also the maximum rate at ~rhich information
can be received.

When frequency modulation is used, the variation of a with u depends
on the form of modulation just as it depends, in the amplitude-modulation
case, on the pulse shape. Usually the frequency is varied either (a)
sinusoidally or (b) in a sawtooth manner. The results are shown qualita-
tively in Figs. 5.4a and 5.4b, which are drawn for the normal case in which
the frequency deviation is large compared to the modulation frequency.
Also, only the envelope of the la. Ihas been drawn. The actual la.1 fluctu-

(a)

(b-)
FIG. 54.-Appr0ximate frequenr>-

spectra for frequency modulation, (a)
with sinusoidaland (b) with hnear saw-
tooth variation of instantaneous fre-
quency. More precise figures would
show a few sidebands outside Af, the
maximum frequency deviation, and tbe
intensities of the various sidebands as
fluctuating irregularly about the mean
value here shown.

ate irregularly belo~v this value.
For pulse modulation, the phases

are such as to make the component
waves add to a maximum periodi-
cally. For example, if one pulse is
centered on time t = O, the phases
are all zero. In the frequency-mod-
ulation case, the phases are such
that the various components add to
give a result that varies more or less
sinusoidally with time, but with con-
stant amplitude.

Of course there are many possible
types of modulation besicfcs simple
AM and FM but these will not be
treated here.

5.3. Effect of Target.—The effect
of reflection from the target on this
spectrum will now be considered.
First, all amplitudes are greatly re-
duced, as is discussed in detail in
Chap. 2. Second, the scattering
cross section of the target is, in
general, a function of o; the various

amplitudes are therefore not equally reduced. This effect can be
expected to be notable only when the target extent is comparable to c
divided by the bandwidth. Third, there is a phase change, linear in w,
with proportionality constant depending on the distance. Fourth, all
frequencies are shifted by the doppler frequency. Finally the scattering
cross section varies with time; this introduces an additional modulation
which broadens each of the returned sidebands by an amount depending
on the rate of the fluctuation. (All this is for a single target. Usually
there are many targets, in which case the above specification is further
complicated by a summation over all targets.)
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Such, then, is the information potentially available to the receiver
of a radar set. The amount of this information, which varies with set
type, may be enormous, and use is seldom made of all of it. We may
complete our classification of possible radar types by specifying what
use the receiver makes of this information. For example, in a radar
of the usual pulse type, the linear phase change in going from com-
ponent to component of the returned waves may be just compensated
by an increased time. As a result, the returned waves add to a maximum
at a time later than do those in the outgoing spectrum. This time delay,
which is the observed quantity, may then be regarded as a measure of the
rate of change of phase with frequency of the returned components.

5.4. Class of Systems Considered.—In this chapter we will consider
that class of systems in which the modulation is such that energy is
emitted all, or nearly all, the time. Quite arbitrarily, we take “nearly
all” to mean at least 10 per cent of the time—a large percentage in com-
parison with that usual. in pulsed radar, where energy is generally emitted
during less than 0.1 per cent of the time. In Fourier terms this may
mean, in the case of frequency modulation, almost any bandwidth but
phases such as to give constant amplitude. Or, when amplitude modula-
tion is employed, it means that there are, at most, 10 significant side-
bands. There may exist only the carrier, as in the simple system
described in Sec. 5.1, where the modulation is provided by the target.

In considering systems of this type, we will first describe a number of
specific systems and for each system the relevant theory, leaving any
generalizations until the end of the chapter. This appears to be the
only feasible course since of many possible systems few, if any, will be
familiar to the average reader, and general theory would therefore be
scarcely comprehensible.

The reader should be warned that in the descriptions of these specific
systems quantitative information will be lacking on various points,
even on important ones. For example, in the fkst system discussed,
the aural detection of doppler frequencies in the presence of hiss noise is
employed. Various questions immediately arise that are similar to those
treated in the last part of Chap: 2. Here they are not treated—adequate
information simply is not available. This situation and others like it
are the result of the fact that very little research has been done on c-w
systems in comparison with that devoted to pulse systems.

There are various reasons for this comparative neglect of c-w problems,
one of }vhich is certainly valid. All the c-w systems to be described
have only a small effective receiver bandwidth (as explained in Chap. 4)
and, therefore, a limited rate of information transmission. Obviously
this is true for amplitude-modulation systems with 10 sidebands or less
and with sideband spacing fixed (see Chap. 4) by the maximum unam -
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biguous range, and it will appear later to be true also of frequency-
modulation systems.

5.6. Utility of C-w Systems.—In spite of the fact that c-w systems
are limited in their rate of information transmission they are of value for a
number of reasons. First, there are instances in which a rapid rate of
transmission is of no advantage. For example, in the case of an altimeter,
there is one target, the earth. Its general direction is known and fresh
information as to its distance is hardly needed more than a few times a
second. Observation 100 times a second is actually employed in radar
altimeters, to make possible the reduction of certain errors by averaging,
but even so the rate of information transmission is small.

Second, there are the situations in which, though a little information
may be obtained with ease, a lot is impossible to obtain. Such a situation
arises in the presence of very severe clutter, where pulse systems, even
with MTI equipment, may fail to give any information. Certain doppler
systems, on the other hand, will provide useful and even adequate
information.

Third, the price of rapid transmission of data is a certain degree of
apparatus complexity. In some cases, the gain is not worth the price
and the simpler c-w system is adequate.

Finally, there are some things which pulse-type systems simply
cannot dfiwork down to zero range, for example.

In the descriptions of c-w systems to follow, they will be presented
roughly in the order of their complexity as to objects, conception, and
apparatus. Most of the systems described have seen some use, although
a few that are included have been tried only briefly.

SPECIFIC SYSTEMS

5.6. Simple Doppler System.—We describe first a system capable of
detecting one or more moving objects in the presence of large amounts of
ground clutter. In detail, the specification called for the detection of an
airplane 50 ft above the ground at 10 miles range and aircraft at higher
altitudes at 15 miles range. Also, the system later proved most useful
for measuring velocities of projectiles.

It will be observed that, in principle, the simple device shown in
Fig. 5.1 can do all that is required. Practically, however, two important
modifications must be made.

First, steps must be taken to keep as much transmitter power as
possible out of the rectifier. There are two reasons for this: (1) the
only practical rectifiers at microwave frequencies are crystal detectors
and these would burn out if connected, as in Fig. 5.1, to even a low-power
transmitter; (2) if the rectifier did survive, it would respond to amplitude
modulation of the transmitter and, since it can be found from Eq. (2.4u)
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that the returned signal will be 10–7 or 10–’ times the transmitted signal
in voltage, it follows that amplitude modulation of the transmitter
would have to be held below this value in order not to be obtrusive.
Though perhaps not impossible this would certainly be difficult.

The easiest way to keep transmitter power out of the receiver is to
use separate transmitting and receiving antennas, and this was the course
adopted. With a moderate amount of work on the antennas, the leakage
from transmitter to receiver can be made to be of the order l(FS or lees
in power. Another power of 10 is canceled by an adjustable leakage
path from transmitter to receiver. Further than this it does not pay to
go since reflection from nearby ground objects contributes a leakage of
this same order.

It has often been suggested that a single antenna would be satis-
factory if a bridge-like system were used similar to that used in two-way
telephone repeaters. Ordinarily however the single antenna is not
satisfactory., For one thing, the increased antenna gain resulting from
greater available dish area is lost because of the power used by the
‘‘ artificial” antenna which balances the real one. More important, since
very slight mechanical changes will spoil a 60-db balance between two
equal voltages, such bridge systems tend to be highly microphonics.

The second modification relates to the intermediate frequency of the
crystal mixer. The reader will have observed that the system is well
described as a superheterodyne with zero intermediate frequency, the
leakage from the transmitter constituting the local oscillator power and
the modulation frequency being the doppler frequency. The only
unconventional feature is that the signal is single sideband. I Of course,
the absolute sensitivityy limit of such a system depends on kT and the
bandwidth of the amplifier. Experimentally, however, this limit is not
even remotely approached because a crystal detector, when passing
current, generates a noise analogous to carbon microphone hiss. This
noise increases with decreasing frequency and is enormous compared
to thermal noise for audio frequencies. To avoid this excess noise a
local oscillator is introduced and amplification done at some normal
intermediate frequency, 30 Me/see for example. At this frequency the
excess noise is negligible. In the i-f amplifier a strong component is
found due to the beat between leakage from the transmitter and power
from the local oscillator, and a much weaker component, due to the
target, displaced by the doppler frequency. After suitable amplification
these two frequencies are passed into a second detector whose output
signal consists of a d-c component associated with leakage from the

1It is not difficultto makesystemsthat determineon whichsideof the carrierthe
sideband lies, and are thus able to discriminatebetween approachingand receding
targets.
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transmitter, and the doppler frequency. The d-c component is removed
by passage through a transformer, or otherwise, and the doppler frequency
is used to actuate the indicator.

An incidental but important advantage of this modification is that
it enables the use of a suitable and easily adjustable crystal current.

These modifications are introduced in a manner indicated in Fig. 5.5
which shows a block diagram of the system. Everything is straight-
forward, except for the local-oscillator power which is obtained by
modulating the transmitter and selecting a suitable sideband by means
of a bandpass filter. This insures a constant intermediate frequency and
avoids any tuning problems. Frequency-doubling is employed in the
modulator to avoid difficulties in keeping leakage from the crystal
oscillator out of the i-f amplifier.

Transmitting Receiving
antenna antenna

3000 Me/see

I

Oscillator 30 Mclsec 2nd
i.f detector

amplifler
1

FIG. 5.5.—Block diagram of simple doppler-type radar system.

Design Procedure. —Having blocked out a proposed system, we may
now sketch the design procedure that fixed the various apparatus con-
stants and dimensions.

Design commenced with the choice of an indicator. A voltmeter
will certainly work, but experience has shown that a speaker or pair of
earphones, in conjunction with the operator’s hearing sense, is much
more effective provided the frequencies to be detected lie in the range
between a few hundred and a few thousand cycles per second. 1 Within
this range, the ear easily recognizes pure tones in the presence of hiss
even when the pure note is much too weak to be seen on an oscillograph.
This phenomenon is analogous to the averaging performed by the eye
when looking at an A-scope, as discussed in Chap. 2. Rough experi-
ments show that the ear will detect a pure tone in the presence of hiss
when the tone is stronger than the noise in a 200-cps bandwidth. If
the ear can do this over the range 200 to 3000 cps, then by using the

I A detailed study of the aural detection problem can be found in RRL Report
No. 411-86, May 5, 1944,
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simplest possible indication method, a power gain of roughly 15 to 1 over
what might be had by using voltmeter or oscillograph can be achieved.
Aural indication is therefore the logical choice.

This decision, together with the maximum target speed, almost
determines the wavelength, for the doppler frequency must be chosen
to lie in a range for which the ear is sensitive. Thus A = 10 cm gives,
by Eq. (l), 8.9 cps/mph or about 3000 cycles for 300 mph. At the time
this system was designed, faster planes were not common. Even so,
a somewhat longer wavelength might have been desirable, but 10 cm was
chosen because good tubes were available at this wavelength.

This wavelength proved satisfactory, but it sometimes gives doppler
frequencies rather below the frequency region in which the ear is sensitive.
To overcome this difficulty, provision was made to modulate the audio
signal with a 500-cps tone. The modulator was a balanced one, so that
the 500-cPs carrier outp-s zero when the signal was zero. The result-
ing variations in amplitude of the tone were quite distinctive, even m the
presence of the noise modulation, and carried the effectiveness of the
system down to frequencies as low as desired.

The wavelength being determined, the antenna size was chosen.
To get as much range as possible, this was taken as large as was feasible
without either (a) making the device impractically large or (b) getting
the beam so sharp that at the specified angular rate of scan the beam
would be on the target too short a time for the listener to hear it. Both
requirements led to a diameter in the neighborhood of 40 in., the value
finally chosen.

It now remained only to estimate the power required. This could
be done either on the basis of experience with similar systems or by
calculations of the sort outlined in Chap. 2. As a result of such considera-
tions, a power of 10 to 15 watts was chosen.

This completes the discussion of the basic design of the system. A
few of the apparatus details will be given later but first various points
will be discussed which are not mentioned in Chap. 2 but which are of
importance in computing the range. These all relate to the effective
bandwidth, the geometrical factors that determine the transmission
attenuation being the same for pulse and c-w systems.

E~ectioe Bandwidth .—IVhat then, in principle, determines the mini-
mum bandwidth of a doppler system?

If we use a simple indicator, such as a voltmeter, the bandwidth
must be sufficient to include the doppler frequencies of all targets of
interest. This bandwidth is then determined simply by the wavelength
and the range of target velocities.

If, however, we consider only targets of one radial velocity, or use
some more complex indicator that divides the possible doppler range
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into small bands and looks at each band separately, there are certain
limits that determine how small the band may be—limits other than the
obvious one of the response time of the indicator. Three such limits
are discussed in the following paragraphs.

The first is due to the modulation arising from scanning. If the
system is scanned, the beam will be on the target for only a finite time,
with the result that even a single-frequency doppler signal will be spread
over a band whose extent will be roughly the reciprocal of the time
during which the beam is on the target. This is obvious enough, and
would not be worth further discussion, were it not for the fact that the
same consideration arises in connection with the system’s ability to
reject clutter. The presence of scattering objects on the ground gives
rise, as we have seen, to a d-c component in the output signal of the
second detector. This direct-current component will be a function of
azimuth angle and so, as the system scans, we find at the second detector
output that is, direct current plus various“varying direct current’ ‘—
low-frequency components extending up to a maximum frequency
roughly given by the reciprocal of the time the beam is on the target.
But the ground returns are so enormous compared to target signals that
one might fear that even the tails of the ground-return frequency spec-
trum would be large compared with the desired signals. Actually, this
fear is not realized, as will be shown by a brief calculation.

The general Idea on which this calculation is based is as follows:
If the system scans at a uniform rate, the system output signal as a
function of time as it scans across a fixed target depends on the directivity
as a function of angle. The frequency spectrum is then the Fourier
transform of the directivity function. But this directivity depends
on the illumination of the dish and is in fact the Fourier transform of the
illumination as a function of distance across the dish. But the Fourier
transform of a Fourier transform is the function itself, and so we find the
interesting theorem that the frequency spectrum due to scanning has the
same form as the function representing the illumination of the dish.
Actually, the above statement represents a slight oversimplification
because we have assumed that the antenna directivity enters only once
whereas act uall y it enters twice, once in the sending process and once
in the receiving. Taking this into account and carrying out the cal-
culation, we find that the spectrum due to scanning, which we shall
call g(u), is given by

.
g(u) = 1E(g),?i(u – y) dy,

with

y=kx$, (3)
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where ~(z) is the dish illumination as a function of x, the transverse
distance from the axis of rotation; k = 27r/i; and dO/dt is the angular
rate of rotation. Now E is zero outside the range x = ~ d/2 for a dish

with diameter d and so g(u) is zero for kd ~ < w. This corresponds,

incidentally, to the doppler frequency associated with the motion of the
edge of the dish or, what is usually about the same thing, the number of
beamwidths scanned per second. Although this calculation is more
complicated for separate transmitter and receiver dishes, etc., the
important general conclusion stands—namely that, in so far as the
approximations used are good, the spectrum produced by scanning is
definitely confined to a finite frequency range.

Another lower limit on bandwidth is set by the modulation due to
fluctuation in target cross sections. If the target is an airplane, for
example, inspection of Fig. 3.8 shows that even moderate yawing will
introduce large fluctuations in returned signal. The frequency spread
so introduced depends on the rate of yaw and on the ratio of the target
dimensions to the wavelength, this ratio determining the number of
pattern lobes per radian. Calculations are difficult because of lack of
data, but experimentally a value of about 30 cps at x = 10 cm is found.
Another and equivalent point of view is that when the plane is turning
different parts have different doppler frequencies.

Finally there is, in principle, a limit set by target acceleration.
Thus if we have an accelerating target it may happen that the doppler
frequency will transit the pass range of the band-determining filter
before the filter has time to build up, in which case the signal may be
missed. If the acceleration is a, and the band is Av, so that we require a
buildup time of l/Av, we then find

()A, , 60a 34

-r (4)

\tith a in ft/sec2. and A in cm.
Apparatus Considerations. —Having blocked out the system and

determined the leading design constants, we can now proceed with the
detailed engineering. Figures 5.6 and 5.7 show the final result; there
follow a few remarks as to the more important ways in which the engineer-
ing technique for this system cliffers from that used in pulse systems.

There are no high pulse powers and both intermediate- and audio-
frequency amplifiers are narrow-band. Gains per stage are limited by
stability rather than by bandwidth; in other words, the technique is
like that of ordinary radio rather than like that of television. Because
of the large size of the leakage signal relative to the target signal, only
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relatively small i-f amplifications can be used, the remaining amplification
being done after the second detector.

The most important consideration in doppler work is keeping the
transmitter frequency modulation down. This will be discussed in

Transmitter receiver unit
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1:1~.5,6.—Rear view of 10-cnldoppler system. (Courtes~ of Spem~ Gwoscope Compang,

Inc.)

detail in connection with another system but it should be noted here
that short-time frequent y stabilities of the order of a part in 10’0 must
be attained if the system is to work with full sensitivity in the presence
of ground clutter. This requires careful attention to microphonics and
to power-supply filtering. Also, the transmitter filament must he sup-
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plied with direct current or conceivably with alternating current of
frequency above the pass frequency of the audio amplifier.

5.7. Range-measuring Doppler System.—In order to measure the
range of one or more targets, the outgoing wave must be marked, or
modulated, in some way and the time required for the marks on the
wave train to return must be measured. The modulation may be of
either the amplitude or the frequency type, the techniques for the two
methods being quite different.

The most familiar method for measurement involving amplitude
modulation is to emit a pulse of waves and determine the time delay in

v “f Totransmithng=
reflector

-\
Audloamplfierand

~y
translatorchassis

Plugin falters

To receiwng reflector

1~1~.57.-Transmitter-receiver chassis of 10-cm doppler system. (Courtes~of ,spewV
GyroscopeCompany,Inc.)

the arrival of the reflected pulse. This modulation gives rise to a large
number of sidebands, and the distance of the target may be regarded
as determining the relative phase shifts of the various sidebands on their
return path.

The fundamental point here is the determination of the relative phase
shifts, not the multiplicity of sidebands. Actually only two frequencies
are needed, as we will now show by considering the simplest possible
amplitude-modulated c-w system capable of measuring range.

The system consists, in principle, of two separate systems like that
just described, the two systems having transmitter frequencies differing
by an amount f,. The transmitted and received spectra then appear
as in Fig. 5.8 with the two receivers receiving ~0 and .fO+ ~, by leakage
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and jO f ~D, jO + j, f $Dr, from the target, with ~D and ~D~very slightly
different because of the difference in transmitter frequencies. This
slight difference in doppler frequencies leads to a phase difference between
the two doppler-frequency outputs which is a linear function of time,
just as the target range is a linear function of time for constant radial
velocity. This suggests that the phase difference is a measure of the
range.

This is in fact the case, as may be shown analytically, or qualitatively
by the following argument. If the target is very close to the system,

FIG, 5.8.—The upper figure shows
the frequencies present in the trans-
mitter spectrum. The lower gives the
same information for the receiver.
Frequenciesfo andfo +/, in the receiver
are dueto leakage from the transmitter;
the samefrequencies ffD come from the
target.

the number of wavelengths from trans-
mitter to target and back will be the
same, even though the two transmitter
wavelengths differ slightly. Thus the
leakage and target signals will be in
phase or out of phase at the two re-
ceivers simultaneously and the doppler
outputs will be in phase for this range.
As the target gets further away, this
phase difference increases, finally be-
coming 27rwhen the number of wave-
lengths to the target and back is one
greater for j, + j, than for fo. Ana-
lytically one easily finds that the
range is given by

(5)

with @ the phase shift between the two
doppler frequencies.

This is a perfectly feasible system
and has worked in the field. It is

not nearly so complicated as appears from the description since the two
transmitters can be combined, as also can most parts of the receivers.
The apparatus is essentially like that of the system described in Sec. 5.6
with the addition of a modulator for the transmitter, another audio
channel, and a phase meter. No detailed description will be given
because, as yet, no great practical application of the method has been
made. The principal difficulty at present is the lack of a well-developed
phase meter that will work over a range of both frequent y and amplitude.

Nevertheless, some further discussion is in order both because of the
principles involved and because some future use may be made of the
idea.

Four points of principle should be noted. First, to measure the
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distance to a single target, only one additional sideband is needed.
,Second, the presence of the doppler shift, applying as it does to both side-
bands, does not interfere Nihh distance measurement. Third, the two
receivers are separate and their bandwidths are determined by the
doppler frequency, not by the modulation or repetition frequency.
Fourth, we now have two design frequencies, f~ and j,, and it is a matter
of great importance which is the greater. If .f~ <<~,, as the diagram
above implies, the apparatus works as described. If -f, < f~,, the opera-
tion is the same in principle but
signals will be within the doppler
taken this beat will completely
dominate the target signals.

Since the sense of this ine-
quality is an important factor in
all the systems to be described
from here on, this section closes
with a few further remarks con-
cerning it.

The doppler frequency is, by
Eq. (l), dependent only on tho
wavelength and the radial velocit].
Values as a function of wavelength
and for various speeds are given
in the curves of Fig. 5.9.

The modulation frequency is
ordinarily made as large as pos-

the beat f, between the two leakage
band and unless special measures are

10,OCO
m ~ \ \
mm I I

w \
4m \ \

2Q30

E“
~ 10W
\. Soo

m

2C0

12 4 6 S1O 20 40 643s0100
X in cm

FIG.5.9.—Doppler frequency as a functionof
wavelength, for various radial velocities.

sible, in order to get the maximum possible change of phase with change of
range. The limit is reached when, at extreme range, the phase shift
is 27 radians; ranges beyond this are ambiguous. This condition leads
to the inequality

j,s$ (6)
m.,

a result that is entirely analogous to the similar relation discussed in
Chap. 4. A plot of Eq. (6) using the equality sign is given in Fig. 5.10.

Inspection of the last two figures will show that, for radar systems
in general, there is no “usual” case. One may perfectly well have either
sign of the inequality. For example with A = 3.3 cm and velocities
greater than 100 mph, ~Dis greater than 2950 cps and a maximum range
of 93 miles would give f, S 1000 cps. On the other hand a lower velocity
and shorter range might, in conjunction with a longer wavelength, lead to
numbers like w = 10 mph, X = 10 cm, r = 9.3 miles, values which would
give .fD = 89.4 cps, jr < 10,OOO cps.
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}Vhen j, < f~, the system as outlined must be modified by placing
infinite-attenuation filters after the second detector. The filters are
designed to remove j, completely, ~vhile leaving all but closely adjacent
frequencies undisturbed. In principle, this is no different from the
infinite-at tenuat ion filters already present to remove the d-c signals due
to clutter. Practically, somewhat more trouble is involved, since zero
frequency filters are stable because neither the frequency nor the filter
tuning can change, while both possibilities are present for frequencies
other than zero. Usually also, either by accident or design, various
harmonics of j, will be present and these also must be filtered out.

This is the first case n-e have encountered of a general and almost
exactl theorem to the effect that any periodic modulation can produce
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510.- -Maximum repetition or modulation fmquenry as a function of maximum
unambiguous range.

in the receiver, whether by direct leakage or reflection from stationary
objects, only output signals that have the same periodicity; these output
signals can theref ore be removed by a sequence of infinit e-attenuat ion
filters tuned to frequency zero and to all harmonics of the modulation
frequency.

Finally, we note that this system will handle only one target. If
more are present the precise behavior depends on the type of phase
meter used and the best that can be done is to choose a type that meas-
ures range to that target which gives the most intense reflection.

If the system is required to handle more than one target at a time,
discrimination may be made either on the basis of range or of doppler
frequency. If range is used, more sidebands are called for, and the

1The theoremwould be exact if the carrierfrequency were an integralmultiple
of the modulation frequency. When this is not so, the deviations are of the order
~,/fo or less and are usually negligible.
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number of range intervals that can be distinguished is essentially the
same as the number of sidebands added. A system of this type will
be described later. If discrimination of targets is to be made by doppler
frequency, the various doppler tones can be separated with filters.

The more sidebands used, the more information is obtained per
second because of the wider band. In discriminating by frequency,
either duplicate audio systems may be used to increase the information
flow, or a sweeper of some sort may be used—with resulting loss of speed.

5.8. F-m Range-measuring System.—The next system to be
described is one that illustrates the f-m technique of range measurement.
The specific problem is that of a radio altimeter. In this case, we wish
to measure the distance to a single target, no clutter is present, and the
target radial velocity may be zero. .Mso, the system must work down
to zero range. The system described below was very successful and

Transmlthng Recelwng
antenna

“-J-”*

FIG.5.1 1.—Simplified hiock diagram of f-m system for measuring range,

it and the proximity fuze are the two c-w systems that have been most
\riclely used.

The general method may be explained by the block diagram of
Fig. 511 and the graphs of Fig. 512. Here the transmitter emits waves
of a frequency] that varies linearly with time, oscillating above and belo~v
the mean frequency .fo, as shown in Fig. 5.12. These waves arrive at the
receiver both by a direct connection and by reflection from the target.
Since the trip to the target and return takes time, the received frequency
curve, indicated by the dotted line, is displaced along the time axis
relative to the transmitted frequency. .ilso there might be a displace-
ment along the frequency axis due to doppler effect. This we disregard
for the moment. The two frequencies, when combined in the mixer,

1We note that two types of “frequency analysis” areusefulin analyzingthis and
other systems. One is the Fouriermethod, in which some curve is decomposedinto
a sumof sinewaves,eachof constantamplitudeand frequencyand extendingin time
from –cato +cO. .%rcordingto the other method, frequentlyuseful in discussing
f-m systems,we say that any functionof time can be represeritedby a function of tbe
form a cos d wherea and u are fanctions of t and are so chosenas to get the best fit
at any value of t. In cases where the latter procedureis useful, a and w are slow
functionsof t.
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give rise to a beat’ j~, as shown in the bottom graph of Fig. 5.12. Plainly
enough, the greater the target distance, the greater this beat frequency;
its magnitude is then a direct measure of the range. The signal of this
frequency is therefore amplified and limited, and the frequency measured,
usually by a cycle-counting device of some sort. The frequency meter
is then calibrated in terms of range.

.2

Such a system would work, as described, and would also work on
multiple targets. But linear frequency modulation is not easy, and
for single targets the operation is not greatly affected by a change from
linear to sinusoidal frequency modulation. The difference frequency
then varies sinusoidally with time,
but the important point remains,
namely that the mean magnitude
of the difference frequency de-
pends on the range. Sinusoidal

efrequency modulation is therefore ~
radopted since it requires simpler 2

apparatus and accomplishes the ~
same result.

There is one subtlety that is
worth some discussion. If the +
mean or carrier frequency were an I

FIG 5.12.—The upper figure shows, in
integral multiple of the modulator the full line curve, the instantaneous trans-

frequency, it is obvious that the mitter frequency as a function of time. The
dotted curve is the received frequency. The

output of the mixer would be lower figure shows the difference, or beat,

periodic with periodicity corre- between ‘ransmi%d and. ‘e’eived ‘r!-quencies, as a funct]on of time. The horL-
sponding to the modulating fre- zontal axis in the upper figurecorrespondsto

quency. This would mean that the meantransmitterfrequencyf~.

each modulation period would contain the sa’me number of cycles.
This number is then integral and we see that the frequency meter can
read only 1, 2, . . “ , n times the modulating frequency. Actually,
the same conclusion holds even with no special relation between modula-
tion and carrier frequencies, if, as is usual, we use a cycle-counting type
of frequency meter. Naturally, it is of interest to translate this step-
wise behavior of the frequency meter into altitude readings. For the
linear-modulation case we easily find j ~= 4j,Ajh/c with f, the modu-
lating frequency, Af the total frequency swing, f. the beat frequency,
and h the height. Solving for the height and introducing the fact that
f. is quantized in steps of f,, we find for the error 6h

1It isbeats of this sort,whichmay be describedasdueto time-delaydemodulation
of F.M,that are regardedas spurioussignalsin the system describedin Sec. 5.6 and
that must be avoided by reducing FM of the transmitterto the lowest possible
value
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(7)

‘I’his is of the nature of a maximum error and can be much reduced
by averaging over a number of modulation cycles.

Design Procedure. —Design of such an altimeter is begun by using
the above equation, together with an allowable altitude error, to pick a
suitable Af. In the present case Aj was chosen as 40 Xfc/see, which
corresponds to ah = 6 ft, and so, because of averaging, to a rather smaller
operational error.

The mean transmitter frequency is now chosen. This must be
fairly high in order to keep. the frequency variation from being an impos-
sibly large fraction of the mean trequency. On the other hand there is no
gain in very high frequencies and there may be some loss in intensity
over such terrain as forests. These considerations, plus a consideration
of the tubes available, led to the choice of a mean frequency of 440
Me/see, which can be obtained from acorn tubes; the frequency modu-
lation is accomplished mechanically.

The modulation frequency is next chosen to give a convenient range
of beat frequenciesf~, subject to the restriction that the time of a modulat-
ing cycle shall be long compared to the maximum signal transit time.
A value of 120 cps was picked. This gives ~a = 8000 cps at an altitude of
400 ft. A second range of O to 4000 ft is obtained by reducing Aj to
4 Me/see.

This completes the major specifications, except for the power. Prac-
tically speaking, power must be decided on the basis of experience,
calculations of available power and thermal noise power being quite
useless since, in practice, the limitation is not thermal noise but micro-
phonics, etc. Thus if we consider the earth as a diffuse reflector }\-e
easily find the received power is (1/2m) (A/r2) times the earth’s reflection
coefficient and times the transmitted power. Even for very small
transmitter powers and reflection coefficients, this power is large compared
to thermal noise. On the basis of experience, then, it was decided that
the 0.3 watt available from an acorn tube would be sufficient for altitudes
up to 5000 ft, provided certain points of apparatus detail were correct,
as explained below.

Apparatus Considerations. —The leading parameters having been
specified, one can proceed with the detailed design. This is straight-
forward, except for certain steps necessary to reduce various spurious
signals in the receiver which might limit the range.

These signals, for the most part, are due to amplitude modulation in
the transmitter. This amplitude modulation comes from microphonics
and fwm slight variation of transmitter amplitude with fTE!qU(311Cy.
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Modulation from the latter source is at the modulating frequency and
low harmonics thereof. These spurious signals may be greatly reduced
by two devices. First, one makes the mixer of Fig. 5.11 a balanced one

—

---ml

FIG. 5.13.—The AN/APN-l frequency-modulatedradar altimeter, (Reprinted from
Electronic-s.)

(see Vol. 24) with the result that, if the balance is good, amplitude
modulation from the transmitter balances out in the detector output.
Second, the amplifier that precedes the limiter is given a response that is
a rising function of frequency. The spurious signals, being largely of
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frequency Iowerthan the desired signals, arethus discriminated against.
Roughly speaking, the response should rise linearly with frequency, since,
on a voltage basis, the incoming signals go down at about this rate in
range and thus in the equivalent frequency. This frequency distortion
serves a second purpose in that it makes the output signal less dependent
on altitude so that the limiter does not ha~-e to \vork over such a large
range of amplitude. The complete dc~ice is illustrated in Fig, 5.13.

The effect of doppler shift is to raise or lower the dotted curve (Fig.
5.12) corresponding to the returned signal. With the proportions here
used and with the aircraft in reasonably level flight, the doppler frequency
is almost always less than the beat frequency due to altitude; con-
sequently the end result is that there are somewhat fewer cycles of beat
frequency in one half of the modulating cycle, and somewhat more in
the other, the total number per cycle remaining the same. The difference
in numbers of cycles in the two halves of the modulation period is then
a measure of the doppler frequency. This difference can be measured
in various ways, and has been used, along with the altitude information,
in various dcvelop:nents of the device here described.

5.9. Multiple-Target F-m Range Measurement.—In the absence of
clutter and doppler shift almost the same methods can be used with a
plurality of targets as with a single target. In this case linear frequency
variation with time is almost essential, and the triangular form of Fig.
5.12 is probably most convenient, though a saw-tooth variation might
be used. The detector output then contains a number of frequencies,
one corresponding to each target range present. Preferably these fre-
quencies are detected by some device such as a Frahm vibrating-reed
frequency meter, which indicates all frequencies simultaneously. If,
however, time is no object, a device that scans the frequency range may
be used. A variable frequency can be added to the signal frequency and
observations made when the sum frequency falls in the pass band of a
resonant circuit. l“ariants of this idea sweep either j, or Aj and observe
when the target frequency falls in the pass band of a resonant circuit.

Any of these scanning devices greatly increases the time required to
obtain the desired information. Thus if we have a frequency band f
which is to be split into n pieces, the time required for such a device as a
Frahm meter to respond is of the order n/f, whereas if the n frequency
intervals are observed in sequence the time is n2/f.

The general design procedure is essentially the same as that described
in Sec. 5.8. First we decide on the allowable range error & and determine
from this the total frequency swing Aj by means of Eq, (7):
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We may note that l/-lA~ is analogous to the pulse time; it determines
the width of w-aveband transmitted and the range accuracy.

Next, one determines the modulation or repetition frequency j,.
As in pulse systems, this depends on the maximum range. But whereas
in pulse systems j, may actually be as much as c/2r, in the present systems
one must have f, markedly less than c/2r in order that not too large a
fraction of the time will be wasted while the sign of the beat frequency is
changing. Subject to this upper limit, the choice off, is determined by
considerations of bandwidth, response time, and apparatus convenience.
The smaller j,, the narrower the band and the slower the response.
Also, the beat frequency, which varies with ~,, should be kept in a range
suitable for the frequency meter to be used.

The maximum beat frequency is then determined as 4~.A~(r/c), and
an indicator working up to this frequency by steps of j, is designed. The
number of steps is thus about r ~~r.

This method of ranging, like the pulse method, makes no special
requirements on the carrier frequency, which is then chosen on the basis of
other considerations.

The power requirecl depends on the usual things, including the bancl-
width, which in this case is the bandwidth of one element of the fre-
quency meter—frhich should be about j..

This scheme, although it has not been highly developed, Trillundoubt-
edly work much as describe(l. High range accuracy and small band-
widths are possible-in fact one may ha~-e both at on~-e. Thus one
might ha~-e a repetition rate, ancl so a noise bandwidth, of, for example,
10 cps while lm~-ing a frequency swing of 40 31c sec., which \\-ouldgi~’e
range accuracy corresponding roughly to a *-psec pulse. And this
latter would be achie~-ed without a widebaml i-f or ~-ideo.

If, however, ~~e attempt to modify the system so as to allow the
presence of clutter, and therefore also a dopplei- shift of the signal coming
from the target, two difficulties arise.

First, although the clutter may, in principle, be eliminated by infinite
attenuation filters t~mmi to the repetition frequency and multiples
thm-eof, the nlmll>er of filters req~lired i< (of the ordrr of r ~r, and if this
number is lmgc the system may be impr~ctical. This limitation appeai-s
to be fundamental and arise.+in similar form in all other .s3-stems, But
cl-en if l\-e neglect the multiplicity of the filterx, there is considerable
doubt whethrr practical means of freq~leney modulation can be de~-ised
that will make succes.sire modulation cycles as nearly identical as is
necdecl for filtering out really serious clllttcr.

Second, as a re. ultof the dopplcr ~hift, e:ich target gives t~vo output
frequencies, and so two range indirati[ons The >eriom+nes (If this

depends on the ratio of the doppler frequenrl- to mean beat frequency,
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This ratio depends on target speed, wavelength, repetition rate, and
range accuracy, and might conceivably have almost any value. But in
many cases the value will be too large for this system to be useful,
Specifically, the maximum beat frequency may be written as fr(r/6r) so
that, for example, 1 per cent range accuracy and f, = 10 cps gives

~~ = 1000 CPS, wfich may be compared with a doppler frequency of
894 cps for 10 cm and 100 mph.

6.10. Alternative F-m Ranging System .—Another scheme of the
f-m type which is designed to work on multiple targets and in the presence
of clutter may be understood by reference to Fig. 514. This shows, in
the full curve; a sinusoidal depend-
ence of the transmitted frequency
on time. The total frequency
swing is made large compared to
the doppler frequency. The re-
ceived frequency, indicated by the
dotted line, is a similar curve but
(a) displaced to the right by time
delay resulting from transmission
to the target and back and (b) dis-
placed vertically by doppler shift.
If now the difference between the
transmitted and received frequen-
cies is passed through a low-pass
filter whose pass band includes fre-
quencies as high as the maximum
doppler frequency, there will, in
general, be little signal output be-
cause the difference frequency will
be greater than the doppler fre-
quency over the majority of the

I

FIG. 5.14.—The full curve in the upper
graph shows the instantaneoustransmitter
frequency as a function of time; the dotted
curve shows the received signal; and the
dashed curve, the beat between the two.
The lower curve showsthe same quantities
when 2r/c = nf,, in which case the beat
frequency is constant at the doppler value.

modulation cycle. If, however, the modulation frequency is adjusted
so that one cycle corresponds to the transmission delay time, the differ-
ence frequency will always just equal the doppler frequent y and so a
large output signal will result. Thus, as the modulation frequency is
varied, output occurs whenever n/f, = 2r/c with n any integer and r

the distance to a target. Ground clutter, having no doppler shift,
gives an output that is periodic with period corresponding to the modula-
tion frequency. The d-c component is easily removed and, if fD < jr,

the other components are removed by the low-pass filter, which passes
only up to f.. If, therefore, f. < j, ground clutter may, in principle,
be removed.

A variant of this scheme turns the receiver off during one modulation
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cycle, and turns the transmitter off and the receiver on during the follow-
ing cycle. This permits the use of a single antenna and also reduces
the clutter intensity by making it possible to gate out the strong returns
from near-by objects.

Difficulties with systems of this type are as follows: (1) determination
of range by variation of jr takes much more time than is justified by t,he
receiver bandwidth; (2) the distance measurement is unambiguous
ordy over a 2-to-1 range; (3) proportions must be such that jD < j,—this
means long wavelengths and/or slow targets; (4) it is difficult to get the
modulation cycles to repeat well enough for suppression of really serious
clutter.

6.11. Pulse-modulated Doppler System.—The last system to be
described works against the heaviest ground clutter, and, in principle,
on a plurality of targets and with no restriction on the relative values
of doppler and recurrence frequencies. Practically, there are limits
on the last two factors, the limits being set by questions of apparatus
complexity.

A block diagram is shown in Fig. 5“15 and the operation may be
described as follows. If, as we shall assume for purposes of explanation,
only a single target is to be observed, the transmitter is turned on for
half the keying cycle and off during the other half by means of the
modulator, square-wave generator, TR and ATR tubes. If a mul-
tiplicity of targets must be handled, the transmitter pulse is made
correspondingly shorter. The transmitter power then follows the Curve
a of Fig. 5“16, and the receiver input follows Curve b with the time delay
depending on the range and with the dotted part of the received signal
rejected because the receiver is off. 1 This received signal is amplified
by a conventional superheterodyne receiver whose only special feature
is the derivation of the local-oscillator frequencY from the transmitter
frequency by the addition of 30 Me/see. Thk 30 Me/see is then sub-
tracted in a second detector so that the received signal is translated
down to zero frequency.

Consider the voltage at point 1 in Fig. 5“15 just after the second
detector. If the returns are from a stationary target the voltage is of
the form shown in Graph a of Fig. 5.17. This voltage is periodic and
has magnitude depending on the target cross section and on the exact
phase of the returned signal—a change of range of h/4 resulting in a
reversal of sign. If the target moves, the change of range cauees a
periodic oscillation of amplitude, the resulting signal being like that of
Graph b Fig. 5“17 and having an envelope which is a sine wave of
doppler frequency.

1Actually, the receivergate is not opened until several microsecondsafter the
transmitteris off. In this way groundclutterdue to nearby objects is eliminated.
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Now the Fourier resolution of Curve a will contain the repetition
frequency and multiples thereof, whereas Curve b contains f. + nf,
but no multiples off, (unless f~ is a multiple of j,). Thus the first or
“clutter” filter that attenuates j, and multiples thereof, while leaving all
else, will remove all signals due to stationary objects, while leaving those

due to moving objects undisturbed. At
~ULfi point 2 in Fig. 5.15, therefore, the signals

‘“) ~ Contain thefrequencyjr
are like those of Fig. 5’17b, and do not

l.- 2r/c

i

The signals are now passed through

(b) ;-~;-m””m
a full-wave rectifier, the voltage at Point
3 in Fig. 5.15 being like Fig. 5. 17c.

FI~. 5.16.—Transmitted and re- This curve now contains harmonics
ceived powers as a function of time.

njr ~ mjD.

The various doppler sidebands and most of the noise are now removed
by passage through a filter that passes only j, and its multiples, whereupon
the voltage at Point 4 has a form like that shown in Fig. 5. 17d. Thus
the clutter, the doppler frequency, and much noise have been removed,
while the position of the trai~ing edge
of the pulse, which is a measure of
the range, is undisturbed.

The time delay of the trailing
edge of the wave at d, relative to the
modulating pulse, is now a measure
of target range. This time, or range,
may be displayed on the linear radial
sweep of a PPI tube by differentiat-
ing the voltage and using the result
to intensity-modulate the beam.

A few minor points remain to be
considered. First, the explanation
has assumed that the bandwidth is
large enough to pass square waves
without distortion. Actually, the
operation is substantially the same
when only a few harmonics of j, are
passed. Second, the function of the
attenuated square-wave voltage in-
troduced after Point 1 is to balance

‘+ru-

n n I-1
FIG.5.17.—Curvea showsthe voltage

at Point 1(cf. Fig. 5,15)dueto a stationary
target and b showsthat due to a moving
target; the dotted envelope curve corre-
spondsto the doppler frequency. Curve
c is the result of passingb through a full-
wave rectifier, and d is the result of
filtering c.

out the square-wave voltage due to the d-c component of receiver noise,
as modulated by the gating. Finally, it should be noted that the last
filter can have fairly narrow pass bands, thereby considerably reducing
the noise.
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Design Procedure.—The leading requirement in the design of a system
such as that described above was a range of 75 miles on single targets
movingat speeds upto400 mph, even in the presence of extreme ground
clutter.

First, since ability to deal with multiple targets was not required,
the modulation cycle was taken to be half on and half off. Next, the
repetition frequency was chosen to be as high as possible, consistent
with getting a reasonable fraction of the extreme range signals to return
during the time the receiver is on. Thus the value of j, = 1000 CPS,

which was selected, lets the entire return signal into the receiver at
r = 46.5 miles and none at 93 miles, so that at 75 miles about half is
lost. The advantage of a high value off, is the reduction in number of
stop bands required in the filter.

The dish size and wavelength were chosen—on the basis of range,
propagation factors, and beamwidth-to be 12 ft and 40 cm, respectively.
This latter value also determines the doppler band, which extends from
zero to about 1000 cps for 400-mph targets. Thus we need carry only
one harmonic of the repetition frequency.

The transmitter power depends on geometrical factors in the usual
way, and on the effective bandwidth of the receiver. It might be thought
that this would be the total width of the pass bands in the second filter
of Fig. 5.15, but actually, because of the rectifier between the two filters,
the noise depends on the bandwidths, both before and after this detector.
In fact, the effective bandwidth is the geometric mean of the two band-
widths. The last bandwidth was chosen at about 4 cps, this being the
smallest consistent with the time during which the beam remains on the
target; and the first bandwidth was about twice the maximum doppler
frequency. Thus the effective bandwidth, for noise-computation pur-
poses, was about 100 cps. With this bandwidth, a transmitter power of
100 watts should give the required range.

Apparatus Considerations. —The leading design parameters having
been chosen, the next subject of discussion is the technical difficulties
involved. There are two chief ones, both having to do with elimination
of ground clutter: (1) frequency, and also amplitude, modulation in the
transmitter must be held to very low values; and (2) the filters, which
reject frequencies O, j,, 2~,, etc., present a considerable problem.

As to the first point, the entire operation of the system is predicated
on the assumption that the ground returns are periodic. This assumption
would be completely falsified, if the range of a ground target, measured in
wavelengths, were to change by as little as x/2 in one repetition cycle.
Since, in round numbers, there are 10’ wavelengths contained in twice the
maximum range, it is apparent that the operation will not even approxi-
mate the above description unless the short-time frequency stability
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exceeds one partin 10’. Actually, much better than this must be done
since the ground returns may be 90 db or thereabouts above the target
returns. Thus, one might expect stabilities of the order of 10’0 to be
needed. Much calculation can be done on this point but, though such
calculation was useful in showing that a workable system was possible,
it will suffice to say here that by very careful attention to detail it was
found possible completely to eliminate all trouble due to frequency
(and amplitude) modulation of the transmitter. The main points were:
crystal control of both transmitter and modulator, very careful regulation
and filtering of power supplies, and operation of important filament
supplies with alternating current (3000 cps) obtained by multiplication
from the repetition frequency.

We next consider the “infinite rejection” filters that are to remove the
ground clutter.

The maximum attenuation required is the quantity of most impor-
tance. Naturally, this is indefinite since it depends on the terrain, and
pertinent measurements are very scanty. But the attenuation needed
may be estimated in several ways, which agree moderately well, and
finally it was measured on the finished system. Data from all sources
indicate that ground returns in mountainous terrain may be much larger
than is tommy-dy realized—in the present case, of the order of 90 db
above noise.

The first method of estimation is to calculate the largest possible
ground return on the assumption that the return is from a mountain so
large as to fill the beam completely. Such a mountain is certainly
possible, and assuming it to be hemispherical its returns will be larger
than those from a target of cross section a in the ratio r2A/k’u with A
the dish area. In the present case, this comes out at about 110 db.
This is certainly an overestimate because the mountain will generally
not have unity reflection coefficient, and because the part of the model
that does the reflecting-namely, the part of the hemisphere normal to
the line of sight—will usually be missing in actuality. Nevertheless,
the calculation is interesting as indicating that oery large ground returns
are possible.

A second estimate can be derived from measurements made at Ellen-
ville, N. Y. with a more or less normal ( l-psec, 100-kw) pulse system.
These measurements showed a ground return 75 db above noise. To
compare these measurements with our present problem, a number of
factors must be taken into account. These are: the difference in pulse
lengths (N 27 db), the different receiver bandwidths (* 30 db), and the
different transmitter powers (*30 db). Taking these factors into
account, the clutter returns at Point 1, Fig. 5.15, may be very crudely
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estimated as 100 db above the noise in a 103-cycle band, or 130 db above
that in a l-cycle band.

A third estimate can be made from measurements on the completed
system at this same location, which showed a clutter 100 db above the
noise in a l-cycle band. Part of the discrepancy between this and the
above 130-db estimate is no doubt due to crudities in the estimation,
the rest to the fact that the clutter in a 500-~sec pulse will certainly be less
than 500 times that in a l-~sec pulse because the clutter is not spread
uniformly in range. In any case, whatever the reason, the clutter is
experimentally found to be about 70 db above the noise in the 1000-
cycle audio band, or about 80 db above the noise in the effective band of
100 cycles.

The system, as actually made and tested at this same location, had
92-db attenuation at the “infinite attenuation” points of the filters and
experience showed that this was just comfortably adequate.

From the above results we conclude that the filters must have about
90 db of rejection for satisfactory operation at this particular site.
Measurements at other sites would be valuable in answering the question
as to how representative this site is. Lacking such data, we can only
venture the opinion, based on personal observation, that the location
did not appear unusual in any way-in fact it appears likely that moun-
tain areas with even higher ground returns may be common.

The width of the rejection bands depends on the variability of the
ground returns. Until now, the ground returns have been assumed
constant, so that the voltage at Point 1 in Fig. 5.15 is actually periodic
and could therefore be removed by filters with infinitesimal bandwidth.
Actually the ground returns vary, with the result that the filter rejection
bands must have a finite width. Using some data of H. Goldstein, 1 a
width of 4 cycles 12 db up from the 92-db bottom of the’ curve was
chosen. Even if the ground returns had been constant, much the same
bandwidth would have been needed because of modulation due to
scanning. The rest of the curve was then made as narrow as possible.
This turned out to be about 200 cycles at the 3-db point.

Additional filters for eliminating “window” signals or rain clutter
were also provided and could be switched in when desired. These
filters had much less attenuation than the clutter filters, but the at-
tenuation extended over a wider frequency range, designed to exclude
doppler frequencies due to motion of “window.”

Although the audio amplifier began to cut off rapidly above 1000 cps,
and the strength of the harmonics of j, decreased fairly rapidly, it was
found necessary to have infinite attenuation filters at 2000 and 3000 cps,

1See Sec. 6.20, Vol. 13 of this series.
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in addition to those at O and 1000 cps. Naturally, these latter filters
were not nearly so critical as the one at 1000 cps.

This concludes the discussion of the design and the leading difficulties
of a system of this type.

Performance was much as expected. In particular, the strong ground
clutter mentioned above was completely eliminated, targets being
tracked regardless of range or position. All other known systems that
have been developed to the field-trial stage were tried at this same site;
none of them eliminated the ground clutter.

The only deficiency of this system, as has been pointed out, is its
inability to function properly when there are a number of targets in the
beam. When this is the case, the range indicated is that of the strongest
target. Thk difficulty may be reduced as desired by reducing the length
of the transmitted puJse, by correspondingly increasing the number of
filter bands, and so increasing the complexity.

Since the general objects of this system are much the same as those
of the MTI system described in Chap. 16, some comparison is in order,
even though this comparison is difficult and possibly dependent on
personal viewpoint.

First, the two systems regarded from an abstract point of view work
on similar principles. Both have, therefore, much the same fundamental
limitations. Practically, however, the two systems use entirely different
apparatus, and consequently when, as is usually the case, apparatus
limitations dominate, the systems may be expected to be entirely differ-
ent. Furthermore, because of this apparatus difference, one may expect
future developments to improve the two in different ways and by different
amounts.

Second, the two systems differ in their ability to handle a multiplicity
of targets. As actually constructed, MTI syst~ms use 1- or 2-~sec
pulses and so are capable of handling targets a thousand feet or so apart
in range. On the other hand, the system described in this section works
on only one target, and although a moderate number of additional filters
might be considered as possible whenever anyone wishes to deal with
multiple targets there is certainly a practical limit to their number.
Possibly dividing the total range into 10 pieces would be reasonable.
For traffic control around a busy airport, however, the c-w system would
be almost useless whereas the MTI system would be very good. For
long-range detection of aircraft, an ability to handle 10 targets might
well suffice and the c-w system therefore be adequate.

When, on the other hand, one considers severe ground clutter the
system described above has the advantage over the MTI systems. MTI
systems at present reduce the clutter by perhaps 30 db-which in many
locations is adequate. But mountainous terrain that does not appear
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in any way unusual has been found to have ground clutter 75 db above
noise. Under these conditions, the MTI system would not be expected
to work; the above-described system does work.

6.12. Summary. -In an effort to help the reader who wishes to com-
pare the various systems described in this chapter, Table 5.1 has been
prepared giving, in tabular form, a summary of the more important
systems of characteristics, both qualitative and quantitative. This
table is worthy of careful study but two limitations must be remembered.
First, the quantities given for numbers of sidebands, noise band, etc.,
are only qualitatively correct; really precise definitions would require so
many qualifications as to render the quantities either useless or confusing.
Second, neither the table nor this chapter pretends to describe all c-w
systems; at least a dozen more are known and no doubt still more could be
invented. It is believed, however, that representatives of all important
types have been included.

From this table, or what has gone before, the reader will perceive
that there have been grouped together, in this chapter, some rather
diverse systems. Perhaps a better, if longer, chapter title would have
been “Systems That Are Not Pulse Systems. ”

If we attempt a classification, the two best starting points appear to
be the questions—does it utilize the doppler shift or not, and does it
use delay-time demodulation of f-m signals for range determination?
Further questions are—will it work on multiple targets, and will it work
down to zero range?

It is hoped that the latter part of this chapter will have answered the
question asked at the beginning as to whether there are any uses for the
sYstems here described. Naturally, a general answer cannot be given
as to when c-w systems are indicated—we can only suggest a careful study
of the requirements and a comparison of the potentialities of the various
types of systems. Perhaps the only useful general remark is the obvious
one that c-w systems are most useful on problems where pulse systems
fail ! For example, if one wants to measure a range of 10 ft a pulse
system would hardly be suggested; that described in Sec. 5“8 would
have no trouble. Also this c-w system will measure such short ranges
much more accurately than pulse systems. Or suppose the velocity of
a bullet is wanted-the system described in Sec. 56 measures such
quantities easily and directly. Or again, one may want simplicity—this
is provided by such a system which, when carried to the ultimate in this
direction, becomek the proximity fuze.
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filter.
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CHAPTER 6

THE GATHERING AND PRESENTATION OF IUDAR DATA

BY L. N. RIDENOUR,L. J. HAWORTH, B. V. BOWDEN, E. C. POLLARD

6.1. Influence of Operational Requirements. I—The purpose of any
radar system is to present information on the positions of targets within
the volume of space it surveys. The nature of such targets, their
number, and the character of the information required about them will
depend profoundly on the function which the radar is called upon to
perform. For example, the radar altimeter used in aircraft deals with
only one target—the surface of the earth beneath the planeand offers
only one datum—the minimum distance of the altimeter from that target.
A radar system used for control of air traffic near a landing field, on
the other hand, must display the range, bearing, and altitude of all
aircraft within or near the boundaries of the control zone. At a given
moment, there may be more than a hundred individual targets, for
each of which the radar must provide sufficiently accurate positional
information to enable controllers to issue prompt instructions to pilots.

Radar equipments suitable for such different purposes will present
wide differences in design. This chapter and the next deal with the
principal fundamental differences that appear in various conventional
pulse radar designs. In this chapter the effect of operational require-
ments on the design of the radar itself is considered; in the next is dis-
cussed the more difficult question of organizing the facilities and services
required to interpret and make use of the data provided by radar.

The most important and fundamental of the radar design differences
that arise from different functional requirements are those which con-
cern the beam pattern produced by the antenna, the arrangements for
scanning a certain volume of space with that beam, and the indicator or
indicators necessary to display the positions of targets detected. Because
of the extremely close interrelationship among these three factors, and
because all three are principally determined by the functional aim of the
radar equipment, it would appear desirable to begin with a discussion of
the various radar functions, showing for each the choice of these three
factors which experience has so far recommended. Without an appro-
priate introduction, however, such a treatment might be hopelessly
confusing. Accordingly, there follows a catalogue of existing indicator

I By L. N. Ridenour.
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types, without attention to the functional requirement which has called
each into being, and without a description of the technical means of
realizing such indications. The latter subject is undertaken in Chap. 13.
The postponed discussion of radar functions, and of the choice of im~or-
tant ~adar properties to fit these functions, is found
of indicator types.

TYPES OF RADAR INDICATORS

BY L. J. HAWORTH

after this cat al ogue

62. Definitions.-The device that presents radar data in observable
form is called the indicator. It is usually a cathode-ray tube; alter-
natively it may be a loudspeaker or telephone headset, a flashing light,
a moving-coil meter, or a pen-and-ink recorder.

The cathode-ray tube (CRT) permits an interpretation of electrical
phenomena in terms of a picture painted on a phosphorescent screen by a
sharply focused beam of electrons controlled in position and intensity by
electrical signals. It is capable of using and displaying many millions
of separate data per second. The geometrical expression which the CRT
gives to electrical phenomena is peculiarly appropriate to radar, because
a geometrical situation involving the various radar targets is precisely
what must usually be represented. Of the other devices mentioned as
possible indicators, only the pen-and-ink recorder is capable of giving
such a geometrical interpretation, and it is slow and cumbersome by
comparison.

Thus, in spite of certain inadequacies, a cathode-ray tube is used
as the radar indicator in all situations that involve any appreciable
target complexity. The picture presented on the tube face is called the
indication, the display, or the presentation. The tube itself is referred
to as the indicator, indicator tube, display tube, CRT, or scope. When a
tube presenting a particular form of display is to be identified, a descrip-
tive adjective or code designation is prefixed to “scope.” The word
indicator is often extended to include devices and circuits auxiliary to
the cathode-ray tube.

Both magnetic and electrostatic cathode-ray tubes are used (Sec.
13. 1). In their design every effort has been made to achieve the
optimum in resolution, light intensity, deflection sensitivity, and com-
pactness. The materials (phosphors) used in the screen are of particular
importance. If, as is usually the case, the scanning interrupts the picture
for longer than the retentivity time of the eye, it is necessary to introduce
persistence into the screen. Screens of various rates of decay are avail-
able for this purpose. The detailed characteristics of the tubes, including
the screens, will be discussed in Sees. 13.1 to 133.
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In forming the displays, radar echo signals may be used either to
displace (deflection-modulate) the electron beam, as in the ordinary
oscilloscope, or to intensify (intensity-modulate) it, as is done in television.
Deflection modulation affords precise information about the strength
and character of the signals delivered by the receiver, but leaves only
one dimension of the tube face free to represent a geometrical quantity.
On the other hand, intensity modulation permits the presentation of a
two-dimensional figure on which the signals appear as bright spots or
patches, but offers only qualitative information about signal intensity.
The CRT screen cannot present any true three-dimensional picture,
of course; this is the most fundamental limitation of the cathode-ray
tube as a radar indicator. Under very simple conditions, it is possibl~
to present a third dimension in an understandable though unnatural
way, but in any complicated three-dimensional situation one is forced
to use more than one display.

The fundamental geometrical quantities involved in radar displays
are the spherical coordinates of the target measured from the origin
at the radar antenna: range, azimuth angle (or bearing), and elevation
angle. Practical] y every radar display uses one or two of these quanti-
ties directly as coordinates on the tube face, or is a simple modification
of a display which does.

The vast majority of displays use as one coordinate the value of
slant range, its horizontal projection (ground range), or its vertical
projection (altitude). Since slant range is involved in every radar situa-
tion, it inevitably appears in at least one display on every set. It is the
coordinate most frequently duplicated when more than one type of
display is used by a given radar set, partly because displays presenting
range have the greatest signal-to-noise discrimination, and partly for
geometrical reasons.

Range is displayed by causing the electron beam of the CRT to
move (sweep) across the tube at a uniform rate I starting f1om a given
point or line at a definite time in each pulse cycle. Thus, distances on
the tube face along this range sweep or time base are proportional to
increments of slant range. The scale Jactor relates distances on the
tube to actual range, and the sweep length is the distance represented;
both are determined by speed of the sweep. The origin of range may
be on or off the tube face; sometimes the start of the sweep is delayed for
some time after the instant of transmission of the outgoing pulse.

The angle in which the scanner is pointing, either in azimuth or
slevation, may enter into a display (1) directly as a polar angle, (2)

I The range sweepmust be nonuniformwhen it is desiredto project range in a
planenot containingtheradarset; as, for example,in the caseof truegroundmapping
on the indicatorof an airborneradar.
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directly as a cartesian coordinate, or (3) as the basis for resolving a range
sweep in a particular direction. This will be further discussed in con-
nection with specific types of display.

Indices or Scale Markers.-Both mechanical and electrical means
are used for making geometrical meamrements on the displays.

In measuring range, “electronic” range markers are practically
always used. These consist of artificial video signals introduced into
the display by a precision timing circuit; thus, inaccuracies in the display
do not enter as sources of error in the measurements. Almost every
display entails a set of discrete, regularly spaced markers derived from
an oscillator properly phased with respect to the firing of the modulator.
Fairly accurate ranges can be read from these markers at a glance. In
many cases, however, interpolation errors are larger than can be tolerated;
the fixed markers are then supplemented by a manually controlled, con-
tinuously movable, calibrated index. This index has the advantage of
extremely high precision, especially on an expanded sweep, but it requires
appreciable time in its use. Mechanical indices which move in front
of the CRT face are seldom used in measuring range.

For the determination of angle, it has been most usual in the past
to use mechanical indices: either a set of fixed indices engraved on a
transparent overlay, or a movable mechanical cursor. These can give
errors due to parallax and to inaccuracies in the display. More recently,
electronic indices have begun to replace mechanical range markers. A
discrete set of fixed indices, or a continuously variable index, may be
provided; for some techniques of display synthesis, the latter is not easy
to achieve.

The controls of movable markers, bo~h of range and of angle, are
often connected to devices providing remote data transmission.

6.3. Summary of Indicator Type s.-Many considerations enter into
the choice of the display geometry. In a three-dimensional problem, the
designer must decide how to divide the coordinates between two displays,
or how to present all the information on a single display, if this is feasible.
Even a two-dimensional display is complicated, and often involves con-
flicting requirements, such as the need for high resolution in angle and
range ]vithout sacrifice in the total field of ~iew. In some cases, the
needs can best be met by deliberately deforming the picture; in others
it may be necessary to use more than one display, either alternately on a
single tube or simultaneously on different ones.

Many different display schemes have been invented to deal with
these problems. The following summary, which classifies them according
to the spatial geometry represented, includes the important geometries
actually used. Although many others are possible, they have had little
or no practical application to date.
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I. One-dimensional deflection-modulated displays. These invari-
ably present range. Two such displays on a single tube are
sometimes used to obtain directional information by comparing
signal intensities from two different beam lobes.

II. Two-dimensional intensity-modulated displays.
A. The representation of a horizontal or vertical plane.

1. Undeformed displays. Because of the nature of the
radar data these are usually in the form of polar plots of
range and angle (PPI).

2. Deformed displays.
a. Radial deformation of a polar plot created by a shift

in the range origin.
b. Linear deformation produced by “stretching” a polar

plot along one rectangular axis.
c. Rectangular plots of range and angle.

B. Rectangular plots of azimuth and elevation.
1. True displays which follow the antenna orientation.
2. Error indicators. (Such displays are not always intensity-

modulated. )
111. Three-dimensional intensity-modulated displays. These are

all modifications of .wo-dirnensional displays which make use
of one or both of the coordinates on the tube face to present,
in a formalized way, information about the third dimension
being displayed.

6.4. One-dimensional Deflection-modulated Display s.—Since one-
dimensional displays yield little geometrical information, their only
justification is that they permit the use of deflection modulation, which
gives a maximum of information about the intensity and form of the
echo signals. For this purpose, it is best to display the signals as a
function of time or range, and thus the only displays using deflection
modulation are those in which the deflections are applied perpendicular
to a range sweep (Fig. 6“1). This sweep may represent either a small
part or nearly all of the period between successive pulses. In the
former case, the particular range interval that appears on the display
is determined by the delay elapsing between the transmission of the
outgoing pulse and the starting of the range sweep.

The general classification “type A” is used to describe one-dimen-
sional displays. An A-scope is universally used for observing radar
signals and various circuit waveforms in a radar set during test and
alignment. It may be either part of the permanent installation or a
piece of portable test equipment. The laboratory analogue of the
A-scope has come to be known as a‘’ synchroscope”; it is an indispensable
tool in the design and testing of electronic circuits.
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timing equipment. The displays are sometimes subclassified in terms of
the particular type of electronic marker used (see Fig. 6.2).

Sometimes an R-sweep and an A-sweep are shown simultaneously
on the same tube by switching between them on alternate pulses. The
A-sweep is used for general surveillance of targets and for determining

@Q@

(a) R-scope with marker (b) R-scope with step (c) R-scope with notch.
pip. marker (M-scope).
FIQ. 6.2.—Range scopes. Each displaysa delayed, expanded,range interval.

the proper delay for the R-sweep, either by inspecting the range scale
or by displaying on the A-sweep an electronic marker which indicates
the setting of the R-sweep delay. Such an indicator is called an “A-and-
R-scope.”

One form of deflection-modulated indicator which deserves special
mention is the J-scope, in which the sweep is circular and the deflections

Transmitted
Dulaa Ground

FIG.

30 S3?I

~

Echo
signal

11
~o Rlndex

(a) Reading in thousandsof yards. (b) Reading in hundredsof yards.
6.3.—Coarseand fine J-scopes. The pair of scopesshownis that usedin the SCR-5s4

(Sec. 614).

are applied radially by means of a central electrode (Fig. 6.3). The
circular sweep is derived by applying a properly phased precision sine
voltage in quadrature to two pairs of deflecting plates at right angles to
one another. The frequency of the sweep sinusoid may be many times
the pulse repetition frequency, in which case the intensity grid of the
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CRT is used to blank the trace on all but one sweep cycle; a delayed
expanded sweep is thus produced (see Fig. 6.3b).

“Pip-matching” Displuys.-It is frequently useful to compare the
strength of the radar echoes received from a single target by means of
antennas whose patterns differ in direction (see, for example, Sec. 6.13).
For convenience of comparison, the two echoes are usually presented on
the same scope; they can be identified ~~ith the corresponding antenna
by either of two arrangements-the K-scope or the L-scope. The
K-scope (Fig. 6.4a) is so arranged that the range sweeps corresponding
to the two antennas start from different origins, with the result that the
echoes to be compared are side-by-side. In the L-scope, the signals
from the two antennas produce deflections of opposite sign, the range

@m
(a) Side-by-side presentation (K-scope). (b) Back-to-back presentation (L-scope).

Signal returr,from the right lobe is the Signal return from the right lobe is the
stronger. stronger.

FIG. 64,-Pip-matching displays.

origin being common. The signals to be compared thus occur back-
to-back (Fig. 6.4 b).

6“5. Representation of the Horizontal Plane .—The large radius of
curvature of the earth and the shallowness of the layer of air above it iu
which conventional aircraft are accustomed to fly make it useful to
project all signals from radar targets in a horizontal plane. Most radar
sets use a sim~le azimuth scan (with a beam that is fanned somewhat
in the vertical direction if aircraft are to be observed), and present their
data on a two-dimensional intensity-modulated display. Even when
target height is important, some’ sort of range-azimuth display is usually
basic to the indication system. The third coordinate usually appears
in a separate presentation on another tube, often as a projection of
all targets on a vertical plane. Intensity-modulated displays of plane
surfaces constitute the most important class of radar indicators.

The Plan-position Indicator.—If the slant range and azimuth coordi-
nates of the various targets in the field of view are represented, respec-
tively, by distance from the center of a CRT and by azimuth on the
tube face, the result is a map. Its only defect is the error introduced by
using slant range instead of ground range (that is, slant range times cosine
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of elevation angle). Except when viewing aircraft at very substantial
elevation angles, or when mapping the ground from a high-flying aircraft,
this error is imperceptible and can be neglected under practically all
circumstances.

The indicator used for the display just described is called the plan-
position indicator or PPI.’ In the PPI, an outward range sweep is
rotated about the range origin in synchronism with the azimuthal
scanning of the antenna. Targets then appear in the proper directions
as well as at the proper relative distances from thk origin and the result
is a map.

The origin of the PPI may be at the center of the cathode-ray Lube,
giving an equal field of view in all directions. Frequently, however,

FIG.65.-Off-center PPI.

it is displaced, sometimes far off the tube face, in order to give a maxi-
mum expansion to a given region; such a display is called an o~-center PPI

(Fig. 65). The expression sedtor display is often used when the dis-
placement is extreme.

The PPI is the most widely used and versatile of all displays. In
presenting the information with which it deals, its only fundamental
shortcoming is that, in common with all maps or charts, it cannot simul-
taneously possess a highly expanded scale and a large field of view.

The vertical analogue of the PPI may be formed by substituting ele-
vation for azimuth angle. However, since only a restricted range of
elevation angle usually has interest, it is more customary to use distorted
displays for this purpose.

1See Sees. 13.15 to 13.18. The abbreviation “ PPI” is used interchangeablyto
representboth the display and the equipment (plan-positionindicator). Abbrevia-
tions for other types of indicatorsareused in the sameway.
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In spite of the usefulness of a true map display such as the PPI,
occasions arise in which it is not ideal. These situations usually involve
the need for providing high resolution or dispersion in some particular
coordinate without restricting the field of view too severely in other
dimensions. A number of types of deformed displays have been devised
for such purposes, and are particularly useful in dealing with point
targets.

Radial Deformation.—A polar plot such as the PPI can be deformed
radially by shifting the range origin, by using a nonlinear range scale, or
both. The first means has been widely used.

On a normal PPI it is difficult to determine accurately the direction
to a target whose range is a small fraction of that covered by the display.
This difficulty is often partly overcome by expanding the zero-range
origin of the PPI into a circle so that
the radius vector to the echo from a
nearby target is greatly increased.
Such an arrangement is known as an
open-center PPI. Range and bearing
retain their identities and their linear
scales. For the degree of center-open-
ing ordinarily used, the deformation
introduced into the sizes, shapes, and
relative positions of the targets is
serious for only a fractional part of
the range portrayed. An open-center
PPI has been widely employed for
station-keeping and for homing on
such objects as ships, airplanes, run-
ways, and the like. The open center

Elevation Amle

~
FIG. 6.6.—Stretched PPI. Tw&mile

grid is shown by dashedlines.

is switched in only a fraction of the time; for example, during the closing
stages of a homing operation.

It is sometimes desirable to provide an expanded range scale over an
interval at a distance from the radar site without sacrificing an all-round
view as an off-center PPI would do. This may be accomplished by
delaying and expanding the range sweep in an otherwise normal PPI so
that a ring-shaped area is collapsed into a solid circle. Because of the
technique used in producing it, this display is called a delayed PPI. As
in the open-center PPI, range and bearing retain their identities and their
linearity. The deformation is very great except at the extreme edge of
the display. The delayed PPI is used to increase the resolution on closely
spaced targets and on coded beacon signals, to facilitate accurate range
measurements, and to increase the signal-to-noise or signal-to-clutter
discernibility under some circumstances.
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Linear Deformation.—A deformed display of considerable utility,
especially in the vertical plane, can be formed by “ stretching” a polar
plot in one rectangular dimension as though it were on a sheet of rubber.
On such a display, the cartesian coordinates parallel and perpendicular
to the axis of stretch retain their original meaning and their linearity, but
they have different scale factors. Straight lines remain straight but,
except for those parallel to the coordinate axes, their directions are
changed. Circles of equal range appear as ellipses with their major axes
in the direction of the stretch.

In the horizontal plane this geometry, called the stretched PPI’ (Fig.
6.6), is useful principally in con-
nection with the control from a
remote point of aircraft approach-
ing a landing, or ships navigating
a channel. The stretching, done
in a direction perpendicular to the
desired course, aids greatly in de-
tecting slight deviations therefrom.

This technique finds its great-
est utility in the vertical plane
where vertical stretching is used
to enhance the accuracy of aircraft
height determination (see discus-
sion of RHI, Sec. 6.6).

Rectangular Presentation of
Range and A ngle.—A plane sur-
face is often represented in a de-
formed manner by combining
range and angle in cartesian rather
than in polar coordinates. This

is accomplished by moving a range sweep laterally across the tube face in
synchronism with the antenna motion so that the origin is stretched out
into a line.

In range and azimuth these rectangular displays are of two different
sorts:

1. Displays in which no attempt is made to minimize the deformation,
either because it is unimportant in the particular circumstances,
or because certain advantages can be gained by neglecting it. Any
desired range interval and azimuthal sector may be covered,
although in practice more than 180° is rarely used. The display
is always normalized to make optimum use of the tube face.

1This has sometimesbeen called, erroneously,an “expanded azimuth” display.
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Range is always plotted vertically, and at short range the resolu-
tion in angle is far greater than that afforded by the PPI. This
display, called “type B,” (shown in Figs. 6“7 and 68) is used in
situations where the chief considerations are the range and bearing
of point targets or groups of targets, with little or no importance
attached to the shapes of extended targets or the relative locations
of widely separated targets. It is especially useful in homing, and
in telling plots of range and bearing for recording elsewhere in polar
form.

2. Displays in which the desired angular field of view is so sinall that
the distortion can be made negligible by proper normalization of

(u) 150-milesweep, normal PPI with grid (b) 100-milesweep,B-scan,zerodelay.
squares.

FIG. 6.S.—Distortion causedby D-scopedisplay.

the range and angle scales. Such a display, known as a micro-D,
is simply a substitute for a PPI sector; it is used either because it is
technically easier to attain, or because the same indicator is alter-
nat ely used for a regular type B display. Proper normalization
requires that the angular dispersion be kept proportional to the
range to the center of the display.

The vertical analogue of the type B display, known as “type E,” will
be described in the next section.

6.6. Plane Displays Involving Elevation.-One rarely desires to know
the elevation angle or altitude of an aircraft target without also requiring
its range and bearing. Simultaneous azimuth and elevation information
can be obtained by two-dimensional scanning with a single antenna, by
the V-beam principle (Sec. 6“12), or by the use of separate radar systems
scanning respectively in azimuth and in elevation. In the last case, the
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the display is expanded in the vertical dimension, so that the height
interval to be covered occupies approximately the same distance on the
tube face. Lines of constant height arehorizontal and equally spaced.
Arrangements are sometimes made to move the range origin off the tube
face to allow expansion of a region of interest.

If the height-finding antenna is required to scan over an appreciable
range of azimuth angles, the RHI is usu-
ally blanked except during a relatively 10,OOO
narrow azimuth sector, in order to improve
the ratio of signal to noise and to avoid Z

P
confusion between targets at different ;
azimuths. This sector can be chosen by ,=
adjustment of a calibrated control. c

The RHI is always used in conjunc- ~
tion with a PPI or other display of the ~
horizontal plane; usually this auxlhary G~~~”d~
indicator obtains its data from another Slant range in miles

radar set. The signals from a given tar- F,G. 6.10.—E-scoPe. Lines of

get are correlated in the two displays on
equalheightareshown dotted.

the basis of range and azimuth position. In some cases the height-finding
antenna search] ights in azimuth and is manually aimed in the proper
direction. If it scans in azimuth, the center of the sector which is shown
on the RHI is indicated by a mechanical cursor on the PPI of the search
set.

The E-scope.—The E-scope is a rectangular display in which range

+20

.s ()
c
0

“%-10~
El

-20 Ground
echoes

-60 -30 0 +30 +60
Arimuth in degrees

FIG. 6.11.—C-scope.

is the x-coordinate and elevation
angle the y-coordinate. Lines of
constant height are hyperbolas
(Fig. 6.10). As in the case of the
B-scope, a delayed range sweep is
often used to allow range expan-
sion. The elevation analogue of
the micro-B (Sec. 6.5) has found no
application, since the distortion of
the E-scope is not particularly
harmful and, by allowing it to occur,
the dispersion in the elevation coor-

dinate can be normalized to make the most e%ective use of the tube face.
In some older sets, the E-scope is used for height indication, but its dis-
tortion and its poor height dispersion at large ranges make it inferior to
the RHI for this purpose.

The C-scope.—The type C display presents the azimuth and elevation
angle coordinates of the scanner as rectangular coordinates on the tube
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face (Fig. 6.1 1). It can be used in conjunction with a PPI or a type B
display as an aid to homing (Sec. 6.13). This display has the great dis-
advantage that its signal-to-noise discrimination is very poor if signals
are displayed for an appreciable fraction of the pulse cycle (see Chap. 2).
For this reason, the C-scope is usually blanked except for a short range
interval including the signal of interest. Initial recognition of the target
signal is accomplished on the other display, and the proper range setting
for the C-scope display interval is determined either by inspection or by
displaying on the search tube an electronic marker derived from the
C-scope brightening signal.

The V-beam height indicator is an example of the type of display con-
sidered in this section, but its description is deferred to Sec. 6.12.

6“7. Three-dimensional Display s.—In spite of the fact that the face
of the cathode-ray is two-dimensional, two conventionalized three-

@

B
--

4%.
E3
c --.- C
22

A-
~1

-30° 0 +30” —
position of

antenna beam
(a) Double-dot indicator. (b) Pattern of spiral scan (.) Radial time base (RTBJ

used with displays indicator.
shownat (a) and (c).

FIc. 6.12.—Three-dimensionaldisplays. A, B, and C are targets,

dimensional displays [as distinguished from error indicators (Sec. 68)]
have been successfully used in situations involving relatively few targets.

The “Double-dot” Display.—~ modified type B presentation on which
elevation angle is roughly indicaied is known as the “double-dot” display.
On alternate range sweeps the origin of the pattern is moved to the right
and left respectively by a fixed amount (Fig. 6. lti). On the sweeps
corresponding to the right-hand position the origin is simultaneously
shifted vertically by an amount proportional to the sine of the elevation
angle. Any single echo therefore appears in two neighboring positions,
and the slope of the line joining the two “ dots” is a rough measure of
elevation angle which is accurate to two or three degrees under the usual
circumstances of use. This display has been used in air-to-air homing
(AX/APS-6).

The “Radial Time Base” Indicator.-The radial-time-base indicator
is a three-dimensional display which, like the double-dot display, is beat
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suited for use with a spiral scan. Arangesweep moves frornthe center
of the tube in a direction corresponding to the projection of the antenna
beam onaplane perpendicular totheaxis ofscanning (Fig. 6l2c). The
echoes therefore appear at radial distances corresponding to their range.
If the target is on the symmetry axis of the scan, it is equally illuminated
at all “spin” angles and the echo appears as a full circle. If it is far off
axis it is illuminated only through a narrow spin angle (target B) and
the arc on the display is short. Target C indicates an intermediate
case. The display is surprisingly easy to interpret after a short period of
observation.

6.8. Error Indicators.—A cathode-ray tube may be used as a radar
indicator in a quite different. way from those so far described; that is, as a
meter on which to display various forms of intelligence. One common
use of an error indicator is to indicate accuracy of pointing in connection
with a conical scan. The signal intensity is combined electrically with
the scanning information to provide voltages proportional to (or at least
increasing with) the pointing error in
both azimuth and elevation. These
voltages are used to deflect the spot.
A departure of the spot from the tube

o

+
Elevation

1

error

center indicates the direction and, to /“i
a qualitative degree at least, tbe mag-

d=J

nitude of the pointing error. The
radar signal is sometimes used to in-
tensify the spot in order to distinguish ~irnuth
between perfect pointing and no tar- error

FIG. 6.13.—Spot. error indicator with
get. Range can be indicated by caus- wingsto indicatetmgetrange.
ing the spot to grow “wings” whose
length is some rough inverse measure of the range. In this form (Fig.
6.13) the indication gives to a surprising degree the illusion of an actual
aircraft which apparently grows larger as it approaches.

EXAMPLES OF THE MAJOR OPERATIONAL REQUIREMENTS

6.9. Early Aircraft-warning Radar. l—The British Home Chain.—The
first radar to have actual combat use was the British CH (Chain, Home)
equipment. Work was begun in 1936 toward setting up five stations,
about 25 miles apart, to protect London and the Thames estuary, and by
the time war broke out in 1939 this Chain had been extended to cover the
greater part of the south and east coasts of England and Scotland.
During the next few years the Chain was extended and its equipment and
performance were improved. In spite of the introduction of more modern
and efficient equipment, the Chain provided the basis of the British

1By B. V. Bowdenand L. N. Ridenour.
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reporting system for the greater part of the war. At the very end of the
war the system was used to plot V-2 rockets. The great success of the
equipment, which saved the country from defeat during the Battle of
Britain, had an important effect on the course of radar development. It
called at ten tion to the revolutionary usefulness of radar in modern air
warfare, but at the same time it tended to freeze operational thinking
ccmcerning radar along lines of the static defense which was all that the
CH stations could provide.

The main Chain operated at frequencies between 22 and 28 Me/see.
In spite of the disadvantages inevitable in any system operating on so
low a frequency, the choice was made deliberately after consideration of
the tubes and techniques available at the time.

‘(Throughout the whole of the development period the small team who were
responsible ruthlessly sacrificed all refinements, elegancies and versatilities in
the desperate need for something to be going on with. They never turned aside
from their cult of the third best—(’ The best never comes, the second best comes
too late.” 1

At the frequency used, strong reflections from the ionosphere occur,
and an extremely low repetition rate of 25 pps was used in order to ensure
that ionospheric echoes were not confused with echoes from aircraft
targets. The repetition rate could be reduced to 12.5 pps when iono-
spheric disturbances were unusually troublesome.

The pulse width could be varied from 6 to about 25 ~sec and the
receiver bandwidth could be changed from 50 to 500 kc/see. In normal
operation the pulse length was about 12 ~sec and the bandwidth 150
kc/see, The final design made use of continuously evacuated transmit-
ting tubes with uncoated tungsten filaments, whose c-w power output was
about 80 kw. Peak pulse power using these tubes was about 150 kw;
later, it was increased to about one megawatt. Both transmitters and
receivers were massive and elaborate. They were housed in separate
bombproof buildings, usually about half a mile apart.

Separate antennas were used for transmitting and receiving. The
main transmitting antenna was an array, usually of six dipoles with
suitable tuned reflectors, hung between two gantries on a 350-ft steel
tower. These towers were usually installed in sets of three in order to
provide spare antennas and standby frequencies. RadiaLion from the
transmitting antenna floodlit a quarter-sphere in front of the station, the
qreater part of the energy being confined within 20° of the horizontal
and within approximate y t 50° of the main “line of shoot. ” Enough

1Sir R. A. Watson-Watt, “ Radar in War and in Peace,” Nature, 166, 319-324,
(1945).
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energy was radiated backwards to make it uncertain, without special
arrangements, whether a target was in front of or behind a station.

The main receiving antenna consisted of a pair (ora stack of pairs)
of crossed dipoles, mounted on 240-ft wooden towers. Balanced pairs
of concentric feeders connected the dipoles to the field coils of a goniom-
eter whose rotor ~vas connected to the receiver. The final display was
on a 12-in. A-scope. The range of a target was determined from a scale
on the oscilloscope, and its azimuth by rotating the goniometer until the
echo disappeared. Ambiguities of 180° were resolved by the use of

— Main arrays

---- Gap- fdlmg
arrays

6 Transmitter dples wdh
reflectors, mean height 295 fi

2 Remwngd!~les, at 215M

4 TransmltMgdipoleswith
reflectorsat 95 fl

1 Recelvmgdipoleat 45 ft

n

Angle of elevation in degrees
l:l~. 6.14—Typical elevation pattern of CH radar, east coast of England, 1939. \Vave.

length = 10.1meters.

reflectors mounted near the receiving antennas. These reflectors could

be switched in or out of circuit by remote control from the ground. From

their effect on the echo, the operator could deduce whether the target

was in front of or behind the station.

The performance of CH stations was controlled by the reflections

from the ground of both the transmitted and the received signals. The

antenna patterns of the transmitting and receiving arrays were not

identical and there were large gaps in the vertical coverage of the stations.

In order to minimize the importance of the gaps, separate auxiliary

‘‘ gap-filling” transmitting and receiving arrays were installed to allow

aircraft to be followed through the gaps produced by the main arrays

(see Figs. 6.14 and 6.15). It was desirable that the ground surrounding a

station should be flat for several miles in every direction; few stations had

really ;deal sites. Ilven when all possible precautions had been taken,
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station performance was never predictable from theory. It was always

necessary to “calibrate” a station by an elaborate series of test flights.
The maximum reliable range of a CH station was usually about 120

to 150 miles on single aircraft, but the range depended very much on the
skill of the operator and of the maintenance crew as well as on meteoro-

40,000 //
3 30,000 ///.s /
z 20,000- /,*
= 10,000- .“ ~.// -/

O 10 ‘;O- ’30 40 50 60 70 80 90 100 110 120
Rangein miles

FIG. 6.15.—Polar diagram of typical CH station for reliable pickup of single fighter
aircraft along the line of sight. Solid line representsmain arrays; broken line represents
gap-fillingarrays.

logical conditions. As early as 1941 a Photographic Reconnaissance
Spitfire, flying at about 40,000 ft, was plotted by the CH station at
Canewdon, just north of the Thames estuary, as it flew almost all the way
to Genoa at a maximum range of over 450 miles.

Height-finding was performed

>
m
~
.:
9.=
$c

o~4

Elevationangle in degrees

FIG, 6.16.—Relative signalstrengths
from CH height-finding antennas.
Wavelength = 13.22 meters. (a) Two
dipoles, mean height 220 ft. (b) One
dipole at 90 ft. (c) Ratio of (a) to (b)

on an arbitrary scale.

by making use of the lobe pattern of
the receiving antennas. Figure 6.16
shows the vertical pattern produced
by two receiving antennas, respec-
tively at 220 and 90 ft above ground.
If one compares the signals received
in these two antennas as a function of
angle of elevation, one obtains a curve
shown dotted in Fig. 6.16. It follows
that, by measuring the signal ratio,
it is sometimes possible to deduce
the angle of elevation of the target.
The comparison was performed by
means of the goniometer already
described.

Under normal circumstances, the
field coils of the tzoniometer were

connected to two dipoles about 22o ft above the ground. By means of a
switch, one goniometer coil was connected to a dipole at 22o ft, the other
to a dipole at about 90 ft. By turning the goniometer to give minimum
signal, the angle of elevation of the target could be determined and hence
its height could be deduced (see Fig. 6.17).
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Measurements of angles of elevation above about 7° were ambiguous
on this so-called “A” system, and measurements of angles below about 1°
were inaccurate owing to the “flatness” of the height curve for these
small angles. The maximum usable angle of elevation was extended by
using two receiving antennas 90 ft and 45 ft high respectively (the “B”
system). Figure 6.17 shows the goniometer readings for the A and B

systems as a function of angle of elevation. The curves are plotted for a
flat site and-for antennas perfectly matched to their feeders. In practice,
the height curves for all stations were verified by an elaborate series of
test flights. Owing to irregularities of sites the height curves varied
considerably with azimuth, with the result that it was sometimes neces-
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F1~.6.17.—Height curves for CH station. Wavelength = 13,22meters.

sary to use half a dozen different height calibrations. Some stations

could measure height only in one or two favorable azimuths.

The operations involved in applying azimuth errors and interpreting

height measurements were performed automatically by a system of

standard telephone selector switches and kelays. The operator measured

r“ange by a pointer on the tube, azimuth by turning thp goniometer to

give zero response from the echo. Shel then pressed a button and the

grid reference (Chap. 7) of the target appeared on a board. The operator

then switched to height-finding, turned the goniometer again and pressed

a button, whereupon the height was displayed in front of the teller. If

the height measurement was ambiguous or unreliable, that fact was shown

by the machine, and the operator could try again on the “B” height

system. Operational use of radar information is discussed in Chap. 7,

The shortcomings of the CH system are fairly clear. Its long

wavelength necessitated the use of large and expensive towers. There

1After 1940almost all operators were women.
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were large gaps in its vertical coverage (Figs. 6.14 and 615). The range
on low-flying aircraft was poor. The system was supplemented in 1940
by 200-Mc/sec equipment, the so-called “ CHL” (Chain, Home, Low)
system. It was often very difficult to find sites that were flat enough
for stations. Since the station at Dover was on a 400-ft cliff and Ventnor
was on a cliff 1000 ft above the sea, it was im~ossible for these stations to
measure height at all. The processes involved in deducing the plan posi-
tion and. the height of an aircraft were complicated and not very reliable.
The maximum traffic-handling capacity was low (a good operator could
pass about 6 plots per minute), and the system could not keep track of
large numbers of independently routed aircraft. Nevertheless, forma-
tions of aircraft were plotted reliably, and the number of aircraft in h
formation could be estimated by an experienced operator. With all its
imperfections, this s’ystem was the basis of the British radar defense for
the greater part of the war.

!!’he CXAM.—While the British Home Chain was being designed and
installed, the Army and Navy development agencies in the United States
were independently developing pulse radar equipment. The earliest
service equipment to be commercially manufactured was the CXAM
radar, designed at the Naval Research Laboratory. A laboratory-built
prototype of this set tvas tested at sea during battle maneuvers in early
1939, aboard the U.S.S. New York, and its performance was so promising
that a contract was let in October 1939 for the manufacture of six sets of
similar equipment.

The CXAM was operationally quite different from the CH. Instead
of using separate, fixed, broad-beam transmitting and receiving arrays,
it employed a common antenna for transmitting and receiving. To pro-
duce as narrow as beam as possible, it operated at the then ultrahigh
frequency of 195 Me/see, and employed a “mattress” array of dipoles
with reflectors, giving a gain of 40 and a beam 14° wide in azimuth by
about 70° in elevation. The antenna could be rotated in azimuth at a
speed of 5 rpm, or manually trained to follow a particular target. The
peak pulse power was 15 kw, the pulsewidth 3 psec, and the repetition
rate 1640 pps. Range against bombers was about 70 miles, against
fighters about 50 miles.

The display was an A-scope in which the trace was lengthened by
causing the sweep to take place from left to right across the tube, then
drop down and return from right to lem Range was estimated with the
help of marks on the face of the tube; bearing was determined as
the direction of antenna-pointing which yielded maximum signal. The
height of targets could be estimated with the help of nulls in the vertical
antenna pattern (Sec. 611).

Despite its early design and its lack of adequate coverage against low-
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flying aircraft, this simple, mgged equipment proved highly satisfactory
in service use. Itwmtb.edh-ectf orerunnero ftlwlaters hipbornelong-
range air-search radar equipments (SA, SC and its various redesigns, SK
and its redesigns) used on large ships until the end of the war.

SCR-270 and SCR-271.—The early efforts of the U.S. Army Signal
Corps to design service radar equipment were in the direction of produc-

Fro, 6.18.—SCR.27OD.

ing an equipment for antiaircraft fire control and searchlight control
(SCR-268; see Sec. 6.14). In May 1937 the Air Corps requested’ the
development of a “long-range detector and tracker. ” One laboratory
version of the resulting equipment was demonstrated in November 1939
and showed a range of more than 100 miles on bombers. In August 1940
a contract for quantity production of this equipment was let.
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The set was built both for mobile use (SCR-270) and for fixed-station
installation (SCR-271). During the general advance in radar technique,
the set went through many detailed changes and improvements and was
still in active use at the close of the Japanese war.

The SCR-2701 and the CXAM are quite similar in their operating fea-
tures. The SCR-270 operates at a frequency of 106 Me/see, has a peak
power of 100 kw, a pulsewidth from 10 to 25 psec, and a reliable range
against single bombing aircraft of more than 100 miles. The repetition
rate is 621 pps. The same antenna is used for both transmission and
reception. This antenna (Fig. 6.18) consists of a dipole array originally
four dipoles +de and nine high, with a reflector; the antenna gain is 140
and the beamwidths 28° in azimuth and 10° in elevation. Provision is
made either for continuous rotation of the antenna at 1 rpm or for manual
training to maximize target signals.

The SCR-270 has an A-scope display, with a control for so varying
the start of the sweep that a selected target signal can be brought under a
marker on the face of the tube; a scale on the phasing control then indl-
cates target range directly. Target bearing is determined by reading off
the antenna azimuth when the echo signal from the target in question
appears to be strongest. The azimuth accuracy depends on proper
siting, as in the case of all radar making use of ground reflections, and
attainable accuracy in practice is about + 4°. Height-finding can be
performed by the method of nulls (Sec. 6.11).

Later models of this set include, among other improvements, an antenna
giving a beam narrower in azimuth, and a PPI indicator. The simplicity,
reliability, and ruggedness of the SCR-270 made it a very useful and very
widely used equipment despite its great bulk and weight, its poor low-
angle coverage, its vulnerability to ground clutter in anything less than a
very carefully chosen site, its lack of range resolution and azimuth dis-
crimination, and its low traffic-handling capacity.

6.10. PPI Radar for Search, Control, and Pilotage.’-In the last
section, an important historical development has been traced. The
first radar sets used fixed antennas and floodlighting technique, and
required that a manipulation be performed to find the azimuth of each
target. Next were designed relatively narrow-beam, continuously scan-
ning radars, in which each target in the field of view is displayed period-
ically, so that its azimuth and range can be read off at regular intervals.
A further step was made with the development of the plan-position indi-
cator, or PPI, which, although the radar beam was still narrow and still

1Sincethe radardesignof the SCR-270 does not differfrom that of the SCR-271,
the designationSCR-270 will be used,as a matterof convenience,to standfor either
equipment.

~FfyL. N. Ridenour.
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showed instantaneously only those targets located in a narrow azimuth
sector, made use of the persistent property of CRT screen phosphors to
preserve from one scan to another the target signals returned on the
most recent scan. The PPI thus presents a continuous map-like display
of all targets in the field of view of its radar, and permits attention to be
concentrated on particular targets without the penalty of losing sight of
the general situation.

It is interesting to notice that, before the advent of the PPI, users of
such equipment as the CXAIU and the SCR-270 frequently constructed
a plan display with pencil and paper, plotting in polar coordinates the
targets whose range and azimuth were called off by the radar operator.
Further, skilled operators of such sets developed an ability to form, by
watching the. A-scope, a sort of mental PPI picture of the radar targets,
remembering from scan to scan their ranges and bearing angles. When
the PPI became available, the operator was released from this necessity,
and could apply his skills to a more sophisticated mental appreciation
of the target situation; for example, a good PPI operator will often keep
in his mind the directions in which important targets are moving.

With the exception of special-purpose sets all radar equipment designed
in 1941 or later contained one or more PPI scopes. In many types of
equipment the use of the PPI is fundamental to the purpose of the radar.
PPI rticlar sets can be divided into three classes: land-based, shipborne,
or airborne.

Ground-based PPI sets are usually employed for the detection and
plotting of aircraft, either to give early warning of enemy air activity, or
to control friendly aircraft by radio instructions, or both. Mounted on
shore, such sets can also be used for plotting ship traffic to permit warning
and control, but this use is simply a two-dimensional case of the same
problem as that involved in plotting aircraft.

In wartime, radar sets ori shipboard must provide air-search and con-
trol facilities, and in addition must give a display of surface targets, to
permit station-keeping in formation and pilotage in narrow waters under
conditions of poor visibility. In peacetime, usually only the surface-
search function is of importance. Because of the different beam-shape
requirements, separate radar systems are ordinarily used for air search
and for surface search,

Airborne radar equipments employing a PPI are used for pilotage in
the vicinity of shorelines or over land. This pilotage may be of a general
navigational character, as it always is in peacetime and usually is in war;
or it may be as precise as the limitations of the radar will permit, for the
purpose of blind bombing of a radar target.

The narrow beam provided by a microwave radar is important in all
these cases. In ground radar, a narrow beam permits the detailed resohl-
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tion of a complicated air situation, and also is beneficial in reducing the
effects of ground clutter. Ship radar for displaying surface targets will
show greater range, other things being equal, the shorter the wavelength
used. This is a result of interference between the direct beam and the
beam reflected from the water surface (Sec. 2.12). The greater azimuth
resolution provided by a sharper beam is also useful in resolving com-
plicated target. situations. The only drawback of microwave radar for
ship search is the resultant narrowing of the beam in elevation; in order to
keep the rolling of the ship from tilting the beam away from the surface
of the sea, either the antenna mount must be mechanically stabilized
(Chap. 9), or the vertical dimensions of the antenna must be reduced to
fan the beam sufficiently in elevation to take account of roll. In air-
borne PPI radar, the attainment of sufficiently good display detail to
permit navigation over land, away from distinctive shorelines, demands
the use of microwave frequencies. In fact, a considerable premium is
placed on attainment of the narrowest azimuth beamwidth possible.
Antenna stabilization is also desirable in aircraft, to correct for the effects
of changes in attitude; but it is so costly in weight and complication that
it has been seldom used.

Typical examples of PPI radar systems intended for ground and for
airborne use are analyzed in detail in Chap. 15.

6.11. Height-finding Involving Ground Reflection.-The height of
an aircraft target is usually determined by finding separately its range
and its angle of elevation, and then solving the equation H = R sin e.
In the wartime use of radar, height was such an important datum
that considerable ingenuity was expended on the problem of its
measurement.

The resulting methods can be roughly separated into two classes
depending on whether the reflection of energy from the level surface
surrounding the radar antenna is important to the scheme of height-find-
ing used. In this section are considered methods which do involve
ground (or sea) reflection; in the next, free-space beam methods which
do not.

If the antenna of a radar of medium wavelength, for example, about
one meter, is less than about fifty wavelengths above the ground, the
reflected energy from the part of the beam that strikes the ground will
produce maxima and minima in the elevation pattern. These are shown
for a representative case in Fig. 6.19.

Null Readings. -In a pattern such as that shown in Fig. 6.19, the
range at which an aircraft first appears on the screen depends upon the
height of the aircraft. If the antenna pattern is known, height may be
estimated from range of first appearance. If the course of the aircraft

I By E. C. Pollard and L. N. Ridenour.
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is approximately directly toward the station, the range at which the first
fade is seen is also determined by the target height. If several fade
points are determined, the height can be inferred with better accuracy.
This method has been used extensively with the 200-M c/sec aircraft-
search radar used on naval vessels. It is especially useful ~vith this type
of radar because the elevation pattern can be well known (the ocean is a
good reflector, and the antenna height is determined by the class of ship
and not by the shape of the terrain), and because a radial approach to a
task force is generally chosen by either enemy or friend.

Height-finding by nulls, however, has inherent drawbacks which
seriously reduce its accuracy in operational use. The elevation pattern
of a ground-based set must be carefully calibrated experimentally,
because the reflection coefficient of the surrounding ground will determine
the pattern, and because uneven ground gives different elevation patterns
at different azimuths. Further, changes in the aspect presented to the
radar by the aircraft may cause
great changes in the echo strength. -
Finallyj variations in the atmos- ~ ~ -\
pheric refractive index can cause ~~ 29/

large variations in the amount of ~ ~
radiation falling on the gro~d or ~ ~ 10

water surface surrounding the * = :
radar and thus appreciably change 10
the pattern.’ Despite these diffi- ~IO. 6.19.—Typicalelevationlobe pattern.
culties, if there is plent y of friendly
air traffic and if radio contact can be used to enable a continual check on
height accuracy, adept radar plotters can give heights accurate to within
one thousand feet more than half the time by the observation of signal
fades. The method is slow; a reading cannot be made in less time than
that required for a plane to fly through several nulls of the pattern. This
drawback, and the elaborate calibration necessary at an overland site,
have led to the development of other height-finding means, even for long-
wave radar sets.

Signal Comparison.—A more rapid and convenient means of height-
finding which is also based on the existence of maxima and minima in the
elevation pattern of a long-wave radar employing ground reflection is
signal comparison. Two or more antenna systems with different eleva-
tion patterns are provided at a single radar station, and the intensity of
the echo received on one antenna is compared with that received on
another. The comparison may be made either by measuring the vector

1Sincerefractionof one-halfdegreeispossible,andsincevariationsof echo strength
dueto aspectcan be 12 db, altitudeerrorsof severalthousandfeet can occur even in
the favorablecase of sea reflection.
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resultant of simultaneously received signals (as is done in the CH by
means of a goniometer; see Sec. 6.9), or by presenting alternately received
signals side-by-side in a type K display and estimating visually their ratio
in height.

The British Type 7 equipment is the most widely used radar exploiting

Firstlobe,antenna1
this signal-comparison principle.

Firstlobe,antenna2 A copy of this equipment built in
. Canada for the United States is

\ called the SCR-588; American-built\
G / / \ \ redesigns of the same basic equip-

/ ,
\

g 1/ \ meut are the SCR-527 and the

~ \ SCR-627. The antenna of this set./’
.= \In , \ is placed very close to the ground
%’ I \ \
,= ,

\

\ in such a way that the beam is
.sg ,’ \

\ tilted up in elevation and lo\v-angle

/’ \ coverage deliberately sacrificed. A
\\ lobe pattern such as that shown

0123456
Elevationangle,n degrees

in Fig. 6.20 is thus produced.

FIG.6.20.—Elevationcoveragediagram. The lobes are few in number and
very w-ide. A second antenna,

placed at a different height, produces a second series of lobes which overlap
those of the first antenna. The echo strength for one lobe system is com-
pared with that for the lobe system from the other antenna. A type K
display system is used which shows the two responses side-by-side on a
12-in. scope. From the relative in-
tensities and the range of the aircraft,
height can be deduced.

For either lobe pattern, the electric
field strength at the target depends
on the phase difference between the
direct and reflected beams, and so
will vary nearly sinusoidally with the
altitude of the target. Figure 6.21
is drawn for antenna heights of 35
ft and 23 ft, on the assumption of
sinusoidal variation. It shows the
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~lG. 6.21.—Ratio of signalsin lower and
upper beams.

ratio between the signal strength in the lower beam and that in the upper
as a function of elevation angle.

The ratio vanes slowly for small elevation angles, then rapidly as the
lower lobe just touches the aircraft—in this case at an elevation angle of
about 4°. By estimating the signal-strength ratio correct to 10 per cent,
the angle of elevation can be told with an average accuracy of about one-
third degree, corresponding to a height error at 50 miles of + 1000 ft.
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The angular range through which this height-finding scheme is useful
is shown in Fig. 6.21 by dotted lines. At low angles the variation of ratio
with angle is far too slow. At angles near 4° the variation is fast, but
the illumination of the plane by the lower beam may be so weak that no
echo is obtained, and therefore no height can be inferred. If both the
antennas are nearer the ground, the effective angle is increased, but the
beams are both tipped up so much that coverage on aircraft at low and
medium altitude is sacrificed. Even in the case we have considered, an
aircraft 10,000 ft high and 50 miles away, or one 5000 ft high at a range
of 25 miles, would fall in the unmeasurable class.

To overcome these limitations, a variety of overlapping elevation
lobe patterns are made available by providing a variety of antennas with
phase and antiphase feeding. This additional complexity increases the
time required to find height, since if the operator cannot guess which
combination of antennas is suitable, a wrong choice makes it necessary
for him to wait for a full 360° rotation of the antenna mount before he
can try a better pair.

In addition to the elaboration necessary in equipment for height-
finding by this method, siting is also a problem. A suitable site should
be level within a few feet for a half-mile radius around the radar. Even
sea reflection can be troublesome, because tides cause a profound change
in the calibration of the station as a height finder. For these reasons, a
free-space-beam height finder, not depending on ground reflection, is
usually preferred.

6.12. Height-6nding with a Free-space Beam.’ Searchlighting. —The
simplest form of free-space-beam height finder is one which measures
elevation angle of the desired target directly, by pointing an antenna
producing a narrow beam directly at the target and measuring the eleva-
tion angle at the antenna mount. This technique is called “search-
lighting.” Even with centimeter wavelengths, beamwidths attainable
with antenna reflectors of practicable size (a few degrees) are large in
comparison with the accuracy desired in the measurement of elevation
angle (about a tenth of a degree) for height-finding purposes. Therefore,
target height is not usually determined by directing the beam at the
target simply by maximizing the echo.

Instead, arrangements are made for shifting the beam rapidly in ele-
vation angle by an amount which may be, typically, a third of a beam-
width, and comparing the echo signal received in one position with that
in the other. When the two signals are equal, the bisector of the angle
between the two positions of the beam is pointed directly at the target.
The signals from a given target may be compared for the two positions
of the beam by presenting them side-by-side on a type K indicator or

1By E. C. Pollard,L. N. Ridenour,and D. C. Soper.
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back-t~back on a type L indicator, or by using integrating methods of
signal comparison and error display.

A simple means for moving the beam in elevation angle is to rotate
the beam rapidly about an axis which makes a small angle with the center
line of the beam; this is called “conical scanning.” It will be seen that a
conical scan permits the simultaneous determination not only of the
elevation error in pointing the axis of the scan at the target, but also of
the azimuth error in such pointing. Full consideration of this method
for angular tracking of a single target is deferred to Sec. 6.14, but it will
be useful here to describe a few principal features of a radar that employs
conical scan solely for the purpose of height-finding.

This principle was used in the British CMH, a mobile 10-cm equip-
ment designed specifically for height-finding. It used a 6-ft dish, a
power of 500 kw, and was capable of measuring heights to within ~ 500 ft.

The aircraft to be measured was followed manually in range with the
aid of an electronic marker on the range trace. Two other operators fol-
lowed manually in azimuth and elevation. The range and elevation
settings were used to operate an automatic height indicator which could
be placed in a remote position adjacent, to a PPI fed by an auxiliary search
radar.

Only a few of these equipments were built owing to progress in the
development of a centimetric scanning system, and to the inherent inabil-
ity of the CM H to find height on more than one target at a time. The
SCR-615 was a similar U.S. equipment, except that it was designed as a
fixed installation and employed an 8-ft dish.

The SM equipment used by the U.S. Navy was perhaps the most
widely used of allied radar sets in this category. It was employed in
conjunction with suitable PPI radar for ship control of aircraft. Its
wavelength is 10.7 cm, and it employs an antenna reflector 8 ft in diam-
eter. The waveguide feed used is a little off the axis of the paraboloid,
so that the beam, whose width is 3°, is off axis by 1°. The feed is rotated
to produce the conical scan. Pulses from the upper half of the antenna
rotation are compared with those from the lower half by means of inte-
grating circuits, and the output difference is used to displace the spot of an
error indicator (Sec. 6.8). A PPI is provided for general reporting, and
two range scopes, one covering the full range of the set and one an
expanded A-scope, make it possible to determine target range and to
eliminate from the signal-comparison circuits all echoes except those from
the target whose altitude is being determined.

In operation, either a helical scan (Sec. 9.7) or a continuous rotation in
azimuth with manually controlled elevation can be used in searching for
targets. The helical scan can be set to cover any 12° in elevation angle
in the range from 3° below to 75° above the horizon. When it is desired
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to find height on a target, the antenna is stopped and manually kept
pointed in the target azimuth. The target is located on the full-range
A-scope, and the range interval covered by the expanded A-scope adjusted
to include the target. A portion of the sweep of the expanded A-scope
is deflected downward to form a “ditch” (Fig. 6.2c). Only signals
received during the range interval represented by this “ditch” are fed
to the integrating circuits which control the spot error indicator. The
setting of the expanded A-scope is adjusted until the desired signal is in
the “ditch,” and the antenna pointing is adjusted to center the error
indicator. When this has been done, the elevation angle of the line of
sight to the target can be read off repeater dials which indicate the eleva-
tion angle of the mount. The altitude of the target, which is computed
electrically as the product of range and sine of elevation angle, is shown
directly on a meter calibrated in feet.

When SM equipment is used on shipboard, angles between the
antenna and the structure of the ship must be properly corrected with
respect to a stable vertical, maintained by a gyro, in order to yield the
true angles which would have been measured with respect to a level
structure. Considerable attention has been paid to the stabilization of
radar antennas on ships and aircraft, and to the data correction that can
sometimes be used as a substitute (see Chap. 9).

Elevation Scanning.—The height-finding methods so far described
are all limited in accuracy, in speed of height-reading, or in the number of
targets which can be dealt with at once by a single height-finding radar.
The advantages of a system in which a narrow beam scans in elevation
and the signals are displayed directly on an intensity-modulated tube
whose coordinates are derived from range and elevation angle are appar-
ent. These very important advantages were clear before the microwave
radar art had advanced to the point where it was possible to obtain nar-
row beams and adequate range performance with reasonably small
antenna structures.

As a result, the British developed a system operated at 200 Me/see
which provided elevation scanning with a fixed antenna. It was called
Variable Elevation Beam (VEB). Two versions were developed, one
using a 240-ft mast and the other a 120-ft mast, the latter being intended
for rapid installation. Such tall structures were necessary in order to
obtain a narrow beamwidt h in elevation at this low frequency.

The antenna system on a 240-ft mast consists of nine groups, each
of eight horizontal dipoles, spaced vertically one above another. This
version scans over a range of elevation angle from ~ to 7#. The beam-
tilting is achieved by altering the relative phasing of the groups of
dipoles; each group is fed from a mechanical phase shifter mounted in
the center of the mast. The banks of dipoles can be tilted mechanically
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to move the scanning range to the elevation interval from 7# to 15°.
Elevation can be read to an accuracy of + 0.15° and readings can be
obtained to a maximum range of about 70 miles.

The 120-ft svstem consists of nine groups of fom dipoles each, stacked
vertically. Its scan covers the range of elevation angles from lY to 15°.
Elevation angle readings can be obtained to an accuracy of + 0.3° out to
about 55 miles range.

The horizontal antenna pattern of both sets is a fixed widt beam
covering approximately 60° on either side of a predetermined ‘‘ !inc of
shoot ‘ ‘

The indicator is an E-scope in which a horizontal intensity-modl~i~ te(i
range s~veep moves vertically up the tube in synchronism with tlw ~n~nw-

FIG. 622,-British A.Y1.E.S. Type 13height findeI

ment of the radar beam. Signals appear as vertical lines 3,+a cwtain
range along the trace centered shout the elevation angle ti the targe~.
Calculation of height from range and elevation angle L pcriormwi
automatically by the selector s\vitch and relay equipment lw’J in t’ Ii
stations (Sec. 6.9). The range and elevation of the targe~ m-e set into
the computer by the operator, who adjusts range and angl~ lliarkrts tc
cross at the center of the target signal on the scope. ‘:-he r,v,>.puter
indicates target height in numerals on a lamp display.

Development of the microwave art permitted the design of ckv,’at,ion-
scanning height finders which, unlike the J7EB, could be made mdule.
The first such set to be used operationally was the British Type L3. The
reason for the late appearance of this very successful height finder is the
technical difficulty of illuminating an antenna reflector of large aperture
rat io. This is accomplished in the Type 13 by illuminating a double
“cheese” (Fig. 6.22) by means of a horn feed (Chap. 9). Although side
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lobes are not objectionable in this antenna, it displays considerable fre-
quency sensitivity. A standing-wave voltage ratio of 1.33 (Chap. 11) is
encountered for a frequency change of 2 per cent. The beamwidths are
1° in the vertical dimension and 6° in the horizontal dimension. The
pulse width is 2 psec, the output power 500 kw.

In operation, the antenna is moved up and down in the expected
azimuth of search at a rate of one oscillation in ten seconds. An RHI
display is used (Fig. 6.23). Because of the slow rate of Scan, it is impera-
tive to use a second radar to determine the approximate direction of the
target. The Type 7 equipment was widely used for this function. The
azimuth position of the Type 13 radar is shown on the PPI of the Type 7
by means of a beam of light pr~ 20° 15” 10” 8“
jected from behind the phospho- 6“
rescent screen of the PPI. This 5“
light is yellowish and does not affect 4“
the persistence of the radar signals 3“
on the PPI. In addition there is a 2“
color contrast bet ween it and the 1“
echoes. By rotating the antenna

0“
of the Type 13 until this’ ‘azicator”
line cuts the center of the signal on
the PPI, the Type 13 can be cor-

Ground
echoes

rectly enough pointed to clisplay the IkG. 6.23.- -l~ange-height indicator of

desired target. The beamwidth cf Type 13.

6° is chosen to be wide enough to permit Type 13 uperation with a PPI

radar having very poor resolution.

A similar American set (A Y/TPS-10) is lighter and simpler since it

operates at 3 cm. This enables the antenna size to be reduced to 10 by

3 ft with the very high gain of 18,000. The range is over 50 miles on a

four-motored aircraft, although the radar set uses only 60-kw output

power at l-~sec pulse width and 1000 pps. The antenna can be oscillated

once per second. The beamwidths are 0.7° in elevation and 2° in azi-

muth. This last is much smaller than was at first thought feasible; it

was argued that so small an azimuth beamwidth would render search for

the target laborious. It has proved, however, to be no operational

limitation.

Height-finding by such a set is reasonably accurate. The results of a

calibration flight with an experimental model of the AN/T PS-10 are

shown in Fig. 6.24. Relative height is accurate to about ~ 300 ft under

favorable conditions. Absolute height is more difficult to find accurately

by radar, because of the bending of the beam by atmospheric refraction,

which varies from time to time. Fortunately, relative height is usually

sufficient for aircraft control. Further, it is generally possible to keep
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track of refraction conditions by talking to pilots of aircraft seen on the
radar, and checking radar height readings with their altimeters.

Combined Plan and Height Systems.—Despite the speed, convenience,
and accuracy of the elevation-scanning height finders just described, these
sets are merely auxiliary to a search radar. Equipments that provide
plan and height information continuously on all targets in the field of
view, using a single antenna system, are obviously preferable. The
limitations discussed in Chap. 4 on the range out to which a substantial
area can be rapidly scanned preclude the design of a single radar system
which will gi~,e both plan and height information with the necessary
accuracy, as often as is desirable, and out to a range limited only by the

GroundrangeInmiles
FIG, 6,24.—Calibration of beigbt readings

of .4N/TPS-10.

optical horizon.
Two or more radar systems can

be combined to allow continuous
and rapid indication of both plan
position and height of all targets in
the field of view. One example of
such a radar is a ship~based set
which combines a conventional PPI
radar with an elevation-scan height
finder of advanced design.
Another, working on quite a differ-
ent principle, is the V-beam radar,
which reduces the measurement of
height to two measurements of tar-
get-azimuth.

The ship radar uses a search set and a height finder whose antennas
occupy the same pedestal. The search set has a beamwidth in azimuth
of 1.5° and elevation coverage up to 15°. The height finder antenna is
15 ft high by 5 ft wide, fed at 8.9-cm wavelength by a special feed (Sec.
9.16) which can cause the beam to scan at ten oscillations per second.
The beamwidth in elevation is 1” and in azimuth 4°. The height finder
antenna feed is so arranged that the pulses are distributed uniformly
throughout the angle of scan, and not concentrated at the upper and
lower angles as they are by the mechanical oscillation used in the sets just
described. As a result, the antenna can be rotated at 4 rpm and height-
finding to a range of 50 statute miles is quite possible. A 12° range of
elevation angle can be covered.

The antenna is shown in Fig. 9.31. The display console is shown in
Fig. 6.25. A three-fold indication scheme is used. One indicator gives
the general PPI picture and a second gives an expansion in range and
azimuth angle which enables detailed control to be accomplished. The
third indicator is a range-height indicator. The RHI is brightened for a
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selected range of azimuth angle which corresponds to that shown on the
expanded range-azimuth indicator, so that the aircraft under detailed
observation can be recognized on the RHI. Four or more display con-
soles, each with a full complement of indicators, can be operated inde-
pendently and at the same time from a single radar.

The fundamental principle of the V-beam radar is to reduce the obser-
vation of elevation angle to a double observation of azimuth angle. The

...—. — - - —— -.. --,

f-u-. .-., . ... . .. . “.—.. - - -— . .. —-— - .. —-. — —

FIG. 6,25.—Consoleof ship-basedheight findingradar.

second observation of azimuth is made by a beam slanted at 45° to the
ordinary search beam of a ground PPI radar. The two beams form a
V-shaped trough.

Figure 6.26 (see also Fig. 4.1) shows the two beams and the direction
of rotation of the antenna mount. The 45” V reproduces the value of
the height as the horizontal distance between the vertical and slant beams
at the appropriate range and height. This is expressible in terms of D,

the ground range to the target. If A@ is the angle turned by the mount,
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h = D sin A+. But D’ = R’ – h’, so that

h = (1 ? Tn2A;4)%”

RADAR DATA [SEC. 6.12

This simple relation permits height to be found if the target range
and the difference angle can be determined. There is a danger that at

/
Radar AD

FIG.6.26.—Schematicview of V-beam principle. For clarity, vertical and slantbeamsare
shown without the 10°separationin azimuth which is usedin practice.

low elevations the two signals from the vertical and slant beams might
be displayed so close together that no height can be found. Thk problem
is eliminated by introducing a fixed separation of 10° between the beams,
so that there is a 10° separation between the signals even from a target
at zero altitude. The indicator is designed around the general principle
of a B-scope in that range is presented against angle. The simplest form
of indicator has range along the horizontal axis and Ad on the vertical

Slantbzam
videosignals

Vytical.beam
wdeosignals

10 20 30 40 50 60
Rangem miles --

FIG. 627.-Simple V-beam indicator. Lines
of constant height are shown,

axis (Fig. 6.27). Suppose a target
appears at A on the vertical beam
at an azimuth selected by the
operator. Video output from the
vertical beam appears on the scope
for 10° of azimuth rotation cen-
tered on the selected azimuth. It
is then blanked out and slant video
substituted. If the target is at
zero elevation, the slant beam will
illuminate it 10° later, at A‘. If
the target has a definite height,
the slant beam will rotate further
before illuminating it and the
signal will actually appear at B, as

shown. A movable overlay superimposed on the scope face is set so that
its baseline bisects the first signal at A The 10° delay position is marked
by a second line, which serves as the zero-height line for a succession of
constant-height lines which appear as drawn. Height is estimated
directly from the face of the scope. The two signals from a single target
(e.g., A and B) always appear at the same range.
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This type of height finder is free from the range limitation which
arises from the scanning loss of a rapidly scanning system. The V-beam
can, in principle, find height to any range where a search set of the came
antenna size can detect aircraft. Heights on single aircraft out to 140
miles have been recorded.

The set is shown in Fig. 6.28. The two antenna reflectors are 25 by
10 ft. The vertical sheet of radiation is obtained by three separate
transmitters feeding a horn and a series of dipoles. The slant beam uses
only two transmitters, since early-warning range is ordinarily not needed
on the slant beam which is intended for height-finding.

The results of height calibrations show that heights can be called
rapidly to an accuracy of ~ 1000 ft and, with care, to + 500 ft. If an
average is taken, better results can be obtained.

6.13. Homing.’-The use of airborne radar to guide an aircraft to its
target was extremely important during the Ivar. Long-wave radar
installed in aircraft is scarcely capable of performing an,y function more
complicated than homing, since the enormous size of an antenna giving a
beam sharp enough to produce a map-type display precludes its use in
aircraft. Fortunately for the wartime development of airborne radar,
homing is a tactically important function both in the attack of shipping
by aircraft and in the interception of hostile aircraft by defending
fighters. Sets for both purposes operating near 200 Me/see were exten-
sively used during the war.

Homing on a Swjace Target.—The simpler of the two problems is that
of the detection and interception of shipping by patrol aircraft. Since
targets are known to be on the surface of the sea, homing information
need be supplied only in azimuth. The first operationally successful
aircraft-to-surface-vessel, ASV, radar was the British ASV lMark II. A
counterpart of this equipment was manufactured in the United States,
being called SCR-521 by the Army and ASE by the Navy.

The SCR-521 operates at a frequent y of 176 Me/see. Two sets of
antennas are provided giving different beam patterns (Fig. 6.29); one
pattern is used for search and the other for homing. Each pattern con-
sists of a left and a right lobe. In the search position these lobes extend
broadside to the airplane; in the homing position they extend nearly
straight ahead, so that they overlap to a considerable extent. The exact
design of these antennas underwent a complicated series of changes. In
some equipments separate antennas were used for transmission and for
reception, and in others both functions were carried out with a common
antenna. In all cases, however, the general coverage and arrangement
of the beams were those shown in Fig. 6.29.

The radar receiver is rapidly s\vitched from the left to the right mem-

1B.vL. N. Ridenour.
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ber of the pair of antennas in use, and the radar echoes are dkplayed on
an L-scope in which signals coIPing from the left antenna cause a displace-
ment of the trace to~-ard the left, and signals from the right antenna
displace the trace to the right (Fig. 6“4). The range sweep is linear,
upward from the bottom of the scope, and the range is estimated by an
engraved scale in fron~ of the tube.

On the search antennas, a given target shows either on the left antenna
or on the right, depending on its location with respect to the aircraft,
never on both. On the homing antennas, however, because of the over-
lapping coverage of the two beams, a target will show a signal at the same
range both to the left and to the right of the center line. A comparison
of the strength of the two returns shows the radar observer in which
direction course must be altered to home on the target. Care must be
taken in antenna installation to make sure that the axis of equal signal
coincides with the direction of flight of the aircraft. “Squint,” which

Left Right
antenna ntenna

Left antenna Sightantenna

(a)
(b)

FIQ. 629.-Beam patterns of ASV Mark II (SCR-521). (a) Search antenna pattern.
(b) Homing antennapattern.

results from improper installation or trimming of antennas, has the same
operational effect as crabbing of the aircraft in a cross-wind; in either
case, the operator notices that the relative signal strength of the left and
right echoes changes when the aircraft is steady on a compass course
initially chosen to give equal signals. A skillful operator can allow for
this effect and choose a course on which the signals, though not equal, do
not change relative to one another when the course is held. This, regard-
less of squint or crabbing, is a true intemeption course.

The first radar beacons (Chap. 8) were designed for use with this
equipment. The type L display is just as well suited to homing on a
beacon as it is to homing on a radar target, and the navigational aid
provided by beacons was very useful in bringing aircraft home after long
sea patrols.

A very similar equipment operationally, but of greatly reduced total
weight, has been widely used by the IJ.S. Navy. Referred to as the
ASB, it operates on 515 Me/see, at which frequency a dipole becomes
small enough to allow the Yagi arrays used as antennas to be mounted
on a rotating mechanism that permits them to be pointed broadside for
search, or turned forward for homing, at the will of the operator (Fig.



198 THE GATHERING AND PRESENTATION OF RADAR DATA [SEC. 613

6.30). A single Yagi on each side is used as a common transmitting and
receiving antenna. The indication and the method of use of this equip-
ment are the same as those of the ASV Mark II.

With the introduction of microwave airborne radar, sea-search equip-
ment giving a map-type indication became practicable. Pilotage within
50 to 100 miles of islands or coastlines is very greatly facilitated by such

“.

i.,

1
. . . .. . . .. .. . ,. -.,. . .. . .. .— >&. . .—...- ..”.,. , ,= add

FIG, 6.30.—ASB antenna.

radar equipment, and the ad~antage of coverage of the complete field of

view by such scanning radar (instead of coverage of the two sectors

viewed by the equipments just described) is important in sizing up a com-

plicated target situation. Only the bulk and weight of early microwave

airborne radar militated against its use for sea search; these difficulties

have now been overcome.

Since homing, as Well as search, is important, special provision is
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usually made to facilitate homing in a sea-search radar. This usually
takes the form of a provision for “sector” scan and a modified indicator.
Sector scan is, as its name implies, an arrangement for causing the antenna
to scan back and forth across a desired sector, sometimes one centered
dead ahead of the aircraft, and sometimes one that is adjustable at the
will of the operator. The indicator provisions for homing are of either
of two types: the set may have a type B display, which facilitates homing
because the condition for an interception course is that the target signal
approach down a vertical line of constant azimuth, or it may have an
open-center PPI. In the latter, the target follows along a radius as the
range is closed on an interception course; the open center reduces the
crowding of signals at short ranges and makes homing easier. A movable
engraved marker or electronic index showing constant azimuth is usually
provided with either type of dkplay to aid in homing.

The principal wartime .4merican microwave ASV sets were:

1. The SCR-717, a 10-cm equipment whose antenna is a 30-in. parab-
oloid arranged either for continuous rotation or for sector scan,
at the will of the operator, and whose indicator is, in different
models, either a type B or a PPI arranged to permit center-opening.

2. The -ASG, a very similar equipment made for the Navy by another
manufacturer, which offers only PPI display.

3. The AN/.4 PS-l5, a 3-cm radar with optional sector scan and with
PPI display, designed for overland bombing but used for sea search
w-hen its “ cosecant-squared” antenna (Sec. 2.5) providing high-
altitude coverage is replaced by one designed for about 5000 ft,
the optimum altitude for sea search,

4. A series of N’avy equipments operating at 3 cm and designed for
the primary purpose of homing.

These latter sets are the ASD, an improved redesign of the ASD called
the ASD-1 or the AN/APS-3, and the ASH or AN/APS-4, a set similar
to the other two, but representing a very complete redesign with the
principal object of reducing bulk and weight. The 18-in. paraboloid
antennas of the ASD and the AN/APS-3 are mounted in a nacelle faired
into the leading edge of the wing of a single-engined aircraft. (Fig.
6.31.) All of the AN/APS-4 except the indicator and the controls is
mounted in a “bomb” hung under the plane on the conventional bomb
shackles (Fig. 6.32). The paraboloid antenna reflector of the AN/APS-4
is 14 in. in diameter. In all these equipments, the 360° azimuth scan of
the Army equipments is replaced by a wide sector scan centered along the
line-of-flight of the aircraft, and covering about 160° in all. At the will
of the operator, this scan can be replaced by a narrow sector scan exe-
cuted more rapidly. Type B indication only is provided; provision is
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made for expansion of the sector dead ahead when homing is being carried
out. In these sets, the general mapping functions of microwave radar
have been sacrificed in favor of the utmost simplicity and ease in carrying
out the homing function.

FIG. 6.31.—Scannerhousingof AN/APS-6 in wing of F6F. The installationof AN/APS-3
iu single-enginecarrier-basedtor~edo bombersis identical in external appearance.

FIQ. 6.32.—Unitsof AN/APS4. Covers, radome, and fairing of main unit are removed.
In use,main unit is suspendedfrom bracket shown at bottom in this view.

Homing on Aircraft .—During the war, defensive night fighters
equipped with radar were developed as a reply to night bombing attacks.
The homing problem faced by the Aircraft Interception, .41, radar used
for this purpose is more difficult than that presented in the sea-search
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application, since the target speed is much higher (and much more nearly
that of the intercepting aircraft), and since homing must be carried out in
two dimensions instead of one.

An early AI equipment was designed by the British as an extension
to AI of the design principles of ASV Mark II. It was designated AI
lMark IV by the British; a similar system made for the U.S. Army
by an American manufacturer was called SCR-540. In this set, which
operated near 200 Me/see, a single transmitting antenna sent a broad
lobe in the forw-ard direction from the aircraft. Two pairs of receiving
antennas were provided; one pair produced overlapping lobes like the
“homing” lobes of the ASV Mark II, to give an indication (also identical
with that of the ASV Mark II) of the homing error in azimuth. The
other pair of lobes was used to measure homing error in elevation angle;
they overlapped exactly when viewed from above the airplane, but one
was displaced slightly above the center line of the airplane and the other
slightly below the center line. Elevation horning error was shown on a
second indicator exactly like that of the ASV Mark II, turned through
90° so that the range sweep occurred horizontally from left to right.
Signals from the upper lobe displaced the trace upward; those from the
lower lobe displaced it downward. The receiver was rapidly switched
to each of the four receiving antennas in turn, and the display correspond-
ing y switched to the proper deflection plate of the appropriate indicator
tube. Range could be read either on the azimuth tube or on the eleva-
tion tube. The arrangement of the receiving antenna patterns and of
the indications is shown in Fig. 633.

The principal operational limitation of this equipment was a result
of the fact that very broad beams were produced by the single-dipole-and-
reflector antennas used. These broad beams gave strong reflections
from the ground beneath the aircraft, restricting the maximum range at
which aircraft echoes could be seen to less than the altitude at which the
AI-equipped fighter was flying. In the case of ASV operating on 200
Me/see, similar returns from the sea were experienced, but the returns
from ship targets were so strong that signals were sought and tracked at
ranges beyond the sea return. Aircraft echoes were many times weaker,
so that aircraft could be seen only at ranges shorter than the ground
return.

It was clear that the best hope of escaping thk limitation was to make
use of a sharper beam in AI equipment, and since the maximum antenna
size was limited by the necessity of aircraft installation, considerable
effort was exerted to develop a microwave AI. The American equipment
which resulted is the SCR-720. In this equipment, a 29-in. paraboloid
reflect or rotates continuous y in azimuth and is S1OW1y tilted in elevation.
The helical scan thus produced covers an elevation interval of 25°. The
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9. l-cm wavelength used gives a beamwidth of 10°, which is sharp enough
to allow a target on the same level as that of the AI-equipped aircraft to
be followed out to several times the altitude common to the two aircraft
without undue difficulty from ground return.

Two types of indicator are provided. The radar operator has a
B-scope which shows targets on a range-azimuth display; this is provided
with a movable marker that enables the operator to feed to the other
indicator—a C-scope showing azimuth and elet-ation—only the video
signals in a range interval centered on the range at Ivhich the marker is

receiving
ntenna ing

ansmitted ted
beam

t receiving lng
ntenna

Beam patterns
(Top view)

Beam patterns
(Sdewew)

Ground return

&

Target echo: Target ech
left antenna right anten
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Alhtude Range to
target antenna

Azimuth indicator Elevatlon indicator

FIG. 633.-Bean, patterns and ind,cat,on of Br,tl.h .11lfark I\- (SCR-540).

set. The unfavorable signal-to-noise characteristics of the C-scope are
thus sonmvhat mitigated, and the C-scope, ~vhich is repeated for the
benefit of the pilot, displays only the dr>ired target. .~ range meter

operated by the position of the radar operator’< mo~-able marlier is also

pro~-ided to enable the pilot to gauge the progress of the interception.

The SCR-720 has been used with success lmth by the R.IF and the

.\.\F.

.\n airborne automatic tracking radar-essentially a light version of

the S~R-584 described in the next section—~vas designed for .11 use and

manufactured in small quantity Though it \\-as operationally very

satisfactory and \\-ashighly regarded by night fighter pilots Ivho fle\\-}rith

it, it \vas never used in the ~~-ar,principally }~erause of the lo~~ priority

put by the .\.\F on night air defense after 1!)42 This set was t~csignatecf

SCR-?02, .\\’ .\PG-l, and (made by another manll~acturer) .1S .lPG-2.

The difficult problem of providing .11 equipment for single-engine.

single-seat, carrier-based X“avy nightfighters was solvecl in a marginally
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satisfactory way by the AIA equipment and its redesigned successor, the
AN/APS-6. This 3-cm equipment has an 18-in. reflector which is
housed in a wing nacelle in the same fashion as that of the AN/APS-3.
As this reflector is rotated at 1200 rpm about an axis passing through its
feed and parallel to the line of flight of the aircraft, the paraboloid is
slowly tilted from a position in which its axis coincides with the axis of
rotation to a position in which there is a 60° angle between these axes.
Because of the pattern thus traced out in space by the beam (Fig. 6. 12f)),
this is called a spiral scan; a complete scan takes 4 sec. The display
used for search is the “double dot” indicator described in Sec. 6.7
(Fig. 612cz).

In the last stages of a horning operation, the assumption is made that
the pilot can safely concentrate all his attention on his target. Turning
a switch then changes both the scan and the indication. The tilt of the
antenna with respect to the axis of its rotation is fixed at 3°, resulting in a
conical scan. Two voltages, respectively linear with the azimuth error
and with the elevation error in pointing the axis of the conical scan
toward the target, are applied to a spot error indicator of the type
described in Sec. 6.8. The pilot completes the interception by keeping
the spot centered on his scope, and closing the range until the wings of
the spot have grown to the desired size.

6.14. Precision Tracking of a Single Target. -During the war, con-
siderable effort wx expended in the design of radar for highly precise
position-finding on one target at a time. This tracking was ordinarily
intended to permit the control of fire against such a target, but as the
war drew to a close, it was also used for detailed control of the maneuvers
of the target by radio instructions from a controller at a ground station.
This was done to permit blind bombing by fight-bombers too small to
carry a radar set and its operator, or to enable an airc#t not equipped
with radar to make a blind landing approach on instructions from a con-
troller at a ground radar. The latter use has, and will probably continue
to have, a considerable peacetime importance.

Lobe-sw”tching and Pip-matching-The first radar set intended for
precision tracking of a single target was the SCR-268, a laboratory proto-
type of which was formally demonstrated to the Secretary of War in
May 1937. The problem of accurately tracking a moving target with an
antenna that can be elevated and trained is similar to the problem of
homing with the help of. fixed antennas on a movable vehicle, and the
same techniques are useful. Lobe switching, which has been described
in the last Section, is employed by the SCR-268 for angle-error determi-
nation; in fact, the SC R-268 was the earliest production radar to use
this technique. The general appearance of the set is shown in Fig. 6.34,

1By E. C. Pollard and L. N. Ridenour.
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At the operating frequency of 205 Me/see, a 4 by 4 array of dipoles with
reflectors gives a beam about 2-1° wide in azimuth and in elevation.
Return echoes are received on two separate antenna arrays, each with its
ownreceiver, Onearray, sixdlpoles ~videby four Mgh, @vesinformation
to an azimuth scope; the other, two dipoles wide and six high, provides
signals to an elevation scope. The receiving arrays have two separate
feeds arranged to produce different phase relations between the elements
of the array. Thus, byswitching theazimuth receiver from one feed to
another, the beam pattern of the receiving antenna can be switched from
one to the other of two overlapping lobes equally displaced in azimuth on
opposite sides of the normal to the antenna array. Similar switching
arrangements are provided for the elevation antenna and its receiving
channel.

The antennas are mounted on a single cross arm, which rotates in
azimuth with a central pedestal enclosing the radar circuits and can be
turned about its own axis to elevate the arrays. Three operators, each
with a scope, ride with the cross arm as it turns. A range operator is
provided with an A-scope having a movable marker which he keeps on
the signal being tracked. His rotation of the range handwheel feeds
range information to a “height converter,” a computing mechanism
employing a three-dimensional cam to combine slant range and elevation
angle in such a way that continuous target altitude information is pro-
duced. Rotation of the range handwheel also brings the signal being
tracked into the center of the azimuth and elevation display tubes.
Each of these tubes is manned by an operator provided with a handwheel
which moves the antenna in the appropriate angular coordinate. The
display is type K (Fig. 6“4). It is the duty of the azimuth operator to
keep the two signal ‘‘ pips” in the center of his scope matched in height
by turning his handwheel; the elevation operator has a similar task.

The maximum design range of the set is 40,000 yards, and the repeti-
tion rate is 4098 pps. With a power output greater than 50 kw and a
pulse width of 7 to 15 psec, the set is very conservatively designed, and
can track targets much beyond its rated range. Angular accuracies
attainable in practice with this equipment, about + 1°, are too poor to
permit good blind antiaircraft t fire, and because of ground reflections the
equipment suffers from severe errors in reading elevation at angles smaller
than about 10°. However, this versatile, rugged, and readily mobile
equipment was available in quantity early in the war, and served many
useful roles, being used for fire control, short-range search and warning,
and searchlight control.

Conical Scan and Error Indication.—In a situation where not more than
one target at a time is expected in the radar field of view, the equipment
necessary to track a target can be considerably simplified. Such a case
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arose in the past war in connection with the defense of bombing aircraft
against nightfighters. The limitations of AI radar were such that a
coordinated attack on a single bomber by more than one nightfighter was
not possible, and the only practicable attack was the stern chase. Under

I

these circumstances, the bomber can be protected by a simple, short-
range radar equipment mounted in the tail turret. The B-29 was
equipped with a radar of this sort, the AN/APG-15. Figure 6.35 shows
the antenna installation.

The equipment operated at 12 cm, and had a 12-in. dish giving a
beamwidth of about 25°. This beamwidth was sufficient to give warn-
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ing coverage of the tail cone without the necessity for scanning. The
beam \vasconically scanned by rotating the reflector about an axis which
made an angle of 2.5° ~rith its o~rn. Commutators were mounted on the
shaft of the antenna rotation mechanism so that signals from the upper
half of the scan collld be integrated and compared with those from the
lower half; similarly, signals from the left half of the scan were compared
with those from the right. The resulting error voltages were used to
deflect the spot of a CRT used as an error indicator. An automatic cir-
cuit searched in range in the absence of a target, and locked on and
tracked a target when an echo was encountered within the 2000-yd
coverage of the set. This range circuit was used to brighten the spot
only when a target was in range, in order to distinguish between correct
pointing and the absence of a target. It also caused the target spot to
grow horizontal “wings” whose spread increased as the range grew
shorter, in order to provide an indication of range to the gunner (see
Fig. 6.13).

The axis of the conical scan was aligned with the guns so that only
point-blank fire with no lead was possible. Thk was done because the
lead required in countering the usual nightfighter approach is negligible. “
The indicator was so arranged that its display was projected into the
reflector sight, enabling the gunner to use the same technique for either
optical or radar tracking. This equipment became available so late in
the war that it had substantially no operational use, but its proving-
ground tests indicated that its performance would have been quite satis-
fact ory. The attainable angular accuracy was about + 0.5°.

The AN/APG-15 was unusual in that a triode, the “lighthouse”
tube, was used as a pulsed oscillator. At the low pulse power used (about
500 watts), this enabled transmitter, receiver, and the necessary rectifier-
filter power supplies to be housed in one compact unit, shown in Fig. 6.36.

Automatic Angle Tracking. -Shortcomings of the SCR-268 as a fire-
control position finder arose mainly from the use of a relatively long
wavelength which resulted in broad beams from antennas of any reason-
able size. When microwave radar became practicable with the develop-
ment of the cavity magnetron, one of the immediate applications of the
new technique was an antiaircraft position finder. The most widely used
and generally successfld of the resulting equipments was the SCR-584.

Before beginning precision tracking of a single target, a radar that is
to serve as the only equipment of an antiaircraft battery must execute a
general search in order to locate targets that are to be tracked and
engaged. No auxiliarv long-wave radar search equipment was provided
\vith the SC R-584. Instead, the 6-ft antenna reflector was helically
scanned, and targets presented on a PPI whose maximum range was
60,000 yd. A range of elevation angles up to 10° was covered by the
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helical scan. Alternatively, the antenna could be set to rotate uniformly
in azimuth, the elevation being manually controlled, or both azimuth and
elevation could be manually controlled. The performance at 10-cm
wavelength was more than adequate to give the 60,000-yd range desired
on single aircraft, and the convenience of having a common radar per-
form both the search and the tracking functions is very great. Figure

.
FIG. 636,-LHTR transmitter-receiver-power-supplyunit usedin AN/APG-15 and other

sets.

6.37 shows an “x-ray” view of the SCR-,584 with the antenna elevated into
operating position. For traveling, it is lowered within the trailer.

A conical scan is executed by the antenna of the SCR-584, the dipole
feed of the 6-ft paraboloid rotating rapidly about an axis which is that of
its mechanical, tbough not its electrical, symme try. For precision track-
ing, the azimuth and elevation error signals derived from this conical scan
are used, not to give an indication of pointing error, but actually to drive
servomechanisms which ~osition the antenna mount. An error signal
in either coordinate will cause the antenna to move in the direction neces-
sary to reduce. the error. This so-called “automatic angle tracking” was
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embodied in the design because its precision of following is, unlike the
accuracy of manual tracking, not subject to human errors arising from
combat stresses and fatigue> G r 3 t. -,, . : >.,

In order to ensure that the error signals are ~easured with respect
to the desired radar echo only, and also to provide a continuous measure-
ment of range, two type J displays are presented to the range operator
of the radar. These are circular range sweeps (Sec. 6.4) with radial
signal deflection. The coarse range scope shows all ranges out to a maxi-
mum of 32,OOOyd. and the fine scope shows a magnified trace of a 2000-yd

-.. .—
FIG. 6.37.—SCR-584 in operating position.

interval which can be chosen anywhere \vithin the 32,000 yd. Markers
geared together at 1 to 16 and driven by the range handwheel are in front
of these tubes. W-hen the marker on the 32jO00-yd tube is put over the
signal echo to be tracked, the 2000-yd tube displays a range interval 1000
yd on either side of the target range. The marker on the 2000-yd tube
can then be set exactly on the leading edge of the target signal. When
this adjustment is made the marker is kept in register with the desired
signal, and continuous target-range information is sent to the computer.
Further, only those signals which come in a range interval of about 50 yd
immediately following the range for which the marker is set are sent to
the input of the angle-error measuring circ~lits.
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Circuits have been devised and tested which provide automatic track-
ing in range, as well as in angle, but it appears that the judgment of the
range operator is of definite value in the operation of this equipment.
The operator is especially useful in following a desired target in the
presence of other near-by signals, which may be due to ground objects,
other aircraft, or “window” dropped to make radar tracking difficult
(Sec. 3.10).

The proving-ground accuracy of this set is about i 25 yd in range at
all ranges, and about + 1 mill or better in angle. With good radar
maintenance, this accuracy is achieved under field conditions. This was
one of the most widely used, versatile, and generally successful of all
allied wartime radar sets.

6“16. Precision Tracking During Rapid Scan.2—.At the end of Sec.
6.12 we considered the design of systems for general air surveillance and
control which offered fairly accurate information, renewed ever,y few
seconds, on all the positional coordinates of all targets in the radar field
of view. This was claimed to be the operational ideal; and so it is, for a
radar set whose purpose is to permit the general control of aircraft. For
fire control, or for the close control of aircraft which is needed if a ground
controller is to coach a pilot through a blind landing approach, much more
precise and much more nearly continuous positional information than
that supplied by the V-beam is demanded.

The requirement of greater precision implies that narrower radar
beams must be used, and the requirement of more frequent information
implies an increase in the speed of scanning. These design changes, as
we have seen, seriously restrict the volume of space which can be covered
by the resulting radar set. However, the goal of maintaining at least a
partial situation picture by scanning, while simultaneously providing
highly accurate positional information on a particular target being
tracked, is so attractive that several equipments have been designed to
attain it. The requirement of high scanning speed has led the designers
of all such sets to use “electrical” scanners (Chap. 9).

The design limitation on the volume of space that can be covered
frequently enough to be useful is least troublesome in the case of a radar
equipment designed to deal ~rith surface targets. In this case, one is
interested only in coverage of a plane, not in searching the volume of
space that may contain aircraft. The most advanced equipment of the
rapid-scan precision-tracking type that was in field use at the end of
World War II was the AN’/TPG-l, which had been designed for the
control of shore-battery fire against ships. For the purpose of fire control
ngainst ships, a rapid-scan precision radar is most desirable, because the

1.i mil is a thousandth of a radian; thus 17.4 roils = 1’.
? By 1,. >-. Ridencmr.
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splashes of shells that miss the target can be seen on the scope of the radar.
Accurate “spotting-in” of fire both in range and in deflection is possible
with this type of set.

The antenna and scanning principle of the AN/TPG-l (which was
also designated, in various modifications, as SCR-598, AhT/MPG-l,
.lN/FPG-1) are described in Sec. 9.14, and a perspective drawing of the
antenna is shown as Fig. 9.25. The radar beam produced was about
0.55” wide in azimuth; this narrow beam, coupled with the }~ psec pulse
length used, gave the set high resolution both in range and in azimuth.
A scope photograph showing the ability of the equipment to resolve

closely-spaced targets is shown as Fig. 6.38.

FIG. 6.3S—ROW of small ships (LCI’S in formation off Honolulu) shownon micro-B of
.4N/TPG-l. Ships are less than 300 Y(I apart. (Reprinted from Eleckmics, December
1945.)

The AN/TPG-l rapid scan covered a sector 10° wide centered on the
target of interest. The antenna could be mechanically rotated as a whole
to swing the center of this sector to any desired azimuth position, or could
be rotated continuously in azimuth during search. The set incorporated
a PPI which was useful when the antenna was rotating mechanically for
search. Its other indicators were a conventional type B presentation
which presented the 10° sector covered by the rapid scan, and a micro-B
indicator. The latter is normalized at 400 ydiin. At the ranges impor-
tant in the operational use of this set, the distortion of the micro-B display
is very small. Electronic range and azimuth markers are provided on
the micro-B to aid in tracking. The azimuth error obtained in trials of
this set was less than 0.05 degrees.

The AN/MPN-l equipment, often called GCA (for ground control of
approach), is the only radar designed during the war to provide accurate
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tracking on aircraft targets by means of rapid scanning. The inherent
dMiculty of the problem is displayed by the fact that the GCA really
consists of three separate radar equipments. One is a PPI set which
presents a general picture of the air traffic situation; the other two, which
comprise the precision system, have “ beavertail” beams narrow respec-
tively in azimuth and in elevation. Each of these is rapidly scanned in
its narrow dimension, and separate indicators of the “stretched PPI”
type present the two angular coordinates. The set is fully described in
Sec. 8“13 of Vol. 2 of this series.



CHAPTER 7

THE EMPLOYMENT OF RADAR DATA

BY B. V. BOWDEN, L. J. HAWORTH, L. N. RIDENOUR,
AND C. L. ZIMMERMAN*

7“1. The Signal and Its Use.—The presentation of echo signals on an
indicator by no means completes the problem of designing an operation-
ally useful radar system. It is necessary that action of some sort be
taken on the basis of the information afforded by the radar. To enable
this action to be taken promptly, intelligently, and correctly, an organiza-
tion must be created. This organization begins with the radar indication
and extends to the execution of commands that arise from the situa-
tion as displayed by the radar. The nature of these commands and the
nature of the organization that assimilates the radar data and gives the
commands differ widely from one functional use of radar to another.

The organization that employs radar data may be almost entirely
mechanized and automatic, as is, for example, the Army system for radar
antiaircraft fire control. In this system, the azimuth, elevation, and
range of a target are transmitted directly and continuously from the
radar to an electrical computer. The computer solves the fire-control
problem, determines the future position of the target, and transmits
azimuth, elevation, and range (fuze time) information to the guns of the
battery. The guns are positioned automatically by means of servo-
mechanisms, and a fuze-setting mechanism is automatically adjusted to
cut fuzes to the time-setting indicated by the computer. z The duties of
the gun crew are the purely mechanical ones of supplying ammunition
and loading.

The Army system of antiaircraft fire control just sketched was out-
standingly successful in the past war. This success can be viewed as
demonstrating the principle that, when a complicated task must be
carried out quickly and accurately under trying conditions, extreme
mechanization is well worth while, if it removes from human operators
the necessity for employing judgment and for performing complicated
operations. Such mechanization substitutes for the skill of operators the
design, manufacturing, and maintenance skills that are necessary to

1Sections 7.1, 7.2, 7.4, 7.7, and 7.8 by L. N. Ridenour,Sec. 7.3by L. J. Haworth,
Sec. 7.5 by B. V. Bowden, and Sec. 7.6 by C. L. Zimmerman.

2The use of proximity fuzes eliminatesthis step.
213
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supply and maintain the equipment required by mechanization. The
advantage of making this substitution is two-fold: the latter skills can
be applied under favorable conditions, while operator skill is required in
the field on the occasion of each crisis; further, there are usually many
more operators of a given equipment than there are designers, production
engineers, and maintenance men, combined. The total skill required is
thus more economically used under more favorable conditions if mech-
anization is employed.

Most problems involving radar are far simpler than that of antiair-
craft fire control. A simple set may be used on a ship, for example, for
navigation and collision avoidance. Under these circumstances, all that
is required is a good PPI display on the bridge, and perhaps an alarm
that gives a signal if a radar target approaches within a mile. Very good
navigation can be performed by comparing the PPI with a chart and
taking the range and bearing of sufficient identifiable points shown on the
radar to determine the location of the ship. The organization required
beyond the radar indicator consists in this case of very little more than
the ship’s navigator.

The problem of creating the most efficient organization for the use of
radar data, in each functional situation involving radar, is a very com-
plicated one. During the war, it lacked the systematic study that its
importance and its complexity deserved. Since any treat ment of system
design would be incomplete without some reference to this important
topic, this chapter will deal briefly with some of the devices and some of
the methods which have been worked out to translate into commands the
decisions taken on the basis of radar information. 1

It is to be emphasized that this subject is at least as difficult and as
important as that of the technical design of the radar itself, and far less
well understood. We can now build reliable radar equipment whose
principal performance limitation arises because the earth is round; the
major improvements to be looked for in the use of radar over the next
few years will lie, for the most part, not in the category of technical radar
design, but in the field of fitting the entire radar system, including its
operational organization, to the detailed needs of the use and the user.

EXTERNAL AIDS TO RADAR USE

7.2. Aids to Individual Navigation.-The most frequent and impor-
tant use made of radar is as an aid to air and sea navigation. The
resemblance of the PPI display of a modern microwave radar set to a
chart is striking, and suggested very early that navigation would be
assisted by a device that enabled a map of the proper scale to be super-

1The problem of devisingan organizationfor using radar informationin naviga-
tion is discussedin Vol. 2 of the Series.
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posed on the radar indicator. Figure 7.1 is a schematic diagram of one
method of accomplishing this. The indicator screen is viewed through
an inclined, partially reflecting piece of glass which reflects to the eye
of the observer the image of a screen on which a chart is projected.

Special coatings for glass have been developed which give a high
reflectivity in the blue region of the spectrum, while transmitting yellow
light substantially without loss. If such a coating is used on the inclined
mirror, the yellow persistent signals on the PPI tube can be seen with
nearly their full intensity, while the chart image can be projected on the
mirror in blue, so that it is reflected with little loss in intensity.

If a radar fitted with such a
device is being used for the navi-
gation of a moving ship or aircraft,
the charts used for projection must

k
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moves; when this has been accom-
projector.

plished the direction and speed of the ship, as well as its instantaneous
position, are known.

Few such chart-projection devices have been built. They are com-
plicated, bulky, and expensive, and the function they perform can rather
simply be done by other means.

Dead-reckoning Computers.—The direct comparison of the PPI with
an appropriate chart is an unnecessary elegance if it is desired merely to
take occasional fixes and to proceed between fixes by the usual methods
of dead reckoning. This is, in any event, the only safe means of naviga-
tion. When the first microwave PPI radar was installed in aircraft,
careless navigators neglected their dead reckoning in the belief that the
radar would enable them to determine their position whenever necessary.
This procedure resulted in getting lost with such regularity that radar
was soon established as an adjunct to dead reckoning, rather than a sub-
stitute for it.

To assist in dead reckoning, particularly in aircraft navigation where
high speed and frequent course changes make it difficult, various forms
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of dead-reckoning computers, or odographs, have been developed. The
control box of one such computer is shown in Fig. 72. This device,
developed in the Division 17 program of the NDRC, receives information
from a true-airspeed meter and a repeater compass. These data are
resolved into cartesian velocity components along the north-south and
east-west directions, and these velocity values are integrated to provide
continuous readings of air position with reference to any chosen point of
departure.

A mechanism isalsoprovided to indicate ground position by taking
account of the effect of wind. The direction and speed of the wind (as
determined from double drift readings, meteorological information, com-
parison of earlier wind settings with the actual course made good, radar
fixes, or otherwise) can be set into the device by means of knobs shown

1. ..;
FIG. 7.2.—Control box of aircraft odograph

or dead-reckoningcomputer.

in Fig. 7.2. Wind velocity is re-
solved into components along the
north-south and east-west direc-
tions, integrated, and. the result
added to the air position to give
the ground position with respecb
to the point of departure.

Air position and actual ground
position both appear on the
counter dials shown at the lower
left. The output signals of the
unit can also be used to actuate
a plotting arm which moves over
a map table not shown in Fig.
7.2. With this addition, the de-
vice draws on a map the actual

ground track made good by the aircraft carrying the instrument. Vari-
ous map scales can be selected for the plotting table by means of a knob
on the control box. The control box can also be provided with a gear
train that actuates a mechanism showing latitude and longitude directly,
in addition to showing the departure from the last fix. In a carefully
made installation, the cumulative error of this instrument amounts to
only ~ per cent of the total distance traveled from the point of departure.

Ground-position Indicator, GPI.—Although the device just described
aids in performing dead reckoning, and to this extent assists in radar
navigation, it is convenient to present the results of the dead reckoning
directly on the radar scope. This has been done in a device called the
“ Ground-position Indicator,” or GPI.

The GPI provides an electronic index for the PPI tube of the radar
in the form of the intersection of a circle of constant range and an azimuth
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marker. Once this index has been set on a radar echo by means of
adjusting knobs provided on the device, the index will move across the
face of the tube with the echo, provided that the wind setting has been
made properly, regardless of maneuvers of the aircraft.

A simplified schematic diagram of the GPI is shown in Fig. 7.3. To
the left of the box marked “ Rectangular to polar coordinate resolv w,”
the device is identical with the dead-reckoning computer just described.
Since the basic coordinates of the PPI are range and azimuth, it is neces-
sary to convert the cartesian position information to polar coordinates;
this is done in the resolver shown. The azimuth resulting from this
operation is compared with the instantaneous azimuth of the radar

True
N.S fix knob

Compass
air

speed
repeater — SpeedD

4 ON-S rate knob Altitude knob

1,

&ound position
integrators for
N-S and E-W
components

wind constant.speed speed
mechanism a E-Wrate knob

.* Azimuth from

E-Wfix knob
radar scanner

FIG. 7.3.—Simplifiedschematicdiagram of Ground Position Indicator.

scanner. When the two are equal, an azimuth mark is put on the radar
indicator electronically.

The range information provided by the resolver is measured hori-
zontally along the ground; it must be corrected for the altitude of the
aircraft if, as is usual, slant range is displayed by. the radar indicator.
This is done by means of the electrical triangle-solver labeled ‘‘ Slant range
circuit, “ into which the value of aircraft altitude is set by the operator.
The value of slant range computed by this device is used to put a range
marker on the PPI at the appropriate distance from the origin of the
sweep.

Taking a fix with the GPI involves turning the Ii-S and E-W fix knobs
until the intersection of the range and azimuth marks appears on top of
an identified target signal. The “fix” dials will then read the ground
range of the target from the aircraft, resolved into north-south and east-
west components. As the aircraft moves, these dials will continue to
read the correct position of the target relative to the aircraft and the
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index will continue to stay on the target echo, provided that the correct
value of wind has been set into the device by means of the two “wind”
knobs shown. Even after the index and the target echo have moved off
the face of the radar indicator, the dials will still show the target position
relative to the aircraft.

The determination of wind requires that two fix operations like that
just described be made on the same echo (which need not correspond to a
target whose identity is known). The major correction which will have
to be made at the second fix is that arising from the effect of wind. The
wind and fix knobs of the GPI are arranged so that they can be gripped
together and turned together by the same amount. A proper choice of
scale factors will enable the operation of taking the second fix to correct
the wind velocity at the same time. If the wind error is to be taken out
exactly by this process of double-gripping the wind and fix knobs, account
must be taken of the fact that the proper ratio between the scale factors
of these two knobs is a function of the time elapsed since the first fix was
made. The GPI is arranged with a ratio of scale factors which changes
with time in the proper way, so that double-gripping will remove wind
errors entirely at the second fix, providing this second fix is made at any
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time up to six minutes after the
first.

7.3. Aids to Plotting and Con-
trol.—The problem of controlling
aircraft on the basis of radar infor-
mation involves careful plotting of
the signals seen on an indicator.
The controller desires to know the
position of a given signal with
respect to a map or grid—which
must therefore be somehow super-
posed on the display—and hc
wishes to record the position of a

target on successive sweeps, to determine the direction and approximate
speed of its motion.

Optical Superposition. —Optical devices of the same general character
as the chart projector mentioned in the last section are helpful for these
purposes. Two schemes involving the use of a partially reflecting mirror
to place a virtual image of a screen in optical superposition with the dis-
play are illustrated in Figs. 7.4 and 75.

The device of Fig. 7.4 is identical in principle \vith the chart projector
shown as Fig. 7.1. The virtual image formed in this case, however, is
that of an edge-lighted screen \vhich can be engraved \vitha scale or a set
of indices. Multiple sets of indices with different scale factors ran be
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conveniently provided by ruling each individual set on a thin transparent
sheet. The sheets are then stacked and arranged to be edge-lighted
individual] y; thus only the chosen scale appears. Such multiple scales
are used on the indicator of the V-beam height-finding display described
in Sec. 6.12, to permit the use of range sweeps of various lengths.

The arrangement of Fig. 7.5 permits the use of only one scale, but
affords, as shown, the considerable advantage that a wax pencil can be
used for plotting the position of each radar echo of interest, with a mini-
mum of difficulty from parallax. As the pencil point touches the edge-
lighted plotting surface, it glows brightly over the small area of contact,
and small corrections in the position of the point can be made before a
mark is actually applied to the screen. Although the operator must look
through the screen itself at its 10to20% reflection
virtual image below, the real and
virtual images can be distin-
guished, providing the scales are
not too complex, by their positions t
and usually by a difference in in- 1

A
tensity or appearance.

I

Display Projection.—An out- 1 t 1

standing problem in the use of
I

B I
radar for control is that of trans- A 1
ferring radar plots from the face of
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a large room presented. Tfis FIG. 7.5.—Method of plotting with the aid of

problem has been approached in
optical superposition.

several different ways. On*that of telling grid coordinates of a target
to plotters who enter the target position on a large board—will be described
in Sees. 7”5 and 7.6. Another, which seems obvious but presents con-
siderable tethnical difficulty, is that of direct optical projection of an
enlarged real image of the display on an appropriate screen.

The light intensity from a persistent cathode-ray-tube screen of the
usual type is too low for satisfactory enlarged projection. Several alter-
native methods of accomplishing the same result have been used or
proposed, including:

1. Splitting the cascade screen (Sec. 13.2) into two parts, the blue
component being in the tube and the persistent component on the
projection screen. Although this scheme is better than direct
projection of a cascade screen, results are far from satisfactory.
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Further, the screen must be well shielded from stray light if this
method is to be used, and this somewhat limits its usefulness.
Televising the persistent screen and using the video signals so
obtained to modulate a high-intensity short-persistence tube suit-
able for projection. The results obtained with thk rather com-
plicated scheme up to the end of the war were mediocre.
Storing the radar picture on an image orthicon or other storage
device which can be rapidly scanned electrically to produce tele-
vision signals. This method, although not well developed at the
end of the war, holds great future promise.
Use of a dark-trace tube, or “ skiatron. ”
Rapid photographic projection.

The last two methods mentioned are the only ones developed fully
enough during the war to warrant further description.

I
.-+

Imageplane 1A

Spherical mirror

arc lamp ,“1~

Field lens

FIG-.7.6.—Schmidt projection system for skiatron.

The Skiatron.—The dark-trace tube, described briefly in Sec. 13”2,
has been used as the basis for a reasonably successful projection system
both in England and in America, the principal differences being in the
optical systems used. In England, an extremely flat-faced tube serves
as the source for a wide-aperture lens system; in this country a tube has
been designed to fit a Schmidt optical system.

Figure 7.6 illustrates the latter. The cathode-ray tube, whose face
is precisely spherical, is mounted with this face concentric with the
spherical mirror of the optical system. Light from an intense mercury-
arc or tungsten source is concentrated on the tube face by the lens-and-
mirror arrangement shown. The geometry is so chosen that the Schmidt
correcting plate comes roughly at the neck of the cathode-ray tube. A
45° mirror reflects the light to a horizontal projection screen which forms
part of the top of the cabinet housing the equipment.
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The display is formed as in any other cathode-ray tube, except that it
is necessary to minimize the diameter of the focusing and deflection coils
to prevent them from cutting off too much light. Between 10 and 12 kv
is applied to the final anode of the tube.

Signals appear as magenta-colored patches against a white back-
ground, and they can be viewed in the presence of a reasonably high level
of ambient light. This property, together with the large, flat, parallax-
free image, makes the display extremely useful for measurement and
plotting. However, it has serious inadequacies which arise from short-
comings of the skiatron tube. Contrast is always low, particularly at
low duty ratios. Repeated signals have a very objectionable tendency
to “burn in,” becoming stronger than transient signals and remaining on
the tube long ,after the radar echo that created them has moved away or
disappeared. This difficulty can be considerably alleviated by occa-
sionally raising the tube temperature and scanning the screen with a weak
electron beam, both of which measures tend to bleach the screen. A
fairly intense burned-in pattern can thus be removed in one or two
minutes.

In its present technical state, the skiatron is most useful for observing
and plotting the courses of ships, from either a shipboard or a coastal
station. It is less satisfactory when used to display aircraft signals,
because of the poor contrast in their more rapidly moving echoes.

Rapid Photographic Pro.iection.-The inadequacies of other methods
of providing a large projection display of a radar indlcat or led to the
development, by the Eastman Kodak Company, of means for the
photography of one full 360° sweep of a PPI, rapid photographic process-
ing of the exposed film, and immediate projection of the developed pic-
ture. The equipment is shown in Fig. 77.

The camera uses 16-mm film, of Which 350 ft are required for con-
tinuous 24-hr operation at two scans per minute. An instantaneous blue
phosphor serves best for photographing. After exposure to a full scan,
each frame is processed with metered quantities of developer and fixer,
the total processing time being 13”5 sec. A total quantity of less than a
gallon of the two solutions is required for 24-hr operation. The projector
unit consists of a 300-watt lamp and a simple optical system. The film
is cooled by an air blast during projection. The maximum diameter of
the projected image is 8 ft, and images of a given point can be repeated on
successive frames within a circle of ~-in. diameter at this magnification.

Plotting means employing this device were just being worked out at
the end of the war. ~ It appeared that this was a highly effective and
satisfactory method of large-scale direct presentation of a radar display.

1L. L. Blackmer, “ P41 (Photographic Projection PPI),” RL Report No. 725,
April26, 1945.
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FIQ, 77 —Rapid photographic PPI projector,
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Video Mapping—None of the methods so far described permits the
superposition of an “electronic” map on the dk,play. By this term is
meant the addition to the radar signals of signals which, by appropriate
intensity-modulation of the indicator, reproduce on the display itself a
map, a grid, or any pattern that may be desired. The position of radar
echo signals can be compared with this electronic map with complete
freedom from parallax, and, in addition, any distortions or imperfections
of the display affect the grid and the signals equally and thus produce no
reading error. A very satisfactory method of accomplishing this has
been given the name of “video mapping. ”

The signals required to produce the desired modulation are derived
from the device illustrated in Fig. 7.8. The desired map, in the form of
opaque lines on a transparent
background or vice versa, is placed
immediately in front of an auxil-
iary PPI of the highest precision
obtainable. This PPI rotates in
synchronism with the radar an-
tenna and executes its range sweep
m the proper time relation with
the radar transmitter, but operate?
at a constant intensity, receiving
no video signals. The cathode-
ray tube used has a short-persist-
ence blue screen; the intensity is
adjusted to a medium or low level.
As the moving spot of the auxiliary
PPI moves behind the map to be
reproduced, a photocell placed two

Photomultipl)ertube
7

~
Viewing aperture 1

Transparency to be
reproduced

FIG. 7.8.—Video mapping transmitter.
The aperture in front of the phototube is
smallenoughsothat the parallaxbetweenthe
spot on the CRT screenandthe markson the
plotting surfaceis small.

or three feet from the map receives a signal whenever the rays from the
spot to the photocell undergo a change in absorption. Because of the
rapid motion of the spot in its range sweep, these signals are in the video-
frequency range. The fast screen avoids any appreciable “tailing” of
signals.

The signals from the photocell are amplified and mixed with the radar
echo signals with a polarity such that on the final display the lines of the
map are brighter than the background. In the absence of limiting,
gradations of light and shadow can be presented. Figure 7.9 is a repro.
duction obtained on a second PPI tube of a photographic negative used
as a subject for video-mapping transmission. Figure 6.8 \vas also pro-
duced by video mapping, the final display being a B-scope.

This method has the very great advantage that the map is correctly
correlated with the radar display regardless of the degree of off-centering,
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FIG. 7.9.—Photograph transmitted by video mapping techniques.
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or of any deliberate or accidental deformation or distortion. The
accuracy is determined entirely by the precision of the scanning PPI and
by the geometrical relationship between the PPI and the map. Slight
changes in parallax between the center and the edge of the tube can be
compensated by using a suitably nonlinear range sweep.

If the radar site is moving, a compensating motion must be applied
to the map in order to maintain the proper relationship on the final
displays.

This method can be applied to any type of index or marker, and has
obvious uses as a substitute for elaborate computing circuits under some
circumstances.

7.4. The Relay of Radar Displays.—It is common for the best location
of the radar station and the optimum location of a control center to be
different. The radar site is chosen from the standpoint of good coverage,
freedom fl om permanent echoes, and the like; the criteria entering into
the choice of site for a control center are usually entirely different. Also,
a control center should receive supplementary information from other
radar installations located elsewhere, even though a single radar equip-
ment may provide the primary data for control of operations. This will
enable the coverage of the primary radar to be supplemented by informa-
tion from neighboring sectors, and will provide coverage of possible
“blind spots” of the primary radar.

The telling of plots by telephone land line was the technique first used
(Sec. 7.5) for the transmission of radar data from one point to another.
Substantial errors and delays are inherent in this procedure. Far more
important, when the information to be transmitted has been @hered

by a modern long-range, high-definition radar, is the low traffic-handling
capacity of the system of telling and plotting. Literally hundreds of
targets may show at a given time on the indicator of such a radar as the
first one described in Chap. 15; an attempt to convey with adequate
accuracy and speed the information provided at a rate of four sweeps per
minute is hopeless under such conditions.

Considerations such as these led to the development of means for
reproducing radar displays at a distant point by transmitting the radar
video signals and appropriate synchronizing information by more or less
conventional radio practice. The technical problems of “radar- relay, ”
as this is called, have been worked out, and systems for the purpose are
discussed in detail in Chap. 17.

Radar relay is mentioned here to emphasize its usefulness as one
element in the creation of an organization for the use of radar data. An
example of an operational system in which this technique is important
is given in Sec. 7“8.
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EXAMPLES OF RADAR ORGANIZATIONS

In the following sections are given very brief sketches of a few
radar organizations with which some experience has been obtained. The
systems described are, for the most part, necessarily those set up in war-
time for the purposes of war, and to this extent do not represent useful
models for peacetime radar organizations. It will, however, be instruc-
tive to consider briefly a few typical systems.

7.6. Radar in the RAF Fighter Command .-Just as the first radar
equipment to be used in operations was that installed for the air defense
of the British Isles, so the first operating radar organization was that of
RAF Fighter Command, the user of this equipment. When the organi-
zation was fully developed, the number of people in? olved in the inter-
pretation of the radar information and in making use of it was comparable
to the number required to obtain it.

Organization of the Home Chain.—It has been mentioned in Sec. 6..9
that the performance of CH stations depended very much on the nature
of their sites. Moreover, owing to a shortage of trained men and to the
difficulties involved in maintaining equipment of this kind in wartime,
the antenna systems were often badly installed and inadequately main-
tained. In consequence, large errors in apparent azimuth were very
common; most stations had errors of 10° or 15°, and errors as large as 30°
were not unknown. The method of measuring height depended on
reflection of the received waves from the ground, and almost invariably
the height calibration of a station was different along different azimuths.
Each station had to be checked and calibrated both for height and azi-
muth by an elaborate and difficult series of test flights.

The complicated nature of the corrections necessary on each aircraft
plot, and the requirement for speed and accuracy in applying these cor-
rections, led the British to design and install what is perhaps the first
device intended for assistance in the use of radar data, as opposed to the
gathering and display of that data. This is the celebrated “fruit
machine, ”l a complicated calculating machine made up of standard
telephone selector switches and relays. The operator measured the
range of the target by setting a marker to the echo on the .4-scope. She
then turned the goniometer until the echo disappeared, and pressed
buttons transmitting range and apparent azimuth to the fruit machine.
The machine automatically applied the appropriate correction and
deduced the true azimuth, multiplied the target range by the sine and
the cosine of this true azimuth, added in the rectangular map coordinates
of the station itself, and deduced the coordinates of the target. This

: It was named after the English equivalent of the American slot machine used for
gambling.
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information was displayed in lights to a “teller,” who passed the infor-

mation over a telephone line to Fighter Command Headquarters. At a

later stage, the plots were passed by teletype to save time. The whole

computation process was completed in a second or so.

The operator then pressed a button which connec Led the goniometer

to the height-finding antenna arrays. Again she turned the goniometer

until the signal disappeared, and pressed a button. The height of the

target was computed by the fruit machine and passed to headquarters.

Radar plots from all of the chain stations were sent to Fighter ~om-

mand in Stanmore, north of I,ondon. Because of the shortcomings of the

early radar equipment, and the “blind spots” in the coverage of indi-

vidual sets! it was felt to be essential to combine the information from

all radar stations at a central point. This was done at a so-called

“filter center. ”

In a large underground bombproof room was mounted a central

table whose surface was a gridded map of England. A crew of plotters,

each with a telephone connection to one of the radar stations, stood

around the table at positions corresponding to the geographical locations

of the Chain stations. As a plotter received plots over the telephone,

she put colored disk markers in the grid positions indicated. It usually

happened that two m more stations were simultaneously plotting the

same aircraft, so that several girls might be putting down counters repre-

senting the same formation. Owing to the errors in the system and the

variable delays in the plotting process, the interpretation of the piles of

disks in terms of aircraft was not easy. Special officers known as filterers

stood beside the girls and decided, for example, whether two adj scent

tracks were really separate, or represented the same aircraft, erroneously

plotted by one of the stations. After he had analyzed the data, the

filterer put on the map a little plaque that bore his best estimate of the

identity, position, height, speed, and number of aircraft in the formation.

This whole process was observed by filter ofice~s who sat on a balcony

overlooking the map. They were informed of the plans for the move-

ments of friendly aircraft. They were able to direct the operations of the

whole Chain and to decide which formations should be plotted by each

station. The work of the filter officer called for a considerable under-

standing of the performance of CH stations, and an appreciation of the

good and bad qualities of each individual installation.

Established tracks on the filter-room board were telephoned by a

teller to a second plotting board maintained in an ‘‘ operations room. ”

Here the filtered radar tracks were combined with plots of the Observer

Corps (visual airplane spotters), and with fixes made by means of radio

direction finders, In this main control room, the aim was to display the

whole of the picture of the air \var; all operations were generally directed



228 THE EMPLOYMENT OF RADAR DA 1’.4 [SEC. 75

from this point. The detailed control of fighter interceptors was carried
out from group and sector headquarters, where plots were maintained on
the basis of information repeated from Fighter Command Headquarters.

The operation of this system was much more difficult than might be
inferred from this brief description. If the CH stations had been perfect,
it would still have been difficult to interpret some hundreds of plots every
minute, all subject to variable delays and to the personal errors of the
observers. Quite trivial difficulties proved surprisingly hard to over-
come. It was hard to find room for all the plotters around the table.
They could not plot fast enough. They might disturb one set of plots
when they leaned over to plot another aircraft. Such rather simple
difficulties could be, and often were, the limiting factors on the use that
could be made of the radar plots, and an intensive study of all the stages
in plotting and filtering was made throughout the early years of the
war.

Despite the large number of people necessary to this system, and its
prodigal use of telephone land lines for the telling of plots, its operational
limitations were severe. Under conditions of moderate aircraft density,
a good filter officer with a good organization could filter plots with an
accuracy of perhaps 70 per cent. When plots were sparse, the accuracy
was excellent, and the on]y objection to the system was its unavoidable
time lag in reporting. Under conditions of high aircraft density, the
system broke down, and it was commonplace to cease reporting in certain
areas where the density was so high that filtering was impossible.

In spite of these handicaps, very considerable success attended the
use of this system in the Battle of Britain and thereafter. A tendency
grew to forget that the main reason for organizing the reporting and con-
trol system in this centralized way was that a single radar could not be
relied on to give a sufficiently complete or accurate picture of events
in the air. The great technical improvements of 1943 and early 1944
resulted in long-range, high-definition microwave radar having good
coverage if proper] y sited. This improved equipment made it possible
to depend on a single radar installation for a substantially complete
picture of the air situation.

Delays and errors unavoidable in a complicated scheme of telling and
plotting are largely eliminated in a system that combines the operational
organization with the radar equipment. Controllers who give instruc-
tions to aircraft are able to work directly from the radar display and
therefore have a far more accurate and up-to-date appreciation of the
situation than can be obtained from a plot, however well maintained it
may be. This was eventually appreciated, and such systems have been
put into very successful operation. Such a system is described in the
following section.



SEC. 7.6] THE U.S. TACTICAL AIR COMMANDS 229

706. The U.S. Tactical Air Commands. -Each U.S. Army that
fought in Europe was accompanied by a Tactical Air Command whose
mission was that of providing air defense in the forward sector occupied
by the Army concerned, of conducting offensive operations against enemy
ground troops and installations in the immediate tactical area, and of
conducting offensive operations in close cooperation with friendly ground
units. The aircraft of a Tactical Air Command, or TAC, were almost
entirely fighters and fighter-bombers. Each TAC went into the fighting
on the Continent with a radar organization of the general character shown
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FKG. 7.10.—Fighter control system of IX Tactical Air Command.

in Fig. 7.10, which displays the setup of the 555th Signal Air Warning
Battalion attached to IX TAC (which operated in support of the Ameri-
can First Army).

Each of the three Forward Director Posts (FDP’s) had operating
with it five Ground Observation Posts (GOP’s). Men placed far forward
observed air activity that might consist of low-flying hostile craft not
covered by the radar placed farther back of the front lines. Each GOP
reported by radio telephone to a Net Control Station common to the
group of five. The NCS then phoned pertinent information to the FDP;
an alternate NCS was mainted for use in emergencies.

The radar of the TAC was mainly deployed at the FDP’s. These
sites were charged with reporting air activity to the Fighter Control
Center, which was located at the forward headquarters of the TAC,
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usually occupied jointly with Army forward headquarters. In addition,
they executed direct control of airborne fighters on certain types of
missions.

Let us consider first the reporting function of the FDP, leaving until
later the consideration of control directly from the FDP. The following
steps must occur before radar information is in the form in which it was
used for decision and action:

1. The coordinates of a target signal are read off the display at the
radar station.

2. A number is assigned to this particular track, on which continuous
plotting will be maintained.

3. An attempt is made to identify the track from the following data:
a. Known location of friendly aircraft.
b. Response to IFF interrogation (Chap. 8).
c. Intelligence information on enemy tracks.

4. A series of symbols is telephoned to the FCC, giving the following
information:
a. Identification of track as friendly, enemy, or unknown.
b. Number assigned to track.
c. Location of plot.
d. Estimated number of aircraft.
e. Height.
~. Dhection of tight.

At the FCC the following steps take place:

1. The filter officer must determine whether the plot is a continuation
of an old track or the beginning of a new one.

2. The track is reidentified, if possible, from the fuller intelligence
information available at the FCC.

3. Plots reported from more then one radar station must be recog-
nized as belonging either to the same track or to different tracks.

4. Cards bearing the information listed under (4) of the preceding
paragraph are put into a marker called a “Christmas tree. ”

5. The Christmas tree is moved onto a large plotting board to occupy
the position reported for the track.

All of the steps just described require time, and the large plotting
board at the FCC is usually between three and five minutes behind the
existing air situation. Although this means that the aircraft positions
displayed are wrong by some 20 or 30 miles, the delay is usually tolerable
for air-warning purposes.

In the “sector control” that is executed by the FCC, aircraft con-
trollers observe the relative positions of tracks on the large plotting board
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and issue radiotelephone instructions to friendly fighters in an effort to
bring them into favorable positions to counter air attacks. For defensive
operations, thk sort of control is usually adequate; enemy air attacks will
ordinarily be directed at one of a few vital areas where substantial damage
can be done. Even with his five-minute-old information, the controller
can make a shrewd guess as to the target of such an attack, and can
marshal defensive fighters accordingly. For many types of mission
however, direct control from the FDP’s is required.

RepoTting Capabilities of FDP’s.—Between Oct. 21 and Nov. 16, 1944,
a study was made by the Operations Analysis Section of Ninth Air Force
of the reporting work done by the three FDP’s of IX TAC. Because of
the difference in the amount and character of air activity by day and by
night, daily and nightly averages were separately computed for the
follo\ving data: the average number of separate plots per track reported,
the average track duration in minutes, and the average number of plots
per height reported. The results are shown in Table 7“1.

TAELE 71.-REPORTING BY FDP’s OFIX TAC, 21 OCTOBERTO 16 NOVEMBER1944

Station

Day averages
FDP “C” (Microwave)
FDP” A”
FDP’’ II”..

Night averages
FDP “C” (Microwave)
FDP “A”
FDP’’B”..

Total
tracks

1561
2416
828

1249
1805
774

Avg. track
duration

11.1 min.
10.0
8.4

15,1 min.
10.5
8.2

Avg. number
)lots per track

5.4
5.6
5.9

7,8
6.3
6.6

.4vg. number
,lotsper height

8,7
8.7
5.0

10.4
9,0
5.4

The FDP “C” was equipped with one of the preproduction 10-cm
radar sets designed for long-range air warning and control (see Chap.
15). The other two FDP’s had British long-wave equipment. The
longer range of the microwave radar shows in the longer track duration
for the FDP equipped with that set.

Differences in the total number of tracks reported arwe from a differ-
ing density of air traffic in different areas, and from the fact that the frac-
tion of time spent off the air for maintenance and other reasons differed
from one FDP to another.

All the plots observed at the FDP are not passed to the FCC. Since
control executed by the FDP makes sector control by the FCC outdated
for many operations, it is unimportant to report all plots. A study made
at one of the FDP’s of .X1X TAC from Sept. 22 to Oct. 21, 1944, a period
d]lring which air activity was limited by bad flying weather, showed that
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50 per cent of the total plots obtained were passed on. However, 84 per
cent of the tracks were reported, the difference being due to single-plot
tracks which were not reported. The average number of plots per track
was 6.2 and the average track duration 9.5 min. Hence, on the average,
a plot was obtabed on each track once every 1.8 rnin, which is considered
to be fairly continuous tracking.

Close Control by the FDP.—At the turn of the year 194041, the
Luftwaffe abandoned its daytime attacks on England and turned to night
bombing, the attacking aircraft operating individually. This led to ~he
development by the British of an elaborate system of nightfighter defense
which has been described elsewhere. 1 One of the features of this system
was exact control of the nightfighter, prior to his interception of the hostile
bomber, by a ground controller at a GCI (for Ground-controlled Inter-
ception) radar station. The aim of this control was to put the night-
fighter behind, a little below, and on the same course as the hostile
aircraft, in which position he was well situated to complete the inter-
ception ~vith the help of airborne radar equipment he himself carried.

By 1943, both this GCI technique, involving precise control of single
aircraft by a controller located at a radar station, and the daytime sector-
control technique described in Sec. 7.5, involving the control of formations
of fighter interceptors from a central station at which radar data were
assembled and assessed, were firmly established procedures. In that
year two things happened which gave rise to the technique of close con-

trol as it was practiced by the FDp’s of the -herican TAC’S in the

continental phase of the Iluropean war. A young .Imerican officer, lyho
was \vorking with the R.\F as a member of the Electronics Training

Group sent to the united I1ingdom soon after the ~nited States went to

war, conceived the idea of controlling formations of day fighters directly

from the information available at his radar station alone. lleanf~-bile

bat tle experience in ilfrica shom-ed that an independent radar set could

pass to airborne fighters useful information on the disposition of enemy

aircraft.

The American officer’s novel idea did not gain immediate acceptance
since control of several squadrons of fighters in daylight requires tech-

niques quite different from those of the GCI control of a single night-

fighter. Finally, the officer ~f-as giiren permission by the late .Iir C7hief

IIarshal Sir Trafford Leigh-lIallory to control wings of fighters directly

from his radar station, entirely independently of the sector-control
system.

l~hile the ne\v technique \\-asbeing worked out and the confidence of

pilots and controllers was being developed, 1,5 R,lF planes were lost for

1See, for example, “ Radar (.i Report on Science at \Yar),]’ Superintendent of
Documents, U.S. Go\.ernment Printing Office, H-ashington, D,(i) .iug, 15, 194.5.
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10 enemy planes downed. After this initial shakedown period, 90 enemy
planes were destroyed for a loss of 13 to the RAF, before enemy jamming
of the 1.5-m equipment used in this first work put an end to its usefulness.

The success of this experiment led the British to design a hlgher-
frequency radar specifically for the purpose of close control, and resulted
in the modification of the first of the .American 10-cm sets, on its arrival
in England, to fit it for similar close control. Because of the -African
experience the control setup was made mobile. Figure 7“11 shows the

Antenna

lpe reporting

& -> Telephone I/i/i

ll\+Tria@atio=

;me:nt

K&’ and briefing

FIG. 7.11.—Layout Ofradar control center.

arrangement of facilities arrived at for an installation designed for use in

close control.

The antenna is shown mounted on a low structural-steel tower. For

mobile operation the antenna is mounted on a trailer (see Fig. 9.15).

Power is supplied by diesel-electric units housed either in a Jamesway

shelter, as shown, or in trailers. The maintenance shelter contains, in

addition to workbenches, spares, and test equipment, the power control

unit for the set. Another shelter houses a number of B-scopes llsed for

reporting signals to the operations shelter, where they are plotted. The

coverage of each B-scope can be chosen to give the best total coverage of

the area important to the operations being carried on by the station.

Another shelter houses the telephone switchboards, a triangulation table
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FIG. 7. 12.—1nterior of operations shelter.

for making radio direction-finder fixes, an office for the senior controller,
and a briefing room for controllers.

The operations shelter is the heart of the system. Its interior is
shown in more detail in Fig. 7“12. On a dais at the rear of the shelter sit
the chief controller, who is responsible for the general operation of the
station, and officers concerned with identification of tracks, liaison with
antiaircraft artillery, Army, and Navy (as required), and other coordina-
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tion functions. Off-center PPI scopes are provided for the chief con-
troller and the deputy controllers, the latter sitting along the sides of the
shelter. At the right of the shelter, near the plotting board, sits the
supervisor, who is responsible for the technical operation of the radar set.
He has a console patchboard by which he can communicate with any of
the operators, maintenance men, tellers, or plotters. In front of the
plotting board is a filter officer who decides which plots are to be told to
the FCC.

The large vertical plotting board is shown in more detail in Fig. 7.13.
It is made of transparent plastic and is edge-lighted, so that plots put on

FIG. 713.-l~ear view of vertical plotting board.

in grease pencil by plotters working behind the board appear brilliantly
iIlluminated when viewed from the frent. Each plotter is connected by
telephone with a teller who is watching a B-scope in the reporting shelter.
Auxiliary boards to the right and left of the main plotting board give
pertinent information on such things as the heights reported (by an
auxiliary radar height-finder) for various tracks, weather and winds aloft,
radio-frequency channels in use for communications and for direction-
findng, and the ready status of aircraft at various fields.

The deputy controllers, each of \vhom is charged with giving instruc-
tions to a certain formation as directed by the chief controller, depend on
the plotting board for their general picture of the air situation, and work
directly from their PPI scopes to determine the instructions to be given
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saw service in the European war, but it is based soundly on months of
combat experience with improvised and frequently changed systems and
devices. An actual FDP using one of {he preproduction sets is shown
in position in eastern France in Fig. 7.15. The central antenna is that of
the main radar; the two that flank it are those of British Type 13
heightfinders (Sec. 6.12). The system is largely mounted in and operated
from trucks, and it can all be taken down, loaded on trucks, unloaded
at a new site, and erected and put back on the air in a total time of less
than 24 hr.

7.7. Close Control with SCR-584—Figure 710 shows, attached to
the FDP’s, SCR-584 radar sets. This equipment, designed for accurate
tracking of a single aircraft at a time, in order to permit antiaircraft fire
control, can also be used to provide to a ground controller the information
necessary for highly precise control of the aircraft being tracked. It was
so used by the TAC’S in Europe.

Since the information on target position is normally transmitted to
the antiaircraft computer by means of synchros or accurate potentiom-
eters (Sec. 13.4), it is necessary to provide a supplementary method of
displaying target position th enable the set to be used for ground control.
This was first done by means of the 180° plotting board shown in use in
Fig. 7.16. .4n arm, pivoted beneath the surface of the board on the side
nearest the controller, swings in azimuth in accordance with the orienta-
tion of the radar antenna. Range information from the set is used to
control the position of a range carriage that runs in and out along the
azimuth arm. The carriage has an optical system which projects a small
spot of light up through the glass surface of the plotting board. Over the
surface of the plotting board is stretched a map of the area surrounding
the radar set, carefully adjusted so that the point on the map occupied by
the radar is directly above the pivot of the moving arm. The scale factor
of the range-carriage mechanism is adjusted to correspond \vith the scale
of the map being used, which may be either 1 to 50,000 or 1 to 100,000.
When the radar is tracking a target, the spot of light from the range car-
riage shows up on the map just at the position over which the airplane
is flying at that moment.

The controller can thus issue hk instructions with full and constant
knowledge of the exact position of the aircraft under his control. This is
to be contrasted with the situation that obtains in ground control from a
scanning radar; in that case the controller has only one “look” at his
target per scan—that is, perhaps once in 15 sec. However, he sees all
other targets in the air within range of his radar. The controller in the
SCR-584 sees the position of his aircraft continuously, and in proper
relation to the terrain, but the price paid for this is that he has no knowl-
edge of the whereabouts of other aircraft.
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Figure i’. 16 also gives an idea of the compact operational organization
of a control SCR-584. Range and PPI operators sit at the radar panels,
behind the controller. The controller works alone, in full charge of the
operation once an aircraft or a flight has been handed over to him by the
FDP. The man at the right has communications lines tha~ connect him
with the radio truck associated with the SCR-584 station, ~vith a radio
direction-finding station, and with the FDP under ~vhich the SCR-584 is
operating.

The 180° plotting table used with the SCR-584 was admittedly a

FIG. 716.-Interior of SCR-5S4 modified for close control, showing lSOOplotting board.
Near Cologne, December 1944.

makeshift, and there was later designed a plotting board, shown in Fig.
7.17, which embodied many improvements. It plots in rectangular
rather than in polar coordinates, contains “smoothing” circuits that
greatly improve the accuracy of the plotted aircraft position, and draws
an ink record of the position of the aircraft being tracked, so that the
controller has a knowledge of the aircraft course, as well as position, at
all times. Thk device also plots in ground range rather than in slant
range.

The range at which aircraft can be tracked by the SCR-584 can be
greatly increased, and the accuracy of tracking somewhat improved, if an
airborne beacon (Chap. 8) is carried in the aircraft under control, Such a
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beacon also facilitates identification of the plane to be controlled at the
time of initial pickup.

The operational use made of the SCR-584 as modified for aircraft
control was basically any that required precise navigation under restricted
visibility. Large aircraft could carry radio and radar navigational aids
which often made it possible for them to carry out such missions without
assistance, but the fighters and fighter-bombers of the TAC’S had neilhcr

———.———

FIG. 7.17.—X-Y plotting board for SCR-584.

space nor operators for such equipment. Their navigational aids had
to be external to the aircraft.

A total complement of 8 officers and 38 enlisted men was required to
operate a single control SCR-584, the majority of these men belonging to
the organization involved in making use of the radar data.

7.8. Teleran.—The examples of operational radar systems will be
closed with a brief account of a system still in the developmental stage.
It is called “Teleran” (for Television Radar Air Navigation) and
involves the coordinated use of air and ground equipment.

The basic idea of Teleran is that high-performance ground radar, if
supplemented by simple and reliable height-finding means and by
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weather and route information, can provide all of the data needed by
aircraft for en-route navigation and for airport approach. Further, high-
precision ground radar can supply all the information that a pilot requires,
in addition to his own flight instruments, for instrument approach and
landing. All that is required is to get this information into the aircraft,
where it can be displayed to and used by the pilot.

It is proposed to add to the display of a ground radar a chart that
contains map, airways, and weather information of interest to pilots, and
to send the resulting picture by television to the aircraft, where it is dis-
played to the pilot. Televising of the display is preferred to the use of
the radar-relay methods described in Chap. 17 because television does
not require the use of persistent phosphors, with their low maximum
level of light intensity, in the aircraft cockpit, where the level of ambient
light is likely to be high.

On the basis of the assumption that display of all aircraft in the pic-
ture offered a pilot would be useless and confusing, it is proposed to
separate the radar signals according to the altitude at which the corre-
sponding aircraft are flying. Thus, for example, a pilot at 5000 ft would
be sent signals sho~}-ing the positions of all aircraft in his neighborhood
and in the altitude range from 3500 to 6000 ft. This can be accomplished
technically by supplying each plane with a transponder beacon ~~rhose
reply signal is coded (Sec. 8.8) in accordance with the altitude at which
the plane is flying. This coding can be controlled automa~ically by an
altimeter. At the ground radar station, signals in the various altitude
intervals can be sorted out and displayed separately for transmission to
aircraft using the system. The transponder also increases the range of
the radar equipment and, if a reply frequency different from the trans-
mitter frequency of the radar is used, eliminates difficulty from ground
echoes which might interfere with seeing low-flying aircraft.

Figure 7.18 ~holl-s a Teleran display as it might appear to a pilot

flying at 11,000 ft. .kt this altitude, since topographical features are of
little interest, nothing is shown except other aircraft, towns, airports,
airways, frequency channels in use by Teleran ground stations, and the
direction and velocity of the wind. To assist the pilot in flying a course,
the compass reading is repeated on a disk mounted over the face of the
indicator and ruled with parallel lines showing the heading of the aircraft.
These lines are shown dashed in Fig. 718.

It is essential for the pilot to know which of the beacon responses is
that of his own plane. This is accomplished by having a rotating radial
line, centered at the radar station (which appears in the center of the
picture), form part of the display information transmitted from the
ground station, This line is normally invisible, but the television receiver
is controlled by a signal from the transponder in such a way that the line
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appears bright when the beacon is being interrogated. Since the beacon
is interrogated on!y when the radar is pointing atit, the bright line passes
through the signal pip representing the individual plane carrying the
equipment.. Each pilot sees a different radial line indicating his own
plane.

FIG. 718.—Schematic drawing of Teleran rmesentationin an aircraft flying at 11,000ft.

The Teleran system has been worked out in much more detail than
can be described here. Enough has been saiclto indicate the fashion in
which system planning, based always on the needs of the user, leads to a
functionally simple but technically elaborate final result, embodying not
only radar but also beacons, television, aircraft instruments, and always—
inescapabley—men.



CHAPTER 8

RADAR BEACONS

BY L. A. TURNER

Introduction. —Radar waves are reflected by targets of different sizes
regardless of their importance to the user of a radar set. The echo from
an aircraft may be lost in much larger echoes from near-by mountains, or
it may become too weak to be followed to ranges as great as desired. The
echo from a friendly aircraft is like that from a hostile one. The exact
location of a place on the ground may be of importance to a radar-
equipped aircraft even though there is no distinguishable radar target
at that point. In nearly all cases where it would be advantageous if an
echo could be made much stronger or more readily distinguishable from
other confusing ones, the use of a radar beacon is indicated. (An enemy
aircraft obviously constitutes one difficult exception. )

The usefulness of beacons was demonstrated with the early radar sets
that were operated at long wavelengths. A large proportion of the
beacons used in the war operated at frequencies about 200 Me/see.
These included the beacons used with ASV Mark II search radar, the
transponders used for identification, the portable Eureka beacons that
were part of the independent Rebecca-Eureka beacon system, and a
much-used system for precise bombing, the Oboe Mark I. Another
system for precise bombing, the Gee-H system, used beacons of even
lower frequency. In this chapter, more emphasis is put on the newer bea-
cons at higher frequencies since the trend in radar is toward microwaves.

The beacon is essentially a repeater of radar pulses. It has an
antenna and receiver that convert pulses of energy, received at high
frequency from a radar set or special interrogator, into triggering signals.
Each such signal triggers the transmitter in the beacon and causes it to
radiate one or more pulses cf radio energy that may have almost any
desired power, frequency, duration, number, and characteristic spacing.
Figure 8.1 gives a block diagram of a beacon. Since it takes time for the
beacon to react, the first reply pulse comes back to the radar set slightly
delayed and indicates a range slightly greater than the true one. In
man y applications this delay is negligible, in others it is made to have a
constant known value for which allowance can be made. The delay can
be kept down to a few tenths of a microsecond when necessary. In the
special case where the radiated pulse is single, has approximately the

243



244 RADAR BEACONS [SEC. 8

duration and frequency of the radar pulse, and is not appreciably delayed,
the beacon acts somewhat like an echo amplifier. The intensities of
received and transmitted signals are, to be sure, independent, rather than
in fixed proportion as in the case of a true amplifier. In general, however,
the frequency of the reply will be different from that of the triggering
radar set. In order to receive such replies, one needs a receiver tuned to
the frequency of the pulses sent out by the beacon instead of to the fre-
quency of the initial transmitted pulses. This may be either the receiver
of the radar set tuned to the new frequency, or a second independent
receiver tuned to the beacon. In either case, the reeeiver of the beacon
signals does not receive radar echoes since it is not tuned for them. Thus,

Receiving Transmitting
antenna J L J antenna

) b

Transmitter +- Modulator

Coder

7( or
simple
triqer

Recewer + Decoder
(optional)

FIG. S.I.—Block diagram of a beacon.

the beacon signals are separated from radar reflections and can be dis-
played without being swamped by heavy permanent echoes. Also, since
the pulse power of the beacon transmitter can be made as great as
desired, there is no limit to the strength of the reply. The range is
limited only by the power of the radar transmitter and the sensitivity of
the beacon receiver, which determine whether the beacon transmitter is
triggered or not. Figure 82a shows the radar echoes and Fig. 8.2b the
beacon replies on the indicator of the same 3-cm radar set. The pictures
were taken one immediately after the other on the same flight.

By its very nature, the radar-beacon combination involves two send-
receive links as does any two-way communication system. The two
links are ordinarily connected automatically in a simple regular way and
are uninfluenced by human reactions. Since the channels exist, how-
ever, they afford the basis for a communications system. In the past,
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beacons have sometimes been used in providing communication systems
ofamdimentary sort andalso forexercising remote control. Intelligence
has been conveyed from the radar to a beacon-carrying vehicle by modi-
fication of the repetition rate, the length of interrogating pulses, their
spacing in groups, or the duration of the intervals of interrogation. The
replies of the beacons have also been modulated in such ways. One
200-M c/sec beacon was used for two-way voice communication while still
functioning for its normal use. For the most part, however, this use for
communications has been somewhat incidental. Much fuller use of the
channels could be made since the portion of the spectrum required for
transmission of beacon signals of a simple sort is ample for conveying
much more complicated intelligence.

Beacons of the synchronous sort just described have been variously
called “radar beacons,” ‘~responder beacons,” “racons,” and “trans-
ponders,’’ there being no essential distinctions among these terms. The
discussion hereis confinedto such beacons since other free-running types,
more like ordinary radio beacons, appear to be less useful in conjunction
with radar sets. From the free-running type, only the bearing can be
determined. Radar information is particularly useful because it gives
accurate determinations of range; it is obviously sensible to provide, as
an adjunct to radar, the sort of beacon that makes the best use of this
property.

This chapter aims to give a brief r6sum6 of the main points involved
in the use of radar beacons. The design of beacons and of systems using
them is treated at length in Vol. 3 of this series.

RADAR-BEACON SYSTEMS

8.1. Types of Radar-beacon Systems.—In a discussion of beacons
it is convenient to classify them as fixed ground beacons, shipborne
beacons, airborne beacons, and portable beacons. All of these may be
used in conjunction with ground, ship, or airborne radar sets, or with spe-
cial interrogator-responsors. The following combinations have proved
useful so far:

Ground Radar,

1. Shipbome beacons. This combination is of use principally for
identification of particular ships since, in general, the radar echo
from a ship is distinct enough.

2. Airborne beacons. This combination has proved to be of great
usefulness for identification and for various purposes where ground
surveillance and control of air traffic is desired. Figure 8.3 shows
the AN/APhT-19, an airborne 10-cm beacon.

.4 special system of precision bombing, known as the “ Oboe
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system, ” involved simultaneous determination by two ground
stations of the ranges of a beacon-carrying aircraft with great
accuracy. Coded signals for guiding the navigation of the plane
were given by the radar sets by suitable modulation of the inter-
rogating pulses.

3. Portable beacons. Portable beacons used with portable inter-
rogators form the basis of anew and accurate system of surveying.

1 Gontrolbw Controlbox
I

FIG. S.3.—Component parts of the AN/APN-19 beacon. The AN/A PN-19 is a IO-cm
beacon designed for installation in aircraft.

The position of ground
fixed by measurement
known points.

Ship Radar.

1.

2.

3.

Fixed ground beacons.

radar sets can sometimes conveniently be
of ranges to portable beacons placed at

The beacon is here the radar analogue
of the old-fashioned lighthouse. Since range to the beacon is
measured aswellas its bearing, observation of asingle beacon gives
two intersecting lines of position and a fix more accurate than is
customarily obtained by other methods.
Shipborne beacons. This combination can be of use principally
for identification.
Airborne beacons. Beacons have facilitated control of military
aircraft from a ship, and have been useful for identification of air-
craft. Inthepast war, they were used toenable ships to horn eon
aircraft that were orbiting in regions where submarines had been
sighted.
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4. Portable beacons. Small beacons have been used for marking life
rafts and small target rafts.

Airborne Radar.

1. Fixed ground beacons. Beacons used with microwave radar hav-
ing PPI presentation give most satisfactory navigational fixes by
graphically locating the aircraft with respect to several known
points on the ground. Figure 8.4 shows one of the AN/CPN-6
beacons, a 3-cm beacon of high power designed for use in air
navigation.

FIG. S.4.—The AN/CPN-6 beacon. The .4N/CPN-6 is a hi..zh-nowered3-cm beacon

2,

interided for use in permanent iristallationson th~ g~ound.

Special systems designed for measuring with great accuracy the
ranges from two ground beacons at known positions have been
used for mapping and blind bombing of high precision. Since in
such systems there is no need for determining azimuth, lower fre-
quencies can be employed advantageously, omnidirectional
antennas can be used in the aircraft, and the beacon replies (which
are then steady) can be presented on special indicators designed
for ease in getting great accuracy of measurement.

Beacons at longer wavelengths have been used in blind-
approach systems.
Shipborne beacons. Some beacons have been used for identifying
ships, others for enabling aircraft to home on their carriers or on
convoys.
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3. Airborne beacons. This combination has been useful as an aid in

effecting rendezvous and for identification.

4. Portable beacons. Such a combination has been of military use

under circumstances where fixed ground beacons could not be set

up readily, but small portable beacons could be used instead.
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FIG, 8.6,—The .$N/UPN-l, a portable
bnttery-operated10-cmbeacon.

FIG. S..5.-Tbe AN/I’PX-2 beacon
The AN/PPN-2 is a 1.5-nl beacon de-
signedfor useprincipally by paratroops.

Such beacons have been used principally to indicate to supporting
aircraft the location of isolated forward elements on the ground,
such as advance parties of paratroops or secret agents. Figure

8.5 shows the AN/PPN-2, a 1.5-m beacon carried by pathfinder
paratroopers; Fig. 8.6 shows the AN/UPX-l, a 10-cm beacon that
was similarly used. Similar beacons have been used for marking
life rafts at sea.
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Table 8.1 collects andsummarizes all these applications.

TABLE 81.-SUMMARY OF PRINCIPAL L’SES OF BEACONS

Radar or I
other

interrogator Ground
(fixed)

Ground

I

Shipborne Pllotage

Airborne Navigation
Blind ap-
proach

Shipborne

Identification

Identification

Identification
Homing

Beacons

.Airborne Portable

Identification Surveying
Ground-controlled
precise navigation

Control of aircraft Life rafts
Homing Shore bombardment

Identification Temporary marking
Rendezvous of points on land

Life rafts

8.2. Systems Planning.-Given a particular radar set, it is simple
enough to provide a beacon for any special use. The receiver of such a
beacon can be of narrow bandwidth and tuned to the frequency of the
radar. The reply can be either at the same frequency or at one just
different enough to permit separation of radar echoes and beacon replies,
but still receivable merely by minor adjustment of the radar receiver.
When, however, it isdesired to provide a beacon that will be useful to
many different radar sets of the same type, the problem is more compli-
cated. Radar sets of a given kind are usually operated at somewhat
different frequencies in order to avoid mutual interference. Thus, the
receiver of the beacon has to have sufficient bandwidth to receive the
interrogating signal from any one of the radar sets. For airborne 3-cm
radar sets, for example, the band from 9320 to 9430 Me/see was used.
This band of 110 Me/see was needed to take care of the variations of the
frequencies of the magnetrons as manufactured plus further changes to be
expected in adjustment and use in the field. The reply, however, had
to be made at some particular frequent y; that used was9310 + 2 Me/see.
Provision must be made in the radar receiver for quick and accurate
tuning to a chosen beacon reply frequency if beacon signals are to be used.

Radar sets and beacons cannot be so designed without careful plan-
ning. If the full potentialities of radar beacons are to be realized, both
radar sets and beacons must be planned together as parts oj a unified r_adar-
beacon sgstem. Thk now seems trivially obvious, but it is not the way
that much of the existing equipment was designed. In the development
of radar, the beacons came as an afterthought. The result was that
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beacon performance often was not so good as can be obtained. The
designer of future radar systems, having knowledgeof radar and radar-
beacon possibilities, should decide on the scope of desired operational
characteristics of his system and then design his radar set and beacons
together in order to achieve the result most efficiently.

If the frequency of the beacon reply is to be very different from the
frequency of the radar transmitter, it is usually necessary to provide a
separate antenna and receiver for the beacon signals. The scanning of
this second antenna must then be synchronized with that of the radar
antenna. In some cases, this synchronization has been accomplished
by using the same parabolic reflector with separate feeds for the two
frequencies.

If the frequency of the beacon is close to that of the radar set, other
problems arise. The same antenna can be used, but then the design of
the duplexing system becomes more complex than it is for the simple
radar set. Attenuation of the received signals at both frequencies must
be held to a small amount.

In any case, it is desirable to include some device that will automati-
cally keep the local oscillator for beacon signals in tune. When the
beacon receiver is completely separate from the radar receiver, it is
advantageous to provide switching arrangements so that the radar
operator can have his choice of either radar or beacon signals alone, or
both together. It is often useful to include separate adjustments for the
saturation levels of the signals, so that stronger beacon signals will stand
out when superimposed on saturated ground ‘(clutter” from the radar.
Also, if the pulses of the beacon are short, it is possible to improve the
display by stretching them in the video amplifier of the receiver.

Some beacons are made to reply only to interrogating pulses of proper
length, or to those having other special characteristics, as discussed
below. In such cases, the corresponding changes have to be included
in the modulator of the radar set, with appropriate controlling switches.

The above list of radar design features needed for best use of beacons
appears somewhat formidable, and so it is when one is trying to patch
up an antique radar set that does no~ have such features included in its
original design. When starting afresh, however, the list does not involve
unreasonable additional complications. Actually, the most compact
airborne microwave radar set produced during the war was also by far
the most simple to operate, and it incorporated nearly all of the features
mentioned above. This set, designated AN/APS-10, is described in
Chap. 15 of this book.

8.3. General Identification Systems, IFF.—The discussion of this
chapter is confined almost entirely to the use of beacons for various
navigational problems and for identification systems of somewhat
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restricted scope. Mention should be made, however, of the more general
problem of identification, which gave rise to a system known as IFF—
Identification of Friend or Foe. This system was probably the most
important single field of application of radar beacons in the war. The
goal was to provide every friendly military ship and aircraft with a trans-
ponder that would give an identifying reply signal in response to proper
interrogation. Since the location of the ship or aircraft in question was
almost always determined by radar, the problem was actually one of
determining the friendly or hostile character of radar targets. The IFF
interrogating equipment was thus used in the great majority of cases as
an adjunct to a radar set. The problem was enormously difficult in view
of the rapid development of many types of radar sets in both Britain and
America, the tremendous density of airplane traffic to be dealt with in
many theaters and the necessity for having replies coded with sufficient
elaborateness to prevent the effective use of captured IFF transponders
by the enemy for deception. In addition to these and other inherent
technical difficulties, there were still others of a political sort. Among
these were the problems of getting agreement among the many branches
of the British and U.S. Armed Services concerning details of desired
characteristics of systems and of planning manufacture, distribution,
installation, and maintenance of equipment in such a way that an IFF
system could actually go into effective widespread use in a theater by
some target date. It seems that problems of this sort are to be encoun-
tered in connection with any such system that is meant to have wide-
spread use. In spite of all these difficulties, one such system was put
into use in nearly all theakers, and was of great help where its potentiali-
ties were understood and its limited traffic-handling capacity was not
exceeded. It is beyond the scope of this chapter to go further into the
problems of IFF. A peace-time requirement that is likely to pose prob-
lems of similar character, although of lesser complexity, is that of control
of air traffic in the neighborhood of airports where the traffic is likely to
be heavy.

8.4. Radar Interrogation vs. Special Interrogators.-Much of the
preceding discussion implies that beacons are to be used principally with
radar sets and to be interrogated by them. For IFF, however, because
of the great variety of radar sets at different wavelengths, it is necessary
to pick particular bands of frequencies for the IFF beacons and to supply
supplementary interrogating equipment to work with the radars. For
every proposed radar application where beacons would be of use, the
question will arise whether it is better to use radar beacons or to provide
such separate equipment to work at frequencies set aside for the purpose.
There seems to be no single correct answer. Separate cases must be
considered separately, but it is desirable that in so doing the proposed
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systems be conceived as broadly as the possibilities for unified planning,
control, and operation will permit.

Let us first consider the planning of beacons for use with airborne
radar, which has been the subject of some controversy in the past. If
radar beacons are to be provided, a whole new set of them is required for
every new band of frequencies used. British opinion has inclined to the
view that the resulting multiplicity of beacons is intolerable, that it
involves far too great a cost for the design, manufacture, installation, and
maintenance of these many differrnt beacons. The British policy has
been to design for every radar set a supplementary synchronous beacon
interrogator for interrogating beacons in the 200-Mc/sec region and
receiving replies at such a frequency, the replies to be displayed whenever
possible on the indicator of the radar set. These interrogators were
to be replaced in due course with similar equipment operating at a new
and higher region of frequency. Special separate antennas are obviously
required. The contrary view, more widely held in the United States, is
that the provision of suitable beacons is but a small part of the over-all
complication and expense of introducing radar in a new band of fre-
quency; that the frequencies used for radar sets for any given purpose
tend to group in a small number of reasonably narrow bands; that
since the radar set itself can be as good an interrogator-responsor as
one could desire, it is putting complication in the wrong place to add more
equipment to a crowded airplane; and that the display of the beacon
signals and the performance as a whole will be inferior when the beacon
frequency is considerably below the radar frequency.

The decision must depend, to a considerable extent, on the relative
importance of using beacons for navigation and for identification. For
an identification system, it is obviously necessary to have but one rela-
tively simple type of beacon and to require that the identifying radar sets
be accommodated to it. For navigational purposes, the requirements
of the airplane become relatively more important.

If all information needed for the desired use can be obtained with
beacon signals alone, it is not necessary to have a proper radar set at all,
and the radar set can then be replaced by an interrogator-responsor.
This has a transmitter and receiver like those of a radar set, but it is in
general somewhat smaller and lighter since not so much transmitted
power is required for triggering beacons as is required for getting adequate
radar echoes. Such equipments can be especially economical in size and
weight if range only is \\-anted, or if the sort of azimuth information
obtainable by lobe-s~vitching is adequate. In such cases the sets can be
run at low frequencies, and the equipment is relatively compact. If,
however, it is desired to have I’PI presentation of the beacon signals,
which affords azimuth information comparable to that given by modern
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radar sets, theinterrogator-responsorbecomessonearlyacompleteradar
set that it may as well be made to be one.

In the case of beacons carried by aircraft to extend the range and to
facilitate identification by ground radar sets, i~ is obviously desirable to
have only one type of beacon for all aircraft under the surveillance of a
comprehensive system of like ground radar sets. It is also desirable that
these beacons give signals of the same degree of resolution in azimuth as
that of the radar signals. It seems likely that the radar sets and beacons
will be designed together as parts of a system operating at 3000 31c/sec
or higher. There appears to be little to be gained by trying to have this
system operate at the same frequencies as the beacons for use with air-
borne radar sets unless it is required that the same beacons that are to be
interrogated by the ground radar sets also reply to interrogation by
airborne radar sets.

8.5. Independence of Interrogation and Reply .—Although the funda-
mental considerations that underlie the design of beacons and beacon
systems are the same as those for radar in general, there are certain con-
sequences of the almost complete independence of the interrogation and
reply links that need explicit mention.

Range.—The expression for the power received by the beacon is given
by Eq. (2.14). For its maximum value, using a notation defined belo\v,
we get

Subscript i–interrogation leg.
Subscript r–response leg.
Subscript T–transmitting components.
Subscript S-receiving components.

R = distance from interrogator to beacon ~aI,le units,
A = wavelength of the radiation 1

..

P = power in watts.
Gma,= maximum value of effective gain.

(PS,)~., = maximum value of the available peak po~ver received by
the beacon.

P,, = peak value of the power transmitted by the interrogator

(radar).

(G.,)max = maximum value of the gain of the transmitting antmna

of the interrogator.

(Gs,)max = maximum value of the gain of the receiving antenna of the

beacon.

xi = transmitted wavelength.

If we let P~i represent the peak value of available recei~-ed power
necessary for triggering the l~eacon and l?! represent the corresponding
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range, Eq. (1) gives

(2)

In Eq. (2) R: is the maximum free-space range for interrogation of the
beacon; when it is at greater ranges it will not be triggered.

The corresponding expression for the reply link is

[ 1
[$

h’: = & $+(G,,) m.x(G.s)me.x
Sr

(3)

In Eq. (3), P!, is the peak value of the available received power
required to give a satisfactory beacon signal on the indicator of the
interrogating system, due account being taken of scanning losses and
other circumstances of use. The range R; is the greatest one for which
reply signals from triggered beacons will be usable. This cannot be
defined as clearly as is R! since having a signal “satisfactory” is less
definite than having it either present or absent. The other quantities
in Eq. (3) are of obvious significance if it is kept in mind that the sub-
script r refers to the reply link.

In the preceding paragraphs it was assumed that the triggering of the
beacon and the intensity of the displayed reply depend on the pulse
powers of the two pulses. This implies that both the receiver in the
beacon and the one in the interrogating system have a bandwidth suffi-
cient to insure that both received signals rise to a value that depends on
the pulse po\ver and is independent of the length of the pulse \vithin wide
limits. This condition is usually the desired one and the receivers are
designed accordingly. If a receiver of very narrow bandwidth should
be used, however, the peak value of its output would then depend upon
the energy of the pulse, rather than upon the pulse power. For such
cases Eqs. (2) and (3) would be modified by substituting the transmitted
and received values of the energies per pulse for the respective pulse-
power values.

It is sensible to design the system so that R; N R: since there is no
use in having replies that are too weak to be observed even though the
beacon is being interrogated, as can be the case if R: < R?. Likewise
nothing is gained by making provision for strong replies if they are absent
because of the failure of the interrogation. This situation can arise if
R: > R!. The common value of R! = R$ must be made equal to the
desired maximum range, and indesd somewhat larger if a reasonable
factor of safety is desired. It is sometimes useful to make R; somewhat
larger than R: iu order to facilitate recognition by the operator of beacon
signals in the noise.
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In the case of beacons interrogated and received bya radar set, ~,is
nearly equal to X,; (Gd ~.. usually equals (GE,)~.. since the same antenna
is likely to be involved; and (GR,)~~.usually equals (G~,)~,. since beacon
antennas for receiving and transmitting need to have the same radiation
pattern and are therefore alike. The condition for balance of the two
links, namely that R: equal R:, then becomes

(4)

The receiver of the beacon is almost always less sensitive than that of the
radar, either by necessity (because of the greater bandwidth), or by
choice to avoid undesired triggering (see below); hence P:, < P~i. In
the balanced system, then, the transmitter of the beacon may as well be
less powerful than that of the radar in the same proportion.

In actual cases, Eq. (1) and a corresponding equation for the received
power in the reply link involve two additional factors. One of these is a
geometrical factor that expresses the effects of interference and diffrac-
tion. The other takes account of the attenuation of the radiation in the
atmosphere. These matters as they pertain to radar echoes are dis-
cussed in Sees. 2“12 and 2.15. It should be noted, however, that the
numerical factors appropriate here are the square roots of those for radar
signals, when for the latter the effects on both the transmitted and
reflected pulses are lumped together. These factors drop out of the
expression (4) just as the antenna gains do, since they have the same value
for both links. In any beacon system in which the frequencies of inter-
rogation and reply are substantially different, however, all of the factors
in Eqs. (2) and (3) must be retained and these additional ones must be
added. The two links have to be designed separately to get proper
operation at all ranges up to some fixed value or to meet other particular
requirements.

It is apparent from Eq. (1) that another consequence of the inde-
pendence of the two links is a different law for the relation between signal
strength and range. Radar echoes vary in pulse power as the inverse
fourth power of the free-space range, whereas beacon replies vary only as
the inverse square. In general, beacon signals do not vary as much
between particular values of range, do not cut off as abruptly with
increasing range, and do not give as deep interference minima as radar
signals do.

A zimuth.—One further consequence of the separation of the two links
is that the scanning sector through which beacon replies are obtained is
limited either in the interrogation link or in the reply link according to
circumstances. Equation (1) becomes more generally

(5)
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Here P~i is the available pulse power at the beacon for any relative posi-
tion of the interrogator and the beacon. The gain of the transmitting
antenna, G~,, is a variable that depends upon the angular position of the
antenna with respect to the line from it to the beacon. The received
power is a maximum only when the interrogator is really looking at the
beacon. Similarly GEi, the gain of the beacon receiving antenna, is a
variable depending on the orientation of the antenna with respect to the
line from the beacon to the interrogator.

Let us consider, as an example, a ground radar set scanning around
through the complete azimuth circle and interrogating an airborne bea-
con. Curve a of Fig. 8.7 represents schematically a polar diagram of the
logarithm of the power recwived at
the beacon as a function of the angu-
lar position of the radar antenna.
The line to the beacon is assumed
to be the upward vertical. In the
ideal case the curve is the same as
the antenna pattern of the radar; in
actual cases it is often modified by
reflections from near-by buildings,
hills, etc. If circle b represe,,ts the
threshold power for triggering, the
beacon will be triggered only through
the sector AOA’. If, however, the
values of received power should all
be increased by 12 db or so (by de-
creasing the range to the beacon),
the beacon would also be interrogated
by side lobes of the antenna. Figure
8.8 shows this effect. It is clear that
if we consider interrogation that
begins when the separation is first
large and then decreases, the beacon

FIG.S.7.—Schematiclogarithmicpolar
diagram of the antenna pattern of a
microwave radar. The triggering of a
beacon occurs when the energy radiated
in a given direction is in excess of some
necessaryminimum amount.

—
is first interrogated at maximum range through a very narrow angular
region. As the range decreases, the sector of interrogation increases, but
remains of the order of magnitude of the half-power beamwidth of the
antenna until a range about one tenth of maximum is reached. There,
assuming the side lobes of the antenna pattern to be about 20 db
down, side-lobe interrogation begins and grows with decreasing range.
Finally, in practical cases, a range is reached for which the beacon is
interrogated no matter which way the antenna is pointed. It is also clear
that reduction of the radiated power would produce a narrowing of the
sector of interrogation of any particular beacon, but would lead to failure
to interrogate those at greatest range.
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Similar considerations apply to the reply link. If we assume the
beacon to reinterrogated for all angular positions of theantmma of the
interrogator and the sensitivity of the receiver to be kept constant,
the angular width of the beacon arc on the PPI tube \rillvaryas did the
sector of interrogation in the previous case. Overa large distance the
reply arc will be of the order of magnitude of the half-po\rer bcam\ridth of
the receiving antenna. For close-in beacons, extensions attributable to
side lobes appear, and forvcry close beacons acomplete circle is obtained,
The complete circle or side-lobe pattern can be reduced to the narro\r arc
by suitable reduction of the gain of the radar receiver, again \vith th(,
loss of more distant beacons. Here, ho~rever, it is possible to usc a

FIG. S.S,—Interrogation of a beacon by side lobes. Interrogation of a sbipborne
10-cmbeacon by a radar set on \ft. Cadillac on Mt. Desert Island, }Ie, (a) shows the
extended pattern at about 4 o’clock in the picture; (b) showshow it ran he red”red to the
reply in the main beam by manipulationof the gain control of t’~c rereiver of the beacon
signals.

sensitivity-time-control (STC) circuit that gi~~esautomatic variation of
the sensitivity of thereceiver asafunction of the elapsed time after emis-
sion of the interrogation pulse. The gain is thus automatically adjusted
to be correct for beacons at all ranges with the result that they all appear
as approximate half-power bearnwidth arcs. This circuit must be care-
fully designed if it is to give good results with ground radars interrogating
beacons on aircraft flying in the maximum of the pattern of the receiving
antenna and still not unduly attenuate weaker replies from beacons in
low-flying aircraft.

It is clear from the foregoing that the width of the reply arc is always
limited in either one link or the other, whichever is the narrower, and that
it can be controlled by adjusting either transmitted power or receiver
gain. Where manual adjustment for good reception of a particular
beacon is to be used, cutting down the transmitted power would be
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lower than that of the radar by a factor of 20 or so. Either the beam-
width of the antenna for receiving replies from the beacon is made very
broad or this antenna is made omnidirec bional. Microwave angular
discrimination is still provided by the sharpness of the interrogating
beam—again only for beacons at ranges beyond that for which side lobes
begin to cause broadening of the reply. Figure 8.9 shows a whole set of
replies from such a beacon, exposures having been made every few sweeps
of the PPI. The interrogations were at 10 cm, the replies at 1.5 m. The
principal reason for using such a beacon rather than one that gives a
microwave reply is the relative simplicity of the low-frequency trans-
mitter and antenna of the beaeon. Also, by placing several simple
antennas and receivers for the interrogation at different places on an air-
craft, it is possible to achieve a good approximation to an effectively
omnidirectional pattern for the interrogation link. This is almost
impossible to achieve with single simple microwave antennas because of
interference effects. It is necessary to put the outputs of such multiple
receivers in parallel after detection so that there will not be a combination
of r-f signals in varying phases to give rise to interference maxima and
minima.

The foregoing discussion implies that the broadening of the arcs for
beacon replies is greater than that for radar signals. This is not the case,
however, if the maximum range for both is the same. If G~U and G(,oh)
are the respective gains of the antenna at the center of the pattern and at
the maximum of the first side lobe and R! and R;[l.h) the corresponding
maximum ranges for interrogation of the beacon (to give minimum
triggering power), from Eq. (5) we get GJ(R:) 2 = G(l.~)/R~O.~).

The same line of argument followed through with the radar equation
gives P-J(R:) 4 = G2(]~~)/R&~), which gives the same value of R,(,ok)
when R: is the same. In practice, however, the broadening of the beacon
signals is likely to be greater since i~ is customary and usually desirable
to set the sensitivity of the beacon receiver so that the maximum free-
space range is considerably greater than the radar range to an average
target. This is done partly to ensure increased range and partly to allow
for the considerable unavoidable variations between the receivers of
different beacons as installed and operated.

8.6. Frequency Considerations. General.4ince beacon replies are
much like radar echoes, the considerations involved in choosing the fre-
quency region for a system in order to get the desired resolution are much
the same. In general, the higher the frequency, the better the azimuth
discrimination for a given tolerable size of antenna system. This
advantage of improved angular separation with increased frequency is
somewhat offset by a tendency toward increased size and weight of trans-
mitters needed for a given range performance.
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The most satisfactory presentation of beacon replies for purposes of
ordinary navigation is undoubtedly the PPI since it gives the whole
situation at a glance in a direct way. The angular widths of beacon
replies should be limited to a few degrees, if possible. For an airborne
interrogator this suggests the use of 3-cm or shorter wavelength; for
systems having ground interrogators with large antenna arrays a con-
siderably lower frequency can be used. Azimuth determination by lobe-
switching, involving comparison between the strengths of signals received
on two antennas pointed in different directions, is adequate for many
purposes but relatively clumsy in use. It permits the use of lower frequen-
cies and much broader antenna patterns, with corresponding reduction
in size of the antennas, but it results in a great increase in the diffi-
culty of identifying beacon replies with particular radar echoes. It is,
however, satisfactory for aircraft homing on the beacon. In the wartime
systems which provided means of precise navigation by accurate measure-
ment cf the ranges to two ground beacons at known positions, special
indicators were used. They displayed and measured the positions of the
steady beacon signals obtained by using omnidirectional antennas rather
than scanners.

There is an upper limit on the frequency to which it is desirable to go.
At about 15,000 to 20,000 Me/see the attenuation by water vapor in the
atmosphere of the earth begins to become of consequence. In conditions
of bad weather, when navigational beacons are most needed, the range of
beacons at such frequencies would be lowered so much that they would
be of little use.

In nearly all cases, the frequency of the beacon reply should be differ-
ent enough from that of the interrogating pulses to obviate simultaneous
recephion of beacon replies and radar echoes by one receiver. In this way
the swamping of beacon replies by strong echoes is eliminated. Even
when it is desirable that radar echoes and beacon replies be presented
simultaneously, the saturation video levels for the two kinds of signals
can be made different by using separate receivers; thus beacon replies can
be made to stand out even when superimposed on saturated ground clutter.
A very striking differentiation between radar and beacon signals from
aircraft has been achieved by putting them on separate PPI tubes that
give signals in two different colors, the signals being effectively super-
imposed by optical means.

If any interrogator or radar set of a given type is to be able to locate a
beacon readily, the beacon must transmit at some known frequency and
the receiver for the signals must be readily tunable to that precise fre-
quent y, whether the beacon replies are rewived or not. When the lWa-
tion of the beacon is unknown (as is usually the case) and the interrogator
is scanning, it is not tolerable to increase the general uncertainty about
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the beacon by having to search over a band 01 frequencies. Thus, ade-
quate stabilization of the beacon transmitter is required, and the receiver
for the signals must have automatic frequency control, or a wavemeter
must be provided, or it must be possible to set the frequency accurately
to preset values by having mechanical parts of sufficient precision. All
of these techniques have been worked out and are now available.

This use of a spot frequency for the reply does have a disadvantage,
however. Each interrogating radar will receive not only the responses
of the beacon to its interrogation pulses, but also the beacon responses to
interrogating pulses from other sets. The replies that a radar set receives
to its own pulses are synchronous and appear at the proper range in a
regular way. Replies to other radar sets are, in general, not synchronous.
This is discussed further in Sec. 8.9.
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FIG.S.10.—Variationof frequency with time in a beacon. Tl”ithsweepsaain (a), equal
intervals between replies will be obtained for all frequencies. For (~) the distribution
dependson the frequency.

Sweeping Frequency. -In some cases it has not been feasible to use a
single spot frequency of reply either because the number of replies at the
frequency would be excessive or because it was not practical to modify a
group of radar sets to receive the chosen frequency. In these cases,
beacons have been used in which the common frequency of receiver and
transmitter was made to sweep periodically over the band of frequencies
of the interrogators. A given interrogator got replies when the beacon
came into tune with it. This system is useful only with interrogators
that are pointed continuously at the beacon. If the interrogator scans
in space, it will not in general be pointed at the beacon during the interval
that the beacon is tuned to its frequency band unless the scanning period
is made short compared with the interval during which the beacon replies.

Some such beacons have a single tube used both as a superregenerative
receiver and as a pulsed transmitting oscillator so that by mechanical
changes of the tuning of the resonant circuit both frequencies can be
changed together. The frequency for reception and that for transmis-
sion are nearly the same; they are not identical because of the different
voltages and transit times involved at the two clifferen t levels of operation.
Figure 8.10 shows two readily realizable cycles of variation of frequency
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with time. The intersections of the horizontal lines with the sawtooth
curves give the times at which replies are received by a radar tuned to the
frequency corresponding to the horizontal line. In case a all interroga-
tors at different frequency get regularly spaced pulses, in case b they come
in pairs, the grouping depending on the frequency. This use of a single
tube for receiver and transmitter is convenient especially because it tends
to mitigate the effects of antenna mismatch often encountered in installa-
tions in the field. The shift of frequency for both transmitter and
receiver is automatically almost exactly the same. Separate receivers
and transmitters whose tuning controls have been ganged can be used
if desired but this method requires more care in design and installation.

CODING

The simplest type of beacon replies ~vith a single pulse to every pulse
of sufficient strength received within a certain band of frequency. For
purposes of reducing interrogation by confining it to only those interr~
gators that are intentionally seeking beacon replies, coding of the
interrogation may be used. Likewise, the replies may be made more
complicated in a variety of ways for the purpose either of identifying
the beacon or of using it as a part of an auxiliary communication system.

8.7. Interrogation Codes. Frequency. -If the beacon is one that
replies to all radars of a given type, the frequency for interrogation is not
highly characteristic. If it is one to be used in a system with specially
designed interrogator-responsors, certain discrete interrogation fre-
quencies can be used as part of a code characterizing the particular
beacon.

Pulse Length.—In order to avoid excess interrogation of ground
beacons by airborne radars not interested in beacon replies, some beacons
have been designed so that they are triggered only by pulses longer than
those used for ordinary radar search. Careful design of the beacon
receiver is required to prevent the stretching of strong, short pulses to
give the same effects as longer ones of medium strength, but this problem
has been solved satisfactorily. The beacon reply is obviously delayed
since it cannot occur until after the lapse of a time longer than the dura-
tion of the search pulse. This delay must be allowed for in estimating
the range to the beacon.

Multiple Pulses.—The beacon can be made to include a decoder so
that a trigger is developed only upon reception of a pair of pulses having
the proper separation, or it can be made so that it will reply only upon
reception of a sbill more complicated group of properly spaced pulses.
A considerable time delay may be involved, but in many cases this can
be obviated by having the sweep of the interrogating radar started by the
last of the group of interrogating pulses. One of the prinrip:d benefits
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to be derived by the use of this more complicated system is relative
freedom from random triggering by other radar sets in the same band since
the probability of getting such a group of pulses by accident decreases
rapidly as the complication of the group increases. This matter is dis-
cussed more fully below. All such systems, however, are subject to some
difficulties resulting from the presence of reflected signals that are delayed
because of the longer path traversed.

Two-frequency lntemogation.-Another method related to the use of
groups of pulses is the use of coincident interrogation at two different
frequencies. The two pulses may be actually coincident, or one delayed
with respect to the other by any fixed amount. Both the value of the
second frequency and that of the delay give additional coding possibilityies.

Communication by the Interrogation Link.—So far, methods of interro-
gation coding have been discussed which determine whether or not the
beacon will reply when interrogated. More complicated schemes for
coding the interrogating beam enable the transmission of information to
the vehicle carrying the beacon. Such schemes are usually applied only
in cases where the interrogating antenna points continuously at the
beacon. Information in the telegraph code can be conveyed by turning
the interrogator on and off, by varying the width of the pulses, by chang-
ing the spacing betweeh pairs of them, by changing the number of pulses
in groups, and by varying the pulse repetition rate. When the repeti tion
rate is made high enough, the relative spacing of pairs of pulses or
the pulse width can be varied at voice frequencies to give telephonic
communication.

88. Reply Codes. Frequency .—Some coding can be had by use of
several spot frequencies for beacon replies.

Gap Coding.—The beacon transmitter can be turned on and off to
give Morse letters. This system is useful only when the interrogator is
expected to look at the beacon steadily. A variant that has been sug-
gested for use with scanning radars is a rapid code of this kind which
would break the reply arc on the PPI into dots and dashes. Only simple
codes could be used because of the limitation of beamwidth and the
complete uncertainty as to the part of the coding cycle for which the
broken reply arc would be centered.

Width Coding. —Letters of the Morse code can be transmitted by
changing the width of the pulses in the proper sequence instead of turning
the pulses on and off. Beacons emitting such width-modulated replies
will give a display on scanning radars and have the additional slow gap
code which can be read if the seaming is stopped.

Range Coding. -Codes readily visible on the PPI, as in Figs. 8.2a and
8.2b, are obtained by having the trigger operate a coder that causes the
emission of a number of reply pulses. These may be grouped in time in
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different ways in order to give vzmious groups in apparent range on the
indicator. They are instantly readable by rapidly scanning radars, but.
have the disadvantage of being more subject to confusion by overlapping
patterns, when numerous beacons are present at nearly the same bearing,
than are replies that give simpler patterns.

Voice Communication. —Here also, when the repetition rate is high
enough, the relative spacing of pairs of reply pulses or the width of pulses
can be varied at voice frequency to give telephonic communication, usable
when the interrogateor-responsor points steadily at the beacon.

STATISTICAL CONSIDERATIONS

8.9. Tra5c Capacity .-For every beacon there is some limit to the
total amount of energy it can radiate per second, with a corresponding
limitation of the number of its replies per second and of the number of
interrogators that can work with it simultaneously. Beacons have been
made in which the limit to the rate of reply was set by the amount of
interrogation necessary to overheat the beacon until it started a fire, but
this informal system has drawbacks. It is usually desirable to incor-
porate an arrangement for limiting the average rate of reply to a safe
value. There are two principal ways of doing this.

In the first method, the sensitivity of the beacon receiver is decreased
as the average number of replies increases. Weaker interrogations are
thus rejected and the replies are limited to stronger interrogatems up to
the maximum number tolerable. For navigational beacons, in general,
this is not a good scheme since it tends to eliminate replies to the more
distant interrogators, which are likely to be the ones most in need of
getting them. For some purposes, where beacons of short range are to
be used in connection with landing systems, this might prove to be a
useful method.

The second method involves reducing the ratio of the number of
replies to the number of interrogations to keep the total number of replies
within the safe limit. The beacon display of all interrogators is some-
what impaired if there is sufficient overinterrogation to reduce this ratio
markedly, but there is no discrimination against the far-off interrogators.
This result is accomplished by varying the period of insensitivity of the
beacon following the emission of its coded reply. There is always a
finite minimum time between successive beacon replies; the maximum
number of possible replies is thus the reciprocal of this time. Usually
this maximum number is too great for safety unless the “dead” time has
deliberately been made greater than it would naturally be. The simplest
way to protect the beacon against overloading is to arrange that the
receiver will always be dead for the desired time after making a reply and
will then recover sensitivity so quickly that stronger interrogators are
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not favored. This simple system can lead to occasional unnecessary
interference of one interrogator with another. Let us assume, for
example, that there are but twointerrogators and that the beacon could
readily reply to both steadily. If the dead time is long, there will never-
theless be times when the interrogations from one beacon will arrive in
the dead time following the reply to the other. A more complicated sys-
tem that avoids this defect has been used. The dead time is normally
short but is arranged to increase, as needed, with increasing average rate
of interrogation. Too short a dead time can be troublesome, for it may
lead to multiple interrogation by the same interrogator pulse that has
reached the beacon not only directly, but also by other and longer paths
involving reflection.

If W represents the probabilityy that the beacon will reply to an inter-
rogating pulse of sufficient strength, it is easy to show by a statistical
argument that

w>J-
I+nr

and

w<
1

l+(n– 1),

(6)

(7)

In these expressions, n is the number of like interrogators having almost
equal recurrence rates, and 7 is the ratio of the dead time to the total
interval between interrogating pulses. Thus r is the fraction of the time
that the beacon is insensitive to a second interrogator if it is replying
fully to a first one. If the recurrence rates of the interrogators were
exactly equal, there would be a fixed phase relationship between pulses
and the statistical argument would be inapplicable. When interrogating
radars have crystal-controlled repetition rates that are almost exactly
equal, the radar that first emits its pulses may for a time steal the beacon
completely away from a second radar that emits its pulses somewhat
later. Equation (6) results from assuming complete randomness of
interrogations, and gives a result that is absurd when there is but one
interrogator. Equation (7) results when we assume that the probability
of reply to a particular pulse from one interrogator is completely unin-
fluenced by the existence of the other interrogations by that interrogator.
This assumption is false since there is indirectly such an influence. The
exact expression for W is cumbersome but this is of little practical con-
sequence since it need not be used. The two values obtained from Eqs.
(6) and (7) bracket the true value and differ from each other unimpor-
tantly in practical cases. A useful approximation for W is given by

w=
1

1 + (n – W)7’
(8)
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which transforms
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W’7– W+l.n=
w,

(9)

Figure 8.11 gives a plot of Eq. (9) for two values of ~. For existing radars
and beacons r is ordinarily of the order of 0.1.

It is clear from the foregoing that there is no simple way to estimate
the traffic capacity of a beacon system since it depends on the lowest value
of W tolerable for satisfactory operation, and that in turn depends to a

considerable extent on the indicators of the interrogator-responsor. For
certain actual microwave radars and beacons, something like five radars
giving steady interrogations are allowable without serious impairment
of the presentation. Where necessary, this number can be increased by
designing the beacon to have a shorter dead time.

So far in this discussion, the results of scanning by the interrogating
radars have been ignored. If a
radar scans through 360° and inter-
rogates the beacon through only 6°~
it will load the beacon only + as
much as if it pointed at it steadily.
The traffic capacity of the beacons
in such a system is increased by a
factor of about 60. Actually, it is
necessary to take account of the

statistical fluctuations of the inter-

rogation. Therefore, the number

of interrogating radars should be

n
FIG.S.11.—The fraction of interrogating

pulses, W, getting replies as a function of
the number of the interrogating radar
sets, n.

substantially less than would be allowable if they remained uniformly
spaced in their intervals of interrogation. Interrogating planes near the

beacon tend to interrogate through much greater sectors of their scan and

thus load the beacon disproportionately. For this reason, control of the

width of the reply arcs by decreasing the interrogating power would be

desirable.

In any case, if large traffic is to be expected, it is desirable to use some

sort of interrogation coding to ensure that beacons will be triggered only

by those radar sets that want to look at them, and not by ones uninter-

ested in getting replies from the beacon.

The effectiveness of multiple-pulse interrogation codes in cutting

down unwanted beacon replies can be seen as follows. Let us assume

that N random pulses per second are received by a beacon, and that the

beacon is triggered if any pulse is followed by a second one that arrives

later by an interval of time between D – T and D + T. D is the delay,
and ~ T is the tolerance. Each pulse thus produces a following interval
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of sensitivity totriggering byasecond pulse of amount 2T. If Npulses

arrive per second on the average, the average sensitive time per second

will be 2TN. This is also the fraction of the time that the beacon is sen-

sitive, or the probability that a random pulse will find it sensitive and

trigger it. Since N random pulses arrive per second the number of

triggering per second will be N times this probability, or 2TN2. Thus,

the ratio of the number of beacon replies to the number of random pulses

per second is 2TN. If, for example, T = 5 psec and N = 500 pps, the
product 2TN has a value of ~~, the number of random triggerings per
second being reduced from 500 to 2.5. If a three-pulse code is used, a
similar argument applies for the third pulse and an additional factor of

2TN will come in to give 4T2N3 as the number of random replies per

second.

The argument also applies to two-frequency interrogation. IIere

the number of random interrogations will be 2TNIN2 if NI and Nz are

the respective random rates at the two frequencies, and the beacon is

made so that the two pulses have to arrive in a certain order for trigger-

ing to occur. If the order is immaterial, the rate of random interroga-

tion will be twice as great, namely, ATNIN2.

In making a comparison between the two systems, it is necessary to

keep in mind that one must use estimates of the numbers of random

pulses that will be present after the system has been introduced. Chang-

ing radar sets to give double pulses increases the number at the radar

frequency; adding coincident interrogating pulses at a second frequency

increases the number at that frequency.

8.10. Unsynchronized Replies.-JVhen a beacon is being interrogated

by several radars at the same time it replies to all, and the receiver of each

interrogator-responsor will respond to all of these signals. Replies to the

interrogation by a particular radar are synchronized and give a stationary

pattern on its indicator as do its radar echoes; the replies to interrogations

by the other radar sets appear to be unsynchronized and thus show at

random on the screen and are similar to random noise from other causes.

Figure 8.12 shows several beacon signals appearing on the PPI of a 3-cm

radar; one of them is sufficiently overinterrogated to show unsynchronized

replies. This effect is displeasing aesthetically, but experience has shown

that a great amount of overinterrogation is necessary to interfere seriously

with recognition of the beacon. The problem is more troublesome when

numerous adj scent ground or ship interrogators are interrogating nu-

merous airborne beacons. Unsynchronized replies coming from the multi-

ple interrogation of a near-by beacon may interfere with detection of the

signals from one farther away at the same azimuth. It is difficult to

make a definite statement about the extent of the interference because it

depends so much on the characteristics of the radar set. The use of
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range and incidental fixing of pulse repetition rate, the replies to interro-

gations from a given interrogator may appear as signals from a false

beacon on the indicator of a second set because the two repetition rates

are almost exactly equal. In two such systems used in the past war, it

was found necessary ho jitter the timing of the interrogation by whole

numbers of periods of the crystal in somewhat random fashion in order to

avoid this effect and the associated difficulty already mentioned—that of

possible “stealing” of the beacon by one interrogator.



CHAPTER 9

ANTENNAS, SCANNERS, AND STABILIZATION

BY W. M. CADY, C. V. ROBINSON, F. B. LINCOLN, AND
F. J. MEHRINGER

The antenna is the sensory organ of the radar set. Its function is to

accept r-f energy from the transmission line, to distribute this energy into

space as desired, to gather in the radar echoes of this energy, and to direct

these echoes back into the transmission line. Since the nature of elec-

tromagnetic radiation is such that a good transmitting antenna is also a

good receiving antenna, we need consider only the former function. In

most cases the antenna is required to form the energy into a sharp beam

which may be aimed in various directions. The supporting structure is

known as the “pedestal,” and the entire assembly is termed the “antenna
mount” or “scanner.” 1 Airplanes and ships are notoriously unsteady
vehicles, whose motions disturb the direction of a radar beam of energy
transmitted from them. The compensation for such motions is called
“stabilization.’ )

9.1. The Antenna Equation.’—Two of the salient requirements of
most radar sets are that they be able to reveal distant objects and be able
to give accurately the direction of such objects. The design of the
antenna has a great influence on the attainment of these requirements.
We have seen (Sec. 2.1) that under certain conditions the maximum range
of detection of a given target varies as the square root of the area of the
antenna. This is one reason for the use of large antennas. Another
advantage of large antennas, having to do with the resolution of the radar
set, is that the beamwidth varies inversely as the linear dimension of the
antenna. Mathematically the beamwidth e (degrees) is usually related
to the width D of the antenna and the wavelength 1 of the radiation by
the approximate formula

(1)

if D and X are measured in the same units. We see that shorter wave-
lengths make possible sharper beams; this accounts for the very con-

1For a fuller account of radar scanners the reader is referred to Radar Scanners
cni Radornes, Vol. 26 of this series.

2Sees. 9.1 to 9.12 by W. M. Cady.
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spicuous trend toward shorter wavelengths which has characterized radar
ever since its earliest development.

In the course o developing and testing a new antenna, the distribu-
tion of the energy in the beam may be expressed by means of a polar
diagram or antenna pattern. Figure 9.1 displays such a pattern and

FIG. 9 1.—A typical antennapattern showing the main beamof width 61and the side lobes.

shows that the beamwidth e is the full beamwidth at half power. A
small amount of po’wer is unavoidably radiated in undesired directions,
forming the “side lobes’) shown in this figure.

92. Round and Cut Paraboloid Antemas.-One very common type
of microwave radar antenna takes the form of a paraboloidal reflector 1
with a source of radiation, or “antenna feed, ” at its focus. Since the

/+’

FIG. 9.2.—RaY diagram of a
paraboloid antenna.

wavelength of the radiation is short in com-
parison with the dimensions of the reflector, it
is profitable in an introductory discussion to
regard the operation of the antenna as a prob-
lem in ray optics (Fig. 9.2). Figure 9.2 does
not explain the side lobes or the beamwidth,
but it does serve to emphasize the fact that
the feed is always so designed as to be directive.
Figure 9.3 represents an automatic record of
the energy radiated at various angles from a
well-designed feed, the directional power being
displayed as a function of angle. It is obvious
that nearly all of the energy from the feed will
strike a properly placed paraboloid, which will
then collimate the radiation. Figure 9.4

shows the radiation from an incorrectly designed feed. A correct design,
used in the 3-cm band, is illustrated in Fig. 9.5, which shows two dipoles
excited by the radiation field from the ~- by l-in. waveguide transmission
line. The dipoles are so adjusted in length and position that their com-
bined effect is to direct the radiation back within a cone surrounding the
line without reflecting radiation into the waveguide.

Equation (1) requires further comment in the case of a paraboloid
reflector of which the perimeter has been so trimmed (“ cut paraboloid”)
that its width and height are unequal. If the beam is pointed horizon-

I The subject of paraboloid and other types of antennas is developed in Microwave
Ankmno Theory and Design, Vol. 12 of this series.



SEC. 9.2] ROUND ANI) CCI’T PARABOLOID ANTENNAS 273

Fxm 9.4.—The angufardistributionof energy from a two-dipole feed incorrectly designed.
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tally, the beamwidth can be measured by exploring the intensity of the
radiation to the right and left of the center of the beam or, alternatively,
above and below the center of the beam. It is an important fact that
the beamwidth as measured vertically depends, according to Eq. (l), upon
the vertical dimension of the cut paraboloid, and the horizontal beam-
width depends upon the horizontal dimension. Thus, in order to realize
high resolution in azimuth, the antenna must be wide but not necessarily
tall, whereas a height-finding radar, affording accurate measurement of
the angular elevation of an airplane, must have a tall antenna which need
not be wide. These two types are exemplified by the scanners shown
in Figs. 9.15 and 9.14 respectively.

FIC. 95.-Two-dipole feed radiating towarrl the left.

We have not mentioned the “mattress” type of antenna, which is
perhaps the most familiar to the public because it is commonly seen on
naval ships. These antennas are rectangular arrays of radiating elements
so phased as to produce a broadside beam. They are widely used in
radars of wavelength over 1 m. With the trend toward shorter wave-
length, the mattress antennas are giving way to the types discussed above.

9.3. Fan Beams.—One of the functions for which airborne radars are
designed is aiding air navigation, and an extremely important type of
airborne navigational radar presents a map of the terrain around the
aircraft. In order to map the ground the transmitted energy must be
directed toward the ground, and rather than having the energy beamed
like a searchlight, a “fan beam” must be employed as shown in Fig. 9.6
for complete coverage. A uniformly intense map is desired, which will
display ground objects that lie at depression angles between, for example,
5° and 70° below the horizontal. The energy in the fan beam must there-
fore be properly distributed to give adequate illumination of the most
distant objects while not overilluminating those which are at greater
depression angles. It can be shown, subject to certain simplifying
assumptions, that the energy should be distributed as the square of the
cosecant of the depression angle (see Sec. 2.5). Figure 9.7 shows how
well such a pattern is realized in practice, with an antenna 12 in. in height
(shown in Fig. 9.8) used at the 3-cm band. In this polar diagram the
square root of the power is plotted rather than the power itself, since the
desired distribution is then given by a straight line as shown. Figure 99
is a photograph of the PPI display, showing the performance of this
antenna.
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The cosecant-squared fan beam is used not only in airborne naviga-
tional radar but also in surface-based radar for the detection of airplanes,
In this case the fan is inverted, the intention being that a target airplane

FIci. 9.6.—A fan beam which enablesan airborne radar to scan the surface of the earth.

FIG. 9.7.—The energy distribution to a square.root scale as a function of the depree+sion
angle in an airbornen~vigational radar,

flying at any constant altitude will be indicated with a constant intensity,
independent of range.

Several antenna types have been developed for producing a cosecant-
squarecf fan beam; those most widely used can be discussed in terms of
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ray optics. Figure 9.10 shows two distortions of a paraboloid used for
this purpose. Another widely used method employs a cylindrical rejlector,

shaped like the blade of a snowplow or bulldozer, and having only single
curvature (Fig. 9“8). Such a reflector is illuminated by the radiation
from a linear feed rather than a point feed. In this case the linear feed
defines the beam sharpness in regard to azimuth and the reflector dis-
tributes the energy in elevation. The ray diagram shown in l’ig. 9.10a
will serve again to illustrate the formation of the cosecant-squared fan.

FIG.9S.-A scannerwith a 60-in.shapedcylindricalreflector, ventrally installedin a B-29.

In this figure the linear feed is imagined perpendicular to the plane of the
drawing. The feed is frequently the straight opening between two
identical parallel conducting sheets which are joined along their curved
backs by a parabolic reflector strip. Just inside the center of the opening,
at the focus of the parabolic strip, is located the open end of a waveguide
which irradiates the parabola, thereby setting up the propagation of
energy between the two sheets and straight out through the opening.
This assembly is called a ‘‘ pillbox.” Microwaves may be propagated
between the sheets with the electric field polarized either parallel or
perpendicular to the sheets. In parallel polarization the spacing must be
held accurately in order to prevent distortions of the wavefronts; slender
spacing posts are used since they have almost no effect on the waves. In
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perpendicular polarization, posts scatter the radiation badly and are not
generally used; but fortunately the wavefronts are not disturbed by
gentle variations in the spacing of the sheets. Both polarizations are
used in practice.

FIG. 9,9.—Photograph of PPI scope of 3-cm airborneradar: Cape Cod area.

Another type of linear source of radiation is the linear array of dipoles.
If these are so excited as to emit energy in phase, the resulting radiation
is a fan in the broadside direction. Further discussion of line sources of
radiation will be found in Sees. 9.12 and 9.14.

9.4. Nonscan.ning Antennas.-There are certain types of radar
antenna which are not ordinarily required to scan. In this category are
the end-fire antennas which are sometimes attached to airborne guns in
order to permit radar range-finding. As an example, one end-fire linear
array (Fig. 9.11) is a series of dipoles excited in such a phase relationship
that their energy is beamed in the direction of the array. Another end-
fire array is the Yagi antenna. Commonly, this is an array of dipoles,
only one of which is excited by the transmission line; behind it is a para-
sitic reflector dipole and in front are several parasitic director dipoles. The
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Yagi array has been widely used for wavelengths of several decimeters;
an example is shown in Fig. 6.30. An end-fire antenna can also consist
of a polyrod (a rod of polystyrene) of appropriate dimensions, into one end

i

(a)

E\ \ ,
\\\\

K\\
(b). .

Fm. 9.1O.—Aparaboloidreflector may be distorted in various ways in order to producea
fan beam,



SEC. 9,5] CONSTRUCTION OF RADAR ANTENNAS 279

Beacon antennas are often made up of a vertical array of radiating
elements excited in phase. By correct design of such an antenna the
pattern can be made reasonably uniform in azimuth and at the same time
well confined to the region of the horizon. Like other beacon antennas,
the antennas used for IFF equipment are not strictly radar equipment
and will not be discussed. The same statement applies to the antennas
used in the search and jamming functions of radar countermeasures.

9.6. Construction of Radar Antemas.-The main requirements in the
mechanical construction of airborne antennas are accuracy of form, the
ability to withstand field service conditions, and light weight. Surface-

based antennas must be no less accurate, and considerations of weight,

inertia, and wind forces are paramount. Considerable advances have

been made in the mechanical design of airborne, and particularly of sur-

face-based, antennas for microwave radar during the recent war. In

this section only antennas in which the feed is distinct from the reflector

are considered; array antennas are not discussed.

Sheet aluminum or magnesium alloy is always used for the airborne

reflectors. Small reflectors up to 30 in. in diameter are simply spun or

otherwise formed, a bead around the rim being added for stiffness, as in
Fig. 9.17. The tolerance allowable in the surface of the reflector is about
~+ of a wavelength.

The larger sizes of airborne reflectors, whether paraboloid or shaped
cylindrical surfaces, thus far installed in a streamlined airplane are con-
siderably wider than high and are used for circular scanning. On these
it is good practice to use aircraft construction methods. The selection of
materials used depends upon the size of the reflector and the stresses
involved. Magnesium or aluminum alloy will serve for airborne equip-
ment. Since aluminum alloy has better forming characteristics than
magnesium, it is considered the best material for the reflector face. The
most accurate method of forming aluminum alloy sheet for the reflector
face is by stretching the material over a metal die which has been cast
and ground to the desired contour; these dies are usually made from
Kirksite, a lead and zinc alloy. After forming, the sheet metal conforms
to the exact contour of the die providing the draw is shallow enough, as is
the case with most radar reflectors. The next problem is to support this
reflector face rigidly and to maintain the contour already obtained by
forming. This can be done, as in the 5-ft reflector of AN/APQ-13 shown
in Fig. 9.8, by riveting to the rear surface of the reflector several stamped
or machined ribs contoured thereto and boxing in by riveting another
sheet of aluminum or magnesium alloy across the back; flush rivets are
preferable on the front face. A 42- by 10-in. reflector with single curva-
ture can be made within a tolerance of t 0.005 in.

In the case of a large reflector, over 5 ft in width, weight may be saved
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by using sheet-metal ribs or channels formed by the hydropress method,
and boxed in at the rear as in Fig. 9“8, or by using a stamped outer frame
made by the drop-hammer method, as in the 8-ft reflector shown in
Fig. 9.12. These waffle-shaped frames require no ribs for stiffening
because the mating section conforms to the contour of the back of the
reflector face. An aluminum-alloy supporting bracket can be riveted to

I .A

FIG.9.12.—Rearview showingthe constructionof an e-ft airborneparaboloidtrimmed to a

3-ft height.

the structure; or, if the elevation angle of the beam must be adjustable,
the ends of the structure may be supported by ball-bearing trunnions.

Surface-based antennas are usually not housed, and therefore are
subject to wind forces. These forces can be reduced by as much as 50
per cent if the reflector is a grille (Figs. 9.14 and 9.28) or a perforated
sheet (Fig. 9.13). Fortunately such perforation does not impair the
electrical performance if the holes are not larger than about one-eighth
wavelength in the direction of the magnetic vector.

RADAR SCANNING PATTERNS

We have seen that although a few radars have been designed with
radiation beams that are fixed in direction, the great majority of radar
beams are made to scan. The motion of the beam maybe thought of as
the motion of a point on a sphere that is centered at the scanner. The
beam sweeps over a certain region on the sphere determined by the opera-
tional function of the radar; often it does so periodically, and in a set
geometrical pattern termed the “scan.” The great variety of scans may
be divided into two categories, simple and complex. A simple scan is one
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in which the beam sweeps with but one degree of freedom, that is, it
covers repeatedly one and the same arc on the sphere. A radar employ-
ing a simple scan can tell the range of a target and only one of its angular
coordinates, e.g., azimuth. In a complex scan the beam ranges over a
certain solid angle, by virtue of possessing two degrees of freedom. A
radar possessing a complex scan can tell the location of a target in space
by giving the range and two angular coordinates, e.g., elevation and
azimuth.

9.6. Simple Scans.—One of the simple scans in common use is the
circular (or “horizon,” or “all around looking, ” or “360”,” or “A”) scan;
the beam travels continuously around the horizon, or may be adjusted to
scan around at any constant angle above or below the horizontal. This
scan is widely used in radars providing surface-based surveillance of land,
vessels, and distant aircraft; and it is used (see Fig. 9.6) in airborne radar,
serving, for instance, as an aid to air navigation. In certain scanners
the beam can be adjusted to a position above or below the horizon at the
will of the operator. The scan rate is usually in the range between 4
rpm for large scanners and 30 rpm for small. Sector (or “B”) scan is a
modification of circular scan in which the beam scans to and fro on an
arc. This motion is common in certain airborne radars for surface search.
The sector is typically 75° wide, and 1 to-and-fro cycle may occupy 1 sec.
The third simple motion of the beam is conical scan, in which the path
described on the sphere is a circle of a very few degrees diameter. This
scan is not used for search, but finds wide use in accurate tracking of an
individual target (see Sec. 6.14). The diameter of the circle described
by the center of the beam is chosen with this application in mind; it is
commonly such that the intensity radiated to the center of the circle is
somewhat greater than half the peak intensity. The scan rate is usuallY
at least 1200 rpm.

9.7. Complex Scans.—A radar having spiral scan was used in single-
seat nightfighter aircraft during World War II. This complex scan may
be described as a conical scan in which the angular diameter of the circle
described by the beam is continuously varied from 0° to a maximum of,
for example, 60° and back to OO. By this motion the solid angle covered
is scanned completely in, say, 1 sec as the beam spirals out\vard.

A helically scanning radar was used in nightfighters that carried a
radar operator in addition to the pilot. The beam revolves rapid]y

around a vertical axis, as in horizon scan, while the elevation angle is
made to oscillate much more slowly between limits a few degrees above
and below the horizon. In this way targets may be sought within a hori-
zontal 360° zone except for ~vhatever blanking is caused by the structure
of the nightfighter itself. The time required to explore this zone is
approximately 3 sec.

A marriage of the horizon scan (or, alternatively, the sector scan)
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with the conical scan produces the Palmer scan, the cycloidal motion of
the beam which results when a conical scanner slowly traverses the hori-
zon. The region of search is a horizontal rectangle with semicircular
ends. Palmer scan was used to accomplish an easy transition from the
search function to the gunlaying function of a fire-control radar. The
name derives from a familiar exercise in the Palmer system of calligraphy.

Other complex scans have been used mainly in experimental equip-
ment, Probably the most useful of these is a scan in which the elevation
(or azimuth) angle oscillates rapidly while the azimuth (or elevation)
angle oscillates slowly.

MECHANICAL SCANNERS

In most cases the entire radar antenna is put through certain angular
motions in order to make the beam scan. The antenna assembly, includ-
ing the mount that supports it and makes it move, is called a” mechanical
seamer. ” The t6rm “electrical scanner” is reserved for cases where the
beam is moved not by a motion of the antenna as a whole, but rather by
relatively subtle motions of the feed or other parts of the antenna. The
borderline between mechanical and electrical scanning is not well defined.
For instance, in denial of the foregoing definitions, the mechanical
category includes the conical scans that are mechanized by the circular
motion of a point feed around the focus of a fixed paraboloid. An electri-
cal scan is frequently used to produce a rapid sector scan of small angular
amplitude.

9“8. The Kinematics of Mechanical Scanners.-The intended use of
a radar fixes the type of scan, and the type of scan fixes in turn the
kinematic aspects of the scanner design. A circular scan is mechanized
by simply revolving the antenna on a horizontal turntable. If it is
desired to raise or lower the beam, the turntable must carry bearings so
that the antenna may be tilted about a horizontal axis at right angles to
the beam; the scanner may be des~ribed as a tilting antenna on a rotating
assembly on a fixed base. Airborne scanners of this type are usually
mounted on the under side of the fuselage, the antenna being below the
pedestal. Sector scanners are cinematically similar to circular scanners.

To enable the radar operator to control the antenna from a distance
the tilting is usually actuated by a motor. This motor may be located
on the turntable (in which case it must be powered through slip rings) or
else on the base (in which case a special mechanism must be provided for
transferring the mechanical power from the tilt motor to the revolving
antenna). Both methods are used in practice although only the former
is encountered in surface radars.

Conical scan may be effected by spinning the antenna about an axis
not quite parallel to the beam (AX/APS-6, Fig. 9. 17); or by spinning the
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paraboloid about an axis passing through the feed, the paraboloid being a
few degrees “ drunk” in relation to this axis (A>-/APG-15); or by spinning
an electrically asymmetrical feed about the axis of the fixed paraboloid
(SCR-584, Fig. 9.13). All these methods and others are in wide use.

Of the complex motions, the spiral scan has been mentioned as
derived from conical scan, and more particularly from three varieties
just listed. This is exemplified in the first two cases by the Navy’s
AX/APS-6 nightfighter radar and the British AI Mark VIII. Helical
scan is used in the SCR-720 Army AI radar and in the SCR-584 anti-
aircraft set. In the latter a conical scan is superimposed so that the
result is a sort of helical Palmer scan.

9.9. The Weight of Mechanical Scanners.-The design of a mechanic-
al scanner is largely dependent on its antenna. Although only a small
percentage of the scanner \veight is attributable to the antenna, a large
antenna necessitates a heavy scanner. Airborne scanners show this
relation very strongly. A survey of weights’ indicates that, very roughly,
the weight of scanners having simple scans is given by 0.09D2 pounds,
where D is the paraboloid diameter in inches. The formula for complex
scans is O.13D’. The survey shows that among airborne radars with
mechanical scanners the scanner weighs 13 to 106 lb, representing from
6 to 21 per cent of the weight of the set, with an average of about 14 per
cent. Surface-based scanners are in general larger than airborne scan-
ners. The weight runs from 75 to 5500 lb in shipborne antenna mounts,
and as high as 28,000 lb for land-based. The antenna mounts of surface-
based radars represent 10 to 40 per cent of the total weight of the set.

9.10. R-f Transmission Lines .-The r-f energy generated at the
transmitter is radiated by the antenna, and the echo is led back from the
same antenna to the mixer. The same transmission line’ is used for both
the transmitted and the received energy. A rotary joint must be inserted
in the line whenever more than a few degrees of rotation of an antenna
are required. Such a joint is always installed with its axis coinciding
with the axis of the corresponding degree of freedom. Pressurization of
the rotary joints, when necessary, is accomplished, either by means of a
composition rubber ring. revolving snugly around a polished steel tube, or
by means of a polished carbon ring revolving in contact with a polished
steel annulus. Helical scanners have at least two rotary joints, i.e..
for azimuth and elevation, as have spiral scanners.

9.11. Data Transmission .-The continuous transmission of informa-
tion from the scanner to the indicator, giving the attitude of the antenna
in relation to its base, is known as ‘f data transmission. ” Often these

1W. L. Myers, USN”R,“ Weight Analysis of Airborne Radar Sets,” RL Report
No. 450, Jan, 1, 1945.

2Chap. 11contains a discussionof the transmission line and associated components.
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data are transmitted as voltages induced in synchros.’ There is, for
instance, a synchro generator built into the AN/APQ- 13 scanner shown
in Fig. 9.8 which revolves 10 times for each azimuth revolution of the
antenna; a synchro motor in the indicator imitates the motion of the
generator, and through a gear reduction rotates the deflection coils of
the PPI in synchronism with the antenna. Occasionally a potentiometer
or a sine-wave generator is used as the data-transmitting element. A
similar type of data transmission is required of servo-controlled scanners:
a voltage from the transmitting element is compared with a voltage from
the knob, etc., that is to control the antenna, and the antenna is auto-
matically driven in the direction which will bring the error signal or
difference voltage to zero.

9.12. Examples of Mechanical Scanners.-The above generalities
will be made more concrete in the description of a few specific scanners.
These are chosen to illustrate a variety of purposes, shapes, and sizes.

The SCR-584.—The antenna mount of the SCR-584 (Fig. 9.13) has
been cited as a Palmer scanner, inasmuch as it combines helical with
conical scan. The prime function of this radar,2 located in a trailer, is
to locate enemy aircraft and to provide an antiaircraft director with data
on slant range, azimuth, and elevation angle of aircraft. The beam (at
the 10-cm band, about 4° wide) is formed by a 6-ft stamped paraboloid
illuminated by an electrically offset dipole. This 120-lb reflector is
perforated with 6400 half-inch holes to reduce weight and windage. A
gear train in the base actuates the searching in azimuth at 6 rpm. A
similar gear train is located behind the reflector and actuates the eleva-
tion motion; the excursion in elevation is covered once per minute. To
enable tracking, the electrically asymmetrical dipole feed spins at 1800
rpm, thus scanning the beam conically; this has the incidental effect of
gyrating the plane of polarization of the energy. Five units, driven by a
spring-loaded gear train, are provided for azimuth data transmission:
four synchros, of which one is geared to rotate at 16-speed, and one
potentiometer. As is common practice in data transmission, each take-
off may be individually adjusted by loosening its mounting clamps and
rotating the stator case for proper angular setting in relation to the
antenna. After the eventual removal of the SCR-584 radar to a new site,
any necessary reorientation of the take-offs may be effected by an
ingenious ‘‘ group adjustment” of the data gear train. Units analogous
to all but one of the azimuth synchros are geared to the elevation mech-
anism. The phase of the conical scan is continuously signaled by means

I Potentiometers and synchros are discussed in Chaps. 8 and 10 of Components
Handbook, Vol. 17 of this series.

* War Department Technical Manual TM-1524.
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of a two-phase sine-wave generator whose armature rotates with the
spinning antenna feed.

In order to bring power to the elevation and spin motors and to bring
the elevation and spin data down to the indicator and servo circuits, 48
slip rings are provided concentric with the azimuth axis. The transmis-
sion line is coaxial. It runs from the transmitter up through the hollow
azimuth shaft, in which there is an r-f rotary joint; thence into the hollow

FIG. 9.14.—The AN/TPS.10 height-finding anterm~ mount with a reflector 10 ft high.

elevation shaft, where a second rotary joint is provided; and then into
the reflector at its vertex, where it passes through the hollow shaft of the
sine generator, a high-speed rotary joint, and the hollow shaft of the spin
motor. In order to exclude moisture, the entire line, including the three
rotary joints and the feed, is pressurized to about 5 lb/in. Z The mount,
weighing some 2200 lb, is installed on an elevator in the trailer and so may
be raised for use or lowered into the trailer for stowage.

The AN/TPS-10.—A second antenna mount of interest is that of
AN/TPS-101 (Fig. 9.14), a radar intended for detecting airplanes and
determining their altitude, especially in mountainous terrain. Although

1War Department Technical Nfanual TM 11-1568.
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it may be mounted and used on two trucks, this set is more commonly
based on the ground. As mobility requires, the mount is easily assembled
and disassembled in the field, and only four of its parts exceed 80 lb in
weight.

The antenna, a paraboloid made of a grid of curved }~-in. tubes, is
trimmed to an oval contour 10 ft high by 3 ft wide. The beam is there-
fore of a “ beavertail” shape and since the radiation is at the 3-cm band,
the beam is 2.3° wide in azimuth and 0.7° wide in elevation. The polar-
ization is vertical. In the height-finding function the beam scans in
elevation between 2° below and 23° above the horizontal at a manually
controlled azimuth. For search purposes the azimuth motion may be
motor-driven at 4° per see, either boxing the compass or scanning a sector.
This azimuth rate cannot be exceeded if successive sweeps in elevation are
to cover without gaps all portions of the zone being scanned. The
“oscillating beavertail” scan which results is, however, rather slow for
search, and this function is sometimes relegated to another set with which
the AN/TPS-10 may form a team.

The main bearing of the mount is a roller-ring bearing, defining the
vertical axis of the pedestal. On the turntable are mounted the antenna
and the elevation drive, consisting of motor, gear reduction, crank, and
connecting rod. The turntable also supports the pressurized modulator
and its controls, the pressurized r-f head, and the power supply for
the receiver. The r-f head is so mounted in order to eliminate the
need for an azimuth rotary joint, and the other components named are
so mounted in order to reduce the number of slip rings on the azimuth
axis. ●

Long -Range Ground Radar. The system now to be described was
designed for microwave early warning and surveillance of enemy aircraft
and the control of friendly aircraft. Two antennas (Fig. 9. 15), usually
back-to-back on a single mount, characterize this set. One is for long-
range low-angle coverage and the other, radiating a fan beam, covers
higher elevations. The set can detect single heavy bombers to above
30,000-ft altitude and 200-mile range, provided the aircraft are above the
horizon. The antennas are similar in that each has a shaped cylindrical
reflector 25 ft long, in 11 sections, fed by a linear array of dipoles at the 10-
cm band and forming a beam 0.9° wide in azimuth. The waveguide trans-
mission line is weatherproof, the array being housed in a Plexiglas cover.
The antennas are different in that the low-angle reflector is 8 ft high and
parabolic in vertical section, its radiation vertically polarized; whereas
the high-angle reflector is 5 ft high, of an empirically determined shape
producing an approximately cosecant-squared beam, and its radiation
horizontally polarized.

The reflectors are not perforated for the reason that the small amount
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of energy which would penetrate straight through would still be focused
in azimuth and so would cause spurious signals. A solid construction is
therefore typical of shaped cylindrical reflectors. Paraboloid reflectors
need not be solid, since the radiation leaking through them from the point
antenna feed is not focused and cannot cause sharply defined false echoes.

The antennas rotate about a \crtical axis at 2 or 4 rpm, together with
their respective transmitters and common modulator. There is no ele-

S Linear arrays

7

_.

H?usings for electronic uni~

I

FIG. 9.15.—Long.range microwave antenna mount with two 25-ft c3,1indricalreflectors.

vation control of the beam except for initial adjustment at the time of
assembling in the field. No r-f rotary joints are necessary in the wave-
guide transmission lines. Slip rings are required around the azimuth
axis in order to carry 60-cps power, control voltages, and video signals.

Although weighing 6 tons, the ground-based version of this mount
can be disassembled and stowed on trucks in 4 hr. The truck-mounted
version is illustrated. The mount has operated in winds up to 80 mph,
and the design is such that 125-mph winds should not cause damage.

The A iV/APS-10.-In spectacular contrast with the foregoing is the
more recent of two alternative scanner designs for the AN/APS-10
navigational radar (Fig. 9.16); it is airborne and weighs about 13 lb.
The antenna is a paraboloid 18 in. in diameter, fed at the 3-cm band by a
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pressurized all the way from the transmitter-receiver unit through a
flexible section to the scanner, the azimuth rotary joint, and the tilt
joint to the feed, which is enclosed in a hollow Styralloy ball. Parts of
the waveguide are made of nickel electrodeposited on a die-cast form
which is subsequently melted out. The scan is circular, at 30 rpm.

This scanner has an unusual feature which allows the main axis to be
adjusted to a vertical attitude despite changes in the angle of attack of
the airplane. This pitch adjustment is electrically driven and remotely
controlled by hand. A second unusual feature is the nature of the r-f
elevation joint, which allows the beam to be raised or depressed from its
normal attitude. This is merely a choke-to-flange coupling, similar to
the rigid coupling commonly employed (See Sec. 11.3), except that the
flange is slightly beveled so as to allow f 9° relative motion. This
“wobble joint” is enclosed in a flexible airtight tube.

The AN/APS-6.—The AN/APS-6 system imposes unusual require-
ments on the scanner (Fig. 9.17). This radar is used for airborne detec-
tion of aircraft under blind conditions, and therefore requires a search
over a solid angle in the forward direction. The beamwidth is about 5°.

The scan is spiral, and one turn of the spiral is described in ~ see,
which causes the plane of polarization to gyrate at this speed. The beam
is made to spiral outward from 0° (straight ahead) to 60° and back again
in 2 sec by the nodding of the antenna in relation to the yoke which forms
the forward end of the horizontal main shaft. By throwing a switch the
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operator can halb the nodding of the antenna, which then executes a
conical scan to permit accurate homing. A single motor, rated at 600
watts mechanical output, provides power for the nod and spin motions.
The data take-offs area 2-phase sine-wave generator for the spin angle
and a potentiometer for the nod angle, both being mounted on the main
gear case to obviate the need of slip rings. The gear case is unusual in
airborne practice in that it is oil-filled. Two r-f rotary j oints are required,
one on the spin axis and one on the nod axis.

A difficult problem in dynamic balance is presented by this scanner.
The difficulty arises from the fact that the fast (1200-rpm) rotor must
be in good balance for all attitudes of the antenna which is supported
thereon. In order to effect balance a special procedure has been evolved
whereby the correct number of standard lead weights may be attached
to each of eighteen points provided on the antenna and the main shaft.
A special type of balancing machine has becm produced for this purpose.

ELECTRICAL SCANNERS

BY C. V. ROBINSON

No radically new principles are embodied in the mechanical scanners
discussed in the previous section. By contrast, the electrical scanners
to be discussed in the following sections have many novel features of
fundamental design and so merit a more thorough discussion.

9.13. The AN/APQ-7 (Eagle) Scanner.-The AN/APQ-7 (Eagle)
high-resolution navigation and bombing equipment was developed at
Radiation Laboratory; Bell Telephone Laboratories carried through the
production engineering. I

The antenna developed for this equipment produces at the 3-cm band
a horizontally polarized beam of radiation which has a width of 0.4° to

0.5° in azimuth and is shaped in elevation to give an approximately
cosecant-squared coverage down to 70° angle of depression. The beam
scans a 60° azimuth sector in ~ see, or 1 to-and-fro cycle in l+ sec. The
range of the Eagle system for ground-mapping is about 50 miles.

The antenna is a slender linear array 16 ft long, which fits into a
streamlined housing (vane) hung laterally beneath the aircraft that uses
it (Fig. 9.18). The body of the array consists of a fixed 16-ft extruded
aluminum channel and a movable 16-ft aluminum plate which together
form a guide of variable width (Fig. 9.19). A row of 250 dipole radiators
is mounted in the fixed channel in such a way as to draw power from the
guide formed by the two long aluminum members. A mechanism varies

I L. W. Alvarez, ‘‘ Microwave Linear Radiators, ” RL Report ATO,366, June 30,
1942; R. M. Robertson, “ Variable W“idth Jraveguide Scanners for Eagle and GC.4,”
RL Report No. 840, April 30, 1946.
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the guide width (and thereby the wavelength in the guide)’ periodically;
this, in turn, varies the effective dipole phasing and moves the beam in
azimuth.

FIu. fl.18.-AN/.4P7-7 antennahousingon a B-24.

If all the dipoles are excited in the same phase, the beam is broadside
to the array and directed straight ahead of the aircraft. With the dipole
spacing actually used, this occurs when the inside width a of the guide
is 1.200 in. Let us assume that the energy is propagated in the wave-
guide from left to right. Then, as the guide is narrowed to 0,660 in.,
the beam moves 30° toward the left, that is, in the backfire direction.

LSee Sec. 113.
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if the waveguide carries the energy from right to left, the scan extends
for 300 to the right of the center line of the aircraft. By feeding r-f power
into the ends of the array alternately, a total scan of 60” is realized.
This alternate-end technique is always used in practice with the Eagle
scanner; it is accomplished with the aid of a fast-acting r-f switch which
operates synchronously with the guide-squeezing mechanism.

The azimuth beam angle 8 is related to the guide width a, the dipole
spacing s and the free-space wavelength AOby the formula

Here 0 is positive in the end-fire direction.
No provision is made for tilting the beam in elevation. Fixed 16-f t

aluminum flaps (Fig. 9“19) above and below the array serve to shape the
beam in elevation to a roughly cosecant-squared distribution.

F

i

I

1
FIQ. 9.20.—Back view of part of AN/APQ-7 scanner,showingtoggles.

The fixed aluminum channel, which measures about 2% in. by ~ in.
by 16 ft over all, is first extruded, after which the critical surfaces are
machined. The plate is similarly manufactured. The plate is linked
to the channel by a system of 10 pairs of toggles and a tie rod, as shown
in Fig. 9.20. A cam actuates the motion of the plate, while the linkage
holds the a dimension uniform along the variable waveguide. To one
of the toggles is attached a cam so cut as to drive a synchro data take-off
through an angle equal to 6.

The chokes shown in the channel and in the plate serve to prevent
leakage from the varying guide so that the loss due both to the finite
conductivity of the waveguide and to the leakage past the long choke
is kept down to about ~ db/m during most of the scan. Although the
wavelength in the guide is nearly that which would be indicated by the a
dimension, small corrections must be allowed for the chokes and for any
variation of the clearance between the channel and the plate at the
chokes. For this reason the b dimension is maintained to a close tolerance
by means of rollers constraining the movable plate (Fig. 921). It has
been found very profitable to adjust variations in the effective guide
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width (or the phasing) by means of screw adjustments on the toggles of
the squeeze mechanism. The a dimension is adjusted within a few

FIG. 9.21.—Endview of AN/APQ-7 scanner.

thousandths of an inch as measured by an inside micrometer, after which

the antenna is set up and its gain maximized by adjustment of the toggle

FXG.9.22.—Constructionof dipoles used
in AN/APQ.7 antenna.

screws.
All the dipoles shown in Figs.

9.19 and 9.22 are horizontal and
therefore radiate energy polarized
horizontally; but alternate dipoles are
reversed end-for-end in assembling
the array. The spacing between
the centers of adjacent dipoles is
one-half the guide wavelength when
the guide is 1.200 in. wide. There-
fore in each adjacent pair the dipoles
are excited in phase opposition; but
because of the reversal of one of them
they radiate in phase, producing a
broadside beam. If alternate di-
poles were absent the beam would
still be formed, but would be ac-

companied by other strong beams comparable to undesired orders of dif-
fraction from an optical diffraction grating. As it is, the side lobes are
from 2 to 5 per cent as intense as the main besm.
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The transmission line is a waveguide ending in a choke flange attached
to the channel at the pad shown in Figs. 9.19 and 921. The transition is
matched by means of the .joa tran.sformerl illustrated in Fig. 9“23. The
transmissi~n line contains ~he r-f s-titch
in Fig. 9.24. It is at the intersection of
four waveguides. When the vane of the
switch is at one of its 45° positions the
energy is directed through the array in
one direction and that 5 to 10 per cent of
the energy which is not radiated is
routed into a matched load. At the
middle of the 60° scan the vane is flipped
wit hin 0.05 sec into its other 45° position
and the energy flow in the array is
reversed.

Of the many significant facts that
have emerged in the study of the prop-
erties of the Eagle array, two are worth
emphasizing. One is that practically all
defects in the azimuth pattern of such
a long array are caused by phase errors
and not by departures from the desired
partition of energy among the dipoles;
the other is that random phase errors over
lengths corresponding to a few dipoles are
negligible when compared to systematic
phasing errors.

The production scanner weighs 165 lb;
the housing vane weighs 247 lb, including
the gear box and motor. Thus the entire
assembly, exclusive of the two mounting
struts, weighs 412 lb.

mentioned above and sketched
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F1c+.9.23.—Jog transition from
the rigid to the expandableguide.
The latter is shown when narrow at
a and wide at b. A section through
A-A is shownin Fig. 9.21.

9.14. Schwarzschild Antema.-It is known (Sees. 9.3 and 11.1) that
energy may be propagated in the space between flat parallel sheets of
metal. In this and the two sections following we shall discuss electrical
scanners in which curved parallel plates are used. In each scanner the
plates are straight along one side; the microwaves escape from the
straight gap between the plates on this side and then illuminate a para-
bolic reflector. The electrical scan is a periodic time variation in the
direction of the energy falling upon the reflector. The antenna’ about

1R. M. Robertson, ioc. auf.
2H. A, Straus, “ Brief Description of AN/TPG-1, AN~FPG-1, SCR-598,” RL

Report No. 456, Oct. 8, 1943;also War DepartmentTechnical ManualTM 11-1566.
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to be described was developed for the 3-cm band to provide coastal
defense batteries with accurate target position and “ splash-spotting”
data for fire control. An azimuth beamwidth of 0.55° and a short pulse

(* @cc) make accurate tracking possible in both azimuth and range.
The sector that is rapidly scanned is 10° wide and the center of this sector
may be swung to any azimuth position for search purposes.

Externally the scanner consists of a mount, which ordinarily rests on a
tower platform; the antenna housing, 143 by 56 by 27.5 in., constructed

Antenna

r

(left . z
end) 1+x ~ wavaguide

FIG. 924.-Detail of AN/APQ-7 r-f switch.

of plywood; and the copper-coated plywood reflector, 2 by 12 ft, hinged
to the deck of the housing (Fig. 9.25). The reflector is a half parabolic
cylinder of l-ft focal length, and is fed by the 1l-ft by 1.4-in. linear
aperture of the enclosed portion of the antenna to produce the beam 0.55°
in azimuth by 3° in elevation. Terminating in this aperture is a long
“horn,” a parallel-plate region of copper-coated plywood, folded as in Fig.
9.26. The conducting surfaces are spaced } in. apart and increase in
width from about 2 ft at the edge AA to about 11 ft at the edge BB.

This horn extends over a length of about 12 ft and is folded three times.
The feeding edge AA of the parallel plates consists of a boundary which
forms a 90° arc, 14* in. in radius. Radiation is fed into the parallel
plates between these flanges by four feed horns, each 2 in. wide, with
suitable chokes meeting the flanges. The four horns are mounted on
four radial waveguides which are fed at their intersection by a four-way
r-f sector switch (Fig. 9.27). This switch consists mainly of a rotary
joint’ which terminates in four waveguides F. at 90° to each other. These

1SeeFig. 11.13.
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arms rotate at 240 rpm, as do the four arms H which support the feed
horns. They remain in the angular relation shown. Between the two
sets of arms is a stationary ring with a 105° window through which
energy may pass into whichever feed horn is opposite the feeding edge
of the folded horn. When the horns and switch are rotated the effect
is to cause the beam of the antenna to scan a 10° azimuth sector each

FIG. 9.25.—Perspective of horn, reflector, and feed of Schwarzschildantenna used in
AN/MPG-l.

time a horn runs its W“ course. Since about 10° of the 90° are lust in
switching, we can think of the parallel-plate region as effecting an 8-to-l
optical reduction from the 80° scan of the broad-beamed primary horn
to the 10° scan of the very sharp antenna beam.

The transformation of the moving feed horn into the scanning beam
is made by means of two double-curved bends CC and DD in the parallel
plates (Fig. 9.26). Although one parabolic bend CC would serve to
collimate the primmy radiation and provide a sharp beam on axis, two
bends may be so designed as to correct for coma and thus give a good
beam off axis as well. The theory of two-mirror telescopes was used to
calculate the bends for the Schwarzschild antenna. The cylindrical
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bend EE near the aperture has no optical effect and was introduced for
the sake of compactness. A plastic closure prevents moisture from
entering the horn at the edge BB. Accurate wood-working makes possi-
ble the use of plywood construction which is preferable to aluminum in
weight and ease of manufacture.

The drive motor runs at 1725 rpm and is comected by a 7-to-1 gear
reduction to run the rotor about 4 rps. The azimuth data transmitter
is a capacitive voltage divider connected to a high-frequency oscillator.

*-75 c

,

(a)

~
D D

(b)

c

E

D (c) D

FIG. 9,26.—Successivesteps imagined in folding the Schwarzschildhorn.

The voltage developed across one of the condensers is detected and
applied to the indicator. This condenser is of the variable rotary type
and is driven at 16 rps, i.e., one revolution per scan.

The antenna is mounted on the vertical axis of the mount used for
the SCR-584 antenna, with certain alterations.

Approximately 100 plywood antennas were constructed during the
war. The production models that saw service showed no deterioration
over a period of one year.

9“15. SCI Height Finder. -This antenna is intended for use in rapid
coverage height-finding. 1 It is one of a pair of antennas (Fig. 9.28)
mounted on the same pedestal and rotating together in azimuth at 4
rpm. The other antenna is used for long-range search and azimuth

I C. V. Robinson, “ Tbe SCI Rapid Scan Heigh&6nding Antenna,” RL Report
No. 6S8



SEC.9.15] SCI HEIGHT FINDER 299

determination. The height-finder beam, at the 10-cm band, is 3.5° in
azimuth by 1.2° in elevation, and scans linearly one way for 10.5° in
elevation from the horizon up, ten times a second. It makes continuous
height-finding possible on small aircraft out to 50 miles, and farther on
larger planes.

FIG. 927.-Four-way r-f switch usedin the AN/MPG-l.

The principal elements of the antenna are a 5- by 15-ft grating reflec-
tor which stands on end, an 8- by 2- by l-ft convoluted parallel-plate
horn whose aperture is 5 ft from the reflector, and a rotating waveguide
feeding the horn. The feed, which does not show in Fig. 9.28, is driven
by a motor in the box attached to the horn. The parallel-plate horn
serves to transform the circularly moving waveguide feed into an appar-
ently linearly moving source. The beam scans 10.5° in elevation for
each rotation of the guide.

The principle may be better understood by considering a simplified
antenna which consists of a reflector and parallel trapezoidal plates with a
long flared base “illuminating” the reflector; the plates are fed with
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perpendicularly polarized waves by a waveguide at the small base (Fig.
9.29). As the waveguide feed horn is moved from top to bottom, the
beavertail beam scans from minimum elevation angle to maximum. The

m.-: ~ -y---- . ---- --- -——. --,--.-——.-.-—. —. .
q~< , ~

FIc+.9.28.—The thre~axis antennamount of the SCI radar.

principle is the same as moving the feed in an ordinary paraboloid reflec-
tor. The reflector for this antenna is not paraboloidal, however, but is
astigmatic, having different focal lengths in the horizontal and vertical
planes because the points of divergence of the rays in the feed differ in
the two planes.
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In actual fact, the feed horn moves, not linearly, but circularly. The
rotating feature is achieved by folding and bending the trapezoidal plates,
keeping them parallel with a minimum of stretching, in such a way that
the feed base is rolled into a complete annular aperture while the flared
base is held straight. Figure 9.30 illustrates how this can be done with a
single trapezoidal sheet. Various additional mechanical and electrical
complications appear when a two-sheet metal horn is made in this shape,
but the convoluted parallel-plate region has substantially the same optical

Trapezoidal parallel plates

‘ ;D F

Moving feed horn

\

----------
-----

_--?%
------

1
ii-”

10.5” scan

~=> Horizon

(

Feed base 1.2° Beamwidth

\ Flared base

Vertex Reflector

FKci.9.29.—SimplitiedSCI height finder, side view.

properties as the trapezoidal plates before rolling. When the rotating
guide feeds into the annular aperture of the horn, the beam describes a
linear “fro” scan in elevation. The feed position marked O in Fig. 9.30
gives a beam on axis. When the feed is in the neighborhood of the cross-
over point (about ~ of the time required for one complete scan) the signal
is ambiguous because there are two beams.

The parallel-plate assembly consists of two fabricated aluminum
surfaces spaced ~ in. apart, each consisting of a cast and machined center
portion which supports a ribbed sheet metal “wing” section above and
below. Specially designed steel posts are used to help maintain the
spailng between these surfaces without ill effect on the electric waves.
The rotary waveguide feed was made radial for compactness, resulting in
the arrangement of the horn, chokes, and annular aperture shown in
Fig. 9.31. The absorbing septum shown in this figure was introduced to
reduce the amount of ambiguity caused by a double beam and to improve
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the impedance match in this angular region by absorbing such radiation
as may try to leak across that region as the horn approaches.

9.16. Other Types of Electrical Scanners.—Probably the first electri-
cal scanner to be used, developed by Bell Telephone Laboratories, operates

This triangular
area remains flat

D I Fold line

Cylinde; elements Y.’_z:

E

locus I Feed position, O,
for beam on axis

FIG. 9.30.—Illustration of trapezoid before, during, and after rolling.

F]~. 9.31.—Detail of radial feed horn
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%A$
at about 10 cm nd produces a beam 2° in azimuth by 6.5° in elevation,
which scans 29° one way in azimuth 10 times per second. The antenna
radiates by means of an array of 3 by 14 polyrod radiators (Fig. 932).
Each of the 14 vertical rows of 3 elements is phased as a unit and the

FIc. 9.33.—Cutawaysection of eccentric line scanner

units are phased linearly by a row of rotary phase shifters, each of which
adds 720° of phase per revolution.

An interesting array-type antenna which reached a highly developed
experimental stage is the Long Range, Aircraft to Surface Vessel, LRASV,
corrugated coaxial line array. This antenna was designed to be used
with a 10-cm system, mounted as a long array feeding a reflector along
the side of an airplane, giving a beam 0.8° by 9° for long-range search.
The array, shown in Fig. 9.33, consists of a 15-ft coaxial line whose outer
conductor is pierced with radiating slots spaced at intervals of 2* in.,
which is less than the wavelength. The inner conductor consists of a
~-in. shaft on which are many ~-in. diameter eccentric disks which serve
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to make the wavelength less in the line than in free space. This shaft is
displaced from the axis of the outer conductor and supported by bearings
at 10-in. intervals so that it can rotate. As the inner conductor turns,
the wavelength in the line varies, causing the beam to scan 6.5°. Larger
scans by this method are quite feasible.

Another rolled parallel-plate scanning antenna, similar to the type
described in Sec. 9“15 in the respect of having a single rotary waveguide
feed, and also capable of rapid scan, has been developed. The equiva-

~Moving waveguide horn

Cyhnder
Q-- –-g

elements \

for roll \
‘P\
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\——— ——— ——— -
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-—-

-.=’.

(A . ‘ - :~B~%’

Wave fronts
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FIG. 9.34.—Reflector roll scanner,

lent simple antenna is a polystyrene lens placed between parallel trape-
zoidal conducting plates and fed by a waveguide at one edge of the plates
(Fig. 934a). Moving the guide tilts the beam. A conducting reflector
strip is placed between the plates in such a way that the waveguide feeds
the lens from an adjacent edge of the plates (Fig. 9.34b). It is now
possible to roll up plates and reflector strip in such a way that the feed
path is annular. This type of roll is ordinarily simpler to build than the
one described in Sec. 9“15.

In general it can be said that antennas of the array type (Eagle and
LRASV) are compact but that the beam position depends on the fre-
quency, while antennas of the parallel-plate type (for instance, Schwarz-
schiid, SCI) have a beam position independent of frequent y but have
more bulk and weight. Thus, the array has found use in airborne work
and mobile equipment, while the others tend to be used in ground and
ship equipments.

THE STABILIZATION PROBLEM

Airplanes and ocean vessels are unsteady bases from which to make
observations by radar or by any other means. It has been necessary to
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devise means of compensating for the angular motions of such vehicles,
and this mactice is known as stabilization.’ The techniaue falls into
two broad divisions, depending on whether the beam of radiation is
stabilized, or the data displayed on the indicator are stabilized or cor-
rected for the distortions caused by a tilting vehicle.

In general there is no choice between the two types of stabilization.
If the vehicle rolls or pitches to such an extent that its search radar no
longer scans the desired part of the field of view, beam stabilization is
necessary. This will prevent targets from fading from the indicator; if
they are then indicated, but at a false position, data stabilization becomes
a concurrent need. If the vehicle momentarily changes heading (yaws)
while on a certain course, the relative azimuth of targets will momentarily
ah er; the consequent aberration of the display can be, and has been, cor-
rected by either type of stabilization. Either sort of stabilization
requires the vehicle to carry gyroscopes or other devices which are sensi-
tive to direction in space and “know” the direction of north or up.

There are several ways of more or less completely mechanizing the
stabilization of the beam. The most obvious and perhaps the most
elegant is to provide a stable base for the scanner. This may be a plat-
form mounted on gimbals and controlled automatically to compensate
the pitching and rolling of the vehicle. If the vehicle rolls much but
pitches little, the pitch-gimbal axis may be omitted, and the stable-base
stabilization degenerates into roll stabilization.

A very different method of beam stabilization is possible in a scanner
having its main axis always perpendicular to the floor of the vehicle.
Use is made of the tilt axis of the antenna to the end that the antenna is
automatically directed toward the horizon, or to whatever angle above or
below the horizon is desired. The line of sight is thereby stabilized.

9.17. Stabilization of the Beam. Airborne Antenna Stabilization. 2—

Antenna stabilization for airborne radar is a scheme to preserve the same
conditions of radiation illumination in ponlevel flight as in level flight.
This is necessary to prevent (1) uneven illumination of the area being
scanned, (2) loss of radar range, or (3) distortion of the PPI presentation.
Stabilization equipment must be designed and constructed to stabilize
the beam of radiation, whether it be pencil or fan, against any maneuver
of the aircraft such as a climb, a glide, or any combination thereof. This
must be accomplished with components that are not affected by the
various accelerations, attitudes, or vibrations which might be encoun-
tered in turns, climbs, glides, or banks.

A stabilizer may generally be broken down into three main com-
ponents: the gyroscope lvith its potentiometer or synchro take-offs, the

1‘~he theorv and Inethods of stabilization me discussedin Vol. 26 of this series

2By F. B. Lincoln.
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servoamplifier, and the follow-up system which includes the servomotor,
the gear train or linkage system, and a take-off actuated by the con-
trolled member. The gyro may be mounted on the rotating scanner or
remote from the scanner, using slip rings and resolvers to take off the
required error information. The error is fed into a servoamplifier whose
output operates the servomotor which in turn aligns the antenna with
the horizontal through a gear train or linkage system.

The gyro should preferably have either a two-speed erection mecha-
nism or a device to disconnect the erection mechanism when the aircraft
goes into a turn. In a turn the gyro rotor tends to align itself with the
resultant of the true gravity and the centrifugal force caused by the
acceleration in the turn, instead of with true gravity alone. This can be
minimized or eliminated by using a two-speed erection mechanism, or by
employing an electromagnetic clutch to throw out the erection system
entirely in turns.

Continuing the general classification previously referred to, stabilizers
may be further typed as stable-base, roll, or line-of-sight, depending on
the stabilization compensation afforded.

The stable-base stabilizer, as the name indicates, provides complete
stabilization of the platform upon which the antenna is mounted. This
requires use of a two-axis gyro transmitter to provide alignment or error
information for both roll and pitch axes. The gyro is usually mounted
remotely from the antenna structure in this type. In addition two
separate servoamplifiers and follow-up channels are required, one for the
roll-error component and one for the pitch-error component. Although
this provides complete stabilization, the weight of the components usually
appears excessive so that another type is preferable.

The roll stabilization referred to is stable-base stabilization with the
pitch channel removed. This requires a single-axis gyro transmitter for
the roll axis, and but one servoamplifier and follow-up channel. Roll
stabilization would be appropriate in large aircraft for which the pitch
component might be negligible or tolerable. In deciding between a roll
and a platform stabilizer the accuracy requirements must be balanced
against the weight added by the pitch channel.

The line-oj-sight method is one which maintains the axis of the beam
of radiation in a horizontal position or a fixed angular distance above or
below the horizon as the antenna rotates, scanning the horizon. This is
done by automatically tilting the antenna about an axis perpendicular to
the plane of the beam and parallel to the floor of the aircraft. Figure 9.35
shows the stabilizing attachment, A>-/.~\.15,5, mounted for photographic
test on the scanner of the A>”/.iPS-2 circular-scanning radar. The black
tubular construction of the scanner yoke can be seen, together with the
silver-plated +in. coaxial transmission line. The 29-in. paraboloid has
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been removed from the gently curved support casting, which can be seen
supported bet\veen the tilt bearings at the tips of the yoke. A table
clamped to the yoke supports the gyro-torque unit and a servoamplifier.
The gyro is mounted in gimbals and is provided with one synchro take-off

FIG. 935,-A stabilizing attachment mountwl on an airbornescanner. The reflector has
been replaced by a camera for test purposes.

at the gimbal axis parallel to the tilt axis. A synchro is also located at

the output crankshaft of the torque unit. The servoamplifier essentially

amplifies the algebraic difference between the voltages from these take-

offs, and thus actuates the motor in the torque unit to assure alignment

between the output shaft and the gyro. The output shaft is linked to the

paraboloid support by a rod seen at the bottom of Fig. 035. When there
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is a misalignment between the beam axis and horizontal, the synchros in
the gyro-torque unit transmit the error to the amplifier, a phase-sensitive
detector whose output controls the servomotor, which in turn causes the
linkage system to tilt the antenna up or down until the beam axis is again
horizontal. Because the gyro is mounted on the scanner, it is liable to
the precession caused by the inertia of the supporting gimbal system.
Under some conditions this precession causes the gyro to indicate a false
vertical, thus producing serious errors in the stabilization system.

Although in the above example the gyro is mounted on the rotating
yoke, the effects of precession are avoided in the most recent designs
by mounting the gyro on the airframe and providing a take-off on each
gimbal axis. A voltage indicating the correct tilt angle is fed to the
servoamplifier. A special rotary inductor mounted on the scanner base
provides this voltage, which it computes as a function of the antenna
relative azimuth and the roll and pitch voltages from the gyro.

As previously discussed, the purpose of antenna stabilization is to
preserve range performance by assuring constant illumination in non-
level flight as in level flight. In considering the accuracy requirements
various factors must be compared, such as beam shape and operational
use contemplated for the radar. If a pencil beam moves up or down
because of maneuvers of the aircraft or poor stabilization, the scope
signal will fade. Quantitatively, if a beam moves up or down by one-half
its beamwidth, it can be shown that the set will suffer a range reduction
of 29 per cent. The range will be reduced 10 per cent if the beam varies
from the stabilized position by 0.28 beamwidth and by 5 per cent if the
beam varies 0.19 beamwidth. As a range reduction of 10 per cent is
considered the maximum allowable, it can be seen that the beam must be
stabilized so that it remains within 0.28 beamwidt h of a completely
stabilized position. The adequacy of the above calculations has been
verified by rough observations in flight. Beam stabilization in current
airborne navigation radars should be accurate within about t 1.3°,
depending on the set, lest range performance suffer noticeably.

In practice it is quite difficult to realize stabilization accuracies high
enough to satisfy the foregoing tolerances for the various types of beams
and radars. This is principally due to the early stage of airborne stabili-
zation development and the stringent weight requirements on airborne
gyroscopes. Current developments should lead to more highly accurate
lightweight airborne antenna stabilization. The present static accuracy
of airborne gyros ranges from + # to + #. However, errors of from
1° to 5° may occur if the erection mechanism is not cut off in a turn.
This error is a function of the duration of the turn.

Shipborne Antenna Stabilization.—In recent practice the stabilization
of airborne ground-mapping antennas is by the line-of-sight method, in
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which the seamer has two degrees of freedom, correspondhg to the train
(azimuth) and elevation axes. In shipborne radar it has become evident
that for certain applications a third axis should be added to ensure a true
and undistorted display of the radar signals. The nature of these dis-
tortions will be clear from the following considerations. When a ship
and its two-axis antenna mount are rolled to the right and the elevation
axis momentarily set athwartship
so that the antenna is looking for-
ward, if the elevation angle of the
beam is varied the beam thereupon
describes on the sky the arc of a
great circle which is not vertical
but which is inclined toward the
right. All airplanes detected on
this arc will be indicated as dead
ahead, since the train axis is ori-
ented to this position. This indi-
cation is of course false, and the
two-axis mount therefore imper-
fect in principle.

The computer described below
provides correction for distortion
of this type. Such correction is,

z

M

FIG. 9.36.—Deck-tilt error. The arc HB,
which is the bearing of the beam, is greater
than the arc HA, which is the bearing as in-
dicated if deck-tilt error is not compensated
MBA represents a meridian on a sphere.

however, inapplicable if the radiation is a vertically fanned beam or a
pencil beam which must oscillate rapidly in a vertical plane.

The inadequacy of two-axis ship antenna mounts for certain applica-
tions can be corrected by the addition of a third degree of freedom, cor-
responding to the cross-level axis. This axis is supported by the train
axis and is set parallel to the deck; the elevation axis is mounted on it at a
right angle. By means of this new degree of freedom a servomechanism
holds the elevation axis level in respect to the horizon. The axes of this
three-axis mount are commonly designated as the “train,” “cross-level,”
and “level” axes. A mount of this type affords freedom from the dis-
tortion of the dkplay occurring when a two-axis mount is used. It has
the added virtue that it can follow moving targets above 45°, which with
a two-axis mount would require impracticably great servo rates. Weight
considerations have prevented the development of three-axis scanners
for airborne use.

We have mentioned a distortion in the display of an elevated target
observed from a rocking ship. A closely related distortion in bearing is
present even for surface targets: the deck-tilt error. Its origin is made
clear by an example, Fig. 9.36, which represents a ship heading north
toward the reader, listing to starboard. The circle represents a large
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sphere with the antenna imagined at its center. All lettered points are
on the sphere: Z is the zenith, M is the prolongation of the mast, and H
is the ship’s heading. If the antenna is not stabilized, its pencil beam will

at some instant be directed toward A below the horizon. The indicator

will then show an angle measured by the arc HA. If the beam is stabi-
lized by a two-axis mount, it will at that instant be at the point B where
the great circle AM intersects the horizon; since HB exceeds HA the

indicator will report the position of the beam falsely. If the beam is

stabilized by a three-axis mount, it will be directed toward C; the indica-

tion is again false since HC is less than HA. Thus either of these types
of stabilization results in a distortion of the bearing of targets on the
horizon.

A recent successful device for the stabilization of shipborne antennas
includes computers and an associated gyroscope, and is located wi ‘~in the
ship. The principal components of the stable vertical gyroscope are a
gimbal system so supported that the outer and inner gimbal rings tilt
respectively about the roll and pitch axes of the ship, a second gimbal
system supported by and within the first, and the gyroscope wheel sup-
ported in the second gimbal system. The wheel axis seeks the vertical
because of a pendulous magnet carried by a third gimbal system, and
compensation is provided in the gyroscope for the effect of ship’s turns or
changes of speed.

The second gimbal system is held parallel to the plane of the gyro
wheel, that is, horizontal, by means of a servomechanism; and from this
gimbal system two push-rods extend upward and provide roll and pitch
inputs to the mechanical computer located immediately over the gyro
unit. The force to move these rods is provided by the servomechanism
rather than by the gyro itself. In addition to roll and pitch, tim desired
angular position of the beam in space is fed to the co. {.puter as another
mechanical input provided by a servomechanism. The cc nputer is
cinematically equivalent to a small replica of the antenna mount which
is to be stabilized. The outputs arc the deck-tilt correction and elevation
angle for a two-axis mount, or deck-tilt correction and level and cross-
level angles for a three-axis mount. They are mechanical but are converted
to voltages by means of synchros, and control the servomechanisms
which actuate the motors for the three axes of the mount.

310re than one computer located on the gyro unit can be actuated
simultaneously, making possible the simultaneous stabilization of more
than one antenna. No computer is needed in stabilizing stable-base
mounts, since roll and pitch data are furnished directly from the stable
vertical.

Returning for the moment to generalities, t\vo alternative methods
are at hand bv which the deck-tilt correction ran be effected, One is to
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let the antenna scan umi’ormly during search and to control the deflecting
coil of the indicator to correct the deck-tilt error. This is a species of
data stabilization; it is not commonly used. The other cure for the
deck-tilt error is to drive the azimuth sweep of the radar indicator at a
constant rate during search and to control the train angle of the antenna
by means of a computer and servomechanism. As we have seen, it is one

of the functions of the computer to provide the deck-tilt correction.
This computation is easily mechanized, because the deck-tilt error is

mathematically similar to the error in transmitting angular motion
through a universal joint.

The gyroscopes used in shipborne antenna stabilization are accurate
to within 2’ to 7’; the error seems to be a function of the roll, pitch, and
heading of the vessel. The large synchros used in this work are liable
to err by about 10’ to 30’. It follows that a good shipborne equipment,
using synchros geared as high as 36 to 1 for increased accuracy, holds the
beam with an average error of as little as 5’, although momentary errors
of more than twice this magnitude may al ise.

9.18. Data Stab~zation. ‘—It has been remarked that even after the
mechanical engineer has provided a stabilized antenna mount and thereby
ensured that the radar will correctly perform its scanning function despite
rolling or pitching of the vehicle, the indicator may still display the posi-
tion of targets falsely. We are concerned in this section with the problem
of improving the indicator in this respect.

The older PPI radars, both airborne and shipborne, were designed to

display targets at their bearings relative to the heading of the vehicle.
More recent design allows a display of targets in their true bearings, that
is, with north at the top of the screen regardless of heading. The rela-
tive-bearing indication is bad for two reasons: (1) the entire display
rotates and becomes confused if the course of the vehicle is altered; (2)
the natural random changes in the heading of the vehicle cause a cor-

responding blurring of the display on the persistent screen. The true-
bearing indication is free of these faults. It is a data stabilization in
regard to yaw and changes of heading.

Yaw stabilization is implemented with the aid of a horizontal gyro-
scope which is kept pointing north by manual or automatic reference to

the earth’s magnetic field. Through a mechanical or electrical differen-
tial there is provided at the indicator a voltage signifying the true bearing
of the beam, that is, the difference between the relative bearing of the
beam and the relative bearing of the true north.

Deck-tilt error is serious in airborne as well as in shipborne radar.
Let us imagine an airplane equipped with a bombing radar having a fan
beam; the base of the scanner is not stabilized, and the antenna may or

1Sees. 9.1S-9.20 by W. M. Cady.
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may not be line-of-sight stabilized. If this airplane banks, the relative
bearing of ground targets will be, as we shall see, falsely indicated. For
example, let us consider the case of an airplane banking for a right turn,

the relative bearing of the beam being straight ahead. It is clear that

since the fan is perpendicular to the floor of the airplane it is not at the

moment vertical, and that therefore the targets on the straight line on

the ground now being illuminated by the beam are not at zero bearing.

Since such targets are nevertheless displayed as if at zero bearing, the

display is distorted; these targets are shifted by an amount equal to the

altitude of the airplane multiplied by the tangent of the bank angle.

Other targets are less seriously disturbed, those at 90° and 270° being

correctly indicated on a banking airplane.

Two methods have been considered for correcting the airborne deck-

tilt error. One method is so to stabilize the antenna that the plane of the

fan beam remains indeed vertical. This can be accomplished by stable-

base stabilization or by a three-axis mount. The other method is by

data stabilization, and several circuits have been devised for removing

the distortion if supplied with voltages depending on the angles involved.

None of these circuits has been incorporated in systems now in wide use,

although one radar designed for production incorporates a feature that

accurately corrects the display at the one target designated as the aiming

point.

9.19. Installation of Airborne Scanners.-In discussing antenna

installations we will treat first the airborne case. Here, one of the press-

ing problems is the choice of location. The radar must have the unob-

structed “vision” required for its operation, and its antenna should be so

installed that it may be housed in an aerodynamically acceptable radome.

A very common requirement is circular vision of the ground well out

toward the horizon, as in Fig. 9%. The only good location is then below

the fuselage. If rearward vision is not required, an antenna with circular

scan can be mounted just behind and below the nose of the airplane, where

the radome can be completely faircd in.

Scanning of only a forward sector is possible if the antenna is mounted

in the nose. Such a location is impossible in single-engine airplanes, and

external housing becomes necessary. Aerodynamically, perhaps the

best site in this category is at a wing tip, although a blister faired into a

leading edge has been widely used. For maintenance reasons easy

replacement of the set is desirable; this has been accomplished in one

instance by packaging the greater part of the set in a “bomb” suspended

under one wing. In the aircraft-interception radar of nightfighters the

scanner is located for vision in all generally forward directions. Such

scanners can be mounted in any of the locations that are good for sector

scanners. Bomber-borne scanners for protective fire control are located
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where they can search for and track enemy fighters approaching from the
rear or other anticipated directions, or are located on the turret guns.

An important question in mounting a scanner in the belly of an air-

plane is ‘‘ How far shall the antenna protrude below the keel line ?“ Too

great a protrusion will add to the aerodynamic drag, whereas if the

antenna is retracted too far the vision is inadequate in nearly horizontal

dh-ections because of partial blocking of the field of radiation. The ray

diagram of the radiation field is not a sufficient guide in planning an

antenna installation. In prototyping each installation the minimum

protrusion allowable from the standpoint of the diffraction of the radia-

tion must be determined by measurements of the antenna pattern made

FIQ.9.37.—The ray diagram showsthat fan-beam antennamay be installed partly inside
the fuselage.

with the antenna installed in a mockup. 1 Such measurements have
shown that some circularly scanning fan-beam antennas may be so
installed that nearly half their height is above the keel line of the airplane,
and this conclusion has been confirmed in observation of the indicator in
flight. Figure 9.37 shows qualitatively why such an installation is possi-
ble with the type of scanner shown in Fig. 9.8.

In attaching the scanner to the airframe it is not necessary or advisable
to use shock mounts unless electronic equipment is inseparably attached
to the scanner. It is frequently essential, however, to provide adjust-
ments for accurately orienting the scanner base. To allow this adjust-
ment it is customary that the short length of transmission line between
the scanner and the r-f unit be flexible: this flexibilityy also allows the r-f
unit to be shock-mounted.

9.20. Installation of Surface-based Scanners.-The installation of
scanners on shipboard presents a siting problem slightly simpler than in
the airborne case. It is necessary to avoid locations where the structure
of the ship will blank the radiation or produce spurious reflections.
Sometimes it becomes necessary to install two scanners, each of which
covers the region in which the other is blind. When a ship has more than
one radar on a given wavelen~h, one can t‘ j am” the other, filling its
screen with spurious indications; this effect can be mitigated by proper
siting of the scanners and by blanking the receiver of each at the instant

1A recent installation is described by W. 11. Cady in RL Report NTO.848, “The
AN/APQ-13 (60-in.) Scafiner in B-29 Airplanes.” See also Figs. 9.7, 9.8, and 9.39.
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the other is transmitting a pulse. On account of the curvature of the
earth and for reasons of microwave propagation it is usually advantageous
that the scanner be installed as high as possible. Radomes are not widely

used to house shipboard scanners, the tendency being to make the

antennas of such low wind resistance and such sturdy construction as to

render radomes unnecessary.

Ground-based radars may be grouped, according to their mobility,

as transportable, mobile, and fixed. Because the transportable scanners

are disassembled for moving, their installation requirements include

easy assembly. The AN/TPS-10 scanner shown in Fig. 9.15 disassem-

bles into small parts for easy mobility in mountainous terrain. A firm

and adjust able foot ing must be incorporated for transportable scanners.

A truck or trailer on which a scanner is mounted must also be firmly

braced while the radar is in use; the scanner itself must be adjustably

mounted to the vehicle, if accurate position-finding is desired.

The siting of ground-based scanners is to be regarded as an aspect of

the installation problem. A suitable site must be one where no mountain

seriously blocks off the region beyond. A more subtle siting requirement

is the avoidance of ground “clutter”; permanent echoes are bothersome

at certain sites, particularly if the radar targets frequently pass at nearly

the same range and direction as such echoes. Moving-target indication,

dkcussed in Chap. 16, is now practicable to alleviate ground clutter.

9.21. Radomes.1-It is necessary to protect all airborne and some

surface-based microwave antennas from wind and weather. The pro-

tective housings have come to be known as ‘‘ radomes.” A fuller discus-

sion than the following will be found in Vol. 26 of this series.

The circular cylinder shape was early used for the radome. For such

a shape the radiation falls on the radome essentially at normal incidence,

the angle of incidence being defined as the angle between the incident

radiation and the normal to the surface at the point of incidence.

The development of microwave airborne radar systems forced the

development of the science and art of radome design. It resulted in

amplification of the electrical theory for radomes through which the radar

beam passes at high angles of incidence. Plywood, first used for radome

construction, gave way to more satisfactory synthetic materials; and

aerodynamics, at first ignored, was given consideration in the design.

Excellent installations are possible if the radar systems are considered in

the initial design studies of aircraft.

Since the airborne radome involves all the problems of the surface-

based installation in addition to many others peculiar to itself, this

discussion will be limited to the airborne case. Some of the factors con-

trolling the design of an airborne radome are the radar antenna and its

1Ssca 9,21-9.25 by F. J. Mehringer.
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function, radome materials, transmission of radar energy, structural
requirements, aerodynamics, access to the radome cavity, and specifica-

tion and test.

In this discussion only the three major items—aerodynamics, elec-
trical transmission, and structural design—will be discussed, and these
only briefly. N’one of these items can take preeminence over the others
since a design aerodynamically or structurally poor can prevent the radar
set from being useful, just as would a radome that had faulty transmission
characteristics. The radome design must, therefore, be a compromise
of these three major factors if accuracy and effectiveness of the airborne
unit are to be secured.

9.22. Streamlining. -There is no simple foolproof answer to the
aerodynamical problem. Each installation has peculiarities of its own,
depending upon its location on the airplane in question, the plane itself,
the speed of the plane, and the size and shape of the radome. A few
simple considerations can be set forth but the real answer can only result
from careful test in a wind tunnel.

Although, from an electrical viewpoint, the circular cylinder is the
most desirable shape for a radome, aerodynamically it is objectionable
due to its high drag. By streamlining a cylinder its air resistance can be
reduced to a sixth or less. Any radome extending beyond the fuselage
line of the airplane should therefore be streamlined.

The drag for a protuberance of given shape increases in approximate
proportion to its frontal area. It is therefore desirable to reduce the
projected area of the radome as much as possible even to the extent of
having the radome surface coincide with the skin of the plane.

If a protuberance is necessary, the drag can be minimized by locating
the radome at a position where there is already some disturbance of the
airflow. The turbulence of the air stream tends to be a maximum toward
the tail of the plane. R’bile practically no protuberance is permissible
near the nose of a high-speed airplane, one etiending several inches amid-
ship or further aft may cause a hardly noticeable increase of drag.

The truly satisfactory design, however, can be verified only by tests
in the wind tunnel where very slight differences in aircraft performance
are readily detectable. The wind-tunnel test can also be used to furnish
pressure distributions on the radome surface, which are necessary for the
structural design computations.

The location of the antenna on the airplane must also be the result of
operational requirements and compromises with the other components.
For navigation and bombing it is desirable to have the antenna scan 360°
in azimuth. This can best be realized in a location on the belly of the
-e about midship, but generally only by adding a large protuberance.
A location in the “chin” of the airplane offers a more favorable location
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so far as the aerodynamics is concerned, but limits the rearward view.
This space, too, is desirable for the location of certain crew members and
of the bombsight. Interference with other installations is usually less in
an aft location, but the space is often limited by the size of the fuselage
at this point and the forward view may be cut off by the forward portion
of the plane.

9.23. Electrical Transmission.-The ultimate shape of the radome is
generally limited by electrical design considerations. The retraction of
the antenna is controlled by edge interference, for an edge can cause
blanking and diffraction of a radar beam. The result is a distortion and
deterioration of the antenna pattern. Any discontinuity such as that
caused by reinforcement of the radome or by a piece of metal may cause
diffraction if it intercepts the radar beam.

The permissible range of incident angle is the other electrical factor
limiting the shape of the radome. The range of satisfactory incident
radiation transmission varies with different materials and radome wall
constructions. The properties of the materials affecting the transmission
are the dielectric constant and the loss tangent; the latter is an index of
the absorption and the former is a factor determining the reflection. For
optimum combinations to date, satisfactory transmission can be obtained
over a range of 0° to 70°. Beyond this value the transmission decreases
very rapidly, reaching zero transmission at 90° incidence.

Having determined a reasonable shape for the radome, it is then neces-
sary to check the angles of incidence by means of an antenna ray diagram.
Typical ray diagrams for cosecant-squared antennas are shown in Figs.
9.2, 9.10, and 9“37. If the antenna is stabilized, the angles will have to
be checked throughout the range of stabilization. When the angles of
incidence exceed the limiting value the contours of the radome must be
adjusted until the upper limit of angle of incidence is not exceeded.

9.24. Structural Design of Radomes.—The thickness and construc-
tion of the radome wall can be determined on the basis of structural con-
siderations within limits depending upon the allowable reflection. The
reflection is a cyclic function depending upon the dielectric constants,
thickness of the material, and angles of incidence of the radiation.

There are two basic types of construction: the single plastic or lami-
nated wall, and the so-called “sandwich” construction involving two or
more materials. The sandwich construction consists of high-strength
skin surrounding a core of lower density, which results in a high-strength,
low-density construction. The sandwich construction also provides a
greater variety of wall construction for high strength and efficient elec-
trical transmission.

The approach to the structural design problem will depend upon the
shape of the radome and the pressure distribution. These two factors
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will determine whether the problem is one of strength or stability. The
stability problem is a difficult one to meet, since no ribs or other means
of reinforcement can be used for the extensive transparent area because
of possible distortion of the electrical pattern.

The design of the mounting of the radome should have due considera-
tion. Servicing requirements necessitate removal of the radome. The
means of mounting the radome must be quick-fastening as well as strong.

Just as the final proof of a satisfactory aerodynamical and electrical
design are aerodynamical and electrical tests, so structural tests are

FIc. 9.3S.—A retractable radome (1) partly extended on a B-29, and tbe bulge to accom.
modate tbe r-f unit (2) aft of the radome.

necessary to assure a satisfactory design, for in a streamlined shape the
calculations can at best be only approximate.

9.26. Examples of Radomes.—Types of radomes vary greatly in size,
shape, and method of construction. Attention is called to a few repre-
sentative radomes.

Figure 9.38 shows an early type of retractable airborne radome
mounted on a B-29. The radome is a cylinder 3% in. in diameter and
extending about 33 in. when unretracted. While the shape is ideal

electrically, its effect on the speed of the aircraft is most objectionable.

The leading edge of the Eagle vane (Fig. 9“18) is a radome made of

two Fiberglas walls with occasional ribs as spacers. While the airfoil

section is in itself of low drag, the attachment to the plane increases the

drag until it is almost as high as that for the cylindrical radome. This

increase in drag is due to the interference and stagnation points set up by

mounting the airfoil to the plane. An additional feature of this radome

was that it was designed to be deiced by means of hot air. The optimum

wall spacings for heat transfer and for electrical transmission do not

coincide, so that deicing is not very efficient.

A good bombing antenna installation for a B-29 is shown in Fig. 9.39.

This radome houses the antenna shown in Fig. 9.8. The radome extends



318 ANTENNAS, SCANNERS, AND STABILIZATION [SEC.9.25

a minimum amount (about I@ in. in the final installation), thus present-
ing a minimum of frontal area. These factors make this installation
aerodynamically superior to those shown in Fig. 9“41 and 938. This
radome is made of Fiberglas laminate in a sandwich construction. Its
electrical transmission exceeds 88 per cent for both parallel and per-
pendicular polarizations through an angle-of-incidence range of 0° to 70°.

Figure 9.11 shows a radome covering an end-fire array. This housing
consists of a thin-walled tube of Laminac and cotton duck. In addition
to protecting the antenna, the housing is used to pressurize the antenna.

The largest airborne installation made during the war is in a TBM
airplane (Fig. 940). The radome illustrated, housing the antenna shown

in Fig. 9.12, is almost 9 ft wide, 3; ft deep, and 13 ft long. Notwith-

standing its large size it does not seriously alter the performance of the
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aircraft; two additional stabilizers and a larger motor are all that are
necessary to maintain performance despite the presence of this large
protuberance. This radome depends upon a sandwich wall construction
of Fiberglas laminated skins and Hycar core to give it the desirable elec-
trical and structural characteristics.

FIG,9.40,—The largest airborneradome. It housesan 8-ft antennaundera TBM aircraft.



CHAPTER 10

THE MAGNETRON AND THE PULSER

BY G. B. COLLINS, J. V. LEBACQZ,AND M. G. WHITE

THE MAGNETRON

BY G. B. COLLINS

Strenuous efforts were made by the British, beginning about 1938,
to develop high-power pulsed sources of radiation at very high frequen-
cies, because of the operational need for microwave radar. Two lines of
attack were followed. One consisted of attempts to improve and modify
conventional types of transmitting tubes, and the other of efforts to
devise entirely new forms of transmitting tubes.

Modifying the conventional type of transmitting tube to satisfy the
requirements of radar met with difficulties. To a first approximation
the electronic characteristics of a low-frequency oscillator or amplifier are
preserved at high frequency only if all dimensions of the tube are scaled
in proportion to the wavelength A; as a result, it is necessary to reduce the
size of tubes as the frequency is increased. The practical consequences
of this become serious as frequencies of 1000 Me/see are approached.
The reduction of cathode and plate areas, which under these conditions
vary as A2, rapidly reduces the available peak emission and plate dissipa-
tion. Electrode clearances become so small that they are difficult to
maintain accurately. Although many improvements in the design of
triodes or tetrodes for use at microwave frequencies have been made, the
general limitations just outlined have resulted in greatly reduced effi-
ciency and power output in the microwave region.

Fortunately, a new type of pulsed microwave generator was invented
whose performance was indeed spectacular. These generators are now
known as ‘‘ microwave” or ‘i cavity” magnetrons, and they constitute
the most important single contribution to microwave radar. The
description, method of operation, and characteristics of this type of
magnetron are the subject of the first part of this chapter.

As a source of high-power microwaves the multicavity magnetron
represents a very great advance over both the conventional space-charge
and the velocity-modulated or klystron-tube types. A few numerical
comparisons will emphasize this superiority. Above frequencies of
3000 Me/see, space-charge tubes such as triodes cease entirely to be
practical sources of r-f power, while magnetrons produce pulse powers

320
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of the order of hundreds of kilowatts at frequencies as high as 24,000
Me/see. The average power output of magnetrons at 3000 .Mc/sec is in
the neighborhood of hundreds of watts, or one hundred times that of a
triode operating at the same frequency. Klystrons are. very useful
sources of low c-w power at frequencies as high as 24,000 Me/see, but
cannot be considered high-power pulsed sources. Their pulse-power
output ranges from a few hundred watts at 3000 Me/see to a few milli-
watts at 24,000 Me/see.

Magnetrons are self-excited oscillators and their output does not have
the frequency stability possible at frequencies where power amplifiers
are available and the output frequency is established by crystal-controlled
oscillators. When properly designed and used, they exhibit stability
adequate to the demands of pulse radar.

10.1. Construction.-Microwave magnetrons, or cavity magnetrons
as they are frequently called, are basically self-excited oscillators whose
purpose is to convert the d-c input power into r-f output power. Figures
10.1 and 10.2 show a particular design of a 10-cm magnetron which is
typical of thk class of transmitting tubes. Between the cylindrical
cathode C and anode block A is an interaction space I in which the con-
version of d-c to r-f power takes place. A constant and nearly uniform
magnetic field is maintained in this interaction space in a direction parallel
to the axis of the tube. In operation, the cathode is maintained at a
negative potential while the anode block is usually at ground potential.
The anode block is pierced in a direction parallel to the axis by a number
of side cavities R which open into the interaction space so that the anode
surface consists of alternate segments and gaps. The ends of the resonat-
ing cavities open into chambers which are called end spaces, through which
the lines of flux extending from one resonator to the next pass. The
coupling between the resonators is increased (in the design shown in
Figs. 10.1 and 10”2) by conducting bars called straps S which connect
alternate segments. Power is extracted from one resonator, one method
being the use of a coupling loop L which forms a part of the output cir-
cuit. The combination of resonant cavities, end spaces, straps, and out-
put circuit is called the resonant system.

A more detailed discussion of these parts of a magnetron follows.
For pulsed operation, the cathode C is usually oxide-coated and heated
indirectly by an internal heating coif of tungsten or molybdenum. The
cathode structure is attached mechanically to two cathode stems sup-
ported by glass to provide anode-to-cathode insulation. At each end of
the cathode there is an end shield, or hat H, whose purpose is to prevent
electrons from leaving the cathode structure in a direction parallel to the
axis of the magnetron. These end shields must be kept at a temperature
too low to cause the emission of electrons.
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The dimensions of the interaction space depend upon the wavelength
and voltage at which the magnetron is to operate and also upon the
number of resonant cavities, or oscillators. The ratio of cathode diam-
eter to- anode diameter is determined principally by the number of
oscillators, no matter what the wavelength or operating voltage is to be.
For a 12-oscillator magnetron the diameter of the cathode is about one-

c\

H s
FIG. 1O.1.—Atypical ca},ity magnetron.

half the anode diameter. For fewer oscillators, it is somewhat smaller
than one-half, and for more than twelve oscillators, somewhat larger.
The anode and cathode diameters for any given type are propofiional to
the wavelength and to the square root of the anode voltage.

The particular resonant system shown consists of eight side cavities.
Each of these cavities is similar to a simple oscillating circuit consisting
of a lumped L and C. Although the inductance and capacity of the
magnetron cavity are not strictly lumped, the inductance of the oscil-
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later resides mainly in the circular hole, and the capacitance mainly
between the parallel plane surfaces of the slot. The dimensions of these

cavities determine to a large degree the oscillation frequency of the
magnetron. Since the frequency is a function of the product LC, the same
frequency can be obtained from a variety of shapes which have the
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same LC but different L/C. It should be noted that the arrangement of
these cavities is such that for the desired mode of operation their indi-
vidual C’s are connected in parallel, and so are their individual L’s. Thus
the effective capacitance for the whole magnetron oscillator is NC and the
effective inductance is L/N, where N is the number of resonators. The

frequency of the magnetron is thus nearly that of an individual cavity.
The performance of magnetrons is not very sensitive to the impedance
of the oscillators, L/C, and a wide variety of oscillator configurations are
possible. Three types are shown in Fig. 10.3.

(a) (b) (c)

Fm. 10.3.—Magnetron anode block. (a) Slot-type magnetron. (b) Hole-and-slot-type
magnetron. (c) Vane-type m~gnetron.

The simplest is perhaps the slot type (Fig. 10”3a), each of whose
cavities may be thought of as a quarter-wave line (see also Fig. 10.22).
It is a low-impedance oscillator having a large C and small L. The vane
type (Fig. 10.3c), is obviously a high-impedance oscillator, whereas the
hole-and-slot type (Figs. 10”2 and 10”3b) usually has an impedance inter-
mediate between the two. These oscillator configurations were selected
to illustrate some shapes that have been found convenient; the number
of possibilities is unlimited.

Returning to Fig. 10.1 it is seen that the side cavities open at both
ends into chambers, or end spaces. These end spaces assist in coupling
the separate oscillators by allowing magnetic flux to pass from one oscil-
lator into the next. The straps S consist of rings which are connected
only to alternate segments. The connections are made in such a way
that one set of alternate segments is connected by a strap at one end of
the anode, and the other set of segments is connected by a correspondhg
strap at the other end of the anode. Magnetrons may be either single-
or double- (or even quadruple-) strapped, meaning they have either one
or two (or four) straps at each end of the anode. Figures 10.3a, b, and c
show magnetron anode blocks, without straps; Figs. 10.1 and 10.2, single-
ring strapping; and Fig. 10.20, double-ring strapping.

The magnetic field parallel to the axis of the cathode is often produced
by an electromagnet or permanent magnet with pole faces external to the
magnetron. Figure 10.4a shows a typical permanent magnet and a
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magnetron with radial cathode supports. Another type of magnetron
construction, favored for the higher-frequency magnetrons where magnet
weight is of importance, is shown in Fig. 10.4b. The construction of such
a magnetron-magnet combination, or “ packaged magnetron” as it is
frequently called, is shown in Fig. 10.5. The cathode is usually sup-
ported axially through iron pole pieces which extend quite close to the

IWa. 1O.4.—TWO types of magnetron construction: (a) radial cathode and separate mag-
net; (b) axial cathode with attached magnet.

anode and thus reduce the magnetic field gap. Since the weight of a
magnet which will produce a given magnetic field strength over a given
cross-sectional area increases very rapidly with the length of the gap,
considerable magnet weight can be saved in this manner. It is customary
to supply this type of magnetron permanently attached to its magnet.

10.2. The Resonant System.—In an operating magnetron the charge
distribution in the resonant system produces electric fields which interact
with the space charge in such a way as to sustain the oscillations. Figure
10.6cz illustrates such a disposition of charge and electric field at ap
instant when the concentration of charge on the ends of the anode seg-
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ments is a maximum. One quarter of a period later the electric field and
charges have disappeared and currents are flowing around the inside of
the cavities, producing a magnetic field along the hole portion of the
cavities. Figure 10.6b depicts the currents and fields at this instant.

f

Coaxialline output

~ Front pole piece

, Permanent magnet

FIG. 10.5.—Magnetronwith axial cathode and insertedpole pieces.

Figure 10.6c shows the charges and electric fields another quarter period
later.

Figure 10.7 is a view of the magnetron opened out in a plane parallel
to the cathode so that the anode faces lie on a plane. The broken lines
show the paths of magnetic flux at the instant shown in Fig. 10.6b.

Figures 10.6 and 10.7 illustrate the so-called “r-mode” in which
magnetrons normally operate; (m refers to the phase difference between
adjacent anode segments). Actually, the number of possible modes of
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oscillation is at least one less than the number of oscillators. Figure 10.S

/
output boll

FIG, 10,7,—View from cathode of anode
block opened out to show longitudinal dis-
tribution of magneticfield.

shows the distribution of charge
and electric field for a magne-
tron oscillating in the r/2-mode.
A comparison of the electric fields
with those of the r-mode shown
in Figs. 10.6a, b, and c indicates a
fourfold, instead of eightfold, sym-
metry, and shows that the field
falls off less rapidly toward the
cathode. Experience has shown
that magnetron operation in any
but the r-mode is unsatisfactory.

Possible modes for an 8-oscilla-
tor magnetron total seven: two 7r/4-

modes, two r/2-modes, two 3r/4-modes, and one mmode. In general,

because of differences in the effective inductance and capacity of the

FIG. 108.-Distribution of r-f fields and chargesin a hole-and-slotanode block oscillating
in the T/2 anode.

oscillating circuits, each of these modes has a different frequency of
oscillation. One of the objectives of magnetron design is to arrange
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matters so that the electrons excite only the ir-mode. Adequate fre-
quency differences between the desired mode and all others favor stable
operation; in most magnetrons, the frequency of the mode nearest in
frequency is at least 10 per cent greater or less than that of the mmode.
Unfortunately it has been impossible to design magnetrons that do not
show multiple frequencies under some conditions and this phenomenon
remains as one of the most troublesome encountered in pulsed magnetron
operation.

F1~. 10.9.—Rising-sunmagnetron with waveguide output and radial cathode leads.

Power is extracted from only one of the oscillating cavities. This
may be done by means of either a coaxial line output or a waveguide
output. For the coaxial line output, it is usual to insert a loop L (Fig.
10.1) into the inductive portion of one of the oscillators in such a way
that it links the magnetic fhx. An r-f potential difference is thus
induced between the ends of the loop, which are connected to the inside
and outside conductors of the coaxial line. This type of output is satis-
factory for magnetrons whose frequency is 3000 Me/see or less. At
frequencies above 3000 Me/see a waveguide output is to be preferred as
small coaxial lines arc over and are unduly 10SSY. Power is extracted
from the back of the cavity by means of a slit which expands, usually
with discontinuities, until its dimensions correspond to those of the wave-
guide (Figs. 109 and 10”10).

The magnetrons discussed above are referred to as “strapped”



330 THE MAGNETRON AND 1’HEPULSER [SEC. 103

magnetrons. The majority of existing magnetrons are of this type. A
variety of other designs have been constructed, most of which have not
proved to be as satisfactory as the strapped type. One type, however,
has several marked advantages over strapped tubes. It is known as the
“rising sun” magnetron (Figs. 10.9 and 1010). Mode separation is
accomplished in this design by making alternate resonators of a different

FIG. 10.10.—Cutaway view of rising-sunmagnetron with axial cathode. The wavelength
& 1,25cm. (Courtesv OJBell Telephone Laboratories.)

frequent y. It is interesting to note that this ‘resonant system results in
an operating or r-mode which lies intermediate in frequency between
other modes while, for strapped tubes, the r-mode has the lowest fre-
quency. For very high powers, the rising-sun system has considerable
promise. Unlike strapped systems, the rising-sun system permits the
anode to be made with a circumference and a length which are not small
compared to a wavelength without producing mode instabilities. Thus
even at high frequencies large cathodes and large emissions are possible.

10.3. Electron Orbits and the Space Charge.—An electron in the
interaction space of a magnetron is acted on by a constant magnetic field
parallel to the axis of the cathode, a constant radial electric field resulting
from the applied d-c potential, and the varying electric field extending
into the interaction space from charges concentrated near the ends of the
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anode segments. Inaddition, theelectron is part of aspace charge with

extreme variations in density. The resulting eIectron motion presentsa

problem of extreme complexity, and a detailed theory has not been

developed. A qualitative understanding insimple terms of the processes

responsible for the excitation of the magnetron is, however, possible.

Consider the simple case of a single electron in the interaction space

of a magnetron in the absence of any perturbing r-f fields. In crossd

{&\
I

FIG. 1011.-Path uf electron in nonosvillatiugmagnetron.

magnetic and electric fields, there is a force —eE, dueto the electric field,

and another, ~ v x H, due to the magnetic field, ~rhere E and H are the

electric and magnetic field strengths, e and v the charge and velocity of

the electron, and c the velocity of light. The resulting motion is approxi-

mately represented by superposing a slow rotation around the cathode at

nearly constant radius Ro (the RO rotation), and a faster circular motion
with a smaller radius TO(the TOrotation). The resultant of these two
motions corresponds roughly to the motion of a point on the circumference
of a wheel as it rolls around a circle somewhat smaller than the cathode
in such a way that its center moves in a circle of radius RO (Fig. 10.11).
The speed of the slow R, rotation is given approximately by the ratio

E/H. The angular velocity of the fast rOrotation is determined by H
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alone ;itisuO = eH/m. Although theangular velocity ofthisrO rotation
is constant, the magnitude of TOdepends on the initial kinetic energy of
the electron and may vary for different electrons. The maximum dis-
tanceany electron canproceed toward the anode (Ro + TO)in the absence
of r-f oscillations is fixed by the ratio E/H, and for good operating condi-

tions is made to be about half of the way from
E

#’J-

cathode to anode.
The above description is exact only for the

Hev ~
v

F

case of small TO (and a particular form of
c ~>& radial field). The picture is certain] y correct

H in a qualitative way and this description of the

electron motion may be used in an explanation
“=~c

H of the interaction of the electrons with the
alternating electric fields.

“<&
H In an oscillating magnetron, the electrons

-Ee pass through the r-f fields shown in Figs. 10.6a
FK~,10,12.—Pathsof elec- and 10.6c, and a change in their velocity re-

trons in uniform crossedelec-
tric and magnetic fields. suits. A somewhat unusual fact is that those

electrons which are speeded up have their
radius of curvature reduced and return to the cathode, while those which
are slowed down have their radius of curvature increased and move out
toward the anode.

To make this appear reasonable, let us consider a greatly simplified
case shown in Fig. 10~12. An electron moves through crossed, uniform
electric and magnetic fields with a velocity v that is normal to E and H.
The directions of v, E, and H are made to agree with those acting on the
electron in Fig. 10.11. The force equation is

Hev ~uz
=eE+—,

T R
(1)

where R is the radius of the orbit of the electron (R is positive for orbits
curving down). Where the path of the electron is a straight line, the
condition is obtained by letting R = ~. Equation (1) then reduces to
v = Et/H. Inspection of Eq. (1) also shows that for v < Et/H, the
electromagnetic force will be reduced and the electrons will be deflected
in the direction of the electric force. For v > Et/H, the deflection will

be in the direction of the magnetic force. The deflection that an electron

suffers in this example when speeded up or slowed down thus corresponds

to what happens in a magnetron and it is significant that the operating

conditions are ones for which v = Et/H. This example is given only to
illustrate the complex electronics of these tubes and is obviously inac-
curate when applied to a magnetron because the electric field is not uni-
form but has cylindrical symmetry and is further deformed by space
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charge. The fields in a magnetron, however, are certainly such as to

produce this separation of fast and slow electrons.

The problem is shown in more detail in Fig. 10.13. Consider an

electron at point A at the instant for which the fields are as shown. The

r-f field at this point tends to speed Up the electron. As it speeds up, the

radius of curvature of its path is decreased, and it will move along a path

corresponding to the solid line and strike the cathode with appreciable

energy. This electron is thus removed from the space charge, and plays
no further role in the process except perhaps to produce a few secondary
electrons from the cathode. An electron at point 1?, however, is in a
decelerating r-f electric field. AS a result of the reduction in electron
velocity, the radius of curvature of its path is increased. If the fre-
quency of oscillation is appropriate, this electron will always be in a
decelerating field as it passes before successive anode segments. The
result is that the electron, following a path of the type shown, eventually
strikes the anode. Because of retardation by the r-f field, the electron
gives up to the r-f field the energy gained in its fall through the d-c field
to the anode.

Since the electron moves from the cathode to the anode in a very
small number of oscillations, the condition that the electron keep step,
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in its course around the cathode, with the variations of r-f oscillations
need not be satisfied exactly. Electrons once in step with the r-f field
remain in this state long enough to get to the anode, even if their angular
velocity is not exactly correct. This explains why the operating condi-
tions of magnetrons are not very critical with respect to the magnetic
field, anode voltage, or other quantities which might affect the velocity
of the electrons,

FIQ. 10.14.—Spacecharge in nonoscillatingmagnetron.

Appreciable energy is associated with the rOrotation. This motion
takes place, however, in a substantially constant r-f field, since the RO
rotation keeps the electron in step with the “variations of the r-f field.
As a result, the r-f field has little or no effect on the energy associated
with the TOrotation.

This qualitative picture shows how those electrons whose initial phase
relationship is such that they absorb energy from the r-f field are elimi-
nated at once from the space charge. Such electrons strike the cathode
in the course of the first TOperiod. On the other hand, electrons which
leave the cathode at such a time and place that they transfer energy to
the r-f field continue around the cathode in a cycloidal path which
expands toward the anode, transferring to the r-f field the energy they
gain from the d-c field.
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It must again be emphasized that the above description is correct in
terms of general principles, but the detailed picture is doubtless more
complicated. One experimental fact difficult to explain is the extra-
ordinarily high electronic efficiencies of some magnetrons: up to 85
per cent.

In addition to describing the paths taken by individual electrons
inthe interaction space, it is helpful to consider the behavior of the space

l“IG.1015.—Spacecharge in oscillating magnetron,

charge as a whole. In the absence of ~f fields, the space charge forms a

rotating cylindrical sheath around the cathode extending out about half-

~vay to the anode (Fig. 10. 14). The above reasoning suggests that, under

the influence of the r-f fields, the electrons in this space charge which are

in an accelerating r-f field travel back toward the cathode, while those in

a decelerating r-f field travel toward the anode.

The result may be seen from Fig. 10.15. The rotating cylindrical

sheath is distorted (for an eight-oscillator magnetron) into a smaller

cylinder with four spoke-like ridges running parallel to its axis. This

space charge configuration rotates with an angular velocity which keeps

it in step with the alternating r-f charges on the anode segments, and

the ends of these spokes maybe thought of as brushing by the ends of the
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anode segments and thus transferring charge from the cathode to the
anode.

The r-f current set up in the oscillators isprincipally a displacement
current produced by this rotating space charge. As the spokes of the
negative space charge pass in front of an anode segment, a positive charge
is induced on its surface. Half a period later, this positive charge has
flowed around the back of the two adjacent oscillators to the two adj scent
anode segments and the spoke of the space charge has rotated to a posi-
tion in front of the next anode segment.

In addition to these displacement currents, conduction currents are
produced by the flow of electrons from space charge to the anode. Elec-
trons arrive at the anode at such a time as to constitute a conduction
current approximately 90° out of phase with the r-f voltage, and thus
have little effect on the oscillations.

10.4. Performance Charts and Rieke Diagrams.-Four parameters
determine the operation of the magnetron; two are associated with the
input circuit, and two with the output circuit. A typical set is H, I, G,

and B. H is the magnetic field, 1 is the anode current, and G and B are
the real and the imaginary parts of the r-f load on the magnetron meas-
ured at some arbitrary point in the output line. The observed quanti-
ties are three in number, usually power P, wavelength A, and voltage V.
The problem of presenting these observed quantities in terms of the four
parameters is greatly simplified by the fact that the input and output
parameters operate nearly independently of one another. Thus, it is
possible to keep G and B (the load) fixed, and study the effect of H and 1
on P, k, and V withthe assurance that the nature of the results will not
be greatly altered by changes in G and B. Conversely, H and 1 may be
fixed and the effect of G and B on P, A, and V observed. As a result of
this situation, it is customary to present the operating data on two graphs.
One is called the “performance chart,” and shows the relationship
between H, I, V, P, and X for constant load; the other is called a “ Rieke
diagram,” and shows the relationships between G, B, P, k, and V for
constant I and H.

Figure 10c16 is a performance chart for a typical magnetron with a
frequency of about 2800 Me/see.

It has been customary to plot anode voltage V as ordinate, and cur-
rent 1 as abscissa. On such a graph the lines of constant H are more or
less parallel and slope upward to the right. Thus (referring to Fig.
10. 16), if the magnetron is operated at a constant magnetic field, say
2100 gauss, the relations of voltage and current are given by points on
the H = 2100 gauss line. (At 20 kv, the current drawn will be 48 amp.)

On the same chart are plotted the lines of constant power output.
These are the solid lines whose form suggests hyperbolas; they show the
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pulse r-f power which is obtained under varying input conditions. Thus
at 20 kv and 48 amp, the power output is 470 kw. This same power can
also be obtained at 25 kv and 30 amp with a magnetic field a little less
than 2700 gauss.

In addition, it is customary to add curves of constant efficiency
obtained directly from the above data. These lines of constant efficiency
are the dotted lines looping up and to the right on the diagram.

10
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—
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in the selection of proper operating conditions for a magnetron. The
input voltage, input current, and magnetic field are chosen by making a
compromise among such factors as peak power output, efficiency, allow-
able magnet weight, input impedance, and stability of operation. All
the necessary information can be obtained from a good performance chart.

FIQ 10.17.—Rieke diagramof a magnetron. The circlesto the right and left of center
transformedVSIVR = 1.5 circles.

are

It is advisable to select an operating point that is not near regions of
anomalous behavior. At low currents (below 15 amp, Fig. 10 16), or at
excessive powers (above 800 kw, Fig. 10.16), instabilityy is likely to occur,
Below 1700 gauss the efficiency is obviously unsatisfactory. Considering
Fig. 10.16 as an example, the operating point should be between 30 and
60 amp and 17 and 25 kv.

For magnetron-magnet combinations (Fig. 10.4), the magnetic field
is fixed by the tube manufacturer, and the performance chart is reduced
to a single magnetic-field line on a general performance chart. In such
a case, it is only necessary to establish an operating voltage or current.
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The performance of a magnetron in terms of its output parameters,
or r-f loading, is presented on a Rieke diagram (Fig. 10.17). It would
appear useful to express the r-f loading in terms of the resistance and
reactance presented to the magnetron at the output loop. Since these
quantities are difficult to determine experimentally, the Rieke diagram
is a compromise between these quantities and others which can be
obtained with ease experimentally. At microwave frequencies, it is
customary to determine the constants of a load by observing the phase
and magnitude of the standing waves set up by it, and the Rieke diagram
is designed to use these experimental data directly. Since it is imprac-
tical to determine the r-f loading at the output of the magnetron, an
arbitrary point in the output circuit is selected to which all measurements
can be referred. The desired range of r-f loading is obtained by adjusting
a tuner until the desired phase and magnitude of standing waves is indi-
cated by a sliding pickup probe. 1 The independent variables VSWR p
and phase o are used as coordinates of a polar diagram. Power output
and frequency are measured for various points on the diagram, and the
data used to construct contours of constant frequency and constant
power.

Magnetron manufacturers usually furnish diagrams such as this for
every tube type, and these give information of considerable importance
to system designers. Consider the effect of presenting such a mismatch
to the magnetron that a VSWR of 2 results, and suppose further that the
phase of this mismatch is such that the voltage minimum corresponds to
point A (Fig. 10.17). The result will be a power output for the specified
input conditions of about 650 kw. If the phase of the VSWR is changed,
say by increasing the line length between the magnetron and the mis-
match until point B is reached, the power output falls to 425 kw. The
efficiency of the magnetron at point A is thus 50 per cent greater, but
operation at this loading is unsatisfactory for another reason. As repre-
sentative of a general class of load instability, consider a change in phase
angle about the loading A of * 7“5° (dotted arrows) which might resuit
from the turning of an imperfect rotary joint. The power output will bc
essentially unaltered, but a maximum change in frequent y of 12 Me/see
occurs. If a heavy loading corresponding to point A is used, frequency
shifts of this magnitude, and greater, are frequently encountered and may
seriously affect the system operation. At point B, however, correspond-
ing to light loading, a phase shift of + 7.5° results in only a 3 Me/see fre-
quency shift. This illustrates the compromise that must be made
between efficiency and frequency stability. Magnetrons are usually
designed with an output coupling such that the center of the Rieke

ISee Technzque oj Microwave Measurements, Vol. 11, Radiation Laboratory Scrim,
Sec. 25; see also Sec. 11,1 of this volume.
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diagram, which corresponds to a matched load, represents a reasonable
compromise between efficiency and frequency stability.

It is possible to adjust the loading on the magnetron to any reasonable
value by the suitable use of r-f transformers (Sec. 11.1) in the output line.
As an example, suppose it is desirable to operate the magnetron repre-
sented by Fig. 10.17 at a point of high efficiency and low frequency
stability corresponding to point A. This can be accomplished by intro-
ducing a transformer which sets up a 2-to-1 VSWR and making its dis-
tance from the magnetron such that the phase of this VSWR corresponds
to point A. By moving this transformer along the line in either direction
one-quarter wavelength, operation corresponding to point B can be
obtained. In comparing the eflect of different loads corresponding to
various points on the Rieke diagram, it should be realized that these
points represent transformations that reduce the size of a circle of con-
stant VSWR as its center is moved away from the center of the diagram.
In Fig. 10.17 the circles about points A and B represent the VSWR = 1.5
circle when displaced different distances from the center of the diagram.

The load points A and B, with their associated variations in load in
the above example, are especially simple cases. In general, the load
variations correspond to a very irregular path on the Rieke diagram
whose behavior is unpredictable. A safe policy in design is to estimate
the maximum variation in VSWR to be expected from the r-f circuits, and
to employ a loading of the magnetron which does not produce a frequency
change too large to be accommodated by the radar receiver even when
this variation in VSWR is of such a character as to produce the maximum
possible frequency shift.

Appreciation of the effects of the r-f load on the performance of mag-
netrons has contributed more than any other single factor to magnetron
reliability. As a corollary, it is also true that many troubles attributed
to magnetrons result from a failure to use properly the information pro-
vided by a Rieke diagram.

10.5. Magnetron Characteristics Affecting Over-all Systems Design.
One of the shortcomings of microwave magnetrons is their limited
adaptability to different requirements. This circumstance has forced
the design and production of an extremely large number of tube types.
Although the development of microwave magnetrons in this country
began only in late 1940, there now exist over 100 distinct types of mag-
netrons, despite early and continuing attempts at standardization.
During the past war it was true, almost without exception, that each new
radar system made new demands on the magnetron and required the
development and production of a new type. This has not been necessary
in the case of conventional types of tubes, since the associated circuit
elements which are largely responsible for over-all performance lie exter-
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nal to the tube and are accessible to change. In microwave magnetrons,

the circuit elements are an integral part of the tube and must be incor-
porated with great care into every new design.

Thus any radar system designed to meet a new set of conditions or to
operate on a new frequency will require the development of a new mag-
netron type, or at least a critical evaluation of the characteristics of
existing types. Since the over-all characteristics of the radar system
are so closely related to, and restricted by, the performance of the mag-
netron, a general knowledge of the important characteristics of magne-
trons is essential.

Listed below with a discussion of each are the characteristics of
magnetrons of particular importance to system design. These charac-
teristics are not usually independent of one another and their relation-
ships are also considered.

Wavelen@h S’caling.-Since the wavelength of the radiation from a
magnetron is fixed or at best variable over a limited range, operation on
different wavelengths requires different tubes. To a first approximation,
magnetrons of different wavelength are derived from one another by a
simple over-all scaling process. All essential dimensions of the tube are

altered by the scaling factor a = A/XO, where A is the new wavelength
desired and XOis the wavelength associated with the original dimensions.

If thk is done, the new tube at wavelength ~ will operate at the original

voltage and current, and at a magnetic field H = ~ Ho, where Ho is the

operating magnetic field of the original magnetron. The power input,
and thus the power output, increases with increasing wavelength. A
rough rule is: The pulse power output (or input) of sculed magnetrons

varies as the square of their wavelength. The change in the size of the tube
with wavelength is the basis of this rule. The pulse power input is often
limited by cathode emission and, since the cathode area is proportional
to hz, pulse power input is also proportional to ~? Similar reasoning
shows that if the pulse power output is limited by r-f voltage breakdown
tvithin the tube, the same variation of power with wavelength is to be
expect ed.

This rule is an important one from the standpoint of system design.
At any given time it may not be exact, because special emphasis may
have been given to obtaining high peak powers at a particular wave-
length and a better design evolved as a result. In the long run, however,
the validity of the rule is reestablished, because any new design can,
within limits, be used to advantage at other wavelengths.

Pulse Power.-The most outstanding characteristic of pulsed micro-
wave magnetrons is their extremely high pulse power output, made

pchsible by the very large emission yielded by oxide cathodes when pulsed,
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and the high efficiency of magnetrons even at very short wavelengths.
Thepulse powers available extend over a range of 105 (0.02 kwto2000
kw)

Frequency in Me/see

FIG. 10,18.—Diagramshowing power and frequency distributionof representative micro-
wave magnetronsdeveloped up to 1945.

The demands of microwave radar resulted in a rather extensive
development of magnetrons whose frequencies are concentrated more or
less into two bands. Figure 10.18 shows on a logarithmic chart the fre-
quency and pulse power of magnetrons that have been prodllred in
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appreciable numbers and thus constitute well-tested designs. Fixed-
frequency tubes are indicated by a dot and tunable tubes by a line whose
length shows the tuning range. Whenever possible the magnetrons are
identified by their RMA type numbers.

The values of pulse power given in thk chart are conservative ones
corresponding to reliable operating conditions. Pulse powers consider-
ably in excess of those given for the highest power tubes have been

FIG. 10.19.—An array of anode blocks showing the effect of wavelength and pulse
power output. Top row—10 cm, pulsepower 2500to 0.1 kw; secondrow—3 cm, pulse
power600to 0,025kw; single block—1.25cm, 80 kw.

observed. At 3000 Me/see, for example, 4500 kw have been obtained
from the HP1OV, and the British report 3700 kw peak at an average
power level of 5 kw from a similar tube, the BM735.

The general rule that maximum pulse power is proportional to wave-
length squared is illustrated by the falling-off of power at high frequencies.
Exceptions to this rule are the magnetrons in the 20- to 30-cm range,
whose pulse power output is not as high as might be expected. This
particular situation resulted from a lack of need for very high powers in
this wavelength range.

Figure 10.19 illustrates the effects of wavelength and power output on
the design of anode blocks. In the top row, from left to right, are 10-cm
anode blocks for magnetrons with pulse power outputs of 2500, 1000,”
250, 5, and 0.1 kw. The reduction in anode diameter with pulse power
is evident. In the second row are 3-cm anode blocks with pulse power
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outputs of 600, 200, 80, and 0.025 kw. The single anode block at the
bottom is from a 1.2-cm 80-kw rising-sun magnetron. Figure 1020
shows one variety of a high-power (1000-kw output) magnetron. This
design has a rather long anode with heavy double-ring straps and a
coaxial output.

FIC+.1O.2O.—Ahigh-power magnetron (type 720); 10 cm, 1000-kwpulee power output.
(Courtesyof Bell Telephone Laboratories,)

Average Power.—In Sec. 10.2 it was stated that the cathodes of oscil-
lating magnetrons are subjected to back bombardment by some of the
electrons in the surrounding space charge. This bombardment produces
heating of the cathode surface which amounts to about 5 per cent of the
average power input to the magnetron. If this back-bombardment
power exceeds the normal heater power of the cathode (which is fre-
quently turned off while the magnetron is oscillating) abnormally short
tube life results. Back bombardment usually limits the average power
output. This limit can be raised by designing cathodes with very large
thermal dissipation, but the average power of magnetrons designed for
radar use rarely exceeds 0.2 per cent of the pulse power output. Table
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10.1 shows the average and pulse power output of selected magnetron
types representing the microwave range of frequencies.

TAZLE10.1.—AvEEAG~AND PULSE POWER OUTPUTS OF MICROWAVE MAGNETRONS

RMA
type No

4J21
4J73
725

3J21

Frequency,
Mc Isec

1,180
3,100
9,400

24,000

Maximum
average power

output, w

Soo
600
80
25

Pulse power
output,

kw

800
1000
80
5.5

hlaximum pulse
length,

psec

6,0
2.5
2.5
0.5

Efiency.-The purpose of a magnetron is to convert d-c power into
a-c power at very high frequencies. Magnetrons can perform this con-
version with an efficiency as high as 85 per cent, which compares favorably
with the efficiency of d-c to 60-cps a-c converters. Magnetron efficien-
cies customarily lie between 30 and 50 per cent.

The output efficiency is the product of what is called the “electronic
efficiency” and the “circuit efficiency. ” The electronic efficiency is the
fraction of the d-c energy input which the electronic space charge converts
into r-f energy. The circuit efficiency is the fraction of the r-f power
going into the resonant system which appears as output power; the
remainder is wasted as heat because of copper losses. Electronic effi-
ciencies depend on the magnetic field, on r-f loading, and on the cathode-
to-anode radius ratio. Electronic efficiencies of about 70 per cent are
realized over a very large range of frequencies. Circuit efficiencies
depend on the frequency, since this determines the conducting skin depth
which in turn governs the copper losses. The C/L ratio of the resonators

and the r-f loading also affect the circuit efficiency. Circuit efficiencies

for the usual r-f loading vary from close to 100 per cent for the 10oo-

Mc/sec range to 50 per cent for the 25,000-Mc/sec range.

Realization of high magnetron efficiency affects system design in two

ways. High efficiency accompanies high magnetic fields which require

heavy magnets. Higher efficiencies can also be obtained by closer

coupling (Sec. 10.4), which at the same time decreases the frequency

stability. Experience has shown that it is expedient to provide sufficient

magnetic field for obtaining good efficiencies even at the expense of some

increase in weight. The variation of efficiency with magnetic field can

be found from the performance chart. As discussed in sec. 10.4, con-

siderable efficiency should be sacrificed for the sake of frequency stability.

The relationship of these two quantities can be obtained from a Rieke

diagram.
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Pulse Voltage.—The input impedance’ of most pulsed magnetrons lies
bet ween 700 and 1200 ohms. For example, magnetrons with an input
of 260 kw (100-kw output) require a pulse voltage of about 15 kv; inputs
of 2500 kw (1000-kw output) require 30 kv, and one magnetron designed
for 6000-kw input (2500-kw output) requires a pulse voltage of 50 kv.

Serious attempts have been made to design magnetrons that would
operate at lower input impedances because such tubes would simplify the
design of line-type pulsers. These attempts have been unsuccessful, and
350 ohms was the lower limit in mid-1946. The design of magnetrons
with high impedances is, however, easily achieved, and tubes with input
impedances as high as 10,000 ohms have been produced. Table 10.2
shows the input pulse power, pulse voltage, and input impedance of
existing 10-cm magnetrons with input pulse powers ranging from 2 to
6000 kw. Power outputs can be estimated by assuming an efficiency
of 40 per cent.

TARJ.E 10,2.—INFuT CUAEACTERISITCSOF MICMW.*VE MAGNETROM
I I 1

Tube No. I Input pulse I Pulse voltage,

1

Input impedance,
power, kw kv ohms

I I I

4J60 2 15 1125
2J38 25 5 1000
2J32 250 15 900
4J31 2500 30 360
HP1OV 6000 50 415

By varying the magnetic field in which the magnetron operates, any
given design can be made to operate satisfactorily over a range of pulse
voltage of roughly 50 per cent. For satisfactory operation, however, the
tube will exhibit about the same input impedance values. Exact figures
can be obtained from performance charts.

Pulse-1ength Limitations.—The early experiments of the British with
high-power pulse techniques revealed a characteristic of oxide cathodes
which is responsible in large measure for the high pulse power of magne-
trons. It was found that under pulsed conditions oxide cathodes can
emit as much as 20 amp/cm2 as compared to about 0.2 amp/cm2 for
d-c emission.

More recently, currents as high as 100 amp/cm’ have been obtained.
This current is carried partly by primary electrons and partly by sec-
ondary electrons liberated from the “oxide cathode by back bombardment.

1The word impedance, as used in this section, means the voltage-current ratio of a
magnetron at the operating point. The dynamic impedance, the slope of the voltage-
current curve near the operating point, is very much lower, usually around 100ohms.
See Sec. 108.
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Whatever the source of the emission, if too large a current is drawn for
too long a time, sparking and other instabilities result. The exact
relationship between peak cathode emission and pulse length depends
on the type, temperature, and age of the cathode. To a fair degree of
approximation, the maxi mum permissible peak emission varies inversely
as the square root of the pulse length: 1-= = l/~. Thus a cathode
which will emit 20 amp for a pulse duration of 2 psec will probably emit
40 amp during a 0.5-psec pulse. In consequence, greater energy per plllse
can safely be obtained for the longer pulses.

Pulse durations greater than 5 psec are rarely employed when magne-
trons are used as transmitter tubes. Frequency modulation during the
pulse becomes a serious problem for longer pulses, even if sparking
troubles are overcome. Pulse durations as short as 0.25 psec have been
used successfully, particularly with high-frequency magnetrons whose
starting times are short.

Tuning of Magnetrons.-To change the frequency of a magnetron
more than a few megacycles per second requires that a change be made
in the resonant circuits of the anode. Either the effective capacity or
effective inductance must be varied, and, since the resonant circuits are
within the evacuated portion of the tube, variation of either of them is a
troublesome problem.

For this reason early magnetrons were not tunable, and only a later
need for increased flexibility of radar systems forced the design of tunable
tubes. The practical advantage of tunable over fixed-tuned magnetrons
is obvious. If operation on a number of frequencies is contemplated, a
single tunable magnetron can replace a whole set of fixed-frequency
magnetrons, and only with a tunable magnetron is it possible in general
to obtain r-f power at a specified frequency. The performance charac-
teristics of tunable magnetrons m-e equivalent to those of the correspond-
ing fixed-frequency tubes, and there is thus no reason, except availability,
for not using them.

Tuning of the higher-frequency microwave magnetrons is accomp-
lished by inserting conducting cylinders into the’ inductive portion of
each resonant cavity, thus decreasing the effective inductance. This
construction, sho}vn in Pig. 1021, provides a tuning range as high as 12
per cent,

At frequencies lower than about 5000 Me/see, the magnitude of the
longitudinal displacement required in inductive tuning becomes incon-
venient, and other tuning methods are adopted. Figure 10.22 sho!vs a
“ C-ring” type of tunable magnetron, in which a conducting surface can
be moved toward or away from the straps and capacitive portion of the
resonant cavities, thus changing their effective capacity. The disad-
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vantage of this method is that sparking may occur within the tuning
arrangement at high pulse powers.

An unsymmetrical type of tuning which has advantages for high-
power operation is shown in Fig. 10”23. The frequency of the single
tuning cavity is changed by distorting the diaphragm. Since the tuning
cavity is tightly coupled to one of the resonant cavities, and since all the

FtQ. 10.21.—Magnetronwith sprocket tuning. The change in frequency is accomplished
by changingthe inductanceof the resonators.

resonant cavities are very closely coupled to one another by the straps,
the oscillating frequency of the entire magnetron is altered. This unsym-
metrical type of tuning distorts the electric field patterns within the
magnetron and therefore limits its effective tuning range to about 6 per
cent. Advantages of the method are its mechanical simplicity and its
ability to handle very high pulse powers. Figure 10.24 shows output
power as a function of tuning adjustment.

Various other tuninz schemes have been tried, and still others will be
devised, but the three t~pes described above represent the basic methods.

Wartime experience with radar demonstrated that tunability was very
desirable but that extreme tuning range was not.
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Frequency Pulling by the R-j Load. -Magnetrons are self-excited
oscillators whose frequency depends on output loading. In the process
of scanning by the radar antenna, it is inevitable that variations in the
magnetron loading will occur as a result of changing reflections from
rotary joints, antenna housings, and large near-by reflecting objects.
Such changes in loading produce changes in frequency which may be

— — —..— .—. —,
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Fm. 10.22.—Cutawayview of a 1000-Mc/sectunabl~magnetronshowingthe C-ring tuning

mechanismand the slot-type resonators. (Court.su of Bell Telephone 1.aboraiorie8.)

large, and this phenomenon is a source of considerable trouble. It
necessitates careful engineering of the entire r-f system from magnetron
to antenna, and also affects receiver design.

The problem is attacked in three ways: (1) the magnetron is designed
so that its frequency change with changing r-f loading is smalI; (2) the
variations in r-f loading are reduced by careful design and construction
of the r-f components; (3) the radar receiver is made insensitive to changes
in frequency by making its pass band broad or by incorporating autoxriatic
frequency control. It is the purpose of this subsection to discuss only
the first of these methods of attack, that is, magnetron design.

The effect of loading on the frequency of a magnetron is usually
expressed by what is called the pulling jigure, which is defined as the total
frequency excursion which results when a standing-wave ratio of 1.5 in voltage
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is presented to the magnetron and varied in phase over at least a full half cycle
(see Fig. 10”17). The VSWR of-1.5 was selected for this definition since
it is in the range usually encountered in radar systems. Pulling figures
for magnetrons with comparable loading increase with frequency, since
the same fractional change in frequency corresponds to a larger number

d
FIG. 10.23.—M.agnetronwith unsymmetricaltuning cavity.

of megacycles at higher frequencies. Thus, similar magnetrons at 3000,
10,000, and 30,000 Me/see would have pulling figures of, say, 5, 16, and
50 Me/see. Since receiver bandwidth is not changed substantially as
the radar frequency increases, frequency stability becomes a more
important consideration at shorter wavelengths.

The effect of loading on frequency stability and methods of obtaining
various loadings have been considered in Sec. 10.4. As stated there, the
requirements of any system usually make necessary some sort of com-
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promise between efficiency and frequency stability and this compromise
is arrived at from a study of the Rieke diagram.

It is possible in some cases to combine with the magnetron proper a
high-Q cavity coupled to it in such a way as to reduce the pulling figure
by a large amount with little or no loss in efficiency. The ratio of the
pulling figures with and without the high-Q cavity for equivalent operat-
ing conditions is called the “stabilization factor, ” which may be as large
as 10 but is usually between 2 and 5. The addition of this stabilizing

!0

.0

)

FIG. 10.24.—Characteristicsof the 4J70 series.
Magnetic field = 2700gauss
Pulse current = 70 amp
Pulse duration = 0.8psec
PRF = 400ppS.

cavity has the disadvantage, however, of reducing the tuning range of
the magnetron; further, it may aggravate mode instabilities. If con-
stant-frequency operation is required, stabilized magnetrons should be
seriously considered.

Frequency stabilization has been incorporated into only a few mag-
netrons. A good example is the 2J41, which has a pulse power output of
500 watts at 9310 Me/see and a pulling figure of 1.5 Me/see with a
tuning range of 0.7 per cent. The stabilization factor is 10. The 10-cm
series 4J70 to 4J77 is stabilized by a factor of 1.5 and the 1.25-cm 3J21
by a factor of 2. High-power magnetrons with high stabilization have
not been deveIoped.

Weight.—The development of airborne radar placed great emphasis
on the reduction in weight of all components. As a result, magnetron-
magnet combinations were produced in which every effort was made to
reduce the total weight. This development has been so successful, par-
ticularly for the higher-frequency magnetrons, that the weight of a
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magnetron-magnet combination is now a small fraction of the weight of
the pulser required to drive it. The weight of magnetrons and their
magnets has thus ceased to be a critical design consideration.

10.6. Magnetron Characteristics Affecting Pulser Design—The
magnetron, standing as it does be Lween the pulser and the r-f system,
imposes restrictions on the design of both these components. Pulser
design in particular has been complicated by some very strict require-
ments which the magnetron places on pulse shape and voltage regulation.
These requirements arise from undesirable magnetron characteristics
which it has so far been impossible to remove in the design of the tubes.
They may perhaps be eliminated from magnetrons in the future.

The stringency of the conditions that the magnetron places on the
pulser or on the r-f components increases rapidly as the maximum operat-
ing conditions are approached. Thus the surest way to obtain reliable
performance is to operate the tubes at conservative ratings.

Little need be said here about the interaction between the magnetron
and the r-f components. The relationship between frequency stability,
VSWR of the r-f system, and the magnetron pulling figure has been
covered in Sec. 10.4. The related subject of long-line effect is discussed
in Sec. 11”1.1

Because the interaction between the pulser and the magnetron has
only recently been understood, many serious difficulties have been
alleviated in the past by the unsatisfactory process of cut-and-try. Four
characteristics of magnetrons are largely responsible for these troubles.

Change of Frequency with Current.—The input impedance of a mag-
netron varies with voltage as shown in Fig. 10.29. The average input
impedance is usually in the range of 400 to 1000 ohms. Very small
changes in anode potentials produce large changes in anode current.
For example, the performance chart of a 4J31 magnetron (Fig. 10.16)
shows that, at a magnetic field of 2300 gauss, a change of voltage from
20 kv to 22.5 kv causes a change in current from 20 to 50 amp. Varia-
tions in voltage during a pulse must be kept within small limits to prevent
large current variations and consequent distortion of the r-f pulse shape.

The rate of change of frequency with anode current, dv/dI, deter-
mines the amount of frequency modulation and undesirable distortion
in the energy spectrum of the pulse which will be caused by current
variation during the pulse. In the usual operating range for most mag-
netrons, dv/dZ is about 0.1 Me/see per amp, but it can be as large as
+ 1 Me/see per amp. The exact value depends to a considerable degree
on the operating point selected. To illustrate this problem, consider a
magnetron with du/dI = 0.4 Me/see per amp driven by a l-psec pulse
which “droops” from 55 to 50 amp. This 5-amp change in current will

1See also Microwave Magnetrons, Vol. 6, Sec. 7.2, Radiation Laboratory Series.
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produce a frequency modulation of 5 amp X 0.4 Me/see per amp =
2 Me/see. Since the bandwidth of the receiver for a l-psec pulse would
be about 2 Me/see, frequency modulation of this magnitude will result
in a serious loss of received energy. When longer pulses and correspond-
ingly narrower bandpass receivers are used, this problem becomes much
more critical and may place very severe requirements on the flatness of
the current pulse.

Instabilities.—It has so far been found impossible to construct mag-
netrons that do not occasionally present to the pulser either a very low
impedance as a result of a gas discharge (sparking) within the tube, or a
very high impedance due to a failure of the magnetron to oscillate in the
proper manner (mode-changing). Either of these events may occur only
once or twice per million pulses, but when such an event does take place,
voltage and current surges are frequently produced in the pulser which
may cause failure of some component. The pulser designer must there-
fore over-design components and provide special protective circuits to
guard against events that may happen only once in a million pulses. All
magnetrons change mode or spark occasionally, but the frequency of
sparking or mode-changing can be reduced by operating at moderate peak
anode currents and short pulse durations. Magnetron performance and
life are materially increased if the pulser design is such that, in the event
of sparking or mode-shifting, an excessive discharge does not take place
through the magnetron.

These two types of instability, mode-changing and sparking, are diffi-
cult to distinguish in practice, since mode, changing usually produces
sparking and vice versa. In spite of this, it is advantageous to consider
them separately since the cure for each is quite specific and distinct.

Sparking is an internal discharge in the magnetron which arises as a
consequence of the generation of bursts of gas withh the tube. The
gas may be liberated from the anode or from the cathode; in either event
the frequency of the phenomenon is multiplied by an increase in anode
voltage, anode current, or pulse length. Operation of a magnetron under

.conditions which exceed specifications for any of these quantities results
in a very rapid increase in sparking rate. Sparking limits the maximum
pulse length at which magnetrons can be operated.

Of all the modes of oscillation possible in magnetrons, only the ~-mode
is ordinanl y used but all magnetrons wil 1 sometimes oscillate in an
unwanted mode, or alternate erratically between two modes. This
tendency is responsible for some of the most troublesome problems in
magnetron and pulser design. Considerable progress toward an under.
standing of the phenomenon has now been made, 1 and when mode.

1F. F. Rieke and R. Fletcher, “Mode Selectionin Magnetrons,” RL Report No.
S09, Sept. 28, 1945. MicrowaveMa@etrom, Vol. 6, Chap. 8, Radiation Laboratory
Series.
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changing difficulties arise a systematic attack is possible. The important
conclusions of this study are given here.

Mode changes are of two types. One type is caused by anode currents
so high that they exceed the conditions for oscillation and cause transition
into a state of nonoscillation or into another mode of oscillation. The
second type arises from a failure of the oscillations in the desired mode to
build up rapidly enough with respect to the voltage rise at the start of the
pulse. The first type is encountered usually in lower-power c-w magne-

~r/-Pulser load curve
,\
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F1~. 10.25,—V-I plot of a magnetronillus-
trating the problem of mode skipping.

V, = magnetronstarting voltage
V. = critical voltage above which oscilla-

tions will not start
VO= pulservoltage with no load.

trons, rarely in pulsed tubes. The
second type, called “mode-skip-
ping,” is common to nearly all high-
power pulsed magnetrons and thus
is of importance here.

Mode-skipping is dependent not
only on the characteristics of the
magnetron but also on the charac-
teristics of the pulser. In practice,
it has been necessary to consider the
magnetron and pulser as a unit.

For given magnetic field and r-f
loading, there is only a limited range
of anode voltage over which the
magnetron will build up oscillations
in the, desired mode. On the other
hand, if high-power oscillations are
to be maintained, a plate voltage at
least as high as this starting voltage

(V.) must be maintained at large currents. This calls either for a very low-
impedance pulser or for a high pulser voltage VO at zero load current.
Consider the case illustrated in’ Fig. 10.25. To achieve the final pulse
current 1, the pulser must be adjusted to a value of VO considerably higher
than the starting voltage Vs. Under proper conditions, when the pulse
is applied to the magnetron, the V-1 curve is that shown dotted in Fig.
10.25. The pulse voltage never rises above the critical value Vc, because,
as it reaches Vs, the magnetron draws current and loads the pulser. If
oscillation fails to start promptly after the pulse voltage has reached Vs,

the voltage continues to rise and may exceed Vc before current is drawn.
Then, since the conditions for oscillation no longer exist, the voltage rises
to Vo and oscillations in the desired mode cannot take place. This is
what occurs when a magnetron skips modes. The V-1 trace for such an
event is also shown in Fig. 10.25. The condition for oscillation in the
desired mode occurs when the magnetron starts to oscillate and to draw
current in the time interval taken for the pulse voltage to pass from Vs



L%C. 10.6] MAGNETRON CHARACTERISTICS 355

toVc. FortMsparticular case theprobability that themagnetron~vill
start is increased if (1) the magnetron has a short starting time and hasa
large voltage interval Vc-V, and (Z)thepulser delivers aslowlyincreas-
ing voltage between VS and VC. The internal impedance of the pulser,
which determines the distance that Vo must be above VC, also plays an
important role in mode stability, but the optimum impedance depends
on the characteristics of the magnetron and thus cannot be stated in
general. Particular combina~ions of magnetron and pulser frequently
present situations much more complex than those shown in Fig. 1025.
As the phenomenon of mode-changing is becoming better understood,
improvements which alleviate the troubles are being incorporated into
both magnetrons and pulsers. The radar designer should become fully
familiar with the requirements that a magnetron places on pulse shape
and pulser impedance. The reader who needs more detailed information
about magnetrons than is given here is referred to Vol. 6 of this series,
Microwave Magnetrons.

THE PULSER

BY J. V. LEBACQZAND M. G. WHITE

Modern radar equipments are usually based upon the generation of
short pulses of electromagnetic radiation. The cavity magnetron must
generate electromagnetic oscillation of suitable frequency and power, and
the function of the pulser or modulator is to deliver pow-er to the magne-
tron in a suitable way. Cavity magnetrons have ordinarily been
employed in the generation of microwaves, but a few radar equipments
have been designed around triode oscillators, notably of the lighthouse
type. Although the pulse techniques described here were largely worked
out with the magnetron in mind, the information presented is intended
to be generally applicable to any oscillator or power-consuming load.
The discussion will be limited to methods peculiarly well adapted to pulse
powers in the range of a few kilowatts up to several megawatts, and to
pulse durations in the range from one-tenth to several microseconds.
The primary aim of the balance of this chapter is to give the designer a
feeling for the over-all problem, and to assist him in deciding among the
compromises required to achieve a well-balanced design.

Numerous considerations enter in the design of a radar pulser; of
primary concern are the nature of the load, the output pulse voltage and
current, the pulse duration, and the repetition rate. The operational
problem faced by the complete equipment will impose some specific
requirements on the pulser, with regard to size, weight, supply voltage,
etc. ; such requirements may make it necessary to use an otherwise less
desirable design.
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It is common practice to begin the design of a pulser around a resist-
ance load equal to the static resistance of the actual load to be used at its
required operating point. Although final evaluation of the pulser per-
formance requires consideration of the whole system and particularly of
the oscillator used, much information about pulser behavior can be
obtained by considering a pure resistance load. The following discussion
of the types of pulsers in use at present and their characteristics is based
on the assumption of a resistance load. The general characteristics of
the magnetron load will be considered later, and their effect on pulser
behavior and design will be studied in greater detail for the two main
types of pulsers.

10.7. Pulser Circuits.—To obtain substantially rectangular pulses
of short duration and high pulse power requires that energy stored in
some circuit element be released quickly upon demand and be replenished
from an external source during the interpulse interval. Either electro-
static or electromagnetic means of energy storage can be used.

In the latter case, energy stored in the magnetic field of an inductance
through which current is flowing is released to the load by suddenly inter-
rupting the current. This can be achieved by biasing to cutoff a high-
vacuum tube in series with the inductance, the resulting inductive voltage
rise being applied to the load. To restore the energy to the magnetic
field, it is necessary either to pass large steady currents through the
inductance between pulses, or to use a fairly complicated grid-modulating
circuit whose function is to start the current flowing through the induct-
ance a short time before the moment of interruption.

In either case, power losses in the switch and auxiliary equipment are
much larger than those in pulsers of comparable output using electro-
static storage of energy. .4s a result, the use of pulsers employing elec-
tromagnetic energy storage has been limited to special applications (such
as trigger circuits) where it is necessary to obtain a very high ratio
between the pulse voltage and the supply voltage or where the load is
mostly capacitive. The following discussions in this chapter will refer
to pulsers whose energy is stored in an electrostatic field.

The basic circuit of most practical pulsers so far designed is given in
Fig. 10.26. Assume for the present that the energy-storage element is a
condenser, Co, charged to a potential Vc so that the energy stored is
~ COV~. 1$’hen the switch S’ is closed at L = O, the condenser will begin
discharging exponentially through the load resistance R.. If the switch S
can now be opened suddenly at a time tOvery small compared to the time
constant RLCO of the circuit, the voltage appearing across the load, for
O < t < h, will be given by
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and will be constant within a few per cent, from the assumption to<< RLCO.

The voltage left on the condenser is

“= ‘4’-h)
Hence, the energy dissipated in the circuit during the pulse is

‘o=~c”v’I’-(’-+)l=”’”
In practice, the only available switches that can be used to open sud-

denly the large load currents are vacuum tubes—either triodes or tetrodes.

Vc
-

A

supply
R~ VL

v
FIG. 10.26.—Basic circuit for pulsers using electrostatic energy storage.

Unfortunately, the plate resistance R. of vacuum tubes is always rather
large, resulting in a high voltage drop VT across the switch during the
pu~e’. The lo~d voltage will then be-given by

[

t 1‘L=‘v’–‘T)1– (R= + RL)Co ‘

R.

[

t

= ‘c (R, + R.) 11–(Rp + Rc)CO

The energy dissipated during the pulse is again given
by

—

approximately

J7g

Rp + R.
t“.

It must be supplied to the condenser during the interpulse interval

through the isolating element. This element thus plays two very impor-

tant functions in the pulser operation: it must prevent excessive power

being drawn from the power supply when the switch is closed, and it must

allow sufficient energy to flow during the interpulse interval to recharge

the condenser C’o. Either a high resistance, an inductance, or a series

combination of resistance and inductance can be used for the purpose.

In order to avoid the large voltage drop across the high-vacuum tube,

it would be desirable to use a very low-resistance switch, such as a spark
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or gaseous discharge, in this circuit. When this is done, however, another
difficulty presents itself immediately: the current flow through a gaseous
discharge switch cannot be interrupted at will, so that all the energy
stored must be dissipated in the load. If the energy-storage element is
still a condenser, then its capacity Co could be made of such a magnitude

0.75

IIRL=2Z0--
1

R,=Z. ~
0.50

t
v’
70 ~L=*

.—

0.25
.- 1

I

I
I
L----.l

~.–-4 ---- 1
0 “

i ‘o 2;70 3>---7’0 0
i t
L-. J —

FIc. 10.27.—Outputof an ideal transmission
line with a resistanceload.

that &COV~ is equal to the required
energy for the pulse, ( V~/RL) to.
This is unsatisfactory, since the
wave shape of the output voltage
pulse would be an exponential,
instead of being substantially rec-
tangular, as desired.

A satisfactory wave shape can
be obtained with a gaseous dis-
charge switch if a transmission
line, either parallel wires or co-
axial cable, is used instead of the
con dens e r. Consider an ideal
(lossless) line of i m p e d a n c e
ZO = ~, where L and C are
the inductance and capacity per
unit length, having a one-way
transmission time 6. Elementary
transmission-line theory shows
that if such a line, charged to a
potential Vc, is suddenly con-
nected across a resistance RL,

there will result a discontinuous

current of magnitude z, ~R~ flowing through the circuit for a time

t, = 2~, and the voltage appearing across the load (neglecting the small
RL

voltage drop across the switch) will be given by VL = VC ZO + R.”

Successive reflections will occur, the amplitude of the nth reflection being
given by

v.” = Vc
ZO?RL@~;~)””

The general wave shape obtained is shown in Fig. 10”27 for three values
of RJZ,. Of course, if R. = ZO, no reflections occur, and a perfect
rectangular pulse is obtained. Even if perfect “match” (R. = ZO)

between the load and the network is not realized, little trouble will
usually occlm. Assuming, for example, RL/ZO = 1.15, the voltage ampli-
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tude of the first reflection would be only 7 per cent of that of the main
pulse, and the power involved in that reflection is only 0.5 per cent of that
of the main pulse. Forall practical designs, a mismatch of 20t030 per
cent is acceptable from the standpoint of energy loss. Design considera-
tions for the best use of available components usually make it preferable
to keep the impedance 20 small, generally about 50 ohms. The load
resistances encountered in practice are approximately 500 ohms or higher.
In such a case, the load and the line are matched through a pulse trans-
former. The voltage step-up ratio of the pulse transformer, n, is chosen
to make n2 = RL/Zo.

If R. = Zo, it can be shown easily that all the energy stored in the
transmission line is dissipated in the load. Again, from elementary
theory,

Z, = ~L/C = -;

6=lm=m0,

where 1 is the length of the line, L and C its inductance and capacity per
unit length, Lo = lL the total inductance of the line, and Co = lC its total
capacity. The energy stored is given by

w = + Cov:,

but

On the other hand, the energy dissipated in the load is given by

v;

‘0 = FL ‘0’
or, since

v.=: and R= = 20,

w, = ~go to = w;

therefore all the energy stored in the line is dissipated in the load.
This method thus provides a very efficient way of obtaining a rectan-

gular pulse of energy in a resistance load. It is usually impractical to use
actual transmission lines or cables in actual pulsers; a cable to supply a
l-psec pulse would be approximately 500 ft long. This difficulty can be
easily circumvented by the use of artificial transmission lines or of a pulse-
fdrming network.
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Now that a practical and highly efficient discharging circuit has been
shown to be feasible, there remaimthe problem ofreplenkhing the energy
of the pulse-forming network. This could bedoneby using a resistance
as isolating element. The very low efficiency of this schemel makesit
unsuitable for all but a very few special applications, such as systems
requiring variable interpulse intervals. Accordingly, inductance charging
is almost always used. It will be shown later that, if a d-c supply
voltage is available, the network voltage at the time of discharge is double
the supply voltage, except for losses in the inductance; it will also be
shown that the network can be recharged from a source of a-c voltage,
provided the repetition frequency is a multiple of one-half the supply
frequency.

Comparison oj the TWO Types of Pulsers.—The basic circuit of Fig.
10.26 applies, as has been shown, to two types of pulse generators. In
one type a small amount of the energy stored in a condenser is allowed to
be dissipated in the load during each pulse. The switch, which must be
able to interrupt the pulse current, is always a vacuum tube, and pulsers
of this type are commonly called “hard-tube pulsers. ” Pukers of the
other type, where exactly the correct amount of energy is stored before
the switch is closed, and the pulse is shaped by the discharge circuit itself,
are referred to as ‘‘ line-type pulsers, ” since the pulse-shaping elements or
pulse-forming networks have been derived from the electrical characteris-
tics of transmission lines.

The two types of pulsers have different characteristics, and it is of
interest to analyze briefly some of the considerations involved in the
design.

For instance, it is easier to change the pulse duration in a hard-tube
than in a line-type pulser, since it is sufficient to change the time during
which the switch is conducting. This can be done easily at low voltage

in the driver stage, instead of using a high-voltage switch to change pulse-
forming networks in a line-type pulser.

Methods for turning on the switch in a hard-tube pulser, discussed
more fully later, generally involve a small regenerative pulser which
applies a positive pulse ‘~drive” to the control grid of the vacuum-tube
switch. This small pulser nearly always requires auxiliary voltage sup-
plies and, in addition, the switch-tube control grid must be maintained
beyond cutoff during the interpulse interval. In line-type pulsers, the
‘‘ triggering” of the switch (or initiation of the discharge) is usually
accomplished with much less power than is necessary to drive the grid
of the hard tube; in most cases, the driver power output is only a few per

I

I Simple considerations show that, when chargi~g a condenser from zero to the
power supply voltage through a resistance, as much energy is dissipated in the resist-
ance as is stored in the condenser.



SEC. 10.7] PULSER CIRCUITS 361

cen~ of the pulser power output, but it runs as high as 10 per cent in some
high-power pulsers. The output pulse shape is usually more nearly
rectangular from a hard-tube than from a line-type pulser. Except for
special cases, hard-tube pulsers are almost always built for direct output,
and thus avoid the inductance and capacity added by the impedance-
matching pulse transformer between the line-type pulser and the load,
with the resulting oscillations in the
pulse shape.

Power regulation as a function Possible undesired
of input voltage, that is, the ratio operatingpoints

of the fractional increase in output
power to the fractional increase in
input voltage which produces it, is
always equal to 2 for a line-type v~ -------------- ----

pulser operating near matched con-
ditions, regardless of the type of Desired operating

load. For a hard-tube pulser op-
point

crating a load having the general c
characteristics of a biased diode I—
such as the magnetron-the regula- FIct. 102S,—Pulser and magnetron
tion may be as high as 5 or 6 if the voltage-current characteristics. (a) line-

type Pulserload line, (b) hard-tube pulser
pulser is designed to operate with (adequate emission available), (.) hard-

minimum tube drop. It is possible, ‘“be ‘tiser ‘ear ‘aturation
however, by choice of switch tubes with proper characteristics, to operate
on such a portion of their characteristic that the power regulation near the
operating point will be only about 0.5.

The pulser load line, or variation in output voltage and current as a
function of load, is a plot of load voltage vs. load current (see Fig 10.28).
An equation for the line-type pulser is easily obtained, by eliminating R.
between the expressions for load current and voltage, as ~. = ~. – lLZo.

It is thus a straight line. For hard-tube pulsers, the same expression is
applicable if 20 is replaced by the tube resistance RP. In this case, how-
ever, RP is not a constant, but depends on the tube characteristics.

When variable pulse spacing, very high pulse repetition rates (greater
than 4000 pps), or ‘‘ coded pulses” (groups of closely spaced pulses) are
required, the hard-tube pulser is almost exclusively used. Although the
line-type circuit can be adapted to such an application,l the advantages
of flexibilityy inherent in the hard-tube pulser have restricted the use of
the line-type pulser to very special cases. Such a case occurs if the supply
voltage is so low that the required power output cannot be obtained from
a hard tube.

“Time jitter,” or the difference between the time at which a pulse is
1SeeSec. 10.7, Vol. 5, Radiation LaboratorySeries.
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supposed to appear and that at which it does appear, is sometimes a very
important factor to be considered in the design of the pulser (Chap. 16).
For hard-tube pulsers, the time jitter is practically allvays of the order
of 0,01 psec or less. Some specially designed gaseous discharge sJrit,ches
(hydrogen thyratrons and mercury-sponge series gaps) can also give time
jitters of the same order of magnitude, if the proper precautions are taken
in the trigger circuit. Others have time jitters ranging from ~ to 3 ~sec
for cylindrical series gaps, to 20 to 50 ysec for rotary gaps.

The simplest type of pulser is one of the line type, with a-c charging
and a rotary-gap switch. In this case, the pulser components are
reduced to a pulse-forming network, a charging transformer (which com-
bines the functions of input step-up transformer and charging inductance),
and a rotary gap mounted on the shaft of the alternator which supplies
power to the charging transformer. In this way, the proper relationship
between supply and repetition frequencies is easily maintained, and a very
compact pulser for high power output can be made, although such a pulser
has no flexibility.

In general, line-type pulser circuits are simpler and therefore easier to
service. They also lend themselves to a greater efficiency, not only
because the circuit in itself is more efficient, but because the overhead—
auxiliary circuits, cathode power, etc.—is less. In size and weight, for a
given seb of output conditions, the advantage is decidedly with the line-
type pulser. For airborne pulsers, these advantages in efficiency, size,
and weight outweigh any advantage of flexibilityy or pulse shape which
the hard-tube pulser may offer. As an example, the Mcdel 3 airborne
pulser (used in the AN/APS-15), rated at 144 kw pulse power output
with pulse lengths of 0.5, 1, and 2 psec, weighs 55 lb and occupies a space
15 by 15 by 16 in.; with the techniques now available little improvement
could be expected, were this pulser redesigned. On the other hand, a
line-type pulser with hydrogen-thyratron switch, designed for 600 kw
pulse output, for pulse widths of 0.5 and 2.5 psec, weighs only 98 lb and
has a volume of about 17 by 17 by 24 in.

Table 10.3 summarizes the advantages and disadvantages of the two
types of pulsers.

10.8. Load Requirements.—It is not enough to say that a pulser
shall produce a pulse of a certain duration and magnitude. The nature
of the load imposed upon the pulser, the operational problem faced by
the complete equipment, and certain other practical factors usually
require consideration.

Although the most usual pulser load is the magnetron, the load prob-
lem in general will be considered briefly. The eventual load will differ
from. a pure resistance by having a certain amount of capacity and induct-
ance associated with it, and it will certainly be nonlinear. Further, the
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TABLE 103. -CO~PARISON OF THE Two PULSER TI-PES

Characteristics

Efficiency

Pulse shape

Impedance-matching

Interpuke interval

Voltage supply

Change of pulse dura-
tion

Time jitter

Cmcuit complexity

Effects of change in
voltage

Hard-tube pulser

Iwwer; more overhead power
required for driver, cathode
heating, and for dissipation
in switch tube

Better rectangular pulses

l~ide range of mismatch per-
missible

lIay be \-cryshort, as for cod-
ing beacons (i.e., < 1 psec)

High-voltage supply usually
necessary

Easy; switching in low-voltage
circuit

Somewhat easier to obtain
negligible time jitter, i.e.,
< 0.02 /see, than with line-
type pulscr

Greater, leading to greater
difficulty in servicing

For design ha}-k g maximum
et%ciency, (AP/P) output =
6(AV/\’) input. By sacri-
ficing efficiency in the design,
(AP/P) output = 05 (AV/~)
input can be obtained

Line-type plllser

High, particularly rrben pUke-
power output is high

Poorer rectangular pulse, par-
ticularly through pulse trans-
former

Smaller range of mismatch per-
missible ( + 20-30 per cent).
Pulse transformer ~vill match
any load, but power input to
nonlinear load cannot be
varied over a wide range

X[ust be several times the
deionization time of discharge
tube (i.e., > 100 psec)

Low-voltage supply, particu-
larly with inductance charg-
ing

Requires high-voltage switch-
ing of network

High-power line-type pulsers
with rotary-gap switch have
inherently large time jitter.
With care in design and use
of hydrogen thyratron or
mercury-sponge type of en-
closed gaps, time j ltter of
0.02 usecor less obtainable

Less, permitting smaller size
and weight

Better than a hard-tube palser
designed for maximum effi-
ciency since (AP/P) output
= 2(AV/v) input for line-
type pulser, independent of
design

load may also display occasional short-circuit and open-circuit conditions
which must be allowed for in the pulser design.

Confining our attention to the magnetron, we note in Fig. 10.29 that
it displays a dynamic impedance at the operating point of only 430 ohms,
even though the V-1 impedance ratio is 1480 ohms there. Both the
operating and the dynamic or incremental impedance are important; the
former determines the rate at \vhich po\ver will be absorbed from the
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pulser, and the latter determines in some cases the variation in power
output with small incremental changes in applied voltage. For example,
a magnetron operating at 20 kv and 13.5 amp absorbs power at the rate
of 270 kw, yet a decrease in applied voltage of only 3 kv will drop the
current by 7 amp and virtually stop the oscillation. Since AV/A~ is
small, a satisfactory pulser must produce a fairly flat-topped pulse free
from voltage changes larger than 5 per cent of the peak voltage.

The V-1 characteristics of most magnetrons show irregularities which
are associated with various modes of oscillation whose number, magni-
tude, and position vary with magnetron type, r-f load applied to the

Operatingpoint

20 —
\--------------------

- Mode change

15 -

3
~

%
g
9 10 -
~

E
%~

5 -

Peak plate current in amperes

FIG. 1O.29.—V-Icharacteristicsof 4J77mag-
netron. Field, 2700gauss;A = 11.140cm.

magnetron, magnetic field, and
cathode condition.

Short-circuit and open-circuit
conditions must be allowed for if
the pulser is not to be damaged. A
magnetron, or any other load, may
develop an infinite impedance be-
cause of mechanical breakage of
some part of the circuit, or through
failure of the cathode to emit. This
is not serious in the case of the hard-
tube pulser, but the pulse-forming
n e t w o r k variety generally dis-
charges its unconsumed energy in
some abnormal and undesirable
way. No pulsing system should be
considered which can be destroyed
by a single discharge of a high-power
pulse in some unexpected part of the
circuit. An average-current device
intended to turn off the primary

power supply if the load fails to draw power could hardly do so in less than
a few pulse cycles, and thus cannot be relied upon to protect against this.

A short-circuited load can prove disastrous to a hard-tube pulser in a
few pulse cycles unless provision is made to turn off the primary power
when the load draws too much current, since most of the energy which
the hard-tube pulser normally delivers to the load will then appear as
anode heating of the switch tube. Since it is hardly practicable to design
switching tubes heavy enough to withstand this sort of abuse for long,
overload protection must be provided. A relatively fast-acting average-
current device is suitable for this purpose.

The electrostatic capacity of the load should nearly always be kept
to a minimum, Not only is the energy spent in charging this capacity
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totally wasted, but stray load capacity seriously affects time of fall and
back-swing. Short, well-spaced leads and a low-capacity magnetron fila-
ment transformer are helpful in reducing load capacity.

The definition of pulse duration is intimately bound up with mag-
netron behavior. From the radar system point of view it is the duration
of the r-f pulse which is of interest and not necessarily the duration of the
voltage pulse applied to the magnetron. Figure 10.30 shows the typical
appearance of the r-f pulse, of the current pulse through the magnetron,
and of the voltage pulse applied to the magnetron. Usually, the shape

Magnetron conduction
current and R-F envelope

Voltage across magnetronlWII
LA V*O— —_

——-
T

FIa. 10.30.—Time variation of voltage and currentof a pulsedcavity magnetron.
r, = time of rise of voltage WIV.2
7,= delay time for onset of osciilatione
ro = width of currentand r-f pulse
rf = time of fall of voltage wave.

and duration of the r-f pulse closely approximatee tb ose of tbe current
pulse; the voitage pulse is less steep and of longer duration.

The pulse length, r,, may be defined as the interval of time during
which the load current wave is within 50 per cent of peak value. In so
defining the pulse length, it is necessary to ignore a rather short-duration,
high-current spike often found on the leading edge of the current wave.
So defined, TOcan be used satisfactorily in calculations of average current
and average r-f power. Successful pulsers have been designed and put
into production for TOas short as 0.1 psec, and as long as 5 usec or a little
more. Practical design dificultiies increase at pulse Iengths outside this
range.

The voltage across the magnetron when it is oscillating vigorously in a
steady state is designated as V-o. In general, V~tiwill lie between a few
kilovolts and 30 to 40 kv, although it may be higher for magnetrons in the
1O-MW region. Most practical pulsers do not produce a perfectly uni-
form flat-top wave because this is usually costly and unrewarding. A
drop of 2 to 5 per cent in voltage during the pulse, AV~,, can usually be
tolerated by the magnetron without harmful frequency modulation or
mode instability.
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The rate of rise and the overshoot on the leading edge of the ~wltage
wave are important in determining the ability of the magnetron to
operate at high power levels. A multicavity oscillator has several possi-
ble modes of oscillation, in only one of which it operates efficiently and
smoothly. Great effort has been devoted to understanding the conditions
favorable to stable oscillations in a given mode. We now know that
stability depends on both pulser and magnetron. Usually the pulser
can be more easily modified than the magnetron if mode-shifting or mode-
jumping occurs. In any event, many interacting adjustments must be
made before full power output can be assured. Sometimes a change in
the r-f loading of the magnetron, in jts heater current, or in the shape of
the magnetic field will succeed ~vhere altering the pulse shape has failed.
Almost always, too short a rise time, t,, of the voltage pulse leads to mode
instability, any rate of rise over 100 kv/~sec being considered fast.’
Magnetron sparking can also be caused by high rates of voit,age rise.

A “spike” frequently appears on the leading edge of the voltage pulse.
Since a magnetron operates at a magnetic field far above the nominal
cutoff value, it is impossible for electrons to reach the anode without the
aid of the r-f field. Therefore, until the field is established, little power
is drawn from the pulser and a momentary overvolting of the magne-
tron results. This phenomenon is particularly prominent in the case of
line-type pulsers, where the voltage across the magnetron can rise to
twice normal if the magnetron fails to draw power. This high-voltage
“spike” can give rise to all manner of sparking and mode troubles. Its
cure lies not alone in alteration of the pulser design, but also in attention to
magnet ron design. 2

The internal impedance of the pulser plays an important role in affect-
ing mode stability. There are significant clifferences between the opera-

tion of hard-tube and of line-type pulsers. 3 The hard-tube pulser has an

internal impedance equal to that of the output tube, which varies from

90 to 150 ohms until saturation is reached. The line-type pulser, being

essentially a constant-voltage device in series with an impedance equal

to the load resistance, has a resistance of 400 to 1200 ohms. Conse-

quently, the conditions of stable operation for a given magnetron w-ill

vary with load and pulser type. Stable operation occurs for those

values of V and 1 which simultaneously satisfy the load and generator
characteristics. This would not concern us except that the various
modes have different V-1 characteristics, thus giving cause for instability.

1The 4J52 magnetron is an exception to the statement made here, being more
stable with a rapid rate of rise.

z More detailed discussionswill be found in Pulse Generators, Vol. 5 of this series,
and in Microwave Magnetrons, Vol. 6.

3RL Report No. 809, Sept. 28, 1945.
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Figure 10.28 shows how differing internal impedances can affect mode
stability: operation in the unwanted % mode is impossible in the case of a
pulser load line such as B, but may occur if the load line has the form of
A or C.

We must also pay attention to the reverse voltage V~, which most
pulsers put across the magnetron after the main-power pulse has passed,
for in some cases V~l may be larger than V~O and lead to breakdown of
the magnetron insulation. This same reverse voltage may also appear
across various parts of the pulser circuit itself unless steps are taken to
suppress it. Most pulsers keep the reverse voltage within safe limits by
means of a resistance or, better still, a nonlinear element such as a diode.

The power wasted in backswing da’mping is rarely more than a few per
cent of the total useful power output of the pulser, and the duration of
the backswing is seldom greater than 2 to 10 .psec. Some pulsing circuits
produce a secondary forward pulse, V~,, which can cause trouble by
feebly exciting the magnetron to give a few microwatt of power. In
many applications this would cause co
no concern because of the much ().1 , A’
greater amplitude of the main power ?

T, I
pulse. In most radar systems, : Rz

however, a few microwatt, directly t 6k ~

from the magnetron, would swamp From
Load

driver
; L, ;

any but the strongest echoes which circuit ++ * 5mhj

might happen to return coinciden- 1 L2
1 2 mh

tally with the appearance of VA. LA

As a matter of practical experience, SFl 1‘~ 4 *

Vm* should be kept below 10 per
E, EP=+13kv

1200v
cent of V-O if all possibility of ~IG. 1031.-Schematic diagram of output.

trouble is to be avoided.
stage of hard-tubepulser.

10c9. The Hard-tube Pulser.—A simplified diagram of the power-

output stage of the hard-tube pulser is given in Fig. 10,31. The energy-
storage element COis recharged through the isolation inductance L1. In
the quiescent state, the point A’ is at ground potential while the high-
voltage side of Co is at the full d-c supply voltage along with the anode of
vacuum tube T1. The control grid of TI is biased to cutoff and the screen
grid is held at a normal positive value. If a sufficiently large positive
pulse be applied to the control grid of Tl, the cathode will emit electrons
vigorously and the anode will drop from its high positive pot ential to just

that potential required to pass the plate current demanded by the load.
Since the voltage across Co cannot change instantaneously, the point A’
will assume a high negative voltage, which is applied to the load. Cur-
rert will continue to flow out of CO,and around the load circuit, until the
driving pulse on the grid of T, is removed. The system will return to its
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previously described quiescent state as soon as current can flow through
L,RZ to bring the point A’ back Lo ground, and as soon as recharging cur-
rent can flow slowly through LI to return COto its fully charged condition.
During the pulse, the potential of CO (and hence the voltage across the
load) slowly declines unless C, is made very large. In any practical
design it is usually desirable to make C, no bigger than absolutely neces-
sary, the criterion being the permissible volt age drop while carrying
a current pulse of definite magnitude for the duration of one pulse.
Expressed more quantitatively, Co = Ito/AV_O. If 1 = 10 amp, to = 1
psec, and the permissible voltage drop AV~O = 100 volts, we find that CO
must be 0.1 pf. The sizes of L,, L,, and R, depend upon how quickly it is
desired to bring the tail of the pulse down to zero once the grid drive has
been removed, and also on how much energy one is willing to waste in
these elements during the pulse.

There exists an upper limit to the size of the coupling condenser,
because a very large capacity would take longer to recharge fully after a
pulse. Given a fixed pulse rate and recharging impedance, an increase
in coupling capacity will be accompanied by an increase in the no-load
to full-load voltage ratio. In effect, a large capacity gives poor regula-
tion. Should the designer attempt to recover this loss by decreasing the
size of the recharging impedance, there will result an increased curren I
drain from the power supply through the switch tube during the pulse,
thereby causing an increased switch-tube drop. Careful balancing of
these factors is required to achieve most efficient design.

Occasionally, the most efficient operating voltage of the magnetron
or load does not correspond to the optimum plate voltage for T1, so that
there must be some impedance-matching device between pulser and load.
The primary of a pulse transformer may be inserted at AA’ and the load
connected across the secondary with or without the damping element
L,R,. Generally speaking, the insertion of a pulse transformer changes
so much the character of the pulse tail that it is necessary to alter radically
the so-called “tail damping” circuit. The most flexible and satisfactory
damping system is a high-voltage diode connected across the magnetron
to draw power only on the backswing.

The Sw”tch Tube. —Since the vacuum-tube switch is the heart of the
hard-tube pulser, the characteristics desirable in a switch tube will be
briefly mentioned. It must be able to carry easily the current demanded
by the load; in the interest of efficiency, the anode potential required
should be as low as possible. Since a major source of power waste in the
circuit is in the cathode-heating required to sustain the desired emission,
it is customary to use oxide-cathode emitters wherever possible. Unfor-
tunately, oxide-cathode tubes are not easily adaptable to high anode
voltages because of the phenomenon of cathode sparking. With proper
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care in processing and use it is possible, nevertheless, to arrive at a satis-
factory and highly flexible pulser desigu using the oxide-cathode pulse
tube up to 20 kv. Where extreme reliability and relative immunity to
overload are required, the designer will prefer the thoriated-tungsten
cathode switch tube in spite of its greater cathode power requirements.
Switching tubes of the oxide-cathode variety usually can be counted upon
to emit 300 to 600 ma/watt of heating power while the emission of the
best thonated-tungsten cathodes is only about 100 ma/watt.

The oxide-cathode tube is limited in power output by the onset of
grid emission. It is impossible to prevent thermionically active cathode
material from contaminating the grid structure. Great care must be
taken, therefore, to cool the grid by fins, heavy rods, and other means, for
it can emit a few milliamperes even at a sub-visible temperature. A few
milliamperes may sound small in comparison with several amperes pulse
current, but a few milliamperes flowing all the time can cause serious
heating of the anode and screen, which are at relatively high potentials.
Usually the result is a runaway condition in which grid control is lost.
The most successful oxide-cathode high-power switch tube is the 715B
developed at Bell Telephone Laboratories. The 715B has a gold-clad
grid which poisons and “absorbs” act ive material, thereby lowering its
efficiency as a thermionic emitter.

TABLE 1O.4.—TYE’ICALOIV:RATING cmm~c’rmus’mcs

Tube
type

3D21
3E2!l
715B
5D21
304TH
6C21
6D21
527

Cath-
ode
type

Oxide
Oxide
Oxide
Oxide
Th-W
Th-W
Th-W
Th-VV

C’ath-
ode

>owei-,
watts

10
14
56
56

125
140
150
770

Max.
plate
volt-

age, kv

3.5
5.0

15.0
20.0
15.0
30.0
37.5
30.0I

Pulse Emis-
cur- sion,
rent, amp/
amp watt,

5 0.5
8 0.57

15 0.27
15 0.27
6 0.05

15 0.11
15 0.10
60 0.08

cutoff plate
grid

drop,
vOlt-

Volts
age*

– 70
– 100
– 500
– 500
– 900
–1000
– 500
– 1200

400
600

1500
1500
2000
1500
2000
1500

9, creen
volt-
age

800
Soo

1200
1200

2000

‘ositive
grid

drive,
volts

150
150
200
200
200

1500
1500
1500

* 0,2-ma cutoff.

A good output pulse tube must possess a sharp grid cutoff. For

efficient operation, the plate current must be one milliampere or less when
the grid is biased to some reasonable value. Because the anode is at very
high voltage between pulses, any “leakage current” delivers excessive
power to the anode. As an example, consider a pulse tube normally
giving 20-amp pulses with an anode drop of 3 kv at a duty ratio of ~m.
Such a tube will display a peak power anode loss of 60”kw, but an average
power loss of only 60 watts. If the leakage current at “ cutoff” amounts
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to only 1/10,000 of the peak current, or 2 ma, the power loss at 35 kv
anode voltage is 70 ~vatts. To reduce leakage current, the grid structure
of a switch tube must surround the emitting area of the cathode com-
pletely, and must give a uniform field over the entire cathode. Figure
10.32 shows a group of high-vacuum switch tubes; Table 10.4 gives a set
of typical operating characteristics.

Except for the screen-grid and control-grid bias requirements of power
output and driver stages, the hard-tube pulser is rather simple, for (as is
shown in Fig. 10.33) the grid-driving circuit is not inherently complicated.
A single 829 or 3E29 tube at T2 will satisfactorily drive two Eimac
304TH’s or two Western Electric 715B tubes; ei~her complement of tubes
is adequate to deliver over 200 kw to the load. Circuit constants given
in Figs. 10.31 and 10.33 are representative and have been used in a pulser
produced in large quanties. With the constants shown, the output volt.
age pulse has a nominal duration of 1 psec at 12 kv and 12 amp. The
maximum duty-ratio limit, set by
the 715B tube, is 1/1000.

Transformerratio

If higher powers are required, ~ac~-C=200~P,
/ ~:,:,

AT

EP=1200V
it is quite practical to use several

‘*
II II To g[ld of

715B’s in parallel. High-voltage power output

tubes such as the 6C21 can be op- q 829
stage

crated either singly or in parallel.
II---

in the case of parallel operation,
lpsec400n ‘-- ,01
Trigger 25 k

A
::,- ,

it is sometimes necessary to insert in >.

\

TO=l,usec
25 to 50 ohms into the plate and -130

+660 V
screen leads in order to prevent

AWv E ,.,;:;”::,,.
parasitic oscillations. t- 750vfor715B

The Driver Circuit.—In the F1o. 1033.-Schematic diagram of regen-

grid-driving circuit of a hard-tube erative pulsegenerator used as driver of hard-
tube pulser.

pulser, all the requirements for
pulse shape, accuracy of pulse spacing, and flexibility of pulse rates must be
met. The important parts of the regenerative pulser circuit shown in Fig.
10.33 are the pulse-forming network at the left and the three-winding pulse
transformer which provides the necessary plate-grid feedback to make the
circuit self-driving.

Normally, all tubes are biased to cutoff; therefore, when a positive
pulse of 100 volts is applied to the “trigger in” point (Fig. 10.33), plate
current starts to flow in T2, inducing a further positive voltage on the
grid of Tj. Once regenerative action has commenced, the input trigger
has no further effect; the plate current increases rapidly until limited by
the eP-ip characteristic of Tz. As i, increases, eP decreases until it nears

the screen potential; from there on, i, increases only slowly, thus pre

ducing a relatively flat-topped wave,
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During the rising part of the plate current curve, the pulse trans-
former induces a negative voltage wave on the delay line equal to the
induced positive voltage on the grid. The pulse length is then fixed by
the time required for thk negative wave to travel down the line and back
to the grid. Upon arrival at the grid, the negative wave drives the tube
toward cutoff, a process helped again by the regenerative action of the

Practical Considerations. —The most economical pulser would have
power flowing only during the pulse. Of course, energy must flow back
to recharge those elements which store and deliver pulse power, but the
design should not include vacuum tubes that conduct during the time
between pulses, and are turned off during the pulse. Judicious use of
plate-coupled and cathode-coupled circuits usually will permit all tubes
to be biased to cutoff except during the pulse. Pulse transformers can
also be used for phase reversal, impedance-matching, and circuit isola-
tion. Means are now available for computing the important design
parameters of such pulse transformers. 1

Successful hard-tube pulsers have been made with power outputs up
1PuZseGenerators,Vol. 5, Chaps. 12 to 15, Radiation Laboratory Series.
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to 3 or 4 Mw by operating half a dozen high-voltage 6D21 thoriated-
cathode tetrodes in parallel. Figure 10.34 shows two views of a high-
power hard-tube pulser rated at 3 Mw and Fig. 10.35 shows a lightweight
hard-tube pulser built for airborne use. The latter is rated at 144 kw
output at pulse durations of 0.5, 1, and 2 psec; it employs a circuit very
similar to one given by combining Figs. 10.31 and 10.33.

1001O. Line-type Pulsers.—A schematic diagram applicable to most
typical line type pulsers is shown in Fig. 1036. Like the hard-tube
pulser, the line-type pulser is best analyzed by separate consideration of

Isolation or charging
Pulse forming network

---—— ----- -
impedance

I

Pulse transmission cable

Damping
,----,

d= =

Despiking ‘
circuit

●
m!!?

i ,/i ““--
1
I

I

I Load
m,

I :’a’
I
I I
I
1,

* l__–_l +

FIa. 1036.-Basic circuit for a line-type pulser. Volta:c may be either d-c or some periodic
function of the timer SUC!I as V = V, sin 2~ft.

the discharging and the recharging circuit. The discharging circuit is
very simple, and its individual components are discussed in some detail
hereafter. The pulse transformer will be considered in the following sec-
tion, since it is applicable to both types of pulsers. In general, it can be
said that the effect of both the switch and the pulse transformer is to
decrease the rate of rise of voltage at the load from that which would be
produced by the network alone. The switch usually introduces an
appreciable resistance during its ionizing time, and the pulse transformer
introduces an additional inductance in series with the load. However, a
spike voltage is often encountered in practice, as mentioned previously,
because of the time required for the magnetron to draw current after
the normal voltage is applied to it. When it is necessary to prevent the
appearance of a spike, a “ despiking” circuit is used as indicated in the
diagram. The resistance of this circuit is chosen equal to the network
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impedance, and the capacity is chosen small enough to be almost com-
pletely charged a very short time after the oscillator draws full load cur-
rent. A damping network may also be provided to help bring down the
trailing edge of the voltage pulse and prevent post-pulse oscillations.

The Pulse-jorming Network.—One of the possible lumped-constant
networks having electrical properties essentially equal to those of a
transmission line is given in Fig. 10.37, with the values of L and C neces-
sary for a line of given impedance and pulse length. If the inductance is
constructed by winding a uniform helix on an insulating cylinder, the
ratio of coil length to coil diameter should be that shown in Fig. 10.37, in
order to provide the right amount of coupling between coils. The appro-
priate value of inductance at each end of the line differs slightly from that
in the middle sections. It has been found practically that the optimum
number of meshes is related to the desired pulse length as shown in the
following table.

TABLE 105.-RELATION OF PCLSELENGTHTO N’UMBEROF h’fESHES
Pulse length, Ksec Number of meshes

0,14.5 1–3
0.5-2.5 2-5
2,,%5 >8

The greatest obstacle to design of a compact high-power network is
the bulk of the necessary condensers. High-voltage condensers are
inordinately large and expensive
in comparison with the job they
have to perform; all electronic
equipment would profit from a
major improvement in condenser
design. Though a few new di-
electrics have shown promise of
increasing the energy stored per
unit volume, mica, paper, and oil
are still the primary dielectrics for
high-voltage con dens e rs. One
new material of interest is Alsifilm
or Diaplex, an aluminum-silicate
clay in an organic impregnate.
This material can be formed into
thin, homogeneous sheets which
have dielectric properties superior
to mica or paper and oil. The

—

Diameter
t —nl — /d

~lG. 1037.-Type E pulse-forming network,

f.
– 1.1to 1.2

To –
Lo = inductance per mesh
L = end inductance
C = capacity per mesh

n = number of meshes
Zo = surge impedance

TO = pulse length
1 = coil length of one meal]

d = coil diameter.

dielectric constant is 5 to 6 and the safe operating dielectric strength is 500
to 700 volts per thousandth of an inch. Greater uniformity would raise
the latter to 800 volts per thousandth. Most problems of fabrication have
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been overcome. Perhaps TiOz, or some similar material of high dlelectnc
constant, will find wide use outside the low-voltage field.

Another promising approach to the condenser design problem is the
electrochemical formation of very thin insulating films on metal (such
as those employed in the electrolytic condenser) on which a layer of metal
is then deposited, High capacity per unit area results from the very
small spacing, but the insulating film must be able to withstand the
extremely high field strengths thus imposed.

Further attention to the details of mechanical design of condenser
fittings-containers, bushings, connectors, and the like—is also required.

using conventional dielectrics can
still be considerably r e d u c e d.
Figure 10.38a shows typical pulse-
forming networks, the ratings for
which are given in Table 10.6.
Figure 10.38b shows a network
used in an experimental 20-Mw
pulser, the largest designed at
Radiation Laboratory. Two of
the smallest networks used are
shown for size comparison: the one
on the left has a rating of 5 kw

pulse power output; the other one is electrically equivalent to the net-
work (1) of Fig. 10.38a, but uses
Diaplex insulation.

The network designer has con-
trol of pulse length and impedance
level independently of one an-
other. The pulse length is ordi-
narily fixed by the nature of the
application, while the impedance
level is chosen to fit the character-
istics of the load, the switching
tube, and the power supply. A
pulse transformer can be inserted
between load and pulse-forming

FIG. 10.38b.—Experimental pulse-forming
network.

network so that the network can be designed to use the available switching
device most efficiently. Once the pulse power output is settled and the
appropriate switching tube chosen, 20 can be determined from one of the
relations P = I; “ZO or P = V~/ZO. Usually either I, or V, is definitely
limibed for a given switch; this indicates the appropriate relation to use
in calculating Zo. It must be remembered that the voltage across the
pulse network (and hence across the switch) is twice the voltage delivered
to a matched load.
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In large radar equipments, it is often desirable to separate pulser and
r-f units by considerable dktances. The pulse transmission cable neces-
sary in such cases has been standardized at an impedance level of 50
ohms. Many pulse networks designed for high-power radar have an
impedanceof 500hmsin order toavoid the use ofa matching pulsetrans-
former between the network and the cable. As a result, many of the
more desirable switching devices have been designed to give maximum
power output when used with a 50-ohm network.

TABLE10.6.—PULSE-FOEWNGhTETWOItKCH.*RACTEFUSTICS

N’etwork (Fig. 10.38)

h’o. 1

No. 2

No. 3

No. 4

Pulse length, ~ec

0.8
2,2

0 25
05
2.6
52

1

1

PRF, 13pS

840
420

1600
800
4oil
200

1000

800

Power

25 kw
25 kw

250 kw
250 kw
250 kw
250 kw

250 kw

3 3fw-

An important design consideration in pulse network applications is
the average power to be handled. A pulse network designed to have
adequate life at one pulse rate would overheat and perhaps be ruined by
operation at a higher repetition frequency. Since overheating is a func-
tion of both applied voltage and repetition rate, little flexibility remains
in a line-type pulser designed to achieve maximum economy of weight,
space, and power. Provision can be made for shortening pulse length
by bringing out taps on the pulse line. However, this is rather difficult
at high power, because of the problem of designing suitable line switches.

The Sw”tch.—The possible advantages of the line-type pulser greatly
stimulated the design of low-impedance spark switches and thyratrons,
since it became possible to secure flat-topped pulses without the necessity
of opening the switch. Rotary spark gaps, ‘‘ trigatrons,” series gaps,
hydrogen thyratrons, and mercury thyratrons have all been used as net-
work switching devices. Each has its field of application. Each switch
is limited in one or more of the following respects: (1) poor precision of
firing, (2) low maximum pulse rate, (3) short life on long pulses, (4) nar-
row operating range of voltage, (5) occasional erratic firing, (6) inefficient
cathode, and (7) unnecessary complication. The ideal switch has not
yet been designed.

Figure 10.39 shows schematically the simple “series gap” s\vitch.
The Western Electric’ 1B22 is a good example of this class of switch; it
consists of a cathode cylinder of aluminum surrounding an anode rod of
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the same material. The tube is filled to a pressure of a little less than one
atmosphere with a mixture of 75 per cent hydrogen and 25 per cent argon.
Two or three tubes are used in series, with a voltage divider across them
to ensure that the network voltage is divided equally among all the gaps
before the pulse takes place. Triggering is accomplished as shown in
Fig. 10.39 by depressing or raising quickly the voltage of the two middle
electrodes. This breaks down one of the gaps and throws full voltage
across the second gap. The overvolted second gap thereupon also
breaks down, forming a low-impedance path between points A and A‘.
These switches are efficient and are quite satisfactory in use. Their chief
limitations are in the allowable pulse repetition frequency (about 2000
DDSmaximum) and in obtainable precision of pulse timing. This type. .

coup

\!

-1
Trigger input

*

II

of switch can handle several mega-
watts, and should be useful in appli-
cations that do not require great
flexibility or accuracy of firing.

A particularly successful version
of the series-gap switch is the Bell

R T e 1e p h o n e Laboratories’ 1B42,
which substitutes a mercury-sat-

\

urated iron “sponge” for the solid
aluminum cathode of the 1B22. By

\
Voltage
dwider

/

R

FIG. 10.39.—Series gaps.

(r

‘t
Triggerinput

FIG. 10 40. —Trigatron.

using an atmosphere of relativel y high-pressure hydrogen, the temperature
variation of mercury vapor pressure is made unimportant. Since the

ordinary series. gap is limited in operation by pitting and spike growth,
the mercury cathode provides better operation over a wide range of
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operating conditions as well as longer life at Klgher frequencies.
Apparently the mercury cathode series gapcanbe designed to fire very
precisely.

The “trigatron” (Fig. 10.40) differs from the series gap in having
but one spark gap, across which the full line voltage is applied. Conduc-
tion is initiated by applying a steep high-voltage wave to a trigger elec-
trode; this presumably draws corona current sufficient to initiate the
main discharge. A typical trigatron is the British CV85. This has three
electrodes in a mixture of argon and oxygen at a pressure of approxi-
mately 3 atmospheres. A triggering voltage of approximately 4 kv is
required to fire the tube when it is to deliver 125 kw of pulse power into
a 70-ohm load. The precision of triggering usually is about + 0.2 psec,
unless special precautions are taken to insure correct trigger wave shape
and amplitude.

The most versatile switch is the newly developed hydrogen thyratron
(Fig. 10”41), which requires a positive trigger of only 150 volts rising at
the rate of 100 volts per psec. In
contrast to spark devices, the hy-
drogen thyratron will operate over a
very wide range of anode voltages
without readjustment. This char-
acteristic is particularly important
for experimental pulsers, or for any
pulser whose probable load is in
doubt. In general, it is difficult to
reduce the voltage across a spark
switch by more than a factor of 2
from the nominal design voltage
without encountering erratic opera-
tion. Voltages substantially higher
than the nominal design value cause
a flash-over in the switch. The hy-
drogen thyratron, on the other
hand, is a true thyratron. Its
grid has complete control of the

Anode

Grid

Cathoae

FIG. 10.41.—Hydrogenthyraton.

initiation of cathode emission over a wide range of anode voltage. The
anode of a hydrogen thyratron is completely shielded from the cathode
by the grid. The effective grid action results in very smooth firing over
a wide range of anode voltages and repetition frequencies. The hydrogen
thyratron, unlike most thyratrons, has a positive grid-control charac-
teristic, and hydrogen filling is used to reduce deionization time and make
the performance of the tube independent of ambient temperature. This
independence is maintained with the exception that the average dissipa-
tion rating of the tube can be lowered by excessively high air temperature.
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The hydrogen-filled thyratron (Fig. 10.41) can satisfactorily pulse at
much higher frequencies than is possible with mercury or other heavy-gas
fillings, because of the high ion mobility inherent in the light-gas filling.
Of course, the average-power rating of the tube must not be exceeded
when going tohigh pulse rates. In going tohighpulse rates, the pulse
width must bedecreased faster than l/f, since the average anode drop at
durations of a few tenths of a microsecond is higher than that during a
long pulse. The hydrogen in the discharge seems to require about 10–7
sec to become fully ionized, so that a high tube drop is required to deliver
the necessary initial current. It is therefore desirable to reduce the pulse
power output as well as pulse width if tube life is to be maintained at
increased repetition rates. Pulse rates up to 40,000 cps have been
obtained at reduced power output.

Hydrogen thyratrons in production are the 3C45, 4C35, and 5C22,
rated at 25, 250, and 1000 kw respective y; they are shown in Fig. 10”42.
The development of such tubes for still higher power levels is under way.

A nonlinear inductance can also be used as a switch. An inductance
with a special alloy core may be placed between points A’A (Fig. 10.36).
This device has the property of Fixedsparkpoints
possessing a high inductance when
the current through it is small, and A’ ~

b
Na very low inductance when the cur-

rent is large. Since this type of
switch has generally been used with
a modulated energy source, there is
initially no voltage across A’A and
hence the impedance is high from A’
to A. As the voltage is built up the
current gradually increases until
suddenly, and in a regenerative
way, the impedance of A ‘A drops,
thereby allowing the line capacity to FIG.lC.43.—Rotarysparkgap.

discharge through the” switch,” lowering its impedafice still more. A d-c
bias winding is sometimes used to control the point at which the impedance
suddenly drops from its high value. Virtues claimed for the nonlinear
inductance switch are long life, ruggedness, and simplicity. The switch
can be operated at pulse repetition frequencies up to 4000 pps and at
power levels in excess of several hundred kilowatts.

The rotary spark gap, because of its great simplicity and high power
handling ability, has been widely used as a switching device. Figure
10.43 shows schematically how a rotating insulating disk pierced by
tungsten pins serves the function of a switch. As the disk revolves and a
rotating pin approaches a fixed pin, the electric field strength becomes



382 THE MAGNETRON AND THE PULSER [SEC. 10.10

high enough for breakdown. Current flows from 4’ to the disk pin and
out through a second spark at pgint A. The simplicity of this device is
partially offset by an uncertainty of up to ~ 50 psec in firing time, and by
the narrow voltage range over which satisfactory operation occurs. The
display-tube sweeps must be triggered by the appearance of the power
pulse because of the great uncertainty in firing time. If j is the speed of
the disk in rpm, and n is the number of pins, the resulting pulse rate is
nf/60. For a given power output, there is an optimum spacing between
~otating and fixed pins, and a minimum permissible spacing between pins
in the rotating disk. These quantities vary somewhat with disk speed,
so that it is not easy to design a rotary spark-gap pulser for variable pulse
rate.

‘I’he Recharging Circuit.—In all forms of network pulsers it is necessary
to recharge the network between pulses. This should not be done at too
rapid a rate. A slow rate of charge is easily obtained by using a large
inductance LO, which is also needed to prevent a virtual short circuit
across the energy source every time the network is discharged. Induct-
ance charging is used in practically all line-type pulsers, because it has
the advantage of high efficiency and permits charging the pulse-forming
network to a voltage nearly double that of the power supply, as shown
below.

Consider first a d-c power supply voltage of negligible resistance, in
series with an inductance, a switch, and a capacity C originally dis-
charged, The energy supplied by the source in a time T after closing

I
the switch is V.S ~~ i dt. If Q. is the charge on the condenser, as long as

the energy in the inductance at time T equals that at time O,

~

T
v. i (it= VSQC = + CV&

o
But

Q. = CVc.
Then

T“,(7VC = * Cv;
or

v. = 2V,

and the voltage on the condenser C (or pulse-forming network) will be
twice the supply voltage. It must be noted that this result is independ-
ent of the value of inductance used.

The network voltage obtainable with inductance charging in practice
lies between 1.8 and 1.95 times the d-c supply voltage, because of resist-
ance losses in the charging reactor. If LOand C are the values of charging
inductance and network capacity, t4resonanm” charging is obtained when
the repetition rate, f, = l/(r V“LOC). If j, > l/(r m, current in
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the inductance does not reach zero at the time of firing, and “straight line”
charging results. It is possible to operate a pulser Withf, < l/(r a
and still obtain substantially the same voltage step-up, but the network
voltage at the time of firing is less than at some previous time in the charg-
ing cycle. Because of the undue stresses that are thus placed on the
insulation, as well as the rapid increase in reactor losses, it is common
practice to use, for this case, a “hold-off” or “charging” diode in series
between the inductance and the network, to prevent the flow of reverse
current.

If an a-c supply is substituted for the d-c energy source, the resulting
pulser is inflexible in pulse rate and pulse length, but has the great advan-
tage of extreme simplicity. It requires neither vacuum tubes nor auxil-
iary power supplies.

*:E<=
o T 2T 3T O n 2Yr 371 4rr

Time t (uT
o T 2T

Time t

(a) (b)

Fr~. 1044.-Line-type pulser charging waves. T = charging time; switch fires
att=T,2T, . . . . (a) Network voltage for d-c resonance charging. Power supply

1 2
voltage = V,; pulserecurrencefrequency = ~ = —

27rLC
CPS;curve z is network voltage if

snitch misfires. (b) Network voltage for a-c ~on-resonancecharging under conditions of
maximumstep-upratio. Curve v is impresseda-c voltage; v = E cos (cot – @).

Figure 1044a shows the voltage waveform across the pulse network
for d-c resonance charging, and Fig. 10.44b for the condition of maximum
one-cycle voltage step-up, which occurs at an impressed a-c frequency
about 0.7 times the resonant frequency l/(T a. A voltage s~p-up

of about ~ can be obtained in a single cycle under these conditions, if the
pulser is fired about 21° after the crest of the impressed a-c wave is
reached.

Maximum simplicity is achieved by mounting a rotary spark gap
directly on the shaft of the a-c machine exciting the network. Phasing
is easily accomplished by mechanical adjustment. By proper design,
the transformer used between generator and network can incorporate
sufficient leakage inductance to resonate with the network capacity at
the generator frequency. Pulsers of this type have been very successful;
they are recommended for cases in which specifications are firmly fixed,
suitable repetition rates correspond with available a-c generators, and
the uncertain y in firing time of a rotary spark gap can be tolerated.
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10.11. Miscellaneous Components. Pulse Transformers.—The devel-
opment of pulse switching tubes and of pulse loads has proceeded so
independently that usually there is little correlation between the optimum
impedance levels for best operation of these two devices. Fortunately,
satisfactory pulse transformers are available to match the impedance of
the load to that of the generator. While the elementary theory of the
pulse transformer is quite manageable, great care in design must be
exercised to preserve good wave shape with fast rates of rise, a minimum
of extraneous oscillation, and high efficiency. The ideal transformer is
shown in Fig. 10.45a; Fig. 10.45b shows the equivalent circuit of a prac-
tical transformer (all values referred to the secondary or high-voltage

Low-voltage High-voltage
end end

:~~[, ;q-R[L

(a) (b)

FIG. 10.45.—Puke transformer circuit diagram.
np RL

()
(.) Ideal transformer;~ = ‘; ~ = –; — = U

,

np IP n, Zo nP
(b) Equivalent circptitof pulse transformer.

end), exhibiting the effects of departure from the ideal case. The
symbols shown in Fig. 10.45 are defined as follows:

L1 = leakage inductance due to flux from primary current which
fails to link with secondary and represents effect of magnetic
energy stored between windings by load current.

C. = effect of electrostatic energy stored in the primary-secondary
distributed capacity. If transformer is pulsed from low-voltage
end CD must be charged through Lt.

L. = “squirted inductance” arising from nonuniform current dis-
tribution due to the charging of Cm Current charging CDmust
HOW through L..

Cc = effect of electrostatic energy stored between primary and core.
L c = effect of magnetic energy stored in “squirted flux” which comes

from nonuniform current in primary coil arising from the
charging of Cc.

L. = effective shunt or self-inductance (input inductance with open
circuit secondary).

R. = resistance due to eddy current in iron and to hysteresis.
A good pulse transformer design attempts to maximize the shunt

inductance L. and minimize the leakage inductance L1. In addition,
undesirable oscillations arising from the series resonant circuits shown at
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the input and output ends of Fig. 10”45b should be avoided. Leakage
inductance “can be kept to a reasonable value by winding the secondary
and primary as close together as voltage breakdom will permit, for the
space between these two windings is responsible for most of the leakage
inductance. The shunt inductance and its magnetizing current con-
stitute an additional load on the generator which must be minimized by
making L. large.

This last consideration sets a lower limit on the number of primary
turns and also calls for a laminated core with high permeability at high
frequencies. Laminations bet ween 0.001 and 0.005 in. thick are neces-
sary to maintain a core permeability of several hundred up to the fre-
quencies of several megacycles per second present in a steep wave front.
Special core materials for pulse transformers were developed during the
war.

A square voltage wave of magnitude VO and duration t applied to the
inductance L. will build up a current of approximately IF = VO. t/L.

amperes during the early part of its exponential rise. If this current is
not to exceed a few per cent of the desired load current for pulse lengths
around 1 psec, L, must have a value between 10 and 20 mh. With this

information, the number of turns in the primary and the required core

area can be obtained from tables showing the effective permeability of the

core at the flux densities and rates of rise anticipated. 1

Since the voltage drop across the leakage inductance is approximately

LI . ~) the maximum permissible value of leakage inductance can be

estimated by assuming that the current in RL must reach 90 per cent of
its final value, VO/RL, in a time of about to/10. The current which flows
must satisfy the equation

V,= LZ. $+i. R..

To a sufficient approximation, LL = R&t. . ~, where 1/10 is the fraction

of final current built up in the rise time t,. If t, = 0.1 X 10-’ see,
R. = 1000 ohms, and I/10 = 0.9, L1 must be less than 100 ph.

Satisfactory high-power (100-kw to 5000-kw) pulse transformers
have been designed which pass good wave shapes down to tO= 10–7 sec
and up to to = ltiK see, but it is quite difficult to design a pulse trans-
former to pass a wide range of pulse lengths. Although a long pulse calls
for a large value of L,, large L, magnifies the difficulties of securing the
small value of Ll required to pass a very short pulse. Transformers have
been designed which satisfactorily pass pulse widths varying by a factor
of 10; pulses of shorter or longer duration than the optimum suffer either

1See Puke Gewrators, Vol. 5, Radiation Laboratory Series, Chaps. 12to 15.
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in rate of rise or in flatness of top. Wider-range transformers will be
practical only when higher permeability cores and stronger insulation
with lower dielectric constants are available.

Insulation between windings and adequate cooling must also be taken
into account in design. High-power transformers lend themselves most
readily to oil insulation because of the insulating and convection-cooling
properties of the oil. In the lower-power range (200 kw and down) it is
usually convenient to use solid dielectric materials, with a consequent
saving in weight and size. Figure 10.46 shows the variation in size of a
pulse transformer with power output. As in the case of pulse networks,

FIG. 10.46.—Pulse transformers,

the size and weight of a pulse transformer depends not only upon the
pulse power to be handled, but also upon the~ulse length and the repeti-
tion rate. These, together with the transformer efficiency, determine the
amount of average power which must be dksipated by the transformer.

A pulse transformer contributes a certain amount of undesirable
inductance and capacity to the pulser circuit. Special damping devices
may be necessary to remove unwanted oscillations. Damping resistors
and appropriately phased diodes are ordinarily used for this purpose.

Pulse Cables.—In handling high-power pulses with steep wave fronts,
extreme care must be taken to shield the equipment sufficiently to prevent
the radiation of signals which interfere with the operation of communica-
tions receivers and other electronic equipment. This shielding is espe.
cially necessary when the pulse must be transmitted several yards between
pulser and load. Existing pulse transmission cables and their connectors
provide satisfactory shielding and resistance to voltage breakdown, but
are still rather bulky, hard to assemble, and heavy. Considerable
improvement in their detailed design can be hoped for.
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Energy Sources.—The energy source accounts for most of the weight
and much of the complexity of any pulser except those of the a-c resonance
charge type. All conventional types of rectifier circuit can be used in
pulser power supplies. The only design considerations arising from the
nature of the pulser load are those governing ripple and regulation. In
general, the a-c supply frequency will be less than the pulse rate, and
smoothing condensers capable of holding the voltage essentially constant

. -s7

FIG. 1047 —Low-power airborne pulser.

between pulses must be used. For example, a 60-cycle full-wave rectifier
is brought to full voltage only 120 times per second, so that a pulse rate
of 1200 cps would draw 10 pulses of power between successive recharge
cycles. In figuring ripple it is usually satisfactory to assume a constant
rectifier drain equal to the average current required by the pulser. The
ripple must be kept below that which would cause a change in magnetron
current sufficient to produce either a mode shift or undue frequency
modulation. Apart from thk consideration, amplitude modulation is
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harmful only in those radars which detect moving targets (see Chap. 16)
by comparing successive pulse phases.

We have already remarked that pulser internal impedance may some-
times play a deciding role in mode stability. It is also true that the power
supply steady-state V-I characteristic may influence magnetron behavior.

L ---
I

.— .—. .d

FIG. 10.48.—Medium-powerairbornepulser.

A mode change in which an ~ncrease in voltage calls for a decrease in cur-

rent can cause the instability typical of any negative-resistance load. 1

It is of considerable importance that the designer consider the problem of

stability from the standpoint of the system as a whole.

The necessity of providing for a varying pulser load influences

rectifier and power-supply design. It is frequently desirable to change

the repetition rate of the pulser. This change is easy in principle, but in

1RL Report No. S09, Sept. 28, 1945.
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practice many annoying points must be considered, including tempera-
ture shift, change in back-bombardment heating of the magnetron
cathode, change in pulser starting delay, and change in rectifier voltage.
The usual practice is to change the pulse lengths inversely with the pulse
rate, thus keeping average power constant. But, because of the com-
plications inherent in changing pulse length by switching pulse networks,
the pulser designer is always inclined to stick to one pulse width. If
pulse rate must be changed without a compensating change in pulse

width, it is usually necessary to control the rectifier output by switching
pgwer transformer taps or by varying a series primary impedance.

The present design of high-voltage, low-average-current rectifying
diodes is quite satisfactory. There are now available diodes of reasonable
dimensions, high inverse rating, and good life, covering most practically
useful ratings. Thoriated tungsten cathodes are universally employed;
these have satisfactory mechanical strength and are economical of
filament power. Efficiency could be further increased by the develop-
ment of a filamentless rectifier. This would permit operation without
filament transformers which, in some circuits, must be insulated for high
voltage. Perhaps a cold cathode discharge tube, or a barrier-layer
rectifier, will one day replace the filamentary rectifier.

Line-type pulsers for radar applications have been built and operated
successfully to cover a range of pulse power output of 1 kw to 20 Mw.
The following photographs show typical pulsers designed for airborne
service.

Figure 10.47 shows a hydrogen-thyratron pulser designed to supply
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25 kw to the magnetron, at pulse durations of 0.8 psec and 2.2 ~sec. The
components weigh approximately 6 lb.

Figure 10.48 shows a hydrogen-thyratron pulser designed to supply
225 kw to the magnetron, at pulse durations of 0.25, 0.5, 2.6, and 5.2
psec. The weight of components is about 40 lb.

Figure 10.49 shows a fixed-gap pulser designed to supply 2 Mw to the
magnetron at a pulse duration of 2 ~sec. The complete pulser, including
pressurized housing and cooling system, weighs around 300 lb.



CHAPTER 11

R-F COMPONENTS

BY A. E. WHITFORD

11.1. The R-f Transmission Problem.—In the block diagram of a
basic radar system shown in Fig. 14, the parts shown as heavy double
lines transmit the radio-frequency (r-f) energy from the magnetron to the
antenna, and carry the faint echo signals into the T-branch where the
receiving apparatus is located. For the types of radar treated in this
book this function is performed by coaxial lines and waveguides. A
considerable body of theory and a new set of techniques have grown up
around this class of transmission circuits. The essential new feature is,
of course, that the wavelength is of the same order as the physical size of
the circuit elements; the length of the line may be many wavelengths.
Although space permits only a limited treatment here,l sufficient intro-
duction will be given to show the general approach, and to make under-
standable some of the reasons for current practices in microwave radar.

Standing Waves.—When a voltage is suddenly applied to the input
terminals of a long and uniform transmission line, ‘the current which flows
in the initial interval, before reflections from the far end arrive to confuse
the situation, is determined by the property of the line known as its
“characteristic impedance. ” The characteristic impedance, ZO, is a
function of the geometry of the conductors and insulators of the line, and
for good conductors and low-loss dielectrics is almost purely resistive.
For a concentric line, neglecting losses,

where k is the dielectric constant of the material in the annular space

between the conductors, r, is the inner radius of the outer conductor, and

TI is the outside radius of the inner conductor.

A uniform line terminated at any point in its characteristic impedance

behaves as if the line were infinitely long; there is no reflection. Power

introduced at the input terminals disappears into the termination with

small losses in the line. However, any discontinuous change along the
1Xfl-... -... --2.2 .-... —.-. --- L. f...–.l :- _. L-- L__,.. _. .L:. --:- .-.. -;. 11..

(1)
(3)

.)1”, c CALC,,Utl, l,,edLII,e,, b Uii,, lJ~,UU,,U Ill“1,,,~~““”KSUlLILISSSlltX)~h~CL-l?llly
Micrwave Transmission Circuits, vol. 9; (z) Microwave hpk%rs, ~01. 14;

Wavegwid. Handbook, Vol. 10; (4) Principles of Microwave Circuik?, Vol. 8.
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line, such as might be introduced by a change in dimension of one of the
conductors, or any change in geometry introduced by a sharp bend, or
by a dent or an obstacle in the line, will produce a reflection. The
reflected energy travels back toward the source. This results in standing
waves in the line. These can be observed by sliding a small probe along
a slot in the line after the manner shown for a concentric line in Fig. 11.1.

Only a negligible fraction of the

w~o*~ age;ariati;nsalong~heline. In

power is abstracted by the probe,
but, fed into a suitable indicator,
this M sufficient to regw,ter the volt-

~~. 11”1.—slot~d VWfi~ ~ne “~ general there will be voltage maxima
probe for observing utandmgwaves (cuta-
way view). spaced at half-wavelength intervals

with minima halfway bet ween them.
Only if the line is perfectly matched will the voltage reading be constant as
the probe moves along. The ratio of the maximum to the minimum volt-
age is called the “voltage standing-wave ratio” (VSWR) and is the usual
criterion of how well a line is matched. Complete reflection at the end
of the line, such as would be expected from an open circuit or a short
circuit, results in zero voltage at half-wave intervals and a VSWR of
infinity. The mismatch may also be expressed as a power ratio (PSWR),
or in decibels. The relations between these three measures are

PSWR = (VSWR)Z
SWR, db = 10 log,, (PSWR).

Quarter-wave and Half-wave Lines.—It can be shown that when a loss-
less transmission line of characteristic impedance Z, a quarter wavelength
long is terminated in an impedance 2,, the input impedance is

Zi = Z~/Zl. (1)

This property is widely used. For example, two transmission lines of
differing impedance can be matched to each other by joining them through
a quarter-wave line whose characteristic impedance is the geometric
mean of that of the two lines. This is called a matching transformer.
Or, if a quarter-wave line is terminated by a short circuit, the input
impedance is infinite, i.e., equivalent to an open circuit. Conversely,
an open-circuited quarter-wave line appears at the input terminal to be
a short circuit. For a lossless line half a wavelength long

2, = 2,, (2)

irrespective of the characteristic impedance of the line. This principle
has many uses also, particularly in duplexers (Sec. 11.5) and mixers
(Sec. 118).
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Why a Matched Line?—The fraction of the incident power reflected
to the source from a section of transmission line of given VSWR is

Power reflection coefficient = [(VSWR) – 1]’
[(VSWR) + 1]2 (3)

For the usual upper design limit of VSWR = 1.5, it is seen that the power
reflection loss is only 4 per cent, or 0.3 db, surely not serious. In high-
power systems or unpressurized airborne systems, where line breakdown
is a possibility, the strain is of course higher for a high VSWR. A ratio
of 1.5 means that for a given breakdown gradient, 33 per cent less power
can be delivered to the load than could be delivered in a matched load.
This can be a limitation.

The strongest requirement for a well-matched line arises from the
properties of the magnetron. Like all self-excited oscillators, the mag-
netron exhibits an output frequency and a stability dependent upon the
load into which it works. A mismatched line represents a resistance
lower than 20 at voltage minimum, and higher than ZO at voltage maxi-
mum. At other phases it has a reactive component which maybe either
positive or negative. As explained in Chap. 10, magnetrons are in gen-
eral designed to be stable against a VS WR of 1.5 in any phase. This is
the origin of the commonly specified upper limit for mismatch.

There is a further limitation if the mismatch occurs at the end of a
long line-for example 50 to 100 wavelengths from the magnetron. Then
as the frequency changes the number of wavelengths in the line changes,
and so also does the phase of the standing wave. The line impedance
seen at the magnetron is therefore a rapidly varying function of frequency.
If at a certain frequency the phase happens to be such that the variation
of reactance of the line with frequency is more rapid than that of the
magnetron itself, and of opposite sign, a condition results where the mag-
netron has no stable frequency. In another, favorable, phase the mag-
netron is stabilized. This is known as the “long line effect.’” The
result is that for long lines either (1) VS WR’S lower than 1.5 are necessary
to guarantee stable magnetron operation, or (2) a method of changing
the effective line length and hence the phase of the standing wave must
be included in the antenna line. The latter may be done by a “line
stretcher” not unlike a trombone, or in wave guide by a squeeze section
or a dielectric phase shifter.z These add an undesirable adjustment.

1102. Coaxisl Lines.-Coaxial lines consisting of concentric inner
and outer conductors are not new. At lower frequencies they have
usually consisted of cables with a solid dielectric and a braided outer

, I Micrmuaw Ma#ndrorz.s, Vol. 6, Radiation Laboratory Series.
aMicrowave Transrntision Circuits, Vol. 9, Radiation Laboratory Series.
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conduct or. These are used at microwave frequencies also, especially for
short, low-power interconnecting cables in the lo-cm region. However,
the attenuation even in the best dielectric, as seen in Table 11~1, begins
to be serious at 10 cm and gets worse at shorter wavelengths. Substitu-
tion of air for the solid dielectric eliminates dielectric losses, and only the
much smaller conductor losses remain. But the center conductor must
somehow be supported mechanically. Thin dielectric beads have been
used as supports, but the disintegrating effect of dielectric breakdown
over the surface of the bead is hard to avoid. Reflections from the beads
can be largely canceled by proper spacing. 1 However, bead-supported

TABLE11.1.—S1,ANDA~DMICROWAVETRAMMISSIONLINE

Dimensior,s 01), in.

.4. Waveguide
1*X3
ixli
*X1
ix%

B. Rigid coaxial lines, stub-

C

supported
Outer l;
Inner ~

Outer ~
Inner ~

Outer +
Inner &

Flexible coaxial cable, RG-
9/U, polyethylene dielec-
tric
Dielectric OD 0.280 in.
Inner conductor 7 strands

#21 .4VVG,
Outer conductor double

braid

Wall, i:,.

.0.080
0.06!!
0.050
0,040

0.049
0.035

0.032
0.03”

0.032
0.032

Wave-
mgth, crr

10.0
3,2
3.2
1.25

10.0

10.0

3.2

‘IO. O

, 3.2

,faximur
power, *

MW

10.5
1.77
0.99
0,22

4.2

1.3

0.36

0.31$

0.31$

attenua-
tion, t
db/ra

0.039
0.15
0.24
o.5~

0.08

0.15

0.49

0.56

1.12 )

Wave-
length

rrrnge,cm

7.6-11,8
3,+4.7
2.4-3,7
1.1–1.7

9.3-11,7

9.1–11.7

3.1-3.5

3.o-@

● Comnuted for maximum gradient of 30 kv/cm. No allowance in coaxial lines for increaaed field
around stub supports. Practical operating point + to j of value. given.

t For bnam walls. For copper or ,ilver walk, attmuatmn is about half that liitsd, and for dver

plating has an intermediate value, depending on finish.
t Experimental value for coin-sih,er tubing, generally used at this wavelength. Surface finish

aKecta value.
f Specification limit for cable alone. Connectors hrnit safe power to a few kilowatta.

~ Microwave Transmission Circuits, Vul. 9.
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lines have been almost completely supplanted by stub-supported lines
in the 10-cm region.

The principle of the stub support is shown in Fig. 11.2. As was men-
tioned in Sec. 11.1, the input impedance of a quarter-wave line shorted
at the far end is the same as an open circuit. When placed in parallel
with the main line such a connection has no effect at all on the impedance

FIG. 112.-Simple quarter-wave stub FIG. 11.3.—Broadband stub support.
support.

and causes no reflection. The mechanical and electrical superiority of a

solid piece of metal as a support and insulator is obvious, and at 10 cm

the length of the stub (about 1 in. ) is such as to make the projection short

and unobtrusive.

Obviously a quarter-wave stub can have the desired property at only

one frequency. Deviations of only 1 to 2 per cent in frequency cause the

stub to have a reactance that pre-

sents an appreciable mismatch.

Figure 11.3 shows a broadband stub

support where the frequency sensi-

tivity is compensated over a band of

i 15 per cent. At the center of the

band the stub has an effective length

of exactly a quarter wave, and the

two quarter-wave sections in the FIG. 11.4, —Stu&supported elbow.

main line transform to an impedance
lower than normal and then back to normal. The conditions for no reflec-
tion are satisfied. At a frequency lower, for example, than the center fre-
quency, the stub is less than a quarter wave, but the inductive reactance
thereby presented at the T-junction is made just enough to compensate
for the fact that the quarter-wave transformers in the main line are also
less than a quarter wave long, and would present a mismatch in the
absence of the stub. Similar, but converse, conditions obtain for fre-
quencies higher than band center. Figure 11.4 shows how a broadband
stub can be used to make an elbow. There is an added complication
because the sharp elbow introduces a reactance which must be compen-
sated for in the construction of the stub.

Such supports are standard in coaxial lines used in the 10-cm region
and regularly have a VSWR less than 1.03 over a baad of ~ 15 per cent
from the center frequency.
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The standard connector for joining coaxial lines is shown in Fig. 11.5.
Since longitudinal currents cross the junction plane on both inner and
outer conductor, good contact must be assured. For the outer conductor
this is done by pulling together two mating cones of differing taper by
means of the strong outer clamping rings. The fittings that solder to

FIQ.11 .5.—Coupling for coaxial line.

the outer tube also contain a gasket groove for keeping the line airtight.
The inner conductor is itself a tube. The two pieces are joined by a
beryllium copper “bullet” which is soldered into one piece and makes
tight contact with the inner surface of the other by means of expanding
prongs on the rounded tip.

In order to transfer r-f power to a rotating scanner, a rotary joint for
a coaxial line is necessary. Early designs involving wiping contacts on

(a)

(b)

FIG. 11.6.-C!hoke-type rotary joints.

both the inner and outer conductors
gave difficulties arising from poor con-
tact, sparking, and wear. The superi-
ority of the noncontact type employing
choke joints has led to its universal
adoption. The principle is shown in its
simplest form in Fig. 11.6a. The gap
between the stationary and rotating
parts of both conductors is situated at
the end of an open-ended quarter-wave
coaxial line. As was mentioned in
Sec. 11”1, the impedance at the input
end of an open quarter-wave section (in
this case across the gap in the line) is
zero. Power flows across without loss

or sparking. Closer analysis shows that the open end of the quarter-
wave section on the outer conductor is not an infinite impedance, because
there is some radiation, producing a finite radiation resistance. This
effect can be reduced, and the match improved, by adding a short-cir-
cuited quarter-wave line in series with the outer gap, as in Fig. 11.6b.

The outermost gap can now be very small, or even a rubbing contact,
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since no current flows across it. A similar improvement is made on the
center conductor. Advantage is taken of the negligible current across

the transition between the first and second Quarter-wave sections to make
a contact bearing between the innermost conductors. This is a great aid
in keeping the closely spaced tubes all concentric. Quarter-wave line
sections used in the manner just described to prevent loss of microwave
energy into side channels are termed “chokes.”

The nominal characteristic impedance of the standard rigid coaxial
lines in regular use is 50 ohms, corresponding to a ratio of 2.30 for the
radii of the inner and outer conductors. This is a compromise between
a ratio of 3.60 (77 ohms), which, for a given outer diameter, gives the
lowest attenuation due to conductor losses, and a ratio of 1.65 (3o ohms)
which maximizes the power that can be carried with a given breakdown
voltage gradient. Since the attenuation in a 50-ohm line is only 10 per
cent greater than it is in a 77-ohm line, it is not a costly compromise.
Increasing the size of both conductors to increase the air gap and thereby
increase the power-carrying capacity cannot be carried on indefinitely,
since a higher mode of propagation,
with diametral rather than axial R
symmetry, can be excited when the
mean circumference of the annular
dielectric space exceeds one wave-
length. The possibility of two
modes of propagation e x is t i n g
simultaneously in a single line leads
to serious complications. The high-
est powers are best transrnitted by FIG. 11 .7.—Coaxial cable and matched

type N fittings.
means of waveguide.

Rigid coaxial lines are not ordkarily used for wavelengths below 8 cm
because the limitation on over-all size just mentioned permits too low a

maximum power-carrying capacity. However, a standard ~-in. OD
stub-supported line with appropriate couplings has been worked out for
the 3-cm band. The largest stub-supported standard coaxial line is in
1~-in. OD tubing, with stubs designed for the 9- to 1l-cm band; the
higher-mode limit prohibits anything larger on this band. For moderate
powers, +in. OD line with stubs designed for the 9- to 1l-cm band is
standard. The theoretical breakdowm power for the ~-in. line, assuming
sea-level pressure and a ‘maximum field of 30 kv/cm, is 1.3 Mw. How-
ever, nonuniform fields around stubs and the increased gradient in the
chokes on the inner conductor of rotary joints make the safe engineering
design limit about 0.3 Mw.

The type of flexible coaxial cable most commonly used in the micro-
wave region (Army-Navy designation RG-9/U) has a polyethylene
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dielectric of nominal outer diameter 0.280 in. A section of the cable with
the standard type N connector is shown in Fig. 11.7. The connectors
match the 50-ohm impedance of the cable at 10-cm and longer wave-
lengths. The mismatch at 3 cm is not great. Breakdown in the con-
nectors limits the peak power to a few kilowatts; the most common use
of such cable is in test equipment. Attenuation data are given in
Table 11.1.

11.3. Waveguide.—Although a metallic pipe of almost any shape
will transmit or guide electromagnetic waves if their wavelength in air is
short enough, rectangular tubing whose internal dimensions have a ratio
between 2.0 and 2.5 has been almost universally adopted where the prob-
lem is simply the transfer of microwave energy. (Use of round guide in
the special case where axial symmetry is required is discussed in a later
paragraph.) A detailed understanding of the propagation of waves in a
region bounded by conducting walls can only be obtained from the solu-
tion of Maxwell’s equations. Practically, however, the results of the

mathematical analysisl have come to be used in a procedure which retains

most of the concepts of transmission-line theory, with equivalent lumped

reactance connected at suitable points to account for the effects of

discontinuities.

The resemblance between a rectangular waveguide and a two-wire

transmission line is shown in Fig. 11.8a to 11 .Sd. In Fig. 11.8a is shown
a single quarter-wave stub support, analogous to the coaxial stub support
described in Sec. 11.2. At the proper frequency the input impedance of
the short-circuited stub is extremely high and there is no effect on the
propagation of the wave on the line. In Fig. 11.8b a great many stubs,
extending both ways from the two-wire line, have been added, still with-
out affecting the propagation of the frequency in question. In Fig. 11.8c
the stubs have coalesced into a rectangular tube which looks like a wave-
Wide. For a single stub, a slight correction to the length is necessary to
allow for the inductance of the crosspiece, but when the stubs become a
solid tube, no lines of force can link the narrow side, and the quarter-
wave distance becomes exact. This also implies that the length of the
narrow side of the tube is not critical.

The two-wire transmission-line model explains how a waveguide can
transmit all frequencies higher (wavelengths shorter) than that for which
the quarter-wave stubs were designed. In such a case, as shown in Fig.
11.8d, the two wires”become broad busbars with only as much of the wide
side of the guide given over to stubs as is required by the now shorter
wavelength. However, wavelengths greater than twice the broad
dimension cannot be propagated because then the stubs become less

Waveguide Handbook, Vol. 10; Microwave Trammi.ssimi Circuits, Vol. 9.
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than a quarter wave and shunt the line with a rather low inductive

impedance which would stop transmission.

Sngle stub suPPort Multiple stubs -

Shortened stubs for
higher frequency

FIG. 11X.—Waveguide derived from stub-supported two-wire tranmnission line.

El‘ ‘“‘““‘‘ ‘a)
I 111 I I

,
(b)

FIQ. l19.-Fundamentaln,odeo fwavepropagationi na rectangularguide; (a) and (b)

show the electric field in a transverse and longitudinal cross section; (c) shows the lin& of
current flow in the top and side of the waveguide as long dashes; the dotted lines represent
tangential magnetic field at the wall.

Figure 11.9 shows an instantaneous picture of the electric and mag-
netic fields in a rectangular waveguide whose wide dimension is slightly
over half the free-space wavelength. The lines of current flow in the
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walls are also shown. At all microwave frequencies, the skin effect
confines the current to a microscopically thin layer on the inner surface.
As the dimensions of the waveguide are increased, the frequency being
fixed, propagation becomes possible by modes—that is, by particular
types of “vibration” in the electromagnetic field, other than the funda-

mental mode illustrated in Fig. 11.9. Each of these higher modes has

its own characteristic electromagnetic field configuration. ordinarily

it is advisable to avoid propagation in more than one mode, and this is

most easily done by choosing the dimensions of the guide so that the
lowest mode, and the lowest mode only, can propagate. However, for
certain applications some of the higher modes are useful. A notable
example, to which we shall return later, is the second mode”in waveguide
of circular cross section. This has axial symmetry and is thus useful in
waveguide rotary joints.

For each type of waveguide there exists a critical, or cutoff, frequency
for propagation in the lowest mode. Waves of higher than critical fre-
quent y are transmitted; those of lower frequency are rapidly attenuated. 1
Corresponding to the cutoff frequency f. is a cutoff wavelength A, related
to f. by L = c/f. where c is the velocity of light. That is, kc refers to the
wavelength in space. For rectangular guide, as shown from the stub-
supported two-wire line, the cutoff wavelength is twice the broad dimen-
sion. In other words, a ewide that is to transmit a wave must have a
broad dimension greater t~an half a free-space wavelength. If the width
is more than a whole free-space wavelength, a higher mode of propagation
with a node in the electric field down the center becomes possible, which
adds most undesirable complications. Therefore, the broad dimension
must lie between a half and a whole free-space wavelength. The wave-
length inside the guide is longer than that in free space and is given by the
relation:

(4)

where x is the free-space wavelength and A. is the cutoff wavelength (here
equal to twice the broad dimension). When ACis only slightly greater
than A, the guide-wavelength becomes very long and varies rapidly with
changes in X. This greatly increases the frequency sensitivity of quarter-
wave sections of guide used in duplexers and mixers (Sees. 115 and 11“8)
and handicaps broadband design. The other extreme of a close approach
to the boundary of the higher mode, corresponding to a wide dimension
of nearly a whole free-space wavelength, runs into difficulty because of

1In a waveguide beyond cutoff the voltiage or current falls off exponentially with
distance, with constants exactly calculable from the dimensions and frequency. One
form of standard attenuator utilizes this fact.
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too gradual an attenuation of the higher modes inevitably excited at
discontinuities such as T-junctions and diaphragms. For these reasons,
waveguides are ordinarily used only for frequencies where the broad
dimension lies between 0.60 and 0.95 of the free-space wavelength.

Since the maximum electric field comes across the narrow dimension

of the guide, it is undesirable to choose this dimension too small. In

fact, the power that can be transmitted for a given breakdown field is

directly proportional to the guide di-

mension in the direction of the field.

The height is limited by the require-

ment that the narrow dimension be

less than half a free-space wa~.elength

in order to avoid the possibility of

propagating the simplest mode ha\--

ing polarization at right angles to
FIG. 1l.10.—TY~.-eguirlerllo!ie cou~li,,g,

~-ClllLxind.
that shown in Fig. 11.9,

There is no unique or generally accepted definition of the impedance

of a waveguide. This might be expected from the lack of definite
localized terminals at which the voltage and current could, in principle
at least, be measured. Howe\-er, the usual procedures of impedance-
matching are carried over from transmission-line theory, and calculations
are made on the basis of normalized impedances. The impedance of a
standard waveguide is defined as unity, and resistive or reactive elements
inserted in the guide are computed relative to the standard, rather than
in ohms.

A typical choke joint between pieces of ~~aveguide is shown in Fig.
11.10. The principle is identical with that discussed in Sec. 112 for the
outer conductor of a coaxial rotary joint. The diameter of the radial
section spreading out at right angles to the rectangular tube is chosen so
that the average or effective distance from the inner surfaces of the
waveguide is a quarter wavelength. .$ circular groo~-e, likF\\-isea qufirtcr
wavelength deep, forms the short-circuited terminating section. .i rLlb-

ber gasket in the outer groove serves to keep the wavegyide airtight. By
careful choice of dimensions, such a joint can be made to be a good match
over a frequency band 12 to 15 per cent wide. Since no rurrent floii-s
across the gap between the choke and its mating flange, physical contact
is not necessary. The power flows across a small gap with negligible loss,
However, in such a case the leakage of radiation, although small compared
to the transmitted po\~cr, may still o~-erwhelm sensiti~-e energ~- detectors
nearby. In cases ~vhere electrical leakage must be minimized and the
outer gasket groove is not needed for pressurization, an electrical gasket
is substituted. Such a gasket is made by pre,s~ing a ring of }~oven metal
gauze into the proper form.
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Contact-type unions have also been used successfully. The flanges
are relieved so that the bolts bring maximum local pressure to bear near
the junction of the waveguide walls. Abrasion of the mating surfaces
is much more serious in such a union than in the choke-type joint.

.
FIG. 11.11 .—Waveguide elements. (a) Long-radius bend in waveguide. (b) Miter elbOw.

(c) Short-radius bend, electroformed fitting. (d) Flexible waveguide, corrugated wall.

Bends in waveguide such as those in Fig. 11.1 la cause inappreciable
mismatch if the inside radius is greater than twice the free-space wave-
length. Short-radius bends are well matched if the length along the
center of the guide is half a guide wavelength. Such elbows as those
shown in Fig. 11“1lc, are produced by electrof orming—that is, plating
copper or other metal on a soft metal mold which is later melted out.
Two-cut miter elbows, such as those shown in Fig. 11.1 lb, are well
matched if the distance between cuts, measured along the center of the
guide, is a quarter of the guide wavelength. Flexible waveguide can be
made by winding It up out of metal strip in the same way that certain
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types of metal hose or conduit are produced. A molded rubber sheath
pressurizes and protects the piece, as well as holding the adjacent turns
in tight contact. For short lengths, convolutions small compared with
the wave-length can be formed hydraulically, and thereby give flexibility
to a continuous metal tube. Figure 11.1 la! shows an example.

Transitions between waveguide and cooxial lines usually take the
form of a quarter-wave stub antenna on the coaxiai line projecting into
the waveguide a quarter guide-wavelength from an endplatej as shown in

FIG. 11.12.—Coaxial line to waveguide transitions. (a) Probe transition, coaxial line to
waveguide. (b) Doorknob transition.

Fig. 11 12a. The endplate reflects the energy going in that direction
back in phase with that going down the guide. Expressed in terms of
impedances, the short-circuited quarter-wave section of guide presents
an open circuit at the probe. Then th~ load seen at the probe is only a
single unit of guide impedance, rather than two units in series. Such a
probe lowers the breakdown potential of the guide. The “doorknob”
transition of Fig. 11. 12b is designed to minimize breakdown. It can be
thought of as a quarter-wave probe with a special form of stub support
for the tip of the probe in which capacitive and inductive effect have been
balanced against each other so that as a support it presents no loading
of the waveguide. Rounded contours reduce the electrical gradient as
much as possible.

Rotary joints between pieces of waveguide may consist of a coaxial
rotary joint of the type described in Sec. 11.2 with transitions to wave-
guide at each end. Thk is common in the 10-cm region. The large
1~-in. OD line and the doorknob transitions just mentioned are used
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where powers of the order of a megawatt are handled. In the 3-cm
region transition is made to round guide, where the next-lowest mode has
axial symmetry. Currents flow across the junction between the rotating
and nonrotating parts of the round tube by means of the same folded
choke arrangement used for the outer conductor of the coaxial rotary
joint described in Sec. 11.2. Figure 11.13 shows a typical joint. The
lowest mode in round guide has diametral rather than axial symmetry,

FIG. 11.13.—Waveguide rotary joint usingroundwaveguideand axially symmetrical mode.

and if present to an appreciable extent will cause serious variation in
voltage standing-wave ratio as a function of angle of rotation. The
transitions from rectangular to round guide are designed to avoid exciting
the undesired mode as far as possible. The guide wavelengths of the
desired and undesired modes are sufficiently different so that a suitable
choice of length of round guide will minimize coupling of the undesired
mode from one rectangular guide to the other. Various absorbers for the
undesired mode are sometimes used.

The power-handing ability of a waveguide, calculated from the electric
fields involved, is approximately twice that of the largest coaxial line that
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could be used for the wavelength carried by the waveguide. Since, how-
ever, the distortion of the normal field by the stub supports of the coaxial
line makes it impossible to realize the calculated limit, the factor of two
does not represent the full superiority of waveguide. In either waveguide
or coaxial line, small nicks, burrs, or solder fillets can easily cause break-
down at a fifth of the calculated maximum power. Table 11.1 sum-
marizes the properties of the waveguides widely used in microwave radar,
and for comparison those of some standard coaxial lines and cable.
Attenuation in waveguide is seen to be about half that in the largest
coaxial line suitable for a given wavelength. For smaller coaxial lines
of a given impedance the attenuation is inversely proportional t6
diameter. The conclusion to be drawn is that waveguides are superior
electrically to coaxial line in nearly every respect. They are easier to
fabricate because the inner conductor and its precisely machined stub
supports are simply omitted. For these reasons, waveguide is almost
universally used for wavelengths below 8~cm. In the lo-cm region where
the size and weight of the Ii- by 3-in. waveguide are awkward and the
power-carrying capacity is not needed, coaxial line is frequently used.
For ‘(long wave” radars (wavelengths of 50 cm and greater) wave guide
is never used because of its relatively enormous size.

11.4. Resonant Cavities.-If both ends of a waveguide are closed
by a short-circuiting plate, and energy is introduced by a probe so small
that it does not appreciably change the properties of the enclosure, the
amplitude of the standing-wave pattern in the waveguide will show a
sharp maximum when the frequency is such that the length of the
enclosure is an integral number of half guide-wavelengths. The reflec-
tions will then be in the proper phase to reinforce each other and cause a
resonant buildup. (This is the property used in wavemeters.) For
standard rectangular guide, reference to Eq. (4) shows that if the broad
dimension is taken to be 0.707~ then half a guide-wavelength is also
0.707A. The shortest resonant piece of such a waveguide is therefore
square. The height does not affect the resonant wavelength, though if
it is greater than A/2, modes polarized at right angles to the desired mode
become possible. Rounding off the corners of the square box shortens
the resonant wavelength slightly; exact calculation shows that for a
cylindical box the resonance occurs when X = 1.30 times the diameter, as
opposed to 1.41 times the side of the square.

These round and square boxes are examples of resonunt cam”ties, which
play the same role in microwave transmission circuits as do resonant cir-
cuits involving lumped inductance and capacity in traditional circuit
theory. Any hollow metal enclosure is capable of supporting oscillations
in a large number of modes. In practice the geometry is usually chosen
so only a single mode, often the lowest, is excited. For simple geometn-
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d forms the properties are completely calculable from Maxwell’s
equations.

In cavities of the type used in magnetrons, the inductance and
,:apacity are fairly well separated and approximate numerical values can
be calculated though they cannot be measured independently. For
something like a +,mple cylindrical cavity, however, inductance and
capacity are blended and cannot even be calculated unambiguously.
The significant quantity is the resonant frequency or wavelength.

The second property of cavities that is important in microwave work
is their Q. As in lumped-constant circuits, the value of Q is a measure
of the sharpness of the resonance, and is determined by the dissipative
elements loading the resonant circuit. If ~0is the resonant frequency and
~, and ~2 are the “ half-power points,” —that is, the two frequencies, one
above jo and one below jo, at which the voltage (or current) in the cavity
is 0.707 as great as it is at resonance—then

(5)

An equivalent, but somewhat more general, formula for Q involves
the amount of electromagnetic energy stored in the oscillating field within
the cavity, and the rate at which energy is dissipated in the walls or in
any other way. If we denote the total stored energy by W, and the
energy dissipated during one r-f cycle by W, Q is given by

27rw
Q=_.

w
(6)

If w includes only the dissipation within the cavity itself, due to the
resistance of the walls and to dielectric losses in insulators within the
cavity, etc., the Q defined above is called the unloaded Q, usually written
Qo. If w includes, in addition, energy dissipated in external circuits
coupled to the cavity, we obtain instead the loaded Q, or QL, which of
course can never exceed Qo.

In a simple cylindrical cavity made of copper and resonant at 3000
Me/see in its lowest mode, the unloaded Q is about 15,000. Generally,
the Q of a cavity loaded only by the resistance of its walls depends on the
ratio of the volume of the cavity to the product of the internal surface
area and the skin depth. For cavities of similar shape, the resonant fre-
quency jo is inversely proportional to a linear dimension of the cavity;
the skin depth varies as l/fro. It follows that Qo, for cavities of similar
shape, varies as l/@o. On the other hand, the Q values that can be
attained at microwave frequencies, typified by the example just given,
are much higher than can bc realized with coil and condenser combina-



SEC. 11.5] D,C”PLEXING AND TR SWITCHES 407

tions at low frequencies. The essential reason for this is that such low--
frequency circuits do not provide a correspondingly large volume for the

storage of energy.
To make a cavity useful it is necessary to provide some means of

introducing and removing energy, or in other words to couple it to the
external circuit. This may be done by an electron stream, by a coupling
loop to a coaxial line, or by an iris (hole) leading into a waveguide.
Examples of these are cited in the discussion of klystrons (Sec. 11.7) and
of TR switches (Sec. 11.5).

11.6. Duplexing and TR Switches.-As was explained in Sec. 1.3,
the use of a common antenna for

transmitting and receiving requires

fast-acting switchesl to disconnect

the receiving apparatus from the

antenna during the transmitted tron

pulse, and to disconnect the mag-
netron during the period when
echoes are being received. These
two switches are called the TR
(transmit-receive) switch and the
anti-TR or ATR switch, respec-

W
lhQ.11.14 .—Duplexing system on tw~wire

tively. The duplexer is that por- transmission line.

tion of the microwave circuit, near
the T-junction of the receiving branch and the magnetron-antenna line,
where the TR and ATR switches are located.

The great disparity in transmitted and received powers immediately
suggests that a spark gap or gas-discharge tube can be connected in th-e
circuit in such a way as to perform the necessary switching operations.
These gas-discharge tubes are referred to as TR or ATR tubes. A rudi-
mentary system using a two-wire transmission line is shown in Fig. 11.14.
The high-power pulse from the magnetron breaks down the gap in the
ATR tube and the power flows out toward the antenna. The gap in the
TR tube in the receiving branch likewise breaks down, and if it is designed
so that the discharge takes negligible power to maintain, puts a short
circuit across the line to the receiver. The delicate input circuits of the
receiver are thereby protected. Since the short circuit is a quarter wave-
length from the T-junction, the impedance put in parallel with the
antenna line at the junction is very high and does not affect the wave
traveling toward the antenna. At the end of the transmitted pulse, the
discharge across the gaps goes out and the system is ready to receive echo
signals. The impedance at the T-junction looking toward the magnetron
is infinite because there is an open circuit half a wavelength away.

1 Microwave Dupb%rs, Vol. 14.
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Looking toward the receiver, there is a matched line. All the power
goes into the receiver.

In one variation of the basic scheme just outlined, the receiver branch
joins the antenna line in a series rather than in a shunt T. Then the TR
switch must be a half wavelength rather than a quarter wavelength from
the junction. In another variation, advantage is taken of the fact that
the cold (i.e., nonoscillating) impedance of certain types of magnetrons is
such as to be a bad mismatch to the line, so that nearly all the power
coming toward the magnetron is reflected. Then the ATR switch can
be omitted if the line length between the magnetron and T-junction is
chosen correctly. This is known as “ pre-plumbing.” With many types
of magnetron it is not feasible.

The requirements for satisfactory transmission of the outgoing pulse
are rather easily met.

1. The loss in the discharge across the gaps must be a small fraction
of the magnetron power.

2. The line must be matched when the gaps are fired.
From the point of view of the receiver, the requirements are much

more stringent.
1. During the transmitted pulse, the power getting past the TR

switch into the reniver must be less than 0.1 watt or the crystal
may be damaged. This means a minimum attenuation of 60 to
70 db.

2. The TR-tube gap must fire in less than 0.01 psec, or the preigni-
tion “spike” of magnetron energy may burn out the crystal.

3. The gap must deionize in a few microseconds at the end of the mag-
netron pulse so that echoes from nearby objects will not be unduly
attenuated. A typical specification would demand less than 3-db
attenuation 6 psec aftqr the pulse.

4. The received signal must see a reasonably good match into the
receiver, and the losses must be kept to a minimum.

Some refinements in the rudimentary system of Fig. 11.14 are neces-
sary to meet the above requirements. The fired TR-tube gap is not a
perfect short circuit. If the voltage across the arc is V, the leakage power
going to the receiver is V2/Z, where Z is the impedance looking toward
the receiver, measured at the gap terminals. The voltage can be made
smaller by having the discharge take place in a gas at a pressure of only a
few millimeters of mercury. Further reduction of leakage power is
neceseary, however. This may be done by a step-up transformer to the
gap, and an identical step-down transformer to the receiver line. In the
unfired condition, the standard line impedance is maintained on either
side of the TR switch, but in the fired condition the line impedance seen
at the gap appears to be very high and much less power is coupled out
to the receiver.
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The practical method of accomplishing this impedance transformation
is by means of a resonant cavity. Figure 11.15 shows a section through
a 1B27 TR tube and associated cavity, with input and output couplings.
The gap across which the discharge takes place is formed by two reentrant
cones on the axis of symmetry of the approximately cylindrical cavity.
The cones add capacity to the resonant circuit and the cavity is smaller
for the same wavelength than it would be without them. Tuning is
accomplished by pushing one cone in and out on a flexible diaphragm.
The unloaded Q of the cavity is lower than that of a cylinder because of

From T-iunction Flexible

\n d,aphragm

I~ \ Retainingrmg I

@

,
I sol,,, ,Oit

.

\

1~ dtam. flange

/
Keep-alwe To mixer

electrcde term,nals

I
1“ dlam. flange

FIG. 11.15 .—1B27 TR tube and cavity assemblywith loop coupling,

the presence of the cones and the glass of the gas enclosure; it is about
2000. With normal input and output loading, the loaded Q is about 35o.
Both input and output coaxial lines end in coupling loops which play the
role of the step-up and step-down transformers. They can be thought
of as single-turn windings which, in proportion to their area, loop more
or less of the magnetic field existing in the cavity. The smaller the loop,
the higher the step-up ratio and the higher the loaded Q.

As a result of the impedance transformation, the arc coupling (i.e.,
the power going to the receiver as a result of the voltage across the arc
discharge) is well below the danger point and is independent of input
power. There is a second mechanism of coupling, called direct coupling,
which gives leakage power proportional to input power. At the higher
transmitter powers, direct coupling becomes more important as a source
of leakage power than arc coupling. Direct-coupling power is the power
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that would be coupled from loop to loop with a solid metal post in the
center of the cavity, the annular
beyond cutofi.

To insure rapid breakdown at
the beginning of each pulse, a SUP
ply of ions in the gap is maintained
by a continuous auxiliary dis-
charge inside one of the cones.
This requires an extra electrode,
known as the ‘‘ keepalive” elec-
trode, which draws about 150 pa
from an 800-volt supply. A bal-
last resistor drops the voltage to
about 400 volts at the electrode
itself. Despite this precaution,
the leakage power through a TR
tube shows an initial spike (Fig.
11. 16) which precedes the “flat”
region of constant leakage power.

For rapid deionization of the
gap one constituent of the gas must
have an electron affinity. After
the discharge is over, in the absence

!
!%

t-+

Less than 0.01 p sec
~

J “Flat”

FIG. 11.16.—TR leakage power during
a 1-P59cpulse.

space around it being a waveguide

FIG. 11.17 .—1B24 TR tube: 3-cm band.

of a strong field, electrons are quickly removed by attachment to molecules.
Molecular ions have so much inertia that at the frequencies involved
they cause negligible attenuation. Water vapor is the constituent
usually introduced to hurry the electron cleanup. A typical filling would
be hydrogen at a pressure of 10 mm of mercury, and water vapor likewise
at lo-mm pressure. The hydrogen gives protection if the water vapor is
frozen out, but deionization will then be slow. Argon is used in some
tubes instead of hydrogen.

The loss to the received signal in passing through an unfired TR tube
is from 1.0 to 1.5 db, occurring mainly in the walls of the cavity.
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Figure 11.17 shows a cut-away view of another type of TR tube, the
1B24, which is widely used in the 3-cm band. It is of the integral-cavity
type—that is, all of the cavity contains gas, not just the central portion.
A gas reservoir on the side increases the total volume of gas over that
contained in the relatively small 3-cm cavity. The tube is clamped
between standard 3-cm rectangular choke joints, and coupling into and
out of the cavity is by means of round windows or irises. Glass is
soldered across them to seal the gas enclosure. Such windows play the
same role in coupling cavities to waveguide as do coupling loops for
coaxial line. On 10-cm systems using
waveguide, the input coupling may be
by means of an iris, and the output by
a coupling loop.

Switches exactly like TR switches
with the output coupling omitted may
be used as ATR switches. However,
since the double adjustment of the two
switches is not always made correctly,
fixed-tuned, low-Q ATR switches are

preferable. Figure 11.18 shows the
1B35 tube, designed for the 3-cm band,
and its mounting. One such tube will
cover a frequency band of 3 per cent,

and pairs of these tubes will cover a

band of 6 per cent. The loaded Q of
the cavity is made very low (approxi-
mately 5) by a large windowin the end.
The cavity is placed in series with the

FIG. 11.lS.—1B35 broadband ATR tube
and mount; 3-cm band.

magnetron line by simply substituting the face of the tube containing the
window for a portion of the broad side of the waveguide. The breakdown
takes place across the inner face of the elongated glass window.

A duplexer that represents in waveguide the basic scheme of Fig.
11.14 appears in Fig. 11.29 as part of an r-f transmitting and receiving
system. The TR-tube input window is in contact with the narrow side
of the waveguide. From the resemblance of a waveguide to a stub-
supported two-wire transmission line, illustrated in Fig. 11.8, it is
apparent that a T-junction on the narrow side of the guide is a parallel
connection, and that the plane of the narrow side is a quarter wavelerigth
from the effective center of the waveguide circuit.

MICROWAVE COMPONENTS OF THE RECEIVER

After emerging from the TR switch, the received signal is mixed with
the local-oscillator signal and the combination applied to the crystal, in
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order to obtain a much lower beat frequency which can be amplified.

A more complete and integrated discussion of microwave receivers is

reserved for the next chapter, but for the sake of continuity the compo-

nents of the receiver which handle microwaves are treated here in con-

junction with other r-f components.

11.6. The Mixer Crystal.-Since no satisfactory amplifier for micro-

waves exists, the conversion to intermediate frequency must be made at

—

“m= .1
a. Pin end

a. Sylvania b, Western Electric

FIG. 11. 19.—Microwave mixer crystals.

the low level of received signal powers. It is important, therefore, that

the nonlinear element be as efficient as possible, and that a minimum

amount of added noise be introduced. The most satisfactory device

that has been found is the rectifying contact between a metallic point

and a crystal of silicon.’ For protection and stability the silicon and the

“cat whisker” are sealed up in a cartridge. The term “crystal” ordi-
narily refers to the whole assembly, a cross-section view of which is
shown in Fig. 11”19.

The d-c characteristic of a crystal has the form shown in Fig. 11“20.
An equivalent circuit that accounts for the r-f properties is shown in
Fig. 11.21. The nonlinear resistance of the rectifying contact is denoted
by r.. In parallel with it is the capacity C of the boundary layer of the

1CrystalRectifiers, Vol. 15. lbdiat ion Laboratory Series.
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semiconductor. Atsufficiently high frequencies, thecapacity til short-
circuit the high back-resistance of r. and reduce the rectification efficiency.
In series with this combination is R, the so-called “spreading resistance,”
representing the bulk resistance of the silicon. Analysis shows that RC

must be small compared with the time of one r-f cycle for efficient recti-
fication. The effects of R and C can be minimized by small contact
area, and it is possible to make crystals with nearly as good conversion

+20, , r 1
111111.L

efficiency as would be obtained from
a simple diode at much lower fre-

[ quenc~es. The conversion loss, de-
+15

2 fined as ratio of r-f signal power to i-f
c
“; +10 signal power, runs from 5 to 8 db for
&
. typical microwave crystals.

~+5 /

z
‘o
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Appliedvoltagein volts ‘c=

FIO. 11.20.—Typical characteristiccurve of FIG,ll 21.-Equivalent circuit
a silicon rectifier. of a crystal rectifier.

Experimentally it is found that in the presence of local-oscillator

power flowing through it, a crystal generates more noise power than would
an equivalent resistor at that temperature. As a measure of this prop-
erty, a crystal is assigned a “noise temperature, ” defined as the ratio of
the absolute temperature at which an equivalent resistor would generate
the observed noise to the actual temperature. Noise temperatures
between 1.1 and 3.0 are typical. The noise generated by the crystal
increases with local-oscillator input. There is a rather broad region of
best over-all performance at 0.5 to 1.0 mw input which is a compromise
between increasing noise at high inputs and greater conversion loss at
low inputs. This optimum input corresponds to the widely used standard
operating point of 0.5-ma d-c crystal current.

The contact area between the whisker and the silicon is of the order
of l~b cmz. Relatively low currents, therefore, yield high current
densities, with attendant local heating and danger of burnout. For
continuously applied power the danger line is of the order of a watt; this
would apply to the flat part of the TR-tube leakage. The initial pre-
ignition spike (Fig. 11. 16) is so short (less than 0.01 psec) that the heat
cannot be conducted away from the contact; consequently the total spike
energy rather than the peak power is the important quantity. Experi-
ence has shown that burnout is far more likely to come from the spike
than from the flat. Since TR-tube conditions are difficult to reproduce,
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crystals are tested by sending through them a d-c pulse of duration
2.5 X 10–gsec and total energy of the order of an erg. Crystals which
pass this test are safe in a properly operating radar set.

Table 11.2 lists for comparison the rejection-limit specifications of the
most widely used crystals in the three radar bands. The bearing of these
figures on the over-all sensitivity limit of microwave receivers is discussed
in Chap. 12.

In the manufacture of crystals to meet the specifications (which are a
considerable advance over those met by the crystals used in early micro-
wave radars) careful attention must be given to the original purity of the
silicon, to “doping” with small amounts of the proper impurity, to the
preparation of the crystal face, and to the sharpening and adjustment of
the whisker. Crystals are stored in metal containers to avoid burnout
from stray r-f fields. They can be burned out easily at the time of instal-
lation by an accidental discharge of static electricity through them.

TAJWB 11.2.—SPECIFICATIONS OF CONVERTER-TYPE CRYSTALS

Type
Wavelength Conversion Noise tempera- Burnout
band (cm) ]0SS(db) ture (times) test (ergs)

1N21B 8-11 6.5 2,0 2.0
1N23B 3.1-3.5 6.5 2.7 0.3
1N26 1.25 8.5 2.5 0,1

11.7. The LocaI Oscillator.-Reflex klystrons are, with very few
exceptions, used as local oscillators in microwave receivers. Figure
11.22 shows a schematic view of a typical tube. The resonant circuit is a
reentrant, doughnut-like cavity
with grids across the central portion.
An electron gun with a proper focus-
ing electrode directs a stream of
electrons through the grids. Upon
arrival at the first grid the electrons
have a velocity corresponding to 300
volts. It will be assumed that oscil-
lations exist in the cavity. Elec-
trons will then alternately be
accelerated and decelerated by the
r-f field across the grids. An elec-
tron that goes through just as the
field between the grids is passing

1 +300volts

FIG. 11.22.—Schematic of reflex klystron.
H = heater

K = cathode
F = focusing electrode
C = cavity
R = reflector
O = coaxial output line.

through zero on the way from acceleration to deceleration will not have its
velocity changed and can be taken as a reference electron. In the space

1Klystrons and “MicrowaveTriodss, Vol. 7, Radiation Laboratory Series.
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just beyond the grids there is a strong retarding field produced by a
reflector electrode maidained about 100 volts negative with respect to
the cathode. The trajectory of the reference electron in this space is
similar to that of a ball thrown into the air. It will return to the grids
after a time proportional to its initial velocity and inversely proportional
tothe retarding field. Anelectron that leaves thegrids earlier than the
reference electron will have been accelerated by the r-f voltage across
the cavity and, because of its higher velocity, will spend a greater time in
the reflection space. Byproperadjustment of the retarding field, the delay
may be made to compensate for its
earlier departure, and it may be
made to arrive back at the grids at
the same time as the reference
electron. Similarly, an electron
leaving later than the reference
electron catches up by spending less
time in the retarding field as a re-
sult of its lowered velocity. The
net effect is that the electrons gather
in a bunch. I At certain reflector
voltages the bunch will pass through
the cavity grids in such a phase that

+40
g

Ei=Ea

Cathdde-anode voltage=290 v
~ +20 wavelength=10.7cm
=.:
;.$ o
:=
S’ -20
L

.-40

Ii;=
-30 -40 -50 -60

Reflector voltage

F1~.11.23.—Reflectorcharacteristics of the
707A.

the r-f field retards the electrons. The electrons then give energy to the
cavity and thereby sustain the oscillations. Oscillation is observed for
more than one reflector voltage because drift times differing by a whole
r-f cycle still produce satisfactory bunching.

The net energy given to the electrons during their first passage through
the cavity is negligible when averaged over a whole cycl~, being balanced
between acceleration and deceleration. On the return passage, however,
most of the electrons go through in a bunch at the most favorable phase
to aid the oscillation. Half a cycle later, when returning electrons
would absorb energy in being accelerated, very few electrons are passing
through. Useful power is delivered to an external load through a coaxial
line, loop-coupled to the cavity. The efficiency is rather low, in the
neighborhood of 1 per cent. Power outputs of 20 to 50 mw are typical.

Local oscillators are tuned by mechanically changing the size of the
cavity. A limited amount of electrical tuning is possible through varia-
tions of the reflector voltage. Figure 11.23 shows the frequency and
power output of a 10-cm reflex klystron as a function of reflector voltage.
When the reflector is made more negative, the bunch arrives at the cavity

I In the older two-cavity klystrons, where the bunching takes place in a field-free
space, the bunch forms about the electron that passes through the first cavity as the
field is changing from deceleration to acceleration.
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early, hurries the oscillation and increases the frequency. Reflector-

voltage tuning ranges of 30 to 50 Me/see between the half-power points

are normal, and the tuning rate may lie between 1 and 4 Me/see per volt.

Electrical tuning is the basis of automatic-frequency-control systems.

Figure 11.24 shows an exterior and an x-ray view of a 2K25, a widely
used local oscillator for the 3-cm band. The coaxial output line ends in a
probe which is inserted in the waveguide to form a matched transition
like that shown in Fig. ll”12a.

11.8. The Mixer.-The mixer’ contains the crystal. It has two sets
of input terminals, one for the received signal and one for the local oscil-
lator; the output signal goes to the first stage of the i-f amplifier. The
requirements to be met are as follows: (1) the crystal must be made to
appear as a matched load to the incoming signal; (2) there must be

1MicrowaveMizers, Vol. 16, Radiation Laboratory Series
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minimum loss of incoming signal into the local-oscillator input; (3) the
local oscillator must see a fairly good match, though the requirements are
not as strict as for a magnetron.

Figure 11.25 shows a coaxial-type mixer which is widely used for the
9-to 1l-cm band. It bolts directly on the TR-tube cavity and the output

FIG. 11.25.—Coaxial-type mixer; 10.cm band.

coupling loop is integral with the mixer. The crystal is mounted as a
part of the center conductor of a short coaxial line and makes a matched
termination with no special transformers. Since the i-f signal must be
extracted, the end of the r-f line cannot be a d-c short circuit. An effec-
tive r-f short circuit, with no metallic contact between inner and outer
conductor, is provided by two concentric quarter-wave sections which
form a choke not unlike that in a rotary joint. The i-f output fitting
unscrews to permit replacement of crystals.

Local-oscillator power is introduced through a side arm. About 50
mw is available from reflex klystrons in the 10-cm region, which is 20 db
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above the 0.5 mw needed to produce the standard 0.5 ma of crystal cur-
rent. The great excess of power permits loose capacitive coupling
between local oscillator and crystal. By the reciprocity principle, since
there is poor transfer of power from the local-oscillator input to the signal
line, there will be poor transfer from the signal line to the local-oscillator
branch, thus satisfying the second condition stated above. 1 A screw
on a quarter-wave stub support adjusts the proximity of the capacitive
probe to the signal line and provides the method of setting the crystal
current. This is the sole adjustment.

The local-oscillator input fitting contains a resistor disk which ter-
minates the 50-ohm cable. Since the probe is half a wavelength away
from the disk, the load at the probe will be in parallel with the disk
(Sec. 11. 1); but since the probe does not differ much from an open circuit,
the load for the local oscillator is still a good match. The voltage at the
probe is the same as that at the disk. It is necessary to have the probe
spaced a quarter wavelength on the signal line from the effective plane
of the coupling loop. With a loaded Q of 350 the TR tube is considerably
off-tune at the local-oscillator frequency, which is usually 30 Me/see
away from the signal frequency. Like all parallel resonant circuits, the
TR cavity presents a very low impedance, practically a short circuit, at
frequencies off resonance. If the probe were half a wavelength from the
coupling loop, it would be effectively at a short-circuit point for local-
oscillator frequency and no power could be transferred. At a quarter-
wave point the short circuit at the coupling loop is reflected as an open
circuit and the piece of line is, to the local-oscillator frequency, a stub
support.

In mixers for the 3-cm region, the crystal goes directly across the
center of the guide. Coupling between local-oscillator waveguide and
crystal guide is by means of adjustable windows in the short face of the
guide. At 10 cm coaxial cables carry the local-oscillator power to sepa-
rate radar and AFC mixers, but at 3 cm double mixers are used in which
the two crystals are on opposite sides of the local oscillator. Figure 11.29
shows a waveguide mixer and other r-f components for the 3-cm band
with AFC and beacon features.

11.9. Automatic Frequency Control.-Radar automatic frequency
control (AFC) is a scheme in which the difference in frequerwy between
the magnetron and the local oscillator is compared in a discriminator cir-

I In an exact calculation,accountmustbe takenof the differencein the impedance
of the various branches at signal and local-oscillatorfrequencies. As is mentioned
in the next paragraph,this is considerablefor the highly resonantTR cavity. QUali-
tatively, however, the reciprocityy argumentis valid. The s~called ‘{magic T” pro-
vides a method of decoupling the signal and local-oscillator inputs that does not
depend on an excess of local-oscillator power. See MicrmuaueMizsrs, Vol. 16,
Chap, 6.
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cuit with the standard intermediate frequency being used—for example,
30 Mc/sec. Anerror inthedifference frequency produces a voltage that
isapplied tothe reflector of the local oscillator in sucha sense as to bring
the local oscillator into correct tune. Because of the close connection
of the whole AFC problem with receiver design, consideration of this
subject is deferred to Sec. 12.7.

MOUNTING THE R-F PARTS

Experience has demonstrated that good radar performance depends
not only on a well-designed set of microwave components but also on a
properly coordinated mounting of them, relative to each other and rela-
tive to the other parts of the radar. Therefore it is necessary to add to
the treatment already given of the components themselves a considera-
tion of the engineering reasons for the accepted practice of grouping
certain vital components in a major unit called the “r-f head. ”

11.10. Reasons for an R-f Package. Preferred Grouping oj Com-

ponents.—Considerations of accessibility and convenience would often
argue for putting most of the components of a radar set near the indicator
rather than near the antenna, which, in order to get the proper view,
must usually be at a remote or isolated point. However, the long-line
eflect discussed in Sec. 11”1 makes a long transmission line from magne-
tron to antenna something to be avoided if possible. In addition to the
fact that in a long line even a moderately low standing-wave ratio can
cause instabilityy in the magnetron, the extra junctions, bends, and elbows
needed for a long line are themselves likely to add to the mismatch.
Furthermore, as seen from Table 11”1, the r-f attenuation in a long line,
particularly at the higher microwave frequencies, results in the loss of
several decibels when two-way transmission is considered.

The shortest possible r-f line is realized by mounting the magnetron
on the back of the antenna reflector (“back-of-the-dish system”). This
ideal arrangement is often not practical because of a group of components
functionally associated with the magnetron which may be too large and
heavy for the antenna mount to carry. The pulse transformer must be
adjacent to the magnetron to avoid 1ong high-voltage leads, which would
have to be supported and properly insulated and would add unwanted
capacity. The duplexer T-junction and the TR tube must, of course,
go in the magnetron-antenna line. The extremely low-level echo signals
coming through the TR tube must be converted to the intermediate
frequency and amplified considerably before being transmitted to a
remote point. The local oscillator must be close, because the AFC is
based on a comparison of the frequency of the local oscillator and that of
the ruagnetron.

Electrical and functional considerations dictate, then, that the follow-
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ing minimum items be mounted in a group and that the group be as near
the antenna as practical:

1. Pulse transformer.
2. Magnetron.
3. Duplexer, TR and ATR tubes.
4. Local oscillator.
5. Radar and AFC mixer.
6. AFC control circuits.
7. I-f amplifier (usually up to l-volt video level).
This set of components, mounted as a group and usually in a closed

container, is called the “R-f Head.” Alternative terms are “R-f Unit”
and “Transmit-receive Unit. ” Beacon local oscillator and beacon AFC
are included where beacon reception is required. In smaller radar sets,
the modulator network and switch tube and even the modulator power
supply may be put with the r-f unit. An extension of this trend leads to
an arrangement with all parts of the radar except the controls and the
indicator tube in a single container.

Adoarztaqes of an R-f Package.—On all but the largest radar sets the

group of components listed in the previous paragraph can be compactly
mounted in a single container that is not too heavy for one man, or at

most two men, to carry. There is considerable advantage in having the
vital parts of the transmitter and receiver centralized in a remountable
unit package. In the event of trouble, a spare r-f head can be substituted
and connected into the rest of the radar in a few minutes. Diagnosis of
trouble, repair, and readjustment, as well as assessment of performance,
can all be performed on a well-equipped test bench. This is particularly
helpful for airborne sets.

Good engineering practice favors pressurization of the r-f transmission

lines of microwave radar systems in order to keep out water and water

vapor. For high-altitude operation, pressurization may be absolutely

necessary to prevent breakdown of the line. The high-voltage cathode

circuit of the magnetron is a similar case. Pressurization assures dry

conditions and sea-level pressure, and thus makes unnecessary the huge

insulators and large air clearances that standard engineering practice

would otherwise prescribe. Other parts of the r-f head can be made
smaller and more compact if pressurized conditions are assumed. It is
but a slight extension to consider that the r-f head should go into a single
pressurized container, with the pressure common to the r-f line out to the
antenna. Such a plan solves two other problems: (1) the working parts
of the r-f head are protected against the most severe conditions of
moisture, salt spray, and dust, not only in use, but also during shipment
and storage; and (2) the shielding problem is greatly simplified, both for
keeping external disturbances out of the delicate parts of the receiver, and
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for confining the disturbances set up by the radar transmitter so that
they do not affect other equipment.

11.11. Design Considerations for the R-f Head.—The form which
the r-f head takes will depend on whether it operates on the ground, on a
ship, or in an airplane; on the degree of exposure to the elements; and on
the power and transmitting frequency of the magnetron. Pressurization
has advantages and disadvantages. Among the latter are inconvenience
resulting from inaccessibilityy of parts for adjustment and repair, and
difficult y of transferring heat through the pressure wall. The r-f head
of a small airborne set will undoubtedly be a completely pressurized unit.
The r-f head of a very large ground set might operate inside a protective
housing and not be pressurized at all. Between these two extreme types
are designs where part is pressurized antf part is not. No firm rules can
be laid down. The treatment here will outline the conditions that must
be met, and then give illustrative examples of two quite different designs.

Heat Removal. ‘—The maximum safe ambient temperature for most
of the r-f-head components—such as composition resistors, oiI-paper
condensers, and blower motors—is about 85”C. The temperature of the
air around the r-f head may get as high as 50”C in desert areas inside a
housing exposed to the sun’s rays. If the unit is not pressurized the per-
mitted dMerential of 35°C is easily met. The air from a simple blower,
properly channeled, will readily carry the heat released inside the enclos-
ure out into the surrounding air. Often the air from the magnetron
cooling blower can be so directed as to do what additional cooling is
needed. Subunits tightly enclosed for reasons of electrical shielding may,
however, need additional circulation.

Where the free flow of external air through the r-f head is blocked off,
as it must be by a pressure housing, the problem of transferring the heat
to the outside air can easily be a limiting factor in design. The difficulty
is not in getting the heat through the actual metal wall. A short com-
putation shows that a differential of a fraction of a degree is sufficient for
this. Almost all of the temperature drop occurs across the dead-air
films on the two sides of the wall. Natural convection results in a

transfer coefficient of only 0.006 to 0.010 watts/in2 per ‘C difference in
temperature between the air and the wall. If 30”C be taken as a safe
figure for rise of internal air over external air, and if natural convection
be assumed on both sides, then the average coefficient given above would
result in a maximum thermal load of 0.12 watt s/in2. Forced convection
from a gentle current of air along the surface raises the coefficient to 0.02
watt s/in2 per “C, but beyond this increased velocity results in onIy a slow
increase. A high-velocity flow of perhaps 50 ft/sec is necessary to
achieve a figure of 0.04 watts/in2 per “C.

I Amer.Sot. of Healing and Ventilating En~”neers Handbook,
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The increase in the coefficient is due mainly to creating a turbulent

layer where good mixing occurs close to the actual wall, and to reducing

the thickness of the poorly conducting layer. The cooling blast for a

magnetron approximates the necessary conditions, but maintenance of

turbulent flow over large areas takes considerable power.

The conclusion is that with moderate blowing on the inside and

natural convection outside, the loading can increase to 0.17 wat ts/inZ,
and with blowing on both sides can increase to 0.3 watt siin2, for an over-

, Blowers

T 1
I

I I I I
(a) (b)

FIG.11 .26. —Methods of improving heat transfer through pressurized containers.

all rise of 30”C in air temperature. These figures are all approximate,
since the geometry is never simple and uniform conditions of air flow
over a whole vessel are never realized.

Radiation plays a minor role in heat transfer ~or the differentials here
involved. Painted rather than bright surfaces are worth while, however.
Fins are helpful in increasing effective area, especially with natural con-
vection, though not in proportion to actual surface. If the forced con-
vection is not along the fins they do not help at all, because the increased
area is compensated by impediment to air flow.

Two schemes to improve heat transfer are shown in Fig. 11.26. In
a, the internal and external blowers are directed at the same portion of
the wall, which has some fins at that point at least to increase effective
area. In the region of turbulent flow directly under the blower output
the transfer coefficient is high. In the second case, b, there is an outer

shell close to the wall of the pressure container. A powerful blower

maintains turbulent flow over the whole interspace and a high coefficient

results. This may be repeated on the inner wall of the pressure housing.
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Types oj Container.—If the r-f head is not pressurized, the supporting
framework for the parts will be a rectangular affair consonant with the
standard construction practices used on the rest of the radar. The usual
rules of accessibility and convenience will dictate the placement of parts.
If, however, the unit is to be pressurized, further consideration must be
given to the container. It is almost essential to be able to remove the
pressure cover and make tests and adjustments without disconnecting
the r-f transmission line or any power or signal cable. This rules out
methods of mounting the units in which the support brackets attach

Although rectangular containers are most economical of space, they
are difficult to pressurize because of their tendency to become spherical
under pressure, with resultant severe shear strains in the corners. In a
ship set, where only small pressure differentials are expected, a rectangular
cover is feasible. If it is not too large, a rectangular housing cast out of
light metal can be made strong enough to stand the 30 lb/inz test pressure
required for airborne r-f heads. It has been common practice, however,
to use cylindrical housings with domed ends because only tensile strains
are then involved and the housing can be very light.

One example of pressurized airborne container design is illustrated
in Fig. 11.27, and discussed fully in Sec. 11.12.

The heat generated in the magnetron rises as the average power level
is increased, but the generation of heat in the receiver components is
substantially constant from one radar set to another. If the transmitter
power is more than about 50 kw, the thermal load for any pressurized
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container of reasonable size would be above the limit set in Sec. 11.11.
Under these circumstances, it is customary to mount the magnetron

anode and the pulse transformer case outside the pressurized shell, with

an external blower to cool them. The cathode connection to the magne-

tron is made in a pressurized inner compartment, into which gasketed

bushings bring the pulse transformer output and the magnetron cathode

leads. The waveguide r-f line is pressurized from the magnetron output

to the pressurized compartment which houses the duplexer, as well as on

the antenna side. In this arrangement, high voltages appear only inside

pressurized spaces, while most of the heat is liberated in the open, where

it can be carried away by the air stream from the external blower.

Metering and Test Points. —Good radar performance depends on
ob.jective tests of the functioning of each part. The vital radar com-
ponents are all centralized in the r-f head, and the providing of necessary
test points there is a part of the design job. Testing should not require
removal of any covers. A directional coupler, used to introduce the test
signal, will be located on the antenna line either just outside the r-f head
or just inside with cable feed to a test jack on the outside wall. At the
higher microwave frequencies, cables and cable fittings introduce a vari-
able element and the external location would be preferred. The video
output jack required can be the normal output to the indicator, in which
case an interchange of cable is required. If the video output tube is
capable of handling parallel loads, a second jack for test purposes on]y
would be added. If the test set requires a trigger signal at the time of
the magnetron pulse, this can be obtained by inserting a few ohms in the
bypass-to-ground circuit at the low end of the pulse transformer. The
signal would go in a shielded cable to an appropriate external jack.

The other checks on the operation of the r-f head divide themselves
into (1) minimum inf orma.tion continuous y available to a remote opera-
tor and (2) tests to be performed with the cover removed.

The average magnetron current is the most important single item in
monitoring a radar set. If it has the correct value, the magnetron is
operating at the recommended point on its performance chart and is
almost certainly putting r-f power into the antenna line. Sparking
of the magnetron or irregular modulator operation can be observed.
This meter reading is an over-all check on the operation of the radar
transmitter.

The second most important item for the operator to monitor is the
radar crystal current. If this maintains its original value, it is known
that the local oscillator is functioning and the crystal has not changed its
properties. A decrease may indicate a burned-out or damaged crystal.
A rhythmical variation indicates that the AFC is searching but not
locking.
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A single remote meter with a selector switch, or selector relays in the

r-f head, can perform these minimum monitoring functions at the opera-

tor’s position. If the set has beacon AFC, the radar-beacon switching

relay should transfer the remote meter to the beacon cavity crystal.

Then a steady meter reading indicates not only that the beacon AFC is

locked, but that it is locked at the correct frequency, since the crystal

energy has come through the reference cavity.

Of the test points usually provided for cover-off checking, the most

essential is a jack to measure the crystal current at every crystal, in order

to permit adjustment of the Iocal-oscillat or coupling. On crystals

where the same current is metered remotely as well, a cut-in jack is used.

Another current worth metering is the average diode current in the second

detector, for over-all sensitivity y tests and checking the receiver. A jack

for measuring the keep-alive current in the TR tube should be included

to provide verification that the TR switch is performing normally.

In radar sets where the r-f head is accessible to an operator during

operation, all of the above metering can be done on a single meter and

selector switch.

The most important internal signal test point is the AFC video output.

On an oscilloscope the discriminator output is seen, as well as any spuri-

ous signals. Sometimes this is made a phone jack also, so that with a pair

of headphones aural indication of crossover may be compared with the

frequency of best tune.

11.12. Illustrative Examples of R-f Heads. Airborne Search set.

Figure 11.27 shows an external view of the r-f head used on a 3-cm search
and navigation set of recent design. A broad flat container was dictated
by the space available in certain aircraft. A lightweight sheet-metal
pressure vessel of this form factor must of necessity have a dom~d top and
bottom. The pressure seal comes near the top of a short central cylindri-
cal section 18 in. in diameter.

The radar set is designed to work on three pulse lengths: (1) 5 ~sec,
200 pps, for search; (2) 2.5 psec, 400 pps, for beacon interrogation; and
(3) 0.5 psec, 800 pps for high definition. The long pulse, as shown in
Sec. 2.9, gives greater range, particularly in mapping land-water bound-
aries. It must be longer than the upper discrimination limit of ground
beacons. The beacon pulse is well over the minimum length of 2 psec
necessary to trigger beacons.

The pulse is transmitted from the modulat or on a 50-ohm cable, which
enters the r-f head via a pressurized pulse connector fitting. The
shielded cable then goes to the quadrant-shaped pulse compartment.
Into this compartment project the pulse transformer bushings and the
magnetron cathode bushing. The interior detail is shown in Fig. 1I .28.
Ordinarily the quadrant cover is on and no high voltages are exposed
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when the lid of the whole r-f head is off. The pulse compartment also

contains the magnetron cathode-heating transformer and the necessary

bypass condensers to provide a pulse path to ground in the metering

circuit. All wires that leave this well-shielded compartment go through
.

i j

\k, I

L.
FIG.11.28.—Interior view of a 3-cm airborne r-f head; (a) pulse input; (b) pulse trans-

former; (c) pulse compartment; (d) pulse transformer bushing; (e) magnetron cathode
bushing; (f) blower motor; (g) .4FC chassis; (h) receiver chassis; (i) beacon reference
cavity; (j) shield for local oscillators; (k) double mixer; (1) TR tube.

filters which reduce pulse voltages on them to a level that will not inter-

fere with communications. The pulse transformer case, being the

source of some heat, projects outside the airtight compartment.
The r-f system of this unit is shown in Fig. 11.29. The magnetron,

type 4J52, is of the “packaged” design; the magnet is an integral part of
the tube. It ope~ates at an input level of about 200 kw, with an average
efficiency of about 30 per cent. Its cathode is larger than is usual for
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FIG. 11 .29.—R-f system,
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magnetrons of this power; thus the tube is better able to furnish the

long 5-psec pulse without sparking. Its cooling blower also provides the

general air circulation inside the r-f head.

The waveguide fittings inside the r-f head are not airtight; they com-
municate the head pressure to the antenna waveguide run. However,
electrically the waveguide is kept sealed as tightly as possible in order to
prevent the general level of leakage power in the closed container being
high enough to interfere with AFC operation. The sealing is done by
woven metal gaskets at every junction. A short section of flexible
corrugated waveguide next to the magnetron absorbs the dimensional
tolerances and permits all parts to be bolted together tightly without
strain.

The duplexer-mixer portion of the r-f system follows closely the block
diagram of Fig. 12.12. The TR tube is a 1B24. Its r-f selectivity is high
enough (about 50 Me/see between the half-power points) so that when
tuned up for radar reception the loss in receiving beacon signals may be
as much as. 20 db. This loss is averted by a solenoid-actuated plunger
inserted in the wave guide on the low-power side of the TR tube at a
distance of half a guide-wavelength from its output window. By adjust-
ing the depth of insertion, the TR tube can be pulled into good tune for
the new frequency.

The outputs of the radar and AFC crystals go in double-shielded
cables to the receiver and AFC chassis respectively. The AFC control
circuit is essentially of the form described in Sec. 12.7. For best use of
the available space, the receiver chassis is in the form of a segment of a
circle. The normal chain of i-f amplifier stages, second detector, and
video out put stage, is arranged around the periphery. The bandwidth of
the i-f amplifier is 5 Me/see, but for long-pulse operation a relay switches
the bandwidth to 1.0 Me/see by changing the loading of one of the inter- *
stage timed circuits. This is necessary to realize the full gain in sensi-
tivity to be expected from the lo~g pulse. The bandwidth is still 5 times

the reciprocal pulse length, rather than the value of 1 to 2 times estab-

lished as optimum in Sec. 2.9. There are two reasons for this: (1) fre-

quency modulation of ~he magnetron owing to variations of current
during the long pulse can lead to a spectrum wider than theoretical; and
(2) it is difficult to make a practical AFC that will hold a set in tune to a
small fraction of a megacycle per second.

No d-c power supplies are provided in the r-f head, except for the TR-
tube keep-alive supply. This is a small half-wave supply with resistance-
capacity filter, located under the receiver chassis. All other voltages for
the local oscillators, receiver, and AFC come in over wires in the large
cable connector from an external centralized supply.

The various subunits in the r-f head are designed with plug connec-
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tions so that they may be quickly removed for servicing or replacement
with spare units. Remote metering of magnetron current, radar crystal
current, and beacon cavity crystal current is provided.

Shipborne Air-search Set.—The final example is the r-f unit of a
high-power shipborne set for maintaining air surveillance. The r-f head
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FIG.11.30.—Front view of r-f head, shipborne radar: (a) pulse input; (b) transmitter

compartment, search radar; (c) receiver, search radar; (d) ATR mount; (e) AFC mixer;

U) radar n,ixer; (o) TR-tube mount; (h) r-f switch for noise source; (i) receiver, height-
Iinder radar; (j) duplexer, height-finder radar; (k,l) built-in control and test equipment.

illustrates many points of good design applicable to high-power sets in
the 10-cm region whether shipborne or not. Figure 11.30 shows a front
view of the r-f head.

This equipment is a dual set with separate radars on different
frequencies; o~e for long-range search and one for height-finding. The
two antennas are mounted on a turret about 5 ft in diameter which con-
tains the r-f head and has room for an operator during tests The
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arrangement is therefore a back-of-dish mounting with short waveguide

runs to the antenna, as was recommended in Sec. 11.10. The pulses

from the two modulators are transmitted through rotary joints. All
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other power, sign al, and cent rol connections to the rotating turret are
made via slip rings.

Each of the end compartments contains the transmitter components
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of one oft he radars. Figure 11“31 shows the interior detail of one of these
compartments; in the other, the items are the same but are mounted the
other end up. The pulse from the modulator comes in through the pulse
connector on the end of the case. For the long-range search set the
power from the modulator is about 2 Mw, or about 10 kv on the 50-ohm
cable. This power goes in parallel to the primary of the pulse transformer
and to a despiking network consisting of a 50-ohm resistor and a 400-~pf
condenser in series to ground. The network provides a transient load
for the modulator while the voltage is rising but before the magnetron
starts to draw current.

On the long-range search set, a 4J32 magnetron furnishes 0.8 Mw of
r-f power. The pulse length is 1 psec and the repetition rate is 39o pps.
Since the peak voltage at the cathode is about 28 kv, good clearance must
be maintained. The magnetron output is in 1~-in. OD coaxial line, but
an immediate transition is made to standard waveguide l+ by 3 in. with
0.080-in. wall. Since both the coaxial line and waveguide are operating
not very far from the voltage-breakdown point, a specially tapered “door-
knob” transition is necessary. A small air gap in the choke-flange
coupling between the transition section and the waveguide outJet absorbs
the tolerances in the magnetron mounting. The whole magnetron high-

voltage compartment is tightly closed in operation. The small upper
compartment is mainly taken up with the fluted case of the pulse trans-
former. The antenna waveguide of the other radar goes through in
front and the directional coupler is put in this convenient place.

In the central section are the two duplexer sections and the two
receivers. The duplexer section for the search radar stretches across the
lower part of the case. Nearest the magnetron is the AFC attenuator
and mixer. The mixer is of the type shown in Fig. 11.25, Sec. 11.8. One
coaxial cable brings r-f power from the local oscillator, which is mounted
in a well-shielded compartment in the receiver box. The other carries
the i-f signal to the AFC discriminator and control circuit in the same box.

Next along the guide and on the opposite side are the two ATIt tubes,
of the untuned 1ow-Q type, spaced one half of a guide wavelength apart.
This gives a broadband characteristic. 1 The resonant windows are
made a part of the broad face of the waveguide. A half wavelength
farther down the guide, and on the same side as the AFC attenuator, is
found the duplexer T. The TR cavity is iris-coupled, both on the input
side from the end of the waveguide and on the output to a coaxial mixer
which is otherwise the same as the AFC mixer. As in the AFC case, i-f
cables connect the mixer with the local oscillator and the proper parts
of the receiver.

The last part of the duplexer section is an r-f switch used in testing
1Microwave Duplaxrs, Vol. 14.
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the receiver sensitivity y. In the radar operating position a straight piece

of waveguide with a choke-flange joint at each end transmits the power

direct to the antenna. There is, of course, appreciable r-f leakage at the

air gaps of the two junctions. Accurate construction keeps this small

enough not to affect the AFC mixer in the same compartment. A safety

switch prevents turning on the magnetron unless the guide is in proper

position. This piece slides out of the way and a matched probe-fed

transition piece slides in for introducing a test signal.
The receivers are typical of ground and ship sets, except that in this

case they do not contain the regulated power supplies. The usual i-f and
video amplifier, the various anti clutter circuits, and the .4FC circuits are
included. A tight outer box provides general shielding, but the i-f
amplifier and local oscillator have inner shields in addition.

One of the most noteworthy features of this radar is the built-in
test equipment. An operator can go to the turret and, by transferring
the usual remote controls to a duplicate set in the turret, operate the
radar and view the echoes or waveforms on the scope provided. A uni-
versal meter furnishes a quick check on all the currents mentioned in
Sec. 11.11. The vital check on receiver sensitivityy is made with a
klystron noise source, whose output signal is introduced via the r-f
switch just described. The reliability and day-to-day reproducibility
of the test set are excellent, and having it built in makes a quick daily
check on a cent inuousl y operated radar simple to perform. Over-all
noise figures of 9 to 12 db are commonly maintained.

Neither the r-f head nor the waveguide is pressurized. The moisture
problem in the turret is solved by electric heaters which come on when-
ever the radar shuts down. Only a few degrees rise above general
atmosphere temperature prevents condensation. Drain holes for water
are provided at proper points in the antenna line.



CHAPTER 12

THE RECEIVING SYSTEM—RADAR RECEIVERS

BY L. J. HAWORTH AND W. H. JORDAN

INTRODUCTION

BY L. J. HATVORTH

12.1. The Role of the Receiving System.—It is the purpose of the
receiving system to extract the information contained in the radio-
frequency echoes, to sort it in terms of the geometrical parameters
involved, and to present the results to the observer in a convenient and
useful form.

The data involved are in a variet y of forms. Most of them come from
the radar set itself. Ihrst in importance, of course, are the echo signals,
which may contain as many as several million separate pieces of informa-
tion each second. The exact instant at which the radar pulse is trans-
mitted is known by virtue of a pulse to or from the modulator. The
geometrical coordinate of range is proportional to the return time of the
echo pulses with respect to this pulse. The orientation of the antenna is
available in terms of the rotational positions of shafts geared to the
scanner axes. These direct data are often supplemented by others
(obtained from external sources or from observation of the composite
radar results), such as geographical information, the location and orienta-
tion of the radar platform, if it is a moving one, and so on.

Within the limitations of these data and the requirements of the par-
ticular situation, the equipment should present to the observer a con-
tinuous, easily understandable, geometrical picture of the radar targets
under study, giving the location, size, shape, and, in so far as possible, the
nature of each to any desired degree of accuracy. In many cases, the
equipment should have provisions for instantaneous y determining in a
precise numerical way the exact position of each target with respect to
the radar set or to other targets, and often it should furnish means for
passing these results onto other devices in an automatic way. All of this
must be done in such a manner that the echo signals have optimum sen-
sitivity compared to internal system noise and to extraneous radiations.

The accomplishment of these objectives requires a considerable array
of equipment. The ultimate link with the observer is the indicator.
The indicator proper is usually supplemented by a considerable amount

433
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of auxiliary equipment, the chief functions of which are to prepare the
geometrical and other data, apart from thesignals, forusebytheindica-
tor, to control the indicator functions, and to assist in the making of
measurements. No satisfactory descriptive term exists for this auxiliary
equipment, but in combination with the indicator it is known as the
“indicating (or indicator) equipment. ” The echo signals must be
amplified greatly and demodulated before being presented to the indica-
tor, usually in the form of video signals. The path which they follow in
this process will be spoken of as the “signal channel,” and the equipment
involved as the “receiver.” On some occasions the system also contains
computers or other devices which aid in the ultimate disposal of the data.

The receiver must deliver a maximum of desirable, and a minimum
of undesirable, information to ihe indicator. It should have as little
inherent noise as possible, Since such noise determines the ultimate limit
in signal detectabilityy. It should afford sufficient amplification to

realize this ultimate limit and sufficient dynamic range to allow wide
latitude in useful signal intensities. The bandwidth must be chosen to
provide sufficiently rapid transient response so that the details of the
signals will be preserved; but it must not be so great as to decrease unduly
the signal-to-noise discrimination. In many cases, special design char-

acteristics enhance the discrimination of certain kinds of echo in com-
parison to other undesired echoes or to radiations from other transmitters.

The indicating equipment, which is almost entirely responsible for
the purely geometrical aspects of the display problem, must share with
the receiver the responsibility for the discernibility of the signals with
respect to noise, interference, and signals from other targets. The indica-
tor proper is almost always a cathode-ray tube whose screen presents the
radar display. Synthesis of such displays involves combining the signal
intelhgence with antenna scanning angles and uther geometrical factors
to provide an intelligible picture of the dispositions and other characteris-
tics of the radar targets. Some of the displays are, in principle, facsimile
representations of the actual geometrical situation; others are deliberately
deformed to improve some particular type of observation or measurement.

A wide variety of displays has been discussed in Chap. 6. The basic
types are listed here for reference:

1. De$ection-modulated displays, in which the echo signals are used
to deflect the beam laterally on the tube face. In practice, the
other rectangular coordinate is invariably range (A-scope, R-scope,
etc.).

2. Intensity-modulated displays, in which the signals serve to brighten
the screen, and hence appear as bright spots or patches against a
background that is partially illuminated by the receiver noise
These fall into several categories:
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a. True plots of a plane surface in which range and an angle are
combined as polar coordinates (PPI).

b. Rectangular plots of two cartesian components of range, in
general with unequal normalizations’ (stretched PPI, RHI).

c. Rectangular plots of the polar coordinates, range and angle
(B-scope, E-scope.)

d. Rectangular plots of azimuth angle and elevation angle
(type C).

e. Modifications of the above types to indicate a third dimension
in certain simple situations.

3. Presentations, not properly displays, in which the cathode-ray
tube is used as a two-dimensional meter (spot error indicator).

Additional types of deliberate deformation of the basic displays and

certain approximations used for technical reasons will appear later in

detailed descriptions of the production of the various displays.

Observations and measurements are aided by various indices. Prac-

tically all the displays that include range are provided with a set of pre-

cisely timed ‘‘ electronic markers” which occur at convenient regular

intervals on the display itself. These are sometimes supplemented by a

manually controlled continuously movable marker, which removes the

necessity for interpolation. Measurements of angle can be made by

means of similar electronic indices, but fixed lines etched on a transparent

overlay plus, perhaps, a movable mechanical cursor, are often used.

12.2. A Typical Receiving System.—Figure 12.1 illustrates the

principal parts and some of the subdivisions of a typical receiving system

containing a cathode-ray-tube indicator.

The receiver is always of the superheterodyne type and consists of the

signal channel and the local oscillator, together with frequency-control

circuits for the latter. Strictly speaking, this should include all equip-

ment concerned with the received signal, beginning with the antenna and

ending with the input terminals of the indicator proper. However, in

practically all radar applications the antenna, the TFi tube, and the r-f

line connecting them are shared with the transmission channel, and the

techniques in these sections are dictated somewhat more by the trans-

mitter requirements than by those of the receiver. We shall, therefore,

consider the receiver as beginning at the point where the signal channel

branches from that which is shared with the transmitter.

R-f signals from the antenna by way of the TR switch enter a crystal

mixer where they are combined with the c-w output of a tuned local

oscillator to form a heterodyned signal at the desired intermediate fre-

quency, usually 30 to 60 IUc/sec. This signal is led from the mixer into

an intermediate-frequency amplifier of very special characteristics, where

1If the normalizations are equal the display is, of course, equivalent to Category a
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it experiences an amplification of some 120 db. Following the i-f ampli-
fier is a “second” detector and i-f filter which rectify the signals and
remove the i-f components, leaving only the video signal envelope. The
signal channel is completed by a video amplifier which delivers the
signal at proper voltage level to the input terminal of the CRT or other
indicator.

As in all superheterodynes, tuning is accomplished by controlling the
frequency of the local oscillator. Since the ratio of the bandwidth to the
carrier frequency is extremely small (of the order of one part in a few
thousand), the tuning is critical. Some form of automatic frequency
control is essential if constant manual tuning adjustments are to be
avoided. Methods of AFC in pulse radar practice are quite different
from those of radio or television; in radar, frequency control is exerted
by passing a portion of the transmitted signal through a mixer and i-f
amplifier, and maximizing its intensity by the use of a frequency dis-
criminator and electrical circuits, which tune the local oscillator.

When the radar is to respond to beacon signals, the receiver must be
tuned to the beacon transmitter rather than to the local one. In this
case, an alternate local oscillator (not shown in Fig. 12.1) is forced to
oscillate in resonance with a standard cavity whose frequency differs
from that of the beacon by the intermediate frequency of the receiver.

The indicating equipment consists of the cathode-ray tube together
with the auxiliary vacuum-tube circuits and other devices necessary to
the synthesis of the display.

Those elements of the cathode-ray tube essential to a general under-
standing are shown in Fig. 12.1. In addition to the screen, these consist
of a hot-cathode electron source, a “control grid” whose potential deter-
mines the beam intensity, and a mechanism for deflecting the beam. In
the example illustrated, the deflection mechanism consists of two orthog-
onal pairs of parallel plates between which the beam must pass, the
deflection due to each pair being proportional to the potential across it.
In another type of tube, the deflection is produced by a magnetic field
resulting from current in a coil or combination of coils surrounding the
tube “neck.” Arrangements for focusing the beam are not illustrated.

The equipment auxiliary to the cathode-ray tube varies widely with
different situations but a few general statements can be made. Those
parts concerned with the pulse-repetition cycle are collectively called the
“timer.” The timer provides synchronization with the modulator,
sweeps and markers for the display and measurement of range, blanking
of the cathode-ray tube during unused portions of the pulse cycle, and
other related operations which may arise in special cases. The remaining
equipment, apart from the necessary power supplies, is mainly concerned
with the display and measurement of geometrical quantities other than
range.



438 THE RECEIVING SYSTEM—RADAR RECEIVERS [SEC.122

Since time is always measured with respect to the instant at which the
modulator fires, synchronization between the modulator and the timer is
of basic importance. In some cases, thetimer exerts precise control of
exact firing time of thernodulat or bysendingitatriggerpulse;in others,
it responds to a trigger from the modulator. In the latter case, the sys-
tem is said to be ‘i self-synchronous. ” 1 Although certain advantages
can often be derived by giving control to the timer, this cannot always
be done,z and it is sometimes inconvenient in a multiple-display system.
Figure 12.1 illustrates a self-synchronous system. Some of the depar-
tures possible when the timer does the synchronizing will be pointed out
in the appropriate places.

The cathode-ray tube must be turned on only during the fraction of
the pulse cycle in which it is used. One portion of the timer generates a
square wave (Waveform b, Fig. 12”1) which performs this function and
usually finds other applications within the timer.

If the display includes a range sweep, as is nearly always the case, the
timer generates the waveform that ultimately produces it. This wave-
form usually consists of a linearly increasing voltage wave which begins
at the initiation of the sweep and returns to the initial condition at its end
(Waveform c, Fig. 12.1). This involves a switching action which, as
indicated in Fig. 12.1, is usually provided by the same square wave that
turns on the cathode-ray tube.

The timer generates a set of discrete range markers: sharp video pulses
occurring at regular, precisely known intervals. In a self-synchronous
system, the markers must be recycled on each transmitter pulse; this
requires a transient oscillator. In the simple example illustrated, the

square wave b provides the necessary switching voltage. Often the
discrete range markers are supplemented by a continuously variable
range marker which may be generated in any of several ways. As indi-
cated in Fig. 12.1, the markers are usually mixed with the radar video
signals and the combination applied to the cathode-ray tube. In some
cases, however, the signals and the markers are applied separately to
different electrodes of the cathode-ray tube.

The equipment illustrated does not provide for the use of a delayed
sweep. If one is to be used, separate square-wave generators are neces-
sary to switch the range-marker circuit and to perform the other func-
tio&. The former square-wave generator must be triggered directly as

1A trigger generator for the modulator is sometimes housed with the indicator
equipment for convenience, but the actual synchroni~atiOn is accomplished bY trans-
mitting the modulator pulse to the timer proper. This case is functionally identical
with that in which the trigger sourceis physically part of the modulator.

2Certainmodulators,such as the rotary gap, cannot be triggeredat Ill. Other
types can be triggeredbut have so variablea responsetime that the modulatorpulse
itselfmustbe usedfor synchronizationin orderto providethe necessarvprecision.
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before. The latter must be provided with a delayed trigger which may
come from a continuously variable timing circuit or may be one pulse of a
discrete set, often the range-marker pulses themselves. The continuous
type of delay is frequently associated with a continuous precision range
marker (Sec. 13. 12).

31any deviations from Fig. 12.1 are possible if the timer provides the

synchronizing pulse. In particular, the discrete range markers can then

be derived from a high-precision c-w oscillator, one of the marker pulses

being selected as the modulator trigger by a scaling-down process. A

continuous marker can also be provided from this oscillator by means of a

continuous phase-shifting device. Other advantages of the timer-con-

trolled synchronization entail the use of a ‘‘ pre-trigger” by means of

which the actions of certain circuits can. be initiated somewhat in advance

of the firing of the modulator. h~any other functions, some of which

will appear in later sections, are performed by the timer in complex

situations.

The functions of those indicator circuits not included in the timer

vary widely with the different display types. For illustrative purposes,

Fig. 12.1 has been arranged to illustrate a simple A-scope or, alternatively,

a simple B-scope. The former requires no equipment beyond that

already described. The connections to the cathode-ray tube are shown

as position A of the switch. The range-sweep voltage is applied to one

pair of deflecting plates and the signal and range-mark voltages to the

other. The square wa~-e controlling the cathode-ray-tube intensity is

applied to the cathode in proper polarity to brighten the tube during the

range sweep.

In the B-scope display, the range sweep is applied to a deflection plate

just as before. Signal modulation is applied to the control grid, and the

second set of deflecting plates receives a ~-oltage that produces the azi-

muthal deflection. This may be furnished, in simple cases, by a linear

potentiometer geared to the scan axis. simplification may sometimes be

necessary before applying the azimuth sweep voltage to the cathode-ray

tube. The circuits shown are equally applicable to a magnetic tube, the

only appreciable changes being in the deflection amplifiers.

The timer of Fig. 121 can be used in the production of many other

types of indication. For example, Fig. 122 shows the additional pai-ts

necessary to generate one type of PPI, and Fig. 12.3 those necessary for a

(technically) different PPI or, alternatively, for one form of RHI.

The PPI of Fig. 12.2 is of the so-called “rotating coil” type. A single

deflection coil driven by the range-sweep amplifier produces a radial

range sweep. This is made to take the direction on the tube face that

corresponds to the instantaneous antenna orientation by some form of

electromechanical repeater. Except for this modification in the de flee-



440 THE RECEIVING SYSTEM—RADAR RECEIVERS [SEC.122

tion system, the display circuits can be identical with those of the B-scope
of Fig. 12.1.

Figure 12”3 shows the parts necessary to convert Fig. 12.1 to an
“electronic” PPI without moving parts, or by a slight variation into an
RHI. The range sweep of a PPI can be considered as made up of two
orthogonal sweeps with speeds proportional to sin 0 and cos o (see sketch
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in Fig. 12.3). In this particular form of PPI, these sweep “components”
are formed by passing a sawtooth waveform through a sine-cosine
“resolver” on the scanner. The resolver is a variocoupler or a sine-
cosine potentiometer which, when excited by a given waveform, produces
two “components” of the same waveform whose amplitudes are propor-
tional respectively to the sine and the cosine of the orientation angle of
the resolver. Proper amplifiers are provided for driving a pair of orthog-
onal coils (as indicated in Fig. 12.3) or, alternatively, the deflecting
plates of an electrostatic tube.
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If elevation angle is substituted for azimuth, the device becomes an
RHI. Usually, in this case, the gain of the vertical amplifier is made
greater than that of the horizontal, so that the display is “stretched” in
the vertical direction. Since direct-coupled push-pull sweep amplifiers
are usually used, they can be biased in such a way as to produce the
“off-centering” shown.

THE RECEIVER

BY W. H. JORDAN

12.3. Special Problems in Radar Receivers.—Radar receivers,
though similar inprinciple toall radio receivers, differ from them in some
respects. This fact ischiefly duetoadifference inemphasison some of
the functions. For example, it would be foolish to design a broadcast
receiver with the ultimate in sensitivity when the weakest signal that can
be detected is determined largely by man-made and natural static. In
the radar portion of the spectrum, on the other hand, external sources of
interference are normally negligible, and consequently the sensitivity
that can be achieved in a radar receiver is normally determined by the
noise produced in the receiver itself. Methods of reducing this noise are
of prime importance in radar receiver design. Not only must noise be
kept down, but everything possible must be done to minimize attenua-
tion of the signal before it is amplified. How this has influenced the
design of r-f components has already been seen. The effect on the design
of i-f amplifiers will be developed in this section.

The lack of low-noise r-f amplifiers or converters in the microwave
region has meant that most microwave receivers convert the r-f signal
to an i-f signal directly in a crystal mixer and then amplify the i-f signal.
This lack of previous amplification complicates the design of the i-f
amplifier, as is shown by the following expression, given in Chap. 2, for
the over-all receiver noise figure.

N..,rd, = ~ (Ni-[ + T’ – 1)1

where

g = gain of the converter,

T = noise temperature of the converter,
Ni., = noise figure of the i-f amplifier.

(1)

A good crystal in a well-designed mixer will have a noise temperature
T that is only slightly more than 1. This means that the over-all noise
figure is reduced in direct proportion to the reduction in i-f noise figure.
Hence it is important to design the i-f amplifier to have a noise figure that
approaches as nearly as possible the theoretically perfect value of 1.
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Another very important factor in radar receiver design is that of
securing a good transient response. Reception of pulses about 1 ~secin
length imposes severe requirements on the pass band of the amplifier.
At the same time, the amplifier must be capable of amplifying pulses
several hundred microseconds in length and yet be fully sensitive to a
weak signal immediately following. It must recover immediately from a
signal thousands of times stronger than the minimum discernible signal.

Frequently special requirements are placed on the receiver. For
example, it may be required that it respond to weak pulses even in the
presence of a c-w signal of considerable strength. The problem of
detecting a weak target echo in the presence of strong sea return is some-
what similar. Special circuits which go under the general title of “anti-
clutter circuits” are usually required in such cases.

The unique requirements outlined in the foregoing three paragraphs
have resulted in a receiver that is considerably different from anything
previously existing. The design of i-f and video amplifiers to meet these
requirements will be discussed in the following sections.

12.4. I-f Ampliiier Design—In an ideal i-f amplifier, all the noise
would originate in the generator connected to its input terminals-that is,

B+

Fm. 12.4.—Pentode input circuit.

the crystal that serves as converter in
the usual radar receiver. In any prac-
tical amplifier there are additional
sources of noise. Thermal noise from
resistances in the input circuit and shot
noise due to the uneven flow of elec-
trons to the plate of the first tube are
the chief sources of excess noise, al-
though later stages may contribute
slightly. For this reason, care must

be taken in the design and tuning of the network coupling the crystal to
the first grid as well as in the choice of the operating conditions and type of
the first tube.

Figure 1264 shows a typical input circuit, with the primary tuned to
resonate with the crystal and mixer capacity at the intermediate fre-
quency, and with the secondary tuned to resonate with the input capacity
of the tube and socket. The coils are usually fixed-tuned or “ slug-
tuned” 1 in order to avoid any extra capacity. The only loading on the
circuit is due to the crystal and the input resistance of the tube; thus,
there are no additional resistances to contribute thermal noise. Thermal

1The inductanceof a ‘1slug-tuned” coil is loweredby the effect of eddy currents
inducedin a metallicrod (slug)insertedin one endof thecoil. The degreeof penetra-
tion, and thereforethe inductance,can be varied by turning the slug in a threaded
support.
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noise due to the resistance in the coils themselves can be kept negligibly
small by using coils of moderate Q. The coupling between primary and
secondary is preferably magnetic, since capacitive coupling gives a some-
what poorer noise figure. The amount of coupling is usually fixed at a
value that gives the best noise figure. This is necessarily greater than
critical coupling, and in the case of a 6AC7 seems to be about transitional
—that is, just before a double hump appears in the pass band. The
bandwidth with this amount of coupling depends upon the crystal resist-
ance and the mixer and tube capacities. Since the crystal resistance is
small (around three or four hundred ohms), the bandwidth is usually
adequate, being around 10 Me/see between half-power points. Con-
siderably greater bandwidths can be obtained by paying attention to the
mixer capacity.

A number of tube types have been tried in the first stage; however,
most radar receivers today use the 6AC7, 6AK5, or 717. The 6AK5 and
717 are very similar in electrical performance and give a lower noise
figure than the 6AC7; however, the latter is still widely used.

TABLE 12.1.—AvERAGE NOISE FIGURE

Circuit

Grounded-cathode pentode to
grounded-cathode pentode

Grounded-cathode triode to
grounded-grid triode

Tube type

1st 2nd
stage stage

6AC7 6AC7
6AK5 6AK5
6AK5 6AK5

6AK5 6AK5
6AK5 6AK5
6AK5 6J6
6J4 6J4

Intermedi-
ate

frequency,
Mc,/sec

30
30
60

30
30
60

180

Over-all
receiver

bandwidth,
Me/see

1.5

6
16

1.5

8
12

3

Average
noise,

db.

3,9
3.3
6.5

15
2,2
3.5
5.5

The o~eratin~ voltage and current for the first tube are frequently
influenced by design considerations other than noise figure. In generai,

the plate and screen voltage should be low (75 to 120 volts are common)

and the cathode current should be as high as is permitted by the tube

ratings.

The noise figure that can be obtained by use of the circuit shown in

Fig. 12.4 depends upon the intermediate frequency and the over-all

receiver bandwidth. Since it varies considerably with individual tubes

of the same type and manufacture it is desirable to quote average figures.

Some representative values are given in Table 12.1.

It has long been realized that a large portion of the shot noise in a

pentode is due to the interception of electrons by the screen grid. Hence.
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a triode is less noisy than a pentode. The difficulty in using a triode lies
in finding a circuit that is stable, uncritical in adjustment, yet with
enough gain to swamp out noise originating in the following stage. A
circuit that has recently been developed is shown in Fig. 12”5. The input
transformer T is similar to the one used for pentodes. In order to realize
the ultimate noise-figure capabilities of the circuit, the Q of the coils
must be kept high.

The circuit shown in Fig. 12”5 consists of a grounded~athode tri-
ode working into a grounded-grid triode. The input impedance of a
grounded-grid amplifier stage is very low, being approximately l/gn, or
200 ohms for a 6AK5. Since this impedance loads the first stage so
heavily that its voltage gain is about 1, there is no tendency for it to
oscillate, even without neutralization.

L

—
Fm. 12.5.-—Triodeinput circuit.

The loading is so heavy that the
interstage bandwidth is very great.
Since the value of L2 is thus non-
critical, the circuit is, in fact, fixed-
tuned. Inductance La is an i-f
choke of almost any characteris-
tics. Thus the circuit is stable
and uncritical; it only remains to
be shown that the noise contr-
ibution of the second triode is
small. This is not obvious, and a
rigorous proof is beyond the scope
of this book (see Vol. 18 of this
series). In order to minimize the
second stage noise, the impedance

seen when looking back from the cathode of the second triode must be
large compared to the equivalent noise resistance at this cathode. To
make this impedance as high as possible, an inductance L1 is connected
between plate and grid of the first triode. Inductance L1 resonates with
the plate-grid capacity at the intermediate frequency. This inductance
is not needed for stabilit y but does improve the noise figure about 0.25 db.

Noise figures obtainable with the double-triode circuit depend on
several factors; representative values are shown in Table 12.1. Improve-
ments of 2 db or more over the pentode circuit are usual.

Before describing the i-f amplifier, a brief dkcussion of some of the
factors involved in choosing the intermediate frequency will be given.
The over-all receiver bandwidth should be from 1 to 10 Me/see to pass
the pulses ordinarily encountered in microwave radar sets. 1 An inter-

1In this chapter i-f amplifier bandwidth will be taken between the half-power
points; video amplifier bandwidths will be measured between the frequencies at
which the videe rmponse is 3 db down. The over-all receiver bandwidth (i.e., the
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mediate frequency considerably greater than this is required in order that
i-f sine waves can be filtered out of the video amplifier. Local-oscillator
noise can be minimized by the use of a high intermediate frequency;
however, the balanced mixer (cf. Vol. 16 of this series) provides a better
solution to this problem. Many of the present AFC systems require the
use of a high intermediate frequency to prevent locking on the wrong
sideband. Finally, components such as condensers and coils become
smaller as the frequency is raised, a distinct advantage in lightweight
airborne radar sets. On the other hand, there are at least two very cogent
reasons for favoring a low intermediate frequency: (1) the noise figure
of the i-f amplifier is smaller at lower frequencies, and (2) manufacture
and maintenance is considerably simplified because variations in tube and
wiring capacitances, as well as in tuning inductances, affect the over-all
receiver response much less; Thus the choice of an intermediate fre-
quency is a compromise. Frequencies II
of 30 Me/see and 60 Me/see have been
chosen for most of the present-day ~
radar sets. The i-f amplifier band-
width is not an important factor in
the choice of the intermediate fre-
quency. It is just as easy to achieve
a bandwidth of, for example, 5 Me/see I
at a center frequency of 5 Me/see as it = E+

FIG.l?.6.—Single-tuncdi-f amplifier.
is at 60 Me/see.

An i-f amplifier consists of a number of cascaded stages. Figure 12.6
is a circuit diagram of a type of stage in common use.

This is known as a single-tuned stage, since there is one tuning
inductance per stage. It has the advantage of being simple, easy to
manufacture and align, and noncritical in adjustment. It is particularly
useful in i-f amplifiers of over-all bandwidth less than 3 M c/see. It
becomes expensive at wider bandwidths, although an improvement in
tube performance would raise this figure proportionately.

The inductance L is tuned to resonate at the intermediate frequency
with the combined output and input capacity plus stray capacity to
ground due to sockets and wiring. It is placed in the grid circuit to
provide a low-resistance path to ground. Thus, when the grid draws
current during a strong signal, it does not accumulate a bias; hence the
gain is not reduced and the amplifier remains sensitive to weak signals.

The gain G of the single-tuned stage shown in Fig. 12.6 is given by the
expression

G = g.RL, (2)

combined responseof the video and i-f amplifier)will be taken authe equivalenti-f
amplifierbandwidthunlessotherwisestated.
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and the bandwidth by the equation

11
‘= %R~C’

(3)

where Cis the total capacity resonated byL. Hence the gain-bandwidth
product is

~xa=~~
2r c“

(4)

From Eq. (4) wecansee thenecessity ofusing tubes with as higha
ratio of transconductance to input-plus-output capacitance as possible.
The 6AK5 is slightly better than the 6AC7 in this respect, average tubes
giving gain-bandwidth products of approximately 55 Me/see and 50
Me/see, respectively,, when allowance is made for socket and wiring
capacity. Onecanalso see from Eq. (4) the necessity of keeping extra-
neous capacities to a minimum. It is for this reason that the inductance
L is either fixed-tuned or slug-tuned, instead of being used with a tuning
condenser. By the same token, the use of point-to-point wiring and the
mounting of components on the tube sockets are clearly indicated.

Amplifiers with a gain of 120 db and an over-all i-f bandwidth of about
2 Me/see will require a stage bandwidth of over 6 Me/see, which permits
a gain of approximately 7, or 17 db. Thus seven stages will be required.
Assuming a g~ of 7000, a reasonable figure for a 6AC7, the load resistance
R. would be 1000 ohms [Eq. (2)].

Many more stages would be required to increase this bandwidth
greatly, since the gain per stage must be lowered. The over-all band-
width of an amplifier consisting of cascaded single-tuned stages is given
approximately by the formula

Over-all bandwidth =
single-stage bandwidth

1.2 {n “
(4)

When n, the number of cascaded stages, is larger than 3, this formula is
quite accurate.

Thus the number of single-tuned stages needed in an amplifier of
given gain, even for moderately wide bandwidths, becomes prohibitively
large. Lacking better tubes, the only alternative lies in the use of more
effective circuits. Two things are needed: (1) a coupling circuit that
will give a greater gain-bandwidth product for a given tube, and (2) a
response-vs.-frequency curve that, when cascaded, does not narrow as
rapidly as that given in Eq. (4). The double-tuned (transformer-
coupled) circuit does very well in these respects. The elements of the
usual double-tuned circuit are shown in Fig. 12.7.

The primary is tuned to resonate with the capacity in the plate cir-
cuit, the secondary with the capacity in the grid circuit. The coupling
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is vaned to give the desired response characteristic, usually that obtained
just before the curve becomes double-humped. The loading R, and R,
may be divided as shown, or placed on one side only. Two cases will be
considered: (1) both sides are loaded so that the Q of the primary is equal
to the Q of the secondary; (2) the loading is on one side only. With
transitional coupling’ the shape of the response curve is the same in either
case, but the gain and bandwidth are
not.

In the case of equal Q’s on both
sides, the gain is given by

J
G=g~~ ~,

‘5) W@
i)+ *

where C= and C, are the circuit ca-
FIG. 12. 7.—Double-tuned i-f amplifier.

pacities associated with primary and
secondary respectively. The bandwidth is

~=~ti
27rRPCP”

(6)

Hence the gain-bandwidth product is

(7)

If the loading is entirely on one side, either primary or secondary, the
above equations become

(8)

11
a = % @RPCP’ (9)

Gx@=fi~.
2“ dcpc,

(lo)

If one compares the gain-bandwidth products given above with those
previously quoted for single-tuned circuits, it will be seen that there is an
improvement by a factor of 3.8 db in the equal-Q case and by a factor of
6.8 db in the case of loading on one side only.2 There is the further

1.As the coupling between two circuits of unequal Q is increased from zero, the
response at resonance rises to a maximum at the “critical coupling” point and then
decreases (with a flatter and flatter top to the response curve) until the point of
“transitional” coupling is reached, after which the curve becomes “double-humped.”
If the two circuits hnve equal Q’s, transitional coupling and critictd coupling are
the same.

2Values of C=and C, of 7 and 14ppf, respectively, were used for this calculation.
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advantage that cascaded double-tuned circuits do not narrow as rapidfy
as cascaded single-tuned circuits because of the rectangular form of the
response curve (Fig. 12-8). For example, nine cascaded single-tuned
stages, each of 6-Me/see bandwidth, would have an over-all bandwidth
of 1.7 Me/see. However, nine cascaded double-tuned circuits, each 6
Me/see wide, would combine to give a 3.2-Me/see over-all bandwidth.

The over-all bandwidth of n cascaded double-tuned circuits is given by

over-all bandtidth = single stage bandwidth

1.1 q;

The usefulness of double-tuned circuits in wideband amplifiers has
been demonstrated by their incorporation in a radar receiver having 120

I

a=#d!a

2

0.2 “ \ II I I \ I
/’ I

0.1‘ I I I I I I I I I I I I I I I
Frequency

(a) Single tuned (b) Double tuned (c) Stagger tuned

FIG. 128.-Amplifier response cum es.

db of i-f amplifier gain and an over-all bandwidth of 12 Me/see. This
was accomplished with only nine 6AK5 tubes in the i-f amplifier (Sec.
12. 11). On the other hand, there are disadvantages in using double-
tuned circuits. They are difficult to align, special equipment being
required. Though this can be circumvented to some extent in wideband
amplifiers by the use of fixed tuning, the sensitivity to variations in tube
capacity and coil inductance is much greater than that of singIe-tuned
circuits. This is particularly true when the loading is on one side only,
so that this arrangement is ordinarily used only in very wideband ampli-
fiers (15 Me/see or over).

Another means of achieving large bandwidth is by using stagger-
tuned circuits. 1 Consider two cascaded single-tuned circuits of the type
previously described, choosing the load resistors so that each has a band-
width of 4 Me/see as shown in Fig. 12.8. The combined response curve
of the two stages will be the product of the responses of the individual
stages and is shown by the dashed line,

1H. Wallman, RL Report A-o. 524, Feb. 23, 1944.
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This combined response curve has the same shape as that for a transi-
tionally coupled double-tuned circuit, so that the advantage of cascading
is preserved. In actual practice, a receiver that has a gain of 100 db with,
for example, six stages, will be approximately twice as wide if staggered
pairs are used as it would be if single-tuned circuits were used (Fig. 12.8).

The principle of stagger tuning can be carried further. Staggered
triples (three different frequencies) are in fairly common use, and stag-
gered n-uples are practicable for wideband amplifiers. The advantage
of stagger-tuned amplifiers lies in the fact that simple single-tuned cir-
cuits are used throughout, a fact that makes for ease of manufacture and
servicing.

There are other schemes for obtaining large bandwidths. Feedback
pairsl and feedback chainsz have both been used fairly extensively.
More recently a scheme of stagger damping has been proposed. s

Before leaving the problem of i-f amplifier design, some mention of the
gain required will be necessary. To detect signals barely visible above
the noise it is necessary that the noise originating in the input circuit and
the first stage be amplified to a point where it is easily visible on the indi-
cator. How this gain will be split between the i-f and video amplifiers
depends upon such considerations as second-detector efficiency and the
complication involved in building high-gain video amplifiers. In most
receivers the i-f gain is enough to amplify noise to 1 or 2 volts, thus bring-
ing it into the linear region where diode detectors have maximum effi-
ciency. This requires a gain of around 106 times at the intermediate
frequency. Building an i-f amplifier with this gain while avoiding trouble
with regenerative feedback has been one of the most difficult problems in
radar receiver design. Ground current loops must be confined by careful
bypassing and grounding; power leads must be proper] y filtered; coils
must be wound and spaced intelligently; the shielding must be adequate.
Careful attention must be paid to all of these items if the over-all response
characteristic is to bear any resemblance to what is expected.

12.5. Second Detector.—The purpose of the second detector is to
produce a rectified voltage that is proportional to the amplitude of the
i-f waves. In most receivers it is important that this rectified voltage be
proportional to the first power of the i-f amplitude (linear detector).
However, in radar receivers higher powers are permissible so long as
reasonable efficiency is maintained. One of the simplest and most com-

I Bartelink et. al., “Flat Response Single Tuned I-f Amplifier,” GE Report, hfay 8,
1943.

2A. J. Ferguson, “The Theory of I-f Amplifier with Negative Feedback,” Cana-
dian National Research Council Radio Branch Report PRA-59.

s H. Wallman, “Stagger-damped Double-tuned Circuits,” RL Report h-o. 53s,
March 23, 1944,
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monly used second detectors is the diode detector shown in Fig. 12.9.
The diode is usually a tube such as the 6H6 or the 6AL5, although many
other tubes have been used and recently crystals have been developed
for the purpose. The i-f bypass condenser C usually has around 10
p~f of capacity; it must be considerably larger than the plate-to-cathode
capacity of the diode to get good detector efficiency, but it must not be so

To,i~m large as to spoil the high-frequency

~ ‘-m

L2 ~mplifier response of the video amplifier. The-
oretically, the high-frequency response

--------- L, c R would be maintained, however large
C, by making R proportionally smaller.
If R is too small, however, the detec-

S+=
FIG. 12.9.—Diode detector.

tion efficiency is lowered and the max-
imum voltage that the detector can

produce becomes too low. Values of R from a few hundred to a few
thousand ohms are usual. Inductance Lz is chosen to offer a high
impedance at the intermediate frequency and is sometimes made resonant
at this frequency.

12.6. Video Arnpliliers.-One or more stages of video amplification
follow the detector. The form of the video amplifier is determined largely
bv the number and location of the indicator tubes. In an airborne radar
set there may be only a single indicator located near the receiver, in which
case the video amplifier is very simple. In large ground and ship sets
there will be many indicators located far from the receiver, and the video
amplifiers must be more complex. In the latter case, the video amplifier
following the detector drives a terminated line at a level of a few volts,
and individual indicators are driven by video amplifiers bridged across
this line.

The requirements placed on a video amplifier can be stated quite
generally.

1. A signal of a few volts from the detector must be amplified and
transmitted to the indicator, the signal level at the indicator being
usually about 20 volts, although some types of indicator require a
much higher voltage.

2. The amplifier must have good transient response, as defined by
the following: it must pass long pulses with little “ droop” on the
top of the pulse; this requires good low-frequency response. The
rise timel must be definitely shorter than the pulse length, and the
overshoot on a pulse should be held to 10 per cent or less; these
factors are determined by the high-frequency response. The

] Rise time is conveniently defined as the time required for the output voltage of
the amplifier tmr&e from 10 per cent to 90 per cent of its final value when a square
pulse is applied to the input,



SEC.12.6] VIDEO AMPLIFIERS 451

amplifier must recover from large signals quickly, requiring that
no control-grid current be drawn on strong signals.

3. Some form of limiting must be provided. The noise voltage at
the output of the detector will be approximately 2 or 3 volts peak.
In order that the noise be clearly visible on the screen, it must be
amplified sufficiently to drive the indicator tube over something
like half its allowable control-grid voltage swing. Since signal
voltages from the detector may be 20 volts or more, the output
voltage must be limited so that the indicator will not be driven
outside its allowable range of voltage.

The simplest and most commonly used type of video amplifier is the
resistante-capacitance-coupled am- 6+
plifier shown in Fig. 12.10.

Although the gain for small sig-

8[*

64C7
c, 6AG7

nals can be simply exp~essed in terms + ‘= ~
---------

of the tube and circuit constants, it :
-L

is usually determined by reference to R
.~. To

‘ R,
terminated

the characteristic curves of the tube.
.-_L_-

CB - line

For many reasons, the high-frequency
performance is most conveniently = =

R=
expressed by giving the frequency
at which the gain is down 3 db (volt-
age down to 0.707). This will be B+

FIG. 12,10.—Video amplifier.
referred to as the “ cutoff frequency. ”
For the amplifier shown thi~ occurs when

j=-!L
23rRC’

(11)

where R = parallel resistance of R= and R~, and C is the total capacity to
ground which includes output and input capacities plus stray capacities.
Again the need for keeping the stray capacity to a minimum is apparent.
This is sometimes difficult when large coupling condensers or lohg leads
are involved.

There are other coupling networks that will increase the cutoff fre-
quency and yet preserve the same gain. Perhaps the simplest of these
is the “shunt peaking” circuit, which uses an inductance in series with
the load resistor, RP. Let the parameter M be defined by the equation

L = il{R2C. (12]

Then M can be used as a measure of the performance of the circuit.
Since a value of M = 0.25 corresponds to critical damping, it produces
qo overshoot and yet increases the cutoff frequency by a factor of 1.41.
A value of M = 0.41 is the highest that can be used without puttinga hump
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in theresponec curve. This value of M increases the cutoff frequency
to a value of 1.73 times that of the simple RC circuit, but produces a 2.5

per cent overshoot on the pulse (the same amount as that produced by a

transitionally coupled i-f stage).

Still greater bandwidths can be obtained by the use of series peaking’

or a combination of series and shunt peaking. These circuits are more

difficult to use, however, and the reader is referred to Vol. 18 of the Radia-

tion Laboratory Series for details.

In order to preserve good response to long pulses, it is necessary that

the time constant of the coupling circuit, C,(RL + R.), be kept large com-

pared to the duration of the longest blocks of signals involved. In this

event, the fractional amount of droop on the top of the long pulse is just

the ratio of the pulse length to the coupling time constant. Thus if the

time constant were 50,000 Pscc while the pulse length was 1000 l,sec, the

pulse would droop 2 per cent. This is a reasonably small amount, but

if there were five such circuits in cascade between the detector and the

CRT, then the total amount of droop would be 10 per cent. Although

it is fairly easy to maintain such long time constants provided RL + R*
is large, occasionally it happens that RL + Rg is fairly small. This
means that C. must be large, which may result in a large capacity to
ground and affect the high-frequency response. For example, a l-~f
condenser may have several hundred micromicrofarads of capacity to its
shell. Mounting the condenser on insulating posts is frequently necessary
in such cases.

Another way of reducing the amount of droop on the pulse is by using
low-frequency compensation circuits. In Fig. 12”10, if R, and C’. are
chosen properly, the beginning of the pulse will be flat and the time for the
pulse to fall to 90 per cent will be greatly increased. The value of C,
must be chosen to satisfy the relation

C.RP = C.R,. (13)

The value of R, is not specified, ,but the amount of droop becomes less
as R, is increased. However, even for R, = R. the time for the pulse to
fall to 90 per cent is increased by a factor of 5 over the uncompensated
network.

The limiting of video output signal level is usually accomplished by
applying negative video pulses to the grid of a tube. When the pulses
are large enough to drive the tube to cutoff, the output pulse remains
constant in amplitude, no matter how much larger the input pulses may
be. If the circuit shown in Fig. 12.10 were connected to the detector of
Fig. 129, it would serve very well as a limiter-amplifier. With a sharp-
cutoff tube whose screen is operated at low voltage (75 to 100 volts),

I In seriespeakinga compensatingnetworkis placed in serieswith the two stages.
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signals of 4 or 5 volts peak reach the limit level. It is wise to have a
limiter very early in the video amplifier, for then the following stages are
protected from excessively large signals.

Self-bias is frequently used in a video amplifier, but, since a condenser
of sufficient capacity to prevent degeneration at the lower frequencies
would be prohibitive y large, such a condenser is usually omitted entirely
in order to assure uniform frequency response.

When the indicator is some distance from the receiver, the two are
usually connected by a line terminated in its characteristic impedance.
Unterminated lines have been used, but the high-frequency response is
greatly impaired. Although lines of 1000-ohm characteristic impedance
have been made and are fairly satisfactory for lengths of 20 ft or less,
longer lines are usually standard 75- or 100-ohm coaxial cable. To drive
such a line from the plate of an amplifier requires a very large coupling
condenser; hence the cathode-follower circuit shown as the second stage
in Fig. 12-10 is ordinarily used (see Sec. 13.6). Its chief advantage is
that it can be direct-coupled. Although the gain is considerably less
than 1, this is not appreciably less than would be obtained with a plate-
coupled amplifier working into such a low impedance.

Following the line and bridged across it are the video amplifiers
associated with each indicator. Since these amplifiers can be located
very near to the control electrode of the CRT, stray capacities can be
kept very small. These amplifiers can thus be either grounded-grid or
grounded-cathode, depending on the polarity of signal desired.

12.7. Automatic Frequency Control. ~The over-all bandwidth of a
radar receiver may be determined by the bandwidth of either the i-f or
the video circuits. However, for the purposes of this chapter we need
only be concerned with the i-f amplifier, since we are interested here in
questions of stability rather than in the quality of signals. As dic-
tated by the principles outlined in Sec. 2.22, bandwidths of 1 to 4 Me/see
are common. The narrowest r-f component, a high-Q TR switch, is so
much wider than this that, once adjusted, no drifts large enough to cause
serious detuning are likely to occur over a period of a day or so. The
problem of keeping a radar in tune, then, consists essentially in maintain-
ing the difference between the magnetron frequency and the local-
oscillator frequency constant and equal to the intermediate frequency,
with an accuracy of 1 Me/see or better. There are two reasons for mak-
ing the tuning automatic. The first is that as the antenna scans, va@-
tions in standing-wave ratio arising from asymmetrical rotary joints or
reflections from near-b y objects can pull the magnetron several mega-
cycles per second. Manual tuning is so slow relative to scanning that it
brings in only part of the picture at a time. Second, whether or not

1By A. E. Whitford.
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pulling exists, the magnetron and local oscillator will not hold constant
frequency to one part in several thousand for several hours, nor will they
vary together in some predictable manner. Variations in voltage, tem-
perature, and pressure all produce frequency changes. Frequent tune-up
by the operator, using echoes, is not dependable since serious deteriora-
tion in the sensitivity of a radar, such as that caused by drifting out of
tune, is not immediately obvious on the scope. Also, in a ship on the
open ocean or in an airplane over the ocean, there may often be no

‘WtargetsFor these reasons, an automatic-
frequency-control circuit, AFC, has
come to be a standard part of all radar
sets. It is an electronic servo-mech-
anism that tunes the local oscillator in

FIG. 12.11 .—Height of discriminator
output pulses, where fo is the transmitter

such a way that the proper difference
frequency and f; is the intermediate frequency between it and the mag-
frequency. netron is maintained. The speed of
tuning can usually be great enough to follow any pulling of the magnetron
that may occur during the scanning cycle.

In the case of beacon reception, automatic frequency control main-
tains the local oscillator at a predetermined frequency that is higher or
lower than the frequency of the distant beacon transmitter by just the
intermediate frequency.

Radar AFC,—A1l forms of radar AFC work on the same basic prin-
ciple. Part of the local-oscillator power is mixed, in a crystal, with a
small fraction of the magnetron power drawn out during transmission
of the pulse. The difference frequency is applied to a frequencY-dis-
criminator circuit whose crossover is set at the intermediate frequency.
rhe variation of the height of discriminator output pulses as a function
af local-oscillator frequency is shown in Fig. 12.11.

These pulses are integrated or otherwise converted to a voltage, which
is applied to a control electrode of the local oscillator in the proper sense
to push the frequency toward the crossover of the discriminator curve.
This makes a degenerative feedback loop, and the frequency of the local
oscillator is held very near the crossover point on the curve.

As shown in Fig. 11.22 (Sec. 11.7), the voltage on the reflector of a
reflex klystron of the type used as a local oscillator tunes the tube over a
range of about 30 to 70 Me/see. Some local oscillators are also thermally
tuned by means of a control electrode which is the grid of an auxiliary
triode. This provides slow tuning over a much wider frequency range
(see Vol. 7 of this series)..

A block diagram of a typical AFC system is shown in Fig. 12.12.
The dotted portions are the additions necessary to include beacon AFC
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in the system; these will be discussed in the next section. In the simplest
type of radar AFC, the integrated discriminator pulse output, suitably
amplified, would go directly to the reflector of the local oscillator. This
“hold in” type of AFC requires manual tuning each time the radar is
turned on. The sawtooth generator shown in the block diagram con-
verts the circuit to the more desirable “search and lock” type. The
sawtooth “sweeps” the local-oscillator frequent y until the change in
polarity of the discriminator output when “crossover” is reached results

ATR swtch
Antenna

Attenuator _

,. -.,,- -\r__-7

AFc

mIxer

I

I F ampl,fier
andd,scr,.

ml”ator

B--z$!:--[i@
FIG.1212.-Block diagram of typical AFC; beacon AFC portion is shown as dotted line

in signals of proper polarity to operate a circuit which stops the sawtooth.

This circuit will find the correct frequency if crossover is anywhere

within the electronic tuning range of the local oscillator. Half a second

is a typical period of one sawtooth search cycle.

The r-f part of the block diagram shows a double mixer that has

separate crystals for the radar and AFC functions, both receiving power

from the radar local oscillator. This permits the AFC crystal to be

operated at a predetermined power level. The alternative-taking the

AFC information from the output signal of the radar crystal arising

from transmitter power that leaks through the TR switch-has been

used but suffers from serious disadvantages. The leakage power may

be 10 to 20 times that desired for most favorable operation of the crystal,

and is variable from one TR tube to another. An even more serious

difficulty is caused by the “ spike” energy, which, because it occurs as an

extremely short pulse, contains a very wide range of frequency com-

ponents. Spurious frequencies present in the spike mask the desired

inf ormat ion. A successful corrective has been to suppress the i-f amplifier



456 THE RECEIVING SYSTEM—RADAR RECEIVERS [SEC.12.7

for the beginning of the pulse and to accept a signal only from the latter
part. This requires accurate timing and becomes very difficult for
short pulses.

A satisfactory operating level for the AFC crystal is 0.5 mw c-w
power from thelocal oscillator and 1 to2mwpulse powerfromthemag-
netron. Reduction of the magnetron power level by 65 to 90 db below
the transmitted power is obtained by a combination of weak coupling out
of the main r-f line and an attenuator, preferably dissipative. It is
important that the r-f system be tight in order to prevent leakage power,
possibly many times that desired, from reaching the crystal by stray
paths. This becomes easier if the operating level of the AFC crystal is
made as high as is permissible. A high operating level also requires less
i-f gain ahead of the discriminator and thereby reduces the effect of gain
variations.

Too high an operating level is, however, undesirable because as the
crystal is driven up to 10 mw or above, it saturates. The harmonics of
the difference frequency then become stronger relative to the funda-
mental. For example, if the discriminator crossover is set at 30 Me/see,
corresponding to an i-f amplifier centered at that frequency, a second
harmonic at 30 Me/see large enough to actuate the control circuit and
cause locking may appear when the local oscillator is only 15 Me/see
away from the magnetron frequency, under conditions of AFC crystal
saturation.

The gain of the AFC feedback loop should be high enough to insure
tight locking but not so high that the second harmonic can also cause
locking. At the recommended level of 1 to 2 mw of magnetron power
the harmonics are at least 20 db below the fundamental. A gain control
is undesirable; therefore, care in controlling the r-f power levels and in
amplifier design is required for a foolproof AFC. The most frequent
sources of trouble are usually on the r-f side rather than in the electronic
circuits, and arise from high power leakage into the crystal, faulty
coupling to the main line, or a wrong amount of attenuation.

Beacon Al’C.-To hold the beacon local oscillator at a given absolute
frequency, some r-f reference standard must be provided, since the mag-
netron involved is in the beacon, distant from the radar. At microwave
frequencies the reference standard is a resonant cavity. With proper
attention to details such as temperature compensation and moisture
sealing, production-line cavities can be depended upon to maintain a
specified frequency to 1 or 2 parts in 10,000.

The dotted portion of Fig. 12.12 shows the beacon local oscillator
attached both to the radar crystal and, through the reference cavity, to a
beacon crystal. The output of the beacon crystal as a function of fre-
quency is shown in Fig. 12.13. It is, of course, just the simple resonance
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curve of the cavity. Under actual conditions of loading, the width Aj
between half-power points is commonly about + of the resonant fre-
quency itself.

Any control circuit that will lock the beacon local oscillator at the
top of the resonance curve must in some manner take a derivative of the
curve. The derivative, shown dotted in Fig. 12.13, has the same shape
as the usual discriminator curve. In the scheme shown in the block
diagram, a 1000-cycle sine wave from an a-f oscillator is added to the
slowly v’arying voltage from the sawtooth search oscillator. This sweeps
the local-oscillator frequency over a range that may be a tenth of the
half-power bandwidth of the cavity. The crystal output then has an
amplitude modulation of magnitude proportional to the slope of the
cavity resonance curve at the frequency in question. The phase of this
amplitude modulation depends on whether the slope is positive or nega-
tive. The output signal from the crystal goes to one grid of a coincidence
tube, another grid of which receives the same sine wave used for modulat-
ing the local-oscillator frequency.
Only when the two coincide in phase =

!&.

will the coincidence tube conduct. ~
As the frequency of the local oscilla-
tor drifts across the cavity resonance
curve, the coincidence tube gives no
output signal on the rising side of the

1
l\ /’

curve, and passes 1000-cycle pulses \ 1’
‘Sk Derivative curve

increasing in amplitude as the top is FIG. 12.13.—Beaconcrystal current.
crossed and the slope becomes nega-

tive. The pulse integrator uses these signals to stop the sawtooth sweep

at a voltage that produces a local-oscillator frequency very near the top

of the cavity resonance curve.

12.8. Protection against Extraneous Radiations. Antijamming.—

Although the sensitivity of a radar repeiver is normally limited by the
noise produced in the receiver, extraneous radiation may be occasionally
picked up on the radar antenna. Such radiation may, for example, be
the result of the operation of other microwave equipment in the vicinity.
It is good design practice to protect against such interference, and, as
will be seen later, the same provisions are sometimes of value in the
absence of interference. These AJ (antijamming) provisions may
merely be precautions taken in the design of the receiver which do not
affect its normal operation, or they may be special AJ circuits that can be
switched in and out of use.

Interference may be any of several types such as CW, amplitude-
modulated CW, frequency-modulated CW, r-f pulses, or noise-modulated
C!W, The more nearly the interference is like the echoes being received
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or like the noise produced in the receiver, the more difficult it is to dis-
criminate against.

One type of interference that must be guarded against is “hash,”

from rotating machinery and steep pulse wavefronts, which may leak

into the i-f amplifier. Strict attention must be paid to shielding, and
all leads into the receiver must be properly filtered and bypassed,

Perhaps the most fundamental AJ provisions are those that will
permit the receiver to operate in the presence of considerable amounts of
c-w power. If the second detector is directly coupled to the video

amplifier, then a very small amount

RFC 51 ##f of c-w signal will develop enough
voltage across the detector to bias the
first video stage out of its operating
range. This can be avoided by de-
veloping an equal amount of counter-
bias, or by coupling the detector to

2nd
detector the video amplifier through a block-

Fm. 12.14.—Fast-time-oonstantcircuit. ing condenser. The latter course is

much simpler and usually is the one

adopted. The receiver WN now continue to function in the presence of a
c-w simal until the i-f amplifier is overloaded. The i-f overload limit
can be increased by opera~ing the last stage or two with higher plate-
supply voltage. Frequently a power tube, such as the 6AG7, is used in

the last stage to increase the output capabilities of the i-f amplifier,
although the 6AK5 has proven fairly satisfactory in this application. A
rather wide video bandwidth (at least as wide as the total i-f bandwidth)
is necessary when the frequent y of the jamming signal is not the same as
that of the radar transmitter. Use of a linear detector will also give the
i-f amplifier a greater dynamic range. In some receivers it is necessary
to apply a “gate,” which sensitizes the receiver during a certain interval
of time. It is desirable that such gating be tione in the video amplifier
rather than in the i-f amplifier, to avoid generating a pulse when a c-w
signal is present. Finally, the operation of the gain control early in the
i-f amplifier is of value when strong c-w signals are present. The gain
control should be of a type that does not reduce the output capabilities
of the cent rolled stages; grid gain cent rol is satisfactory in this respect.

The precautions mentioned thus far constitute good design practice
and can well be included in any radar receiver. To protect against either
frequency- or amplitude-modulated c-w signals, such precautions are still
necessary but not quite sufficient. In addition, there is needed between
the detector and video amplifier a filter that will pass individual pulses
but not the c-w modulation frequencies. Several types of filter have
been tried; the simplest is the fast time constant (FTC) circuit shown in

Fig. 12.14.
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With the switch in the position shown, the time constant of the
coupling circuit is 10,000 psec so that moderately long blocks of signal
will be passed. With the switch reversed, the time constant is 1 ~sec
so that individual pulses will be passed with some differentiation; long
pulses and modulation frequencies below 20 kc/see will be greatly atten-
uated. Even for modulation frequencies as high as 200 kc/see, the
circuit has considerable effect. It should, therefore, be switched in only
when interference makes it necessary.

To plate of last i.f stage +

1 If amplifier

v

FIG. 12.15.—Instantaneous automatic gain control.

Differentiation circuits, of wtilchthe FTC circuit described above isa

good example, are of real value so long as the i-f amplifier is not over-

loaded. When overloading occurs, the gain of the receiver must be ‘

reduced. As long as the jamming signal is constant in amplitude, manual

gain control is a very satisfactory means of accomplishing the gain reduc-

tion. However, if the radar antenna is scanning or the c-w signal is

modulated, manual control is much too slow to be effective. For this

reason, various schemes for reducing the gain automatically and rapidly

have been devised. These are variously called “instantaneous automatic

gain control (IAGC),” “amplified back-bias,” “back-bias,” etc. The

circuit shown in Fig. 12.15 shows the essential elements of an IAGC

circuit.

Signals appearing at the output terminals of the last i-f stage are

rectified by the detector and applied as a negative voltage to the grid of

the cathode follower, which in turn controls the grid bias of one of the

i-f amplifiers in such a way that the presence of a signal tends to lower

the i-f gain. The time required for this reduction in gain to take place is

determined by the constants of the circuits, as well as by the strength of

the signal. In the particular example shown, this time is a few micro-

seconds, so that the gain is not appreciably reduced by a single pulse but
is ctit down by long blocks of signals or by a c-w signal modulated at a
low frequency.

The detector shown in Fig. 12.15 may be either the normal signal.
detector or a separate detector. The output of the IAGC circuit may
be fed back to the grid of the last stage or to that of the preceding stage.
(Instability results from feeding back across too many stages.) When
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it is necessary to prevent earlier stages from becoming overloaded, they

can be shunted by another similar loop. The gain of the feedback 100p

can be increased either by using a plate detector instead of a diode, or by

converting the cathode follower into a d-c amplifier. With a single

feedback loop over two i-f stages, the loss in signal detectability resulting

from a 60-db c-w jamming signal is only 12 db.

Although considerable thought and effort have gone into the problem

of designing a receiver that can discriminate against more complex types

of interference (pulses and noise), this is a much more difficult problem

which will not be treated here. 1

Anticlutter Circuits. —Land, rough sea, and storm clouds reflect a

considerable amount of r-f energy and can, therefore, interfere ~vith the

detection of objects in the area they occupy. If the desired signal is

\veaker than the “clutter” from the land, sea, or cloud, it is difficult to

modify the receiver to discriminate against the clutter; for the frequencies

contained in the clutter echoes are in the same range as those of the

desired signals. If, on the other hand, the signal return is larger than

the clutter, it should be possible to see the signal. However, the signal

can be missed if the clutter is so strong as to saturate the receiver com-

pletely. This can be avoided by reducing the rccciver gain to the point

where the clutter is below saturation. Such a procedure would be satis-

factory if the cl~ltter ]vere everywhere uniform, which it never is. There-

fore, if the gain is reduced to the point required by strong clutter, it will

be too low for regions of less or no clutter, and wcafi signals ~rill still be

lost. The IAGC circuit previously described is ~’ery ~aluable under such

conditions and has been included in many receivers primarily for this

reason.

In the case of sea return, the clutter is fairly constant at all azimuths.

Also, the amount of sea return is a steadily decreasing function of range.

It is possible to devise a circuit that lo\vew the receiver gain immediately

following the transmitter pulse and then increases it ~teadily, arriving at

maximum gain at the time the sea return has disappeared. This is

kno~vn as a “ sensitivity y-time-control (STC) circuit”; it has the disad-

vantage that controls must be provi{ded to adjust it for varying sea condi-

tions. N-evertheless, STC has proven of considerable value at sea, and

has also been wed on some ground-based radar sets \vhere control of air-
craft close to the set is desired.

TYPICAL RECEIVERS

BY ~f”. H. ,JoRD.\S

The practical applicat irm of thc foregoing considerations }~ill be illus-
trated by clrscrillin~ a fe\vtypical recei~-ers chosen to cm-m :Lwide variety
of purposes.

1See hIicrowave Receivers, I’ol 23, Chap. 10
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FIG.12.16.—General-purposereceiver. (a) Side view; (b) top view; (c) bottom view,
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12.9. A General-purpose Receiver. —This receiver was designed
as part of a 3-cm radar set installed on small ocean-going vessels for sea-
search and navigational purposes. The receivers built intoa steel box
which fits into the r-f head. The general construction and layout can be
seen from Fig. 12.16. Separate AFC and signal mixers are incorporated
in the receiver; the choke joints for connection to the r-f system can be
seen in the side view. A shutter is sho\vn across one of the waveguides in
the position it occupies when the transmitter is off. This shutter pro-
vides crystal protection against signals picked up on the antenna when
the TR switch is not firing. At ~he other end of the receiver are a video-
output jack and a terminal strip for bringing in power and certain control
voltages.

The local oscillator is a 723A/B klystron. It supplies r-f power to
both the AFC mixer and the signal mixer. Its frequency can be varied
over a wide range by mechanical tuning and over a smaller range by
varying the reflector voltage.

Except for the common local oscillator, the receiver is divided into
two portions, the AFC channel and the signal channel (see Fig. 12.17).
The latter consists of six i-f amplifier stages, a detector, and a video
stage. Each stage of i-f amplification uses a 6AC7 pentode with single-
tuned coupling circuits. All stages but the last have a 1200-ohm load
resistance, 1 giving a single-stage bandwidth of a little over 6 lIc/sec and
an over-all i-f band~\-idth of nearly 2 Me/see. The nominal gain of the
i-f amplifier is 120 db. A 6H6 diode second detector is capacitively
coupled into a single video stage.

The video stage serves as a combined line driver and limiter. It
~perates as a cathode follower, the cathode resistance of 100 ohms being
located at the end of the video line. The screen voltage is set at such a
value that the tube draws approximately 10 ma of current with no signal;
this puts 1 volt across the 100-ohm line. N“egative signals from the
detector may drive the grid to cutoff, thereby reducing the cathode volt-
age to zero. The video signals at the cathode are then negative and
limited to 1 volt in amplitude.

The gain of the i-f amplifier is adjusted by varying the voltage on the
grid of the second and third stages by means of an external control.

The receiver can be tuned either manually by means of an external
potentiometer, or automatically by means of a 5-tube .\FC circuit.
The AFC circuit is of the hunt-lock type briefly described in Sec. 12.7.
The reflector of the 723A/B local oscillator is swept over a range of about
30 volts, the center of the range being set by the manual frequency

1R-f chokes, self-resonant at 30 31c/see,are wound on the load resistorsto reduce
the power dissipation in the resistor and to keep the plate voltage up to the screen
voltage.
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FIG. 12. 17.—Circuit of general-purpose receiver.
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control. The sweep voltage is generated by the 884 thyratron operating
as a relaxation oscillator. When the discriminator crossover point is
reached, positive pulses from the video amplifier VI 1fire the gas tube VIZ,
thus stopping the sweep.

To obtain the control pulses a very small part of the transmitter r-f
power is mixed with a portion of the local-oscillator output signal in the
.4FC crystal. The beat frequency generated by the crystal is then
amplified by Vg and applied to the discriminator detector. The dis-
criminator output signal, in the form of a video pulse, is amplified by VII
before being applied to the control tube.

12.10. Lightweight Airborne Receiver. ~This receiver is part of a
lightweight 3-cm airborne radar (AN/APS-10) intended primarily for
navigation. It was designed to require a minimum of field test equip-
ment and a minimum number of highly trained service personnel.
Accordingly, as far as possible the system was divided into small units
that could be replaced, rather than repaired, in the field.

The receiver is distributed among several subunits, which, except for
the video amplifiers, are enclosed (along with the r-f components, trans-
mitter, modulator, and most of the power supplies) in a pressurized con-
tainer forming one of the major units of the system. These subunits of
the receiver are the follo\ving:

1. A unit containing a double crystal, mounts for 723A/B radar and

beacon local oscillators, and a 1ow-Q reference cavity for the beacon

~AFC.

2. An AFC unit for both radar and beacon local oscillators.
3. An i-f strip containing the entire i-f amplifier, the second detector,

and a video cathode follower.
4. Power supply.

The receiver supplies low-level video signals to either one or two cathode-
ray tubes, each of m-hich is equipped with a video amplifier.

The i-f amplifier, a schematic view of which is shown in Fig. 12.18,
contains eight 6AK5 pentode tubes. Its construction is shown in Fig.
12,19. The input circu;t is a T-network consisting of three self-induct-
ances. A crystal-current jack and decoupling filter are provided. The
first six tubes are i-f amplifiers whose interstage coupling networks are
single-tuned circuits arranged in two stagger-tuned triples. The center
frequencies of these circuits are, in order, 30.0, 33.7, 26.7, 33.7, 26.7, and
30.0 Me/see, giving an average over-all i-f bandwidth of 5.5 Me/see
centered at 30 ~ 1.5 Me/see. Fixed tuning is employed in this replace-
able subunit. The i-f bandwidth is made considerably wider than that

I By L. Y, Beers and R. L. Sinsheimer.
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necessary for the reception of the 0.5-psec pulses employed by the system,

to allow for tolerances in the adjustment of the AI’C unit and in t,he manu-

facture of the i-f strip as well as for a slight spread in the frequencies of

beacons. The voltage gain between the grid of the first tube and the

plate of the sixth is about 30,000.

The seventh tube is a plate detector, which gives 10-db gain as well

as a somewhat larger power output than could have been obtained from a

diode detector of the same bandwidth. This advantage, ho,.vever, is
~..--.

rI
I

FIG, 12.19 .—AN/APS-lO receiver; top and bottom views.

accompanied by three disadvantages. First, this detector is not St,rictly
linear, a difficulty that is not too serious since this system is not intended
to be operated in situations where interference is to be encountered.
Second, with certain detector tubes there is some “ blackout effect”-
that is, the sensitivity does not recover immediately after the transmitted
pulse or after other very strong signals. Third, care must be employed

in t,he design of the power supply to reduce plate-supply ripple because
such ripple is amplified by the entire video amplifier. The detector has
an output test point for convenience in checking the pass band.

The last tube is a cathode follower which supplies negative video
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signals at l-volt peak, through a 75-ohm line, to the video amplifiers at
the cathode-ray tubes. The half-power video band\vidth of the coupling
network between the detector and the cathode follower is 6 Me/see.

The noise figure determined from measuring approximately 100 such
amplifiers ranged from 1.7 to 4.5 db, with the a}-erage at 3.3 db. This
amplifier was designed before the development of the grounded-cathode
grounded-grid triode input circuit. The use of such an input circuit
would require one more tube or the equivalent thereof. As an experi-
ment, one of the standard receivers was modified to use this input circuit,
the first seven tubes being in the i-f amplifier. The detector tube was
replaced by a 1>”34 germanium crystal, which allowed the unit to be con-

U

FIG. 1220.-Video amplifier for .\ N/.lPS-lO.

tained in the same chassis, though with some crowding, The noise

figure of this experimental amplifier was 1.6 db.

The amplifier is mounted on a 9+ by 2+-in. chassis, which permits easy

access to all components. The sides of the thin stainless steel cover are
held by special springs at the edge of the chassis. In order to obtain
stability, it was necessary to provide the chassis with two baffles to reduce
feedback. These consist of small pieces of sheet metal fastened to the
chassis and making cent act wit h the. bot tom of the cover. Good contact
between the bottom of the cover and the baffles is obtained by the use of
screws which pass through the cover and are tapped into the baffles.

The i-f strip requires a power supply giving 65 ma at + 105 volts
unregulated for plates and screens, 1.4 amperes at 6.3 volts a-c for
heaters, and a voltage variable from O to – 10 volts (with a source
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impedance not over 2000 ohms), which is applied to the control grids of
the second and third i-f stages to control the gain.

The video amplifiers for the cathode-ray tubes (Fig. 12.20) have two
stages and use 6AK5 tubes. The input signal is – 1 volt peak; the
amplifier output supplies —30 volts peak to the cathode of the indicator
tube. The half-power bandwidth is 4 Me/see.

The chassis also contains a 6AL5 dual-diode tube. One half of this
tube is used in a circuit to lengthen the duration of beacon reply pulses
and so give a brighter spot on the CRT screen. On the rise of the pulse
the diode conducts, and the input capacity of the second tube is charged
rapidly. When the amplitude of the pulse starts to decrease, the diode
no longer conducts, and the charge on the grid of the second tube leaks
away S1OW1y through a 2.2-megohm resist or.

The other half of the 6AL5 is used as a d-c restorer for the cathode-ray
tube.

This amplifier is mounted on a chassis having the form of an annular
ring which fits around the neck of the cathode-ray tube. The power
supply requirements are 20 ma at + 140 volts for plates and screens, and
0.5 amp at 6.3 volts for heaters.

Automatic- frequency-control Circuit.-The AFC subunit provides
automatic control of the radar and beacon local-oscillator frequencies.
The schematic view of the eight-tube circuit is shown in Fig. 12.21.

Both search and beacon AFC systems are of the search-and-lock type
(Sec. 12.7). A sawtooth generated by the recovery of the grid circuit
of a blocking oscillator, V5, sweeps the reflector voltage and thus the
frequency of a klystron. In radar operation, i-f signals from a separate
AFC crystal are amplified by V, and applied to the discriminator formed
by Va and associated circuits, which is centered at 30 .Mc/sec. The out-
put pulses from the discriminator are amplified in V~ and applied to the
grid of the thyratron Vq. When the pulses change sign and become
positive at the crossover, they trigger the thyratron and stop the sweep
voltage.

In beacon operation, power is transferred from the search local
oscillator to the beacon local oscillator, which (as described in Sec. 12.7)
is coupled to the receiver crystal and to a reference cavity tuned to a
frequency 30 Me/see below the beacon frequency. A small 1000-cycle
sinusoidal modulation, supplied by oscillator VE, is superimposed on the
sawtooth applied to the reflector. The output of the beacon crystal,
which is coupled to the local oscillator through the reference cavity, is
amplified in V6 and then applied to VT.

As explained in Sec. 12.7, the phase of the a-f amplitude modulation
of the signal from the beacon crystal will change by 180° when the fre-
quency of the local oscillator crosses the center frequency of the reference
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cavity. This phase shift is detected in the phase-comparison tube VT
by applying the amplified crystal output to the control grid and the audio
oscillator output to the suppressor grid. Both grids are biased to cutoff,
so that no current flows in the tube unless the signals are in phase. The
circuit is so arranged that the 180° shift in phase of the audio signal pro-
duces phase agreement, thereby providing pulses of plate current on
alternate half cycles of the audio signal. These pulses, further amplified
in Vs, then trigger thyratron V4 to stop the sweep.

The change from search to beacon operation is performed remotely
by relays which switch the grid input to V~, switch from the reflector
voltage-control potentiometer PI to Pz, change over the plate power
from the search to the beacon local oscillator, and superpose the sinusoidal
modulation on the sawtooth.

Switch S1 enables a maintenance man to tune the local oscillators
manually to the proper frequencies for signal reception with P1 and Pt
(for the search or beacon local oscillators respectively), and then to
revert to AFC operation centered at the correct frequency. This switch
is spring-loaded so that the circuit cannot be left on manual tuning.

Jacks are provided at “which the radar AFC crystal current and the
beacon AFC crystal current can be measured. A pin-jack test point is
provided at the grid of Vs to aid in aligning the discriminator, and another
at the plate of Vs for checking the control signals to the thyratron.

This AFC unit requires a power source supplying 5 ma at +300 volts,
23.5 ma at +105 volts, 2 ma at – 300 volts, 1.55 amp at 6.3 volts, and 0.8
amp at 6.3 volts at —225 volts from ground. N’one of these voltages
needs to be regulated, although the plate voltages must be well filtered.

12.11. An Extremely Wideband Receiver.—The receiver shown in
Figs. 12.22 and 12.23 is a good example of a design for a receiver having a
very wide bandwidth. It was designed for a 3-cm radar system with a
O.l~psec pulse width. In order to reproduce such short pulses and still
maintain a good signal-to-noise ratio, an i-f bandwidth of at least 10
Me/see is required; the bandwidth of the receiver is 12.5 Me/see.

The i-f amplifier consists of 12 stages, 6A’K5 tubes being used in all
but the second. The intermediate frequency is 60 Me/see, the total
gain being approximately 120 db.

An intermediate frequency of 60 Me/see instead of 30 Me/see was
chosen for two reasons. First, fairly tight coupling is required between
the primary and secondary of the i-f transformers to attain wide band-
widths. It is easier to make this coupling tight at 60 Me/see than at
30 Me/see. Second, the AFC operation is more certain at the higher
frequency. The AFC circuit can lock the local oscillator on either side
of the transmitter, provided the local oscillator is producing power at
both frequencies. However, since the correct beat frequency is produced
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in only one of these cases, it is necessary for the local oscillator to ceaae
oscillating when it is on the “wrong” side of the transmitter frequency.
This can be counted on only when the intermediate frequency is high.

Double-tuned circuits were chosen in preference to stagger-tuned,
because it was felt that they would give a smaller change in the shape of
the response curve for a given change in tube capacity. The circuits were
loaded on both sides to reduce still further the sensitivity to tube-capacity
changes. Equal values of primary and secondary Q would have been
best in this respect; actually a compromise Q-ratio of 2.2 was adopted
to give a little more gain than equal Q’s would provide. The transformer
coils are wound adjacent to each other on a powdered-iron core to give
tight coupling. A thin spacer between the two coils is of such thickness
as to make the coupling just transitional. The gain per stage is approxi-
mately 11 db, and the single-stage bandwidth 25 Me/see.

The 6AK5 tube is chosen in preference to the 6AC7 because it is
smaller, takes less power, and has a smaller variation in input and output
capacity. It also gives a better receiver noise figure when used in, the
first stage. A 6J6 is used in the second stage because of its low plate-to-
cathode capacity, an important factor in grounded-grid triode operation.

The first two stages are operated as triodes; in spite of the high inter-
mediate frequency and the broad bandwidth, an i-f noise figure of 3.5 db
can usually be attained.

Both signal and AFC mixers are of the balanced type. This effec-
tively cancels out local-oscillator noise and pi-ovides good isolation
between the two channels. There are two crystals in each mixer, pro-
vision being made for monitoring the current in each of the four crystals.

The local oscillator is a 2K25 klystron, which can be tuned mechani-
cally over a large range and electrically over a restricted range of some
30 Me/see. The electrical tuning can be done manually, by means of a
remote potentiometer, or automatically.

The AFC circuit operates as follows. The beat frequency obtained
by mixing a small part of the transmitter power with local-oscillator
power is amplified by two i-f stages and then applied to the discriminator.
The video pulses from the disitiminator undergo one stage of amplifica-
tion before reaching the control tube, Vb (Fig. 12.23). Tube VCgenerates
a sawtooth sweep which moves the reflector voltage of the local oscillator
through a range determined by the setting of Rte; the sweep is stopped at
the correct voltage to receive signals by the firing of the control tube.

The video amplifier consists of a limiter-amplifier stage which drives a
cathode follower operating into a line terminated with 75 ohms. Limited
signals of 1.5 volts amplitude appear across the line. The video ampli-
fier is very wide, the bandwidth of each stage being about 22 Me/see.
“L’hk bandwidth is obtained by means of a shunt-series peaking network
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CHAPTER 13

THE RECEIVING SYSTEM—INDICATORS

BY L. J. HAWORTH

THE CATHODE-RAY TUBE

The effectiveness of a cathode-ray tube as a radar indicator is influ-
enced by a number of factors, among them: (1) the size of the tube face;
(2) the intensity of the emitted light, which is determined by both the
strength of the electron beam and the efficiency of the screen; (3) the
decay properties of the screen and the manner in which it integrates
repeated signals; (4) the resolution; (5) the grid-modulation characteris-
tics; (6) the effect of the tube on the over-all complexity, weight, size, and
power dksipation of the complete indicating equipment.

These properties are not independent, and in many cases a compromise
among them must be reached. As a result of the variety of operational
demands a large number of types of tubes have been developed. The
next few sections describe some of their salient features.

13.1. Electrical Properties of Cathode-ray Tubes.—Cathode-ray
tubes are classified as “electrostatic” or “magnetic” in accordance with
the method of deflection. An example of each is given in Fig. 13.1. The
electron beam originates in a hot cathode at the end of the tube remote
from the screen. In traversing the tube it is acted upon by a number of
electrostatic, or electrostatic and magnetic, fields which serve to control
and focus it.

The beam is collimated and controlled in intensity by the “control
grid, ” a pierced diaphragm immediately in front of the flat oxide-coated
cathode. In most American tubes a “second grid” at a positive poten-
tial of a few hundred volts serves to attract the electrons from the sDace

L

charge in much the same way as does the screen grid in an ordinary
tetrode or pentode. The electrons are given their final high velocity by
a potential difference of a few thousand volts maintained between
the cathode and an anode formed by a conducting coating of carbon
(Aquadag) on the inner surface of the glass at the screen end of the tube.

Focusing can be either electrostatic or magnetic. As indicated in
Fig. 13.1 the same type of field is usually used for focusing and deflection
in a given tube. 1

10ccasionally electrostatic focusing is combined with magnetic deflection; such
tubes have not come into wide use in this country.

475
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In electrostatically focused tubes a “focus electrode” (first anode)
between the second grid and the high voltage anode is maintained at an
intermediate potential. Thevarious electrodes aresoshaped that strong
electron lens actions are produced by the fieldsat the two gaps. Adjust-
ment of focus is made by controlling the potential of the focus electrode.

Magnetic focusing is accomplished by means of a longitudinal mag-
netic field of circular symmetry which increases in intensity fromthe
center to the edge of the tube and thus has radial components that help
provide the focusing action. External coils or permanent magnets are
used to produce this field.

Fmus electrode Ancde

Heater

f
Cathode

High voltage
Electrostatic tube connection

Persistent phosphor~

FOCUScoil

Cathode

———————__

Heater
Grid

J!l
/

Blue

“$:;:~o~ phosphor =

Glasstube

Magnetic tube Cascadescreen

FIG. 13.1.—Elements of cathod~ray tube,

Electrostatic deflection is accomplished by passing the beam between
two orthogonal pairs of deflecting electrodes or plates. The deflection
due to each pair is accurately proportional to the potential difference
between its members. The individual deflections due to the two pairs
of plates add vectorially. The deflection sensitivity at the screen
depends upon the geometry of the deflecting plates themselves, their
distance from the screen, and the velocity of the electrons as they pass
the plates. The two pairs are similar in geometry, but, since they are
at different distances from the screen, their deflection sensitivities are
unequal.

In the electrostatic tube shown, the electrons achieve their final
velocity before reaching the deflecting plates. In some tubes designed
for high-voltage use, deflection sensitivity is increased by applying
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approximately half of the total voltage across a gap in the Aquadag at a
point beyond the plates. The two parts are then spoken of as the
“second anode” and “third anode.”

Any variation of the mean potential between either pair of plates has
a marked effect on the focus; consequently if good focus is important it is
necessary to use push-pull deflection. I Furthermore, it is best that the
mean potentials of the plates be close to that of the second anode. All

(a)

(c)

(b)

(4
FIQ.1.3.2.-Deflection coils. (a) Air-core deflection coil with lumped winding; (b) air-

aore deflection coil with semidistributedwinding; (c) iron-core deflection coil with pie
windings; (d) motor-stator type of deflection coil.

these potentials are often made the same, but in many tubes it is profita-
ble to provide an adjustment for making the first pair of plates slightly
more negative.

Magnetic deflection is accomplished by passing currents of the desired
waveforms through a coil or combination of coils surrounding the tube
neck (Fig. 13”1). The deflection due to each coil is proportional to the
current through it, and the combined deflection is the vector sum of the
individual ones. A few of the coil geometries used are described below.

A single coil’ is used in a rotating-coil PPI. Typical air-cored and

1Forthe sake of simplicity this is not usually indicated in block diagrams.
1A coil usually consists of at least two separate windings symmetrically placed

with respect to the tube. They maybe connected either in seriesor in parallel.
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iron-cored coils for this purpose are sketched in Fig. 13.2 and pictured in
Fig. 13.3. Care must be taken that surrounding fixed objects do not
introduce a lack of rotational symmetry and that no magnetizable
material is included in the rotating parts.

Multiple coils are used for many different purposes. Their fields
must occupy the same axial region of the tube in order to avoid serious
defocusing and distortion which otherwise take place when deflections

1)

(g) ,,,

l’1<; . 13:3.-Deflertion ancl focwiug dr~ices for m:lgn?tir Cl{T. (a) Sqllare iromrore

dcflcrti(, n c,,il in ca. c. (},, S{,u:,re ire,,.r,jr[> dc.fle,tion coil. (c, .Ii, -cure deflection (coil for

off-center PPI, u.cd in e,J[liwl[tion ~!ith (<II. (d, Off-rentering roil. (CJ Toroidll iron-

rorc de flwtion rail. (f) -ii, -rnr<> clefl.rt,or, coil with cfistril}utcd win<lirm,. (o) Ifotor-btator
deflection coil. (h] Pt>rn>:l],cnt-r,lagnct focu>ing unit. c; l’orll.ing ?uil.

of appreci:~hle maguit udc are combiuccl. In some applications reqllh-iug

a fixed component of field, a perman{’nt mngnet is IIMT1 in Ii?u (of 3 coil.

Often coils are arranged orthogonally (I~ig. 133) either to produce
entirely indepcndrnt dcfkctions (w in z t~qm B displ:~}-’). or to pro~-idc a
single radial ckflcction (such as a range m~-eep~LJ-addin~ its two rectangu-
lar components ~-ectoriall~-. The latter tt,chniquc is l~sed in the RH1, the
fixed-coil PPI, and in other applications.

It is somctimw neceswr~” to add dissimilar deflections in the s~me
,lirection. ll-henc~-er practiralj this i+ done by achling the ~-ariou~
deflecting currents in the same coil. Tn some cases. howc~cr, this is
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wasteful of power—for example, when a steady deflection is to be added
to a high-frequency sweep that requires a coil of low inductance and there-
fore low sensitivity. It is then worth while to use two separate coils or a
permanent magnet and a single coil. If two coils are used, they are
usually placed together (on the same yoke when iron is used), but in
extreme cases they must be separated to avoid interaction.

A rotating coil and a fixed coil can be used in combination—for
example, to produce an off-center PPI. The fixed coil is placed outside
of the rotating one, which must then contain no iron. The outer unit
may contain a single coil that can be manually oriented, or it may have
two orthogonal coils that can be separately excited. If the amount of
off-centering is to remain fixed, a permanent-magnet arrangement can
replace the outer coil.

In the specific design of the coils many factors must be considered.
They should be as economical of over-all power as possible. The mag-
netic fields must be so ihaped that they produce a linear deflection and
cause no harmful effects on focus. When multiple coils are used, it rn.ust
be possible to prevent harmful effects from interaction.

The current sensitivity of the coils should be made as high as prac-
ticable since this minimizes power losses. For a given geometry, the
sensitivity is directly proportional to the number of turns, which should
therefore be as high as practicable. However, for a given rate of deflec-
tion (i.e., a given rate of change of flux) the voltage induced in the coil is
directly proportional to the number of turns. This usually sets an upper
limit to the number of turns that can be used within the bounds of a
reasonable power supply voltage.

These and other matters pertaining to coil design are discussed at
length in Vol. 22 of the series.

13.2. Cathode-ray Tube Screens. Phosphorescent Screens.—The
important characteristics of the screen are its decay properties, its effi-
ciency, and the manner in which it integrates or “builds up” on repeated
signals.

When scanning interrupts the picture, the screen must have sufficient
persistence (’( afterglow”) to permit observations and measurements on
the echoes and in so far as possible to furnish a continuous picture. On
the other hand, the image must not persist so long as to cause confusion
on a changing picture. In terms of the scanning rate, three cases may
be considered:

1. Cases in which little or no persistence is needed, either because the
frame time is less than the retentivity time of the eye (about ~ see)
or because observations are made in the absence of scanning.
Screens incorporating the green willemite phosphor used in ordi-
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nary oscilloscope tubes and known as type P-1 (phosphor number
1) are almost universally used in such applications. This material
has an exponential decay with a time constant of a few milli-
seconds; it is extremely efficient in terms of light intensity.

2. Applications in which persistence is needed to smooth out the
effects of flicker. The best Ameri-

,.5. can screen for this purpose, desig-
nated P-1 2, utilizes a zinc-magnesium

104 k. fluoride phosphor which has an
exponential decay of time constant

g10’ \ \ between 60 and 100 msec (Fig. 13.4).

g Because the response of the eye is
?7m102

\l\<
logarithmic, this screen is satisfac-
tory for scanning rates as slow as a

10
P14 few per second. On the other hand,

P12 the exponential rate of decrease pre-

LLWl 0.01 0.1
vents any long-time tailing-out and

1 10 lW
Time m sec consequent blurring of a changing

Fm. 13.4.—CRTscreencharacteristics. picture. The efficiency is somewhat
less than that of the P-1 screen.

3. Applications in which the scanning is so slow that considerable
persistence is needed to afford viewing time and to provide a com-
posite picture. This classification covers scanning rates from a
few per second up to one or two per minute; it includes the bulk
of present-day radars with the exception of fire-control equipment.

Long-persistence phosphors have better buildup and decay properties
under weak excitation than under strong excitation. LTnfortunately the
extremely thin layer penetrated by electrons of cathode-ray tube energies
must be strongly excited to provide enough total light. On the other
hand, if excitation by light could be used the excitation density could be
kept very low because the screen would be excited throughout. Thk is
accomplished by the simple but exceedingly clever expedient of cover-
ing the persistent screen with a second layer of a blue-emitting phosphor
which undergoes primary excitation by the electrons. The blue light
from this layer in turn excites the persistent screen. This process
results in considerably lower over-all efficiencies than those of the single-
layer screens.

Two varieties of such “cascade” screens are commercially available
in this country. The P-14 is suitable for frame times up to a very few
seconds, and the P-7 has a much longer persistence (Fig. 13.4). The
persistent phosphors, which emit a predominantly yellow or orange light,
are composed of copper-activated zinc-cadmium sulphides, the zinc-
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cadium ratio governing the decay characteristics. ‘l’he blue layer is
silver-activated zinc sulphide. Since its decay is very rapid, an orange
filter is customarily used to remove its “flash,” particularly at the faster
scanning rates.

The decay of these cascade screens is an inverse power rather than an
exponential function of the time, so that the disappearance of old signals
is less clean-cut than with the P-1 and P-12 types. Unfortunately no
phosphors with exponential decays of more than about 100-msec time
constant have as yet been developed.

It is difficult to obtain sufficient light from intensity-modulated dis-
plays during scanning, since each point on the tube is excited only inter-
mittently. The problem is especially acute on the slower scans, partly
because of the long time “between excitations and partly because the
cascade screens are less efficient than those with less persistence.

In intensity-modulated displays the characteristics of the screen have
important effects on the signal-to-noise discernibilityy. As has been
pointed out in Chap. 2, the energy per pulse necessary for an echo to be
just discernible is inversely proportional to the square root of the number
of pulses included in the observation. From this standpoint the screen
should enable the operator to integrate or average over the maximum
number of pulse cycles consistent with other requirements; the intensity
of each spot should represent the average of all the excitations received
over a very long time in the past. The limits within which this can be
accomplished are set by the achievable properties of the screen, and by
the degree to which past information can be retained without causing
confusion as the picture changes.

The screen properties of importance in this connection are the type
of decay and the manner in which the light intensity “builds up” under
successive excitations. To examine their effects, consider first a scan
which is so slow that either the limitations of achievable persistence or
the requirements of freedom from display confusion due to target motion
prevent appreciable storage of information from one scan to the next.
In such a case, the averaging must be done over a single pulse group.
With modern narrow antenna beams and customary scanning rates the
time occupied by this group is always short compared with the total
scanning time and achievable decay times. The screen chosen should
have sufficient persistence so that there is no appreciable decay’ during
the process of scanning across the target and the entire echo arc is observ-
able at one time. In order that the average intensity of this arc shall
represent all of the data, it is essential that the screen integrate the effects
of all the pulses that overlap on a given focal spot—that is, it should not

1Except for that involved in the disappearance of the secalled “flash,” which
occursfor a very short time interval during and immediately after each excitation.
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saturate too quickly. The number of overlapping pulses (which is
often large) is given for a PM by the expression NS/ur at the center of
the arc, where N is the PRF, S is the spot size, u is the angular velocity
of the scan, and r is the distance from the origin of the display to the echo
spot. Thus for a 30-sec scan and a PRF of 400 (see Sec. 15.10) there
are about ten overlapping pulses at “ranges” corresponding to the
radius of a 7-in. tube, since S/r = ~. The property of “ building up”
in intensity because of excitation by successive members of such a group
of pulses is possessed to an adequate degree by all cascade screens, pro-
viding the excitation is not at too high a level.

At faster scanning rates it becomes possible to provide screens having
carry-over from one scan to the next. Within the requirements set by
clarity in a changing picture, the longest obtainable persistence should
usually be used in order to average over the largest possible number of
pulses. However, the permissible decay time is so short in the case of
very rapid scans that the operator and not the screen has the longer
memory. The persistence should then be determined entirely by the
requirements of freedom from flicker on the one hand and freedom from
blurring due to motion on the other.’ If a set has several indicators
involving different scale factors, their persistence should theoretically
be graded, fast screens being used on the expanded displays where the
picture changes rapidly and slower ones on those displays covering large
areas. Fortunately, it is usually the latter on which the signal-to-noise
discernibility is of most importance , since the expanded displays are
usually confined to near-by regi ens.

Providing the scanning is not too slow (for example, if it is approxi-
mately one scan per second) certain types of cascade screens will, if
initially unexcited, display more than twice as much intensity after two
scans as after one, and so on, e~”enthough the intensity may have decayed
manyfold in the time between scans. This property of “supernormal”
buildup was at one time believed to be very desirable from the signal-
discernibility standpoint, on the hypothesis that it would give the
repeating signal an advantage over random noise. However, the prop-
erty is most exaggerated on an initially unexcited screen, whereas in
actual cases of successive scan integration the screen is initially excited
from previous scans. Furthermore, it is not evident a priori that the

1When extended observations are to be made cm a single target or region the
display is sometimes “frozen”; th~t is, the target motion relative to the radar is com-
pensated so that the picture remains stationary. It is then possible to use longer
persistence without blurring. However, since observation of the frozen display is
usually part of the “tracking” operation which controls the removal of the motion,
the persistence must not be so long that it reduces the ease of detecting small changes
in target position.
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readjustment in the weighting of the successive pulse groups introduced
by this phenomenon is desirable. In any case, careful observation has
not detected any appreciable advantage for screens with very high super-
normal buildup. The property of supernormal buildup may be con-
nected, however, wit h other desirable ones. Indeed, those screens with
highest buildup are in general the ones that show the longest persistence.
These questions are discussed in detail in Vol. 22 of this series.

“Dark Trace” S’creen.s.--Certain normally white salts, notably the
alkali halides such as KC1, have the property of darkening for a time at a
point where they have been struck by an electron beam of sufficient
energy.1 This phenomenon has been made use of in one form of cathode-
ray tube, known as the “ skiatron” (screen type is P-10) used for pro-
jection purposes. By means of an intense external light source, opaque
projection of the tube face magnified several diameters is possible.
Although of value for this purpose, this type of screen has several dis-
advantages. Contrast is always low, particularly if the duty ratio of the
pulses is low. Furthermore, such a screen has the unhappy property
that signals tend to “burn in” with time, which is a definite handicap
in a changing picture and is disastrous in the presence of certain forms of
interference. Except for the burning-in tendency, the normal persistence
is satisfactory through about the same scan intervals as is that of the
P-7 screen.

13.3. The Selection of the Cathode-ray Tube.—Both electrostatic
and magnetic tubes are available in various sizes and with various screens
(Table 131). The most widely used wartime types are pictured in
Fig. 13.5. The following intercomparison of existing designs of electro-
static and magnetic tubes can be made.

1. At the excitation levels necessary for intensity-modulated displays,
magnetic tubes provide much better focus than do the electrostatic
types. It is possible to resolve about 175 to 200 fairly intense spots
along the radius of most magnetic tubes, whereas the figure for
electrostatic tubes is more like 75 to 100. On the other hand, at
the lower beam currents needed for deflection modulation, the
electrostatic tubes perform very well.

2. Magnetic tubes are more costly to deflect than electrostatic tubes,
particularly at high frequencies. >-o attempt is made to deflect
magnetic tubes at video frequencies.

3. Electrostatic tubes are, in general, much longer than the equivalent
magnetic tubes, but the size, weight, and power dissipation of the
over-all equipment is greater with magnetic tubes, partly because
of the weight of the focusing and deflecting mechanisms and pal tly

1See Chap, 18, Vol. 22 of the series.
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l~lG. 135.-Representative electrostatic cathode-ray tubes: (a) 5BP1, (b) 5CP1, (c)
3JPl, (d) 2.~Pl. Representative magnetic cathode-ray tubes: (e) 3HP7, (j) 4.APIO,
(0) 5FP7, (h) 7BP7, (i) 12DP7. lfost of thesetubesare available with other screen types.
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because of the greater power required for deflection. These
diiTerences are of significance only in airbmne equipment.

4. The grid-modulation characteristic of most electrostatic tubes
follows approximately a square law, whereas that of the guns used
in most magnetic tubes is cubic. As compared with a linear
response, these characteristics have the unfortunate property of
lowering the dynamic range of usable echo intensities since they
reduce the ratio between the upper limit of useful signal swing,
set by the tendency to defocus, and the level below which the
intensity is insufficient.

TAZLE 13.1.—CATH0DE-RA%TUBES COMMONLYUSEDiFOR RADAR APPLICATIONS

Bulb
number

2A
2B (New)
3B
3D (Central
electrode)

3F
3J
3H
4.4
5B
5C
5F
5L
7B
9G

12G
12D

Jseful

liam-

eter,

in.

1.7!

1.7:

2.7!

2.7!

2.7!

2.7{

2.5

3.3:

4.5

4.5

4.2E

4.5

6.0

7.62

10.0
10.0

Type of
deflection

131ectroetatic
Electrostatic!
Electrostatic
Electrostatic

Electrostatic
Electrostatic
}Iagnetic
Magnetic
Electrostatic
Electrostatic
Magnetic
Electrostatic
Nlagnetic
Magnetic
Electrostatic
Magnetic

hfax. acceler-
ating voltige

(nominal) Specified

Anode

1000
2500
2000
2000

2000
2000
5000
9000
2000
2000
7000
2000
7000
7000
4000
7000

maximum
POSL spot diam-
Ieflec- eter, mm*
tion
mode

0.5to 0.6
. ., ..,,.

o.55t00.7!
0.6tol. O

4000 . . . . . . . . . .
4000 o.75too.9

0.5to 0.6
. . . . 0.3
. . . . 0.6tol. O
4000 0.6to 0.9

0.5to 0.6
4& . . . . . . . .

o.75t00. s!
.,. l,ot01,2
6000 1.2tol.8

.,. 1.35 t01,5

Commonly
used ecreens

P-1
P-1
P-1
P-1

P-7
P-1, P-7
P-7, P-12, P-14
P-lo
P-1
P.1, P-7, P-12, P-
P-7, P-12, 1’-14
P-1, P-7
P-7, 1’-12, P-14
P-7, P-12, P-14
P-1, P-7
P-7

4

● Mont magnetic tubes actually give fmm 0.5 to 0,7 of this maximum spot size. Electrostatic tubm
are in general near the maximum.

As a result of these factors, electrostatic tubes are invariably used for
deflection-modulated indicators, but, except in cases of extreme weight
limitation, magnetic tubes are used for most intensity-modulated displays.

The size of the tube selected depends upon the particular application.
The relative resolution is fairly independent of the size, so that from this
standpoint alone there is little value in increasing the screen diameter
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beyond the point ~vhere the resolving po\ver of the eye ceases to be the
limiting factor (5- to 7-in. magnetic tubes, 3- to 5-in. electrostatic tubes).
On the other hand, if geometrical measurements or estimates are to be
made, or if plotting is to be done, it is desirable to have as much dis-
persion as possible; for such use the larger sizes are definitely preferable.
This requirement must be balanced against the available space, particu-
larly in airborne equipment.

For many purposes even the largest available tubes (lZ-in. diameter)
are still too small, and it is desirable to provide an enlarged presentation.
Since at most scanning rates phosphorescent screens do not provide
enough light for projection, it is necessary to devise special methods. Of
those used to date, one involves the projection of a photograph of the
PPI or other scope, which is developed and projected in a few seconds by
special techniques; the other involves opaque projection from the skiatron
screen (see Sec. 7.3).

COORDINATION WITH THE SCANNER

Under various circumstances several different sorts of electrical
information must be delivered from the scanner to the indicator. (Some
of these have already been illustrated in Sec. 12.1. )

1.

2.

3.

4.

Signals capable of controlling an electromechanical repeater. The
repeater can bc used to position a cathode-ray-tube coil or to
provide a dummy scanner shaft to which the final data trans-
mitters are attached.
Slowly varying voltage proportional to the scan angle, to be used
in the cartesian display of angle as in type B and type C displays.
The voltages can be obtained directly from a potcntiomctcr of
proper characteristics or from the envelope of a carrier which has
been properly modulated. In many cases where the angle dis-
played is small, sin 0 can be substituted for 0.
Signals produced by passing a range sweep voltage (or current)
through a resolver to produce an electronic 1’1’1 or an RH 1.
Slowly varying voltages proportional respecti\rellf to the sine and
cosine of the scanner angle, which are used to control sa\vtooth
generators in such a way that they produce s\veep components
equivalent to (3). This is spoken of as “ pre-time-base” resolu-
tion. The voltages themselves can be transmitted by a poten-
tiometer, or a modulated carrier can be used as in (2). The
approximations sin d = 6 and cos 6 = 1 am often {Ised.

13.4. Angle-data Transmitters.—Thc devices that provide the
scanner data are known as “ (angle) data transmitters.” ‘~hey in-
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elude potentiometers, variable transformers, variable condensers, and
generators.

Potentiometers.-Potentiometers are principally used to provide
voltages whose only frequency components are those resulting from the
scanning. Because even the best potentiometers have a certain amount
of brush ‘(jitter” which can be removed only by filtering, they are not
very satisfactory for resolving range sweeps. A wide variety of linear
potentiometers differing in accuracy, size, ruggedness, and so on have
been developed specifically for radar use (see Vol. 17).1 For many pur-
poses they provide the simplest method of data transmission and often
they are more effective than any other device. A difficulty arises,
however, in those cases where it is necessary to shift the sector under
view. This can be done within limits by adding a fixed voltage to the
circuit, but over any extended angle it is necessary to introduce the shift
mechanically by using a differential gear or by rotating the body of
the potentiometer. This requires either that the potentiometer be near
the operator or that a remote mechanical control be provided. Since the
second method is costly, some other data-transmission system is usually
chosen in preference.

Several varieties of potentiometer have been made with sine or with
sine and cosine characteristics, for use as resolvers (Vol. 17). These have
been designed with great care and are fairly good at low turning rates
and low signal frequencies. As data transmitters they are occasionally
used for purposes of pre-time-base resolution on slowly scanning systems,
or as a basis of information for computers.

Variable Transformers (Resolvers, Synchros, etc.).—Figure 13.6a illus-
trates the principle of certain variable transformers called “resolvers,”
‘‘ synchros, “ “ selsyns, “ “ autosyns, ” and so on, which are widely used
as position-data transmitters. An iron-cored coil (rotor) of special shape
is mounted on a freely turning axis inside a slotted-iron framework much
like a motor stator. Two or three stator coils are symmetrically wound
into the slots in such a way that the coupling of each with the rotor is
proportional to the sine of the rotor angle measured with respect to a
position of zero coupling. The device thus fulfills the requirements of a
resolver for a-c signals. An important aspect of this process is that the
polarity of the output signal at a given phase of the input signal reverses
as the synchro passes through a null position for that particular secondary
winding.

If the stators of an excited resolver, called the “ transmitter,” are
loaded with the stators of a second, called the” repeater” or the” receiver,”
(Fig. 13.6b) the latter will experience currents producing a changing

I ilfany of thesepotentiometersare useful as control elementsfor purposesother
thm scanner-datatransmission.
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magnetic field in the same direction as the magnetic axis of the trans-
mitter rotor coil. There will be induced in the receiver rotor a voltage
proportional to V sin (t% – %) where 131and 02 are the respective orien-
tations of thetwo rotors. Ifthereceiver isprovided with a second rotor
coil orthogonal to the first, it will experience a voltage proportional to
Vcos (0, – e,). Thus the two devices together “resolve” the original
voltage in terms of the difference of the two angles. A resolver with a
multiple-phase rotor is known as a “differential” synchro or resolver.
It is used in reducing data from relative to true bearing (one synchro

r--lStstor

(a)

I KV sin (@92)
1

=0
1

v
KV Sin tll

/1 0,

L_- -

1 I

(b) KV COS (61-82)
*

FIG. 13.6.—Two-phase synchros. (a) Two-phase .ynchro; (b) differential synchroremlver.

being driven by a compass), and in enabling an operator to shift the
scanner reference angle for purposes of sector selection.

The 2-phase resolver has been used in nearly all practical applications
of the resolved-sweep technique to “electronic” PPI’s and RHI’s (Fig.
12.3) andinmany applications where pre-time-base resolution is applied
to these displays.

For many purposes a 3-phase rather thana 2-phasel device is used.
If equal loads are applied across the three phases the sum of currents in
thethree stators iszero. Thus, ifthisrestriction isimposed, three brushes
and three wires can be eliminated by making a Y connection. If a
synchro with a 2-phase rotor is used as a receiver, its induced voltages

1In this sensethe word “phase” refersto rotationof the rotor ratherthan to the
internalphase of any signalbeing transmitted.
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will be proportional to the sine and to the cosine of the difference of the

two angles, as in the 2-phase case. If a 3-phase rotor is used, the machine
becomesa “differential,” which effectively subtracts the two angles in

developing its output voltages.

Three-phase synchros are widely used in mechanical repeaters. As

resolvers where the voltage itself is to be used, they have the disadvantage

that they do not deliver rectangular “components.” If only one com-

ponent is needed, however, as in a type B or type C display (using the

approximation sin e = O)they are often used because of their somewhat

higher accuracy and their greater availability.

Variable Condensers. -Certain types of rapid scanners (see Sees.

9“14 to 916) operate in such a way that, as a driving shaft rotates con-,.

&“
Fm. 13.7.—Special variable condenser.

tinuously, the antenna beam scans

linearly across a given sector and

then” snaps” back and repeats itself.

Rotating - coil - indicator techniques

cannot be used in such applications;

hence the display must be synthe-

sized electrically. The form of signal

modulation provided by a synchro

is suitable only for those sector

widths for which the discontinuity

in the scan can be achieved by

switching between stator leads (that

is, 90°, 180°, etc. for a 2-phase, 120°

for a 3-phase synchro). Poten-

tiometers cannot be used for rapid

scans, since brush” chatter” becomes

excessive and the life is exceedingly

short. To fill this need, special

variable condensers have been devel-

oped. An example of such a con-

denser and one type of circuit used is

shown in Fig. 13.7. The condenser

plates are so shaped that the capacity increases as the rotor turns clock-

wise, producing the desired potential variation (usually linear with angle)

across C’O. Recycling takes place when the rotor passes through the sector

in which there is no stator. The shaft is geared in such a way that the

condenser rotates 360° during one scanning cycle. Since C’ is never zero,

the output voltage has a constant term which must be removed in some

way.

In addition to specially shaped condensers such as that of Fig. 13.7,

more conventional ones are sometimes used with rapid scanners, in order
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to permit the use of higher carrier frequencies than can readily be passed

through a synchro.

Generators. —In some instances of conical or spiral scanning, part of

che scanner data is provided by means of a d-c excited 2-phase generator

geared directly to the scanner axis. In the case of conical scanning, the

output voltages of this generator are direct measures of the sine and

cosine of the phase of the scan. In the spiral scan, the voltages are

modulated in terms of the nod angle, either by varying the generator

field current by a potentiometer on the nod shaft, or by passing each

sinusoidal voltage through such a potentiometer after generation. The

signals thus produced can be used directly in the synthesis of type B and

type C displays.

13.5. Electromechanical Repeaters.—Two types of electromechanical

devices are used to repeat the motion of a rotating shaft at a remote

point.

},
; 1

1

e I I
0 I

A.c line
~Repeater shaff

FIG. 13.8.—Synchro-driven repeater.

The Synchrodriuen Repeater.—If the stators and rotors are attached

respectively in parallel and the rotors are connected to an a-c power

source (Fig. 13.8), the two rotors will tend to align themselves in the
same direction. Any departure from this condition will result in cir-
culating currents in the stators which will cause a motor action tending
to produce alignment. If one rotor is driven, the other will follow, with
only enough lag to furnish the necessary power. If the second rotor has
little or no mechanical load, this lag will be very small at rotational speeds
up to a few revolutions per second; if the load is appreciable, the lag may
amount to a few degrees. In order to reduce the effect of lag, the system
is often “geared up.” For example, the transmitter synchro can be
attached to a shaft rotating 10 times as fast as the scanner, and the receiv-
ing synchro can then drive a rotating PPI deflection coil through a
10-to-l gear reduction. Under these conditions, the lag error can be
kept to a small fraction of a degree. There is, however, a 10-fold uncer-
tainty in the position of the deflection coil in our example, since any of
10 antenna positions looks the same to the receiver. The necessity for
phasing the system manually each time it is turned on can be avoided
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either by a system of cams and microswitches which disables the repeater
when it is in any but the correct 36° sector, or in more elaborate ways.

Standard-design low-impedance synchros are used. Transmitter
and repeater are identical except for the inclusion of a mechanical damper
on the shaft of the repeater. The maximum speed of rotation of the

synchros is about 400 rpm, restricting a 10-speed system to 40 rpm.

The principal disadvantage of using synchros to provide torque is

that power must be transmitted by the primary s.vnchro. This limits

the number of repeaters which can be used. Further, in systems with

more than one repeater, an error in any tends to throw the system off

balance and to affect the accuracy of other repeaters.

The ,%rvomechanism.-Scanner position can be repeated at a distance
with an angular error as small as desired by means of a servomechanism.

>

Antenna
u
Compass

Repeater shaft

l!mq y~ -

~ output

Amplifier

Transmitter
Repeater I

Differential

mq
Gears --- Motor

AC llne -

FIG, 139.-Servo system including compass-dri~-en differential,

This term refers to a device that is arranged to reduce to zero an “error
signal” present ~vhen misalignment between transmitter and repeater

exists. Synchros can be used to generate such an error signal. The

stators of the synchros are connected in parallel as before, with, perhaps,

a differential synchro inserted bet!veen them (Fig. 13.9) to allow compass

or other corrections. Only the transmitter rotor is excited from the line.

If the two rotors are oriented at right angles to one another, no voltage

is induced on the receiver rotor. .&ny departure from this orientation

results in an error signal ~vhose internal phase is opposite for errors of

opposite sign. This error signal is amplified by vacuum-tube circuits

and used to drive the motor that turns the load. Proper phasing is deter-

mined by reference to the line voltage, usually by using the latter to

provide field current for the motor.

As in the double-synchro direct-drive system, ‘ [gearing up” is often
used. Here, ho!~ever, the proper rotational phase is usuall~- selected by
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asecond servomechanism acting at “single speed. ” Some sort of switch,

such as a gas-filled tube, serves to transfer control to the single-speed unit

when the error becomes large enough to confuse the higher-speed servo.
For further information on the extensive subject of electromechanical

repeaters, the reader is referred to Vol. 21 of this series.

BASIC ELECTRICAL CIRCUITS

The technique of producing radar displays involves the use of many

unfamiliar or entirely new types of vacuum-tube circuits. A great many

of these use a tube as a nonlinear element in such devices as electronic

switches, pulse formers, generators of rectangular and other waveforms,

etc. The following sections will describe briefly some of these techniques

in order to provide a basis for ‘understanding the methods of display

production.

13.6. Amp~ers.-X’o attempt will be made here to describe the

standard forms of amplifier met with in ordinary vacuum-tube circuit

E,. -L?E.ut

Adding 4
- cwcuit Amphfier-
E,n gain=l gem=Go

+

R,
-B Ec,u,

R=R+, R2

*4

Q
Amphfier

Elm

R,
–B EM E

Load 0“’

R2

FIG. 13.10.—Negative feedback principle.

practice, but a number of special

forms important in indicator de-

sign will be touched upon. 1 The

important case of video amplifiers

has already been met in Sec. 126.

Negative Feedback.—In a large
number of instances negative feed-
back is necessary to insure linear-
ity and adequate frequency
response. The principles involved
are illustrated in the upper dia-
gram of Fig. 13.10. By any of
several methods a fraction j3of the
output signal is subtracted from
the input signal ahead of the
amdifier. The effective signal to

the amplifier is then given by Eim — BE.,. The Output Sbwal Cm be

expressed as

Eou, = (Eir, – &%t)Go,

where GOis the gain of the amplifier proper, in the absence of feedback.
Solving for E..,,

i For a complete discussion of amplifiers see Vol. 18 of thie eeriea.
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whence the gain of the entire device is

(1)

If P is large compared to I/GO, variations in GOwill have little effect
on G. Care must be taken, in using large values of GOand ~, that phase
shifts in some of the frequency components do not result in positive feed-
back and hence distortion or even oscillation.

The more usual method of representing the circuit is shown in the
lower diagram of Fig. 13.10, where the adding and amplifying are indi-
cated together.

-++$b+
Tube Tube

Impedance>Z Impedance<Z

(a) (b) (c)

Fm. 13,11 .—Cathode feedback. (a) General case; (b) cathodefollowers; (c) cable-matching.

Several types of negative-feedback amplifiers are used in indicator
circuits.

Cathode Feedback.—A simple variety of negative-feedback circuit uses
an unbypassed cathode resistor to provide the feedback voltage (Fig.
13.1 la). The load may be in the plate, it may be the cathode resistor,
or it may be divided between plate and cathode circuits to provide two
output points.

For a plate load, the feedback voltage is actually proportional to the
current through the load’ rather than to the voltage across it; this is called
“current feedback.” If the load current is of interest (as in driving a
deflection coil), this is just what is wanted. If, on the other hand, the
uolfuge across the plate load is of interest, a cathode resistor gives the
proper type of feedback only if the load is also purely resistive. If

1If a pentode or beam-powertube is used, the screencurrentpassesthroughthe
cathode resistorbut not through the load. In very exacting cases some account
must be takenof this fact.
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the plate load is reacthe, thecathode impedance should bealso, with the
same sort of frequency response. For pure resistances the feedback
ratio is Rk/(RL) and Go is RL/(Rk + R~) multiplied by the gain that
would obtain if both resistances were in the plate circuit.

In the cathode followers of Fig. 13”llb, the cathode circuit serves as
the load and the plate is connected directly to B+, resulting ina nega-
tive-feedback amplifier of gainless than 1, characterized by great linear-
ity, excellent frequency response, high input impedance, and low output
impedance.

Since the entire output voltage appears across the cathode, the feed-
back ratio P is unity. Therefore G is always less than 1 [Eq. (l)],
approaching, for large values of the cathode resistor, the value AL/(U+ 1),
where p is the voltage amplification constant of the tube. Since l/GO is
nearly always considerably less than O, the amplifier has a faithful
response.

The internal impedance of the circuit driling the total load is given

by 1 ) where g- is the mutual conductance and RP the plate
g. + l/Rp

resistance of the tube. This is a little less than l/g~, and is therefore in
the range from one to a few hundred ohms.

The input impedance of the tube itself (assuming no grid current)
results from the sum of the capacities between the grid and the fixed
elements (plate, screen, etc.), plus the grid-cathode capacity divided by
1 – G, where G is the gain. This impedance is in parallel with the grid
resistor and the wiring capacity. The effective impedance of the grid
resistor connection can be increased by the method shown on the right
in Fig. 13”1lb, since the drop in the grid resistor is thereby reduced.

Among the applications of the cathode follower are the following:

1. As a low-impedance source to supply the considerable power
required to drive such a load as a transformer or a deflection coil.

2. As a low-impedance source which will provide fairly uniform fre-
quency response even when considerable capacity is associated
with the load. The time constant and therefore the high-frequency
response will be determined by the capacity in parallel with the
internal impedance of the tube and resistance Rk. Since the tube
impedance is small, good response can be obtained at frequencies
of a few megacycles per second, even with fairly large load capaci-
ties. However, the internal impedance of the tube at any instant
depends upon the actual tube constants at that instant. A steep
negative wavefront may cause the grid to enter into a region of low
g~ or to cut off, if the current flowing is too small to discharge the
ocmdenser with sufficient rapidity. The current can be increased
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by using a smaller value of Rk, which sacrifices gain, or by using a
positive grid bias. The latter is usually to be preferred.

3. To match the impedance of a cable. In this use the cable sees R,
in parallel with the internal impedance of the circuit proper.
Correct methods of matching are shown in Fig. 131 lc.

Another special case of Fig. 13”1la is one in which the plate and
cathode resistors are made equal, thus providing equal signals of both
polarities from a unipolar input signal. Since the feedback ratio is unity
for each output signal, this “split load” or” phase-splitting” amplifier has
many of the desirable properties of the cathode follower, but the single-
sided gain is always less and the internal impedance is greater.

Amplifiers for Dejection-coil Currents.—Special problems are involved
in producing rapidly changing deflection currents such as those involved
in range sweeps, since the voltage across the coil may become very large.
For a linearly increasing current (as in a range sweep) this voltage is
given by

di di

‘z+ Ri=La+ Rat’

where a is a constant. Since di/dt is also a constant the waveform con-

sists of a step plus a linear increase. The sweep is usually produced by

an increasing current since, except in special cases, this results in the
minimum average current. As a result, the coil voltage drop during
the sweep results in a decrease in the plate potential of the driver tube.
The drop across the coil reaches its greatest value at the end of the fastest
sweep, and the power-supply potential must be designed to accommodate
this case. Such a sweep need not dissipate much power since the average
current is low, but unfortunately the same power supply is used on high–
duty–ratio sweeps where the average current is high. The total power
dissipation due to the sweep circuit can be minimized by using a large
number of turns on the deflecting coil and a correspondingly high supply
voltage, since this reduces the losses in the driver tube and in the power
supply itself. Usually, however, other circuits derive their power from
the same supply, and a high voltage results in unnecessary dissipation in
them. In consequence, the system is often designed in such a way that
the plate of the driver tube operates on the margin of insufficient voltage
on fast sweeps. Even if this were not the case, the amplifier would
tend to discriminate against the higher frequencies because of the higher
impedance offered by the coils to these frequencies.

As a result of these factors good range sweeps can be obtained only
with the use of greater negative feedback than would be necessary
merely to correct for nonlinearities in the tube in a normal application.
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Special amplifiers satisfying these requirements will be described later
in connection with specific applications. Many of these employ multi-
stage feedback.

13.7. The Generation of Rectangular Waveforms.-A rectangular
waveform is one whose outstanding characteristics are steep, alternately
positive and negative wavefronts with a space between (for example,
Fig. 13. 12). The term wilf include waveforms whose “tops” and
“bottoms” are not completely flat.

In some applications only tbe timing of one or both wavefronts
matters, the particular shape of the whole wave not being of interest;

(a) Square wave oscillator
(no external stimulus)

{

Trkwf ~
(b) Flip-flop

‘e’p””’’nnn—r

I “-V-’
Sinusoid

(c) 3quaring amplifier

‘es””’’J-Ll-L

/

Trigger#l ~

(d) Flopover Trlsser X2 ~

[’-n”J—uLr—u
(Trigger I I I I I

(e)Scaleof two

~ ‘es””” _nll——r
FIG. 13.12.—Response of various waveform generators.

in others the shape is also important. Among the latter are such appli-
cations as the intensifying of cathode-ray tubes and the operating of
various electronic switches. Rectangular waves can be used for timing
purposes—for example, to initiate the generation of sharp pulses or other-
wise to initiate some particular event at the instant of occurrence of one
of the wavefronts.

The circuits that produce such waveforms can be divided into three
categories:

1. Those in which the waveform is produced without external
stimulus—that is, free-running oscillators (Fig. 13”13).

2. Those in which an externally induced departure from a stable state
with production of a wave front is later followed by a spontaneous
return which produces the wavefront of opposite polarity (Fig.
13.14). Such a device is called a “single stroke” generator or
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“flip-f lop.” It has wide application both in cases where the wave-
form is directly used and in timing or “delay” circuits.

3. Those in which both wavefronts are externally induced. In this
class are the “squaring amplifier, ” which produces square waves
from sinusoids or other waveforms, and various triggered devices.
The latter can be divided into two classes: (a) the “ flopover” or

“ lockover, ‘‘ in which an external signal induces a change from one

stable state to another, and a reverse signal or one from a second

source reverses the operation (Fig. 13.15a); and (b) “scale-of-two”

circuits, in which successive triggers from a single source induce

alternate transitions between two stable stqtes (Fig. 13”15b). The

name “ scale-of-two” arises from the fact that if sharp pulses are

derived from those wavefronts of o~e polarity their number will be

half that of the original trigger pulses.

F
:0 t, t, t; t;

C2 c,

.-—

y;

(2) Plate 1
l-rl_rLB+
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--~m-+~~f

I
(4) Plate 2
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FIG. 13. 13.—Eccles-Jordan multivibrator.

Aside from the squaring amplifier, which will not be discussed here,
there are three principal forms of rectangular-wave generators.

The Ectiles-Jordan Circuit. —Figures 13”13 to 13”15 illustrate a group
of two-tube circuits in which the sharp transitions are produced by posi-
tive feedback from each plate to the alternate grid. All are based upon
a circuit of Eccles and Jordan. 1

Figure 13.13 illustrates the free-running multivibrator, which is a
form of relaxation oscillator. In order to understand its action, assume
an initial condition (for example, at LOon the waveform diagram) with
the grid of V1 beyond cutoff and that of Vz at cathode potential. Then
V2 is temporarily quiescent with its plate at a low value; the plate of V,
is at B+, and grid g1 is rising exponential y toward bias potential as Cl
is discharged through RI. At time t,, gl reaches the cutoff point and VI

starts to amplify. The amplified signal is passed to Vz where it is further
amplified and fed back to VI. This regenerative action quickly lifts g,
to the grid-current point and drives gn far past cutoff so that the original
condition is reversed. The plate of VI is down and that of Vz is at B+.

1W. H. Ecclesand F. W. Jordan, Radio Rev., 1, 143 (1919).
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Grid gl now rises, until at t, it reaches cutoff and regeneration occurs in
the reverse direction, and so on. Thus two square waves of opposite
phase are available from the two plates. For given tube types and
supply potentials, the time interval tl – tz is primarily determined by
RZCZ, and the time interval tz - t,’ by RICI; these furnish convenient
constants by means of which control of the time intervals can be exerted. I
The multivibrator can be used as a completely free oscillator, or it can be
synchronized by supplying it with a sine wave or a pulse train at a higher
frequency than that of the natural oscillation.

Figure 13.14 shows a single-stroke or “flip-flop” multivibrator.
The resistors and the bias voltage of the grid of V, are so chosen that
when VI is fully conducting, gj comes to equilibrium beyond cutoff; but
when VI is cut off, g~ is pulled hard against the cathode. If left to its

“B
+

c2=25//Lf
+ c,

R, 400 k

---

Trigger ‘--

v, 100 k ~

-lCOV

(1) Trigger ~

(2) Gnd 1

‘3) “a’el _rLnrL’+

&

“)p’ate’U1-rL-r’+
FIO. 13.14 .—Eccles-Jordan Sip-flop.

own devices, the circuit will come to equilibrium with VI on and Vj off.

When an impulse of the correct polarity is applied to g, or to g,, the
regenerative action cuts off VI and turns V2 full on. Grid gl then rises
until the cutoff point is reached, when the regeneration reverses and the
cycle is completed with the original condition restored. The length of
the square pulse during the flip-flop action can be easily controlled by
varying RIC1 or the potential applied to RI. This voltage is made posi-
tive to assure that gl will be rising sharply when the cutoff point is
reached; this helps maintain-a constant square-wave duration. Typical
circuit constants are indicated in the grid circuit of V2. The condenser
Cz serves only to quicken the regenerative action and is not essential
except for the highest speed operation.

The “ flopover” and the “scale-of-two” (Fig. 1315) are direckoupled
in both directions in such a way as to have two stable states, and will
remain in either until disturbed in the proper manner. In the flopover,

1For simplicity it can be assumed,as is practically always the case, that the supply
voltage is much higher than the cutoff voltage and that the plate re&tors are much
smaller than the grid resistursbut large enough to abeorb most of the potential drop
when in serieswith a saturatedtube.
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triggering signals from different sources, applied to the opposite sides,
result in opposite actions. Regardless of the order in which pulses are
received from the two triggering sources, the flopover will respond alter-
nately to triggers from the two.

+

ahc /

ac

Trigger1

L.

(a)

r-----l
i Trigger

L.

(b)

FIG. 13.15.—Double external triggering of Eccles-Jordan circuits. (a) Flopover; (b)

scale-o f-t wo.

In the scale-of-two, pulses from a single source are applied to both
sides; whenever a pulse arrives the circuit changes from one stable state
to the other. Thus two pulses are required to complete a full cycle.
The output waveforms can be used directly for switching purposes, or
they can serve as a means of generating pulses of half the frequency of
the original ones.

In all the above circuits it is feasible to use EPP

self-biasing, but care must be taken that the
bias voltage is independent of duty ratio.
This can be assured by using a common self-

R

c

bias resistor for both tubes, provided their
loads are the same.

--- ---

Cathode-coupled Multivibrator.—F i g u r e V
&

13.16 illustrates a different type of single- Irk
stroke multivibrator which is considerably = .
better than the Eccles-Jordan variety for FIG. 13. 16.—Cathode-coupled

accurate timing purposes. The two cathodes
Sip-flop circuit.

are coupled through a common resistor, and plate-grid coupling is used
in one direction only. In the normal state, Vz is conducting by virtue
of the positive grid supply voltage. The resulting current produces
sufficient potential drop across Rk to cut off V1. If, now, a positive
trigger pulse of sufficient voltage is applied to gl (or a negative pulse to g,)
the amplified pulse is applied to Vz through C, and V2 starts to cut ofi.
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The drop in its current further reduces the bias on VI, and there is a
violent regeneration which ends with V1 full on and the grid of Vz far past
cutoff. The grid of Vz then experiences an exponential recovery toward
B+, and when the cutoff point is reached regeneration occurs in the
opposite direction and restores the initial condition. The circuit has the
marked advantage that the time for the fhp-flop action is remarkably
linear with the bias voltage of g,, so that by means of an accurate poten-
tiometer controlling this voltage a linear timing circuit of rather low
precision can be made. The circuit can be somewhat improved over that
shown in Fig. 13”16 by the addition of a biased diode in the grid circuit of
Vz to determine the precise limit of the negative excursion of that grid.

510 fl/lf

‘:27k ::lOk

Negat,ve tr!gger Input

T

--OOutput

FIG. 13.17 .—Phantastron delay circuit.

The cathode-coupled multivibrator can also be used in the form of a
freely running oscillator, a flopover, or a scale-of-two, but the Eccles-
Jordan form is most common for such purposes.

The Phanfasb-on.-The phantastron of Fig. 13~17 is a flip-flop of a
quite different type which serves as a timing circuit maintaining its
calibration to about one per cent. In the normal condition, V1 is

quiescent, with the cathode sufficiently positive to cut off the second
control grid so that all of the current goes to the screen. The plate
potential is determined by the setting of the delay potentiometer. If a
sufficiently strong negative trigger is supplied through Vz to the first grid,
the fall in the cathode potential turns on the second control grid. The
establishment of plate current further reduces the potential of the first
control grid so that the second grid is turned full on. The plate can now
fall farther only as the potential of the first grid rises, by discharge of Cl
through R,. The condenser C, acts as a feedback condenser, assuring
linearity of the tube response so that the plate falls linearly with the
time. When the plate reaches the potential of the second grid it no
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longer falls, the feedback action ceases, and the first grid rapidly increases
in potential, pulling the cathode positive. The second grid is thus cut
off and the original condition restored. Since the plate falls at a very
linear rate to a fixed destination, the delay time is linear with the poten-
tial from which it started its downward j ourney. The critical parts of the
circuit are RIC1, the delay potentiometer, and the various supply volt-
ages. A pentode with sharp suppressor cutoff, such as the miniature
6AS6, can be substituted for the more complicated multiple-grid tube
with equally good results. The phantastron can also be used as a free-
ranning relaxation oscillator.

13s8. The Generation of Sharp Pulses.-Sharp pulses needed for
triggers, range markers, and other indicator uses can be generated in a
number of ways, Figure 13.18 indicates three methods by which a steep

(a) (b) (c)

FIG. 13. 18,—Simple pulse-generating circuits.

wavefront can be used for the purpose. In Fig. 13. 18a the advent of the
wavefront abruptly changes the potential of point A. Immediately
thereafter C starts to discharge through R, and pulses of the shape shown
result. Thk arrangement is usually spoken of as a ‘‘ differentiating
circuit. ” The steepness of the front edge of the pulse is largely deter-
mined by that of the wavefront. In order to obtain a steep rear edge, RC

should be small, but a point is reached for a given wavefront at which
decreasing this product reduces the amplitude. The impedance of the
driving source should be small compared to R.

In Fig. 13.18b, a steep wavefront sets up a shocked oscillation which is
quickly damped out by R so that essentially only one pulse is produced.
As in the case of the RC differentiator, this circuit requires a steep wave

from a low-impedance source.

If the wavefront is from a high-impedance source, or if it has insuff-

icient steepness or amplitude, the circuit of Fig. 13. 18c is useful,

particularly for positive pulses. Turning the tube on or off gives rise to a

damped oscillation as in I?ig. 13. 18b.

A diode can be used in any of the above circuits to remove pulses of

an unwanted polarity.
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The Blocking Oscillator.—The blocking oscillator is an inductively
coupled regenerative amplifier used inthe generation of short pulses. In
the waveform diagrams of Fig. 1319, consider the moment h. The grid
is beyond cutoff and rising exponentially toward the bias potential.
The plate is at B+ potential. At time t,the tube begins to conduct, the
plate begins to fall, by virtue of the inductive coupling the grid is pulled
upward, and a violently regenerative action sets in which ultimately
pulls the grid far positive, drawing much current from the cathode.
Eventually, however, the rate of increase of plate current falls off and the
current to the grid pulls the latter downward. Regeneration takes place

I
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II

Plate
1
I11

II
Point z ~ u u u

Ii
II

Cathode
1
I n n n

t. t,

Sm;::;:g AMAMAMA

Grid when
counting down
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FIG. 13. 19.—The blocking oscillator.

in the opposite direction, the grid is driven negative, and the process
repeats. The period of the oscillation is primarily determined by RC, but
the other circuit parameters do enter. Characteristics of the tube itself
enter to such an extent that the device cannot be considered as a precision
oscillator, although it can be synchronized by one of higher frequency.

The blockhg oscillator can be used as a “scaling” or counting-down
circuit for a continuous pulse train of definite frequency by making the
natural period slightly longer than the expected one and applying signals
of the proper height as shown in the bottom diagram of Fig. 13”19. The
counting ratio is dependable only up to a value of 5 or 10 but synchroni-
zation occurs to many times this value. Somewhat higher ratios can be
used by inserting a resonant circuit in the cathode.
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The device can be used as a “single stroke” pulse generator if the grid
is biased beyond cutoff. The circuit is then quiescent until an external
signal renders the grid conducting. The regenerative action takes place
as before, except that after it is over the grid returns to a point beyond
cutoff where itremains until anew signal is received. Thecircuit is often
usedin this form as a means of generating sharp pulses from poorer ones,
from steep wavefronts (which are differentiated to form the triggering
impulse), from sine waves, and so on.

13.9. Electronic Switches.-An electronic switch isa device that can
change the parameters of the circuit in which it occurs. The principal
functions performed by such switches are to control the absolute potential
level of a point in the circuit, andto control the transmission or genera-
tion of signals by switching them on and off or by choosing between
different signals. Activation of the switch can be controlled either by
the signals themselves (just as a rectifier or an overload relay is controlled)
or by a stimulus independent of the signals. In its action the switch can
be either a series element analogous to a valve that opens and closes to
block or transmit the signals, or a parallel element that, when closed,
holds a point in the circuit in a quiescent state regardless of the presence
of signals.

Clamps .—The name “clamp” is applied to a wide variety of electronic
switches which, when closed, hold or clamp two circuit points together
more or less rigidly. They differ from ordinary mechanical switches in
that their impedance is often appreciable and frequently variable, and
in that many clamps conduct current in only one direction. In fact, it is
often the latter characteristic that enables the device to function as a
switch.

The simple diode is a clamp that is closed when the anode attempts
to be positive with respect to the cathode, but open whn the reverse is
true. The opening and closing may result from the waveform applied
to one of the electrodes, as in a rectifier or a detector, or one of the elec-
trodes may be changed in potential from time to time by a separate
impulse. The use of diodes for switching purposes has been rendered more
attractive by the advent of the germanium-crystal type of rectifier, which
admirably replaces the vacuum-tube diode in many applications, par-
ticularly those involving 50 volts or less of back emf.

The D-c Restorer.—Figure 13”20 illustrates a common method of fixing
the absolute potential taken by a point in the circuit during extreme
excursions of the signal in one direction. In the absence of the diode,
the average potential of point A must be VO, since R furnishes the only
d-c connection. When the diode is placed in the circuit, it prevents A

from swinging more negative than VO,so that V, may be thought of as a
base with respect to which the entire waveform is positive. During each
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positive excursion of A the resistance extracts a small charge, which is
replaced by the diode on the next negative excursion.’ The clampigg

can be done at the positive extreme by reversing the diode. If fidelity of
response is of importance, the RC product must be sufficiently large to
give proper low-frequency response.

The d-c restorer has many applications, only a few of which can he
listed here. It is frequently used to insure that a grid to which unipolar

‘%
Waveformat A

‘A Withoutdiode
-*-C

J-LrLrLc R .thdiode.~..
o

FIG. 13.20 .—D-c restorer,

video signals are applied is operating in the correct voltage range. ThkI
is particularly important in the intensity modulation of a cathode-ray
tube where the tube must be just cut off for zero signal amplitude. The
d-c restorer can be used to fix the starting point of a sweep by clamping
the deflecting plate of an electrostatic tube, or the grid of a direct-coupled
sweep amplifier, between sweeps. In the above examples, the clamping
fixes the point from which signals are measured. In others, the clamping
fixes the level to which an electrode is switched “ on” by a square wave,
as for example when intensifying a cathode-ray tube.

-Fqlo
F1~. 13.21,—Diode Limitsrs.

Biased Diodes. —Figure 13.21 illustrates two self-evident methods of
limiting the excursion ~f a signal by clipping off the top at a level deter-
mined by a d-c potential difference applied to the circuit. The circuit
of Fig. 13”22, on the other hand, transmits only that portion of the signal
in which the voltage exceeds the applied potential, so that in effect the
bottom is clipped. This arrangement is of considerable importance in
time-measuring applications. If a very linear sawtooth is applied to the

1Soxnetirneathe resistoris made slightly more negative than Vo in order to hold A
tightly against the diode during the clamping period.
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input of the circuit, the time elapsing before an output signal appears is
proportional to the bias applied to the diode, thus providing an accurate
and easily controllable time delay (see Sec. 13.12).

Switched Clamps.—In a great many appli-
cations the clamp must be opened and closed
over particular time intervals which may or
may not be directly related to the signals.
According to whether the clamp can conduct
in one or both directions when c1osed it is
classified as a one-way-(” single-sided”) or a
two-way (” double-sided”) clamp.

In the diagrams, E, is the potential of the
clamping point, X is the point being clam~ed,

/lA-&,.o

~!?~o
FIG, 13.22.—Bottom clip-

per (biased diode ‘: pick-off”
circuit).

A is the maximum signaiamplitud~, and “Tis the time interval over which
the clamp is to be opened. If E, is not ground potential, the voltage

t+

(a)

i
R,

Ex 2 EO

+- ..!..

(b)

(c)

FIG. 13.23.—One-way switched-diode clamps. (a) Switched single diodes; (b) double.
diode clamps; (c) diode switched by cathode follower.

X is point being switched. T is length of open interval.
A is maximum amplitude of signal at X. R must be very high.
Eo is clamping potential. Plus and minus signs are with respect to 130.

source supplying the clamping point must be “ stiff” enough to fllrnish
the currents drawn without appreciable potential change.

Among the simple switched clamps are the diodes of Fig. 13.23a, the
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two diagrams indicating clamps of opposite polarities. They will, of
course, close only if the potential of point X is in the specified direction
from li’O,and even when closed they will offer no impediment to potential
changes in the opposite direction. The resistance R is included to coun-
teract any slight leakage charges.

The requirements for the source of the switching waveform are
somewhat rigid. It must provide a satisfactory value of EOand a square
wave of sufficient amplitude. Furthermore, since its impedance adds to
that of the clamp, this impedance must be sufficiently low to withstand
any ‘‘ pulling” by the circuit attached to X, and must be capable of dis-
charging sufficiently rapidly any capacity associated with X.

Frequently a satisfactory square-wave source already exists in the
equipment. If not, further complexities must be added to the clamp.
Figure 13.23b shows a modification that can be used when the source has a

+u-+
R>> R,

w R

l-r

* x

+ ‘--
c

R,C>>T

I Eo

(.) .%2E, (b) Ex 5EO

FIG. 13.24.—One-way triode clamps. (a) Positive clamp; (b) negative clamp.

sufficiently low impedance but an improper d-c level. The tube VI
serves the same function as before and Vj acts as a d-c restorer. The
presence of the resistor RI increases the requirement for a low-impedance
source.

If the waveform source has high impedance, it is necessary to intro-
duce a cathode follower as shown in Fig. 13.23c. The clamping takes
place through the diode and RI; thus R, must not be too large. This in
turn requires considerable current through Vt during the clamping inter-
val. The proper d-c level for the switching signal can usually be chosen
by a proper choice of R,, R,, and the bias potential. If not, it may be
necessary to use condenser coupling and a d-c restorer on the cathode-
follower grid. The corresponding negative clamp is not used, since the
circuit of Fig. 13.24b accomplishes the same results more simply.

Figure 13.24 illustrates one-way clamps using a single triode. 1 In
both cases the clamping is done through the tube impedance as viewed
from X. In the positive clamp this impedance is unfortunately rather
large so that this clamp is not very ‘‘ tight .“ The negative one, on the

LThe well-known Rossi coincidence circuit is an example of a triode clamp.
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other hand, is satisfactory in this respect. Care must be taken in the
latter that ‘‘ droop” in the switching-off pulse does not allow the grid to
go too far positive when the clamp is closed, for this can produce over-
shoot through grid-cathode diode action. Square-wave droop can also
cause overshoot in the positive clamp if the clamping is not tight.

The relative merits of the various single-sided clamps depend upon
the uses to which they are to be put, the type of switching source avail-
able, and so on. If a proper driving source already exists, the simple
diode (Fig. 13.23a) is cheapest and best. If not, the triode of Fig. 13.24b
best combines simplicity and good characteristics among the negative
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FIG. 13.25 .—Two-waY clamps. (a) Two-way double-triode clamp; (b) two-way four-diode

clamp.

clamps, and Fig. 13.23c is the best and Fig. 13.24a is the simplest of the
positive clamps. If the load impedance is high, the latter may be quite
satisf act ory.

Two-way clamps are usually made up of two one-way units of opposite
polarities, as indicated in Fig. 1325a and b. The requirements and
shortcomings of the corresponding one-way clamps apply equally here.
The “phase splitter” of Fig. 13.12 provides an excellent driving circuit
for Fig. 13.25b if it is necessary to provide a special one. If a proper
driving source is used, the four-diode clamp can be much “tighter” than
the two triodes in the positive direction. Furthermorej the capacity
coupling through the two triodes adds, whereas in the diode circuit the
effects of the opposite waves tend to cancel. On the other hand, the
double-triode circuit is much the cheaper, particularly if a special driving
circuit must be provided for the diodes.
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In certain applications where the clamp is used as a series element,
it is essential that the current drawn from the reference point be as small
as possible. Even such small currents as those drawn by the grid cir-
cuits of Fig. 13”25a may be objectionable. In the circuit of Fig. 13”26,
the transformer-coupled grid circuits form closed loops which draw no
current whatever from the reference point.

This circuit is widely used as a demodulator in cases where the phase
of the carrier with respect to the reference signal is of importance. The
waveform to be demodulated is applied to the input terminal of the cir-
cuit and the transformer is excited by an unmodulated wave which is
exactly in or exactly out of phase with the carrier. Because of grid
current, the two tubes will bias themselves to such a point that they are

turned on only at the peak of the keying wave-
form; hence the device is a peak detector.
The polarity of the rectified signal at the out-

~ put terminal will depend upon which of the two
phase relationships exists. This property js
useful in such applications as the demodula-
tion of a carrier wave modulated by a synchro.
As pointed out in Sec. 13.4, the output signal

J.E& at a given phase of the input signal has oppo-
Flo. 13.26.—Two-wa Y site polarity on either side of a null position of

double-triode clamp with
tran8f0rmer+0uplcd switching.

the ~ynchro rotor; in other words, the carrier
undergoes a 180° phase change as the synchro

passes through a null. Thus, when the circuit of Fig. 13.26 is used as a
demodulator, the output voltage is positive or negative depending upon
whether the synchro rotor is oriented positively or negatively with respect
to the null position.

The switching signal always “leaks” through the clamp tube to some
extent by capacity coupling, particularly at the “off-point .“ For this
reason the switching signal should be no steeper or larger than necessary.
Because of this, pentodes are sometimes used in such circuits as those of
Fig. 13.24a and 13.25a. This increases the impedance of the positive
clamp, but is only necessary when the load impedance is also high.

Gated Amplifiers.-An important form of electronic switch of the
nonclamping vanet y is a ‘‘ gated” amplifier tube, in which the switching
signal is applied to an electrode in such a way that the electron current to
the plate is interrupted and no signal can pass. Figure 13”27 illustrates
various methods which are more or less self-explanatory. 1 All of these
are widely used as pulse coincidence circuitsz or to select the pulse or

1It ia possible to combine two or more of these methods so that three or more
electrodes have signals.

z In the case of. pulse coincidence there is, of course, no distinction as to which
electrodeiEbeing switched.
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pulses occurring during a given time interval. The triode can be used
ouly if both signals are limited, since otherwise it could be turned on by

cutoff
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Fm. 13.27.—Gated amplifiers. (a) Switched triode; (b) multicontrol tube switched on

second control grid; (c) suppressor switching; (@ screen switching.

one alone. The circuits of diagrams(b) and (c) of Fig. 13.27 require the
least power input. The 6AS6, which has a sharp suppressor cutoff, is
the most satisfactory tube unless considerable load current is needed.
Since none of the tubes that can
deliver laTge currents has either a
second control electrode or a sharp
suppressor cutoff, it is customary to
use screen gating when the current
requirements are high. In the case of
video signals, the tube must have a
very sharp cut off on the signal grid;
even then it is usually necessary to
choose between an extreme bias, which
sacrifices gain at low signal ampli-
tudes. and a lesser one. which allows a

+S!gnals
from

source1

FIG. 13.2 S. —Switching of alternate

signals.

“ plateau” to be transmitted. The use of two tubes in the way described
in the next paragraph is more satisfactory.

Two such switches can be used in parallel to alternate signals from
two sources, as shown in Fig. 13”28. In thk case the simultaneous but
opposite switching of the two tubes eliminates the plateau if the two cir-
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cuits are properly matched, and the signal grids can therefore be in full
operation at all times. Since it is essential that the proper d-c levels be
maintained when the signal duty interval is large, d-c restorers must
follow any a-c coupling. This circuit is often used as a single-channel
switch, the signals being applied to one tube, and the other serving merely
to cancel the plateau. The circuit may also be adapted to suppressor
grid switching.

13.10. Sawtooth Generators.—The sawtooth waveforms used as a
basis for range sweeps and in certain varieties of precision timing circuits
are practically always generated by a wave-forming network that is
switched on and off by some sort of clamp.

The basic action of all such devices can be illustrated by the simple
circuit of Fig. 13.29. When S, a single clamp of proper polarity, is closed,
an equilibrium state is reached in which X differs from ground potential
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FIG. 13.29.—Basicsawtooth generator.

only by the small drop across R~. If S is suddenly opened, the current
is “shifted from S to C, and the latter starts to charge exponentially at a
rate determined by R, C, and E. The rising wave of the sawtooth is an
exponential of time constant RC, as indicated in Waveform 2 of Fig.
1329. If the sawtooth has an amplitude small compared to E—that is,
if RC >> T—the rise is approximately linear (Waveform 3). Such saw-
tooth generators are widely used in cases where no great precision is
required.

When various sweep speeds are to be used, it is necessary to change
the rate of rise of the sawtooth. This can be done in discrete fashion by
switching the condenser, the resistance, or, within limits, the charging
voltage. Continuous variation is most satisfactorily accomplished by
using a rheostat for R (unless the control is remote) or by varying E
through a potentiometer.

Figure 13.30 illustrates both positive and negative sawtooth genera-
tors using single-triode clamps. If waves of both polarities are desired,
the two circuits of this figure can be combined, or a single tube can be
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used to perform both functions in a somewhat less satisfactory manner.
More often, however, a single wave is generated and the second obtained
from it by a phase-inverting amplifier.

More sophisticated sawtooth generators are necessary when precision

is required. Allofthese endeavor toprotide great linearity inone of the

.,J1;GF—
FIG. 13.30.—Sawtooth generators using triode clamps.

following ways: (1) by substitutinga “constant current” device for R;

(2) by adding the condenser voltage toE, thereby keeping the current
through R constant; (3) by including a high-gain negative-feedback
amplifier, so that only an extremely small voltage need be developed
across the condenser.

1.

2.

Apentode can beusedas aconstant-current device. This method
has been little used in radar, however, partly because of general
complications and partly be-
cause when a pentode is used
in a positive saw-tooth gener-
ator it is necessary to provide
a floating screen-voltage
supply.
Figure 13.31 illustrates the
use of a cathode follower to
keep the voltage drop across
R nearly constant. That
part above the switch indi-
c a t es t h r e e alternatives.
Neglecting the a-c d r o p
across C,, the positive feed-
back raises point Y by an
amount EXG, where G is the

andR=

~
FIG. 13.31 .—Bootstrap sawtooth generbtor.

Switch indicates alternate methods.

gain of the cathode follower and E. the potential of the point X.

Thus the drop across R is given by

E–E, +E&=E– E,(l– G)
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as compared to E – E= were the feedback not present; the effect
of the amplifier is the same as that of using a supply voltage
E/(1 – G). For a triode, 1/(1 – G) may be as much as 20, and
for a pentode as much as 200.

Use of the resistor RI is simplest, but it has important disadvan-
tages. The charge leaking off C, through R and RI must be returned
through them during recycling, and since the time constant of the
circuit must be large compared to T this requires appreciable time.
If the duty ratio i= appreciable, a d-c shift
on that ratio. This circuit can, therefore,
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FIG. 1332.-Sawtooth generators incorporating negative feedback.

ratio is very small or very constant. Furthermore, the presence
of R1 reduces the feedback gain. The diode avoids these diffi-
culties, since it cuts off during the duty interval but closes to give a
low impedance during recycling. The” triode cuts off almost as
quickly as the diode and provides a convenient method of provid-
ing voltage control since it draws no current from the variable
potential source.

When extreme precision is required, the defects due to the charge
drawn from C, and the less-than-unity gain of the cathode follower
may be important. These errors can be completely eliminated by
use of a more complicated amplifier of gain greater than 1, the
excess gain compensating for the drop across Cl. An alternative
is to add to the sawtooth a compensating voltage which, should
be approximate] y proportional to the integral of the sawtooth.
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This method is used in the precision delay circuit of Fig. 13.36,
described in the next section.

3. The most common method of using linear amplifier gain to keep
the necessary signal voltage small is illustrated in the diagrams of
Fig. 13.32. The amplified signal is applied to the “bottom” of the
condenser, so that the potential of X changes only by the difference
between the charge across the condenser and that fed back. Thus
the change in potential across R is kept very small and the charging
current is very constant. The most commonly used of such
methods is the Miller “run-down” circuit of Fig. 13.32b and c.

The two circuits shown differ only in the methods of switching.

In both cases the amplifier consists of a single tube on whose grid

the original signal is formed. The entire plate swing is applied

to the condenser, so that the feedback ratio is 1. In the case of

suppressor switching, all of the current goes to the screen between

sweeps. The control grid is held against the cathode by virtue

of its positive bias. When the suppressor is switched on, most of

the current transfers to the plate, which experiences a negative

surge that is passed on to the control grid. The sawtooth genera-

tion then begins as indicated in the waveform diagrams. The step

at the beginning of the sawtooth is in some cases detrimental and

in others useful.

INDICES

It is always desirable and usually mandatory to provide some form

of quantitative indices or markers for the radar indicator. These may

consist simply of a gridwork of lines or, when high accuracy is required,

of one or more movable indices. In addition, it is often desirable to

superpose some form of map or chart on a radar display, in order to pro-

vide accurate correlation with fixed echoes for navigational purposes or

to show at a glance the geographical position of a ship or aircraft target.

Markers can be provided either by placing a surface containing the marks

as nearly as possible in optical superposition with the display, or by

modulating the electron beam in such a way that the marks appear as

part of the display itself.

Indices or charts ruled on a transparency over the tube face are the

simplest of all to provide, but their use results in errors due to display

inaccuracies, to parallax, and to faulty interpolation. Furthermore, if

the origin of the display is to be moved, it is necessary to provide a

corresponding motion of the reference system, which is usually cumber-

some, or if only a few positions are involved, to furnish multiple sets of

marks in such a way that no confusion results. The methods of optical

superposition described in Sec. 7.3 largely eliminate parallax and are
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helpful in the case of multiple indices, but their principal usefulness isin

connection with plotting and the use of charts.

“ Electronic” marks eliminate or reduce many of these difficulties.

Parallax errors are entirely eliminated. Since theindices are generated

by precision methods that are independent of the formation of the

display geometry, they automatically fall in their proper place on the

display regardless of where it may be centered or how muchit may be

deformed or distorted. In general, electronic methods of producing

interpolation indices are far less cumbersome than mechanical ones.

However, in the case of a slow scan the intermittent nature of the display

makes it difficult to set an index on the echo, unless rather complicated

switching methods are introduced to provide the indices at more frequent

intervals.

Electronic indices areinvariably used for range determinations, since

they can be readily provided with a high degree of precision and since the

radar data are inherently capable of providing great accuracy in range.

In cases where the fundamental data are not so precise, the choice depends

upon circumstances. Electronic marks are always used if the display
is to be continuously movable in position or in size, but in many of the
cases where only a few discrete changes are involved, external markers
are sufficiently simpler to warrant their use.

The following two sections will describe methods of providing directly
viewed electronic indices; auxiliary optical aids have already been
described in Chap. 7.

13.11. Angle Indices.—Because of their simplicity, fixed angle
indices ruled on a transparency are widely used in spite of the inaccura-
cies described above. The inherent data are usually far less accurate
than those of range. Furthermore, in many applications, such as that
of homing, the angle of interest changes slolvly if at all and there is time
for repeated observations. Parallax errors are made as small as possible
by placing the scale very close to the tube face, and in many cases by
ruling on both sides of a rather thick transparency in order to provide a
line of sight.

Movable angle indices of the same type are little used except in the
important case of the centered PPI, where the motion is one of simple
rotation. The index or “cursor” may consist of a thin metal strip

viewed edgewise or of a transparency with a ruled line or a thin slit

milled through it. It is supported by a ring bearing larger than the tube

face and is usually turned by means of a hand crank to which a data

transmitter may be attached if desired. Readings are made from a

circular scale at the edge of the tube.

Fixed Electronic Angle Indices.—An electronic angle index can be
provided by brightening the cathode-ray tube for a few sweeps so that a
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bright narrow line is produced at a given azimuth. The electrical
impulse necessary to do this can be provided in any of several ways.

1. The simplest method involves the use of mechanical contractors
on the scanner or on any mechanical repeater of the scanner
motion. The contact is usually made by arnicroswitch operated
byacamon a rotating shaft. Since it isimpossible to open and
close the switchin a short enough angular interval, unless the scan
is very slow, some device for producing a short pulse must be
introduced. This can consist of a flip-flop triggered by the micro-
switch although, for medium or slow scam, it is possible to make
use of the transit time, of a mechanical relay.1 In order to produce
a set of markers, an equal numbeqof cams ona one-speed shaft or

Rotatingdisk

6CP
+ 25Gv

Light bulb

6,3v

*
FIG. 13.33 .—Photocel1 index circuit.

fewer cams on a higher-speed shaft can be used. The latter
method is preferable because of the cleaner action,

2. Figure 1333 illustrates a method for generating angle marks by
using a photocell mounted behind a slotted rotating disk. Since
the slots can be made extremely narrow and no inertia is involved,
this method produces extremely clean-cut markers. The disk
canturn at the scanner speed and have as many slots as there are
markers, or it can be geared up and have fewer slots.

3. Amethodof using acarrier modulated byasynchro is illustrated
in Fig. 13.34. (The figure actually illustrates a movable index.
In the case of fixed indices, the signals can be taken from the first
synchro and the second one omitted. ) The modulation introduced
by the rotating synchro issinusoidal ~vithscanner rotation; if the
latter is uniform the modulation envelope obtained from the
detector hasthiswaveforrn. Thesharp cusp occurring atthe nulls

lSee, for example, Fig. 4.2 of Vol. 22.
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isthe desired signal. Since there aretwonulls perrevolution, the
synchro must be geared up by?a ratio equal to half the number of
markers. In the figure the null lS used as a switching signal for an
oscillator of frequency approximately one megacycle per second.
The train of pulses is ‘‘ rectified” by the cathode-ray tube, so that

4.5kclsec II II
oscdlator
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r
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47k
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~r0.0001
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FIG. 13.34 .—Synchro null indices.

the marker appears as a row of dots which merge except on fairly
fast sweeps. An oscillation of this sort is preferable to a simple
rectangular pulse if the signals are to be passed through mixing
or other circuits whose low-frequency response is not as good as
demanded by the very long (as much as ~ see) marker pulse.

Movable Electronic Angle Indices.-The methods of producing fixed
electronic angle indices can be extended to provide movable ones. This

can most easily be done, with the synchro method of Fig. 13.34, bv Usiw
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the second synchro to introduce the dilTerential setting. The two nulls
will result in two signal markers 180° apart. If this is undesirable one
of them can be removed by a method involving the use of a multiphase
rotor in the second synchro. A second modulation envelope, 90° out of
phase with the first, is obtained and used to blank one of the markers
(see Fig. 4.5, Vol. 22).

The production of a movable index by the contactor or photocell
method requires that the differential setting be made mechanically.
This method is seldom used unless the indicator contains a mechanical
repetition of the scanner motion.

Movable electronic indices appear on the indicator only when the
cathode-ray beam is on a particular part of the tube face. To set an
index on an echo, it is essential to be able to observe the results of moving
the index. If the scan is rapid, the o~erator has freauent chances to do
so, but if it is slow he cannot cor-
rect an error for several seconds.
This is not too serious in the case
of the movable range marker,
because it appears at all azimuths
and can be’ 6steered” in the proper
direction as it approaches the per-
sistent echo remaining from the
previous scan.

An angle index, on the other
hand, if formed by the methods of

),11
Data

transmitter Display

@w

circuits

* Operator’scontrol

FIG. 13.35.—Substitution method for movable
angle index.

the preceding paragraph will “flash up” only as the scanner passes by.

The operator has no chance to make a correction before the next scan, and
even then the correction must be an educated guess. It is very difficult
to make accurate settings within the space of a few scans, especially if
there is relative motion between radar set and target. 1

It is, therefore, essential on slow scans to use some other method. For
all displays except rotating-coil PPI’s, the so-called “substitution”
method illustrated in Fig. 13.35 can be used. From time to time control
of the display is switched from the regular angle data transmitter to one
that can be set by the operator. During these intervals the direction
taken by the range sweep is determined by the setting of the “ substitu-
tion” transmitter and is thus under the control of the operator. The
switching may be made to occur automatically on a certain fraction of the
range sweep cycles equally distributed throughout the scan (which
requires rapid electronic switching), or it may occur continuous y over an

IThe problem is greatly simplified if aided tracking is used—that is, if come am%of
computer moves the index in accordance with the relative motion, using knowledge
acquired by making the best settings possible in the past.
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appreciable sector of the scan remote from the one of interest, in which
case the switching can be slower and in some cases mechanical. In the
first case the index appears continuously, and in the second it appears
during an appreciable fraction of the scan. In either event, the operator

is able to make this setting while the index is present. The method is not
applicable to a rotating-coil system because of its inertia. Fortunately,
however, this type of display is itself exceedingly accurate in angle, so
that the mechanical cursor can be used on the centered PPI display with
little error except that due to parallax.

13.12. Range and Height Indices; Synchronization. +ince the
providing of electronic range indices is frequently intimately associated
with synchronization, these topics can best be discussed together. The
discussion will be simplified if movable indices are described first.

Methods oj Obtaining Movable Marlcers.—In general, four methods are
used for obtaining a continuously movable marker. In increasing order
of the precision that can be obtained they are: (1) the cathode-coupled
multivibrator; (2) the phantastron; (3) a timing circuit based on a linear
sawtooth; (4) the phase-shifting of a precision sinusoid.

The use of the multivibrator or the phantastron for time-delay pur-
poses has been discussed in the sections describing those devices and no
further description need be given.

The use of a sawtooth voltage wave for timing depends upon the fact
that the time taken for such a wave to reach a given voltage is propor-
tional to the voltage chosen. Figure 1336 illustrates a circuit by means
of which this principle can be very precisely applied. Tubes Vl, Vl, Vs,
and Vi constitute a precision sawtooth generator. The drop across the
condenser C and the lack of unity gain in the cathode follower (Sec.
13. 10) are compensated by the network composed of Ca and Rz which
integrates the sawtooth appearing on the cathode of Vs and thus provides
across C2 a correction proportional to L2. The sawtooth waveform is
applied to the plate of diode Vs, whose cathode has a positive bias of an
amount determined by the setting of the delay potentiometer. Because
of this bias, no signal passes through the diode until the sawtooth has
reached a definite amplitude, determined by the bias value. When the
critical amplitude is reached (at time tl on the waveform diagram), the
remainder of the sawtooth appears on the grid of VG. This partial
sawtooth is amplified by Vc, differentiated in the plate-loading trans-
former, further amplified in VT, and ultimately used to trigger, the single-
stroke blocking oscillator circuit of Va, which produces the delayed pulse.
The slope control determines the range scale and the zero-set resistors
balance out the combined effects of the starting time of the switching
square wave, the starting voltage of the sawtooth, and the conduction
point of the diode. The critical circuit elements in addition to those in
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the sawtooth generator are the delay potentiometer and its associated
resistors and the diode V5. The circuit is described in detail in Chaps.
5 and 6 of Vol. 20 and Chap. 13 of Vol. 19.

The most accurate timing device at present available is a precision
oscillator. This device can be used for the generation of a movable
marker only by some method involving a continuous shifting of its phase.
Extremely precise indices can be generated in this way, although the
error of most phase-shifting elements is large (0.3 per cent). Space
permits no description of this method but the reader is referred to Chap.
4 of Vol. 20 of this series.

Movable Height Marker.—The indices used for determining height on
the RHI or the type E display are usually engraved mechanical ones.
Often, however, a movable electronic index is provided. Neglecting the
earth’s curvature, the time tatwhich an index of constant height h should
appear on an individual sweep is defined by the equation

h= Rsin4=~t sin& or
2h

t=—
c sin 6’

where R is slant range, @ is elevation angle, and c the velocity of light.
The timing can most easily be done by means of a linear-sawtooth delay
circuit. A voltage proportional to sin @ is used as the supply potential
for the sawtooth generator. Thus, for a given diode bias, the slope of
the sawtooth is proportional to sin @ and the time delay is proportional
to I/sin O. The height represented can then be linearly controlled by
varying the diode bias. In general, the inherent radar data are not
accurate enough to justify circuits as precise as that of Fig. 1336. At
large ranges a correction must be made for the earth’s curvature. This
can be done with sufficient accuracy by adding a tz term to the sawtooth
voltage, such a term being obtainable by integrating the sawtooth itself
as in Fig. 13.36.

Discrete Timing Markers. —Discrete indices are invariably produced
by deriving sharp pulses from a sinusoid that is properly phased with
respect to the modulator pulse. The exact methods depend upon cir-
cumstances and in particular upon whether or not the marker circuit
provides the synchronization. Figure 13.37 gives a typical example in
which it does so; Fig. 13.38, one in which it does not.

The oscillator of Fig. 13.37 can be of any type satisf ying the particular
precision requirements. The original sinusoid is amplified and clipped
to produce a symmetrical square wave of the same frequency. The
“negative-going” edge of this square wave is then used to trigger a
single-stroke blocking oscillator. The frequency of the sinusoidal oscil-
lator, and therefore of the pulses, is made equal to that of the most closely
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spaced markers desired.’ Lower-frequency markers are provided by
scaling circuits. A final scaling circuit provides pulses of proper frequency
for triggering the modulator, the sweeps, etc. In the figure it is assumed
that the desired frequency values are successively integral multiples of
the lowest frequent y. If this is not the case, multiple counting channels
are necessary; for simplicity an integral relationship is usually chosen.

When synchronization is external, the oscillator must be shock-
excited. Figure 13.38 illustrates an LC-oscillator widely used in medium-
precision applications. When VI is conducting, the circuit is quiescent
and energy is stored in the inductance by virtue of the cathode current.

~ Scaling ~ Scaling
Oscillator : Amplifier L :::.;’;.: circuit T circuit

-nl T nz

I I I

I ~-xkw

a. Sinusoid

b Square wave

c. l-mile marks I I I I I I I I I I I I 1 [ I

c. l-mile marks
(compressed scale) ~11111 — .—— —.— ___ ___ Iulllulllllll

d. 5.mile marks 11111111111111111111 [11111111 11111

e. 20.mile m~ks I I I I I 1 I 1

f Trigger I I

FIG. 13 37,—Derivation of pulses from c-w oscillator.

Interruption of this current by the square wave shock-excites the oscillat-
ing circuit. The resulting voltage wave has an initial phase of zero
and an approximate amplitude of 1-. The constants of the
Hartley circuit of Vj are so chosen that this initial amplitude is just
preserved. In the present example the amplification necessary to pro-
duce steep wave fronts is provided by the regenerative amplifier formed
by VS, V,. Each time that V, is turned on, the surge of current through
its plate circuitz triggers the single-stroke blocking oscillator formed by
V5, giving rise to the desired pulse. It should be noted that a slight
delay is inherent in the production of the first pulse, since a short but
finite time is required to turn on Vq. Later pulses are all displaced by

1For example, in the case of 1-mile markers this frequency is 93.12kc/see.
* The current necessary to charge C? increases the positiveness of this action.
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the same amount. Since no pulse is involved in the reverse regeneration,
the exact phase at which it appears is immaterial. The precision of the
circuit is largely determined by L and C, which should be temperature-
compensated and well shielded. Since RI has some effect on frequency,
it should be of a reasonably stable type. Frequent y adjustment is best
made by slug-tuning the coil L. Once aligned, a well-designed unit
should maintain its calibration to better than 1 per cent.

Many variations of this circuit, mostly simplifications, have been
used. For example, if only a few markers are required on each pulse
cycle, Vz can be omitted, since the high-Q coils in the oscillating circuit
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FIG. 13.38.—Switchedgenerator for multiple time indices.

will ring with sufficient amplitude for several cyc,les. In many cases a
simpler pulse generator can be used.

When two or more marker frequencies are needed alternatively, the
resonant circuit is switched. Scaling-down is rarely used, since more
vacuum tubes would be involved and since it would be necessary to
recycle the counting circuits on each pulse cycle.

Delayed Sweeps.—Any of the timing circuits just discussed can be
used to provide the trigger for a delayed, expanded sweep, and in fact
thk function can be combined with that of accurate range determination.
The most usual method using continuous delays is illustrated in the block
diagram of Fig. 13.39. The precision variable-delay circuit directly
provides the trigger for the delayed sweep. An index marker is pr~
vialed at the center of the sweep by a second fixed-delay circuit, usually
a flip-flop, whose action is initiated by the sweep trigger. The timing
arrangements are obvious from the waveform diagram. The total range
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to the center of the sweep corresponds to the sum of the two delays, but
the fixed delay can be included in the calibration.

Range determinations made in
this way require that the display
pattern be moved as coincidence
between the echo and the marker
is established. If this is undesira-
ble, the marker-pulse delay can also
be made variable and the two
added, either by the operator or by
an arrangement for mechanically
summing the settings of the two
control k n o bs. T his method is
more convenient than separating
the delay and the measuring cir-

~ Nlayed sweep higgw

Trigger 1 I I

Delayed trigger I 1 I

Delayed sweep A

Marker pulse I I I

Fro. 1339.-Synchronization of delayed
sweep with precision range index.

cuits, since it ensures that the marker will always appear on the sweep
regardless of the setting of the two knobs.

A discrete set of pulses is frequently used to provide a stepwise sweep
delay. The usual method is illustrated in Fig. 13.40. The principal
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FIG. 13.40.—Discrete sweep delay.

problem is that of selecting the proper pulse. This is done by coincidence
between the pulse and a gate initiated by a delay circuit sufficiently
accurate to ensure that the gate brackets the proper pulse (see waveform
diagrams). The length of the delayed sweep is usually made twice that
of the delay steps, in order to ensure sufficient overlap. If desired, the
delayed trigger may also be used to initiate an interpolating range circuit
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as illustrated by the dotted part of Fig. 13.40. It is quite feasible to
provide discrete indices on the expanded sweep by providing pulses of
sufficiently high frequency to be useful. These may, for example, arise
from anearlier stage of thechain of Fig. 1337thant hatwhichprovides
the delaying trigger pulses. Such multiple-scale systems are described
in Chap. 6 of Vol. 20 of the series.

DISPLAY SYNTHESIS

Displays are synthesized by combining the components and tech-

niques described in the preceding sections of this chapter. Although space

will permit only brief descriptions of some of the more important and

~haracteristic of the methods used, variations to fit particular circum-

stances and extensions to other applications will be apparent in many

cases.

13.13. The Design of A-scopes.—This section will describe two

methods for synthesizing type A displays, one of extreme simplicity

intended only for test and monitoring purposes, and the other of a more

elegant form.

A Simple A-scope.—In Fig. 13.41 simplicity of design has been carried
to the extreme in producing an indicator intended only for testing or
monitoring applications in which brightness and sweep linearity are not
of great importance. The operation of the circuits is as follows. Tube
Vla and the first three elements of Vz form a flip-flop providing a square
wave, A, for intensifying the cathode-ray tube and at the same time
cutting off the current from the plate of Vz, on which a positive sawtooth
is formed by the usual condenser charging circuit. One of the horizontal
deflecting plates of the CRT is driven directly by this sawtooth; the other,
by a negative sawtooth provided by the inverting amplifier V1~, which
is provided with cathode feedback. Since a rather large sawtooth
( = 100 volts) is generated without exponential correction, the sweep
slows down slightly toward the end.

As is shown, two sweep speeds are provided, one of 300 psec using C,
as the integrating condenser, and a second of approximately 5 psec using
the stray capacity at point 1?. More values can of course be provided
by adding more switch points and condensers. In the interest of sim-
plicity the flip-flop is not switched, being left on for the duration of the
slower sweep. When the faster sweep is used, the beam is swept entirely
off the tube face and remains off until termination of the flip-flop.

The video amplifier illustrated has a bandwidth of about 1 Me/see,
the exact value depending upon the stray capacity introduced by the
connecting circuits.

The power supply should include a conventional rectifier and LC-filter
to provide the 300 volts direct current and an W’-fdtered negative supplv
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from the same transformer. Since the load on the latter is extremely
small, the voltage will correspond to nearly the peak amplitude of the
transformer output wave.

The circuit can readily be adapted to larger cathode-ray tubes. For
the 3BP1 (3 in. ) it is only necessary to alter the sawtooth-generator
charging resistor to compensate for a slightly different defection sensi-
tivity. A much more intense display can be provided by using the split-
accelerator type 3JP1. In this case approximately – 800 volts should be
applied to the cathode and 1000 volts to the third anode. The second
grid and the focus electrode are kept at suitable intermediate voltages.
Auxiliary facilities, such as range-measuring circuits or sweep delays, can
be added, but when these are desired it is usually preferable to use a more
elegant basic indicator.

A General-purpose A-scope.—The block diagram of Fig. 13.42 illus-
trates an A-scope having provisions for both delayed and undelayed
sweeps, fixed range markers, and an interpolating range marker. The
cathode-ray tube used is of the post-deflection-acceleration type using up
to 4000 volts over-all with reasonable deflection sensitivity (Sec. 13.1).

A precision variable delay and a fixed delay are combined to furnish a
delayed trigger and a precision range marker as described in connection
with Fig. 13.39. The marker can be used to determine the desired delay
in advance by setting it at the point of interest. Since the minimum
range of the marker is increased by the fixed delay, a switch (S2) is pro-
vided for substituting the earlier pulse when an undelayed sweep is being
used at short ranges. The dial calibration must then be changed accord-
ingly, the simplest method being the use of a second scale.

The sweep circuits, which comprise the top row of the block diagram,
are shown schematically below. On being triggered, the square-wave
generator Vz brightens the cathode-ray tube, switches the sawtooth
generator, and, when the sweep is not delayed, also switches the fixed-
marker generator. The sawtooth generator V,, V, (see Sec. 13.10)
furnishes a very linear positive sawtooth which is of sufficient amplitude
to drive one of the horizontal deflecting plates of the cathode-ray tube.
The inverting amplifier VS., which drives the opposite CRT plate, is
made very linear by plate-to-grid feedback. The equal condensers
in the grid circuit ensure that the gain from point B to point C is unity,
to keep the mean potential of the deflecting plates constant (Sec. 13 1).
The d-c restorers V. hold the sweep origin fixed regardless of duty ratio.

Two fixed and one variable sweep speeds are shown. The square-
wave generator is automatically turned off at the proper time by the
action of V1. The positive sawtooth is delivered to the grid of V,, which
is biased beyond cutoff by such an amount that it starts to amplify just
as the sawtooth reaches the desired peak amplitude. The signal on the
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plate of VI triggers off the flopover. This method is extremely useful
when a variable sweep is involved, since it avoids the necessity of ‘‘ track-
ing” two potentiometers.

13.14. B-scope Design.—The essentials for providing a type B display
have been shown in Fig. 121 and described in Sec. 12.2. Either an
electrostatic or a magnetic cathode-ray tube can be used, the former
being much cheaper but far less satisfactory. Except for the final
amplifiers the circuit requirements in a given situation are similar, no
matter which tube type is used.

An electrostatic B-scope can be built around the range sweep circuits
of the A-scope of Fig. 13”42, i the only changes necessary being to move
the video and marker signals to the intensity-modulating elements of the
CRT and to provide the azimuth sweeps. A potentiometer is almost
invariably used as the azimuth data transmitter for an electrostatic
tube. It may drive the deflecting plates directly, in which case it must
have two brushes delivering peak potentials of from one to two hundred
volts. Alternatively, a push-pull direct-coupled amplifier is inserted.
If the potentiometer has only one brush, phase inversion is accomplished
by common cathode-coupling like that used in amplifier V,, V, of Fig.

13.43b.
Mfignetic B-scopes. —Magnetic B-scopes of varying degrees of com-

plexity have been used. If the center of the display is to remain fixed
in angle, a potentiometer is usually employed and the only essential
depart ure from A-scope design is in the amplifiers. In many applica-
tions, however, more flexibility is desired, requiring more complicated
methods. Figure 13.43 illustrates an example in which both the center
of the sector and the scale factor in each direction can be chosen at will.

“In each diagram the top row comprises the azimuth sweep circuits.
An audio oscillator VI excites the first of a pair of differentially connected
synchros by using its rotor in an oscillating circuit. The excited synchro
is rotated in synchronism with the scanner, the second being manually
oriented to select the desired sector (Sec. 13.4). As many as five or six
B-scopes with independent sector selection can be operated in this way
from a single oscillator and antenna synchro. The modulated signal
from the second synchro is passed through an impedance-changing
cathode follower Vz, demodulated by a phase-sensitive rectifier Vt (Sec.
13.9), then smoothed by an RC-filter. The azimuth deflecting circuit is
completed by the push-pull amplifier VA, Vh, in which the latter tube
receives its exciting signal by virtue of the common cathode and screen
resist ors.

If continuous rotation is used, rather than sector scanning, the sweep

] The circuit of Fig. 13.41 is not suited for a cathode-ray tube using accelerating
potentials as high as those required for a B-scope with a persistent screen.
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will pass back across the tube when the scanner is pointing 180° away
from the sector being viewed; it is thus necessary to blank the tube during
that interval. This isaccomplished bythe circuit of VT., v7b, Vs,andl’g.

By means of a resistance network across two phases of the differential
synchro a voltagel is obtained which has a modulation phase 90° removed
from that of the azimuthal sweep voltage. After rectification by V,,

this signal controls the action of the flopover Vs. The latter triggersin
opposite directions at two points which are symmetrical in scan angle
with respect to the center of the sector displayed. The angular interval
between these points is adjustable by means of the bias applied through
the secondary of the isolating transformer ahead of the rectifier. The
plate of VS. controls the potential of the CRT cathode through d-c
restorer V7. and its parallel resistor in such a way that the cathode-ray
tube is turned on only when Vti is conducting.

The range sweep and associated delay circuits are shown in the bottom
row. The simple delay multivibrator is not intended for use in range
determinations, but can be replaced by some such arrangement as that
of Fig. 13.42 if accurate range measurements are to be made.

Since only discrete sweep lengths are involved, the range-sweep
flip-flop is switched along with the sawtooth generator in order to elimi-
nate the vacuum tube otherwise required for an automatic “turn-off”
circuit. Since the amplitude of the sawtooth is small compared to the
supply voltage, it is sufficiently linear without special precautions. If
continuous sweep-length control is desired, the circuits of Fig. 13.42
should be substituted, the feedback voltages for the turn-off circuit and
for the sawtooth generator being taken from the cathode of V15~.

The sawtooth passes through the “phase-splitting” amplifier Vl,b,
which provides signals of both polarities for the push-pull sweep ampli-
fiers. The cathode feedback of the final arriplifiers is sufficient to give
reasonably linear current amplification, since the push-pull action tends
to compensate for tube nonlinearities. The high-frequency response is
not good enough, however, to provide a linear displacement at the begin-
ning of very fast sweeps. For this reason a “step” is introduced at the
beginning of the sawtooth by placing a small resistor in series with the
charging condenser of the sawtooth generator. The sudden transfer of
current from the switching tube Vlti to the condenser circuit results in
the abrupt appearance of a voltage drop across the resistor, thus providing
the step.

The above circuits can be used to produce a “micro-B” display by
the expedient of gearing together the sweep-delay and the sector-width
controls, and providing the proper normalization. A given normaliza.
tion will be correct for only one sweep speed.

1Except for this requirement,this synchrocould have a single-phaserotor.
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In applications involving extremely rapid sector scans (several scans
per second), synchros cannot be used and a variable condenser must be
substituted for the scanner synchro. The oscillator frequency must
then be much higher. No problem of sector selection is involved, since
the rapid scanning covers only a narrow sector, which is completely dk-
played at all times.

A typical narrow-band video amplifier and a marker signal mixer
are included for completeness. Incoming video signals of 8 to 10 volts
are amplified by V6 and applied to the cathode of the CRT. The tube
VT. provides d-c restoration to assure the proper operating level. Elec-
tronic range and angle indices from sources outside of the diagrams can
be mixed into the double cathode follower Vg and applied to the CRT grid.
It is assumed that both range and angle indices have positive polarity
and that the potential of the angle-index lead is zero in the absence of a
signal.

If the center of the sector is fixed in azimuth, a great simplification can
be brought about by driving amplifier Vl, Vb directly from a potentiom-
eter which replaces the remainder of the top row in the diagrams. The
azimuth blanking circuit ( v7b, V8, V9) Can also be replaced by a simPle
cam-and-switch arrangement. If the scanner executes only a sector
scan, even this is unnecessary.

13.15. Plan-position Indicator.-As has been indicated in earlier
sections (e.g., Sec. 12”2), PPI displays can be produced by any of several
methods, which, in general, may be classified under three principal
headings.

1. The rotating-coil method, in which the range-sweep current is
passed through a coil which is rotated about the tube neck in
synchronism with the antenna motion. If “ off-centering” is
desired, it is provided by means of a fixed coil outside of the moving
one.

2. The “ resolved time base” method, in which a sawtooth waveform
is passed through a 2-phase resolver, 1practically always a synchro,
and the resulting sweep “components” are utilized to energize
orthogonal deflecting coils or plates.

3. The method of “ pre-time-base resolution” in which slowly varying
sine and cosine voltages obtained from a d-c excited sinusoidal
potentiometer or by rectification of signals from an a-c resolver are
used to generate the necessary sawtooth. This method is used
principally in cases where the scan is too rapid for the rotating-coil
method and the antenna is so far away that the transmission of the

1In some cases a 3-phase synchro is used, and the resulting signals are passed
through a resistor network which reduces the three phases to two.
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slowly varying voltages is appreciably easier than would be the
case with the sawtooth waveforms involved in the resolved-time-
base method.

Methods 2and3 can reapplied either tomagnetic or to electrostatic
cathode-ray tubes, but, because of their inferiority for intensity -modu-
lated displays, thelatter tubes are seldom used.

The Rotating<oil Method. —Figure 13.44 illustrates the circuits used
to produce the sweeps of a rotating-coil PPI, omitting such accessory
parts asrange-marker circuits, etc. The tubes Vl, V*, Vu, and V4 con-
stitute a square-wave and a sawtooth generator similar to those of Fig.
13.42 except that a diode clamp (Vu) is illustrated for variety in Fig.
13.44. Tubes Vsa, VSb, and VC constitute a feedback amplifier whose
linear output current drives the deflection coil. The drop across the
cathode resistor of Ve, which is due almost entirely to the deflecting
current, is fed back to the cathode of Vsa. Because of the high gain in
the feedback 106P, this voltage faithfully reproduces the form of the
original sawtooth, thus assuring the desired linear increase in the current.
Since any current through VC between sweeps would result in a circular
rather than a point origin for the sweep, this tube is biased beyond cutoff.
Since there is no feedback so long as V6 is beyond cutoff, its grid is ele-
vated very rapidly at the beginning of the sawtooth and there is thus no
appreciable delay before the current starts.

The deflecting coil is rotated by a mechanical repeater such as those
described in Sec. 13“5. The diagram at the upper right illustrates one
method of connection for an ‘‘ off-centering” coil.

Thk type of PPI can be made to have the greatest dependable accu-
racy attainable with any type of intensity-modulated display. Mechani-
cal repeater systems can, within certain limits of rotational speed, be
made to have accuracies of a sinall fraction of a degree, 0.10 being a
common error limit. Since the range-sweep feedback amplifier is
extremely faithful at little cost, the burden of accuracy in range falls on
the sawtooth generator, for which precision parts of high constancy can
easily be used. The prir+ipal disadvantages of the rotating-coil method
are: (1) it is limited to continuous scanning rates of 30 to 60 rpm and to
sector scanning of comparable angular velocity; (2) off-centering is
extremely expensive in power, and cannot be used for displacements of
more than two or three tube radii because of excessive distortion and
defocusing; (3) for cases demanding minimum weight, even at the expense
of accuracy, the rotating-coil PPI is less suitable than some other types.

13.16. The “Resolved Time Base” Method of PPI Synthesis.-A PPI
“can also be derived by passing a sawtooth waveform through a 2-phase
resolver and using the resulting sine-and-cosin~modulated signals, with
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or without amplification, to drive an orthogonal deflecting system (Fig.
13.45). When amplifiers are used, or if an electrostatic tube without
amplifiers is involved, the resolver must deliver sawtooth voltages into a
high-impedance load; when a magnetic tube is used without amplifiers,
sawtooth currents must be delivered to an inductive load.

In principle the resolver may be a synchro, a potentiometer, or a
condenser; a synchro is far the most satisfactory and, in spite of certain
shortcomings, it is universally used.

As in all cases of transmission of a nonsymmetncal signal through an
a-c coupling, the d-c component of the signal is lost. This presents one

, i–”--~
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(unbalanced) M------------
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FIG. 1345.-Resolved-sweep PPI methods.

of the most serious difficulties involved in this technique. With a passive
and linear load, the long-time average of both the current through the
secondary of the synchro and the voltage across it must be zero (Wave-
form 1?, Fig. 13.45). Thus the absolute current or voltage at the begin-
ning of the modulated sawtooth will not be constant, but will change
with the modulation amplitude and will reverse sign when the sawtooth
does. As a result, if no corrective measures were taken, each individual
sweep on the display tube would be displaced in the negative direction
by a fixed amount and the 10CUSof the sweep origins would be a “ nega-
tive” circle. This difficult y has been overcome by two general methods,
each of which has variations most suitable to particular circumstances.
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The first method involves the use of clamps m switches in the second-
ary circuit to force the potential or the current to zero in the interval
between sweeps. So long as the sweep component has a given polarity,
this can be very simply accomplished in the potential case by a d-c
rest orer (See. 13“9), and in the current case by a selenium rectifier in series
with the secondary circuit. In cases where the scanning is confined to
90° or less, these variations of the first method are the most satisfactory
of all. If the scan covers more than 90°, one of the diodes must be
switched in polarity from time to timefor example, by a cam arrange-
ment on the scanner. If the scan covers more than 180° both of them
must be so switched. Although it is difficult to switch quickly and
smoothly enough to avoid aest heti call y displeasing display irregularities,
this method is quite satisfactory and is probably the simplest for the case
of resolved currents, providing the scanning rate is not too high. A
better and only slightly more expensive method of voltage restoration
involves the use of a double clamp (Fig. 13.25) which connects the
secondary to a point of proper potential between sweeps but releases it
when the sweep begins. This is the most widely used method in the
voltage case when polarity reversal is involved. No satisfactory series
switches exist for analogous use with resolved currents.

In the second method of correcting the sweep-origin difficulty, the
positive and negative waveforms are “balanced” about the sweep origin
either by introducing a precisely controlled negative waveform in the
primary circuit between sweeps, or by arranging to trigger the trans-
mitter automatically at the precise time when the secondary current or
voltage passes through zero. Both variations involve a good deal of
precision and are more costly than the switched clamps mentioned in the
last paragraph as usable when voltage is involved. However, the
present methods have been widely used in connection with resolved
currents, since they require no switching elements in the low-impedance
secondary circuit.

Applications of these various methods will be described in connection
with the following specific examples.

Magnetic PPI Using A mplijiers.-Figure 13.46 shows the secondary
circuit of a magnetic PPI of the resolved–time-base type using the
method of clamping between sweeps. It is supposed that the synchro
is preceded by the sweep generator and amplifier of Fig. 13.44, except
that the circuit of V6 is changed as indicated so that the feedback voltage
is that across the synchro itself.

The clamps on each of the amplifier grids of Fig. 13.46 are of the
double-triode variety illustrated in Fig. 13.25a. They are switched by
the same flip-flop (rectangular-wave generator) that controls the saw-
tooth generator and are thus closed during the entire interval between
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sweeps. The switched clamps shown can be replaced by simple d-c
restorers if the scan covers less than 90°. The final sweep amplifiers are
of the cathode-feedback type usedin the B-scope of Fig. 13.43.

The centering of the PPI can be adjusted by setting the potentiom-
eters controlling the clamping points. If extreme off-centering moves
theamplifier grids out of their normal operating range, adelay occursat
the beginning of the sweep which gives the effect of a virtual center at the
desired point. Byusing anextrernel yhigh-voltag esawtooth, off-center-
ing of as much as six to eight tube radii has been provided. For such
extreme amounts of off-centering, it is best to insert cathode followers
between the potentiometers and the clamps.

The dependable accuracy obtainable with the resolved–time-base
method is not so great as can be obtained with a rotating-coil PPI,
although with care it can be made nearly as good except on very fast
sweeps. However, the present method has much less severe limitations
with respect to scanning speed, and provides a much greater degree of
usable off -cent ering than does the rotating-coil scheme.

Its w-eight is somewhat less and its power requirements somewhat
greater than those typical of the rotating-coil variety without off-
centering. When off-centering must be provided, the present method is
far lighter and less costly in power.

The technique just described can be applied to electrostatic tubes
by substituting voltage amplifiers in the final driving stages, or in some
cases by eliminating amplifiers entirely and connecting the clamped
points directly to one member of each pair of deflecting plates. Unless
weight and power consumption are extremely critical, the saving effected
does not justify the sacrifice in quality entailed.

13.17. Resolved-current PPI.—When the deflection coils are driven
directly by the synchro, the amplifiers of Fig. 13.46 are eliminated, with
the result that the indicator is considerably simplified and errors due to
imperfections in the amplifier response are avoided. These advantages
are accompanied by certain restrictions which, will appear below.

In order to reduce the effects of distributed capacity in the synchro
and the deflecting coils, and of the shunt capacity of the cables, low-
inductance windings of few turns are used throughout. The synchro
rotor is matched to the driving tube by a stepdown transformer. Since
the secondary circuit is almost purely inductive (ideally it would be
precisely so), its current waveform will resemble that in the primary of
the transformer, and a current amplifier similar to that driving the deflec-
tion coil of Fig. 13.44 is appropriate. In many cases imperfections in the
transformer are overcome by taking the feedback from its secondary
circuit.

The low deflection sensitivity of the sweep coils renders it impractical
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to use them for off-centering; therefore, when this is desired, separate
coils are provided on the same form. Since they are inductively coupled
to the sweep coils, the number of turns in the off-centering coils must also
be limited. Off-centering is therefore expensive in current, and its
extreme amount is usually limited to not more than two tube-radii.

Since vacuum tubes are not appropriate as switches in such low-
impedance circuits, it is not possible to fix the sweep origin by methods
analogous to that of Fig. 13.46. It has been necessary to use either the
method of a series dry-disk rectifier switched (if necessary) by the scan-
ner, or to apply some method of waveform balance. Applications of
these methods appear in the following descriptions.

The Use of Series Rectifiers.-Figure 13.47 illustrates those parts that
must be added to the sweep generator and amplifier of Fig. 13.44 to
produce a complete PPI involving the use of disk rectifiers. By provid-
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ing two rectifiers for each secondary as indicated, only one point need be
switched. Optimum smoothness at the instant of switching is accom-
plished if contact is made through the second rectifier before the first
one is opened, so that the circuit is never broken.

This method has the virtue of extreme simplicity and in many cir-
cumstances it gives excellent performance. However, it has two princi-
pal limitations in addition to the restriction on off-centering mentioned
above: the mechanical switching limits the scanning rates at which it can
be used, and some distortion is introduced on “long” sweeps (more than
50 miles) by the low but appreciable resistance of the rectifiers. If this
resistance were constant, the only effect would be a droop caused by
inadequate low-frequency response. This droop could easily be over-
come by shaping the primary waveform, but unfortunately the rectifier
resistance is nonlinear, being much larger at very low than at intermediate
or high currents. As a result, the effect of the rectifier resistance changes
with scan angle. “ Circles” of equal range are slightly “ squared, ” the
“ corners” coming at the 90° positions. 1

1This effect should not be confused with the “ square circles” found on certain
early PPI’s of the type shown in Fig, 13.46. These errors, which resulted from
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Automutic Triggering of the Transmitter. —Waveforn balace by trigger-
ing the transmitter as the secondary current reaches zero is illustrated
in Fig. 13.48. Since thevoltages inthesecondary circuits arelow, the
signal from the cathode resistor in the sweep amplifier is used to provide
the required information. This signal is passed through a network whose
voltage response is equivalent to the current response of the deflection-
coil circuit, and from there to the first stage of a high-gain amplifier. The
grid of the first amplifier tube is so biased that in the absence of signal it
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is exactly at cutoff. Thus when a sweep is being applied this grid will

pass upward through its cutoff ppint at exactly the same time that the
deflecting current is passing through zero. The remainder of the saw-
tooth is therefore amplified and, by suitable overdriving and clipping, can
be turned into a rectangular wave. The transmitter trigger is then
derived from the front edge of this rectangular wave, and the wave itself
serves to intensify the cathode-ray tube.

If a simple sawtooth is used, the maximum useful sweep duration has
an upper limit of half the pulse period; somewhat less can be realized in

inadequate high-frequency responsein the synchro and amplifiers, and from crosa-
coupling in the former, were troublesome only on fast sweeps. Furthermore the
“corners” were at the 45° rather than the 90° positions.
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practice because of the finite time for sweep “recovery.” By using a
trapezoidal waveform, in order that the time spent at maximum ‘‘ nega-
tive” current become appreciable, sweep duration can be increased to
about 60 per cent in practice. This is easily accomplished through the
medium of a resistor in series with the integrating condenser of the saw-
tooth generator, as is explained in Sec. 13.14.

Thk form of resolved-current PPI has been successfully used in the
lightweight airborne equipment (AN/APS-10) described in Sees. 15.12
to 15.14. As is shown in Fig. 13.48, the synchro is driven directly by the
amplifier without a transformer. The synchro secondary and the deflec-
tion coil (which is wound in a standard synchro stator form) have 3-phase
rather than 2-phase windings. The equipment is light in weight, com-
paratively simple and economical. Its principal drawbacks are the
limited duty ratio, the precision required in the triggering circuit, and
the limited off-centering attainable. No off-centering is used with the
3-phase system of Fig. 13.48; when

+mit is desired, 2-phase windings are
more suitable.

The Use oj Special Wavejorms.
The method that will now be de-
scribed is similar to that just V2
treated in that positive and nega-
tive signals are “balanced.” It +200V

differs, however, in that the wave- ‘L
form includes a quiescent period,
immediately preceding each cl Waveform
sweep, during which the waveform v,

T
——.

has its average value, so that
--- c~—--

0 %1
c,

there is no necessity for precise
{control of the trigger (Fig. 13.45). _E = = =

The required waveform in the pri- -
FIG. 13.49.—Balanced-waveform generator

mary is derived by the introduc- using an inductance.

tion, immediately following the
sweep proper, of a signal of opposite polarity whose time integral is
exactly equal to that of the sweep. Both sinusoidal and rectangular
waves have been used, but only the former will be discussed here.

A waveform of the proper type can be generated by the Miller-type
circuit (Sec. 13. 10) shown in Fig. 13.49. When the grid of VI is released
by opening the switch, it quickly rises to cutoff and a negative sawtooth
begins on the plate. The form of this wave is practically independent of
the load impedance, which is in this case made up of the inductance L, V2,
and R2 in series, and the various capacities. The a-c component of cur-
rent in the coil is at any instant given by
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and is therefore proportional to the time integral of E. When E reaches
the desired maximum value, the switch is closed and V1 is disconnected.
The sudden termination of its current results in an oscillation of L and its
associated capacity. The plate end of the inductance swings positive,
disconnecting V, as the potential rises past the 200-volt level. On the
down-swing, V2 becomes conducting again and clamps the inductance to
the 200-volt point, resulting in the waveform shown. The amplitude of
the oscillation is dependent upon the energy stored in the inductance at
the end of the sawtooth, which in turn is determined by the current and
hence by the “area” under the sawtooth. It can be rigorously proved
by analysis that this amplitude must be such that the average voltage
across the inductance (neglecting its resistance) is zero during the wave-
form. We shall be content with the general statement that this must
be so since, in the absence of resistance, the average potential across
an inductance during a completely closed cycle must be zero regardless of
waveform. Therefore in this case the initial, the average, and the final
values of the waveform are identical and it is “balanced” as desired.

A complete circuit using this method is illustrated in Fig. 13.50. The
Miller circuit is switched by the double-diode clamp Vs, Vi, which in turn
is controlled by the cathode-coupled flopover VI, Vj. The latter is
automatically terminated at a fixed sawtooth amplitude by the signal
passed through the biased diode Vs. The Miller circuit is like that
described in connection with Fig. 1349, except that V, (V, of Fig. 13-49)
is biased somewhat below 200 volts, thereby introducing a small correc-
tion to take care of inadequacies in the response of the deflection system.
The potentiometer P1 allows a wide variation in the sweep speed used,
and Ps adjusts the pattern to proper size.

The amplifier uses negative feedback of a signal taken across a resistor
in the transformer secondary, thereby correcting for deficiencies in trans-
former response. In contrast to previous cases, the final stage of the
amplifier is driven negative during the actual sweep; thus the induced
voltage on the plate is positive and the tube does not “bog down. ” The
high potential needed for quick recovery ~vhen the current is rising again
is provided by the joint action of L1 and Cl. During the saw-tooth a large
positive voltage is induced in L1, and Cl is charged accordingly. When
the current derivative reverses at the end of the sawtooth, the voltage is
temporarily maintained at a high level by C,, and, in spite of the induced
voltage across the transformer, the plate of the tube remains at a work-
able voltage level during the rapid back-swing. The choice of polarities
is such that the interval in which Cl aids the plate supply is short.
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The performance of this type of PPI is comparable to that in which
the transmitter trigger is generated automatically. Technically, it
involves fewer parts, its method of area balancing has somewhat greater
reliability, and it has the advantage of being usable with self-synchro-
nous modulators. In common with all balanced-waveform methods, its
duty ratio is limited to some 50 to 60 per cent unless excessively large
peak currents are used in the balancing waveforms.

13.18. The Method of Pre-time-base Resolution.—In certain cases
it is desirable to transmit the scanner data in terms of slowly varying
sine and cosine voltages derived from a sine-cosine potentiometer, or by
the modulated-carrier technique used in the B-scope of Sec. 13.14. These
are used as potential sources for sawtooth generators, as indicated in
Fig. 13.51, where the switches represent double-sided clamps that are

_

. .
FIG. 13.51 .—Pre-time-base resolution method of PPI ssnthesis.

opened during the sweep interval. Thus the signals at the input to the
amplifiers are sine-and-cosine-modulated sawteeth of precisely the same
nature as those obtained by passing a sawtooth through a synchro. The
amplifiers can, therefore, be identical with those of Fig. 13.46. If it is
too inconvenient to provide both polarities, one can be omitted in each
circuit and a phase-inverting amplifier inserted between the sawtooth
generator and the final amplifiers. In this case, however, it will be neces-
sary either to use d-c coupling (which is difficult) or to provide clamps on
the grids of the final amplifiers.

This method can be used at very high scanning speeds, since it is
possible to use a variable condenser for carrier modulation. It has
advantages over the resolved–time-base methods when very fast sweeps
are used, since there is no starting delay such as that introduced in passing
sweeps through a synchro. It can also be advantageously used when the
scanner is so remote as to make the transmission of sweep signals by
cable difficult, and when the scan is at the same time too rapid to permit
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the use of mechanical repeaters. Aa extreme case is that of radar relay
(see Chap. 17). Many of these advantages make the technique par-
titularly appropriate for use on range-height indicators.

On the other hand, under average conditions, pre-time-base resolution
is considerably less satisfactory than the methods previously described.
The sine potentiometer, though simple, is prone to troublesome irregu-
larities which cannot be completely filtered, except on extremely slow
scans, without causing phase lags in the basic scanner data. The use of
a carrier and of demodulators introduces considerable complexity com-
pared with methods described earlier. The necessity of maintaining the
sawtooth generators in proper normalization in order to avoid distortion
is somewhat of a burden compared to other cases where only one such
generator is involved and where, furthermore, any lack of constancy
affects only the size and not the fidelity of the display.

13.19. The Range-height Indicator.—Any off-centered PPI can be
used as a range-height indicator by substituting elevation angle for
azimuth, providing the indicator can follow the scanner involved. In
most cases, it is desirable to present height on a scale that is considerably
expanded in comparison to that used for the display of ground range.
In consequence the most adaptable PPI techniques are those in which
each cartesian coordinate ha? its own amplifier which permits the desired
height expansion to be provided simply by increasing the gain of the
proper channel. Themethods of Figs. 13.46 and 13.51 can both be used
in this way.

Simplification canusually be effected. Thehorizontal sweep always
occurs on the tube face in one direction from the origin. In many cases,
this isalsotrue of the vertical component. (Sometimes negative heights
are involved when the radar is on an elevated site. ) Furthermore, it is
often possible to use one or both of the approximations sin o = o and cos
e = 1. In any case in which a sweep component is unipolar, the clamps
of Fig. 13.46 can be reduced to unstitched d-c restorers, and the switched
clamps of Fig. 13.51 can become single-sided, though still being switched.
The approximation cos 0 = 1 allows the use of unmodulated sweeps in
the horizontal direction; this is of no particular virtue if the resolved-
sweep technique is used, but provides a considerable saving in connection
with the use of a modulated carrier. The approximation sin o = o allows
the use of linear data transmitters, such as linear potentiometers and
condensers.

Since the applications of Fig. 13.46 and Fig. 13.51 to use with an
RHI are fairly obvious, no attempt will be made to discuss them specifi-
cally. Instead, a brief description will be given of an RHI for use with
rapid scans including the “ sawtooth” type developed by certain electrical
scanners (Sees. 9.14, 9.15, and 9.16). It is assumed that sin 0 = d and
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C03 e = 1 are sufficiently good approximations. In Fig. 13.52, informa-
tion for the vertical sweep is derived by modulating a high-frequency
oscillation by a variable condenser, using the voltage-dividing circuit of
Fig. 13.7. This is peak-detected by the cathode follower Vl, whose
cathode circuit has a time constant that is long compared with the
period of oscillation. The cathode and grid of VI are so biased that
the former is at ground potential in the absence of signal. The demod-
ulated voltage controls a sawtooth generator of the ordinary type, thus
providing sawteeth modulated in proportion to the elevation angle.
These are passed through a phase splitter and a push-pull amplifier to
the vertical deflecting coils. Since the sweep is always in the same

From
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ometer generator
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Sector control

1 30

CRT
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FIG. 1353.-V-beam height indicator,

direction, d-c restorers provide adequate clamping on the output stages.
The horizontal sweep, of constant amplitude, is generated in the ordinary
way and amplified as was the vertical one. Off-centering is provided
by proper biasing of the driver tubes. A delay can be used in the
horizontal circuit to allow a distant range interval to be examined in
detail. (If this is not a requirement, the same flip-flop can be used for
both sawtooth generators. ) A controllable height marker can be
derived, if desired, by applying the modulated sawtooth to a biased-diode
delay circuit, as explained in Sec. 13.12.

V-beam Height Indicator.—In the V-beam height indicator (Fig.
13.53), a linear potentiometer turned by a mechanical repeater provides
the azimuth data, a differential gear allowing control of the sector
displayed. The vertical deflection is obtained by adding, in the driving
amplifiers, a slowly varying voltage proportional to the azimuth angle
measured from the edge of the sector chosen and a range sweep modulated
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by the same azimuth voltage. The horizontal sweep is unmodulated but
arranged to permit delay in discrete steps. Height is read from an
engraved scale as explained in Sec. 6.12. If several scales are to be used
in connection with delayed sweeps, the reflection method of Fig. 7.4 is
used.

SIGNAL DISCRIMINATION, RESOLUTION AND CONTRAST

The factors that influence the dkcernibility of a simple radar echo
signal against thermal noise have been discussed in Chap. 2 and in the
early sections of Chap. 12. We have seen that the characteristics of
the receiving equipment which influence this matter most profoundly
are the noise figure and bandwidth of the receiver, the integrating
properties of the cathode-ray tube screen, and the type of display. To a
lesser extent the cathode-ray-tube spot size and the scale-factor of the
display also play a role. Section 12.8 points out methods of increasing
the signal discernibility in the presence of various forms of radiant
interference by taking advantage of differences between the desired
and the undesired signals, and shows that to some extent these same
techniques aid in distinguishing a point target from more diffuse ones.
Chapter 16 describes an extremely elegant method by means of which
a given target can be readily distinguished from its surroundings, pro-
viding it is in motion with respect to those surroundings and that they
are at rest or have a uniform mass motion.

The following paragraphs will dk.cuss another aspect of the discrim-
ination problem—that of the presentation of a multiple or complex
picture when it is not desired to suppress any of the information but
rather to present it in m detailed a manner as possible.

13.20. Resolution and Contrast.—In order to distinguish between
objects or among different parts of the same object it is necessary that
they be resolved. The characteristics of the receiving equipment which
influence resolution are the bandwidth of the signal channel, which
affects range resolution, and the spot size and scale factor of the display,
which also affect range resolution and to a lesser extent angular resolution
as well. Since factors concerned with the display are least under control,
and since their limitations often fix the limit of useful bandwidth, they
will be discussed first.

The spot size of a cathode-ray tube depends upon the tube type,
the performance of the individual tube, the voltage employed, the
design of focus and deflecting coils, and the intensity level at which
the tube is operated. In the series of magnetic tubes used for radar,
spot size is roughly proportional to the tube radius and is usually such
that between 150 and 200 spots can be resolved along the display radius.

In this discussion, the number of resolvable spots in a radius will
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be taken as 180. On a range sweep of length R nautical miles, the
number of radar pulse lengths resolvable in principle is 12.2R/T, where 7
is the pulse length in microseconds. Thus, on a centered PPI, the
fundamental pulse-length resolution and the spot-size resolution are
equal when 12.2R/T = 180, or R = 15 when r = 1. Accordingly, on
a set with a l-psec pulse, a 15-mile centered PPI will have the full inherent
range resolution; a 100-mile PPI will reduce it approximately sevenfold,
and so on. This reduction in resolution can be overcome by the use of
expanded displays, but often this measure restricts the field of view.

Fortunately for the indicator designer, however, this is not the
entire story. For one thing the operator cannot, except on the fastest
sweeps, realize the fundamental range resolution without optical aids
even if the display were to make it available; indeed, on a 5-in. tube
the spot-size resolution for a 100-mile sweep is nearly as good as can be
comfortabley used, alt bough on a 12-in. tube it is three or four times
worse. Second, range resolution alone is of limited usefulness if it is
accompanied by poor angular resolution; here the fundamental limitation
is usually not the indicator but the azimuthal beamwidth. The angular
width of the CRT spot on any PPI is given in radians by R/180r, where R

is the radius of the tube and r is the distance from the range origin to
the spot in question. This width will be equal to the beamwidth e,
measured in degrees, when 57R/180r = e or R/r = 30. Thus, even
for a 1° beam, the display resolution exceeds the fundamental resolution
for all points farther from the origin than one-third of a tube radius.
The cathode-ray tube is usually not the limiting factor in over-all angukzr
resolution, although in certain cases of accurate range measurements or
of observations on groups of aircraft or ships at long range, better range
resolution on long-range displays would be useful. Frequently, however,
the need for high disperm”on requires expanded displays quite apart from
question of resolution.

The above discussion shows that in general the cathode-ray tube
imposes a severe restriction in range resolution on any but the fastest
sweeps. It is therefore apparent that unless fast sweeps are to be used
there is no point in going to extreme bandwidths in the receiver. In
most cases the receiver bandwidth need not be so great as to impair
seriously the signal-to-noise discrimination. It should be borne in
mind, however, that with too small a bandwidth, a signal far in excess of
the limit level has a much greater duration after limiting than has a
weak signal.

Contrast.—The contrast of the display depends upon the character-
istics of the screen and upon the way in which it is excited. Unfortu-
nate y present tubes of the persistent type have serious shortcomings in
contrast. The screen material has a natural color much like that of the
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phosphorescent light, sothatcontrast isreduced byreflectedhght. The
necessary thickness of the screen tends to blur the edges of the signals
and thus reduce contrast gradient, as do also limitations in the sharpness
of focus of the electron beam. Many screens also have a certain amount
of graininess which contributes to the reduction of contrast gradient.

Contrast between signals of different intensities is especially impor-
tant in overland flying, where it is essential to be able to distinguish land
from water and at the same time to have good contrast between weak
echoes from ordinary terrain and the much stronger ones from built-up
areas. Unfortunately the range of echo intensities involved is so great
that, if the receiver has gain high enough to render the terrain visible,
the signals from built-up areas must be drastically limited to avoid
“ blooming” of the cathode-ray tube, and detail is destroyed. If the
gain is low enough to preserve detail, the land background is not visible.

This difficulty is made worse by the nonlinear response of the cathode-
ray tube. As was previously mentioned, the beam current in a magnetic
tube is proportional to the cube of the grid-voltage swing measured from
cutoff, which is the operating point in the absence of signal. This
means that a signal of, for example, half the voltage of a limited signal
will, in principle, give only one-eighth as much light intensity. In actual
fact the difference is not so great as this, because of the tendency of the
screen to saturate on strong signals. This nonlinearity reduces con-
siderably the difference in voltage between those signals that are just
strong enough to produce a visible result and the level at, which strong
signals must be limited. It is possible to introduce a nonlinear element
in the video amplifier to compensate for the tube characteristic, and this
has been done with some success. No really satisfactory circuit of this
sort has been devised, no doubt because the need for it was fully appre-
ciated only recently. Even with a linear CRT grid characteristic,
the problem of narrow dynamic range would be a serious one. General
methods of attacking it will now be described.

13.21. Special Receiving Techniques for Air-to-land Observation.—
Some improvement in the ability to distinguish land from water and
at the same time to see detail in built-up areas can be effected by using
the anticlutter techniques described in Sec. 12.8. Fast time constants,
instantaneous automatic gain control, and other such circuits tend to
suppress saturation on long blocks of signals and to make full use of
changes in the signal intensity. Unfortunately the use of such measures
results in an unnatural appearance of the display which makes inter-
pretation exceedingly difficult. Shorelines, for example, stand out
very strongly, as do changes in the terrain. Similarly a solidly built-up
area appears chiefly in outline, with other strong signals at points of
changing signal intensity. Consequently, although they are extremely
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valuable for certain purposes, anticlutter measures leave much to be

desired in the situation under discussion.

The’’ Three-tone” lkfethod.-A simple but extremely effective method

of retaining detail on high-intensity echoes while still providing land-to-

water contrast is illustratedin Fig. 13.54. At some point in the receiver,

ahead of anysaturation or limiting, thesignals are split into two channels,

in one of which they are amplified much more than in the other. If the

signals are not already in video form, each channel includes a detector.

In any case, each contains a limiter, the one in the low-gain channel

being setatapproximately twice thelevel of the other. Thetwo sets of

signals are mixed beyond the limiters and then passed through a standard

video amplifier. As the waveform diagrams show, the result is to

enhance the strength of the land echoes without destroying the detail

FIG. 13.56.—Logarithmic receiver.

in those from the built-up areas. A “beforeandafter” picture is shown
in Figure 13.55.

Many variations of this technique are possible. One, \vhich has
been applied to existing sets in which an additional channel is difficult
to install, consists of switching the gain up and the limit level down on
alternate pulse cycles by means of a scale-of-two multivibrator, the
results being added on the cathode-ray-tube screen. The results are
almost indistinguishable from those obtained by the use of two channels.

The Logarithmic Receiver.—A more involved method of increasing
the dynamic range of the system is by use of the so-called “logarithmic”
receiver, whose gain characteristics are such that the response varies
approximately as the logarithm of the input signal. One method of
attaining such a response, which is actually an extension of the three-tone
method, is illustrated in Fig. 13.56. At low signal levels the principal
contribution is from the last stage, where the over-all gain is highest.
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Asthesignal level increases, thelast stage saturate sandcancontribute
no more. By this time, however, the contribution from the preceaing
stage has become appreciable and the output continues to increase,
but at a lower rate than that occurring when the gain of the last stage
was included. Eventually the second stage saturates, and the gain
drops to that from the next preceding stage, and so on. Thus the total
signal range is compressed, but there is no complete saturation even on
very strong signals. Such receivers have not had very extensive tests
with conventional airborne radar, but the rather meager results have
shown promise. One variant that has not been tried, to the author’s
knowledge, is to use different saturation (or limit) levels in the various
channels, as in the three-tone method, making this a “multi-tone”
device.



CHAPTER 14

PRIME POWER SUPPLIES FOR RADAR

BY M. M. HUBBARDAND P. C. JACOBS

Radar equipment requires for its operation high-voltage (1000- to
10,000-volt) direct current, medium voltage (~00- to 600-volt) direct
current, and power for vacuum-tube heaters which usually can be either
alternating or direct current. S-ormally, the desired d-c voltages are
obtained from an a-c supply by the use of transformers and rectifiers,
either of the thermionic or of the dry-disk type. Power supply design
varies with the application, and differs for aircraft installations, ground
system installations, and ship installations.

AIRCRAFT SYSTEMS

Radar power in aircraft should, if possible, be obtained from directly-
generated alternating current., Where this is not practicable, means exist
to convert low-voltage direct current from the aircraft electrical system
to the desired type of supply voltage.

TABI.~14.1.—RECOMMEXDEDPOWERSOLTWES

Radar load, watts IRecommended
radar power source

Less than 150. . . . . . .
150-250. . . . . . . . . . . .

25&750 . . .

750-10,000. . . . . . .

Vibrator
400cps 1@mOtOr-alter-
nator

Direct engine-driven
lb alternator 400 cps
or higher

Direct engine-driven
3@ alternator 400 cps
or higher

.41temate
choice

Dynamotor
Dynamotor’

400 cps 1d motOr-alter-
nator

For ranges up to 2300

watts, 400 cps 1+

motor-alternator

Aircraft electrical systems today are normally 12-volt or 24-volt
direct current. A few aircraft have 110-volt d-c supply. Ratings are
nominal; a “24-volt” aircraft system usually supplies 27.5 + 2.0 volts.

14.1. Choice of Frequency .—One of the most controversial points in
early radar development was the selection of the a-c frequency to be
used as primary radar power, A transformer correctly designed for the
frequency f will behave tolerably at frequencies up to 3f, but will burn

555
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up at a frequency of j/2. The general equation for induced voltage in
a transformer

gives, for a fixed core area,

~=k,n.Ad~,
dt

(1)

(2)

w’here k is a constant, n the number of turns in the winding considered,
@ the flux linking these turns, A the area of the core, and B the magnetic
induction in the core. For sinusoidal voltages of frequency j,

E ~= = k.n. j. A. B_. (3) ~

Thus if j is halved, B= must double for a fixed input voltage, all
other terms being constant in any given case. Since losses in the iron
are a function of B-, doubling B~.. produces an immense increase in
magnetizing current and in core loss. The core area and thus the weight
of the transformer as a whole can be decreased as f increases because of
the corresponding reduction in B~,,. By going from 60 cps to 400 cps,
savings in transformer weight of 50 per cent are attainable. Core area
cannot be much further reduced by increasing j from 400 cps to 800 cps,
as iron losses per pound for constant B-, increase more than linearly with
frequency. Weight savings of 10 per cent at most are obtainable by
this change in frequency.

Performance of rotating equipment must be considered, as well as
that of transformers. For stable performance and minimum weight
of alternators and a-c motors, 400 cps is preferable to 800 cps. (See
Sec. 14.2 on wave shape. ) The majority of existing airborne radar sets
are designed for 400-cps minimum supply frequency, and it appears that
this will continue to be the nominal standard. Variable-frequency
alternators are also used; they commonly give a 2 to 1 ratio between
minimum and maximum frequencies, depending on the speed of the
aircraft engine. Ranges often encountered are 400 cps to 800 cps,
800 cps to 1600 cps, and 1200 cps to 2400 cps. Table 14.2 shows the
power frequencies used in Allied military aircraft during the past war.

TABLE14.2.+TANDARn POWERFRECIUE~CImS
Frequency, cps

400 fixed
400 to !300variable
NM fixed
S00 to 1600variable
400 to S00 (3*) variable

{

1200to 2400variable
1300to 2600 variable
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14.2. Wave Shape.-4ince all electric power used for radar is con-
verted to direct current or is used for heating, there is no inherent require-
ment for sinusoidal wave shape. 1 However, an alternator furnishing
voltage of poor waveform may show very marked changes in waveform
when its load is changed. Since a stable d-c voltage is the final require-
ment in most radar power supplies, it is necessary to maintain a fixed
relationship between the maximum voltage and the rms voltage, whose
ratio is called the “crest” or *‘amplitude factor. ” The output d-c
voltage f or rectifier circuits employing condenser input will be a function
of the crest voltage. For rectifiers employing choke input, the ratio
of rms voltage to average voltage is important; this ratio is called the
“form factor. ” These two ratios should be as constant as possible under
all load conditions. This condition is more easily met by the use of
alternators with low subtransient reactance. Prac~ically, it-is preferable
to employ conventional salient-pole rotating-field synchronous alter-
nators designed for 400 cps, rather than high-impedance inductor alter-
nators operating at higher frequencies. Although the reactance of an
inductor alternator can be neutralized by a series capacitance (as is done in
the Model 800-1-C Bendix 800-cps motor-alternator) such balance is com-
pletely effective only at one value of a load exhibiting fixed power factor.
Changes in load cause changes in wave shape. Thus, even if the voltage
regulator (Sec. 14.5) behaves perfect 1y and maintains constant E.. or
E ,~, the output d-c voltage applied to the radar may vary excessively.
(See Fig. 14.1.)

Furthermore, individual machines of the inductor-alternator type
show wide variation in characteristics. Crest factors measured for
different machines of a given type have shown variations in the range from
1.15 to 1.75. When power is to be derived from an alternator of this
type, transformers for radar rectifiers should be provided with primary
taps, and filament supplies should be obtained from separate transformers.

14.3. Direct-driven Alternators.-Since all power is ultimately
derived from the rotation of the aircraft engine, fewer devices that can
cause trouble are required if mechanical rotation is used directly to
drive an alternator. A direct-driven alternator will normally furnish
alternating current whose frequency varies with engine speed. This is
usually satisfactory for radar operation. In some complex components,
such as equation-solving circuits, and for synchro applications, fixed
frequency is necessary. In these cases it is often desirable, particularly
where the a-c loads are heavy, to obtain that part of the load which can
be allowed to vary in frequency from an engin~ alternator, using a small
inverter set to obtain the fixed-frequent y power needed.

10ne exception to this statement should be mentioned. In an a-c resonance
charge modulator, the generator must produce a good sine wave.



. . .
0.9 P~- 860-’CPS
CF over 2 FF 1.24

Full load
800 CpS

CF 1.40 FF 1.09

Full load with choke input
PS 0.9 PF 800 CPS

CF 1.47 FF 1.12

Chok~input PS 114 load
0.9 PF 1200 CPS
CF over 2 FF 1.19

Full load 1.0 PF
1200 Cps

CF 1.47 FF 1.11

Full Ioacl with choke input
PS 0.9 PF 1200 CPS

CF 1,62 FF 1.14

Choke input PS 1/4 load
0.9 PF 1600 CIM
CF 1.86 FF 1.15

Full load 1.0 PF
1600 CPS

CF 1.45 FF 1.09

Full lo-d with choka input
PS 0,9 PF 1600 CPS

CF 1.59 FF 1.12

FIC+.14. I.—Voltage wave shape of Eclipse NEA-6 generator. CF—crest factor; FF—form factor.
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For loads approaching 1 kw, particularly in the case of systems with
heavy current demands, weight savings can be appreciable if 3-phase
generation is employed. NO saving in transformer weight is usually so

v- . .—____ .-. . “’ --xl

FIG. 14.2.—Eclipse NEA-7 dual-voltage generator.

FIG.143.-General Electric dual-output gear box and generators for 3-phase a-c radar power
and aircraft d-c supply.

obtained, but the alternator is lighter or more reliable, and filters for the
higher ripple frequency are appreciably smaller and lighter. In one
specific case, a 3-phase power supply furnishing 3-kw direct current
showed a saving of almost 70 lb over the equivalent single-phase unit.
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In many cases, a limit on the number of engine mounting pads will
force the use of a dual-purpose generator such as the Bendix Aviation
Corporation NEA-7, which delivers 125 amp of 27.5-volt direct current
and also, independently controlled in voltage, 2500 va of single-phase,
115-volt alternating current at 800 to 1600 cps for shaft speeds of 4000
to 8000 rpm. (See Fig. 142.) A typical example of a large 3-phase
direct-drive alternator is the General Electric Company 10-kva 3-phase
208/ 120-volt 400- to 800-cycle machine shown in Fig. 14.3. This
photograph shows the installation as designed for use in TBM-3 aircraft,
using an auxiliary gear box to obtain dual output from the TBM-3’s
single engine pad. This expedient is usually much more successful than
attempting to convert (with low efficiency) direct current to large
“bites” of alternating current. When pressed for output mounting-pad
space it is well to consider such “dual outlet” gear boxes. Often such
a box can be employed with older engines (2000- to 4000-rpm jack-shaft
speed) to utilize high-output 4000- to 8000-rpm alternators by incorpo-
rating a step-up ratio in the box. Such a gear box was designed to
permit use of the same General Electric Company generator with the
low-speed jack shafts of the B-17-G aircraft engines.

Large aircraft of the future will probably have electrical systems
furnishing 3-phase 400-cPs fixed-frequency power at 208/120 volts
(120-volt phase to neutral, 208-volt phase to phase). This will give
200/1 15 bus voltages. Preliminary tests indicate that such systems,
especially those having several large generators in parallel, will be stable,
reliable, and directly usable for radar. 1

Summary of Alternatives to Direct-driven A lternators.—If direct-
driven alternators cannot be employed in any given case, or if the power
requirements are so small as to render a special generator impractical,
there are five alternatives:

1. Motor-alternator sets. D-c motor input, 400- or 800-cps output.
2. Inverters. Same input and output as (1) but with a single mag-

netic circuit—a true inverter.
3. Dynamotors. Low-voltage d-c input, high-voltage (or voltages)

d-c output.

I H. E. Keneipp and C. G. Veinott, “ A 40-kva, 400-cycle Ah-craft Alternator,”
.4ZEE Transactions, 63,816-820 (November 1944).

L. G, Levoy, Jr., “Parallel Operation of Main Engine-driven 400-cycle Aircraft
Generator,” A IEE ‘l%msactions, 64,811-816 (December 1945).

W. K. 130iceand L. G. Levoy, Jr., “Aircraft Alternator Drives,” .41EE Tran-r-
acticms,64, 534-540 (July 1945).

M. M, Hubbard, “ Investigation of >phase 208/120-volt 400-cycle Aircraft
Alternators)” RL Group Report 56-061545.
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4. Mechanical vibrators. Low-voltage d-c input, output direct
current or 120-cps alternating current or any combination.

5. Electronic inverters. Low-voltage d-c input, output as desired.

The options (2) and (5) can bediscarded at once. Electronic invert-
ers, although theoretically the most desirable, are practical only for
power levels of a few watts because of low efficiency arising from tube
plate-drop. Inverters are usually undesirable because they cannot be
regulated. This leaves motor-alternators, dyrmmotors, and vibrators.
Practical limitations on commutator diameter, voltage per bar, and
operation at altitude restrict the use of dynamotors. For example,
it is never wise to attempt to use dynamotors with outputs above 1200
volts. Motor-alternators with voltage regulators are the most reliable
conversion means.

14.4. Motor-alternator Sets.—Table 143 gives common sizes of
motor-alternator sets now in use.

T.mL~ 14,3.—~w@Io~ SIZM OF ~lOTOW.ILTEhN.tTOI?S~Ts

Capacity, va

—

100
250
500
750
840” (1OOO)

1500
2500

Frequency of
output, Cps

400
400
400
400
800
400
400

Phases

3
lor3

1
10r3

1
1
1

l}-eight,
lb

13

23
38
32 t
5-.0
’75

19.2”””
21.8
19.8

26 2 (31 .5)

27.2
33,4

* 840 is namqlat. rating,FoToperation below 10,OOQ ft with blast cooling, 1000 w. are ohtsimable.

i Includes weight of external r-f filter and 12-pf series condenser. See Figs. 148, 1416, 14 17, 14.21

for pictures of some commonly used 400-cycle motor-alternators.

For heavy-current duty, particularly at high altitude, brush wear
becomes a problem. Care should be taken to see that all rotating
devices using brushes requiring operation at altitudes above 20,000 ft
have suitable “high-altitude” brushes.1

Starting currents are often a serious problem in the case of motor-
alternator sets rated at 750 va or more since they may be 5 to 10 times

lL. M. Robertson, “Effectof Altitude on Electric Ap~>aratus,''Electrical Engineer-
in~ (June, 1945).

Paul Lebenbaum, Jr., “Altitude Rating of Electric Apparatus,” Transactions

AIE.E,63,955-960 (December, 1944).
D. Ramandanoff and S. IV. Glass, “High-altitude Brush Problem,” l’ransactions

.41EE,63,W$829 (November, 1944).
Howard M. Elsey, “ Treatment of High-altitude Brushes,” Transactions All?.!?

(.kugust, 1945).
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the normal full-load current. Such high starting currents cause: (1)
excessive brush wear, (2) voltage dip on aircraft electrical system,
(3) excessive load on contactor points unless an oversize contactor is used.
Extremely high currents may cause laminated brushes to explode.
Voltage dips on the electrical system can cause the release of vital relays
or contractors. To reduce the initial current surge a series resistor
(often anauxiliary series motor field) isadded. Whenthemotoris upto
speed, this resistor is shunted out by a contactor (see Fig. 14.4. ) This
reduces the initial starting current, but the current again rises sharply if
the secondary contactor closes too soon. ClOsing of the secondary
contactor can be further delayed by an auxiliary starting relay con-
nected as shown in Fig. 14.5. The curve of Fig. 14.6 indicates the
reduction in starting current effected by the use of the auxiliary starting
relay.

14.5. Voltage Regulators.—Since constant output voltage must be
maintained despite changes in load, shaft speed, and d-c input voltage,
some form of voltage-regulating device is used with an alternator. For
radar applications, an electronic voltage regulator is the most satisfactory
type. Although it weighs more than a simple mechanical regulator, an
electronic regulator should be employed on systems delivering 75o va
or more.

Electronic Voltage Regulators.—An electronic voltage regulator
consists of a voltage-sensitive element, an amplifier, and an output stage
that supplies d-c excitation for the generator or alternator field.

Three types of voltage-sensitive elements have been used in experi-
mental regulators. One consisted of a VR-tube bridge excited from a
transformer and rectifier connected to the output of the alternator to be
controlled. A suitable filter could be added to the rectifier so that
regulation was performed with respect to the peak value of the output
waveform. Similarly, other types of filters could be used to regulate
with respect to the average value of output voltage, or to some chosen
value between peak and average. The filter introduces a time constant
that, in some cases, is too long to achieve the desired rate of response.

The second voltage-sensitive element, developed by Bell Telephone
Laboratories, was a bridge network made of thermistors and excited
from alternating current. This gives an a-c output error voltage that
can be readily amplified, but has the disadvantage of a relatively long
time constant. The thermistor bridge, though rather difficult to com-
pensate for wide variations in temperature, regulates to the rms value of
the output wave, which is a considerable advantage for some applications.

The third form of voltage-sensitive element was a tungsten-filament
diode operated in the region of saturated emission. The filament was
heated by the alternator output through a transformer, and the anode
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excited from the d-c power supply. The plate current varies in pro-
portion to nearly the fourth power of the rms value of the alternator
output voltage. This provides a very sensitive signal voltage with a very
short time constant if the filament is of small diameter. Such a diode
must be ruggedly constructed in order to maintain the mechanical spacing
of the tube elements, and thus the tube characteristics, even under severe
mechanical vibration.

FIQ.14.7.—KS-15O55electronicvoltage regulatordesignedby Bell TelephoneLaboratories.

A conventional amplifier is used which must have sufficient gain to

provide the required over-all sensitivity. Stable operation of the

combination of voltage-sensitive element, amplifier, output stage, and

alternator demands that the usual conditions for stability of a servo

system be fulfilled.

Direct current excitation for the alternator field is provided by a

controlled rectifier fed from the alternator output. The controlled recti-

fier may be a combination of transformer and rectifier controlled by a sat-

urable reactor, or it may have grid-controlled thyratrons for rectification.
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Bell Telephone Laboratories developed a regulated exciter, type
KS-15055, which weighed about 12 lb complete and was meant for use
with the PE-218 inverter. (See Fig. 14.7.) It regulated the 115-volt
output to about ~ 0.5 volt rms, but had a rather slow response and only
fair temperature compensation. The temperature compensation was
improved in a later model.

General Electric Company developed a similar regulator, type
3GVA1OBY1, for use with PE-218-D inverters; it used a saturated-diode
voltage-sensitive element. (See Fig. 148.) This regulated the 115-volt
output to about + 0.1 volt rms and had good response and temperature
characteristics, but the diode was sensitive to vibration.

A?@=%

In the latter part of 1944, more interest was shown in the development
of electronic regulators because of a trend toward the use of engine-
driven alternators that were too large for control by carbon-pile regulators
unless separate exciter generators were used. The ATSC Equipment
Division at Wright Field sponsored the development of two regulators
to control and excite engine-driven alternators rated 8 kva, l-phase,
400 to 800 cps, 115 volts a-c. One developed by Bell Laboratories
weighed 33 lb; its operation was reported to be very satisfactory.

In 1945 Radiation Laboratory undertook the development of reg-
ulators using a saturated-diode voltage-sensitive element and grid-
controlled thyratrons in the output. The intention was to perfect a
more or less universal regulator which could be applied to different
alternators by changing the thyratron output. The development had
progressed to the preliminary test model stage for two types; one type
for single-phase inverters which had been applied to the PU-7 2.5-kva
machine, and one type for 3-phase engine-driven alternators of 6.5- to
12-kva rating. The results were very promising, and it appears quite

I
I
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certain that satisfactory electronic regulators can be developed for sta-
tionary ground generating equipment as well as for airborne equipment.

Mechanical Voltage Regulators.—All mechanical voltage regulators are
prone to improper operation in the presence of vibration since they are
sensitive devices that balance a spring against a magnetic force. A
mechanical voltage regulator consists of two principal elements: (I) a
variable resistance in series with the generator field, and (2) a control
device, operating from the generator output voltage, which alters the

and adjusting ‘Solenoid coil
saew

SLICw

FIG. 14.9.—Cross section of carbon-pile voltage regulator.

variable resistance to maintain constant output voltage. The two

types of regulators commonly used in aircraft are the carbon-pile and
the finger types.

Carbon-pile Regulator-s.-The carbon-pile regulator (Fig. 14.9) was
first developed in England, where it is known as the Newton regulator
after the inventor. The variable resistance element consists of a stack
of carbon disks or annular rings placed in a ceramic or tempered-glass
cylinder. The cylinder is mounted in a metal housing which serves to
dissipate the heat from the pile and gives structural support. One end
of the pile rests against a button held in place by radial leaf springs;
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theothe rendisretaine dbyascre wusuallyreferred to as the pile screw
or pile-adjusting screw.

The control element of the regulator is a solenoid coil and armature.
The current through the solenoid coil is proportional to the voltage to
be regulated, andthe pull of itscore onthearmature is proportionalto
the air gap between the two, and
to the coil current. The air gap
is adjustable by movement of 120

thecore; this constitutes one of the ~
adjustments to be made on the &

:
regulator. ~ 115

With the core in fixed position ~
and the pile-adjusting screw tight, ~
the output voltage of the generator
will be high. As the pile screw is 110

- out In-
loosened the voltage will drop, reach Pile.screwturns

a minimum point, rise, and then FI~. 14.10,—Carbon-Pileregulatorad-

drop again as shown in Fig. 14.10.
j ustment. Point A—bottom of dip—115
volts. Point B—optimum operating point

The generator will regulate properly ‘117 ‘“lts.
to the left of the hump or to the right of the dip. Between these two
points, that is, on the downward slope of the curve, regulation will be
unstable. The slope of the curve to the left of the peak is less than
that to the right of the valley, giving better regulation. However, in
this region the carbon pile is under less pressure, and is thus more suscepti-

FI~. 14.1 1.—Output waveform showing amplitude modulation.

ble to mechanical vibration and shock. Most recent practice, therefore,
is to adjust the regulator to operate on the right-hand side of the dip.

When carbon-pile regulators were first used on inverters they were
mounted directly on the rotating machine. This gave rise to serious
troubles because of the susceptibility of the regulator to vibration.
Vibration of the carbon pile causes amplitude modulation or “jitter” of
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the a-c voltage, which in a radar set shows up as spoking and blurring of
the indicator scope (see Fig. 14.11). The frequency of the modulation
is normally 30 or 40 cps. The maximum “jitter” which can be tolerated
is approximately 1 to 1+ volts.

The regulator should be shock-mounted as shown in Fig. 14.12.
This procedure, together with adjustment of the regulator on the tight
side of the dip, helps not only in clearing up the troubles mentioned above,

but also in increasing the interval between regulator adjustments, and
in reducing the wear of the carbon disks.

The carbon-pile regulator is affected by moisture. Moisture in the
carbon pile materially reduces the resistance, and frequently when a
motor-alternator is started after having stood for some time in an atmos-
phere saturated with water vapor the output voltage is high—approxi-
mately 135 to 145 volts. After the machine has run for an hour or
longer, the moisture is usually driven off and the voltage returns to
normal. During this drying-out period the carbon disks are often
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burned because, as the film of moisture is gradually reduced, it may
break down at one particular point on the face of the disk and the high
current-density at that point may be sufficient to burn the disk. In
this event, the regulator pile must be removed and the damaged disk
replaced.

One fundamental defect of the carbon-pile regulator is the lack of any
means for insuring uniform voltage distribution across the stack. Some
carbon junctions may be tightly +d.c
mated, with low voltage drop;

I:Ilk

Carbon.pile
others may be loose, with high voltage

voltage drop. If the drop per regulator

115V
junction exceeds 1 to 2 volts, Rect.

Alternator 4oocps
sparking may occur which will field P s

ruin the pile.
Under changing load condi- FIG. 14,13.—Schematic diagram of

tions, the regulator acts to in- s~abilizing transformer in voltage regulator
cmcuitof 400-cpsaircraft inverter,

crease or reduce the field current:

as in any action of this kind, hunting may result. In order to reduce
hunting, a stabilizing transformer (Fig. 1413) is now used with most of
the larger alternators. Such a transformer provides a correction depend-
ing on the rate of change of excitation.

The resistance of the carbon pile ranges from 2 to 60 ohms.’ Its
electrical rating is based on the rate of allowable heat dissipation, and is
given in watts. The unit often used on aircraft inverters is rated at
35 watts. Smaller inverters, notably the Eclipse 100- and 250-va units,
use a smaller regulator rated at 20 watts, while 2500-va inverters use a
75-watt regulator, of the same physical size as the 35-watt unit, but
with fins to increase the rate of heat dissipation. For the purpose of
using a smaller regulator than would otherwise be possible, the carbon
pile can be shunted with a fixed resistor. Such an arrangement increases
the range of resistance over which the carbon pile must operate, and care
must be taken that the maximum stable range of the pile is not exceeded. z

The coil of the carbon-pile regulator usually used in aircraft inverters
has a resistance of 185 ohms and a d-c rating of 115 to 125 ma, which
gives a voltage drop of 21 to 23 volts. As the voltage to be regulated is
115 volts alternating current, rectification and voltage-dropping are
necessary. Rectification is provided by a selenium dry-disk rectifier,
in series with a “ globar” resistor which provides some temperature

1Although the 35-watt carbon-pile regulator can be made to operate over a range
of resistance from 2 to 60 ohms, it has been found desirable to use only the range from
2 to 30 ohms since the high-resistance end of the range has a tendency to be unstable.

2Mr. C,. Neild, “ (?arhon.pile Regulators for .kircraft,” AIEE Transactions, 63,

839-842 (November. 1944).
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compensation. The voltage is reduced either by a small auto-trans-
former or by a dropping resistor.’ In any case, a variable resistor is
used, either on the a-c or d-c side of the rectifier, to provide a voltage
adjustment whose range is approximately 10 volts.

Figure 14.14 shows a carbon-pile regulator for use with a 10-kva,
3-phase, 208-volt engine-driven generator; Fig. 14.15 is a schematic
diagram of the circuit. Note the two potential transformers, connected
in open delta, which energize the regulating coil, so that the regulated

FIC, 14.14.—GeneralElectric Company voltage regulator for 10-kvaalternator

voltage is an average of the three line-to-line voltages. Note also the
antihunt circuit and coils on the solenoid.

It is probable that further development of the carbon-pile regulator
can greatly extend the usefulness of the device. At the close of World
War II, Leland Electric Company, of Dayton, Ohio, had developed
experimental models of improved carbon-pile regulators that appeared
to have a greatly extended operating range of resistance and improved
resistance to humidity as compared to earlier service models.

Finger-type Regulators.—Finger-type voltage regulators are similar
in operation to the carbon-pile type, except that the resistance is varied
in fixed steps rather than being continuously variable between minimum
and maximum resistance. Mechanical construction varies widely with

1A third method, employed on the 1500-va series PE-218 invert ers as well as a
number of others, is the use of a low-voltage tap on the armature wiading.
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different manufacturers. In general, a voltage-sensitive element, con-
sisting of a solenoid coil and a movable armature, is connected to a
multiple contactor. Movement of the armature from the closed to the
open position progressively short-circuits steps of resistance connected
to the contacts. It is necessary to choose the resistance steps withthe
field-excitation characteristic of the alternator in mind, so that each
progressive step of resistance produces an approximately equal change
of output voltage. The incremental change in output voltage produced
by one step of resistance determines the limit of sensitivity of the regu-
lator. An air dashpot is usually provided to damp any oscillation or
hunting of the armature.

Regulating Anti.hunt r.,hfi.
‘coil – coil “fi~””
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m
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FIc+.1415.-Schematic diagram of a General Electric voltage regulator Type GEA.2-B2
and 3-phase 230-volt alternator with exciter.

In field service, the usefulness of the finger-type regulators was
limited by the tendency of the contacts to stick and burn, and by corro-
sion of the contacts due to moisture and salt air. In addition, the device
is very difficult to repair in the field. Consequently, finger-type regu-
lators have been used on radar systems only rarely.

14.6. Speed Regulators.—The a-c frequency generated by motor-
alternator sets varies over a wide range with changes in input voltage,
load, altitude, and temperature. At high altitude, low temperatures and
air densities are encountered. The low temperature tends to lower the
speed by reducing the resistance of the motor field circuit, whereas low
air density allows the speed LOincrease because of lower windage losses.
The following test data indicate the conditions for maximum and mini-
mum frequency of the 1500-va PE-218-C and PE-218-D inverters.



572 PRIME POWER SUPPLIES FOR RADAR [SEC. 14.6

Maximum frequency at 28.5 volts, ~ load, 35,000 ft, – 15”C,

Leland PE-218-C 485 CpS
GE PE-218-D 458 CpS

Minimum frequency at 28.5 volts, full load, sea level, –35”C,

Leland PE-218-C 401 Cps
GE PE-218-D 392 CpS

The variation in frequency caused by change in input voltage and in
temperature is indicated in the following table.

TABLE 14.4.—CHANGES IN FBEQUENCY OF IiWERTERS WITH TEMPERATURE AND
VOLTAGE

Frequency, cps

Input Temperature,
voltage ‘c Leland GE Co.

PE-218-G PE-218-D

26

29

–45
+25
+55
– 45
+25
+55

373 379
396 396
406 398
411 404
443 423
449 428

Over-all regulation I Leland I GE Co,
PE-21&C PE218-D

In cps I 76
In per cent 17,0 i :.5

All data were taken at sea level and with full rated load on inverter.
The GE PE-218-D unit has a compensating resistor in series with the
field which accounts for its slightly better regulation. It also has an
adjustable resist or which allows the frequency to be varied over a range
of approximately 40 cps. These inverters are show-n in Figs. 14.16
and 14.17.

In most radar applications, such a range in frequency is not objection-
able. Certain indicator and computing circuits, however, require much
closer regulation of the order of +2* per cent. Good speed regulation
also considerably reduces the problem of voltage regulation. In accord-
ance with the need for better speed characteristics of inverters, the latest
Army-Navy specifications (AN-I-1O) stipulate the following frequency
limits: For all voltages between 26 and 29 volts and at any load from
~ to full, the allowed frequency limits for a temperature range of – 10”C
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to + 10”C shall be 390 to 410 cps; over the same range of voltage and
load, the frequency limits for a temperature range of – 55°C to +70”C
shall be 380 to 420 cps.

Table 14.5 gives the frequency range of inverters now in general use,
and in the column headed “ Remarks” the motor type or method of
speed control is indicated. All data refer to a temperature of 25°C and
sea-level pressure.

TARLE14,5.—SPEEDCONTROL OF CERT.AIN MOI-OR-ALTERNATOII SETS

Rating
h’manufacturer va phase:

Eclipse . . . . . . . . . . . . . . 100 3+
Eclipse . . . . . . . . . . . . . 250 3+
Leland. . . . . . . . . . . . . . . .500 10
Wincharger 750 1+

Holtzer-C’abet, 1000 3+
Leland . . . . . . . . . . . . . . . 1500 1+
GE . . . . 1500 1$+
Air!vays . . . . . 2500 ld
Eclipse* . . . . 840 1+

Frequency, cps

St]-le
26 volts 29 volts
full load + load

]~123_l-A 410 410
1?121-1-.4 MO 410
10596 395 475
PU-16 390 403

MG- 153 340 395
PI?-21S-C 395 450
PB21S-D 395 440
IT-7 410 430
800-1-C 730 900

Remarks

Lee Regulator
Lee Regulator
Compound-wound
Carbon-pile regu-
lator

Resonant
Shunt-wound
Shunt-wound
Regulating field
Compound-wound

● Nominal rated frequency 800 CDS.

Lee Reaulator.—The Lee speed regulator is a centrifugal device which
alternately opens and closes a short circuit across a fixed resistor in
series with the motor field. The short-circuiting contacts are on the
centrifugal device and can be set to open and close at any predetermined
speeds within 5 per cent of each other. Speed regulation is therefore
good; it can be maintained at approximately 5 per cent. This type of
regulator creates a good deal of r-f noise that is difficult to suppress, and
gives pronounced modulation of the output voltage.

Voltage Regulator Control. —Speed regulation can also be provided
by means of a regulating field controlled by the generator voltage regu-
lator. This method is used in the 2500-va Type PU-7 inverter designed
by Wincharger and built by Wincharger and Airways. It is shown
schematically in Fig 14.18.

As the input voltage or inverter load changes, the resistance of the
carbon pile in the voltage regulator varies to maintain constant output
voltage. This also serves to vary the current through the motor regu-
lator field in the proper sense to maintain constant speed. The motor is
designed to obtain proper division of flux between the main field and
the regulating field. The resistances of the regulating field and of the
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FIG.14.18.–
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FIG. 1419.-Schematic circuit of Holtzer-Cabot MG-153 aircraft motor-alternator.

output ratings: 750 va, 115 volts, 4Q0 cpa, 3-phase; 250 va, 26 volts, 400 cps, l-phase.
Ground terminal common to all circuits.
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alternator
resistance

field must be kept in proper relation to the normal range of
of the carbon pile in order to obtain good speed regulation.

n ➤Bushing

F1~. 1420. -Holtzer-Cabot Electric Company carbon-pile speed governor.

If the regulator is removed from the circuit, the alternator will still
generate a voltage because the field current will flow through the motor-
regulating field to the generator field. In the case of inverters not
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having the regulating field, removal of the regulator from the circuit
kills the alternator voltage.

In order to get good results by this method, the motor field must
operate below saturation; this adds weight to the magnetic circuit.

Tuned Circuit C’ontrol.-An interesting method of speed control has

been used by the Holtzer-Cabot Electric Company in their MG-153
inverter, Fig. 14.19. The reactor and condenser connected in series
with the rectifier which energizes the regulating field are designed to
resonate at a frequency well above the rated frequency of the alternator
(in this case, 400 cps). The circuit therefore operates on the low-
frequency side of the resonance curve; any change in speed will alter the
reactance of the circuit and thus vary the field current in the correct
direction to provide speed regulation. Should the motor attain a speed

.- —.
motor-alternator with Holtzer-Cabot speed control.
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that would generate a frequency above resonance, the machine speed
would continue to increase, being limited only by friction and windage
losses.

CentrifWal Control.—The most recent method of speed regulation
to be used on aircraft inverters is a carbon-pile governor as used by
the Holtzer-Cabot Electric Company. It is shown in Fig. 14.20 and also
in Fig. 14.21 mounted on a 750-va PU-16 inverter. The electrical
connections are shown in the schematic diagram Fig. 14.22. A centri-
fugal device on the end of the inverter shaft acts against the carbon pile
in such a manner that increased speed will reduce the m-essure on the
carbon pile and reduced speed will increase the pressure. As shown in
Fig. 14.20, when the machine is at rest the carbon pile is held in compres-

Alternator fwld
h
filter Contactor

.. A L~~~ .Itemator Cabwle I;,S1l, ~ ,;gt

A-c
fifter =

Ofi 1

T
%ries fwld

Voltage
adwstmg

“’’’t”’-f-l&q .
FIG. 14.22.4chematic diagram of Wincharger PU-16 aircraft inverter, 750va, 115volts,

400Cps.

sion by the large coil spring in the rotating element. The resistance
is then least, giving maximum field for good starting characteristics. As
the machine speed increases, the centrifugal weights compress the spring
and reduce the pressure on the pile, increasing its resistance. Should
the machine exceed its rated speed, the carbon pile will be compressed by
the spring under the adjusting screw. At rated speed, the carbon pile

is balanced between these two springs and a slight change in speed will
cause a relatively large change in resistance. Springs A and B position
the tube holding the carbon pile. I

Electronic Speed Controls.—The Eclipse-Pioneer Division of Bendix
Aviation has recently developed an electronic speed control for use on
motor alternator sets of 1500-va capacity and larger. This regulator is
designed to hold speed within the limits of Army-Navy Specification
AN-I-lo.

1C. T. Button, “.4 Carbon-pile Speed Governor, ” A lEE Transactions, 65, 4

(January1946).
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14.7. Dynamotors.—To supply smaller radar sets with moderate
power at not over 1000 or 1200 volts, a dynamotor is often more econom-
ical in weight and efficiency than an inverter. A dynamotor has con-
ventional d-c shunt- and series-field windings on the stator and one or
more armature windings on the rotor. The rotor winding is excited
through brushes and a commutator from the input voltage.

A single rotor winding can be tapped to give the required secondary
voltage. Alternatively, separate rotor windings can be used, with
turns-ratios to the primary winding chosen to provide the correct output
voltages. The required d-c voltages are brought out through com-
mutators from the secondary windings. Dynamotors have been built

i
FIG. 14.23 .—Eicor Inc. aircraft dynamotor,

to give voltages as high as 2000 volts, but such machines meet severe
difficulties with commutation and insulation. Dual- and triple-output
dynamotors are very common, and several machines having four outputs
(Fig. 14.23) have been built, but it is impractical to go beyond this
because of the large number of windings and commutators involved.

Dynamotors for military aircraft are built for an input voltage of
27.5 volts. For automobiles, commercial aircraft, and miscellaneous
use, dynamotcrs are built for input voltages of 6, 12, 32, and 110 volts.
Output ratings vary from 14 or less to over 1200 volts, and from 30 ma
to 5 amp, with any combination of two, three, or four at a time. Weights
vary from 5 lb, for a total output of 20 watts, to 26 lb, for an output of 400
watts. Efficiencies range from 40 per cent to 60 per cent.

The dynamotor suffers from poor regulation. Furthermore, varia-
tions in input voltage may be as great as 10 per cent. The dynamotor
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can be designed for an input of 19 or 20 volts if it is to be used with an
actual line voltage of 27.5, and a variable control resistor put in series with
the line. This resistor can be a carbon-pile voltage regulator, with the
carbon pile in series with the line and the operating coil across the line

Carbon.pile Voltage
voltage adjusting

regulator rheostat

J
output

nng Regulating
. field + High-voltage,.

Oulpla

\
tators

presents
tion from
re wind-
commu-
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FIG. 14.25.—Schematic diagram of dual-output dynamotor with booster windings and
regulating field.

just ahead of the dynamotor. For an input from 25 to 29 volts at
constant load, the regulation of the output voltage can be held within a
range of 5 to 10 per cent. Regulation becomes poorer with changing load.

Booster Armature Voltage Regulation.-A recent development to

improve dynamotor regulation is the construction in the dynamotor
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itself of a booster armature winding and regulating field. A three-voltage
dynamotor is shown in the photograph of Fig. 14.24 and the circuit of a
dual-voltage machine is shown schematically in Fig. 1425. In any
multi-output dynamotor only one voltage can be regulated, but, except
in the event of very unevenly loaded circuits, the unregulated voltages
will closely follow the regulated voltage. Regulation can be handled in
several ways: (1) all output circuits have windings on the booster arma-
ture although only one of them is controlled (Fig. 14”25); (2) only the
voltage to be regulated has a booster winding; and (3) the voltage to be
regulated is generated entirely in the windings of the booster armature.
The third method is practical only for low voltages, because of the large
number of turns and relatively high field current required to generate a
high voltage. 1

Over ranges of input voltage from 25 to 29 volts, from no load to
full load on the dynamotor, the output-voltage change will be approxi-
mately 3 per cent. The booster armature and regulating field increase
the size and weight of the dynamotor, but the regulator itself can be
considerably smaller than a series regulator because it carries only “the
field current rather than the line current.

14.8. Vibrator Power Supplies.—If relatively small amounts of power
are required, vibrator power supplies are useful. Conventional vibrators,
such as those used commercially in automobile radios, are capable of
supplying 50 to 60 watts of square-wave alternating current to a trans-
former. The transformer output may be rectified and filtered to furnish
direct current of appropriate voltage.

Vibrator power supplies can, unlike dynamotors, supply a number of
different d-c output voltages without disproportionate increase in the
weight of the power supply. For example, it is possible to supply 2500
volts direct current at 5 ma, 250 volts d~rect current at 100 ma, and – 150
volts direct current at 5 ma, at approximately the same total weight as
that required for conventional power supplies designed to run from
115-volt 60-cps a-c lines. The vibrator power supply just described
weighs from 6 to 8 lb, depending on how it is packaged and on the degree
of filtering required.

The output voltage of a vibrator power supply can be regulated by
use of the series-tube type of electronic regulator, which is apt to be
wasteful of power. Further, output power is consumed by the rectifier-
tube cathodes. Where a number of d-c output voltages are required,

I In any case, it is seldom practical to regulate the highest-voltage output since
current-limiting resistors are required in the regulator coil circuit, and at high voltages
the loss in them is excessive. It is also less important to regulate the higher vcdtages,
foc this can readily be done by regulating circuits in the radar set itself.
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rectifier cathodes may use up a )arge part of the 50 to 60 watts of avail-
able power.

Two or more vibrator power supplies can be designed for operation in
series or in parallel on the d-c output side, so that larger currents or
voltages can be obtained from small vibrators. Large vibrators, capable
of supplying 200 watts or more from 12- to 14-volt or 24- to 28-volt d-c
supplies, are available, but it is usually more. convenient to use conven-
tional inverters with transformer-rectifier power supplies for outputs
greater than 250 watts.

Vibrator power supplies usually give efficiencies of 50 to 70 per cent,
based on d-c output vs. d-c input.

Precautions must usually be taken to reduce radio interference from
vibrator power supplies. Small r-f chokes in the power input leads, mica
r-f bypass condensers on input and output, and careful shielding and
grounding usually provide adequate radio interference suppression for
aircraft use. Where extremely low noise level is required it may be
necessary to shield the vibrator, transformer, and each d-c ripple filter
separately, and use r-f chokes in each transformer connection. How-
ever, it is usually less troublesome to suppress radio noise in a vibrator
supply than in a small dynamotor.

Vibrators can be obtained in hermetically sealed containers, making it
possible to design power supplies for operation under extreme conditions
of altitude and humidity.

Production-type small vibrators are available with reed frequencies
from about 100 to 115 cps. These vibrators have a useful life of at least
500 hours when used with well-designed power supplies.

Vibrators have recently been developed with reed frequencies of about
180 cps. Smaller transformers can be used at this higher frequency, so
than an over-all weight reduction of 20 to 25 per cent may be achieved.
The life of such vibrators may be somewhat less than that of low-fre-
quency vibrators. A more complete treatment of vibrator power SUP-
plies is given in Vol. 17, Chap. 12 of the series.

14.9. Summary of Recommendations for Aircraft Radar Power.

1. Consider the radar-radio power-supply problem of a specific air-
craft as a whole. What dynamotor can be eliminated? What
inverters can be combined? Is all equipment uniformly designed
to operate from one standard a-c source? Often enough weight
can be saved to justify such refinements as an electronic voltage
regulator.

2. Use a direct-driven generator whenever possible, either at constant
frequency (if airplane is so equipped) or at variable frequency. If
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portions of the installation require fixed frequency, consider an
auxiliary d-c to a-c motor-alternator.

3. Use electronic voltage regulation for engine generators or motor
alternators.

4. Consider vibrators for small loads.

GROUND AND SHIPBOARD SYSTEMS

Power for ground radar systems should be obtained from commercial
electric service whenever possible, with certain precautions outlined
below. The general problem of power supply for ground radar falls into
four main groupings:

1. Fixed locations with commercial electric service available.
2. Large systems (with requirements for highly dependable service

under all conditions) at fixed locations without commercial electric
service, or for mobile use.

3. Small systems for use in fixed locations without commercial power,
or for mobile use.

4. Small ultraportable mobile sets.

In selecting a specific engine-generator set, or any specific alternator,
serious consideration must be given to the specifications of the set (the
alternator in particular) if satisfactory performance and characteristics
are to be obtained. One good tabulation of standard Army power sup-
plies is Signal “Corps Manual TM 11-223. However, most of the sets
listed therein were not originally designed with radar in mind. Accord-
ingly, their electrical performance may not meet radar needs without
modification. A fuller discussion of the factors involved in choosing
alternators and engine-generator sets is given in Vol. 17, Chap. 12, Radi-
ation Laboratory Series.

14.10. Fixed Locations.-Commercial power supply for radar installa-
tions must be provided with three major considerations in mind: (1) reli-
ability required, (2) voltage stability of supply, (3) interference from
common loads.

Reliability.—If extremely reliable service must be provided, com-
mercial service from a first-grade public utility is most satisfactory, pro-
vided that it is backed up by emergency feeders duplicating normal
service (preferably by an alternate route) to a network station of the
public-utility system. An emergency engine-alternator set (which may
be made automatic-starting if deemed necessary) should also be provided.
This arrangement is preferable to constant reliance on local generation.
A regular maintenance schedule must be followed, with the emergency
engine operated for a minimum of one hour per week at no load and a
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minimum of two hours per month at full load. For such emergency
service as that outlined, gasoline-powered prime movers are reliable and
satisfactory.

Voltage Stability of Supply.—If the service is obtained from a source
unstable in voltage, Iocalvoltage stabilization must reemployed. If the
voltage changes take place slowly, without transients, they can be elimi-
nated by means of induction regulators, with automatic or manual con-
trol; tapped autotransformers, manual or servo-driven; or (for small
loads) variacs. For example, consider the use of commercial power by a
remote beacon station served by a line shared with other power users.
As night falls, increasing load on the line lowers the voltage at the beacon.
Servo-driven variacs have proved useful in such a situation.

Interference from Common Loads.—If the loads sharing power service
with the radar impose high intermittent demands, and especially if the
total capacity of the system is low with respect to these loads, serious
transient interference may be encountered. An isolating motor-gener-

ator is the only satisfactory solution for such difficulties. If synchronous
frequency is not essential, induction-motor drive is preferable to the
greater complexity of a synchronous motor. It is good practice, where

possible, to make input and output services identical, and to provide

means for bypassing the isolating set in case of trouble. That is, if the

main service is 220 volts, 3-phase, 60 cycles, the motor-generator set

should be 220-volt 3-phase input (60 cycles) to 220-volt 3-phase output

(58 cycles).

14.11. Large Systems Where No Commercial Power Is Available.—

Where 24-hour operation of a prime mover is required, it is necessary to

provide duplicate power generation equipment, regular and emergency.

Such equipment should be interchangeable, and the two sets should be

used alternately to ensure reliable service. Where extreme reliability is

desired, three engines should be furnished; one can then be disassembled

for maintenance without risking complete system breakdown if the service

engine fails. Generators of a size at least t~vice the estimated load should

always be provided, to permit future additions of auxiliary devices not

initially specified. Diesel engines are definitely more reliable for con-

tinuous operation than gasoline engines. Diesel fuel and diesel exhaust

fumes are less hazardous.

Electric power for loads larger than 7.5 kva should be 208/120-volt

3-phase 60-cycle alternating current. It is desirable to use 3-phase

60-cycle because electric motors of this rating are compact and simple to

operate. Weight savings in rectifier-filter supplies can usually be achieved

with 3-phase power, if this is important.

For large mobile systems it is well to investigate availability of stan-

dard U.S. Army power-supply units. Unfortunately, the voltage
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regulators in such systems are almost uniformly unsatisfactory for radar
equipment since they have a tendency to produce modulation in the
amplitude of the a-c voltage. It is often necessary to resort to hand
rheostat control of the exciter field or the alternator field. Radar loads
are usually constant or nearly so, and hand control requires only occa-
sional adjustment after,the equipment has come to normal operating
temperature. Theengines areusually provided with flyball-type speed
governors which are satisfactory when well maintained, and keep the
output frequency within a range of about 58 to 62 cps.

14.12. Smder Mobfle Units.-If highreliability isrequired, the same
considerations must be observed in this case as in the case of large
systems, notwithstanding the weight penalty. For example, a navigation
aid required to operate 24 hours per day under all conditions must use
conservative, long-lived prime movers and be provided with standby
equipment, though it may consume only 75o watts.

Much design effort has been expended on packaging units of about
500-lb weight and 5-kw output in a readily portable form, There has
also been much development of two-cycle gasoline engines for power
units up to about 2-kw output. It is likely that two-cycle engines coupled
to 400-cps generators will be available in the future in many ratings;
these units are much lighter and more compact than four-cycle engines
with 60-cps generators of equivalent rating.

It is true that two-cycle engines have some disadvantages. They
are often more difficult to start than the small four-cycle engines, and,
because of their tendency to foul exhaust ports and spark plugs, they are
likely to require more maintenance. However, as mobile units, they have
two advantages over and above their lightness of weight and their
compactness. They are easier to repair in the field and require less
replacement of parts than the four-cycle engines, which are subject to
valve-fouling and burning.

14.13. Ultraportable Units.—Where extremely light weight is required
this can be obtained only by sacrificing reliability or by shortening the
required period of operation.

Ultraportable ground radar systems usually need very little power.
Where only a few hours of operation are required, the systems can be
powered by small storage batteries which operate vibrator power supplies
or dynamotors.

Where longer operation is required, very small two-cycle engines con-
nected to permanent-magnet-field 400-cps generators have been developed
by the Jacobsen Manufacturing Company, Racine, Wis., and the Judson
Manufacturing Company, Philadelphia, Pa.

Jacobsen produces a unit rated 125 watts 400 cps weighing about
13 lb. A single-cylinder, air-cooled, two-cycle engine is direct-connected
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to a permanent-magnet generator. The speed is controlled by an
air-vane governor.

Judson produces several small models, one of which is rated 150 watts

400 cps and weighs about 15 lb. The general design is similar to that of
the Jacobsen machine, except that the engine is belt-connected to the
generator.

There is no way of regulating the output voltage of permanent-magnet

generators, but capacity in series with the output will hold the output

voltage constant to about i 5 per cent despite changing load. The

voltage can be altered to compensate for temperature changes by manual

adjustment of the speed governor on the engine.

Work has been initiated on the development of small prime movers

other than conventional gasoline engines. Small steam engines that

were capable of about 300 mechanical watts output were built by Radia-

tion Laboratory, but no satisfactory boiler had been developed at the
close of activity. Small steam engines and gas turbines are attractive

because of their ease of control and flexibility. Further development

would probably produce some worth-while small prime movers.

14.14. Ship Radar Systems.—The problem of providing power for
large shipborne radar systems is principally that of stability. Most
modern warships have 440-volt, 3-phase, 60-cps power supply which is
subject to transient fluctuations of 10 to 20 per cent in voltage and per-

haps 5 per cent in frequency. Transients are caused by the sudden

application of large loads such as gun turret drives and airplane elevators.

Good results have been obtained by powering the radar system from a
60-cycle motor-generator set. An induction motor is used to drive the
alternator; when not heavily loaded, the mot or shows a relatively small
change in speed for a change in input voltage. Motor speed tends

to follow a change in frequency, but the mechanical inertia of the set is
usually adequate to hold up the speed during the usual short-period
frequency transients. The induction motor rating should be about
50 per cent larger than that required to drive the alternator. It is
desirable to have the alternator output the same as the ship’s power so
that the radar system can be operated directly from the ship’s supply in
case of breakdown or maintenance shutdown of the motor-alternator set.

The motor may be direct-coupled or belt-connected to the alternator;
usually direct coupling is preferred because of its simplicity. The output
frequency of a direct-connected alternator will be less than 60 cps by the
slip of the induction motor. This results in an output frequency of
57 to 58 cps, which is normally satisfactory for the operation of trans-
formers or other 60-cycle equipment.

There is no really satisfactory means now available for regulating the
output voltage of the alternator. Most of the available voltage regu-
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lators have a tendency to be unstable, exhibiting rapid hunting of about
20 to 40 cps. This may not be troublesome on lighting or motor loads,
but it is one of the major causes of spoking of PPI displays and instability
of other forms of radar presentation.

One method of using regulators has been followed with some degree
of success. That is to provide a rheostat in series with the regulating
resistance of the regulator in the field circuit. Assuming that 115-volt
output is desired, the regulator can be adjusted to regulate at 118 to 120
volts and enough resistance cut in, by means of the rheostat, so that
the voltage is 115 volts at full radar load with everything at normal
operating temperature. Under normal operating conditions, then, the
regulator is all out and not functioning. If the voltage should rise, as
during warmup period or when the radar is on stand-by, the regulator
will cut in when the voltage comes up to 118 to 120 volts and prevent
further rise in voltage. If there is a load greater than normal causing the
output voltage to drop, the manual rheostat will have to be adjusted.
However, with the motor-generator set acting as an electromechanical
flywheel to take up transient fluctuations in the ship’s power supply,
operation is reasonably steady and satisfactory.
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CHAPTER 15

OF RADAR SYSTEM DESIGN

HERB AND R. L. SINSHEIMER ,

16.1. Introduction.-The development of a new radar system may be
called for because of recognition of a new application for which radar has
not been used but for which its successful use appears possible. In
other cases, a development may be justified for an application where radar
is in successful use but where improved results could be expected by the
use of more modern equipment.

Early ideas dn a new system and initial proposals may come from a
development laboratory or from the potential users of the equipment.
Before design characteristics can be successfully crystallized, regardless
of the origin of a proposal, there must be an extensive interplay of ideas
and of information between specialists in the following categories: (1)
application specialists representing the potential using organization, who
must contribute necessary information on desirable performance char-
acteristics, limitations on size, weight, and power consumption, and
limitations on the number and skill of operators and maintenance men;
(2) component specialists, who must contribute information on the status
of development and on the limitations of the many component parts that
make up a complete system; (3) system specialists with experience in the
design and operation of radar systems.

Normally a man experienced in system design is best able to coordinate
the over-all development project. He must have a supporting group of
experienced systems men to assist on the design problem and to carry out
operational test work that may be desirable, and he must have the con-
tinued advice and support of specialists of the first two categories listed
above.

Versatility .—Initial planning for a radar system may be made with
one specific application in mind. As plans progress, possibilities of
related applications are generally recognized and consideration is given
to including facilities that improve the system in versatility. The value
of versatility has been amply demonstrated, not only for meeting related
applications but for meeting changing conditions frequently encountered
in the central application.

Provision for versatility, unless ingeniously made, may cost heavily
in increased complexity, size, or weight; further, the utility of the set for

588



SEC. 151] INTRODCCTIO,\- 589

the principal application may suffer. How far to go with such provisions
and how best to include them are problems that frequently outweigh in
importance any other design problem. N-o rules can be given for guid-
ance along these lines, but the degree of success to be expected will depend
markedly on the extent to which development specialists are familiar
with problems of operation in the using organization and on the degree to
which representatives of the using organizations have become familiar
with the technical problems, the possibilities, and the limitations of radar.

Requirements for Component Development.—With sufficient care in
design and a sufficiently conservative policy, a radar set might be designed
making use of only those components on which development work has
been completed. Ordinarily the improvement to be gained in system
performance or in general utility by improvement in certain components is

sufficient to warrant component development work. The extent to
which such requirements can safely be included must be determined from
consideration of the time schedule to be met and from a careful, realistic
appraisal of the development time needed. Sound system-design work,
together with performance tests, can serve in a valuable way to direct
component-development work along the most advantageous lines.

Detailed Problems in Design. —General rules for guidance on the many
detailed problems encountered in the development of a radar system
would be extremely difficult to formulate because of the multiplicity of
applications with radically differing requirements. Information accu-
mulated through experience on a large number of systems can be pre-
sented most easily by outlining the development of successful systems
from the early-idea stage on through to their operational use.

Two typical system developments are described in this chapter:
(I) a high-performance ground-based set for air surveillance and control;
and (2) the AN”/APS-10, a lightweight airborne set for air navigation.
Considerations leading to the selection of these systems are as follows:

1. Substantial development and design effort went into both systems
and important advances resulted.

2. Both systems are relatively simple, and design problems encoun-
tered in their development are more basic in nature and more
generally applicable than in the case of a more elaborate system,
where usually a large proportion of the system is very specialized
in nature.

3. These two systems represent opposite extremes in requirements.
Limitations on factors such as size, \veight, and power requirements
for the ground-based set were largely subordinated to the require-
ment for the best possible radar performance. In the case of the
airborne set, severe limits were imposed on weight, size, and similar
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factors, and the ingenuity of the development and design men was
taxed to meet the minimum acceptable radar performance within
these limits.

A detailed treatment of further systems beyond these two would be
of questionable value, since changing requirements may soon make
obsolete all but the more general, basic developments of the past. Radi-
cally new requirements will be met only by radically new developments,
and to be firmly bound by past experience would stifle progress. Ingen-
ious technical men with good facilities, free in their thinking, working in
close touch with using organizations, fully informed on operational
problems and planning—these are the important requirements for future
advances.

15.2. The Need for System Testing. ‘—One general remark concerning
system design is sufficiently important to be made before taking up the
design examples. No radar system is complete until adequate provisions
for performance testing and maintenance have been made and appropriate
maintenance procedures prescribed.

The most important function of test equipment in radar maintenance
is to permit quantitative measurement of those properties of the system
which affect its range performance. Experience has shown that it is
essential to determine by reliable quantitative methods how well a radar is
operating. Under most circumstances, the important units of test
equipment should be built into the radar in a way that permits their most
convenient use. If limitations of weight and bulk do not permit the use
of built-in test equipment, suitable test points should be provided to
permit convenient and adequate tests to be performed frequently on the
important parts of the system.

Radar Performance Figure.—The ratio of P, the pulse power of the
radar transmitter, to Smin, the power of the minimum detectable signal,
is a measure of the radar performance. This is the fundamental quantity
studied in tests. The radar equation given as Eq. (2. M),

R
d

4 pnL4?f,
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sm,ArA”
(1)

shows that all factors except P and tl~,n are either invariable or beyond
our control once the radar has been designed.

A quantity closely related to Smin is usually measured rather than
Sti~ itself. This maybe the power of the weakest test signal that can be
detected, or of a test signal that produces some other easily reproducible
effect. Because of the effects of presentation time and pulse width

~By R. D. O’Neal and J, M. Wolf.
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(Sees. 210 and 211), such test signals are generally not equal to Smirs but

differ from it by a constant ratio, The ratio between pulse power and the
power of such a test signal, P/ST, expressed in decibels, is called the
“radar performance figure” and is a suitable measure of the ability of
thesystem to see radar targets.

Figure 15.1 shows the range performance on various types of radar
targets as a function of the radar performance figure. As explained in
Chap. 2, radar range performance does not always follow the fourth-power
law of Eq. (1), but the performance
figure remains of vital importance in
determining what fraction of the
maximum radar range can be realized
by a given system against a given
type of target, regardless of the
existing propagation conditions.

The Inadequacy of Guessing Per-

formance.—It has often been wrongly
assumed that over-all radar perform-
ance can be adequately judged with-
out using test equipment by means
of one of the following “rule-of-
thumb” criteria: (1) the general
appearance of the picture seen on
the radar indicator, (2) the maxi-

oo-
Dechis below rated performance

FIG. 15. 1.—Relation between radar

performance deficit and available radar
range for various types of target.

mum range at which target signals can be seen, or (3) the signal strength
above noise of the echo from a “ standard” target.

Both (1) and (2) are strongly affected by changes in propagation
conditions’ as well as by interference effects resulting from composite
targets,’ tidal changes,3 etc. Although the effect of anomalous propaga-
tion can be practically eliminated by choosing a near-by weak target
signal as a standard, such a favorable choice of’ ‘standard target” does not
necessarily eliminate interference effects. Targets that do not show such
effects in some degree are exceedingly rare.

These rule-of-thumb criteria are inadequate for the consistent judg-
ment of radar performance, as has been shown by surveys of radar
performance made on radar equipment in the field during the war.
Unfortunately during most of the war adequate test equipment was
commonly lacklng; when it was present, it was often in charge of inade-
quately trained maintenance personnel who did not appreciate the need
for using it regularly. Figure 15.2 shows the combined results of a

1SeeSec. 2.14.
2SeeSew. 3.8 and 3.9.
sSec. 2.12.
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rwmber of such surveys of ground, ship, and airborne 10-cm and 3-cm
radars during the years 1943 and 1944. The radar performance figure
of the average set tested was 14 or 15 db below the rated value for the
radar. Since a performance-figure deficit of 12 db results in cutting the
maximum range of the set on aircraft by a factor of 2 (Fig. 15.1), poor
radar performance was responsible for a loss of more than half the
tactical usefulness of the systems tested. Figure 15.3 shows the findings
of a more recent (July 1945) survey covering 10-cm ship radars; it indi-
cates that there had been no change for the better.

Such serious deficiencies in actual field radar performance emphasize
the fact that the use of test equipment to measure performance and to
trace down the causes of impaired performance had not been incorporated
into routine maintenance practice for most radar sets at the end of the
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FIG. 15.2.—Radar performance surveys, FIG. 15.3.—Radar performance survey,
1943–1 944. July 1945.

war. Such important losses in performance are glaringly inconsistent
with the great effort expended in radar design to attain high performance.
In the design of new equipment, it is essential to make careful provision
for adequate testing and trouble-shooting; in the use of existing equipment
it is equally important to be sure that routine maintenance procedure is
sufficient to keep the radar within a few decibels of rated performance.
The design and use of test equipment is treated in detail in Vol. 23 of
this series.

DESIGN OF A HIGH-PERFORMANCE RADAR FOR
AIR SURVEILLANCEAND CONTROL

15.3. Initial Planning and Objectives. Formtdation of Requirements.

At a relatively early stage in the development of microwave techniques
consideration was given to the possibility of applying them to the problem
of long-range air surveillance. Greatly improved azimuth resolution,
minimization of ground “ clutter, ” and improved low-angle coverage were
the principal advantages that microwaves appeared to offer, The best
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output pulse powers were then low, receiver sensitivities were poor, and
system problems were not well understood. Coverage equal to or better
then that provided by the longer-wave equipment then in use or under
development appeared to be attainable only by means of extremely
high antenna gain.

As these ideas developed, microwave techniques were rapidly advanc-
ing. Requirements forantenna gain andsize \verereduced tomderate
values, and finally computations supported by measurement showed that
a microwave system could satisfactorily meet the coverage problem.
Work was then initiated leading to the production of a ground radar,
which proved to be one of the most successful sets ever developed. Its
design characteristics were so well chosen that, even with the best
techniques available at the end of the war, it could not easily be surpassed
for air surveillance and control.

As in several other system developments involving great advances
over previous equipment, requirements on this set were not firmly
specified during the developmental stage. In many respects this freedom
from rigid requirements was advantageous. General objectives were
clear, the design men were well situated to draw freely for advice and
help on component specialists and on men familiar with operational needs,
and they were largely free to use their own ingenuity and judgment to
meet the many problems that were presented.

General Objectives.—The principal objectives can be stated simply as
follows: Coverage was considered to be important both as to maximum
detection range and as to the altitude region included, but resolution in
azimuth and in range were thought to be of comparable importance.
Where height information was desired, auxiliary height finders were to be
used; thus the radar beam could be fixed in elevation and swept contin-
uously in azimuth by rotation of the antenna.

Estimates of detailed requirements were difficult to make in regard to
characteristics such as (1) accuracy of range and bearing values as deter-
mined by methods of data presentation, (2) interval between “looks”
at the target as determined by the revolutions per minute of the antenna,
and (3) traffic-handling capacity as determined by the number and type of
indicators provided. The designers, however, adopted as a general policy
the improvement or extension beyond current practice of equipment
characteristics that determined the accuracy and speed of data presenta-
tion and use. Care was also taken in the design to permit still greater
extension of these facilities by simple changes or additions.

Beam Shape in Elevation.—A large air-surveillance set must be
located on the ground or be elevated at most by a low tower to avoid
interference by !ocal obstruct ion. The radar beam in ik 360° sweep

may look over land, over water, or over both land and water. Figure 15.4
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shows the general form of beam shape that gives the most desirable
type of coverage under these conditions. Its lower edge is determined
by the optical horizon, with corrections for atmospheric refraction and
interference due to surface reflection. At a distance d in land miles
from the radar set, the horizon height h in feet is given by h = ~dz for
normal atmospheric refraction (neglecting the interference effect, which
is small for microwaves; see Sec. 2.13). Reduction of the blind region
below this lower edge by locating the set on high terrain maybe advanta-
geous where the coverage is largely over water, but for overland surveil-
lance this recourse is severely limited because of permanent echoes,
which can mask out all return in regions where the radar beam is inter-
cepted by land surfaces.

4.5

2:

z
.30
z
z 25
.
g 20

1

~ 15

~ 10

‘5

o 0

0 25 50 75 100 125 150 175 200 225
Rangeon singlelargeawcraftin miles

FIG. 15.4.—Desirable coverage for long-range air-surveillance radar.

In setting a desirable limit for the upper contour for detection of a
given type of aircraft it was, necessary to balance the value of high
coverage against coverage in range, since adding to one subtracts from
the other unless the designer chooses to increase the complexity of the
equipment. For operations duting World War II, provision for detection
of a four-engine plane at all altitudes up to 35,000 ft was desirable, and
this value was taken to determine the upper section CD of Fig. 15.4.
Increasing the elevation angle of section AD of the contour does not add
greatly to the radar coverage requirements, since the region is small;
but practical difficulties of antenna design are encountered. Since
close-in regions have been in the past largely masked out by permanent
echoes, an angle of 30° was considered acceptable. With the upper and
lower limits of the contour determined, the problem was now to push
the maximum range out to the best possible value.

A detection range of 180 miles for a four-engine aircraft appeared to
be the best that could be expected, and the contour thus determined is
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not unduly difficult to fit by beam-shaping. Even greater coverage both
in range and height was known to be desirable, but it appeared to be
attainable only by excessive antenna size or by an excessive multiplicity
of separate radar beams, each with its own transmitter and receiver
system.

A microwave set with the coverage shown in Fig. 15.4 presented a
very difficult problem. Because of uncertainty in measurements and
in the outcome of component development, there was no firm assurance
that it could be met. The success of the undertaking, however, was not
dependent on meeting this coverage fully, since maximum range and
altitude values within 20 per cent of the values of Fig. 15.4 would have
represented a major advance over any previous equipment. Failure to
detect one heavy plane above 30,000 ft would have limited the utility of
the equipment for special problems, but, because of the practice of group
flying, the normal problem was much less severe.

Azimuth Beamwidth.—The usefulness of the radar set for surveillance
was expected to improve in traffic-handling capacity, in ability to
resolve closely spaced aircraft, in accuracy of data, and in reduction of
ground clutter, as the azimuth beamwidth was decreased. The desirable
lower limit was expected to be set only from considerations of a practical
upper limit to antenna size and requirements of mechanical accuracy.
Results obtained fully confirmed these conclusions for bearnwidths down
to 1° at half power, but in a later section of this chapter we shall see that
qualifications may be introduced if future development is extended to
beams much narrower.

Miscellaneous Requirements. —Although limitations on size, complex-
ity, weight, and power consumption could be subordinated to the require-
ment for excellence in radar performance, the designers were fully aware
of the importance of practical limitations on these characteristics. It
was also well understood that without great care and effort to achieve
the utmost in simplicity, dependability, convenient facilities for test,
and ease of maintenance, the equipment might fail to give satisfactory
field service.

In computations leading to the choice of system parameters the
designers did not have the advantage of much information that is now
available, yet in practically every case their decisions were excellent.
The discussion of design now given will make use of up-to-date informa-
tion not available to the designers. This procedure is helpful for clarity
of presentation and will make the analysis more generally applicable.

15.4. The Range Equation.-There will now be undertaken a detailed
discussion of considerations leading to the choice of values for the follow-
ing system parameters: (1) pulse length, (2) pulse recurrence frequency,
(3) azimuth scanning, rate, (4) azimuth beamwidth, (5) beam shape in
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elevation angle, and (6) wavelength. We shall make use of the equation
that gives the maximum detection range of a system as a function of the
system parameters.

The range equation (see Sec. 2.4) can be written as

(1)

where
P = pulse power
a = radar cross section of target

A = area of antenna aperture
f is a dimensionless constant dependent on the efficiency of the

antenna aperture. It is equal to about 0.6 for a simple
paraboloidal reflector, and its value is approximately the same
for the parabolic cylinder used for the lower beam of the
set described here. If the reflector is distorted to spread the
beam, as was done for the upper beam of the set under consid-
eration, A and j cannot be used in the normal way.

Sti = minimum detectable signal power. It varies directly with the
bandwidth B of the receiver, assuming that B is properly
adjust ed for the pulse length, and, to a good approximation
for the problem under consideration, it varies inversely with
the square root of the number of pulses per scan on the target.

Acceptable values for u and Sti. are now reasonably well established,
and, since other quantities determining R-, can be readily measured,
Eq. (1) can be used with some confidence for an absolute determination
of range. The safer practice, however, is to compute coverage relative
to the range performance on similar targets of a system with a similar
scan, which has been carefully checked as to component performance.
This procedure will be followed, and Eq. (1) will be used only for the
relationships it establishes among the system parameters.

15-5. Choice of Pulse Length.-The pulse length is convenient for
first consideration since its relations with the other parameters are
relatively simple. It enters the range equation through its effect on the
value of S~~; this quantity normally varies inversely with pulse length
since the receiver bandwidth, if chosen for optimum performance, is an
inverse function of pulse length.

Before proceeding further with the analysis, a discussion of other
quantities ~hat influ~nce the value of
approximation for the problem under
varies inversely with the square root of
the target.

Stim will be useful. To a good
consideration, the value of S~~
the number of pulses per scan on
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the number of pulses per scan on the target,
pulse recurrence frequency,
azimuth beamwidth in degrees between half-power points, and
scan rate in degrees per second,

we obtain the relation

J-
Sti, . “

G,”

From the preceding section we have

(2)

(3)

where 7 is the pulse length.
From Eqs. (1), (2), and (3) we obtain

R m. ~ P$~T54v,~,

holding other parameters constant, or

R~nx = Prvji. (4)

The average power output is given by Pr v,.
It is desirable to drive the transmitter of a high-performance ground-

based system at the highest pulse power and the highest average power
that it will safely withstand. The value of R- can then be increased by
an increase in pulse length and a corresponding reduction in the pulse
recurrence rate, leaving average power and pulse power fixed at their
highest safe values.

Limitations on pulse length are imposed by the following considera-
tions:

1.

2.

3.

4.

The minimum range difference at which two targets can be resolved
vanes directly with pulse length. With a l-~sec pulse, aircraft
inseparable in azimuth can be resolved if they differ in range by
more than 164 yd plus a small distance which depends on the
characteristics of the receiver and the indicator. With a 5-psec
pulse, this limit for resolution becomes 820 yd plus the same
additive constant.
The intensity of cloud return relative to signal return from planes
varies directly with pulse length (Sec. 3.10).
The coverage area obscured by ground clutter will increase as pulse
length is increased.
Magnetron behavior has been found to become more critical, and
requirements on the voltage pulse from the modulator to become
more exacting, with increasing pulse length.
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5. Effects of pulse interference are more difficult to eliminate if the
receiver bandwidth is narrow, as required for best sensitivity with
a long pulse.

6. If a reduction in the pulse recurrence frequency is required to
increase pulse length, the azimuth accuracy may be adversely
affected and means for the selective detection of moving targets
may be less effective (Chap. 16).

Consideration of all these points leads to the conclusion that a pulse
length greater than about 2 psec is to be avoided.

Upper limits imposed on pulse power and on the pulse recurrence
frequency have been such that a decrease in pulse length below 1 ~sec
would require a decrease in average power below the maximum safe
value, resulting in a decrease of R-,. Further, as we shall see, a l-psec
pulse yields a discrimination in range which is, for most of the area
covered by the radar, roughly equal to the azimuth discrimination
afforded by the beamwidth chosen. This is desirable from the stand-
point of the indicator.

A pulse length of 1 psec was finally chosen for the following reasons:

1. Average power output was pushed to the safe upper limit for the
transmitter with a value of 750 kw for pulse power, a pulse recur-
rence frequency of 400, and a l-~sec pulse length.

2. Reduction of the pulse recurrence frequency to 200 with a corre-
sponding increase of pulse length to 2 psec would have given an
appreciable increase in R~,. if this change led to no reduction in
pulse power or in average power. Since the magnetron then
available performed better both in pulse power and in average
power at 1 psec than at 2 psec, the realization of any improvement
in R-, would have been doubtful.

3. The many advantages of a short pulse were thought to outweigh
any small increase in coverage which a longer pulse appeared to
offer.

16.6. Pulse Recurrence Frequency .—The requirement of an adequate
time interval for presentation of data usually serves to set the upper
limit to the pulse recurrence frequency. Sufficient indicator sweep-time
must be provided to present signals without overlapping out to approxi-
mately the maximum range of detection. To the longest indicator
sweep-time desired must be added sufficient time for recovery of the
indicator sweep circuits, in order to arrive at the minimum time interval
between pulses. Additional allowance must be made for any departure
from regularity in modulator firing.

Presentation of a 200-mile range was desirable, giving a time interval
of 2140 psec for the sweep. An additional 360 psec was added for indica-
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tor recovery and to allow for irregular firing of the rotary spark-gap
modulator, giving an average time interval of 2500 psec between pulses,
or a v, of 400. Thus, the value of V, was set close to the permissible
maximum for a radar set with a 200-mile range.

For some applications, presentation of greater range would have been
helpful. A pulse recurrence frequency of 350 or 300, permitting range
presentation to 250 or 300 miles, would have reduced R- very little,

but the characteristics of the modulator chosen restricted v, to 400. A

value of v, of 350 or 300 would be desirable from the standpoint of indi-

cator range presentation for a future radar system of this general type,

but two other factors favoring higher v, must be considered:

1. The limiting accuracy of azimuth-angle determinations is approxi-
mately half of the angular separation between pulses. A scan
rate of 360/see with a V,of 400 gives an angular separation between
pulses of 0.09°. The contribution of this effect to azimuth error
would be about 0.045°, which is negligible for normal surveillance
and control. In operations requiring very precise control of
aircraft this error would be appreciable, and if it were doubled
by decreasing the v, to 200 the resulting error might be a handicap.

2. Cancellation of echoes from stationary objects by MT1 means is
less effectively achieved as the number of pulses per scan on the
target (N”,.) decreases (Chap. 16). If the scan rate is 360/see, with
a beamwidth at half power of 1.00 and a V, of 400, NW will have a
value of 11, which is about the lower limit, for satisfactory per-
formance of MT1.

16.7. Azimuth Scan Rate .—Although the relation

Smim - d azimuth scanning rate

was not yet established at the time of the development here described, it
was roughly understood; and it put a high premium on slow scanning
rates. Mechanical problems in connection with the antenna mount are
greatly simplified by a slow scan rate.

Strongly opposing these considerations is the operational need for
more complete and up-to-the-second information, in order to follow
continuously the movement of high-speed aircraft and to control their
movements intelligently. Control problems vary in difficulty from
that of a well-formed group of aircraft moving over a simple course to
that presented by the requirement for accurate following or control of
numerous aircraft moving over complex independent courses.

A plane flying 300 mph moves $ mile in 10 see, or 2* miles in 30 sec.
Data at 30-sec intervals, as given by a scan rate of 2 rpm, was considered
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adequate for a simple tracking or control problem, but complex problems
clearly called for higher scan rates even at the expense of coverage.

Foreseeing a wide range of applications for the new radar equipment,
its designers provided an antenna drive by means of which the scanning
rate could be adjusted over the range from 1 to 6 rpm. For one wartime
application that involved only simple tracking and control problems
but put a high premium on range performance, a scan rate of 2 rpm was
used exclusively. Other sets, which were used for more complex prob-
lems, were commonly run at 4 rpm. Operation at 6 rpm was very limited
because of mechanical difficulty.

There is now good evidence that a scan rate of 6 rpm is desirable for
complex tracking and control, and even higher rates should be advanta-c
geous. Mechanical difficulties at high scan rates and requirements for
high azimuth accuracy will probably conspire to set an upper limit on
future scanning rates. In fact rates above 6 rpm may be entirely ruled
out by these limitations.

15.8. Choice of Beam Shape. Azimuth Beamwidth.—The merits of
a narrow beam are so widely understood that they will not be discussed
in detail here. All microwave development is recognition of the impor-
tance of angular resolution. As wavelength is decreased, beamwidths
obtainable with antennas of practical size are decreased. With the
development of a microwave ground radar, the beamwidth for a long-
range air surveillance set was pushed down by an order of magnitude from
values previously used for this application, and results were spectacularly
successful. The set described here had an antenna aperture 25 ft wide
and operated in the 10.7-cm wavelength region, giving a beamwidth of
approximately 1.00.

“It will be of interest to see how far development toward increasingly
sharper beams might usefully be carried, and to establish as closely as
possible the optimum beamwidth for a long-range air-surveillance set.
It can readily be shown that a lower limit, and therefore an optimum
value, exists, entirely apart from questions of mechanical difficulty.

A scanning rate of 360/see gives an angular motion of 0.07° between
transmission of a pulse and return of the echo from a target at 200-mile
range. If the beamwidth were much less than 0.07°, the antenna gain
for reception of the signal would be greatly below normal. For a beam-
width of about 0.15° or 0.2° this effect becomes negligible, and the limit
it sets on beamwidth is probably not of practical importance.

A similar and more important fundamental limitation on beamwidth
is determined by the requirement that at least one pulse hit the target
per scan, with the beam axis off in angle from the target by no more than
a small fraction of the beamwidth. At a scanning rate of 360/see
and a v, of 400, the angular separation between pulses is 0.09°, and for
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reasonable overlapping of pulses a beamwidth of 0.2° at half power might
be considered adequate.

In order to show clearly the effect of bearnwidth on R-,, it is neces-

sary to reconsider the range equation [see Eq, (1)],

()PuA ‘j’ ‘~
R—

- = 4mStipA’

If we let A = H X W, where

H = height of antenna aperture,
W = width of antenna aperture,

we obtain

‘-= (YT”3’) (5)

With coverage requirements in height specified, the beamwidth in
elevation angle is fixed; therefore, H,O is a constant. We then have

(6)

holding P and u constant, where

which is now a constant,
From Eq. (2) we see that Sti, is inversely proportional to the square

root of beamwidth 0. All other factors that enter into the value of S~,.
can now be considered as constants and we can therefore write

where K2 is smother constant. The bearnwidth in radians is A/W to a

good approximation; substituting this expression for e we have

R m!.. = ~2JJ”%x>+, (8)

From Eq. (8) we see that if the beamwidth is sharpened bv decreasing
the \vavelength and holding the antenna width constant, R~., decrrases
slowly, The variation of R~., with antenna width is comparati~rely

rapid, If the bearnw-iclth is sharpened to the point where the number of

pulses per scan on the target (IV,.) is smaller than about 10, Eq. (8] no

longer holds. Then R~.. becomes a more rapid function of k and a

slower fllnction of H’. For values of .Y.. less than about 5, the ~ariation

of Rmx 1~-ithW and k is gi~,cn approximately by
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Further decrease of bearnwidth below 1° should be advantageous
operational}+, although improvements due to increased resolution may
not be as marked in this region as they were in the region above 1°. If
wavelength is decreased below the 10-cm region to sharpen the beam,
coverage requirements will become more difficult to meet, even with the
assumption that component performance is independent of wavelength.
Because of coverage demands and for other reasons to be discussed later,
a decrease of wavelength belo\\-abo~~t 8 cm to sharpen the beamwidth
does not appear desirable.

.\n increase of antenna width beyond 25 ft to sharpen the beam
would hare the ad\-antage of improving co~-erage, but the following
limitations would be encountered:

1. If the set is to l)e mobile or easily tran~portablej an antenna of

greater wi(ith is cumbersome. N-ith proper construction, an

antenna perhaps 35 ft wide might be satisfactory.

2. The requirement (for good gain per unit area) that the reflector

shape shall not clepart from the shape desired by more than about,

O.1X becomes increasingly difficult to meet as antenna width is

increasrd lm~-onti 25 ft. >-0 difficulty ~vas exp~rienced in main-

taining this tolcranrc ~~-itha 25-ft reflector, but the tolerance problem

Ivas foun(l to be sf’~-erefor an experimental 50-ft reflector con-
~tr[lctcd for a particular application.

These experience+ WOU1(l indicate that an antenna \ridth up to about

35 ft might lw dc>iral>le. If a ~v:-i~-elength in the region from 8.0 cm to

8..5 cm ~~-creu,efl ~\-ith>l~ch an antenna, the beamlfidth should be about

0,55°, \\-hichappear> to lx’ about the practical minimum.

Beam .S/fap[ i)? ~[( r{llion-.l bcarn (ora multiple system of beams prop-

erl~- .shalwfl }:-a+ re[lllire(l to fit as clt]>cl~ a> pt)+>illle the contour of Fig.

154. .1 b(’:im of 3° ~ridth in elel-ati(m tingle l~ith :a maximum range of

200 mile> fits the fl{>irctl contour \\-ellat long r:lngt. For l)e.t fit its axis

must I)r ele]-:lte(l :Il)tlllt 1.00 al><)l-e the ll<)rizontal, Complltatiom

SIIOIYC(I that, }} itl Lantenna );-itlth Chown at a prdcti (al maximlnn and with

all component. pll>hed to the limit in l]t’rforIll:lrl(t’, th(, (’overage a>

sIIoIJ-11 in E“ig. 1 !5.5 for thi. :3° beam [Curl-e .+ 111-:L>fhc I]est,that could be
ohtainrd l\-itlla >inglc sj-. tem .in antenna ap[,rturc ,~it high is re(luireci.

Close-in ct)l-era~e COU1(lonl~- lw ol]tain~ti 1)}- (l+ of a >econd system
which in(’lu(l(’(1 tran~rnitter, rcc(’i~er, an(~ :IIIT(’1111:1.~\-ith ant enna \vidth

an(l all com])onent~ tile >ame a- ffJr the first >}->ttem. [-n(ler these

ron(lit i~)n> an antenna height of .5 it, JIith th~ lf)wcr cvi~e of The reHector

(ii~tl)rt(,[{ iro:n it. ll:lr~ll)t)li( sIIapt, OJ-[l a >nl>ill rt,gi{on pive> tllc rof-crage

Silt)\\-ll l):: CIrvt [i, Iiz 1i ,5 Tnlpro\-el ~[)~-eragr coul(i have been
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provided by addition of a third system, but the additional complexity
was thought to be operationally not worth its cost.

Reflection of radiation from the earth’s surface greatly influences
the radar beam characteristics in elevation angle, and such effects must

be given careful consideration. Over water, the reflection coefficient is

high for all wavelengths of interest for air surveillance, and for very small

angles of incidence it can be assumed to be 100 per cent. Over land,

the reflection coefficient varies markedly with detailed surface shape and

with the composition of the terrain, and in general increases with increas-

ing wavelength. Adequate data are not available on the reflection

coefficient, but at wavelengths of 10 cm or less it is assumed to be normally

negligible, and at a few meters it is normally substantial.

~
z.
2
:
:
5
c.- 1

s
2
g

g
<

0

Rance in miles

FIG. 15.5.—Calibrated vertical-coverage diagram of actual radar using 7-in. B-scope
with antenna rotating at 2 rpm. Effective antenna height is 100 ft. Target is a single
B-24.

The detailed effects of surface reflection which influence coverage are
very complex. Some of the more important effects and conclusions
are summarized below (see also Sec. 2.12).

1.

2.

3.

4.

If surface reflection is high, the lowest possible angle of coverage is

raised from the horizon to an angle a = k/2h, where a is in radians

and h is the height of the antenna above the surface.

If surface reflection is low, radiation striking the surface is lost.

It is clearly desirable to minimize this loss by beam-shaping.

Over an angular region in elevation where reflected intensity

equals direct intensity, R~,, at the center of an interference lobe

is doubled, but midway between two lobes R~.X = O.
At long wavelengths (one meter or greater), the use of reflected
radiation reduces requirements on antenna size, but the nulls
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between lobes and especially the null region below the lowest lobe
are sufficiently broad to handicap detection and tracking greatly.
Shaping of a radar beam to reduce to a satisfactorily low value the
percentage of energy striking the surface becomes impractical at
wavelengths about 25 cm.
At short wavelengths (10 cm or below), the angular separation
between lobes is small. Loss of tracking due to nulls will normally
occur only over short track distances and will not be as serious as it
is for long wavelengths. For a system that works at least partially
over land it is advisable, however, to minimize the radiation
striking the surface by beam-shaping, in order to reduce the waste
in energy. Antenna height required for satisfactory beam-shaping
is not excessive.

In the region of 25 cm, assessment of the influence of these effects
on the general performance of the equipment becomes difficult, but for a
high-performance set of general application the above considerations
indicate that the best coverage obtainable as a function of elevation
angle continues to improve with decreasing wavelength down to wave-
lengths even below 10 cm.

15.9. Choice of Wavelength.-In the discussion of other parameters,
the consideration of wavelength was necessarily included; the many
factors influencing choice of wavelength will now be summarized.

Component development has been concentrated on particular wave-
length bands. Development of a new wavelength region is so costly in
technical effort and time that the wavelength chosen for a new system
must ordinarily lie in a region already exploited. Of the wavelength
regions in use, development L in one may be further advanced than in
another, or inherent capabilities in one may be better than in another.
These considerations will influence the choice of wavelength.

Excluding the state of component development, the most important
factors that influence choice of wavelength are summarized below.

1. Beam characteristics in elevation angle. From previous dis-
cussions it was concluded that the best obtainable beam character-
istics in elevation angle improve with decreasing wavelength. At
wavelengths greater than about 25 cm, beam-shaping to eliminate
the undesirable effects of radiation striking the earth’s surface is
no longer feasible.

2. Coverage. If characteristics other than antenna height are held
constant, then maximum detection range decreases slowly as
wavelength decreases, but the antenna height required for the
maintenance of a given elevation coverage varies directly with
wavelength.



SEC. 15.9] CHOICE OF WAVELENGTH 605

3. Beamwidth. Regardless of wavelength choice, the maximum
antenna width for a transportable air-surveillance set appears to
be about 35 ft. The minimum width, asdetermined by coverage
requirements, is probably about 25 ft. A beamwidth of 1° or less
is desirable if MTI requirements are ignored, and the most desirable
wavelength would then appear to be in the 10-cm region or even
shorter. Provision for MTI requires that the azimuth beam-
width be 1“ or more, and 10 cm then becomes about the minimum
wavelength.

4. Atmospheric effects. Atmospheric absorption and variations in
refraction can be neglected over the wavelength region under
consideration, but the scattering of radiation from water droplets

giving rise to echoes from storw centers is an effect of consider-
able importance (Sea. 3“10). The scattering cross section of the
droplets responsible for the signal return varies as l/k4. Return
from a large storm center also varies linearly with pulse length
and with beamwidth, but these parameters are restricted to
relatively narrow regions and the variation of cross section with
wavelength is therefore the controlling relation. Dependable
operational data are rather limited but the following results appear
to be established: (a), At a wavelength of 3 cm, cloud return in
some regions frequently obscures a large fraction of the coverage
area and seriously restricts the use of the equipment; (b) reports
of this difficulty at 10 cm are less frequent, and information fur-
nished on storm centers is valuable for direction of planes around
dangerous regions; (c) as wavelength is increased, less of the cover-
age area is obscured by cloud return; but storm areas that are
dangerous to planes may fail to show on the radar at the longer
wavelengths.

The wavelength region between 8 cm and 25 cm appears to be best on

the basis of all these considerations. Though an optimum wavelength

cannot safely be specified, we can make three general remarks con-

cerning the best wavelength for a long-range ground-based system for air

surveillance and control:

1. The choice of the 10-cm region for the set described here was
excellent, although a wavelength as short as 8 cm might have been
more desirable.

2. If MTI is to play an important role in future system performance,
and if improvement in MTI performance with increasing beam-
width is sufficiently great, longer wavelengths may be desirable.
The best wavelength may then become as great as 15 cm or even
20 cm.
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3. The ultimate capabilities of radar components should not differ
greatly throughout the wavelength region from 8 cm to 25 cm,.
Somewhat higher transmitter power will be available at the longer
wavelengths. At the time of the development described, perform-
ance of existing components was better in the 10-cm region than
at any other wavelength suitable for this application.

15.10. Components Design.—The general system parameters chosen
as a result of considerations outlined in the last few sections are as follows:

Wavelength. 10.15toll.10cm
Pulse length, lpsec
PltF. ., .,, , . ., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..4oopps
Azimuth scan rate,.,.,.. ,lto6rpm
,btenn~aperture, lcnverbcam ..., Sby25ft
Antenna aperture, upper be~m, . . . . . 5by25ft
Beamwidth. . . . . . . . . . . . . . . . . . . . . 1°

It now remains to describe the components of the radar set.

The Antenna.—The antenna represented a departure from the usual

paraboloid of revolution which had been used for earlier microwave

antennas. It is described and illustrated in Sec. 9.12.

In the final design of the antenna mount, the reflectors for the upper

and lower beams are mounted back-to-back, so that their axes differ

by 180°. This complicates somewhat the mechanism for transmission

of azimuth-angle data from the antenna mount to the indicators. lVhen

a given indicator is switched from upper-beam data to lower-beam data,

the mechanism controlling angular orientation of the sweep must be

suddenly shifted through a large angle. Operationally, on the other

hand, this arrangement was a considerable convenience. A given air-

craft could frequently be seen in either beam, an”d by switching beams

every half-revolution of the antenna the operator could double the rate

at which he received plots.

Lfore recent advances in antenna development have introduced

antenna types, other than the parabolic cylinder fed by a linear array,

which give the beam characteristics required for long-range surveillance

and control. The method that now appears most promising uses a

section of a paraboloid of revolution for the reflector. The periphery

of this surface is cut to give an aperture several times greater in width

than in height, and the reflector is fed by several horns or dipoles arranged

along a vertical line passing through the focus.

The latter antenna system’ has the following advantages over the

linear array:

1Similm antennas are described in Chap, 14, Vol. 12 of this ssries,
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1.

2.

3.

Azimuth angle of beams does not shift with a change in wave-
length.
Multiple beams from separate transmitter-receiver systems can be
accurately set to the same azimuth angle. This property is very
desirable if the system is to be equipped for work with radar
beacons.
Open mesh or a grid structure can be used for the reflector surface
to reduce wind resistance. The linear-array system requires a

solid surface for the reflector, since the comparatively high gain

of the linear-array feed will give an objectionable back lobe

through mesh or gridwork.

The ilfodulator.-Because of its simplicity and power-handling

capacity, an a-c resonance-charging line-type modulator using a rotary

FIG. 15 6.—Modulator of high-power ground radar.

gap as a switching device was chosen. The rotary gap is mounted

directly on the shaft of a 400-cps alternator, which excites the network

and is properly phased by mechanical adjustment (Fig. 15.6). This

modulator choice was important in fixing the value of the PRF, but,

as already remarked, the desirable value lies in the neighborhood of

400 pps in any event.

Separate transmitters are used on the upper-beam and the lower-

beam systems; both are driven, through pulse transformers, from a

single modulator. The modulator is rated at 3000 kw.

R-j Components.—The high pulse powers used in this system demand
the use of waveguide for the r-f system. Each magnetron operates in a
field of 2S00 gauss at 28 kv pulse voltage, dra\ving a current of about 30
amp and putting 750 k\v of r-f power into the line at about 65 per cent
efficiency.

Crystal protection at this high power level is difficult, and a scheme
of “repulsing” the TR tube is used. Part of the 8-kv modulator pulse
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delivered to the pulse transformer input is capacitively coupled to the
keep-alive connection of the TR tube. The delay in the pulse trans-
former and magnetron is such that this pulse arrives at the TR tube
slightly before the r-f pulse arrives. This ensures that the TR tube will
fire, improving the crystal protection.

The complete duplexer assembly, which includes the magnetron, its
coaxial-output-to-waveguide adapter, the TR switch, the signal mixer,
and the AFC mixer, as well as a slotted section for SWR measurements, is
shown in Fig. 15.7.

The Receiver.—The receiver is conventional, with an i-f bandwidth
of 1.8 Me/see and an over-all gain of slightly more than 120 db. Instan-

FIG. 15.7.—Duplexing assembly. Two such units are included, one for upper-beam system
and one for lower-beam system.

taneous AGC circuits are provided and can be switched in or out at the

will of the operator. The AFC operates from a separate mixer and

amplifier and is of the hunt-lock type described in Sec. 12.7. Separate

receivers are used on the upper-beam and the lower-beam systems.

indicator Equipment.—The set described here was based on the idea
that full flexibility is required in the indicator complement. Both
B-scopes and PPI displays can be used, in numbers and with geographical
coverage determined by the radar location, the density of targets, and
the mission performed by the set.

All data voltages and power voltages for the indicators are supplied
from a central. point, the so-called ‘(power console, ” which houses the
antenna rotation controls, the transmitter switches, a servo-driven
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azimuth gear train that follows the rot ation of the antenna mount, and
the information generator. The last-named unit contains the range-
mark generator (which produces signals 10 statute miles apart, with
every fifth one of greater magnitude than the others), a calibrating unit
for the range-mark generator, and a unit that generates from an azimuth
synchro signal the sawtooth voltage required to provide the azimuth
sweep for the B-scopes used with the set.

Azimuth marks 10° apart, with every third mark more intense, are
generated in the power console by means of a photoelectric device like
that shown in Fig. 13.34.

The B-scopes used are of the magnetic type described in Sec. 13.14 and
illustrated in Fig. 1343. PPI displays are of the rotating-coil type,
and are preferably arranged to permit off-centering. The rotating sweep
coil is driven by a size-5 synchro energized by a size-6 synchro connected
to the azimuth gear train in the power console. Two size-6 synchros

are driven by the azimuth gear train; they are set up 180° apart in angle.

One provides the drive for PPI displays on the upper antenna beam,
and the other for PPI displays on the lower antenna beam.

15.11. Modifications and Additions.-The performance of the radar
as finally built was excellent. Some of the PPI photographs in this
book, such as Figs. 6.5 and 17”21, show the long range, good definition,
and relative freedom from ground clutter which characterize the set.

By the time the set was built and ready for use, the need for it in its

originally planned role as a long-range air-warning set had nearly dis-
appeared. The usefulness of such a set in controlling offensive air
operations was just beginning to be realized (Sec. 7“6). According y
the radar, which had originally been intended for air warning from a fixed
site, was provided with facilities, sketched in Sec. 7.6, which made it
suitable as a mobile radar control center for use in offensive air warfare.

Apart from the addition of a greater number of indicators than would
have been needed for simple air warning, and the provision of off-center
PPI’s for the use of controllers, the modifications made in the set itself
to fit it for its control function were not extensive or important. Another
change in the set, also dictated by operational experience, did result in
altering it substantially. This will now be described.

Modi$cation jor Beacon Use.—The usefulness of ground radar for
aircraft control can be greatly extended by modifications that permit it
to work with airborne beacons (Chap. 8) mounted in the aircraft to be
controlled. Three principal advantages are offered by such a step:

1. Range extension. The useful range against single small aircraft
of the set described here is about 90 miles; this can be increased by
the use of beacons to the limit of the radar horizon (about 200
miles for an aircraft at 25,000 ft).
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Positive identification. Aircraft control is frequently complicated

by the large number of aircraft operating at the same time within

range of a single radar set. Departure of aircraft from planned

fllght schedules makes reliance on movements information unsatis-

factory for identification. A beacon can afford positive identifi-

cation of the aircraft carrying it.

Freedom from ground clutter. By having the beacon reply at a

frequency different from that used by the radar for interrogation,

the beacon replies can be displayed without any confusing radar

echoes.

.—.. — ——. — ——— ----- ._. .— ... .. .

FIQ. 15.S.—Beacon receiving antennamounted above lower-beamradar antenna.

Airborne beacons have been provided, almost without exception, with

vertically polarized antennas. They will thus work with the lower beam

of the set just described, but not with the upper beam since the latter is

horizontally polarized. The beacon is arranged to be triggered by the

pulses from the radar, but it replies on a different frequency, to receive

which an entirely separate beacon receiving antenna and receiver system

are provided. The beacon antenna, mounted on top of the lower-beam

radar antenna, is shown in Fig. 15.8. It is a horn-fed paraboloid cut to

8 ft by 4 ft. Despite the greater beamwidth of the beacon antenna than

that of the radar antenna, the beacon signals are almost as narrow in
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azimuth as radar signals, since the beacon is triggered only over the nar-

row beam of the radar antenna used for transmitting the beacon challenge.
The beacon receiver has a separate local oscillator and an i-f band-

width of 10 Me/see, to allow for differences in frequency among beacon
transmitters in the various aircraft. It is provided with sensitivity-
time control (Sec. 12.8). The video output signals of the beacon receiver
go to a video mixer with controls so arranged that the indicator will
display either radar signals alone, radar and beacon signals together,
or beacon signals alone.

DESIGN OF A LIGHTWEIGHT AIRBORNE RADAR FOR NAVIGATION

The next example of radar system design to be described could scarcely

be more different. In the design of the ground radar set described, every-

thing was subordinated to attaining the best possible performance;

in the AX/APS-10, the set now to be described, performance was impor-

tant, as always, but it had to be attained within a variety of strict

limitations. These limitations dealt with total weight, size, and po~ver

consumption, and with the required simplicity of operation, main-

tenance, and repair. With its communicant ions and height-finding

facilities, the total weight of an installation of the ground radar comes to

66 tons; the AN/APS-10 is made up of a few simple units whose total

weight is scarcely 120 pounds.

15.12. Design Objectives and Limitations.-By the year 1943, it was

clear that airborne radar could offer an extremely important air-naviga-
tional facility. Long-wave airborne radar then in use for sea search
(Sec. 6.13) could be used for navigation in the vicinity of coastlines, but
interpretation of its type L display required long training even under the
best circumstances, and was impossible over land, where the multiplicity
of echo signals was hopelessly confusing.

Microwave airborne radar with PPI display was just coming into
large-scale use, and it was clear that the picture of the ground afforded
by such equipment would be a useful navigational aid over any sort
of terrain except the open sea. Further, microwave beacons could pro-
vide fixed landmarks visible and identifiable at long range. However,
the microwave airborne radar sets then in existence had been designed for
some specific wartime operational requirement, such as sea search,
aircraft interception, or blind bombing. In consequence, their very
considerable weight and bulk (arising from the youth of the microwave
radar art) were not regarded as serious drawbacks. The radar was
necessary in any case to enable the aircraft carrying it to perform its
mission, and the navigational use of the radar was only incidental to its
main purpose.

Nevertheless, the clarity and convenience of the map-like presentation
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of microwave radar suggested that if such facilities could be incorporated

in aircraft whose primary mission had little to do with radar—transpo~t

aircraft, for exampl~they could serve an important navigational

purpose. Since radar in this application is a very great convenience

rather than an imperative operational necessity, it must make the

minimum demands on the aircraft in terms of weight, drag, power con-

sumption, and attention required from air and ground crew.

Existing microwave radar scarcely met these requirements in 1943.

For example, the AN/APQ-13, a bombing radar whose manufacture
was just beginning at the end of that year, has an installed weight of
620 lb without its special bombing facilities, and requires 100 amp of
28-volt aircraft power. It has 24 controls to be adjusted, omitting those
concerned with its bombing function. Forty-two cables are required to

interconnect its 19 separate component boxes. It is clearly uneconomic
to install such an equipment as ,one of several navigational aids in an
aircraft whose primary mission is not high-altitude bombing.

Thus, the design of a new set for this navigational use was indicated;
and it appeared that by careful attention to every detail such a set might
be made simple enough, light enough, and convenient enough to come
into widespread use. The equipment that resulted is the AN/APS-10.

Performance Requirements.—As always, the range performance of the
radar was the principal initial requirement. The following ranges
(in nautical miles) on various targets were taken as being comfortably
over the minimum necessary for navigation even of a high-speed airplane.

Ground painting . . . . . . . . . . . . . . . . . . ..25 t030
Cities . . . . . . . . . . . . . . . . . . . . . . . . . . ..30 t050
Storm clouds. . . . . . . . . . . . . . . . . . . 10t040
Mountains . . . . . . . . . . . . . . . . . . . . . . . . ..25 t030
5000-ton ship . . . . . . . . . . . ...25
Ground beacons . . . . . . . . . . . . . . 150 (if not limited by horizon)
Portable ground beacons (low power). 115 (if not limited by horizon)

Since rearward vision is usually as important in radar navigation
as forward vision, it was concluded that the set should have a full 360°
azimuth scan. In order that the appearance and location of nearby
targets should not change too much between scans in an airplane traveling
4 to 6 miles/min, only a few seconds could be allowed per scanner rota-
tion. On the other hand, a reasonable number of pulses per beamwidth
had to be allowed.

Requirements on the antenna pattern were relatively simple. The
beamwidth in azimuth had to be as narrow as possible, to afford good
resolution of targets on the ground. The elevation pattern was required
to give the most uniform ground coverage possible throughout the normal
flying altitudes: from 1000 to 10,000 ft.



SEC. 15.12] DESIGN OBJECTIVES AND LIMITATIONS 613

Limitations Imposed by Aircraft Installation.—The performance
requirements just mentioned can be simply stated, and it is easy to

check whether the completed radar meets them successfully. Neither
of these remarks applies to the extremely important set of design limita-
tions that arise from the fact that the radar is to be used in aircraft.
The more important of these limitations are mentioned below.

The outstanding requirement is for low total weight. Every part
of the design is influenced by the necessity for making the final weight
of the radar as small as possible.

Low power consumption is important. Many aircraft types have

relatively low electrical-generating capacity, and it is most desirable
to be able to install a radar meant primarily as a navigational aid without
the necessity of revising the electrical installation of the aircraft. The
set must be able to operate either from a fixed-frequency 400-cps motor-
alternator set, or from a variable-frequency engine-driven alternator,
which may supply power at a frequency as high as 2400 cps.

Aerodynamic drag produced by the antenna housing must be as low as
possible. This requirement puts a great premium on as small an antenna

as possible. Taken in conjunction with the requirement for a narrow

beam, this means that the wavelength on which the radar operates

should be as short as is practicable.

J3aseof installation in all t ypes of aircraft is important. This suggests

that the radar be built in the form of several small components instead

of one or two large units, since small units afford greater flexibility in

installation. Maintenance is also simplified by dividing the equipment

into units that can be replaced for checking and removed for repair.

The necessity for connecting such units with cables adds considerably

to the total weight of the set, however, and the physical fayout must be

carefully planned to reduce the number of cables and to keep their

lengths as small as possible.

Equipment mounted in aircraft is subject to extreme variations of

pressure and temperature. External air pressure can vary from that at

sea level to the pressure of less than one-quarter atmosphere found at

30,000 ft. At the reduced pressures of high altitude, clearances required

to prevent arc-over from high-voltage points are likely to become exces-

sive. Further, the low temperatures of high altitude are likely to cause

condensation, in the r-f line, of the water vapor that is present in warm

sea-level air. The simplest solution for these difficulties is to seal the

transmitter and the r-f line pressure-tight so that they can be main-

tained at sea-level pressure at any altitude.

Such pressurization of the modulator and the r-f system increases

the problems of cooling. To meet operating conditions on the ground

in the tropics, the radar must operate indefinitely at an ambient tem-
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perature of 50”C, and must withstand an hour’s operation at 71”C. At

the same time, because of the low temperatures at high altitude, the set

must work satisfactorily at – 55”C.

Severe vibration and shock are encountered in aircraft, and some of

the weight of an airborne radar must be spent on adequate shock-

isolating mountings.

Not only must the rectifier-filter power supplies for the radar circuits

operate at any frequency from 400 to 2400 cps; they must also tolerate

poor voltage regulation and poor waveform in the primary power supply.

The presence in the same aircraft of high-power radio transmitters,

sensitive radio receivers, and a high-voltage ignition system makes it

necessary to shield and filter the radar set adequately to prevent it from

interfering with other equipment, and to protect it from interference

arising in other equipment.

Limitations Imposed by Personnel.—A radar for navigational use in

all sorts of aircraft must be manufactured in great quantity with ease

and economy, must be so simple to use and understand that only a short

period of training is necessary to operate it adequately, and must be so

easy to maintain that it can be kept in satisfactory condition with little

maintenance effort. Whereas, in principle, the operators of such a

specialized radar as a blind-bombing device could be highly trained

(though, in point of fact, few were, in the war), the operators of this

navigational set were not primarily concerned wit h learning to operate

it properly. Its own simplicity had to be great enough so that its

operation was no more difficult to master than that, for example, of the

radio compass.

15.13. General Design of the AN/APS-10.—In the framework of

these performance requirements and design limitations, the design of the

AN/APS-10 was attempted. The most important decision concerned

the wavelength to be used. At the outset, experiments were made with a

simple PPI radar based on the 10-cm lighthouse-tube transmitter-

receiver unit used in the AX/APG-15 (Sec. 6.14), using an antenna of

20-in. diameter. It was found that the range “performance was marginal.

Worse, the resolution of the set was so low that excessive skill in interpre-

tation was needed to navigate with the set in the absence of well-defined

geographical features. Since the larger antenna required to improve

both the range and the resolution of this set could not be housed in

aircraft without creating excessive drag, it seemed clear that a shorter

wavelength would have to be used for general navigation.

The other bands at which components had been developed were

around 3.2 cm and 1.25 cm. The l-cm art was in a very early
state, and equipment was still cumbersome and of poor performance.
For this reason, 3.2 cm was chosen. This was a fortunate choice; for
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although it was not then known, the absorption of 1.25-cm radiation in
water vapor is so strong as to remove almost entirely the usefulness of
this wavelength for navigational purposes.

Next, a decision had to be taken regarding the pulse power. High
pulse power is very costly in the design of radar for aircraft, both in
terms of the primary power requirement and in terms of total weight. 1
A comparison with the performance of the AN/APQ-13 served as a guide

in determining the pulse power of the AN/APS-10. The AN/APQ-13,

using about 50-kw pulse power and a high-altitude cosecant-squared

antenna of gain 950, showed a range of about 45 miles for general ground

painting and 50 to 100 miles on cities. Its receiver had a sensitivity of

about 5 X 10–13 watts for a signal equal to noise.

The 45-mile ground-painting range of the AN/APQ-13, as compared

with the 25 miles required of the ANT/APS- 10, allowed a 10-db reduction

of transmitter power for the latter, if the antenna gain and the receiver

sensitivity were kept the same. However, it was felt that a 30-in.

antenna was too large to be tolerated for the AN/APS-10. Experiments

showed that an 18-in. cosecant-squared antenna designed for an altitude
of 7000 ft would be useful in the usual altitude range from 1000 to 10,000 ft
without unduly overilluminating short-range targets at low altitude or
causing too serious a hole in the center of the pattern at altitudes higher
than 7000 ft. This antenna proved to have a gain of 700; this meant
that the reduction of antenna gain would require about 3 db of the
calculated 10-db leeway between the AhT/APQ-13 and the AhT/APS-lO.

The remaining 7 db could be and were used to permit a reduction
in pulse power. The lightweight, low-voltage 2J42 magnetron (see
Fig. 10.4b) was used in the AN/APS-10, giving an output pulse power of
10 kw. The lower voltage and lower power required by this tube enabled
the design of an extremely compact and simple pulser, shown in Fig. 10.47.

Since the whole of the 10-db differential between the two sets had
been used up in the smaller antenna and the lower pulse power of the
AN/APS-10, it was necessary to make sure that the receiver sensitivity
of the latter set did not fall below that of the AN/APQ-13. Further,
special pains had to be taken to provide good range performance against
microwave beacons. In the AN/APQ-13, the TR-switch tuning was not
changed from search to beacon operation, and a narrow-band ATR was
used. The loss of beacon signal in the TR and ATR alone could be as
much as 15 or 20 db. In addition, no automatic frequency control of the
beacon local oscillator was provided. Better facilities for working with
beacons were desired in the AN/APS-10.

1W. L. Myers, “ Weight Analysis of Airborne Radar Sets,” RL Rsport No. 450,
Jan. 1, 1945.
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15.14. Detailed Design of the AN/APS-10.-With these major
design decisions taken, the detailed components design of the AN/APS-10
remained. No attempt will be made to discuss the many interacting
decisions that determined the design of the components of the set;

FIG, 159.-Units of AN/APS-10.

only the final result will be presented, and an attempt made to rationalize
it in terms of the considerations of Sec. 15.12.

A photograph of the components of the set is shown as Fig. 15.9.
Figure 15.10 is a schematic diagram of the various units and their major
subassemblies. The set consists of five major units: a transmitter-
receiver, a synchronizer, a synchronizer power supply, a scanner, and an
indicator. There are two minor components, a trim-control box and a
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TABLE 15.1.—UNITS OF THE AN/APS-10

Unit

Transmitter-receiver . . .
Synchronizer . . . . . . . . . .
Synchronizer power supply.,,.,
Scanner *....,..

Indicator and visor.....,..,,..

Pressure pump..
Trim control indicator and flexible shaft.

Weight

46 lb
13 lb 1 OZ
19 lb 7 OZ
20 lb

8 lb 5 OZ

6 lb
21b80z
21b60z

Weight of
mounting

4 lb
13 Oz

llb 40Z

,5Oz

A-c power,
watts

185

150

[ncluded
with sync.

D-c
power,
watts

15–20
3’

2S30

., ...

Maximum over-all

dimensions of units,

H

12;

9:
11+

28

6+

3;

in.

w

12;
6;
9

18

8

5;

D

h
~

Pressuriza- %
tion 2

2

● These figure~ auPly to the .tandard ANIAPS-10 mmmer,
2

A ~pecial lightweight (13 lb) wanner, mitable for mrmt a~~licatmns, was alm developed for
AN/APS-10. (See Sec. 9.12 and Fig, 9.16, )
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pressure pump. The weight, power consumption, and size of the units

are summarized in Table 15.1. Table 15.2 gives more detail on the

design of the various units.

The transmitter-receiver unit contains the magnetron, the modulator

and its power supply, the duplexer, the TR switch, the mixer, and the

local oscillators, as well as a motor-driven time-delay switch for modulator

turn-on, and a trigger amplifier for the modulator. The receiver strip,

TABLE 15.2,—DETAILED Specifications OF THE ANT/APS-10
Total weight of units and mountings. ., 124* lb less cables
Primary power required

Alternating current. . 115v. 400–2400cps, 340 watts
Direct current. . . . . . . . . . . . . . . . . . ... ... ,,, .27.5 v,80 watts

Over-all system performance
Transmitter frequency. 9375 f 55 Me/see
Pulse power . . . . . . . . . . . . . . . . . 10kw
Receiver sensitivity, search, 131 db below 1 watt
Receiver sensitivity, beacon. 125 db below 1 watt
Pass band of untuned r-f components. 9280 ~ 185 Me/see

Modulator
Type . . . . . . . . . . . . . . Line-type with hydrogen thyratron
PRF, search ...,..., . . . . ..810pps
PRF, beacon . . . . . . . . . . . . . . . . . . . ..4O5pps
Pulse length, search . . . . . . 0,8psec
Pulse length, beacon.,.......,,.. 2,2@ec

Receiver
Intermediate frequency. 30 Me/see
Bandwidth of i-f amplifier, 5.5 + 1.0 Me/see

Indicator
Type (Sec. 13.17) 5-in. resolved-current PPI
Focus . . . Permanent magnet
Cathode-ray tube. 5FP14 (or 5FP7)
Video bandwidth.. :.. :::: :::” ”:: . . ..sec/sec

Antenna
Reflector . . . . . . . . . . . . . . . . . . . . . . . 18-in. paraboloid; j= 5.67 in;

7000-ft cosecant-squared pattern
Feed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. Two-dipole type
Gain . . . . . . . . . . . . . . . . . . . . . . ..7oo
Polarization. . Horizontal
Azimuth beamwidth. ..”. . . . . . . . . .::::5°

Scanner
Scan rate . . . . . . . . . . . . . ..30rpm
Tilt angle . . . . . . . . . . . . . . . . . . . ..0 °to–180
Triangle . . . . . . . . . . . . . . . . . . . ..6+0to–10~0

Number of tubes
Transmitter-receiver, 31 tubes and 3 crystals
Synchronizer . . . ., ., 25
Indicator ...,..... ,, ... 4
Rectifier power supply, , ...,,.... 6

* With atmdard scanner, Lightweight wanner reduces total weight to 117 lb.
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(b)
FIG. 15.11 .—AN/APS-l O low-altitude PPI. Range mark at 10 miles; altitude 1600 ft.;

Washington, D. C, at 0°, 8 to 13 miles. (a) Photograph of scope. (b) Sketch from map.
62)
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(b)

Fm. 16.12.—AN/APS-lO medium-altitudePPI. Special30-in.antennaused. Range
marks10 miles apart; altitude 6000St.; Narragansett Bay at 350°, 20 to 30 miles; Long
‘Islandat 160”,20 to 40 miles. (a) Photograph of scope. @) Sketch from map.

621
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(containing the i-f amplifier, the detector, and a video output stage), the

automatic frequency control unit, and the low-voltage power supply for

these circuits, are also mounted in this unit. The detailed design of this

receiver is treated in Sec. 12.10.

The synchronizer unit includes the primary timing circuits, and the

sweep, range-mark, and intensifier circuits. On its front panel are the

operating controls for the system. This unit serves as a cable junction

box, and its use in this capacity has enabled the set to be designed with a

total of only seven cables. Since the circuits are designed to allow for

cable capacitance and for voltage drops, any of these cables can be as

long as 25 ft. Separation of the synchronizer power-supply unit from

the synchronizer itself permits the latter to be small enough to be con-

veniently used as the main control box. It can be mounted with the

control panel either vertical or horizontal, as each installation may

demand.

The indicator unit contains a video amplifier, in addition to the

cathode-ray tube and its deflection yoke and focus magnet.

The synchronizer power supply provides the necessary voltages for

the indicator and the synchronizer.

Performance oj the AN/.4 PS-lO.—The completed set shows per-
formance meeting the initial requirements. Scope-map comparisons
that display the usual overland performance of the set at low and medium
altitude are shown in Figs. 15”11 and 15.12. The blanked-out sectors
abeam are due to shadows cast by the engine nacelles of the C-47 aircraft
in which the set was installed. Figure 15.12 was taken while a special
experimental antenna of 30-in. horizontal aperture was in usc; thus the
azimuth resolution and range pcrformante are better than those attained
with the standard 18-in. antenna.

The performance of the set with 3-cm beacons is especially good
because careful attention was paid to the radar-beacon problem in design.
The major changes involved in switching from search to beacon operation
are:

1. Change of pulse length from 0.8 to 2.2 psec.
2. Change of PRF from 810 to 405 pps.
3. Change of TR-switch resonant frequency from the magnetron

frequency to the beacon frequency.
4. Change from search to beacon local oscillator.
5. Change from search to beacon AFC. (Sec. 12.7.)
6. Stretching of beacon reply pulses in the video amplifier.

A broadband ATR tube is used primarily to pass beacon signals with
minimum loss, and a wider i-f band than necessary for optimal signal-to-
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net weight of the components is about 120 lb. To this must be added 12
lb for cables and brackets, 28 lb for an inverter, and 25 lb for a radome,
so that the installed weight of the set is about 185 lb, well under a third
that of the AN/APQ-13. Snap fasteners and spring-loaded bands are
used as retaining elements to facilitate the removal and replacement of
units.

To achieve low weight and simplicity, many attractive design features
had to be sacrificed, including antenna stabilization, sector scan, ground-
range sweeps, and long pulses for maximum range performance. The
possibility of adding to the AN/APS-10 special units to perform special
functions has, however, been retained. A trigger pulse and video signals
are available for any attachment, as are provisions for an additional.

azimuth-angle take-off and means for externally reversing the azimuth
scan motor.

Adequate filtering and shielding are provided to deal with any
ordinary problems of mutual interference between the radar and other
electronic equipment installed in the same aircraft.

The transmitter-receiver is protected against changes in external
pressure by means of a rubber-gasket seal and pressure-tight cable
connectors. The r-f line is also sealed and is connected to a pressure
pump with a dryer ori its intake.

Internal and external fans are provided for the unit in which there
is the greatest heat dissipation-the transmitter-receiver. The internal
rise above ambient temperature in thk unit is 35”C.

All units except the scanner are shock-mounted. The r-f line between
the shock-mounted transmitter-receiver and the rigidly attached scanner
has a pressure-tight flexible section. Where possible, as in the case of the
transmitter-receiver, center-of-gravity shock mounts are used.

To minimize the effect of variations in supply voltage and waveform,
full-wave rectifier power supplies with choke-input filters are used
throughout the set. Electronic regulation of voltage has been used
where necessary to maintain precise voltage or to remove the low-
frequency ripple found in the output voltage of many aircraft alternators.

Operational Suitability.—In contrast to the 24 controls of the AN/-
APQ-13, the AN/APS-10 has only 10. Four must be used often, four
infrequently, and the remaining two are primarily for the convenience
of the operator. The four commonly used controls are:

1. A range-selector switch that enables the operator to choose either

a continuously variable, 4- to 25-mile sweep or a 50-mile sweep for

search operation, or a O- to 90-mile or 70- to 160-mile sweep

primarily intended for beacon operation. Two-mile range marks

are provided on sweeps shorter than 14 miles, 10-mile marks on
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sweeps between 15 and 50 miles, and 20-mile marks on the beacon

sweeps.

2. A recei~’er gain control.

3. A tilt control for the antenna. This enables adjustment of the

depression angle of the radar beam to the optimal value for any

altitude. A tilt meter calibrated in altitude is provided; it serves

as an approximate guide to the correct setting.

4. A search-beacon switch.

The controls less often used are:

1. The OFF-ONswitch.
2. The focus control of the indicator.
3. The brilliance control of the indicator.
4. The trim control. This enables the operator to adjust the scanner

mechanism in pitch so as to keep the axis of the scanner vertical
despite changing attitude in flight due, for example, to consumption
of fuel. A fore-and-aft bubble level and a hand crank connected
by flexible shaft to the scanner are provided.

The two “convenience” cent rols are the adjustments for range-mark
intensity and for dial-light brilliance.

The operation of the AN-/APS-10 is so simple that an hour’s flight
experience is sufficient to qualify a navigator to adjust and use the set.

For ease in maintenance, all units of the set have been made inde-
pendently replaceable, with no need of adjustment for individual units.
Even within the major units of the set, subassemblies have been designed
for replacement in the event of failure.

External test points” have been provided on the transmitter-receiver
and the synchronizer power supply to aid in identifying defective units
in cases of failure. On the transmitter-receiver these include a test
trigger from the modulator, an extra video channel, and a lead from a
directional coupler which enables r-f checking. On the synchronizer
po\ver supply pin jacks are provided to permit measurement of power-
supply voltages. Other test points are incorporated on many of the
subclasses of the transmitter-receiver unit. These external test points
permit a routine procedure of inspection and preventive maintenance to
detect incipient failure and insure peak performance.

The consensus of its users is that the AX/APS-10 fits its requirements
~reil. Further improvement in lightness, convenience, and modesty of
power demand will follow on general advance in the art, and in particular
on detailed attention to component design. To mention one example,
the substitution of subminiature tubes for larger standard types will
reduce bulk, weight, and po\ver consumption.



CHAPTER 16

MOVING-TARGET INDICATION

BY A. G. EMSLIE AND R. A. MCCONNELL

INTRODUCTION

16.1. The Role of Moving-target Indication.—The object of moving-
target indication (MTI) is to present the signals received by a pulse
radar set in such a way that moving targets show up while stationary
objects give no response. The most advanced method of doing this
allows the moving targets to be presented on a PPI. Figure 16.1 shows
two PPI photographs, one with MT1 in operation and one without,
taken on a ground radar set at Bedford, Mass., using a wavelength of 10.7
cm and a PRF of 300. The removal of the ground clutter is seen to be
complete. The photographs in Fig. 16.2 were taken at Boston, Mass.,
where, because of screening by a ring of low hills, clutter does not extend
appreciably beyond 10 miles. In these photographs, taken on a set
having a wavelength of 10.7 cm and a PRF of 1650, the effectiveness of
MTI in reducing storm echoes is shown.

The problem of MTI is somewhat more difficult and the results less
satisfactory when the radar set is carried on a moving ship or airplane
because the clutter to be eliminated is itself moving relative to the radar
set and the clear-cut distinction between moving and stationary targets is
lost. In spite of this, it is possible to arrange MT1 so that vehicles
moving on the ground can be seen from an airplane. In the case of a
shipborne set it is possible to compensate for the ship’s own motion and
therefore to see other ships and aircraft in the presence of sea-clutter and
storm echoes.

16.2. Basic Principles of MTI.—Two fundamental ideas are involved
in the solution of the MTI problem: first, a method of reception that
responds differently to fixed and to moving targets; second, an arrange-
ment that takes advantage of this difference by selecting only the moving
targets.

The method of reception always uses the doppler effect in one form
or another. The simplest arrangement is that shown in Fig. 16.3.
Power from the transmit tw is mixed ~vith the c-w echo from the target.
After detection., the beats between the two frequencies f and f’ can be
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FIG. 16.2.—Successive 30-mile normal and MTI PPI photographs. Note storm echoes
at 10° at 25 miles, 60° at 15 miles, and 150° at 30 miles, Seven aircraft arc \-isihlc on the
\lTI PPI.
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heard in the phones. The echo frequency is given by the well-known
doppler formula

fl= gf.

The beat frequency is then

Since the target velocity v is very small compared
light c, this can be written as

with the velocity of

For v in miles per hour and k in cm this becomes

f,=E
x“

See, for example, Fig. 5.12.

A ~h =f~f

FIG. 16.3.—Doppler effect with c-w system.

The arrangement of Fig. 16.3 gives no range information. This
can be remedied by chopping up the outgoing train of waves as in Fig.
16.4. The beats in the telephones now consist of a succession of pulses
whose envelope has the doppler frequency f~. Note that the doppler

effect can be viewed as causing a phase shift of the echo from pulse to

pulse. It is easy to calculate this phase change and to show that it is

equivalent to the frequency shift. The distance traveled by the target

between pulses is uT, where T is the repetition period. Hence each
pulse travels a distance 2vT less than the preceding pulse. This is
2vT/h wavelengths, so that the phase change is 2r2vT/h between each
pulse and the next. The beat frequency is then 2v/k, as before.
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To obtain range information with the scheme of Fig. 16”4, the phones
can be replaced by an A-scope synchronized with the modulator. The
appearance of the A-scope is shown in Fig. 16”5, where one moving target

t
C.w f Power

transmitter amplifier i

‘‘f

1’
Pulse

I

F1m 16,4,—Doppler effect with pulsed system suitable for low frequencies.

is seen among several stationary ones. The butterfly-like appearance
of the moving target is the result of the variation in pulse amplitudes
shown in Fig. 16.4. Stationary targets exhibit constant phase from pulse
to pulse, and therefore a steady
amplitude. Modulator

The arrangement of Fig. 16.4 ~- —_______

can be used at frequencies of a few t ‘;F::g
hundred megacycles per second but

TR switch
~--—1 -- __,
, Reference ,

is not practical at microwave fre- , oscillator---_l -__—l
quencies in the absence of suitable L-+—— Receiver
power amplifiers. However, the C-wreference 1

s)gnal
t

A-scope

FIG. 16.5.—Doppler beats on an & FIG. 16.6.—Doppler system for micro-
scope. waves. Dotted lines show what must

be added to ordinary radar set.

same effect 1 can be obtained by the circuit of Fig. 16.6, which shows the
basic diagram of a microwave pulsed radar, with the addition of a reference
oscillator. This reference oscillator provides a c-w signal with which
to beat the incoming echoes. Since the transmitter starts with random
phase from pulse to pulse, it is necessary to match the phase of the refer-
ence oscillator to that of the transmitter at each transmitted pulse.

1(,second time around~) echoes—signalsreceived from the second preceding
pulse-will not be canceled by the arrangement of Fig. 166.



SEC.16.2] BASIC PRINCIPLES OF M TI 631

This can be done by allowing a sufficient amount of power from the trans-
mitter to enter the resonant cavity of the oscillator, which is then forced
into step with the transmitter. This process is called “locking” the
phase of the oscillator, or making it “coherent.” The appearance of
the A-scope will be the same as that shown in Fig. 16”5.

Two methods of presenting
the doppler information have been
mentioned: the aura 1 method
(Fig. 16.3), and the A-scope
method (Fig. 16.6). These indi-
cators are useful only with a
stationary or very slowly rotating
antenna. At norm a 1 rates of
scanning, it is necessary to display
signals on a PPI in such a way
that only moving targets appear
on the scope. This can be done
by the method of pulse-to-pulse
cancellation illustrated in Fig.
16.7, where the first four traces
represent successive sweeps on
the A-scope of Fig. 165. The

‘“:’;~

“’ ‘~
“ ‘~

Cancelled signals
2 minus 1 A

33s2 w

4 “
‘~

FIG. 16.7.—Pulse-to-pulse cancellation.
The first four traces represent successive
sweeps of A-scope. The last three traces
show the canceled signals.

scheme is to delay the signals of

Sweep 1 for a whole repetition period and then subtract them from the
signals of Sweep 2. In the same way Sweep 2 is delayed and subtracted
from Sweep 3, and so on. The results are shown in the last three traces

of Fig. 16.7. This process can be

[

Supersomc

I

Subtractmn
delay line

I

carried out continuously by the
circuit

arrangement of Fig. 16.8, in which
the signals are split into two chan-
nels, one of which contains a super-

lfi’1
Race&er PPI sonic delay line, and then brought

together a gain f o r cancellation.
F1~.16.S.—Cmcellationof signals of con- An important practical point in the

stant pulse-to-pulse phase. use of this scheme is the degree to
which the output signal of the delay line simulates the input signal,’ for
the fidelity of reproduction of signals by the delay line influences the
maximum clutter cancellation possible.

Ib is also possible to delay the signals by means of a “storage tube, ”
which works in a manner related to that of the Iconoscope used in
television. The supersonic delay line was used as a delay device in the
MTI systems that have had the most thorough testing; its use is therefore
assumed in what follows. Certain advantages attend the use of a
storage tube, notably the ability to apply MTI to a system whose
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repetition rate has “time jitter” (see Vol. 19, Chap. 25 of the Radiation
Laboratory Series).

16.3. A Practical MTI System.—Figure 169 is a block diagram of a
practical ,MTI system. It can be regarded as a refinement of the arrange-
ment of Fig. 16.6; instead of beating the signals with an r-f reference
signal, the same thing is now done at intermediate frequency. This is
accomplished by applying the superheterodyne principle both to the
locking pulse and to the signals. The same stable local oscillator pro-
vides a signal to two mixers, one of which reduces the frequency of the
locking pulse, the other the frequency of the signals, to 30 Me/see.
The i-f locking pulse from the first mixer is applied to an i-f oscillator
which is thereby rendered coherent in phase with the locking pulse.

Transmitter TR switch }
R.f

1
locking pulse

R.f signals

Modulator Mixer — Stable local Mixer
oscillator

Pfl

I Locking pulse l.f ignals !

Trigger Coherent [f Cw reference
generator oscillator

Receiver
signal

FIG. 16.9.—Practical MT1 system.

The circuits of Figs. 16.6 and 169 are entirely equivalent as far as the
output of the receiver is concerned. The phase of the i-f echo signal
from a stationary target depends on the starting phase of the transmitter,
the starting phase of the local oscillator, and the range (which determines
the number of cycles executed by the local oscillator while the transmitted
pulse travels to the target and back). The i-f reference signal provided
by the coherent oscillator has a phase that depends on the starting
phases of the tr nsmitter and of the local oscillator, and on the range
(which determines the number of cycles executed by the coherent oscil-
lator during the echo-time). The starting phases of the transmitter and
the local oscillator cancel out when the i-f echo signals and the i-f reference
signal beat against each other, so that the phase of the receiver output
depends only on the number of cycles executed by the local oscillator
and by the coherent oscillator. Both of these oscillators are made to be
stable; consequently the beat signal from a stationary target has a
steady amplitude from pulse to pulse. When the target is moving, its
range will change from pulse to pulse and a fluctuating output signal
results from the corresponding change in the phases traversed by the
oscillators during the echo-time.
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A simple laboratory type of delay line is shown in Fig. 16.10. It
consists of a steel tube filled with mercury, with X-cut quartz crystals
cemented to its ends by means of lacquer. An end cell filled with mercury
is attached to the outside of each crystal by the same method. When an
alternating voltage is applied across one of the crystals (that is, between
the mercury in the end cell and that in the tube), the crystal undergoes
periodic changes in thickness due to the piezoelectric effect. The
vibrations of the crystal are communicated to the mercury as a super-
sonic wave which travels down the
tube at a speed of 4700 ft/see, Input output

corresponding to a delay of 17.6
psec/in. On arriving at the other

+4

- Delay length~

end of the line the wave causes 17.6pseclin. $

the receiving crystal to vibrate,
and this vibration produces an
alternating voltage between the
faces of the crystal. 15Me/seeX.cutquartz plates,

The mercury end cells, in addi- one inch diameter

tion to acting as electrodes, serve
also to prevent reflection of the Mercury Mercury
supersonic wave by the crystals. end cell end cell

When the crystal is driven at its FIC. 16.10.—Laboratory-typc supersonic de-
lay line,

resonant frequency, it acts as a
half-wave acoustical transformer; thus the delay line is properly termi-
nated at each end by the end cells. The wave entering an end cell is
broken up and absorbed by the skew back of the cell.

A free quartz crystal has a very high Q and therefore such a narrow
bandwidth that it cannot transmit microsecond pulses. In the delay line,
the loading of the crystal by the mercury causes the crystal to be almost
critically damped—that is, to have a Q near unity. Thus the band-
width of the crystal, when it is cut, for example, for 15 .Mc/see, is many
megacycles per second. The frequency response curve has its maximum
at the resonant frequency of the crystal and falls to zero at zero frequency.
Thus it is not possible to transmit video pulses directly through the delay
line without distortion. Instead, the pulses are used to modulate a
carrier whose frequency is that for which the crystal is resonant.

Figure 16.11 shows, in more detail than Fig. 16.8, the arrangement of
the cancellation circuits. The video signals from the JITI receiver
amplitude-modulate a 15-hlc/sec oscillator and amplifier of conventional
television design. Its output signals go to the input crystal of the
15-Mc/sec delay line, and also to the “ undelayed” channel of a two-
channel amplifier. The “delayed” channel of the amplifier receives the
output signal from the delay line and amplifies it. The two channels of
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the amplifier have separate diode detectors arranged to give opposite
signal polarities, so that the delayed and the undelayed signal can be
adjusted in amplitude to cancel each other when added. Since the video
signal from a moving target is bipolar (cf. Fig. 16”7), a rectifier is included
in the circuit ahead of the PPI.

In order to get good cancellation, the signals in the two channels of
the amplifier must match very closely in time. This means that the

r
-—-— -——— ——-—— ---

Two.channel amplifier 1
I

I
I

I Carrier
I

Delay line + amplifler
Oscillator I

m and I
amplifier

-1 C?rrier

I amplifier

I ,/

_ Video signals from
MTI receiver

L’___ -_____ .–––– –-l
MTI video out to PPI +

FIG. 16.11.—Block diagram of delay-line circuits,

pulse-repetition period has to match the delay time of the supersonic line
with great accuracy. The velocity of sound in mercury varies with the
temperature by about one part in 3000 per degree centigrade, so that
temperature variations will cause the delay time to drift. This can be
compensated for by providing a trigger generator whose PRF is altered
to take account of changes in the delay time. A simple way of doing this
is to use another supersonic delay line as the timing element in the trigger

~ Triggertosystem

15 Mclsec
resonant Trigger * 15 Me/see+
circuit delay line amplifier

1 t t

Blocking Video. + Detector
oscillator amplifier

FIG. 16,12.—Trigger generator.

generator, as shown in Fig. 16.12. The circuit works as follows. When
the blocking oscillator fires, it delivers a trigger to the system and also
shock-excites a 15-Me/see resonant circuit. The oscillations so set up
are passed through the delay line, and thereafter amplified and detected.
The delayed signal is used as a trigger; it is applied to the blocking oscil-
lator, which then fires and starts a new cycle. By making one of the
delay lines variable in length (which requires a different design from that
of Fig. 16.10) the delays in the trigger and signal circuits can be matched
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initially. The two lines are mounted close together in a thermally
insulated box so that the temperature changes equally for both.

16.4. Alternative Methods for Obtaining Coherence.—Figures 16%
and 16.9 show two clifferent ways of producing coherence between echo
signals and a reference signal: in the first method, the oscillator whose
phase is locked runs at radio frequency and the signals are added at
radio frequency; in the second, the locking and adding are both done at
the intermediate frequency.

Mcdulator Transmitter TR

I I
v

I I

Mixer Stable local Mixer
oscillator

Locking Echo signals

Coherent l-f

oscillator
Receiver

Reference signal

(a)
t

Mdulator Power — TR
amplifier

t $
1

If — Mixer — Stable local
transmitter oscillator

i I

I Coherent l-f Reference
t

Locking
Receiver

oscillator signal Echo signals

(b) t

FIG. 16. 13.—I-f locking, i-f addition. (a) I-f locking by; transmitter, ‘-f addb,ion.

(b) I-f locking by oscillator, i-f addition.

It is also possible to lock at radio frequency and add at intermediate
frequency. Further, the oscillator can be made to lock the phase of the
transmitter instead of vice versa. The various arrangements can
therefore be classified according tfi

1. Whether the transmitter locks the oscillator or vice versa.
2. Whether the locking takes place at radio frequency or intermediate

frequency.
3. Whether the signals are added at radio frequency or intermediate

frequency.
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EEl EEl
1

I
Transmitter TR

‘ Echo signal
Reference

signal

Locking

I

Stable r.f
oscillator trl

Mixer

At

t

I
Transmitter TR (

Echo signal

-%=

LO Mixer

Receiver

(a) (b)

FIG. 16.14 .—R-f locking, r-f addition. (a) R-f locking by transmitter, r-f addition.

(b) R-f locking by oscillator, r-f addition.

Modulator

1 I

I Modulator 1

ClBuffer

Locking I

Stable R+
oscillator

t

Mixer + LO + Mixer

Echo signak

Locking

Stable Rf
oscillator

t

!1

Mixer + LO - Mixer

I Echo signals

(a) (b)
FIG. 16.15.—R-f locking, i-f addition. (a) R-f locking by transmitter, i-f addition.

(b) R-f locking by oscillator, i-f addition.
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Taking all possible combinations, we get 23 different types of circuit.
These areshown in Figs. 1613to16”16.

The circuit shown in Fig. 1613a. has advantages over the other
schemes. In the first place, the signals are added at intermediate

Modulator — Transmitter TR

L

Mixer
Stable Iwal— —

oscillator
Mixer

I

I f !

(a)

I 1 /

Power ~
amplifier

TR 1=I I Echo signals

1

*

Mixer
Stable local— Mixer

Reference

oscillator signal

I
I

If
transmitter

Modulator LO Mixer

t

Coherent I.f Receiver
oscillator

L

t

(b)

FIG. 16.16 .—I-f locking, r-f addition. (a) I-f locking by transmitter, r-f addition.

(b) I-f Iockhg by oscillator, r-f addition.

frequency, which allows amplification of the signals before addition.
Second, i-f locking is superior to r-f locking. The latter is hard to do in
the case of the transmitter, because of the large amount of power required;
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it k also difficult if the stable r-f oscillator is to be locked, because of the
high Q required to make the oscillator stable. Locking a coherent i-f
oscillator is easy since the Q can be smaller by a factor of 100 for the
same allowed rate of frequency change. The scheme of Fig. 16.13b,
which uses i-f locking and i-f adding, is inconvenient because it requiresa
power amplifier.

PERFORMANCE CRITERIA AND CHOICE OF SYSTEM CONSTANTS

The primary objective of moving-target indication is, of course, to

attain a high degree of discrimination in favor of the echoes from moving

targets compared tothose from fixed ones. In order that this beaccom-

plished it is necessary that echoes, or clutter, from fixed targets be

eliminated or greatly reduced and that those from moving targets be

retained with optimum sensitivity compared to the residual clutter and

the inherent noise of the receiver.

Since the recognition of moving targets is based upon changes in the

returning echo from one pulse to the next, any changes present in the

signals from the fixed echoes will interfere with their elimination. Such

undesirable variations are of two sorts: (1) those inherently present in the

returning echoes, principally due to internal motions of the targets

themselves or to the effects of scanning; (2) spurious variations due to

instabilities or other shortcomings of the radar equipment. The methods

used and the constants chosen for the set should be selected in such a

way as to minimize the effects of the inherent fluctuations. The elimina-

tion of spurious variations is largely a matter of careful engineering design.

Another factor to be considered in the choice of system parameters is

that since different radial velocities produce different changes in relative

phase from pulse to pulse, certain velocity intervals are much more
effective than others in producing large uncanceled signals. Indeed, a
phase change of one cyclethat is, a radial motion of one-half wavelength
between pulses—is equivalent to no change at all. Thus there are certain
“blind” velocity intervals in which the mass motion of the target does
not lead to a discernible indication. Since the velocities about which
these intervals are centered are determined by the wavelength and the
pulse repetition rate of the set, it is possible, within limits, to arrange that
they fall as little as possible in the range of velocities to be expected for the
targets of interest.

The various factors dealing with clutter elimination ,and target
visibility on a fixed system will be discussed in detail from both the theo-
retical and the practical standpoint in the next few sections. The addi-
tional factors present when the system is moving will be introduced later.

16.5. Stability Requirements. Frequency of the Beating Oscillators.—

The amplitude of the video signal from a stationary target can be written
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as
y = y~ Cos l+, (1)

where VOis the i-f amplitude and 1#1is the phase difference between the
i-f echo signal and the reference signal. Now @ depends, as we have
already seen, only on the number of cycles executed by the stable local
oscillator and the coherent oscillator during the echo-t ime t1. Thus

where w and w are the angular frequencies of the stable local oscillator
and the coherent oscillator, respectively. The positive sign is to be
taken when the local oscillator is tuned below the magnetron frequency,
the negative sign when it is above. If either oscillator varies in frequency

between pulses by an amount Au, the phase change produced is then

If the frequency drifts at a uniform rate, then

where T is the repetition period. Thus

(2)

Now, from Eq. (l), we obtain, for the fractional change in beat amplitude,

which has a maximum value equal to A+. For a high-performance
MTI system a value of 6 per cent for Ay/yo could be tolerated since this
represents the maximum residue of clutter amplitude left after can-
cellation. The average residue will then be considerably less than 6 per
cent. The corresponding value of A@ is 0.06 radian or ~ cycle. On
substituting this value in Eq. (2) we get for the allowable rate of drift of
frequency

df= 1
z 100Tt,”

(3)

For example, this has the value 20 kc/see’ for T = 1000 ~sec (PRF of
1000) and t,= 500 psec (target at range of 50 miles). It will be seen
later that such a low rate of drift cannot be obtained in a local oscillator
without some special means of stabilization. In the case of the coherent
oscillator, on the other hand, the figure is readily attainable with a well-
constructed oscillator circuit.
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So far we have assumed that the coherent oscillator is exactly in tune
with the i-f echo signals. If this is not so, the video signals are no longer
square pulses but contain a number of cycles of the beat frequency, as
shown in Fig. 16.17. In the case of a moving target the beat cycles shift
horizontally from pulse to pulse and give a filled-in appearance on the
A-scope. Figure 16.17b really represents coherent i-f rather than
coherent video signals, with the coherent oscillator acting as a second
local oscillator. Thus a loss in signal-to-noise ratio occurs when the
signals are passed through the video amplifier, whose bandpass character-
istic is wrong for i-f signals. It is interesting to note that a gain in signal-
to-noise ratio can be obtained theoretically by detuning the coherent

oscillator sufficiently and replacing

‘“’~
the video amplifier by an i-f ampli-
fier having a suitable pass band.’
However, since this scheme requires

@)~-~o~n-~ much greater precision in the cancel-
F1o. 1617.-Effect of detuningthe lation circuits, it is probably better to

coherentoscillator. (o) Oscillatorintune
withi-f signals. (~) Oscillatordetuned. retain the video amplifier and make

sure that the coherent oscillator is
always well tuned to the i-f signals. No serious loss in signal-to-noise will
occur if there is less than one-quarter of a beat cycle in each pulse. This
means, for example, that the detuning should be less than ~ Me/see in the
case of a l-~sec pulse.

Magnetron Frequency .—The frequency stabilit y required of the magne-
tron can now be considered. The effect of a change Aj~ k to alter the

number of beat cycles within the “video” pulse by the amount 7 Ajn,

where r k the pulse length. For reasons similar to those used in con-

nection with the beating oscillators, this quantity should not exceed tin

cycle from pulse to pulse. Hence we get for the allowed rate of drift, in
the same way as before,

(ifm 1
. . —
dt 100Tr”

(4)

For T = 1(130 ~sec and r = 1 psec, the rate is 10 Mc/sec2, which is 500
times the permissible rate for the beating oscillators. We conclude that,
if it is found necessary to have AFC on a system with MTI, it should be
applied to the magnetron rather than the local oscillator.

Variation in magnetron frequency from pulse to pulse causes another
kind of effect in the case of extended ground clutter. Consider two clutter
signals that just overlap in range. If the magnetron frequency changes
by an amount A~~, there will be a relative phase shift between the two

echoes which amounts to 7 A~~ cycles. This phase shift will cause the

I A. G. Emslie, “ MT1 L’sing ~oherent IF,” RL Group Report No, 104—8/22/45.
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echoes to beat in amplitude in the region of overlap, even when no coher-
ent reference signal is present. Since the expression for the phase shift is
identical with the previous expression, Eq. (4) also applies here.

Extra cycles will also appear in the video pulses if the magnetron fre-
quency varies during the transmitted pulse. Such variation occurs
chiefly at the beginning and end of the pulse. If Afl is the maximum
departure in frequency from the value in the central part of the pulse,
the number of beat cycles is certainly less than T Afl. With the same
criterion as before we therefore should have

(5)

For a l-psec pulse this gives Aj, < ~ Me/see. However, since most of the
effect is concentrated near the ends of the pulse, a much larger variation
is probably permissible. Since the frequency pattern within the pulse
does not change from pulse to pulse, the quality of the cancellation is not
affected. All that is involved is a slight loss in signal-to-noise ratio for
moving targets.

Cancellation Equipment. —Consider next the stability requirements on
the cancellation equipment. The detectability of a signal on the PPI can
be roughly measured by the area under the voltage pulse. Thus if the
trigger and signal delay lines differ in delay time by an amount A71, there
will be two uncanceled spikes of width A71 for each echo. In order to
cancel, for example, to 4 per cent, we must therefore make A~l less than
2 per cent of the pulse length. The delay lines should be capable of
matching each other within this tolerance for at least an hour at a time.
Likewise the amplitudes of the signals in the delayed and undelayed
channels should match to 4 per cent for an hour at a time.

Modulator. -Pulse-to-pulse variation in the repetition rate can pro-
duce the same effect as unmatched delay lines. Thus the modulator
should fire relative to the trigger with a variation of not more than 2 per
cent of the pulse length, or+ ~sec in the case of a l-psec pulse.

Finally, we have to consider the effect of variation in pulse length. If
this should change by an amount ATfrom one pulse to the next, there will
be an uncanceled spike of width A,. Thus we should not allow A,/r to

exceed 4 per cent.
Variation in pulse length can also cause an indirect effect on the phase

of the coherent oscillator when the latter is not in tune with the i-f echo
signals. Let us assume, for example, that the locking pulse causes the
coherent oscillator to execute forced vibrations at the intermediate fre-
quency for the duration of the pulse, after which it reverts to its natural
frequency. Then the variation in phase of the coherent oscillator is given
by A, . Af (in cycles), where Aj is the amount by which the coherent
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oscillator is off-tune. Taking A, = 0.04 psec (for r = 1 ~sec) and allow-
ing a phase change of & cycle, we get Aj = ~ Me/see.

Summary of Requirements. -Table 16.1 summarizes the stability

requirements. It should be mentioned that these figures represent almost

ideal conditions, in which the clutter to be canceled shows no fluctuations

of its own. If for any reason (such as rapid scanning rate) the clutter

should fluctuate by 10 or 15 per cent from pulse to pulse, there would be

no sense in canceling to 3 or 4 per cent. In such a case, some of the require-

ments in the table could be relaxed considerably.

TAZLE 16 1.—STABILITY REQUIREMENTSFOR HIGH-PERFORMANCE SYSTEM WITII
PRF OF 1000 PPS, PULSE LENGTFI 1 ASEC, GROUND CLUITER OUT TO 50 }’lILES

Component Quantity

Stable local oscillator, Frequency drift

Coherent oscillator. Frequency drift
Magnetron . . . . . . . . Frequency drift
Magnetron . . . . . . . . . . . . . . . . Frequency change within

pulse
Modulator and magnetron. Pulselength variation from

pulse to pulse
Coherent oscillator. Detuning from intermedi-

ate frequency
Modulator . . . . . . . . . . . . . . . . . Stability relative to trigger
Delay lines. . . . . . . . . . . . . . . . Relative drift in delay time

Xfaximum allowable value

20 kc/secl
20 kcjsecx
10 Jfc/sec2
~ L1c/secZ (and probably

much more)
4 y.

~ hfc/sec

& psec
~lrp.sec/hr

16.6. Internal Clutter Fluctuations.-In this section we shall consider
echo fluctuations due to internal motions of the clutter—for example, the

(d (b)

FIG. 16.15.—C omposit e nature of
ground clutter. (a) Illuminated area of
clutter. (b) Contributions to signal: fixed
clutter = R,; moving clutter = Rz; result-
ant signal = R; resultant for next pulse =
R’; variation between pulses = r.

motions of trees in the case of ground

clutter. The ground-clutter pattern

may include strong echoes from sin-

gle targets, especially in regions

where there are large structures hav-

ing simple geometric al shapes.

Echoes from water towers and build-
ing faces may easily equal in inten-
sity the composite echo obtained
from a mountainside. H o w e v e r,
echoes from structures are generally
found to be fairly steady since the
targets do not sway much in the wind

and do not present a serious cancellation problem when the antenna is

stationary.

Most ground clutter is composite in the sense that the echo amplitude

at a given instant is the vector sum of many small echoes from the indi-
vidual targets scattered over a land area determined by the beamwidth
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and half the pulse length, as shown in Fig. 1618a. The individual
targets may consist of rocks, tree trunks, tree branches, leaves, etc.
Some of these, such astherocks, prefixed. Others, such as the branches
and leaves, move in the wind. In Fig. 16. 18b, the vector R, represents

the contribution from the fixed targets and Rz that from the moving
targets, and R is the resultant signal. At the next pulse, R2 changes to

R;, and the resultant to R’. The small vector r is the pulse-to-pulse
change.

Individual moving targets in the illuminated area are so numerous
that even the largest issmall in size compared witht heirs urn. Also the
phases of their echo signals are completely independent. Under these
two conditions, the vector R2 has a probability distribution like that of
statistical noise-that is, the end of thevector hasa Gaussian distribution
about the point O’. Thepulse-to-pulse change r likewise has a Gaussian
distribution.

The final result connecting r and R2 is the following:

(r),~, = $, (R,),m, (6)

where f, is the PRF, A the wavelength, and k a factor that deper.ds on the
wind speed and type of terrain. Measurements of the ratio of (r),m to
(R),~ have been made by H. Goldstein.’ The following table gives
typical values extrapolated from the experimental figures which were
obtained using a repetition rate of 333/see. The voltage ratio of fixed to
variable clutter is also given. In the case of sea and storm echoes, there
is no fixed component.

TABLE162.-Typical, nlEASCREDVALUESOFC;LUTTEEFLUCTUATION

Kind of clutter I

I

Thunderstorm.
Sea echo . . . . . . . . . . . . . . .
Sea echo . . . . . . . . . . . . . . .
Wooded terrain (wind

45mph) . . . . . . . . . . . ..l
Wooded terrain (wiud

25rnph) . . . . . . . . . . . . .
Wooded terrain (wind

25 mph)... . .
Wooded terrain (wind

ly mph). . . . . . . . . . .

A,

cm

9.2
92
3.2

32

3.2

9.2

9.2

Voltage ratio of rms Total echo/rms Buctuation,
fixed ~omponent to ] db

rms variable com- 1

ponent

0
0
0

0

<<1,

0.9

37

PRF = 500

5

13

s

14

22

34

51

1000

11
19
14

20

28

39

54

2000

17

25
20

26

34

46

57

1Sees. 6,13 to 6,21 of Vol. 13 of this series,
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Several remarks are in order regarding the generality of the above
experimental values. Both theamplitude andthe velocity of seaclut,ter
can be expected to vary widely with weather. Storm echoes are variable
in character, depending perhaps upon their internal turbulence. A reduc-
tionof storm echoes by 10dbormore has been frequently observed ona
10-cm MTI system at 2000 pps. On some occasions, however, the reduc-
tion of echoes from certain areas of the storm has been negligible despite
a tangential wind velocity.

The wooded terrain is that of New England in summer. Limited
evidence suggests that there is little change with the seasons. However,
some questions of importance remain with regard to ground clutter.
On the PPI of a 10-cm MT1 system operating near Boston at a PRF of
300, many thousands of uncanceled targets have been observed under
conditions that make an explanation difficult. These targets, which
might possibly be birds, have been noticed to increase in number just
after sunset.

When extrapolating to other wavelengths, it should be borne in mind
that the wavelength dependence of Eq. (6) cannot be expected to hold
rigorously. Classes of moving reflectors that are negligible at 10 cm may
become of importance at 3 cm.

II
--—

__Ay,

11111111111111111l,llllllllhmllll
Y,

Ill

(a) (b)

FIG. 16.19.—Scanning fluctuations of the echo from an isolated target. (a) Linear
receiver. (b) Limiting receiver,

16.7. Fluctuations Due to Scanning.-When the radar beam sweeps
over a simple isolated target, the received echoes vary from pulse to pulse
as shown in Fig. 16.19a. The envelope of the echoes is the antenna pat-
tern (voltage two ways), and the maximum pulse-to-pulse variation Ay
occurs at the point where the antenna pattern has its maximum slope.
Thus Ay can be readily calculated if a Gaussian error curve is used as an

approximation to the actual antenna curve. The result can be written in
the form

Ay 1.43

Yo=?l’
(7)

where y. is the maximum received voltage and n is the number of pulses
transmitted while the antenna rotates through an angle equal to the
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beamwidth (as measured between half-power points, one way). For
example, in the case of a 1° beam rotating at 6 rpm with a PRF of 1000, n
is 28 and Ag is therefore 5 per cent of yO. This represents the residue that
would be left after cancellation if a linear receiver were used.

In the next section it will be shown that a nonlinear receiver is neces-
sary in order to remove all the clutter from the PPI. Figure 16. 19b
shows the output of a simple limiting receiver; the maximum pulse-to-
pulse variation Ayl is less th,an before and occurs farther out on the
antenna pattern. The fluctuation is now given by the expression

Ay, = k

yl ~’
(8)

wherek is no longer a constant but depends on the ratio of maximum input
signal yOto the limit level vI, as shown in Table 16.3.

TABLE 16.3

yo

;1 k
10 5.1

100 7.2
1000 8.7

It will be noticed that k does not change much as the input signal strength
is varied over a wide range. This makes it easy to obtain removal of
clutter of varying size.

Now let us consider the fluctuations in the
case of extended ground clutter. The echo
from such clutter, as we have already seen in
Sec. 16.6, consists of the vector sum of the con-
tributions of a large number of scattering ele-
ments. As the beam sweeps over the ground,
new elements are illuminated and the old ones
pass out of the beam. Thus the signal fluctu-
ates in both amplitude and phase, as shown in
Fig. 16.20, where R is the signal voltage at a
given instant and R’ the value after one repeti-
tion period. The change from pulse to pulse is

/

r

R’

R

F I G 113.20 .-f5canning
fluctuation of the echo from
an extended target.

represented by the vector r. If it is assumed that the scattering elements
are equal in size and randomly distributed, it is not hardl to calculate the
ratio of the rms values of R and r. The result is

(9)

1A. G. Emslie, “ Moving Target Indication on ME~T, ” RL Report No. 1080,
Feb. 19, 1946.
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where ro and ROare the rms values of r and R, 0 is the beamwidth, n is
the number of pulses per beamwidth, and j(d) is the antenna pattern
(voltage two ways). For the case of a Gaussian antenna pattern, we
obtain the equation

To 1.66
K=T”

(lo)

It is convenient to analyze the fluctuation into an amplitude part and
a phase part. To do this we can resolve the vector r into two components,
one in the direction of R, the other at right angles to R. The rms value
of each of these components is rO/@. Thus the rms fluctuation in
amplitude is rO/@ and the rms fluctuation in phase is approximately
ro/ (Rov@). We can therefore write

Rms pulse-to-pulse amplitude fluctuation = = R,
n 42
1.66

(11)
Rms pulse-to-pulse phase fluctuation = — radians.

n ~$

These equations apply to the case of uniformly distributed scattering
elements. It might appear that a sudden discontinuity in the density
of scattering elements would cause a larger fluctuation. To see that this
is not so we can consider the integral { f[j’(e)]z de} ~~,which is proportional
to therms pulse-to-pulse fluctuation TO. In the case of a uniform distribu-
tion of scattering elements, the limits of integration are from – cc to + ~.
When there is a discontinuityy at an angle O,from the center of the beam,
the limits are O, to m, and the integral will be less than before since the
integrand is everywhere positive.

16.8. Receiver Characteristics. -Ideally, an MT1 system would
remove all clutter signals from the scope, maintaining the greatest possi-
ble sensitivity for moving targets both in the clear and in the clutter.
Practically, this is not always possible, because of clutter fluctuations,
the finite perfection of cancellation, etc. Under these circumstances, it
appears desirable to adjust the residual clutter, after cancellation, so that
it resembles receiver noise in amplitude and texture when it is presented
on the scope.

Clutter fluctuations already have an amplitude distribution like that
of noise, whether they are due to scanning or to the action of the wind.
Thus the only problem left is to reduce the rms fluctuation to the same
value everywhere. There are two ways of doing this, the first depending
on the nature of the amplitude fluctuations of the clutter, the second on
the nature of the phase fluctuations.

As we have seen, the rms fluctuation in amplitude is proportional
to the rms clutter amplitude. Thus if z is the size of the clutter at the
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input of the receiver, the total increment in amplitude can be written as

Ax=kx+N,

where kz is the amplitude component of the clutter fluctuation and N is
the component of the i-f noise vector in the direction of x. The output
fluctuation Ay is given by

Ay = $ Ax,

and we require it to be independent of the clutter amplitude z. Thus we
have

dy= K
z kx + N’

where K is the (constant) value of Ay. Integrating this equation with the
condition that y = O when z = O, we get the following expression for the
characteristic of the i-f amplifier:

(12)

For values of x giving a fluctuation kx considerably less than noise, the

characteristic is linear. For large values of x it is logarithmic. A
receiver with this characteristic is called a lin-log receiver.

The output of the lin-log i-f amplifier has to be added to the reference
signal and then detected. Since the clutter varies in phase as well as
amplitude, its phase variations are converted by the detector, when the
reference signal is present, into amplitude variations, which unfortunately
are not independent of the size of the clutter. It can be shown, however,
that no serious harm results if the reference signal level is kept somewhat
smaller than the maximum amplitude of the linear portion of the receiver
characteristic.

The second method of obtaining uniform output fluctuations depends
on the fact that the rms phase variation of the clutter is independent of
the size of the clutter. Thus all that is.required is a limiting i-f amplifier
to remove the amplitude variations, followed by a phase-sensitive detector
to convert the phase variations into uniform amplitude variations. To
obtain the maximum sensitivityy for targets moving in the clutter it is
necessary that the phase-sensitive detector should have a linear character-
istic—that is, the output amplitude variation should be proportional to
the input phase variation. This can be achieved by using a balanced
detector for mixing the reference signal with the output of the limiting
i-f amplifier.

The relative advantages of the two types of receiver will now be
considered. If the lin-log receiver is used, it is possible to dispense with
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the oscillator and amplifier shown in Fig. 16.11 and to send the i-f signal,

together with the reference signal, directly through the delay line. The

amplifier then works at the intermediate frequency used in the receiver.

These changes make the circuit simpler and avoid the problems of carrier

modulation and demodulation. However, the loss of freedom in the
choice of frequency for the delay line and the comparison amplifier is a
disadvantage. Also, the method is not suitable for “back-of-dish” radar
sets, since the i-f signals cannot conveniently be brought out through
slip rings. This method of using a lin-log receiver should be used only
when simplicity and compact ness are of prime import ante. In general,
such a receiver should be used in conjunction with an oscillator and
amplifier (Fig. 16. 11) in the usual way.

An important advantage of the limiting receiver is that the output
video signals have a i-ange of amplitude extending from noise only up to
the limit level. This small dynamic range makes it easy to design the
cancellation circuits. For the lin-log receiver, the dynamic range is 6 to
12 db greater under conditions of equal performance.

For general MTI use, the limiting type of receiver is to be preferred.
However, there is a type of MTI system in which moving targets are
detected in the clutter by the fluctuations which they produce in the
clutter amplitude. The lin-log receiver must be used in such a system,
since the limiting receiver cannot detect amplitude changes.

Some idea of the magnitudes involved in the receiver problem can be
obtained from Table 16.4. The fluctuations due to the wind were

TABLE 164.-FLUCTUATIONS DUE TO W’IND AND SCANNING

h,

cm

9.2
9.2

PRF

500
2000

Beam-
width,
degrees

1
3

Scanning Pulses per
rate, beam-
rpm width

4 21
4 250

Wind effect I Scanning effect

rms fluctuation rms fluctuation
rms total echo’ rms total echo’

db dh

–34 I –22
–46 –44

obtained from Table 16,2 for wooded terrain and a wind velocity of
25 mph. The scanning effect was derived from the formula for extended

clutter in Sec. 16.7. It will be noticed that the scanning effect predomi-

nates in the case of the low PRF and narrow beam, whereas the two

effects are about equal for the high PRF and wide beam. The fluctua-

tions in the first case are roughly 10 per cent, considerably greater than

the fluctuations due to instability of the components. On the other

hand, the fluctuations in the second case are only about 1 per cent and are

therefore negligible compared with system instability.
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Consider howalimitingr eceivershouldbe adjusted in each of these

cases. Since only thephase part of the fluctuation isselected, the fluctua-

tion of the video output is 1/v’2 or 3 db less than the total input fluctua-

tion, Thus the figure – 22 db becomes – 25 db at the output, which
means that the rms fluctuation in the first case is about ~ of the limit
level, Therefore, in order to obtain a PPI with uniform background, the
gain control of the receiver, ahead of the limiting stages, should be
adjusted so that rms noise is also ~ of limit level. “ Peak” noise is
then about $ of limit level. This adjustment of noise relative to limit
level is made while viewing the output of the limiting receiver on an
A-scope. JVhen this has been done, the video gain control is adjusted
so that the noise and canceled residue just show on the PPI. The MT1
photograph in Fig. 16.1 shows everything in correct adjustment so that
the residue of the clutter blends with the noise. The corresponding
photograph in Fig. 162 sho~vs a case of incorrect adjustment: receiver
noise is too large compared with the limit level. The result is that the
residue does not show on the scope and black “holes” appear where the
clutter ~vas. L’nder these conditions there is an excessive loss of sensi-
tivity for moving targets in the clutter.

In the second case (high PRF and broad beam) the predominating
fluctuations will be due to system instability and maybe of the order of 5
per cent (peak) if all the stability requirements are met. Thus peak
receiver noise should in this case be set at 5 per cent of limit level.

16.9. Target Visibility .—There are two problems to be discussed in
this section. The first has to do with the visibility of moving targets
when they are clear of the clutter; it includes consideration of undesirable
targets, like clouds, as well as desirable targets such as aircraft. The
second problem is concerned with the visibility of moving targets that
occur at the same range and azimuth as ground clutter.

Targets in the Clear.—lYe have seen in Sec. 16.2 that the video pulses
from the 31TI receiver, in the case of a moving target, are amplitude-
modulated at the doppler frequency .f,i. Thus the pulse amplitude at a
given instant t is given by

~1 = yn COS %jd!.

For the next pulse,
y, = ?/0 Cos 2TfJ(f + z’).

The canceled video pulse is therefore

()y = yl – YZ = 2yo sin (7rf~T) sin 27rfcf t + ~ . (13’,

Thus the canceled pulses also exhibit the doppler modulation frequent}
and have an amplitude

yj = 2yo sin (rj,jT). (14)
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This expression is zero when fd is a multiple of the PRF and, since
j, = 2v/~, the first “blind” speed is given by

f,T = 2~T = 1,

or
A Af,

“=27=5’
(15)

where j, is the PRF. In other words, the target appears to be at rest

when it travels a distance x/2 (or a multiple of h/2) between pulses,

Numerically,

First blind speed = Xj,/89 (A in cm, speed in mph) (16)

Going back to Eq. (13) we see that the average canceled signal, after
rectification, is given by

M = : ~olsin (~.fdT)l (17)

We have to compare this amplitude with that of noise after cancellation.

The noise amplitude in the delayed channel is completely independent of
that in the undelayed channel. We must therefore add the noise powers
in the two channels, obtaining an increase of @ in noise amplitude after
cancellation. Hence the change in signal-t~noise ratio caused by the

addition of MT1 is represented by

! !;~~ ‘he fact~~lsin.Tl 1~
Radialveloc,ty of target

FIG. 16.21.—Responsecurve for target
in the clear. The first blind speed has the The numerical factor is about 0.9.
value kj, /89 (X in cm, speed in mph). Thus MT1 causes scarcely any 10s8

for a target moving at the optimum speed but does cause a loss at other

speeds. Figure 16.21 shows the voltage response for MT1 relative to the

res~onse for a normal radar set.

‘It will be observed that the response at small speeds is proportional

to the speed v. It can be written as follows:

Response
Llax. response

z ~jdT = = Z,
VI

(20)

where VI is the first blind speed. As an example, consider a set with
A = 9.2 cm and~, = 2000 pps. Then from Eq. (16) we have v, = 206 mph.
For a storm cloud traveling radially at 30 mph, the ratio in Eq. (2o)
becomes 1/2.2 or – 7 db, whereas Table 16.2 shows that the fluctuation due
to internal motion of the cloud is only – 17 db. From the MTI point of
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view translational motion is more serious than the internal motion of the
cloud. It should be noticed that the two effects change together as the
PRF is varied.

A question of some interest is the following: If a target of given size
can have any radial speed with equal probability, how often will it be
detected? Let us suppose that the target, when moving at one of the
optimum speeds in Fig. 16.21, gives a signal N times as large as the mini-
mum detectable signal. Then the relative response at other speeds is
given by

N sin (r~d!’).

The target will be seen as long as this quantity is greater than unity; the
probability of this being the case is

T

2

N= {::: fle:e;f::ignd

FIC. 16.22.—Probability of seeing a
moving target.

(21)

FIG. 16.23.—Moving target in clut-
ter: clutter = R; target = s; target at
next pulse = s’; variation between
pulses = r-.

A plot of this expression is shown in Fig. 1622. The probability is 0.5
when N = @; consequently in this sense we can say that MTI causes
an average loss of <~ in voltage or 3 db. 1

Targets in the Clutter.—We have seen in Sees. 16.6 and 16.7 that the
fluctuations of extended clutter, whether due to the wind or to scanning,
have noiselike character. This “clutter-noise” is what appears on the
MTI scope at places normally occupied by the clutter, and it is adjusted
to be equal in brightness to ordinary noise. A moving target in the

1The above discussion neglects the fact that the phase-sensitive detector reduces
the noise voltage by v’% Thus Eq. (18) shOuld he m~lltiplied b.v W, aS shOtlld
the ordinate of Fig. 16.21. The abscissa of the hiTI curve of Fig. 16.22 shoul,i be

divided by ~. Use of MTI may thus entail no average loss.
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clutter has to compete with the clutter-noise in much the same way as a
target intheclear competes with ordinary receiver noise. Figure 16.23is
a vector diagram for a moving target in the clutter. The pulse-to-pulse
variation r in the resultant vector has both amplitude and phase com-
ponents just like the clutter fluctuations. The magnitude of r can easily
be obtained from the fact that s rotates with the doppler frequency jd.

Thus the angle betweens and s’ is 2rf,T, and accordingly

r = 2s sin (mf~T). (22)

This equation, which is the same as Eq. (14), shows that blind speeds
also exist for targets in the clutter. If we take the arithmetical average
of Eq. (22) for all speeds, we get

4s~=—.
7r

(23a)

If, on the other hand, we take the median with respect to velocity, which
is the average that we took in the case of targets in the clear, we get

? = ~2s. (23b)

Since the two values of ? differ by only 10 per cent or about 1 db, it does
not matter which we take. The value given by Eq. (23a) is also the

arithmetical average for the case of a noncoherent signal from a signal
generator. Measurements can therefore be made without appreciable
error by using the signal from a signal generator instead of that due to an
actual target.

A moving-target or signal-generator pip can be expected to be visible
on the PPI if ? is at least three times the rms clutter fluctuation r~.
Using Eq. (23a), this condition can therefore be written as

37r
s = — rO = 2.4r0.

4
(24)

That is, the signal amplitude should be 8 db larger than the rms clutter
fluctuation.

It is convenient to express the visibility condition in terms of the rms
clutter amplitude RO instead of the rms fluctuation. In the case of
scanning effects this leads, with the help of Eq. (10), to the following sim-
ple relationship:

Lo=: (scanning), (25)
s

where n is the number of pulses per beamwidth. In the case of wind
effects, we have, from Eq. (6),

(26)
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As is pointed out at the end of Sec. 16.6, the dependence on x is only

approximate.

The ratio Ro/s, which can be called the ‘‘ subclutter visibility,” gives
a measure of the performance of an MT1 system. When scanning and
wind effects are present together, along with the effect of system instabil-
ity, we have to go back to Eq. (24) and write it as

S = 2.4(r&c.m,,,n.+ ~~w,nd + &.m.rn); ‘, (27)

since the three fluctuations are independent of each other. A-ow each
fluctuation is proportional to the size of the clutter. Thus we have

R, = 1—

( )

),~ (28)
s

~+~
1

K~n’ <K;A2j~ + E:

where the terms in the denominator refer respectively to the effects of
scanning, wind, and system instability. The quantities Kl and K2 are
constants, but Ks may depend somewhat on A and f,. For example, it is
probably harder to stabilize the local oscillator at 3 cm than at 10 cm.
Again, Eq. (3) shows that the repetition rate enters into the stability
condition. However, we shall assume, for simplicity, that the over-all
system instability is independent of A and jr.

16s10. Choice of System Constants.-The following are the objectives
in the design of a ground radar set with MT1:

1. Ylaxlmum sensitivity to moving targets in the clutter.
2. Maximum sensitivity to moving targets in the clear.
3. Maximum cancellation of undesirable moving objects, such as

clouds.
Some of these objectives are in direct conflict with the normal aims of

a radar set. For example, a broad beam and slow rate of scan will reduce
scanning fluctuations and therefore help the first obfective, but will
decrease resolution and hamper the rate of flow of information. Because
of this, MT1 should be integrated into the radar set from the start and
not added as an afterthought.

S’ubchdter Vi.sibik@-From Eq. (28) we see that the subclutter
visibility can be increased by increasing n and A.f,,but that nothing much
is gained by going greatly beyond the point where the scanning and wind
fluctuations are equal to those due to system instability. A well-de-
signed system might have an rms instability of 2 per cent, in which case,
from Eq. (24), the greatest possible subclutter visibility is 26 db. There
is then no need to make the individual subclutter risibilities for scanning
and wind greater than 30 db. For the case of scanning, that means, from
Eq. (25), that n does not have to be larger than 120 pulses per beamwidth.
Again, from Eq. (24), therms wind fluctuation should be less than 22 db.
This happens to be the value for wooded terrain when A = 3.2 cm and
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f, = 500 and the wind velocity is 25 mph, as is shown in Table 16.2.
Thus, kj, should be about 1600 for this particular wind speed. In gen-
eral, it is easy to obtain the required figure for Aj,, but not for n, witho’ut
sacrifice elsewhere. Scanning fluctuations are the principal difficulty in
MTI design.

The quantity n is proportional to beamwidth and PRF, and inversely
proportional to scanning rate. It has the value 120 for a PRF of 720 with
a 1° beam rotating at 1 rpm. Although this set of constants satisfies the
condition above, the scanning rate is too slow for many purposes. To
attain greater rate without losing subclutter visibility, either the beam-
width or PRF must be raised; the alternative is to take a loss in subclutter

~
o 100

Radial speed in mph

FIG, 16.24,—Distribution of rachal
speeds for random aircraft, assuming
all ground speeds equally likely in
rarige 100 to 400 mph and all direc-
tions equally likely.

visibility, which may be the best solu-
tion in some cases. For example, if the
targets are all larger than the clutter, a
subclutter visibility of zero db is suffi-
cient. In that case the scanning rate can
be raised to 30 rpm. It is, therefore, of
considerable importance to use all possi-
ble methods of decreasing the size of the
clutter relative to the moving targets,
such as shaping the beam in elevation,
using short pulses, and choosing the site
carefully.

Blind Speeds.—It has already been
seen that MTI causes an “average”
loss of about 3 db when all radial speeds
are equally probable. 1 This is true no
matter where the blind speeds happen
to fall. We are interested, however, in

targets such as airplanes and clouds which have non-uniform distributions
of radial speeds, and would like to know the best values of the blind
speeds in these cases.

Figure 16.24 shows the distribution of radial velocities for airplanes
whose ground speed can have any value between 100 and 400 mph with
equal probability and whose direction of flight is random. It is hard to
choose the best blind speeds from this graph. There will probably be
an average loss 1 of about 3 db, as in the case of a uniform distribution,
whether there are many blind speeds in the interval O to 400 mph or
whether the first optimum speed comes at, for example, 400 mph. The
choice of blind speeds is of no particular consequence, per se; but there
may be special cases, such as airport traffic control, where the radial speed
can be regulated. Blind speeds can then be chosen accordingly.

1See footnote on p. 651...
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To get the greatest cancellation of an undesirable moving object, the
first blind speed, v,, should be made as large as possible. For exampie, if
U1is 30 times the radial speed of the object the response will be 10 per cent
of the maximum value, by Eq. (20). In the case of clouds moving at
30 mph, that gives us VI = 900 mph, which is a suitable value as far as
Fig. 16.24 is concerned. Since v, = Xj,/89, it can be seen that such a high
value of VIis obtainable, when a normal PRF is used, only by going to a
wavelength of the order of 100 cm. For microwave frequencies, therefore,
one can scarcely reduce storm echoes by more than about 10 db.

In the detection of ships, whose velocities are comparable with those of
clouds, it might be thought that the ships would be canceled along with
the clouds. This is not so because ships, when within the horizon, give
much larger signals than clouds, and still show up strongly after a 10-db
cancellation.

MOVING-TARGET INDICATION ON A MOVING SYSTEM

16s11. Compensation for Velocity of System.—Figure 16.25 shows
what has to be done to compensate for the velocity of the station when a

system is carried on a ship or airplane. The phase-shift unit shown in a

changes the phase of the reference signal at the same rate as that at which

the phase of fixed echoes is being changed by the motion of the station.

The effect is to give the station a virtual velocity which cancels the actual

velocity.

Figure 16.25b is a block diagram of the phase-shift unit. An oscillator

supplies a signal at the doppler frequency which is mixed with the refer-

ence signal. The upper sideband is then selected by a crystal filter. The

addition of the doppler frequency to the reference signal is equivalent to

shifting the phase of the coherent oscillator at the rate of je! cps. It is to

be noted that this is not the same as merely tuning the coherent oscillator
to the frequency fc + ~~, since the phase shifter is applied after the oscil-
lator is locked. Full details on the phase-shift unit can be found in a

report by V. A. Olson. 1

The doppler frequency depends on the radial component of velocity

and is therefore proportional to the cosine of the azimuth angle. It is

necessary to vary the frequency of the doppler oscillator automatically

as the antenna scans.

In an airborne set, there is a further complication due to the fact that

the radial velocity depends on the depression angle, which means that

the doppler frequency of the ground clutter varies with the range. In

consequence, the phase-shift unit cannot be used for clutter at large

LV. A. Olson, “ A Moving Coho Conversion Unit, ” RL Report No. 975, Apr. 3,
1946.
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depression angles; some other method must be used, such as the nonco-
herent method now to be described.

16.12. The Noncoherent Method. -We have already seen in Fig.
1619 that a target moving in the clutter produces a resultant echo that
varies in both amplitude and phase. To detect the amplitude variations,
all that is required is a receiver that does not limit—that is, one with a
linear-logarithmic response. Since no coherent reference oscillator is
used, this is called the noncoherent method of detecting moving targets.
The ground clutter itself acts as the reference signal,

Modulator Transmitter TR I

r I

Mixer
Stable local

oscillator
Mixer

1
Signals

Coherent Phase shift Reference
oscillator

Receiver
unit signal

(a) t

Reference signal j, f.+ fd ~c+~d_Phase.shifted

from coherent Mixer
fc-f,

Filter
reference signal

oscillator

f.h Doppler
frequency
oscillator

(b)

FIG. 16.25 .—MTI on a moving system. (a) Block diagram of system showing location
of phase-shift unit. (h) Simplified block diagram of phase-shift unit

In the noncoherent method the local oscillator does not have to be
stabilized since phase changes are not to be detected. Ho~\-everj the
transmitter must have the same stability as in the coherent method
because the overlapping ground clutter beats ~vith itself if the transmitter
frequency varies from pulse to pulse. As shown in Table 16.1 the stabil-
ity requirement is not at all severe.

Another great advantage of the noncoherent method is that it works
even when the radar set is carried on a moving station. This is because
the set is sensitive only to amplitude fluctuations, whereas the motion of
the station causes mainly phase changes in the received echoes. An
amplitude effect, due to the finite beamwidth, will be discussed later.
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The simplest way of employing the noncoherent method is to use an
A-scope presentation and watch for echoes that are fuzzy on top. This
type of echo indicates the presence of a moving target in the clutter
at the range shown on the scope. The scheme is useful only when very
slow scanning can be tolerated. An alternative indication can be
obtained by gating off all but a short portion of the A-sweep and putting
the output through a pair of headphones. A moving target within the
“gate” then produces a musical note in the phones.

A more useful arrangement is to put the video output through the
usual cancellation circuits and display the moving targets on a PPI.
With such equipment in an airplane, roads will show up on the scope as
intersecting lines of dots due to the moving vehicles.

The drawback to the noncoherent method is that a moving target can
be detected only when there is ground clutter at the same range and
azimuth as the target. Thus although the method works well out to the
range where the clutter begins to get patchy, beyond this range moving
targets become lost in the clear places. A plan for overcoming this
difficulty is to have noncoherent operation for short ranges and coherent
operation for long ranges. This can be accomplished by gating off the
coherent reference oscillations for the required number of miles at the
start of each sweep. Since the station is moving, it is necessary, during
the coherent part of the sweep, to compensate for this motion. The
method of doing this has been described in the preceding section.

16.13. Beating Due to Finite Pulse Packet.—In addition to the
fluctuations due to scanning and wind, there is another kind of fluctuation
when the system is moving. This arises from the fact that the clutter
elements illuminated by the beam at a given instant do not, because of the
spread of radial velocities within the finite illuminated area, all have
the same doppler frequency. Signals from clutter will therefore beat
with each other at frequencies up to ~1 = 2 Au/A, where AU is the spread
in radial velocity.

Let v be the velocity of the system and 0 the azimuth angle. Then the
radial velocity is o cos O, and thus we have

AU = –v9 sin 0 for O>> 8,

where e is the beamwidt h. If the beating is represented by a factor cos
(2m~,t),then the fractional change in amplitude from pulse to pulse is of
the order 2Kjl/.f,, which can be written as % Av/(V,) or % AV/VI, Where V1
is the first blind speed as defined in Sec. 16.9. For example, suppose

v = 300 mph, VI = 800 mph,
EI = 2° = & radian, e = 90°,

Then AU = 10 mph and the fluctuation is 8 per cent.
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above equation for AU no longer holds and we have

AU = @z for 8 = O.

For v = 300 mph and O, = ~. radian, as before, we get AU = ~ mph,
showing that the fluctuations are negligible when the antenna is pointing
straight ahead.

When the system is carried in an airplane there is an effect due to the
depression angle as well as the azimuth effect just discussed, Since the
beam is usually broad in a vertical plane, the range of depression angles
within the illuminated area of clutter is limited by the pulse ~vidth.
Under these conditions the spread in radial velocity is given by

w sins d cos O

‘L’ = m
for @ <<90°,

Cos ~

where r is the pulse length (in feet), h the altitude, @ the depression angle,

and O the azimuth. For , = 1000 ft (1 Asec), h = 10,000 ft, @ = 45°,

0 = O, v = 300 mph, we get AU = 8 mph, which is about the same as the

above value for the azimuth effect.

For very large depression angles, the formula becomes

,—

For v = 300 mph, 7 = 1000 ft, h = 10,000 ft, we have AL’ = 100 mph,
illustrating that \-cry large fluctuations are present in the clutter immedi-
ately below the airplane.

COMPONENT DESIGN

The JIT1 systems designed at the Radiation Laboratory have been

at 10 and 3 cm. For that reason, the discussion of tl-piral components

given here \vill be in microwave terms, despite the fart that JITI methods

are useful with radar systems operating at longer Tvavelrngth. The com-

ponents that \rill be described have been chosen to illustrate recent de~-el.

opments or the breadth of possibilities, or to supplement the detailed

treatment ~f the components elselvhere in the Radiation Laboratory

Series.

16.14. The’ Transmitter and Its Modulator.—Thc transmitter stability

requirements, specified in Sec. 16.5, can be met by magnetrons of existing

design. The 10-cm magnetrons that have been successfully tried for

LITI are the type 2,J32, the type -LJ17, and the type 70(; C’1”. :lt 3 cm,

the type 2J42 has been used. JIost experience a~-ail:lble up to 1940 has

been with the 2,J32, lyith the 2J32 and a hard-tube mtxiulator, fre-

quency modulation ~vithin a pulse ne~er reaches an objectionable !cvel
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when amplitude modulation is avoided. Information on this point is nut
available for the other types.

Magnetron frequency pulling with antenna scanning can be objection-
able with any type of tube. It may be caused either by imperfect rotary
joints or by obstacles in front of the antenna. If the pulling is slow com-
pared with 10 Mc/sec2 (see Table 16.1), ground clutter will remain can-
celed at all azimuths. However, when the absolute detuning becomes
excessive, moving targets will be lost owing to their high video spectrum,
as is explained in Sec. 16.5. This type of detuning is particularly
insidious.

Objectionable modulation of the transmitted pulse by the use of
60-cps power on the heater has been observed with the type 4J47. This is

probably caused by the magnetic field .of the heater current. No such

difficulty has been found with the 2J32, owing apparently to the design

and construction of the heater. Three methods of avoiding this modula-

tion are available. At high PRF’s the heater current can be turned off

after starting the system, since the cathode temperature will be main-

tained by bombardment. Alternatively the PRF can be made an exact

submultiple of the power-line frequency. Since neither of these methods

can be generally applied, it will sometimes be necessary to operate the

magnetron heater on direct current. Heater hum modulation should

eventually be made a matter of tube-manufacturing specification.

The use of a supersonic delay line necessitates a constancy of PRF to

& of a pulse width. This is the most severe new requirement placed by

MTI upon the modulator. It has been successfully met by hard-tube
and by hydrogen-thyratron designs. In their current state, triggered-
gap modulators were not quite adequate for MTI systems in 1946. Since
little effort had been put upon the jitter problem, it seemed reasonable to
expect that triggered gaps can be considerably improtied. The rotary
gap can be used for MTI only if a storage tube serves as delay element.

16.15. The Stable Local Oscillator.-Two types of 10-cm local
oscillator tubes have been investigated: the type 417 and type 2K28
reflex klystrons. The 417 has a built-in cavity and is therefore more
microphonics than the 2K28, which has a remountable cavity. However,
the external cavity gives the 2K28 a lower Q, which causes larger noise
fluctuations and greater sensitivity to external 60-cps magnetic fields.
Both tubes show frequency modulation when the heaters are run on a-c
power.

The 2K28 was chosen for incorporation into the local oscillator unit
shown in Fig. 16.26. The outer metal case of this component is lined with
sound-proofing material. The parts within are mounted on a metal
base-plate which is in turn supported by four circular shear rubber shock
mounts of conventional design, not visible in the photograph.
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The oscillator tube is mounted, with its axis vertical, in a blackemd
mu-metal shield visible to the left. A single pickup loop is connected to
two lines via a decoupling fitting. A tunable echo box (Johnson Service
Company Model TS-270/UP) is coupled to the oscillator by a rotatable

““***** ● 9-W*,

****9,*** ●*1
** ***.*.4 9*

loop, the lever arm of which is visible close to the oscillator. An echo-
box crystal-current meter is of value in making tuning adjustments.

The remote power supply uses conventional electronic regulation. A
simple RC-filter at the oscillator isolates the reflector electrode. Heater
power is furnished by a dry-disk rectifier and high-current filter.

The optimum value of echo-box coupling varies for different fre-
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quencies and different oscillators. If this coupling is too loose, frequency
instability will result. If the coupling is too tight, tuning will be difficult
and the power output from the local oscillator will be reduced. It must
be possible to obtain two to three times the mixer current that will
actually be used. When restarting a correctly tuned oscillator, it maybe
necessary to vary the reflector voltage slightly up and down to cause the
echo box to lock in.

A microwave discriminator circuit developed by R. V. Pound’ gives
promise of overcoming many of the difficulties of the simple echo-box
stabilizing arrangement. Measurements of local-oscillator stability at
3 cm, as reported below, show that this system of stabilization might be
adapted to MT1.

TABLE 16.5.—TYPIcAL LOCAGOSCILLATOR STABILITIES
(

Descriptionof oscillators compared. (cf. Sec.
Frequency average

Frequency band
16.21) of ~, (Kc/secZ) to half-power, cps

Two identically shock-mounted type 417 re- 79 1300
flex klystrons (10 cm) without stabilizing 61 250
cavities 50 140

Two identical type 2K28 reflex klystrons (10 168 I 1300
cm), without stabilizing cavities, in a quiet 100 250
room I I

Same tubes as above, one stabilized

1

137 I 1300
6S 250

Same tubes, both stabilized 1.4 250
1.4 140

TWO other stabilized tubes of same type in a 3 250
quiet room (more typical value)

Two such oscillators; 60 cps a-c heater power 36 I 250
used for one

Two such oscillators operating in an SCR- 10
584 truck

Two such oscillators operating in the radio 70
compartment of a B-17 aircraft after some-
what improved shock mounting

Two type 2K25 reflex klystrons (3 cm) in the 20
laboratory with echo-box frequency control

: Described in detail in Chap. 2 of Vol. 11 of the series,
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Equation (3), giving the allowable rate of frequency drift in the local
oscillator, was based on the assumption that the frequency was changing
at a constant rate. Most frequency deviations are not of this simple sort.
They are more likely to be periodic or random, with a superimposed uni-
form drift. The rate of change of frequency can be expressed by a
Fourier spectrum and the total phase error determined by superimposing
the contributions resulting from each of the Fourier components. These
components are not all equally harmful to MTI performance. A fre-
quency modulation exactly synchronized with the PRF or any multiple
thereof would cause no MTI phase error whatsoever. The phase of
ground clutter at a particular range would be shifted by a given amount
from its value in the absence of the frequency modulation, but the shift
would be constant for successive transmitted pulses.

It has been shown’ that the rate of change of oscillator frequency
averaged over all modulation frequencies can be used in place of the
simple d~/dt of Eq. (3) as a figure of merit for local-oscillator stability.
Table 16.5 shows some typical figures on local-oscillator stability.

16.16. The Coherent Oscillator.-Locking at radio frequent y has
been accomplished at 10 cm, but its feasibility for field service is yet to be
investigated. The relative ease and dependability of i-f locking have
resulted in its use for all coherent microwave systems of the past. This
section will discuss oscillators that receive an i-f locking pulse and deliver
an i-f reference signal according to the arrangement of Fig. 16.9.

The Locking Pulse.—If the phase-locking is to be constant from one
pulse to the next with a precision of 1°, the carrier-frequent y packet that
does the locking must be unusually free of random components. These
may arise from several sources, of which the most likely is the transmit-
receive switch. The gaseous arc discharge in the TR tube generates noise-
like oscillations. These may reach the coherent oscillator by passing
from the signal mixer, via the local oscillator, to the locking-pulse mixer.
The available remedies are the use of loose mixer coupling, lossy local-
oscillator cable, and separate pickup loops in the local-oscillator cavity.

Another cause of random components in the locking pulse is excessive
r-f pulse amplitude at the locking mixer. If the r-f pulse exceeds the
level of the local oscillator, self-rectification will take place, yielding a
video pulse that will have noncoherent components at the intermediate
frequency. Even though an effort has been made to reduce the r-f pulse
amplitude, this trouble may persist in a subtle form. If the attenuator
preceding the locking mixer is of the simple ‘‘ waveguide-beyond-cutoff”
variety, it may allow harmonic frequencies, generated by the transmitter,

1S. Roberts, “A Method of Rating the Stability of Oscillators for MTI,” RL
Report No. 819, Oct. 16, 1945.
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to pass to the mixer with so little loss that their amplitude is comparable
to or greater than that of the fundamental frequency.

A further source of locking trouble is statistical noise. If a simple
cable-coupling circuit is used in the absence of a locking-pulse preampli-
fier, care must be taken to maintain adequate pulse amplitude.

Circuit Design.-Any conventional type of freely running oscillator
can be phase-locked by injecting into its tuned circuit a sufficient y large
carrier pulse. There is a certain degree of incompatibility between the
requirements that the oscillator be extremely stable and yet precisely
phasable. A simple method of reconciling these requirements is to stop
the oscillator completely before each radar transmission so that the lock-
ing pulse is also a starting pulse. By this process, all previous phase
information is destroyed and the locking pulse is required to overwhelm
merely the statistical noise fluctuations present in the oscillator tuned
circuit. The stopping of the coherent oscillator can be accomplished by
applying a bias “gate” perhaps 100 psec before each transmitted pulse.
This gate is released just before, during, or just after the locking pulse,
while the resonant circuit of the oscillator is still ringing. The amplifying
circuits that precede the oscillator can be made reasonably narrow since
pulse shape is unimportant. These circuits must be broad enough to
allow for local-oscillator detuning and to maintain a large locking-pulse-
to-noise ratio. It is advantageous to use a bias slightly beyond cutoff
in a late amplifying stage in order to suppress any spurious low-level
oscillations which, by their persistence, might introduce an appreciable
phase error either before or after locking. The actual injection of the
locking pulse into the oscillator might be accomplished in any of several
ways, including the use of an extra oscillator control grid. The most
flexible method and the one most widely used is the connection of the plate
of a pent ode injection-tube across all, or part of, the LC-circuit of the
oscillator.

The oscillator itself must be designed with considerable care. The
resonant circuit must have a high Q. Input and output loading must be
held to a minimum. Heater hum modulation must be minimized by
keeping the d-c and r-f impedance between cathode and ground as smali
as possible. The oscillator tube must be of a nonmicrophonic type. The
circuit as a whole must be rigidly constructed and shock-mounted,
Power-supply ripple must not exceed a few millivolts. When these
precautions are observed, free-running stabilities of around 1 kc/sec2 can
be obtained at 30 Me/see. A typical oscillator with its preceding and
following stages is shown in Fig. 16.27.

Phase-shift Unit.—Figure 16.28 shows, in more detail than the simpli-
fied diagram of Fig. 16.25b, the arrangement of the phase-shift unit
required for MTI on a moving system. For station motion up to 400 mph,
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the doppler frequency at 10 cm will vary from plus to minus 3500 cps.

The way in which this frequency is added to the reference signal is shown

in the diagram. The doppler oscillator receives a shaft rotation and

H
+100

+250

* IGate Reference
signal

r-c)----——---

Lli!*=looo##f
=

Fm. 16.27.—A typical 30-Mc /see coherent oscillator circuit.

delivers a linearly related frequency with an absolute accuracy of 2 cps.
This oscillator is similar to the General Radio Type 617-c Interpolation
Oscillator. The single sideband rejection requirements for the carrier
and unwanted sideband are very severe. The quartz filter was designed
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FIG, 16.28.—Block diagram of a phase-shift unit.

by Bell Telephone Laboratories. Pending delivery of the latter, the
circuit was tested by means of LC-filters with one additional mixing
step, and found to cancel target motion satisfactorily. The absolute
accuracy of the circuit from the shaft of the doppler oscillator is about
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~ mph at 10 cm. Full circuit information can be found k a report
by V.A. Olson.’

16.17. The Receiver.—Two types of receiver characteristic have
been discussed in Sec. 168. The lin-log type is necessary in a noncoherent
system, and the limiting type is best for coherent systems.

ThA Lin-log Charoxteristic.-A linear-logarithmic characteristic is
linear for small signals and limits in a specified gradual fashion for large
signals. A method for achieving this response is shown in Fig. 16.29.
Output signals from several successive i-f stages are combined. At low
signal levels, the last stage delivers a linear signal in the normal fashion,
the output from the preceding stages being negligible. As the signal level
increases, the output signal of this last stage reaches a saturation level

Reference

If echo signal
[f amplifier

1
signal

t ! I
Detector Detector Detector

I

t t t

Video Video I Video
amplifler amplifier amplifier

I I t
Video output signal

FIG. 16.29.—Circuit to give lin-log response,

above which it cannot rise regardless of further input-signal increases.
At this point the output signal from the preceding stage has become
appreciable; it continues to increase with increasing input signal. NOW,
however, the increase in output-signal level is at a slower rate because the

gain of the last stage is not available. Eventually the second stage

overloads and the third from the last becomes effective. The ampli-

tude response curve of such a circuit can be adjusted to be accurately

linear-logarithmic. 2

The Limiting Receiver.—The block diagram of a typical limiting

receiver is shown in Fig. 16,30. The arrangement is one that might ,be

appropriate to a system employing a l-psec pulse width and an inter-

mediate frequency of 30 Me/see. The requirement that the amplitude

response show no inversion above the limit level is one not ordinarily met

1V. A. Oleon, “A Moving Coho Conversion Unit, ” RL Report No. 975, Apr. 3,
1946.

z The design problems involved in this and other MTI receiver circuits are dis-
cuaaedin Vol. 23, Chap. 22.
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by radar receivers. It will be noticed that several extra stages are neces-

sary to obtain this type of limiting. The coherent oscillator circuit has

already been described. The function of the “coherent oscillator locking

test” channel will be discussed in Sec. 16.21.

.—— ————————.——.
To , I

normal Lownoise I

receiver
amplifier

I

L—––R:m~eYYl@~: ___ ~ =

S,gnal
mixer

I gating system——— —— —________

FIQ. 1630.-Block diagram of a typical MTI receiver: i-f limiting; balanced detector;
intermediate frequency 30 Mc /8ec; l-p.sec pulBes.

Figure 16.31 shows the circuit of the balanced detector, which con-

verts phase changes at the input into amplitude changes at the output

with a fair degree of linearity. 1

I The thsory of the circuit is given in Vol. 23, Chap. 22.
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16.18. The Supersonic Delay Line.—The principal elements of a

delay line are the transmission medium and the electromechanical trans-

ducers. Because of the bandwidth required, MTI delay lines have been

FIG. 16.31.—Circuit of a balanced detector,

operated with amplitude-modulated carrier frequencies in the region of

15 Me/see. The transducers consist of piezoelectric quartz, X-cut and

optically polished. The two transmission media so far used are mercury

FIG. 16.32.—A supersonic mercury delay line of variable length.

and fused quart z. The principal factors encountered in line design have
been treated in detail elsewhere’ and will be briefly reviewed here.

Liquid Lines.—The simplest delay line is a straight tube with parallel

transducers at the end. A laboratory design of mercury line has been
shown in Fig. 16.10. A model for field use is shown k Fig. 16.32. The

1Chap 6, Vol. 17; Chap 24, Vol. 19, Chaps.13, 14, Vol. 20.
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latter line is variable in length over a small range to compensate for tem-

perature changes or to allow the use of MTI on more than one beam of a

synchronized multibeam system. The screw thread and sliding alignment

surfaces are external to a stainless-steel bellows whose length is three-

quarters the length of the delay line. The mean delay is 586 ~sec.

FIG. 16.33.—A folded mercury deIay line.

The line, with expansion chamber
and electrical end housings, is

shown shock-mounted in a ther-

mally insulated b ox. T his line
was designed for use at 30 Me/see.
Quartz-to-quartz parallelism is

maintained to 0.03°
A straight tube having the

length necessary for 1ow-PRF sys-
tems would be inconvenient for

field use. Sever a 1 methods of

folding delay lines have been suc-

cessfully used, one of which is

shown in Fig. 16.33. In addition

to the intersecting truss members,

there can be seen six vertical tubes.

Four of these constitute the signal

delay line; the other two, the

trigger- generating line. Begin-

ning at the end cell on the nearest

top corner, the signal passes down

the nearest tube, is reflected t wice, passes up the tube next left, etc., until

after six reflections it enters the cell at the extreme right. The trigger

line is half as long, giving rise to a double-frequency trigger which is

divided electrically.

This type of line is relatively easy to make. The two end surfaces of

the main assembly are ground flat and parallel after welding. The

tolerance in parallelism is eased for the critical signal line by the auto-

collimating effect of the three reflector blocks. Freedom from warping is

insured by the use of hot-rolled steel and by annealing. The corner-

reflector blocks are precision-ground pieces, but of a shape familiar to a

tool-making shop. These reflectors bolt without gaskets to the main end

plates beneath the visible housings. Thus, the only gaskets that might

affect alignment are those beneath the end cells. Air is removed from the

line; thermal expansion is accommodated by a bellows within the cylindrical

housing on the side of the line. A positive pressure is maintained so that

any leakage is outward. The line normally operates with end cells down-

ward so that small remaining air bubbles will collect above the corner
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reflect ors out of the path of the beam. The tubing has an inside diam-
eter of ~ in. The total signal delay is 1000 ~sec. The carrier frequency

is 15 Me/see, and the pulse length is ~ psec.

Another delay-line arrangement that is feasible but has not seen field

service is the mercury tank. A quartz plate oscillating in a large volume

of mercury will generate a “free-space” beam whose width can be cal-

culated from diffraction theory. If such a beam is incident upon a wall

of the mercury container, it can be specularly reflected without appreci-

able loss, providing the angle of incidence is sufficiently large. Labora-

tory delay lines have been constructed consisting of a mercury-filled tray

within which a supersonic beam is repeatedly reflected from the side

walls in any of a variety of geometrical patterns until the beam reaches the

receiving quartz. Designs that have been proposed in the past have

appeared inferior to the folded line as regards weight, size, or ease of

construction, and have consequently not been pursued to the engineering

stage.

Z’he Fused Quartz Line .—Solid media offer difficulties not encountered
in liquids. The uncontrolled transfer of energy between compressional

and transverse modes will give rise to pulse distortion and multiple

echoes. Such difficulties may occur at the boundaries of the material or

at points of inhomogeneity. Since sound velocity in solids is greater than

that in mercury by a factor of about 4, the beam spread is greater and the

delay path longer. However, a 420-~sec line giving acceptable perform-

ance has been made of an annealed fused quartz block 6 by 17 by 1S cm.

This line operated at 15 Me/see with a pulse length of less than 1psec. .kn

internal reflection pattern was employed which resembled the pattern of

the liquid delay tank, but use was made of the specific elastic properties of

fused quartz to achieve a controlled transfer of energy between compres-

sional and transverse modes. The result was that the energy in the

transverse mode could be reduced to zero after each group of three

reflections. Although much engineering remains to be done, it is possible

that delay times can be extended to 1000 or ‘.2000 psec by the use of

larger blocks.

End Cells.—The various ways of mounting the quartz crystals maybe

classified according to whether the backing behind the crystal is intended

to absorb or to reflect. Spurious echoes may reach the receiving crystal

in either of two principal ways. If the vibratory signal enters the backing
material it may emerge later, unless care is taken to absorb or disperse the
energy. On the other hand, if the energy is predominantly reflected at the

surface of both end cells by the use of a mismatching material in contact

with the piezoelectric quartz, the signals may return to the receiving end a

second time after reflection, first from the receiving and then from the

transmitting quartz.
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The end cell shown in Fig. 16.10 is highly efficient as an acoustic

absorber but is useless outside of the laboratory because the unsupported
quartz plate can be cracked by standing the line on end. Several methods
of supporting the crystal from the rear while retaining the mercury as a

backing medium have been tried. A more promising approach to the

design of an absorbing end cell is the use of lead soldered to the quartz.

The lead provides a good acoustic match to mercury, while strongly

attenuating the supersonic energy that it receives.
The use of absorbing end cells is

m [ ‘E;:;;’
preferable with mercury lines of
delay less than about 500 met.

steel
ISctro

With longer lines, the use of reflect-

@.

/
ing end cells may be better for two
reasons. In the first place, attenu-

ation always takes place within the
v’

. mercury. Thus, by the choice of

de carrier frequency and tube diameter,

Ftc+. 16.34.—A reflecting end cell for a it is possible to reduce the amplitude
mercuryline. of unwanted echoes to less than 1 per

cent of the desired signals. Second, the use of absorbing end cells costs

12 db (6 db per end). The construction of a reflecting cell is shown in

Fig. 16.34. The quartz is supported directly by the steel electrode.

The occluded air film provides the necessary acoustic mismatch.

Design Constants for Mercury Lines.—The delay time is presumed to be

given. From it, the lentih of mercurv column can be calculated accord-

ing to the formula

D = L(17.42 + 0.00522’), (18)

with an estimated probable error of 0.06 per cent between 10”C and 40”C,

where D is the delay in microseconds, L the length in inches, T the centi-

grade temperature.

The two quantities to be chosen, along with the line configuration and

the end-cell type, are the carrier frequency and tube diameter. These

enter into the design mainly in connection with attenuation, bandwidth,

and demodulation,. The over-all delay-line attenuation can be divided

into two parts: that which occurs in the medium itself, and that which has

to do with the efficiency of the quartz crystals in converting electrical

energy into acoustic energy.

Both carrier frequency and tube diameter affect the attenuation that

occurs within the delay medium. The free-space frictional attenuation

in liquids is proportional to the square of the frequency. In mercury this

attenuation is about 0.11 db/in. at 10 hlc/sec. The attenuation due
to wall effects is less clearly understood but is believed to vary inversely
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as the diameter of the tube and directly as the square root of frequency.
An experimental value is 0.1 db/in. at 10 Me/see with a ~-in. tube.

The efficiency of the crystals can be stated in terms of the transfer
impedance of the delay line, as follows:

V2 – 2R,R2
~R~’

where 11 is the current driving the transmitting crystal, V2 is the voltage
developed across the receiving crystal, R, is the load resistance shunting
the transmitting crystal and R, that for the receiving crystal, Rk is the
electrical equivalent of the characteristic impedance of the line. The
equation applies to the case of reflecting end cells. Now R1 and Rz
depend on the bandwidth that is required, since the bandwidth at each
crystal is inversely proportional to the product of the loading resistance
and the total capacity, including the electrostatic capacity of the crystal
and the stray capacity of cable connections. This assumes that single-
tuned coupling circuits are used.

The characteristic impedance R~ is inversely proportional to the
active area of the crystal and to the square of the frequency. At 10
Me/see the value is 22,000 ohms for an active area of 1 in.2 With this
area the total capacity at each crystal is about 50 ppj, and the bandwidth
is then 3.8 Me/see per end if RI = Rz = 300 ohms. These values give
a transfer impedance of 8.6 ohms. It will be noticed that no account is
taken of the inherent bandwidth of the crystals. This is because the
bandwidth for both crystals in series is more than ~ of the carrier
frequency.

It can be shown that, for a given bandwidth, the transfer impedance
is a maximum when the crystal diameter is chosen so that the active
crystal capacity equals the total stray capacity.

The carrier frequency for mercury lines may range from 5 to 30
Me/see, with the most usual values in the range from 10 to 20 Me/see.
Choice of frequency depends upon the’ delay-line attenuation, and on
the fact that the number of carrier cycles per pulse must be sufficient to
allow accurate demodulation.

It was mentioned earlier that the quartz-mercury combination has
adequate inherent bandwidth. In a reflecting end cell the response is
actually flat over a frequency range equal to 40 per cent of the carrier
frequency. This allows a simple cure for a practical difficulty that is
frequently encountered with this type of cell. Because the reflecting end
cell is loaded on one side only, a slight smudge or spot of scum will unload
a portion of the crystal area without removing the electrical excitation.
When this happens, the pass band exhibits sharp spikes at the resonant
frequency of the quartz. These seriously impair the quality of cancella-
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tion. This difficulty can be avoided by operating at a carrier frequency
that is far off crystal resonance but still on the flat part of the loaded
characteristic.

16.19. Delay-line Signal Circuits.-The delay line is a low-impedance
device with a large attenuation; it is mechanically awkward to mount the
line physically close to vacuum-tube circuits. These facts combine to
make the delay process electrical y expensive. The subject of delay-line
signal circuits has been treated at length in another book. 1 It will be
reviewed here.

fine-driving Circuits.-The requirement that the signal output shall
be well above the statistical noise level generally means that considerable
power must be furnished to the transmitting crystal.

If an i-f signal from the receiver is to drive the line, amplification is
required. Otherwise, a carrier frequency must be modulated with a
video signal. This problem is similar to that of the television transmitter.
Only a reasonable degree of linearity is required; the response slope should
not vary by more than perhaps 15 per cent. The real difficulty arises
from the proximity of the carrier and video frequencies and from the
requirement that the delayed and undelayed video signals must cancel
to 1 per cent in amplitude.

In simple modulators, modulation components are removed from
the modulated carrier channel by frequency discrimination. If the
modulation spectrum extends to more than half the carrier frequency,
spurious transients in the carrier pass band may arise in two ways.
The modulation spectrum may have components that lie in the carrier-
channel pass band, or modulation components may add to carrier side-
band components to give components lying within the carrier-channel
pass band. Further, spurious components may arise from frequency
modulation of the carrier oscillator by the video signal. Since the
carrier phase is random from pulse to pulse, the envelope of the summa-
tion of all such components within the carrier pass band will vary from
pulse to pulse so that cancellation will be imperfect. These difficulties
can be avoided by the balanced modulation of a carrier amplifier driven
by an isolated oscillator. A common procedure is to use parallel-grid
modulation of a push-pull amplifier stage. Alternatively, the problem
might be solved by phase-locking the carrier oscillator to the transmitted
pulse trigger, thereby insuring a constant relative phase between each
echo and the carrier. Oscillator isolation would still be necessary, since
otherwise a strong moving target might destroy the phase coherence.

The Two-channel Amplifier.-The signal level at the input terminals
of the two-channel amplifier must be great enough so that the statistical
noise generated therein is considerably smaller than the statistical noise

1vol. 20.
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originating in the radar receiver. The high cost of delay-line input
power makes necessary the careful conservation of output signal. Maxi-
mum signal-t~noise ratio is obtained with a short lead from the delay line
to the first amplifier grid. If the amplifier cannot be located within a few
inches of the delay line, a preamplifier is necessary. Low-noise input
circuits can profitably be used, but critically adjusted circuits should be
avoided, if possible, because of the difficulty of maintaining balance
between the delayed and undelayed channels.

The bandwidth of the amplifier must be sufficient to avoid serious
impairment of system resolution and the loss of system signal-to-noise. 1
In addition, the bandwidth of the delayed and undelayed channels must
be sufficient to make the interchannel balance noncritical. Bandpass
unbalance will have relatively little influence upon pulse shape if the
bandwidth of each split channel is perhaps twice that of the over-all
system.

Even though the bandwidth of these channels is large, it may still
be necessary to make an approximate compensation for two types of
unbalance. The smaller gain in the undelayed channel would ordinarily
result in a greater bandwidth. This channel should therefore be nar-
rowed to match the other by the addition of capacity to ground in the
low-level stages. The second type of unbalance arises from the frequency
dependence of attenuation -in the delay-line medium. The square-law
factor generally predominates. Compensation can be obtained by insert-
ing in the delayed channel an LC-circuit tuned to a frequency much higher
than the carrier frequency.

Amplitude cancellation to 1 per cent implies an extraordinary degree
of linearity in the two channels. The carrier level at the canceling diodes
must be well above the region of square-law diode response. The final i-f
stages must be conservatively operated. A first-order correction for
residual nonlinearity will result if the last two i-f stages of the two
channels are identical in every respect.

Gain adjustments should be made in low-level stages to avoid the
introduction of nonlinearity. A wider range of adjustment will be
required in the delayed channel because of possible variations in delay-line
attenuation. A first-order balance of transconductance changes due to
heater voltage fluctuations will result if the same number of amplifying
tubes is used in each channel. Pentodes with high mutual conductance
frequently exhibit small sudden changes in gain as a result of either heat-
ing or vibration. The gains of the individual channels can be stabilized
through feedback of bias derived by detection of the carrier level. A

1In coherent MTI, the signal-to-noise ratio depends upon the over-all system
bandwidth and not in any special sense upon the bandwidth up to the detector.
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more elegant approach is to measure the cancellation residual of a sample

pulse and to correct the relative channel gain accordingly.

FIQ. 16.35.—Signal circuits and case for the line of Fig. 16.33; two-channel amplifier
on the wide chassis at left, video-modulated oscillator and amplifier on the narrow chassis at
right.

After detection and cancellation of the echoes in the delayed and
undelayed channels, the residual video signal must be amplified, rectified,
and limited for application to an intensity-modulated indicator such as
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a PPI. The most difficult of these operations is amplification. If
statistical noise and weak moving-target signals are to be fully visible,
they must reach the final video rectifier at a level sufficient to cause linear
operation of that detector. Since the noise level at the cancellation
detector may be as much as 40 db beneath the signal peak, a gain of
several hundred may be required between cancellation and rectification.
This video amplification is difficult because of the bipolarity and wide
dynamic range of the signals. Unless special precautions are taken,
strong signals from moving targets may draw grid current and bias the
amplifier to the point where weaker moving-target signals are lost. The
bipolar nature of the signals prevents the application of the clamping
technique, which is useful in avoiding a similar trouble with unipolar
video amplifiers. Blind spots and overshoots can be adequately mini-
mized by careful choice of time constants, grid bias, and plate load
resistors, although several additional amplifier tubes may be needed as a
result.1

Full-wave rectification before application to a unipolar device such
as a PPI is roughly equivalent to doubling the PRF~and is correspondingly
to be recommended. Either crystal or diode rectifiers may be used.
Limiting can take place both before and after rectification.

Figure 16.35 shows the two-channel amplifier on the left, with the
delay-line box in the middle, and the video-modulated oscillator and
amplifier for driving the delay line on the right.

16.20. Delay-line Trigger Circuits.-For proper cancellation the
PRF of the radar transmitter must match the supersonic delay to ~ of a
pulse length. Free-running oscillators for generating the trigger have
been built to fire the transmitter at a suitably constant rate. Because of
the large thermal coefficient of delay in mercury, normal fluctuations in
ambient temperature necessitate manual readjust ment of such oscillators
at intervals ranging from 10 min to 1 hr. Since this amount of attention
cannot be tolerated in most applications, several methods have been
devised for automatically maintaining time synchronism between the
PRF and the supersonic delay.

Time synchronism is maintained by generating trigger pulses at a
PRF determined either by the signal delay line or by an auxiliary delay
line. The methods for doing this can be divided into two classes
regenerative and degenerative. The regenerative method has already
been described briefly in Sec. 16.3.

The Degenerative Trigger Circuit.—A highly stable oscillator generates
the transmitter trigger, and a correction is applied to the oscillator if it
fails to match the delay line. This correction is obtained as follows,
Several microseconds before the transmitted pulse, the echo input to the

1Nonblocking amplifier design is discussedin Sees. 58 and 10.4of Vol. 18.
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delay-line driving circuit is desensitized by a trigger from the stable

oscillator. This trigger does three other things: it generates a sample

video pulse which travels down the line; it operates a coincidence circuit

which examines the time of arrival from the comparison amplifier of the

preceding sample pulse; and finally after suitable delay it fires the

transmitter and resensitize the echo circuits. The coincidence circuit

supplies a variable d-c bias to the oscillator which keeps the frequency of

that oscillator in step with the supersonic delay time as measured by the

sample pulses.

This arrangement has the disadvantage that it takes a number of tubes

and, like all multistage feedback circuits, is difficult to analyze in case of

trouble. It has the advantage that, with small additional elaborations,

the sample pulse residue after cancellation can be used to control the gain

of one channel of the comparison amplifier. This type of AGC corrects

for changes in both the amplifier and the delay line.

Regenerative Trigger Circuits. —Three distinct methods have been

proposed for trigger regeneration. They differ in the way in which the

fraction of a microsecond inevitably lost in the trigger amplifier is made up

in the delayed signal channel. The compensating delay must be inserted

after the point at which the trigger pulse has left that channel but before

cancellation.

The first method is to add the required delay either at carrier or

video frequency. Unfortunately, no electrical delay lines are available

which are capable of reproducing a microsecond pulse with less than 1 per

cent distortion.

The second method involves the use of an auxiliary delay-line receiv-

ing crystal slightly closer to the transmitting crystal than is the regular

receiving crystal. The auxiliary crystal receives the trigger pulse. The

finaf time adjustment can be accomplished in the trigger circuit either

mechanically by an actual shift of the crystal or electrically by the use of

a short variable delay. The disadvantages of this method lie in the

excessive attenuation in the trigger channel, the increased difficulty of

delay-line construction, and the loss of design flexibility due to the

necessity of mixing the trigger and the video signals at the transmitting

end of the delay line while preventing their interaction at the receiving

end.

The third method of trigger regeneration, already described in Sec.

16.3, is the use of an extra delay line in close association with the signal

delay line as illustrated in Fig. 1633. This line is thermally lagged by

the box of Fig. 16.35. The method allows freedom in the choice of line

constants and of electrical coupling, with some resultant circuit simplifica-

tion as compared with t he three-crystal delay line. H owever, the amount

of thermal correction is not as great as in the three-crystal line, The
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extra half-length line generates triggers at double the PRF. These are

divided by a counting circuit before delivery to the radar transmitter.

16.21. Special Test Equipment. Operating Tests.—The minimum
additional equipment required to check the components peculiar to an
MTI system can be incorporated in a single A-scope chassis. This
chassis should include video amplifiers, expanded and delayed sweeps,
and a vacuum-tube voltmeter, together with switches and permanent
connections to other parts of the system. In addition, the receiver
chassis s’hould include the locking-test channel shown in Fig. 16.30, and
the two-channel amplifier may contain a delay-line attenuator.

By means of a rectifying crystal permanently connected to the r-f
transmission line, together with an expanded and suitably phased sweep,
the transmitted pulse envelope can be inspected for hum modulation
and mode jumping. This test can be used whenever the more general
coherent oscillator locking test shows trouble.

The locking-pulse mixer current should be monitored. This can be
done by switching the meter normally used for the signal-mixer current.

As can be seen from Fig. 1630, the locking-test channel delays a
sample of the locking pulse by means of a short auxiliary supersonic delay
line, and then mixes this sample with the received signal. If reflecting
end cells are used, multiple reflections within the delay line will give rise
to a number of equally spaced locking pulse echoes. These echoes will
beat with the reference signal. The presence of cycles within the echoes,
when viewed on an expanded A-scope, will show when the local oscillator
is out of tune. Since the coherent oscillator is unlikely to drift, the
tuning of the local oscillator to give maximum receiver response needs to
be checked only rarely.

The principal function of the locking-test channel, as its name implies,
is to reveal any unsteadiness in the original locking pulse or any failure of
the coherent oscillator to lock properly.

An attenuator and appropriate switches can be built into the input
circuits of the two-channel amplifier to permit measurement of delay-line
attenuation.

Checking and adjustment of cancellation can be done while the radar
is operating by mixing a delayed video pulse with the signals before
cancellation. The delay can be chosen to bring the test pulse to a range
position near the outer edge of the PPI, and adjustments can then be
made for the best cancellation of the video pulse.

Because of the several gain controls in series in the receiving train,
a d-c vacuum-tube voltmeter is necessary to check the carrier level at
the cancellation detectors.

Testing MZ’I Oscillator Stability.—It has been shown in Sec. 16.4 that
free-running frequency stability of a high order is required of the local
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oscillator. A similar type of stability is required of the coherent oscilla-
tor. The apparatus designed by S. Robertsl for measuring oscillator
stability has two functions to perform. The first is the quantitative
determination of the rate of change of frequency. Because a precise
calculation of phase error requires the assumption that the modulating
frequencies are small, the second function is to check the accuracy of this
assumption. This is done by changing the time constant of the measur-

ing circuit.
A block diagram of the apparatus used for testing local-oscillator

stability is given as Fig. 16”36. The difference frequency of 7(I kc/see is
obtained by mixing the power from two oscillators in a crystal rectifier.
One of these oscillators can be a reference standard against which the

clOscillator
under
test j

t Diffe~dtiator

Crystal 70kc/sec— — Discriminator — frequency
Recti~lng

mixer amplifier
—

weighting voltmeter

J

circuit

f ,

FIG. 16.36.—Block diagram of oscillator stability tester.

other is compared. The output signal from the mixer is amplified and
applied to a frequency discriminator circuit. The voltage applied to the
discriminator is monitored by means of a vacuum-tube voltmeter and is
always adjusted to the same “value. The voltage output of the dis-
criminator is linearly related to the difference frequency. This discrim-

inator output voltage is applied to a differentiating circuit consisting of a

resistor and condenser. The average voltage across the resistor, pro-

portional to the average rate of change of the difference frequency, is

measured by a voltmeter. Headphones assist in the identification of the

frequency of any modulation that may exist.

To measure the stability of a coherent oscillator, it is allowed to run

freely. For the crystal mixer of Fig. 16.36 is substituted a 6SA7 mixer,

whose third grid is connected to the output signal of the coherent oscilla-

tor. Signals from a quartz-controlled standard oscillator are applied to

the first grid of the mixer. The ditierence frequency between the coher-

ent oscillator and the standard is chosen as 70 kc/see.

I Lot. cit.
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Subclutter Visibility Measurement.—A block diagram of a subclutter
visibility meter suitable for measuring the internal performance of most
MTI systems is shown in Fig. 16.37. An i-f pulse originating either in
the locking-pulse mixer or in a separate generator is modulated, delayed
and inject ed into the receiver channel. Thk same pulse locks the
coherent oscillator. The delayed pulse is modulated in phase and in

m/
From locking puls~ meter

7
~

50# sac
delay line

r I
90” phase

shift

Pulsed Coherent
30 t4c/sec oscillator
mclllator

I J I L I

FIG. 16.37.—Subclutter visibility meter.

-PAttenuator

7Matching
network

To receiver

amplitude by a controlled amount at a controlled doppler frequency, so

that it imitates a moving target in clutter. The minimum percentage

modulation for threshold signal visibility is a measure of subclutter

visibility. Although the simple modulation scheme shown does not

provide an exact duplication of a moving-target echo, it is believed to be

equivalent for test purposes. The meter does not measure the loss of

subclutter visibility due to fluctuations in the clutter produced by scan-

ning or the wind. It measures only the quantity K, in Eq. (28).



CHAPTER 17

RADAR RELAY

BY L. J. HAWORTH AND G. F. TAPE

INTRODUCTION

From the standpoint of the effectiveness with which a radar collects

information, the location of its antenna is of supreme importance. In

the use of the information much depends upon the location of the indi-

cators. “Radar relay” is a means for separating these two components

so that each can occupy the most favorable site or so that indicators can

be operated at several places simultaneously. As the name implies,

the radar data are transmitted from the source at which they are collected

to some remote point by means of a radiation link.

17.1. The Uses of Radar Relay .-Control of aircraft in either military

or civilian applications requires the review and filtering of a mass of

information gathered from many sources, of which radar is only one.

Control centers are, therefore, located at sites chosen for their operational

convenience, whereas radar locations are chosen mainly for terrain and

coverage reasons. Sometimes it is desirable to collect the data at great

distances from one or more fixed land stations. Advantages are also

gained by obtaining the data at an airborne site with its extended horizon,

but displaying and using the data on the ground or on a ship. On the

other hand, occasions arise in which an aircraft can usefully employ

information collected from another site. In any of these cases, the

possibility of multiple dissemination of the data to many points offers

attractive possibilities.

Prior to the advent of radar relay such transmission was done by

voice or not at all. Since the average operator can pass on only about

five data per minute this method is far too slow for any rapidly changing

complex situation, in addition to being rather inaccurate. Any really

sophisticated use of radar data at remote points therefore demands the

use of some sort of relay technique.

Two general types of situation arise: (1) those in which the data are

transmitted between jixed points on land, in which case it is possible to
use fixed, narrow-beam antennas at both ends of the relay link (or, if the
information is to be broadcast from a single antenna, to use directive
antennas at least on the various receivers); and (2) those in which one or
both sites are moving, in which case the antennas must be either omni-

680
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directional or controlled in direction. The first situation is by far the
simpler from the technical standpoint since large antenna gains can be
used in a very simple manner.

17.2. The Elements of Radar Relay .—One obvious method of relaying
radar information is to televise an indicator screen at the radar site and to
transmit the information by existing television means. This system
leads to a loss both in signal-to-noise ratio and in resolution because
persistent displays do not televise well. Furthermore, any single
televised display would have to be a PPI presenting the maximum radar

‘==-7
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Trigger pulse

Radar statton

Y

P~&t3n Scan data
Receiver -

transmitter

I
Video signals

*
I b

Display station Trigger pulse

F1m 17.1.—Elements of a simple radar relay system. In some caaes electric-al data from

the analyzer can be used directly to generate the indicator sweepa.

range, with the result that much inherent resolution is immediately lost
even though expanded displays might be used at the receiving end. The
first, but not the second, of these difficulties might be overcome by storing
the information on an Orthicon or other storage device rather than on a
cathode-ray tube.

A far superior method is to transmit the original radar data in such a
way that any desired displays can be produced at the receiving location in
exactly the same way as can be done at the radar itself. To do this, it is
necessary to provide at the receiving station: radar video signals, the
modulator trigger (or the pulse itself ), and a mechanical motion (or its
electrical equivalent) that faithfully reproduces the motion of the scanner.

The elements of a system for transmitting this information are
indicated in Fig. 17.1. The radar data are delivered from the set to a
“synchronizer” which. arranges them in proper form to modulate the
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transmitter. At the receiving station, the receiver amplifies and demodu-
lates the incoming signals and delivers the results to an “analyzer.” The
latter performs the necessary sorting into video signals, trigger pulse, and
scanner data. The video and trigger are delivered immediately to the
indicator system. The scanner data must usually be modified in form
before being passed on either to the indicators for direct use in electrical
display synthesis, or to the “scan converter.” The scan converter uses
these data to construct a duplicate of the scanner motion that can be
used to drive a position-data transmitter associated with the indicators.

Since the requirements of the actual transmission and reception are
very similar to those of television, slightly modified television transmitters
and receivers can be used. Together with the antennas, etc., they will
be referred to as the “radio-frequency” (r-f) equipment. The remaining
components will be called the “terminal” equipment.

Except, perhaps, when microwave frequencies are used in the radio
link, the ultimate limit of sensitivity is usually set by the degree of outside
interference rather than by the inherent signal-to-noise ratio of the
receiver. Many factors must be considered in trying to minimize the
effects of this interference.

1. The strength of the desired signals at the receiver input terminals
should be made as high as feasible compared with that of the
interference. This is chiefly a matter of making proper choice of
frequency, transmitter power, and antenna characteristics.

2. The data signals should, as far as possible, be made unlike the
expected interference in signal characteristics, and every advantage
should be taken of these differences in the receiving equipment.

3. In certain cases a favorable signal-to-interference ratio can be
enhanced by techniques such as the use of wide deviation ratios
with frequency modulation.

METHODS OF SCANNER-DATA TRANSMISSION

In even the simplest situation, the relay link must transmit the radar
video signals, the trigger pulse, signals descriptive of the scanning, and
sometimes range and angle markers. 1 In more complex cases some or all
of these items may be duplicated, and additional data such as beacon or
Identification of Friend or Foe, IFF, signals maybe involved. One of the
major problems of radar relay is to find economical methods of carrying
all this information at one time. In the next few sections it will be
assumed that a single transmitter is to relay one set of data of each

1Range markers need be transmitted only if some error is unavoidably present in
the timing of the modulator trigger pulse. Angle markers, on the other hand, furnish

a convenient check on the accuracy with which the scanner motion is followed.
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variety. Complications introduced by multiple sets will be described
later.

17.3. General Methods of Scanner-data Transmission.-Simultane-
ous transmission of video signals and range and angle markers is rela-
tively simple. Marker signals need only be mixed with the video
signals; no separation is performed at the receiver. Trigger pulses can
also be mixed with the video since there is no conflict in time, but some
method of separating them at the receiving station must be provided.
If the pulses are transmitted at a higher power level than the video
signals, the difference in voltage amplitude can be used as a criterion.
This high-level transmission of pulses is usually done with amplitude-
modulated r-f equipment, since the brevity of the pulses allows high pulse
powers, with attendant signal-to-interference gain, to be obtained cheaply
(Sees. 17”11, 17.12), but it is not feasible with frequency-modulated
equipment. The alternative is to separate the signals in time, the video
signals being excluded from the transmitter during an interval prior to
and including the pulse. The trigger channel at the receiving station is
blocked by an electronic switch except when the pulse is expected.
.Means for accomplishing both of these separation methods will be
described later.

Relaying the scanner data is much more complex. It is not feasible
to transmit the numerical value of an angle by a proportional amplitude or
frequency modulation of an r-f carrier. It is possible to devise methods
whereby certain functions (e.g., the sine and cosine) of the scan angle can
be used to modulate two or more subcarriers’ directly by means of slowly
varying voltages; this has been done in the laboratory. It has been
found far more effective to convey the information through the medium
of periodic signals whose frequencies or repetition rates are several times
those involved in the scanning and whose characteristics are in some way
descriptive of it. Since scanning frequencies lie in the interval from
zero to a few cycles per second, the scanner data signals usually have
periodicities in the audio range.

The signals mentioned above can take either of two forms.

1. Continuous a-f signals can be used, the information being carried
in terms of the amplitude, the frequency, or the phase with respect
to a fixed reference. Up to the present time this technique has
been very little used.

2. Pulse-timing techniques can be applied. Data can be transferred
in terms of the frequency of a single train of pulses, the degree of

I A subcarrier is a sine wave, usually in the audio- or video-frequency range, which,
after it has hem modulsted by the information-bearing signals, is used to modulate an
r-f, carrier,
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staggering of two trains, or the lapse of time between a “basic”
pulse which is one of a train and a second pulse occurring a con-
trolled time later in the same cycle.

Omitting for the moment all questions of amplitude versus frequency
modulation, and all problems of external interference, the choice of a
data-transmission system involves three intricately related questions:
(1) how to avoid interference with the video and trigger signals and
mutual interference among the various data signals; (2) whether to use
c-w or pulse methods; (3) which geometrical quantities among those
descriptive of the scanner motion can best be chosen for transmission.

Since the video signals contain frequencies from nearly zero up to a
few megacycles per second it is not feasible to separate scanner data
signals and radar echo signals on ‘a basis of their frequency components.
This leaves the two alternatives of time-sharing within the radar pulse
cycle, or the use of one or more subcarriers.

In the timi-sharing method the scanner data are sent during the
“rest” interval at the end of the radar cycle when the indicators are idle
and the video signals are not useful. The interval can be occupied by as
many signals as are necessary to carry the information. Pulse-timing
techniques are usually used with time sharing since they are somewhat
simpler and probably more accurate than those involving interrupted
continuous waves. It is usually possible to allow some of the pulses to
take part in the transmission of more than one piece of data. Often the
modulator pulse itself is used as part of this timing system.

When the subcarrier method is adopted, it is customary to use con-
tinuous waves rather than pulses, partly for reasons of simplicity and
partly because of smaller bandwidth requirements. When c-w signals are
used, the various components of the scanner data can be distinguished
from one another by sending each on a separate subcarrier, or by using a
different audio frequency for each signal and transmitting them together
on a single subcarrier.

The geometrical quantities transmitted can be chosen in various ways,
depending on the application. The most important are:

1. Changes in the orientation of the scanner can be transmitted by
means of a wave train in which one cycle represents an advance of
the scanner through a given small increment of angle. If the
scanner velocity is constant or changes only slowly, the wave train
can be a sinusoid, or convertible into a sinusoid; hence a synchro-
nous motor may be used in the scan converter. Some method of
adjusting the initial phase of the converter relative to the scanner
nnd of recognizing alignment must be provided. This general
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method is satisfactory only for transmitting continuous rotation at

a fairly constant rate.

2. Theangle itself can betranstitted titerms of therelative phasesof

two sets of periodic signals which are usually either sinusoids or

pulse trains (Sec. 17.5). Since this isasingle-valued method, no

zero-phase adjustment need be made. It can therefore be used for

sector scanning, or forint,errupted scanning. Thedatacan be used

to position a scan converter by means of a phase-sensitive mecha-

nism, or they can be used directly to provide electrical information

for such an indicator as a B-scope.

3. The values of the sine and the cosine of the scan angle can be

transmitted in any of several ways (Sec. 17.7). Transmission of

sine and cosine is also a single-valued method. The data can be

used to control a scan converter or directly in electronic PP1’s or

related indicators.

17.4. Methods of Combating Interference.-Aside from providing
the best possible signal-to-interference intensity ratio at the receiver
input, the principal method of minimizing the effects of interference is to
take advantage of differences between the desired and the undesired
signals. The~fferences, \vhichshould deliberately bemadelarge, canbe
exploited both by using them as a basis for excluding the undesired signals
from the operating device and by making that device as insensitive as
possible to interfering signals that are not excluded. Unwanted signals
can be rejected by frequency discrimination; the bulk of the interference
is excluded in this way. How-ever, since it is always necessary to have a
finite bandwidth to admit the necessary information, some interference is
likely to get through to the analyzer.

In the case of the scanning data, it is often possible to protect against
transient interference (or absence of signals) by exploiting electrical or
mechanical inertia. Care must be taken that the inertia does not
appreciably inhibit satisfactory response to scanning accelerations, a
serious restriction if sector scanning is involved.

A second, and more promising, method of approach is to take advan-
tage of approximate knowledge of what the real signals should do by
excluding completely all information that does not closely agree with
expect ation, just as tuned circuits or filters reject signals outside their pass
band. The knowledge on which to base the selection may be available
a priori, or it may depend partly on a memory of what has happened in the
immediate past.

As an example of such methods consider an information-bearing pulse.
Very similar pulses with the same frequency components as the signals
are likely to be present in the interference and of course cannot be
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excluded bythe receiver. If, however, theseinterferingp ulsesarenottoo

numerous and strong, it is possible to provide almost complete protection

against them by using a “coded” signal to represent the pulse, or by

excluding all pulses that do not come within the narrow time interval

which follows the last useful pulse by the known repetition period, or by

doing both.

The most usual type of coding consists of a group of pulses succeeding

each other by precise, unequal time intervals. The responsive circuit at

the receiver is arranged to recognize only a group with precisely these

spacings. .4 similar combination is extremely unlikely to occur in the

interference.

Trig,
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FIG. 17.2.—Triple-pulse coder.

A common type of coding and a simple method of producing it are

illustrated in Fig. 17.2. When the blocking oscillator V,. is triggered

by an incoming signal, it produces a pulse of less than l-psec duration.

The sharp positive pulse at 1?is passed through the 2-~sec delay line to the

grid of ~lb. The negative pulse on the plate of Vlb passes back to V,. and
retriggers it to produce a second pulse delayed by 2 psec (Waveforms A

and B). The cumulative effect of the two actions charges Cl sufficiently

to cut off Vla for a time so that further regeneration does not take place.

The first pulse is driven down the 4-psec delay line by ~lb and triggers V2~

after a total delay of 6 ~sec. The firing of V,. charges C2 sufficiently to
cut off the tube so that the second pulse, which arrives 2 ~sec later, cannot
trigger it. Thus three pulses occurring at O, 2, and 6 psec appear across

resistance R and pass to the mixer to be combined with the video and
other signals.

Other combinations of time delay can, of course, be used. The

individual delays should not only be unequal, but within reason each
should be great enough to prevent radar or other interference pulses from
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bracketing pulses. They are not, however, usually made greater than a
few microseconds because of the bulkiness of longer delay lines.

A method of decoding the three pulses is shown in the upper part of
Fig. 17.3. Signals from the receiver are dlff erentiated by the grid circuit
of amplifier VICso that blocks of signals are not passed. If the incoming
pulses are large enough, the tube can be biased past cutoff in order to
exclude signals at lower levels (as, for example, when amplitude is to be
used as a basis of discrimination between pulses and video signals).
Weak interference can also be excluded in this way. V, acts as a limiting

2U4+
1 t++.!lfnI I

v~~ c-nl----—Tl—T—
--- &JLL_____JLL__

LS6C ~&&Lllu_ ----~
~r H~----–-..J.!J-

i-

FIG. 17.3.—Interference blanker and triple-pulse decoder.

amplifier. After passing through the cathode follower V~., each pulse
arrives twice at the grid of V3*, once with no delay and once with a
2-psec delay. Six pulses will therefore arrive at VW, and two of these, the
first delayed pulse and the second undelayed pulse, will be in coincidence,
as the waveform diagram shows. Thus five pulses, the second of which
has double amplitude, will arrive at the grid of VAafter a further delay of
4 ~sec. VAis so biased that only the large pulse lifts the grid past cutoff.
Since the total delay of this pulse is 6 psec, its arrival will coincide with
that of the third undelayed pulse on the suppressor of V,. At this time,
and this time only, the plate of V4 receives a signal and fires Vs.. This
event cannot occur if any of the pulses is missing; therefore interference
can produce a result only when three spurious pulses occur with approxi-
mately the correct spacing. Differentiation at the input circuit prevents
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long signals from straddling two or more pulse intervals and thus provid-
ing false coincidences. It cannot, of course, prevent such blocks of
signals from saturating the receiver and excludlng the desired pulses.

A brief analysis of the effectiveness of the coding is worth while.
Periodic pulses cannot give a response from V, unless their frequency is
greater than the reciprocal of the delay times in the coding. Random
pulses or noise do, however, have a finite probability of initiating a
response. To calculate thk probability suppose that there are n random
pulses per second and let r be their length. Then the fractional time
during which the grid of Vdbis receiving signals through the delay line is m.
The probability that a signal from a given undelayed pulse will overlap
that from the delayed pulses is therefore Zrm, the factor 2 entering on the
assumption that any overlap at all will produce a result. Thus the
number of reinforced signals reaching the grid of Vi each second is 2n%.

Since the probability that one of these will coincide with a pulse on the
suppressor grid is n7,1 the total number of pulses triggering V, each
second is 2 n’rz. This is to be compared with the number n of inter-
fering signals originally present, the ratio of improvement being

n/2n3r2 = l/2n2r2.

If, for example, r = 1 psec and n = 10,000, this ratio is 5000. The ratio
improves for smaller n and vice versa.

If the signal being relayed is the firing time of the modulator, the
firing should, if possible, coincide with the transmission of the third pulse.
If the modulator can be triggered with sufficient accuracy, the output
connection indicated in -Fig. 17.2 can be used for this purpose. If, on
the other hand, the modulator is self-synchronous, its pulse must be used
to trigger the coder. The synchronizing pulse at the receiving station,
which must await the arrival of the third pulse, will be 6 ~sec late. If
this error cannot be tolerated, the video signals must be passed through a
6-psec delay line before they reach the indicators.

Figure 17.3 also illustrates one method for excluding all signals
except during an interval surrounding the expected time of arrival of the
desired signal. The coincidence pulse from the plate of Vi is passed, after
buffering in Vw, through a 2-Asec delay line, and is used to trigger the
flip-flop circuit formed by V* and V6b (Sec. 13.7), in which circuit
the latter tube is normally off. After the flip-flop has been triggered, the
current through VW lifts the cathode of Via, cutting this tube off by an
amount greater than the signal level. The flip-flop is timed to reverse
shortly before the next desired signal is expected. 1’1~ prevents an
appreciable pedestal from appearing on the common plate circuit
since it is turned on when VI. is turned off and vice versa. If the signals

1The factor 2 does not enteragain.
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are large enough to allow Vla to rest below cutoff even when on, Vlb is
unnecessary. Alternative types of video switches are described in
Sec. 139. The sensitive time must be long enough to allow for all
uncertainties in the periodicity of the incoming signal and for changes in
the flip-flop circuit timing.

This method can also be used to distinguish between different signals
which have been transmitted on a time-sharing basis: for example, to
separate pulses from video signals. If the coincidence circuit is to be
used to decode more than one set of pulses, the flip-flop can be triggered
by the last set or by a pulse from a delay circuit which spans the signal
interval. More often, a train of switches is necessary to separate the
various pulses from one another after decoding so that no switch is
necessary at the input circuit. Somewhat more elegant methods which
allow narrower open intervals can be used in certain special cases in which
the opening of the switch can be controlled from a sequence of events
within the cycle. Various arrangements will appear in later sections in
connection with specific methods of data transmission.

17.6. The Method of Incremental Angle.-This section and the next
three will describe various specific methods of relaying the scanner
information, the basis of classification being the geometrical quantities
used.

As stated in Sec. 17.2, the method of angular increments usually
involves, as a final stage, a synchronous motor driven by a sinusoid.
Three methods of relaying the necessary data have been used.

In the first method, the sinusoid itself may be transmitted directly
on a subcarrier. The extra expenditure of power involved is usually not
justifiable for this rather inflexible method, especially since the pulse
methods are extremely simple.

As a second method, the modulator pulses themselves can be used to
represent the increments of scanner angle 1 if the scanner motion can be
made sufficiently constant to control the modulator triggering satis-
factorily. Such a system is represented in Fig. 17.4.2 Some form of
signal generator—usually electromagnetic-geared to the scanner pro-
duces periodic signals of frequency proportional to the scanner velocity
and suitable for the pulse recurrence frequency. These signals control a
blocking oscillator or some other device to produce sharp pulses which are
then coded for transmission over the relay link. The third pulse of the
code (from point E of Fig. 17.2) is used for the modulator trigger.

Some method must be provided for separating pulses from video

1This ia,of course,an exampleof time sharingin whichtwo of the signalscoincide.
2In all the diagramsof this chapterthe individual blocks are functional and are

intendedto include proper input and output circuits including amplifiers,cathode
followers, blocking o.willators, etc.
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signals at the receiving station since otherwise video signals might occa-
sionally produce a spurious trigger. If the transmitter provides higher
power inthepulses than inthe video signals, amplitude selection can be
used, and the coded pulses can simply be passed to the transmitter.
Otherwise, the coded pulses must be distinguished in time, and the extra
equipment indicated by the dotted boxes must be used. The video
switch (Sec. 13.9) is arranged to pass video signals only when the flip-flop
(Sec. 13.7) is on, and pulses only when it is off. The flip-flop is fired by the
modulator trigger, so that video signals are passed until shortly before the
next cycle, at which time the flip-flop opens the switch for pulses until
the modulator pulse occurs again.

At the receiving station, signals from the receiver pass to a switch
which is open when a pulse code is expected. Following this switch is a
decoder similar to that of Fig. 17.3. The resulting single pulses serve to
trigger the indicators, to control the signal-selecting switch, and to provide
the rotation. The switching action is similar to that of V,aj Vlb, Vti, and
Vw of Fig. 17.3, the length of the flip-flop being slightly less than that
of the flip-flop at the transmitter so that video signals are always excluded
from the decoder.

To produce the mechanical rotation, the decoded pulses first actuate
a scaling circuit, such as that of Fig. 13.20, which reduces their frequency
to twice that appropriate to a synchronous motor. The resulting puIses,
by triggering a scale-of-two circuit similar to that of Fig. 13. 16b, produce a
symmetrical square wave. A broadband a-f filter removes the higher
harmonics, leaving a sine wave at the fundamental frequency which, after
amplification, powers a synchronous motor that drives a data transmitter.
Proper initial phasing of the data-transmitter shaft can be made by
methods analogous to those of display-sector selection (Chap. 13);
alternatively, a controlled phase shifter can be inserted between the a-f
filter and the amplifier. A convenient index for use in this alignment can
be provided by transmitting one or more angle markers along with the
video signals, as illustrated in Fig. 17.4.

This method is restricted in its use. The requirement of a continuous
scan at a nearly constant speed mentioned in Sec. 17.3 is made even
more rigorous by the synchronization with the modulator, which must
usually operate at a definite PRF. Any requirement for variation in the
scanning rate or the PRF introduces serious complexities because of the
fixed relation between these two quantities. Another draw-back is that
rephasing must be done whenever the signals are interrupted or seriously
interfered with,

More flexibility is provided by a third means for relaying incremental
angle data. If the scanner and the modulator cannot be synchronized but
the scanning is nevertheless reasonably uniform, the periodic signal can be
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expressed by a sinusoidal variation in the relative timing of a pair of
pulses appearing in each pulse cycle. A method for accomplishing this is
illustrated in Fig. 17.5. The basic pulse is initiated by an external trigger
and coded by the circuit of Fig. 17”2. The third pulse, originating in V2.
of that figure (repeated in Fig. 17”5a), initiates the action of a time-delay
circuit consisting of a sawtooth generator V%, a biased diode V&, an
amplifier V*, and a blocking oscillator V4b. The need for a square-wave
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generator to switch vzb is avoided by the action of the positive pulse from
V*.. During the pulse the grid current of V,b charges C, sufficiently to
block off the tube long enough to allow generation of the desired sawtooth.
The a-c voltage from a generator on the scanner acts through the cathode
follower VM to vary the bias of the diode sinusoidally and therefore vary
the delay by steps which approximate a sinusoidal variation of about one
microsecond amplitude. The mean value is set at 5 to 10 psec. The
delayed pulse is mixed with the coding for the basic pulse on the common
cathode resistor R and sent to the master mixer. It is not necessary to
code the azimuth pulse since its function is merely to transmit the
sinusoidal frequency; any interference strong enough to mask this pulse
would render the whole system useless in any case.

At the receiving station the basic pulse is decoded by the coincidence
circuit of Fig. 17.3.1 The resulting pulse, taken from point Y of that
diagram, blocks the grid of vsb and initiates the action of the delay
circuit comprising the sawtooth generator Vbb, the cathode follower Vti,

and the blocking oscillator VT.. The tube V,a is delayed in firing by its
excessive bias. When VTCfires, its cathode drives the l-psec delay line,
and the delayed pulse returns through VTb to turn off the blocking
oscillator. Thus successive I-ysec pulses, adjacent in time, appear at the
grids of V8band VE~ respectively. Their boundary time is made coinci-
dent with the mean time of arrival of the azimuth pulse by adjustment
of the slope of the sawtooth in the delay circuit. The amplified pulse
train from point X (plate of Vti) of Fig. 17.3 is applied to the cathodes of
Va. and VW. Because of the bias the tubes can conduct only during the
coincidence of the azimuth pulse with the pulses on the grids. Condenser
C, is charged negatively by the signal from v8b acting through diode VW
and positively by the signal from V% which forces negative charge to
ground through Vg~. If the coincidence time is equal on VSCand V%,
the net result is zero. However, as the azimuth pulse moves back and
forth in time with respect to the switching pulses, the coincidence times
vary in an out-of-phase manner so that the potential of Cl has a stepwise
variation with a sinusoidal envelope (Waveform I). This alternating
signal is passed through cathode follower VGband a bandpass filter in
order to produce the desired sinusoid for driving the synchronous motor.

In order to minimize the number of transmitted pulses, the basic pulse
can be related to the modulator pulse in any of several ways. If the first
few microseconds of the radar cycle are not too important and the
modulator is not self-synchronous, its trigger can be the third pulse of the
coded group. No range error will result, but the azimuth pulse will
appear on the indicators at the receiving station at a range corresponding

1The pulses can be separated from the video signals by amplitude selection, or by
time separation as in Fig. 17.4.
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to its delay time. If the modulator is self-synchronous, its firing time
must coincide with the first coded pulse. Arangeerror in the indicators
results unless a compensating delay line is used in the video channel at one
station or the other.

If the appearance of the azimuth pulse at short range on the indicators
is not tolerable, a triggered modulator can be fired after the azimuth
pulse, the delay from the third coded pulse being precisely fixed. At the
receiver a similar delay initiated by the decoded basic pulse can be
inserted ‘ahead of the indicators. Correct adjustment of this delay can
easily be made by observing the transmitter pulse appearing with the
video signals.

No analogous method of azimuth-pulse removal exists for a self-
synchronous modulator. It is usually satisfactory to remove the pulse by
anticoincidence methods, even though a “hole” is left in the video signal
train. Otherwise, it will be necessary to introduce between the modulator
pulse and the basic pulse a delay which is longer than the useful video-
signal interval and to transmit both pulses. 1

17.6. The Phase-shift Method.-If a sine wave is passed through a
linear full-wave phase-shifting device connected directly to the scanner,
the resulting phase shift is numerically equal to the scan angle measured
from the position of zero phase shift. By transmitting the phase-shifted
wave together with a reference signal of commensurate frequency and
fixed phase, it is possible to use the relative phases as data from which
to reconstruct the scanner angle.

C-w Methods.—A method of accomplishing this by use of c-w signals
is illustrated in Fig. 17.6. Separate subcarriers fl and f, are respectively
modulated by the phase-shifted sinusoid and by the reference signal,
which is the same sinusoid without phase shift. At the receiving end the
video signals and each of the subcarriers are separated by appropriate
filters and the phase-shifted and the reference sinusoids are obtained by
suitable demodulators. The reference wave is then passed through a
phase shifter similar to that on the scanner. This phase shifter is driven
by a servomechanism whose error signal is the output of a circuit which
compares the phase of the shifted wave and that of the reference wave.
A data transmitter geared to the phase shifter provides proper informa-
tion to the indicators.

The above method is very expensive because of the two subcarriers.
Fig. 17.7 illustrates an alternative c-w method which avoids this difficulty.
Here the phase-shifted signal is a harmonic of the reference signal and is
derived from it by a frequency multiplier. Thus the two signals can be
transmitted without confusion on the same subcarrier. At the receiving

1It is not satisfactoryto use such a long delay between the basic pulse and the
azimuth pulse since small percentages of “jitter” or drift become too important.
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station the two are separated by appropriate a-f falters, and the reference
signal is passed through a frequency multiplier. The resulting sinusoid
is then passed through a phase shifter controlled by a phase-sensitive
Servomechatim as before. Although this method is simple, it places
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severe requirements on the audio filters. Because of their harmonic
relationship, the sinusoids must be kept extremely pure, and furthermore
any relative phase shifts introduced by the filters (or other circuit com-
ponents) must be extremely constant with time. This is very di5cult to
assure in a-f filters if they are subjected to changing temperatures.
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In the above systems any one of the data-bearing signals can be
conveniently used for automatic gain control purposes.

Pulse Methods.—The pulse methods analogous to those just discussed
would consist of the use of two continuous trains of pulses derived from
sinusoids of equal or commensurate frequencies, one being shifted in
phase with respect to the other. This would require the use of at least one
subcarrier with wide sidebands, and therefore would be expensive in the
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transmitter and receiver design. An alternative would be to transmit the
pulses on the video carrier during those intervals when the echo signals are
not useful. Since the difficulty remains that the two sets of pulses must
“tide through” each other, some method would have to be found for
distinguishing the two trains. This difficulty can be avoided by transmit-
ting one master pulse and one train of “ phase-shifted” pulses on each
radar cycle and, at the receiving station, constructing the reference train
by shock-exciting an oscillator with the master pulse.
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The method is illustrated in Fig. 17.8. At the transmitter the master
pulse triggers a square-wave generator (flip-flop a) which switches a
shock-excited oscillator (Fig. 13.41). The oscillation B is passed through
a phase shifter geared to the scanner, and the resulting wave C produces a
pulse train D.

In order to avoid early transients which might lead to confusion with
the master pulse (especially after coding) the first two or three pulses in
the train are excluded by switch a. This switch is controlled by a square
wave from flip-flop b; it is arranged to turn on late enough to exclude the
required number of pulses and to remain on until after the end of the pulse
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train. The remainder of the circuit is concerned with coding and mixing
the various signals and providing synchronization with the modulator
(which has been assumed to be triggerable). The basic puke and the
pulse train are passed through the coder, as is a pulse formed at the end
of flip-flop b. This last pulse, delayed by a time equal to that of the cod-
ing, serves as the modulator trigger. In order to separate the pulse
signals from the video signals at the receiver, if amplitude selection cannot
be used, the two are passed alternately through video switch b, which is
controlled by flip-flop c. In its normal position, the latter causes the
switch to pass signals from the coders. When the flip-flop is triggered by
the pulse to;the modulator, the switch is reversed and video signals are
passed until the flip-flop spontaneously returns to its initial condition,
shortly before the next basic pulse, and opens the channel to pulses again.
If the transmitter is such that the pulses can be transmitted at several
times the level of the video signals, this switching need not be done since
amplitude discrimination can then be used at the receiver.

At the receiving station, the various signals must be separated and
the data abstracted and put into usable form. The signals from the
receiver are received by a switching and decoding circuit similar to that
of Fig. 17,3 excspt for the source of the input signal to V5b, Whose function
will be explained later. For the moment assume that the switch is open.
When the basic pulse is decoded it starts a chain of events through flip-flop
a, the switched oscillator, the phase shifter, and the pulse former on the
one hand; and another chain through the delay circuit and flip-flop b’ on
the other. Both culminate in switch a’ and produce at its output termi-
nal G’ a train of pulses like that at point G at the transmitter. Mean-
while, the transmitted pulse train is decoded and passed through switch
c, whose purpose is to exclude the basic pulse and the modulator pulse.
The two pulse trains are brought together in a “comparison” circuit
which produces a polarized error voltage if they do not coincide. (If the
two pulse trains have slightly different frequencies, because of slight
differences in the oscillators, the error voltage will refer to their “centers
of gravity.”) The amplified error voltage controls a motor which turns
the phase shifter in such a way that the error voltage is kept very small,’
and the phase shifter and the data transmitter rotate in synchronism
with the radar scanner. The modulator pulse is selected by switch d
which is ~tivated by fip-flop a. The latter is triggered at the moment

of recovery of flip-flop b’ and endures until after the arrival time of the
modulator pulse. In addition to its function at the indicators this pulse
also triggers the ilip-flop ( V~, and VW Fig. 17”2) controlling the switch

(V,. and Vlb, Fig. 17”2) ahead of the decoder. When this switch is

1 See Vol. 20 of this series for details of the comparison circuit and motor drive.
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closed all signals (video and interference) are excluded until the flip-flop
returns to its stable condition shortly before the next basic pulse.

17.7. General Methods of Relaying Sine and Cosine.-A complete
description of an angle can be given by expressing its sine and its cosine
in the same units. Probably the greatest variety of actual and proposed
systems for data transmission have involved the relaying of these quanti-
ties in one way or another.

If sine and cosine of the scan angle are transmitted, these data can be
used for ,PPI synthesis either with or without mechanical motion. Since

>
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FIU. 17.9.—Hypothetical method of transmitting synchro data by c-w,

the method of synthesis has an important bearing on the choice of a relay
method, a brief discussion of the use of the data will be given. T\vo
general methods are possible: mechanical duplication of the scanner
motion at the receiving station (as in the previous cases), or use of the
sine and cosine voltages to produce the two necessary PP1 range-sweep
“omponents.”

Derivation of mechanical motion from sine and cosine information
requires the use of a servomechanism. Practically speaking, it is neces-
sary, in order to reproduce the mechanical motion, to provide a-c voltages
proportional to sine and cosine, as well as a voltage of constant amplitude

for reference purposes. .111 voltages must have the same frequency and

phase. From the terminal-equipment standpoint these voltages could
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be obtained most simply by exciting a synchro on the radar scanner and
relaying each of the resulting voltage “components” together with
a constant reference voltage (Fig. 17”9). This method, which would
require the use of multiple subcarriers, and would thus involve excessive
bandwidth, complex multiple modulation and filtering, or both, has never
been used. Two component voltages and one reference voltage can be
provided at different a-c frequencies, but this arrangement is not suitable
for use with a servomechanism. It can, however, be used to produce
slowly varying sine and cosine voltages. These can then be used to modu-
late alternating current of proper frequency to provide the required volt-
age components for a synchro-controlled servomechanism. The method
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F:~. 17. 10.—Use of S1OW1y varying sine and cosine voltages: (a) production of mechanical
motion; (b) fixed-coil PPI synthesis.

is illustrated in Fig. 17.10a. It has been successfully used in connection

with various types of data transmission resulting in slowly varying sine

and cosine voltages.

In contrast to the reproduction of mechanical motion, the fixed-coil

PPI can best use slowly varying polarized direct current. 1 Since alter-

nating current can easily be rectified to give such voltages, any of the

methods is applicable to this case. As shown in Fig. 17. 10b, the sweep

components are produced by sawtooth generators using the signal volt-

ages as their source potentials so that the ‘‘ sawteeth” are modulated in

the proper manner as the scanner rotates (Sec. 13.16). Through the

provision of low-impedance or multiple-output circuits for the sine and

cosine voltages, as many indicators as desired can be used. The sweep

length for each can be chosen independently of those of the others.

1 It is poseible, of course, to relay the sweep components themselves. However, a
separate sub carrier would be required for each. Furthermore, each “sawtooth”
must endure for the time of the longest desired sweep, and fast sweeps must be
achieved by amplification of a short segment. Errors would be greatly magnified in
such a process.



SISC.17.7] GENERAL METHODS OF RELAYING SINE AND COSINE 703

\

b0? Radar video signals
and trigger pulse

o
f2

o

~llj,;,w
1 To transmitter

-L=
Transformer

Audio C+D sine
filter/1 b

i
From

C >Ll

receiver Video filter Audio C!+D COS@

1+

3 Mc\sec filterjz

v

wEzil Y 1

Audio AVC
filter f~ e

I video and trigger

o !%.
o rr 2r7

B

Signal at a Potential at b

FIG. 17.11.—Method of relaying sine and cosine by c-w on one r-f carrier.

At least two methods of supplying slowly varying sine and cosine
voltages have been successfully applied. One is a c-w method; the other
involves pulse timing.

A C-w Method.—In order to allow transmission of all the scanner data
on one r-f subcarrier, each item of information can use a different audio
frequency, the subsequent sorting being done by a-f filters. Figure 17.11
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illustrates such a method. The stators of the scanner synchro are excited
by equal-amplitude signals of frequencies f, and f,, as are the two equal
primaries of a transformer whose secondary is in series with the synchro
rotor. The voltage across the combination is then

jl(A + B sin 0) + ~@ + B cos o),

where fl and fzrepresent the audi~frequency input voltages and A and B

are constants. Since A is greater than B, the amplitude terms are always
positive. This voltage is mixed with a constant-amplitude a-f signal of
frequency fj (which is used for AGC at the receiver), and the combination
is used to modulate a subcarrier of somewhat higher frequency than the
maximum required for video signals. The modulated carrier, the video
signals, and the trigger pulse are then mixed and passed on to the trans-
mitter proper. At the receiving station, the various component signals are
separated by appropriate filters, as indicated in Fig. 17.11, and the sine
and cosine signals passed through detectors. The resulting voltages con-
tain a d-c component of magnitude C (with respect to the detector bias
point) and a varying component of amplitude D, the sum being always
positive. The d-c component can be prevented from affecting the final
device by relating its bias level properly to that of the detector. The
scheme of adding a constant a-f component to the signal is intended to
preserve the phase sense of the components varying sinusoidally with the
scanner rotation; in this case it is considerably simpler than transmitting
a reference signal to be used in keying a phase-sensitive rectifier.

Pulse-timing Methods.—The simplest method of using pulse-timing
techniques to relay sine and cosine information can be understood by
referring to the timing diagram of Fig. 17.12. A basic pulse occurs once
each radar cycle. The delay of a second pulse is varied with respect to it
in accordance with the expression A + B sin O,where A must be greater
than B in order that the delay shall never become negative. A third
pulse is delayed with respect to the “sine” pulse by an amount propor-
tional to A + B cos 0. In the interpretation of the data it is only neces-
sary to provide for each function a circuit that will develop a voltage
proportional to the time lapse between the members of a particular pulse
pair.

The essentials of such an equipment are illustrated in Fig. 17.12.
Slowly varying sine and cosine potentials are furnished by a data trans-
mitter (which can be either a d-c excited sine-cosine potentiometer or a
two-phase synchro whose output signals are rectified in a phase-sensitive
manner). Each of these potentials controls the operation of a linear
delay circuit. The sine delay circuit is triggered by the basic pulse, and
the cosine circuit is triggered by the sine pulse produced by the sine delay
circuit. Each. gives a finite delay A when the controlling voltage is zero
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The resulting pulses are mixed with the modulator pulse and coded before
being combined with the video signals preparatory to transmission.

At the receiving station, the pulses are decoded and sorted. Each
of the pulse pairs (basic-plus-sine and sine-plus-cosine) is fed to an auto-
matic range-tracking circuit which develops the required voltage as
indicated in Fig. 17.12. The d-c components can be removed in the way
explained in connection with Fig. 17.11.
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Since this general type of synchronization equipment has seen far
more service than any other to date, it will be worth while to consider
it in more detail. The following section gives an extended treatment of
one particular example.

17.8. Pulse Method for Relaying Sine arsd Cosine.-Electronic
means for determining the interval between pairs of pulses will be con-
sidered first. In Fig. 17.13 it is assumed that the basic pulse and the sine
puke have been decoded and ~eparated so that each is available on a
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separate channel. There must now be developed a d-c voltage whose

value is at every instant proportional to the delay of the sine pulse with
respect to the basic pulse. Two of the many possible methods of accom-
plishing this are illustrated. The components of Fig. 17.13a drawn in solid
lines illustrate a very simple method. The basic pulse triggers a flip-flop
having a lifetime slightly greater than the maximum delay of the sine
pulse; the resulting square wave is used to switch a sawtooth generator of
very low output impedance. Thus, within the life of the sawtooth, the
instantaneous voltage at S is proportional to time elapsed since the
occurrence of the basic pulse. When the sine pulse occurs, it momentar-
ily closes the “double clamp” (similar to Fig. 1326), thus connecting
point T tightly to point S so that the condenser is charged to the instan-
taneous potential of S. The leakage path from T to ground is made to
have a high resistance so that the potential at T remains essentially con-
stant until the new cycle, at which time it will take a new value corre-
sponding to the new value of the time delay of the sine pulse. Thus the
potential at T will go through the same variations as the time delay and
will in the present case have the form A + B sin o as desired. This very
simple method is satisfactory provided little or no interference is encoun-
tered. An interfering pulse will, however, cause T to take a potential
corresponding to its time of appearance. This effect can be reduced by
filtering so that no single pulse can cause any very great change, but this
filtering may cause troublesome phase lags in the desired output. A
better method of protection is to employ the output voltage to control the
opening of a switch (dotted circuits in Fig. 17.13a), through which the sine
pulse must pass, in such a way that a pulse can be admitted only during a
very narrow time interval including the time when the true pulse is
expected. (Since this device as described will work only when the track-
ing is already nearly right, some means must be provided for holding the
switch open until correct conditions are once established. ) With the
addition of this protective switch, the method of Fig. 17.13a is satis-
factory. The addition makes it, however, nearly as complex as more
elegant methods of regenerative tracking. Regenerative tracking,
although more complex, provides certain very definite advantages in
compensating for errors occurring later in the circuit.

The elements of a regenerative tracking circuit are shown in Fig.
17.13b. The basic pulse triggers a delay circuit which is controlled by the
final output voltage in such a way that, assuming this voltage is right, the
delay circuit produces a pulse shortly before the arrival of the sine pulse.
The delay-circuit pulse triggers a flopover (Sec. 13.7) which in turn
sends a pulse down an improperly terminated delay line. The reflected
pulse, of opposite polarity, turns off the flopover. The resulting square
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wave from the flopover is used to open the sine pulse switch for 25 ~sec
or so at the expected time of arrival of the sine pulse. 1

The delayed pulse reaches the far end of the delay line exactly at the
middle of the switching wave. The remainder of the circuit is designed
to force thk “comparison” pulse into time coincidence with the sine
pulse by properly controlling the delay through adjustment of the out-
put voltage. Various methods can be used to accomplish this adjust-
ment. The operation of the method illustrated is described below. The
comparison pulse triggers a flip-flop. The square waves from the two
plates, one positive and one negative, are fed to the control grids of a pair
of pentodes (Fig. 17. 13c), turning one on and the other off. The screen
grids, normally at cathode potential, receive the positive sine pulse. If
the pulse arrives when the control.grid of a given tube is on, that tube will
produce a negative pulse on its plate. The signals are integrated in
opposite polarity on condenser Cl by means of the diodes. A negative
signal from Vj drives a negative charge through V3. to Cl. A signal from
V, drives a negative charge to ground through VW The potential on C,
is the output signal. It is returned (perhaps after amplification) to the
comparison-pulse delay circuit which it controls. Thus, if the switch-
ing occurs before the arrival of the sine pulse, VI conducts, Cl becomes
more positive, and the delay is increased. If the switching is too late, Vt
conducts and the delay is decreased. The process continues on successive
cycles until the delay is such that the sine pulse” straddles” the instant of
switching. The delay circuit will then follow the variations in the delay
of the sine pulse so that the output voltage varies in the desired manner.

Figure 17.14 illustrates a system in which, although it is assumed that
the modulator can be triggered, means are provided to distinguish
between the cosine pulse and the modulator pulse for other reasons.

The delay circuits in the synchronizer may be any of the varieties
described in Sees. 13.7 and 13.12, the most precise and trouble-free
results being obtained by the use of circuits similar to but not so refined
as the circuit shown in Fig. 13.36. If this type is used, the sine or cosine
voltage is used to bias the cathode of the diode, and the bias of the anode
is adjusted to give the desired delay A at zero scanner angle. The value
of B is determined jointly by the slope of the sawtooth and the amplitude
of the sine and cosine voltages from the scanner.

The basic pulse, sine pulse, and cosine pulse are passed to the usual
three-pulse coder along with the modulator trigger signal, which is derived
from a fixed-delay circuit triggered by the cosine pulse. In order that the
trigger signal shall be properly timed when decoded at the receiver, the

1 Since this interval is too narrow to allow rapid “looking in” initially or after
tracking has been lost, the circuits are arranged in a mamcr not shown so that in the

abaence of pulses the grid remaine on.



t?
iE

c.
17.8]

P
U

L
SE

M
E

T
H

O
D

F
O

R
R

E
LA

Y
Z

IV
G

SIN
E

A
N

D
C

O
SIN

E

iIIIIIIIIIIIIIIIIIIIIIII

+
+

+

II

Ii
II

}-i.—
—

-----

I
I

i
L

--_-l
—

—
-----—

---
J

------
----,



710 RADAR RELAY [SEC. 17.8

actual modulator trigger is delayed from the signal to the coder by a time
equal to that occupied by the code. By closing the relay onto point Y
and inserting a proper electronic switch between X and Y, the modulator
trigger signal can be used as a switching signal when cyclical time sharing
with beacon or other signals is desired. If no such need is involved, the
cosine pulse can serve also as the modulator trigger signal so that delay
circuit a can be omitted and points B and C made the same.

The coded pulses and the video signals are made to share the radar
cycle by a switch operated by a flip-flop keyed by the modulator trigger,
as described in previous cases.

At the receiving station, the pulses must first be separated from the
video signals and from one another. The “ sequencing” circuits which
accomplish the latter are shown on the top row of the diagram. After
being decoded, the signals pass to several switches of the multiple-grid
variety shown in Fig. 13.27. The numbers alongside each indicate to
which grid the various signals are applied. 1 The main switch is opened
shortly before a basic pulse is expected, in a manner that will be described
presently. On passing through this switch, the pulse triggers a flip-flop
which remains on for an interval slightly greater than the largest delay
time of the sine pulse. This elevates the h-o. 2 grid of the sine-pulse
switch so that the sine pulse can pass through provided the No. 3 grid is
on, as explained in connection with Fig. 17.13. Once the system is
‘‘ locked in,” the narrower switch pulse on the latter grid is the deciding
factor in rejecting unwanted signals; the longer interval is useful during
the locking-in process when the shorter one cannot be used. The sine
pulse, in addition to its tracking role, triggers a flip-flop controlling the
cosine-pulse switch, and the cosine pulse similarly triggers a flip-flop con-
trolling the modulator pulse switch. The modulator pulse is passed onto
the indicators and, in addition, triggers a flip-flop which closes the switch
ahead of the decoder while video signals are being received, and opens it
shortly before the next basic pulse.

A few words should be said about the process of “locking in” initially
or after tracking has been lost through failure of signals or severe inter-
ference. Since the main switch is controlled by a flip-flop, it will sooner
or later be open. If no pulse occurs during the open interval, this switch
will close, but it will be opened again by the next pulse. Sooner or later
it will receive a pulse when open. If this is the sine pulse, the sequence is
established. If it is not, the cosine-pulse switch will pass no. signal, and
the process must start over. In practice, the right combination is
promptly found, and the various pulses then pass through the sequencing
circuits in the proper manner.

1The pulsesmay be separatedfrom the video signalsby amplitudeselection,or
by time separationas in Fig. 174.
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The tracking circuits are similar to the circuit shown in Fig. 17.13c
except for changes made to provide for a scan converter and for the fact
that the switching voltages forthesawtooth delay circuits are provided
by the same flip-flops that control the sine- and cosine-pulse switches.
A-c signals for the scan converter are obtained by modulating the 60-cps
line voltage with the sine and cosine voltages, as in Fig. 17.10a. The
regenerative tracking assistsgreatly in overcoming errors in the modu-
lators by rectifying the modulated alternating current with a phase-
sensitive detector and using this result to control the tracking delay
circuit. Thus the amplitude of the modulated alternating current (which
is the quantity of primary interest) is forced to vary in the same manner
as the delay in the signal pulse, regardless of errors in the comparison
circuits, the modulator, any amplifiers, etc.

Equipment essentially like that just described has had a great deal
of use and in its final form has proved satisfactory. An entire system
using this method is described in Sec. 17.16.

17.9. Comparison of Synchronization Methods.-Not all the syn-
chronization methods described in the previous sections have been used
on actual radar relay systems although nearly all of them have been setup
and tested in the laboratory. Because of the inadequacy of testing in
many of the cases, evaluations are difficult, but the following general
statements can be made.

Pulse US. C-UI Methods. —Pulse methods have been much more highly
developed than those using c-w transmission, partly because of the pulse-
circuit experience available at the Radiation Laboratory, and partly
because the r-f equipment available during most of the work was of the
amplitude-modulation rather than the frequency-modulation type.
However, much can be said in favor of the pulse methods from a funda-
mental standpoint, regardless of the type of carrier modulation.

1. Since one pulse, the trigger, is involved in any method, adequate
protection against pulse interference must be provided in any case.

2. When time sharing is used within the radar cycle, the pulse methods
require less complex r-f equipment than do the c-w methods with
their requirement for at least one subcarrier. Were time sharing
with the video signals abandoned and the pulses sent on a sub-
carrier, the additional complications would be compensated by
considerable simplification and increased effectiveness of the termi-
nal equipment. The synchronization signals would automatically
be separated from the video signals. The use of 100 per cent of
the time and the freedom from restrictions imposed by the radar

PRF would lessen the sensitivity to interference and permit much

more flexibility than is available with the time-sharing technique.
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Such a method would be extremely advantageous if multiple sets

of angular data were to be relayed.
3. Pulse methods are inherently more accurate than c-w methods

since they involve either” counting” or the measurement of time
probably the most accurate types of physical measurements that
can be made. Furthermore, no dependence whatever is placed on
the linearity of r-f modulators, amplifiers, detectors, etc., in con-
trast to the c-w methods where all such devices must be extremely
linear and free from dk.tortion.

On the other hand, c-w methods involve somewhat simpler terminal
equipment than do the puke methods. They are also much less suscepti-
ble to pulse interference, which is the type most likely to be met with at
most of the radio frequencies involved.

Comparison of Specijic Methods.—The specific synchronization
methods that have bee~ most thoroughly tested are—

1. The conveying of sine and cosine by pulses.
2. The conveying of angular increments by the modulator pulses.
3. The conveying of angular increments by the sinusoidally varied

pulse.
4. The method of phase-shifted pulses.
5. The conveying of sine and cosine by a-f signals of different fre-

quencies.

Certain qualitative comparisons among these are possible.
The method of relaying angular increments by modulator-pulse timing

is by far the simplest if it can be used, which is only when the scanner
rotates very uniformly and can be exactly synchronized with the modu-
lator. Unfortunately, the tests of thk method were made in connection
with an airborne radar in which the scanning rate varied considerably;
hence appreciable inertia could not be used. Furthermore, multiple-
pulse coding had not been adopted at that time. As a result, interference
led to somewhat erratic results. Since no opportunity has arisen for
testing with a proper radar and with coded pukes, it is difficult to make an
accurate assessment, but the comparative success under unfavorable
conditions indicates that when properly applied the method can be
satisfactory.

If the scanning is fairly uniform but cannot be synchronized with the
modulator, the method of the sinusoidally varied pulse (Sec. 17.5) gives
very satisfactory results with a minimum of complexity as proved by a
reasonable amount of testing (See. 17.15). This method is somewhat less
susceptible to interference effects than Method 2 since more data are
sent per radar cycle and since an extra pulse does not cause an irreversible
effect.

The method of relaying sine and cosine data by pulse-timing tech-

.
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niques has given satisfactory results even under very severe interference
conditions. It can, of course, follow sector, as well as continuous,
scanning. Its principal drawback is its relative complexity, but much
of the complication in Fig. 17.14 arises from extreme precautions against
interference and from the necessity of operating a servomechanism.
Were fixed-coil PPI’s used, or were it possible to operate a servomecha-
nism satisfactorily from d-c signals, the equipment would be considerably
simplified. A far simpler model operating fixed-coil PPI’s and designed
for less severe interference conditions has seen considerable successful
service.

The phase-shifted puke method is quite comparable to the sine-
cosine method in effectiveness; its method of converting to mechanical
motion is somewhat simpler, and it has considerably fewer adjustments.
Since more data are transmitted per radar cycle, greater protection against
interference is probably afforded. Although this method is of more
recent origin than the sine-cosine method, has not been so highly devel-
oped, and has not had such thorough test% it appears to be mtisfactory.

The sine-cosine method using multiple a-f signals is in principle
quite simple and should prove satisfactory. Although it has been
successfully operated in an actual system (not at the Radiation Labora-
tory), the author is not aware of any extensive tests in the presence of
interference. This method requires more complicated and wider-band
transmitting and receiving equipment than do the pulsed methods which
involve time sharing.

THE RADIO-FREQUENCY EQUIPMENT

In selecting the radio-frequency equipment, the requirements to be met
and the operational conditions must be carefully considered. Among the
important factors are the station locations (land-, water-, or air-based),
the maximum range required, the types of interference to be met, and the
nature of the data to be transmitted. These factors affect many of the
variables of the design, such as the types of antennas chosen, the r-f power
necessary, the carrier frequency most desirable, and the mechanical
construction of the equipment.

17.10. Antennas, Frequencies, and the Radiation Path.-The antenna
gain should be as high as practicable at both stations. For a given
transmitted power, the signal discernibility is always directly proportional
to the gain of the transmitting antenna. At the receiving station the
signal-t o-internal-noise rat io is also proportional to the antenna gain.
and considerable interference reduction is accomplished by the direction-
ality that accompanies high gain. Such antennas therefore permit the
use of much lower power to achieve a given result than would be required
with omnidirectional antennas.

Highly directional antennas can always be used for transmkaion
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between fixed ground stations since they can be permanently oriented in
the correct direction. Very high, even microwave, frequencies are
desirable for such applications since directional antennas can then be
small, rugged, and easily constructed and installed. At least one micrw
wave equipment has been successfully used in experimental tests (Sees.
17.14 and 17.15).

When one or both stations are moving, on the other hand, it is neces-
sary either to use sufficiently wide antenna patterns to provide coverage
in all the necessary directions, or else to provide for automatic pointing
of the antenna, with the consequent added complexity and weight. (If
several receiving stations are involved the transmitting antenna must
cover them all. ) As a result, lower frequencies (100 to 900 Me/see) have
predominated in such applications since more power is available and
higher antenna gains can be obtained with a given pattern. In cases
involving transmission from aircraft, certain interference effects described
below are much ‘less troublesome at low frequencies than at very high
frequencies.

In systems tested at the Radiation Laboratory for the transmission
of data from an aircraft to the ground, elementary antenna arrays have
been used. One system, operating at 300 Me/see, had a vertically
polarized dipole mounted on the tail section of the aircraft and two verti-
cally stacked dipoles at the receiving station. The vertical gain of this
latter antenna improved somewhat the ratio of signal to inherent and to
local noise, but did not reduce interference appreciably since little inter-
ference comes from high angles. In a test of a 100-M c/sec relay equip-
ment, the transmitting antenna was a quarter-wave vertical radiator
mounted on the skin of an aircraft and a corresponding vertical quarter-
wave receiving antenna was used at the ground station.

When a link was established ‘at 800 to 900 Me/see, it was found very
desirable to increase the gain of the two antennas in order to extend the
usable range of the equipment. This was accomplished by using stacked
dipoles at both the transmitting and receiving stations. These arrays
had a uniform horizontal pattern and some gain in the vertical plane.

Associated or near-by equipments often constitute a serious source of
interference; consequently both antenna and power-line filters are desira-
ble at the receiving station. Frequently these must be designed to reject
a particular frequency being radiated by a near-by antenna. Conversely,
it is often necessary to filter the r-f output of the relay transmitter in
order to minimize the radiation of harmonics that interfere with near-by
receivers. The specific filters required for a given installation must be
designed to meet the operational requirements of a specific system involv-
ing a given complement of radar, communication, and navigational
equipment. No general rules can be given.
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Diffraction Phenomena. —Whenever one of the relay stations is in an
aircraft, especially if the transmission path is over water, interference
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FIG. 17. 15.—Field intensity vs. range for propagation of vertically polarized signals
over sea water at various frequencies. Transmitter antenna height, 5000 ft; receiver
antenna height, 75 ft.
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FIc, 17.16,—Field intensity vs. range for propagation of vertically polarized signals
over sea water at various receiving antenna heights. Transmitter antenna height, 5000 ft;
frequency, 300 Mc/8ec.

between direct and reflected rays can occur. This subject. is treated
in detail in l“ol. 13 of this series. Figure 17.15 shows curves of
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signal strength as a function of range for frequencies of 100, 300,
and 850 Me/see, displaying the effect of frequency on the number and
the magnitude of the fluctuations in signal strength that are due to
interference. Figure 17.16 shows curves of signal strength as a
function of range for receiver antenna heights of 75, 110, and 140 ft
above the surface of the sea. These curves indicate the manner in which
the effects of signal cancellation can be reduced by using diversity recep-
tion with antennas at different heights. A simple diversity system might
consist of two antennas respectively 75 and 140 ft above the sea, with
arrangements for switching the receiver to the antenna providing the
greater signal strength at any given moment. In effect, this reduces the
depths of the cancellation minima in either of the antennas considered
separately.

Future Trends in Frequency .—Frequencies most generally used for
radar relay have been in the region from one to a few hundred megacycles
per second, partly for reasons of achievable power, higher gains of non-
directional antennas, and so on. Future trends appear to lead toward
higher frequencies, up to and including microwaves.

Comparatively speaking, the use of such frequencies is characterized
by the possibility of using simple, highly directional antennas, by low
gain in omnidirectional antennas, by reduction in man-made static
(except for pulse interference from radars), by a great increase in the
overwater diffraction effect, by a large number of available channels, and
by the relatively low power now available for c-w operation.

The powers available for continuous operation with equipment devel-
oped by the end of the war are approximately as follows:

100 Me/see
(FM)., . . . . . . . .

(AM.. .

300 Nfc/sec
(FM) . . . . .

(AM) . . . . . . . . . .

1000 Me/see
(FM), ,.,..

(AM)...

3000 Mc/sec(F.M).
10,000 Mc/sec (FM)...

100 watts average

100 watts average

250 watts peak video level
500 watts peak in pulses

30 watts average
30 watts average

80 watts peak video level
175 watts peak in pulses

25 watts average

{

25 watts average
40 watts peak video level
80 watts peak in pulses
10 watts average

0.1 watts average

Any of these is sufficient for use in applications where both antennas
can be directive., and there is little question that the very highest fre-
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quencies will be used for such purposes in the future. Until recently it
was not economical to use a-f modulation of microwaves because of the
extreme oscillator-stability requirements necessary to avoid excessive
bandwidth. However, a highly ingenious application of a microwave
discriminator in combination with a feedback amplifier controlling the
oscillator frequency appears to overcome this difficulty and to permit
the use of c-w synchronization methods.

For applications requiring omnidirectional antennas, the ranges so far
obtained at frequencies above 300 Me/see have been rather limited, espe-
cially in situations involving diffraction effects. As greater power becomes
available at the higher frequencies, they will undoubtedly find more and
more applications even where it is not possible to use highly directed
beams. The diffraction difficulty can largely be overcome by the careful
use of diversity antennas.

17.11. General Transmitter and Receiver Considerations.-Although
the specific characteristics desirable in the transmitter and receiver
depend upon the particular application, certain general statements can be
made.

The transmitter should provide sufficient power to ensure clear signals,
free from noise and interference, at the maximum required range. In
common with all components, it must have sufficient bandwidth to accom-
modate the band of frequencies present. The receiver should have a
satisfactory noise figure, a proper bandwidth, and in many cases must
provide special means of distinguishing between desired and undesired
signals by methods analogous to the antijamming techniques described
in Sec. 12.8. Automatic gain control is necessary to prevent strong
signals from overloading the receiver, and to insure that signals are
applied to the decoder at the correct level.

Bandwidth varies with the particular characteristics of the radar set
and the type of synchronization used. In general, the video sections will
have a bandwidth between 1 and 3 Me/see, with corresponding r-f and
i-f bandwidths from 2 to 6 Me/see, when normal search radar systems are
used. Since the relay link is only one section of the over-all channel, the
bandwidths of its components must be somewhat greater than would be
necessary if it alone were involved.

An important decision is the choice between amplitude and frequency
modulation. The relative advantages and disadvantages of these two
methods are somewhat different for pulsed and for c-w signals, and
depend also upon the type of interference expected. The principal
advantage of frequency modulation is this: if the carrier power is appreci-
ably greater than that of an interfering signal, the latter tends to be

1R. V. Pound, “An Electronic Frequency Stabilization System for CW Micro-
wave Oscillators,” RL Report No. 815, Oct. 1, 1945; Rev. Sci. Inst. 17, 490 (1946).
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suppressed. Frequency modulation is thus helpful in cases where it is
desirable to remove the last traces of low-level interference. Such inter-
ference reduction is effective only if a large deviation ratio is used, that
is, if the ratio of half the maximum carrier-frequency excursion to the
maximum modulation frequency is large. (A deviation ratio of 4 is
considered excellent. ) This requirement increases the necessary band-
width of the r-f parts of the transmitter, and of the r-f and i-f stages of
the receiver. This increase presents additional transmitter circuit prob-
lems, and reduces the gain in the amplifier stages. In the receiver, the
greater bandwidth admits more interference in addition to complicating
the receiver design.

The most important aspects of the relative virtues of the two types of
modulation arise, however, in connection with the consideration of
particular types of signals and interference. For example, if pulse
synchronization signals are received at a level appreciably above that of
interference, amplitude-selection methods can entirely exclude the inter-
ference, regardless of the type of modulation. This gives the amplitude-
modulation method a definite advantage because the low duty ratio of
the synchronization pulses makes it possible to transmit them at peak
powers several times higher than the permissible averagel and thus
assists these signals to override the interference. A fairly high ratio of
peak to average power can also be maintained for video signals since,
except in extreme cases, echoes are received for only a small fraction of the
time. In frequency modulation, on the other hand, the carrier operates
at a constant power level.

No such advantages exist for amplitude modulation in connection with
c-w synchronization met hods. Low-level, more or less cent inuous
interference can be very disturbing, and the natural suppressing effect of
the limiter and discriminator in an f-m receiver can be of very great
advantage. Furthermore, the use of subcarriers and carriers of higher
order can be most readily accomplished in a system which is frequency-
modulated throughout.

The above discussion, admittedly rather hypothetical in the absence
of extended comparative tests, might be summarized as follows:

1. Amplitude modulation methods seem preferable for the relaying
of synchronization pulses (of which there is always at least one),
the advantage increasing -with the strength of the interference.

2. There is probably little to choose between AJI and FM with
respect to the video signals. If the interference is severe, the
higher peak powers and narrower bandwidths possible with ampli-

1This is usually accomplished by combining grid modulation by both the video

and the pulse signals with plate modulation by pulses only.
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tude modulation make it preferable; if, on the other hand, the
interference is at low level it can be more completely suppressed
by frequency-modulation methods.

3. Frequency-modulation methods are definitely preferable for c-w
synchronization signals.

The following sections give brief descriptions of some actual equip-
ments.

17.12. A 300-Mc/sec Amplitude-modulated Equipment.—Largely
because of its availability, the type of r-f equipment most used at Radia-
tion Laboratory consists of a modification of an amplitude-modulated
television transmitter-receiver combination operating in the 300-Mc/sec
region (specifically on any of 10 channels between 254 and 372 Me/see).
The transmitter provides 90 watts of peak video signal power, and 250
watts of pulse power.

A block diagram of the transmitter is shown in Fig. 17.17a. Provi-
sion is made for grid modulation by all of the signals and for additional
plate modulation by synchronization pulses. Negative video and syn-
chronization signals are amplified by a three-stage broadband video
amplifier. The second stage has a gain control in the cathode to compen-
sate for variations in input-signal amplitude. The amplified signals drive
the grids of the 8025 r-f power amplifiers through a cathode follower.
Since the bias for the cathode follower must remain constant for all duty
ratios, a d-c restorer is used between its grid and the —105-volt supply.
The synchronization pulses are amplified by a 4-stage video amplifier oper-
ating into a pulse transformer connected to the cathode of a diode through
which the r-f amplifiers draw their power. In the absence of pulses, the
diode is conducting and the plates of the r-f amplifiers are connected to
the high-voltage supply (800 volts). The arrival of a pulse disconnects
the diode and raises the plate potential of the amplifier by several hundred
volts, resulting in a very high instantaneous power.

The master oscillator consists of a pair of 8025’s in push-pull, the plate
and grid circuits being tuned by transmission-line elements of variable
length. The amplitude of oscillation is controlled by the capacitive
reactance of the filament line, and can also be varied by changing the
length of the filament line. .Change of channel necessitates retuning of
the r-f power amplifier by adjustment of a short-circuiting bar on the
parallel line which constitutes the plate load. The electrical length of
the coupling loop is also varied with the plate tuning. The monitor
diode rectifies a small portion of the output signal, which is displayed on a
scope for monitoring purposes.

A reflectometer, or bidirectional coupler, is coupled into the r-f line
at all times. This gives a continuous indication of the power output and
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provides a means of measuring the standing-wave ratio on the line. The
bidirectional coupler consists of a short section of line in which is mounted
a directional pickup loop. At orientations 180° apart, the loop picks up
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FIQ. 17.17 .—3OO-Mc/sec amplitude-modulated equipment.

the outgoing power and the reflected power respectively. The filter
section is installed to prevent radiation of harmonics and other spurious
c.ff-frequency signals. It has been designed to have 50 ohms impedance,



SEC. 17.13] 10&MC/SEC F-M EQUIPMENT 721

an insertion loss of less than 2 db from 290 to 320 Me/see, and a loss of
more than 40 db above and below this band. The design is conventional:
three T-sections are matched to the line with a ir-section at each end.
Inductors are used as series elements, and combinations of lines as the
shunt elements.

Figure 17. 17b shows a block diagram of the receiver. The r-f ampli-
fier is a miniature triode (6J4) connected as a grounded-grid amplifier. A
dual triode (6J6) is used in a push-pull oscillator circuit tuned 30 Me/see
below the carrier frequency. The 30-Mc/sec i-f signal from the converter
is amplified by six stages, gain control being applied to the first three.
The i-f bandwidth is about 3 Me/see between half-power points. The
output of the detector, a 6AC7 connected as a diode, is applied to the first
video stage. A choice of two time constants is available in the grid
circuit of this stage, 0.47 sec and 2.4 ~sec. The longer one is normally
used; it gives good response to very low video frequencies. The short
time constant, when used, serves the same function against extended or
c-w interference as similar circuits do in a radar receiver (Sec. 12.8).

The automatic gain control is actuated by the synchronization pulses.
A small signal is taken from the plate of the final cathode follower,
amplified, and passed to another cathode follower. Because of inverse
feedback, the output signal of this cathode follower is a sharp spike,
rather than a flat-topped 2-gsec pulse. If the synchronization pulses are
coded, they pass through a delay line to a coincidence tube, the com-
bination acting as a decoder. The coincidence tube is so biased that only
pulses will actuate it, the video signals being biased out at this point by
the video-level control. The output signal of the coincidence tube is
applied to the cathode oi a diode, whose plate potential is set by the AGC
level control. Thus, if the signals from the coincidence tube are suff-
iciently negative to cause the diode to conduct, the grid of the cathode
follower which is also connected to the plate of the diode will change
potential and thereby change the grid potential on the first three i-f
stages. A long time constant in the cathode-follower grid circuit holds
the grid potential essentially constant between pulses. There is thus a
loop in which strong pulses produce a more negative potential on the i-f
grids to reduce the receiver gain, and vice versa.

It may happen that operation of a radar in the vicinity will overload
the receiver during transmission. Such interference can be overcome
by introducing a portion of the interfering radar trigger at the interfei-
ence-suppression terminals shown. This reduces the receiver gain at the
instant of radar transmission, with the loss of only one or two microseconds
of video-signal reception.

17.13. A 100-Mc/sec Frequency-modulated Equipment.—A second
type of equipment which has been used for air-to-ground or air-t~ship
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relay links is a 100-Mc/sec frequency-modulated system. The equip-
ment operates at four frequencies between 78 and 116 Me/see, channel-
changing being accomplished in the receiver by a coil-switching mechanism
and in the transmitter by plug-in coils. A block diagram is given in
Fig. 17.18. The input signals are amplified and delivered push-pull to
the deviator by a phase splitter. The deviator acts as a reactance tube,
modulating an oscillator which operates at one-eighth the desired carrier
frequency. Three stages of frequency-doubling and power amplification

Signals Video
Phase splitter

Push.pull
amplifier deviator

t t

Doubler
25 Me/see

Doubler 12.5 Me/see Push.pull
oscillator

Detector Discriminator
and doubler

I
Power monitor

I
Signal monitor

Y

Transmitter

R.f amplifier Mixer If amplifier

1
>

Discriminator Video Signals
amplifier

Receiver
FIG. 17.1 S.—100-Mc/sec frequency-modulated equipment.

follow. The final stage consists of a pair of 4E27 tubes operated as a
Class C amplifier with an average r-f output power of about 100 watts.

The equipment is designed to accommodate a maximum video
bandwidth of 2 Me/see. The oscillator gives a maximum linear fre-
quency deviation of 0.5 Me/see. Thereforej in this and the first doubler
stage the bandwidth need be only the 2 Me/see determined by the
video frequencies involved. After a second doubling, the bandwidth
is made 4 Me/see in order to support two sidebands on each side of
the carrier. After the final doubling, a bandwidth of 6 Me/see would be
required to support all the sidebands above 5 per cent, but it was found
experimentally that distortion was not serious if the bandwidth were
reduced to 4 hlc/sec. This simplified the amplifier design and resulted in
higher r-f power than would otherwise have been available.
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Two miniature double diodes are included in the transmitter for
monitoring purposes. One of these tubes is connected as a discriminator
to provide a video-output test point at the antenna-line connector. Dur-
ing all testing, this video signal gives an accurate over-all check of the
r-f and video sections of the transmitter. One half of the remaining
double diode is used as an r-f detector to provide a relative power indica-
tion on a panel meter which is also used, by means of a rotary selector
switch, to measure the grid currents of the several doublers. This diode
is also connected to a test point to allow a scope to be used when over-all
alignment and bandwidth measurements are being made. Because of
the stability of this transmitter, it was found unnecessary to use a bidirec-
tional coupler with it.

The receiver has one tuned r-f stage, a mixer, a local oscillator, seven
i-f stages, two limiters, a discriminator, a video amplifier, and three
tubes connected in parallel as a cathode-follower output stage. All the
tubes in this section of the receiver are 6AK5 miniature pentodes, except
the one used in the dk.criminator which is a 6AL5 miniature double diode.

The r-f, i-f, and video sections, as well as the discriminator, are stand-
ard in design, an 8-Me/see bandwidth in the i-f amplifier being obtained
by double staggering of alternate stages. A two-stage limiter is used to
insure constant input-signal voltage at the discriminator. Both limiter
tubes operate at reduced plate and screen voltages to reduce the grid
swing necessary to cause plate limiting. A fast time constant in the grid
circuit of the first limiter was chosen to discriminate against impulse
noise by producing the Ylmiting bias quickly. Longer time constants are
possible in the second limiter since the signal variations at thk tube are
neither large nor of short duration.

This equipment has been given extensive airborne tests in conjunction
with two different types of synchronization equipment, and has also been
operated between fixed ground stations.

17.14. Microwave System for Point -to-point Service.-The two
equipments described in Sees. 17.12 and 17”13 were developed primarily
for air-to-surface work involving the use of omnidirectional antennas; an
upper limit was therefore set to the possible radio frequency. The pres-
ent section will describe equipment designed for use between fixed ground
stations which permit the use of directional antennas.

Safe margins of power are easily attainable in such applications since
the maximum range is usually sharply limited by the horizon or by rough-
ness of the terrain. The received signal was specified to be 40 db above
thermal noise at maximum range in order to provide a safe operating
margin. In the application of this criterion to the selection of frequency
and antenna sizes, the following table is illuminating. Paraboloid
antennas are assumed at both stations.
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TaLE 17.1.—MAxIMuM RANGE OF RELAY SYSTEMS

Frequency,
Me/see

300
1,000
3,000

10, OOO

Power,
watts

50
25
05
01

Beamwidth, degrees

9-ft

paraboloid

= 27

8
2.7
0.8

3-ft

paraboloid

= 80
24

8
2.4

Free-space range, miles

9-ft
paraboloid

196

460

195

292

3-ft

paraboloid

22
,51
22
32.5

When one considers the Dower involved, the decrease of man-made
interference with increased frequency, and the privacy and protection
from interference provided by narrow beams, microwave frequencies
appear to be the most desirable. The decision between 3000 and 10,000
Me/see was based largely upon the fact that in the latter case waveguide
of a convenient size could be used, an extremely desirable design feature.
Since a 32-mile range is adequate for the uses intended, and since too
great sharpness of beam might lead to alignment difficulties, 3-ft parabo-
loids were used at both stations.

Frequency modulation was chosen, partly because of its advantages
when signal-to-noise and signal-to-interference ratios are high, but mostly
because it simplified the oscillator design. Large deviations of the oscil-
lator are easily accomplished, and there are no problems of r-f bandwidth.
Since the required video bandwidth was about 1.5 Me/see, a total
deviation of 6 Jfc/sec was chosen. The total frequency spectrum
involved is then a little more than 9 hlc/sec. In order to minimize the
required i-f bandwidth in the receiver, the discriminator was set on one
side of the pass band of the receiver. A value of 11 31c/sec was then
chosen for the i-f bandwidth to provide a margin to take care of improper
tuning.

The equipment is shown schematically in Fig. 17”19. The oscillator, a
2K39 reflex klystron, is stabilized against a cavity by means of a microwave
discriminator. 1 The output of this device is a d-c signal whose ~’oltage is
proportional to the deviation of the oscillator frequency from the fre-
quency for which a resonant cavity, used as comparison standard, is set.
This error signal is amplified by a push-pull d-c amplifier and used to
control the reflector voltage of the klystron in such a way that its fre-
quency is forced into agreement with the resonant frequency of the cavity.
l~ideo signals and pulses are applied directly to the reflector to produce
the desired frequency modulation. Rapid response is purposely avoided

I R. V. Pound, A Microwave Frequency Discriminator, RL Report No. 662,
Aug. 4, 1945; Reu: Sci. InSt. 17, 490 (1946).
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in the frequency-control circuits so that they will not stabilize against the
signal frequencies.

Not shown in the transmitter diagram is a monitor, consisting of a
crystal mixer and a video amplifier, which draws power from the main
waveguide. In combination with a synchroscope, this provides a very
effective means of checking and aligning the transmitter.
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FXQ. 17. 19.—Microwave equipment.

The local oscillator of the receiver is also frequency-stabilized against
a cavity. The circuits and layout of the i-f amplifier and the automatic
gain control are similar to those of the receiver described in Sec. 12.11,
the bandwidth being 11 Me/see. A tw~stage limiter is used ahead of the
i-f discriminator, care being exercised to provide sufficiently rapid limiting
action to reduce impulse noise. The discriminator is similar to that used
in radar AFC circuits and has a bandwidth of about 17 Me/see between
peaks.
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RADAR RELAY SYSTEMS

Two complete radar relay systems will now be described; their general
features are sufficiently applicable to future requirements to make this
worth while, even though better systems could now be designed. The
requirements for the two systems are quite different. The first involves
the transmission between fixed ground stations of three sets of radar echo
signals and one set of beacon signals, all resulting from antennas mounted
on a single continuously rotating scanner. Although the number of sets of
video signals is large, the use of directional antennas eases the r-f problem,
and the continuous scan renders scanner synchronization relatively
simple.

In the second example, one set of radar signals and one set of beacon
signals are relayed to ground from a long-range airborne radar set
arranged to permit sector scanning. In contrast to the former case, the
“picture” data are relatively simple, but the requirement of large
angular coverage forces the use of low-gain antennas and puts a severe
requirement on the r-f system. Sector scan and the turning of the
aircraft greatly complicate the scanner-synchronization problem.

17.15. A Ground-to-ground Relay System.—The radar set originat-
ing the data in this example is a ground-based microwave set (see Chap.
15) in which the scanner, rotating at either 2 or 4 rpm, carries two
radar antennas and one beacon antenna. One of the radar antennas pro-
vides long-range low-angle coverage; the other provides coverage at high
angles. Both regular video signals and MTI (Chap. 16) video signals are
derived from the upper-beam signals; this beam is chosen for MTI because
it is the one predominantly used at the shorter ranges where the clutter is
worse.

Thus four sets of video signals must be transmitted: lower-beam
radar echoes, upper-beam radar echoes, upper-beam MTI video signals,
and beacon responses. Time sharing is used to put two. sets of video
signals on each of two carriers. One channel is shared between the MTI
video signals and the lower-beam video signals, MTI video being trans-
mitted for a time interval corresponding to the first 30 to 50 miles of
range from the radar, and the lower-beam video for the remainder of the
radar cycle. A second channel is shared between the upper-beam radar
echoes and the beacon signals; since the data from these two are simul-
taneous, switching must be done on a whole-cycle, rather than on a frac-
tional-cycle, basis. Two pulse cycles are allotted to radar, then one to
beacon, and so on, the unequal division being used because signal sensi-
tivity is more critical in radar than in beacon operation. The resultant
loss in sensitivity is 0.5 db for radar signals and 1 db for beacon returns.

Two transmitters, feeding a common antenna through a duplexer, are
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used to provide the two channels, since, at the time of design, equipment
accommodating subcarriers was not available and weight and power were
not crucial items. The remaining data are combined on these same two
channels as indicated in Fig. 17.20. The mixing and switching of the
signals for the first transmitter is fairly simple. Range markers and the
proper set of angle markers are mixed with each set of video signals, and
the two sets are fed to a video switch, which passes the MTI signals for
the first 50 miles or so and the lower-beam signals thereafter. The
switch is like the circuit of tubes Vl~ and Vlb of Fig. 17”3, but has signals
on both grids.

The synchronizer is similar in function to that of Fig. 17.5 (including
Fig. 17.2), 1 with the addition of a scale-of-three circuit to produce the
beacon switch pulse on every third cycle. The third pulse of the mod-
ulator code is counted down for this purpose and passed to the signal
switching unit. The switching signal to be relayed is delayed 16 ~sec (by
reflection in an 8-~sec delay line) in order that it be clear of the azimuth
pulse at the receiving station.z The three-pulse code, the azimuth pulse,
and the beacon pulse are “mixed” by using them all to trigger a blocking
oscillator.

The video signals to the second transmitter are switched twice.
The upper-beam video and the beacon video are switched cyclically as
described above. The switch is controlled by a flopover circuit (Fig.
13. 16) which remains in the stable state that causes video switch a
to pass the radar signals until a beacon switch-pulse occurs; it then passes
to a second stable state that causes the video switch to pass beacon
signals. At the next modulator pulse the original condition is restored.

A video switch provides for time sharing between the video signals
and the synchronizing pulses in order that the former shall not interfere
with the latter. In its normal position, the flip-flop holds switch b in

the state that passes pulses. Firing of the flip-flop by a pulse delayed by

30 psec from the modulator pulse reverses the video switch allowing echo

signals to pass. The flip-flop returns spontaneously to its original state

shortly before the start of the next radar cycle. Signals from switch b

are combined with range and angle marks in a video mixer, from which
they pass to transmitter No. 2.

At the receiving station, the signals pass through a duplexer to two
receivers. The first delivers the time-shared MTI and lower-beam video
signals, together with markers, directly to the indicators. Signals from

1 The circuit details of the equipment actually tested differ considerably from
those of Figs. 17.2 and 175.

2 In order that pulses passing through the three-pulse coincidence circuit shall not
cause false coincidences, they should follow each other by at least the sum of the code
length and the pulse length—in this case a total of 8 ysec.
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the second receiver contain the coded modulator pulse, the azimuth pulse,
and the beacon switch pulse. They pass through a switch which excludes
all signals while video is being transmitted but opens shortly before the
arrival of a trigger pulse. This switching, the decoding of the modulator
pulse, and the derivation of the scanner information from the azimuth
pulse, are done by methods similar to those of Figs. 17.2 and 17.5. The
upper-beam video signals and the beacon video signals are separated by a
video switch which consists essentially of a pair of out-of-phase switches
similar to that made up by tubes V1~ and Vlb in Fig. 17”3. The video

switch is controlled by a flopover which is triggered to the beacon position
by the beacon switch pulse and to the radar position by the next modula-
tor pulse. The switch pulse is singled out by coincidence with a pulse
derived locally (N) at the proper time by delaying the decoded modulator
pulse.

The time occupied by the pulse code results in the triggering of the
indicators 8 ~sec too late. This produces a slight distortion in the dis-
plays, but there is no error in range measurements since accurate range
markers are transmitted with the video signals. The display distortion
is unimportant because short-range displays are not used. Similarly, the
fact that the indicators must be blanked out for the first 30 ~sec is of no
importance since targets at such close range are practically never of
interest.

Several r-f equipments, including the three described in earlier
sections, were tried experimentally in this application. All operated
with reasonable satisfaction, maximum range being limited in every case
only by the line of sight. On the whole, the microwave equipment is
considerably superior to the others because of its compactness, the small
power involved, the narrowness of the beam, and the greater freedom
from interference. However, the fact that the use of frequency modula-
tion did not permit the pulses to be transmitted at higher level than the
video signals was a definite handicap for reasons described below.

The equipment as a whole operated about as anticipated. Compara-
tive PPI photographs taken simultaneously at the two stations are shown
in Fig. 17.21. The only difficulties of consequence involved occasional
loss of synchronization, usually because of pulse interference picked up
on the radio link or on the radar set. The direct results of spurious
triggers on either the angle data or the sweep triggering were not appreci-
able, but loss of the trigger occasionally upset the sequencing with
unfortunate results. Once the proper chain is broken, it can be spuriously
started by interference or by video signals and remain in error for several
cycles. Both the indicator sweeps and the azimuth data are then in
error, sometimes by as much as 5° or 10°. The resulting angular error
persists until it is manually removed. When amplitude selection of the
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Fm. 17.21.—Comparative PPI photograph taken eimultaneouely at the transmitting and
at the receiving etatione.
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pulses is possible (with the amplitude-modulated equipment ), these
effects are greatly reduced. Amplitude selection also provides suppres-
sion of weak interference picked up on the link itself. With this pro-
tection interruptions are extremely brief and cause little difficulty.

17.16. Relay System for Airborne Radar.-In the system just
described, the scanner synchronization was rendered fairly simple by the
continuous scanning, and the problem of obtaining adequate signal
strength was simplified by the use of dkectional antennas. The principal
complications were those involved in the simultaneous transmission of
several sets of video data. The present section will describe briefly
the arrangements used to solve a far more difficult problem, in which the
data originate from a l~ng-range airborne set equipped for sector scanning.
The scanner synchronization, diffi~ult in any case, is rendered far more
so by the fact that the omnidirectional antennas required give so little
gain that the interference problem is severe. Every possible device must
be used to provide a maximum of power from the transmitter, to reject
interference in the receiver, and to protect the synchronization pulses by
coding, by switching, and so on.

The video data involved are simple, consisting merely of radar signals
and of signals from a separate beacon receiver. In order that the two
sets of video signals may be accommodated, cyclical time sharing is used
during the intervals of beacon use, the modulator trigger serving as the
signal that radar is being transmitted on a given cycle.

The design was built around the sine-cosine synchronization method
of Sec. 17”9 and the 300-M c/sec amplitude-modulated r-f equipment of
Sec. 1712. Much experimentation was done, however, with the phase-
shifted pulse method of synchronization (Sec. 17.6), and with the
100-Mc/sec frequent y-modulated r-f equipment of Sec. 1713. The
former combination is outlined in Fig. 1722, in which some parts peculiar
to this system and not heretofore described are shown.

It is necessary to provide the azimuth data in terms of compass
directions rather than aircraft heading. To accomplish this, an a-f wave
is passed through a two-phase synchro on the scanner and a two-phase
differential synchro controlled by a compass so that the two resulting
signals have amplitudes proportional to sin 0 and cos @ respectively,
where 6 is the scanner orientation with respect to true north (Sec. 13.4).
Each of these signals is passed through a phase-sensitive rectifier keyed
by the audio oscillation in order to develop the slowly varying voltages
necessary to control the sine and cosine delay circuits (Sec. 17.8).

The remainder of the synchronizer is like that shown in Fig. 17.14
except for the provision for radar-beacon switching on alternate cycles.
During periods of beacon use, the relay of Fig. 17.14 is to the right,
diverting the modulator pulse from the coder to the scale-of-two multi-
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vibrator of Fig. 17.22. The square waves from the latter control a
switch that alternates between radar and beacon video signals, if the
latter areto be relayed. Apulseformed onthose cycles inwhich radaris
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FIG. 17.22.—Am-to-surface relay system.

transmitted is passed to the coder to serve as an identifying pulse in the
relay channel. When the beacon signals are not desired, the relay of
Fig. 17.14 is reversed and the original pulses go to the coder on evezy
cycle.



734 RADAR RELAY [f+iEc.17.16

The video switch of Fig. 17.14 alternates the video signals (radar or
radar alternated with beacon) with the coded pulses, and passes the
results to the transmitter (Fig. 17.22), where they ultimately modulate
the grid of the r-f power amplifier. The pulses are additionally used to
modulate the plates of the same tubes; this arrangement provides a much
higher power in the pulses than would otherwise be available. The
transmitter power is approximately 50 watts average, 80 watts peak on
video signals, and 175 watts peak on pulses.

An r-f filter is provided in the antenna lead. The antenna consists
of a vertically polarized dipole mounted on the tail section of the aircraft.

At the receiving station, the energy is received by an antenna con-
sisting of two vertically stacked dipoles and passes through a resonant
cavity of loaded Q equal to 100 on its way to the receiver described in
Sec. 17.12.

The analyzer and scan converter operate as shown in Fig. 17.14,
separating the various signals and providing a simulated scanner motion.
The separation of video signals from pulses is aided by an amplitude
selector which takes advantage of the higher power in the pulses. This is
helpful, especially during the locking-in period. The additional parts
necessary to separate the radar and beacon data are shown in Fig. 17.22.
The cosine pulse is delayed 30 psec to form a trigger available on every
cycle, regardless of whether radar or beacon video signals are being
transmitted. The modulator pulse indicates those cycles on which radar
video is transmitted. A trigger occurring only on the beacon cycles
can be formed by an anticoincidence circuit operated by these two pulses.
The video switch separating the two types of video is controlled by a
flopover which is thrown to the radar position whenever the modulator
pulse occurs, and back to the beacon position by the next cosine pulse.
The switch then passes beacon signals on every cycle in which the modu-
lator pulse does not occur.

This equipment gave reasonably satisfactory results in its final form.
In spite of all the precautions taken, however, the considerable interfer-
ence from radar and communications equipment, together with the
presence of diffraction minima, limited the reliable operating range to
about 30 miles when the interference was severe, and to 50 miles or so
under reasonably favorable conditions. These figures would be some-
what improved by the use of diversity antennas. but in the absence of
tests no figures can be given.

Extensive tests of the 100-Mc/sec frequency-modulated equipment
have been made under less severe interference conditions than those
faced in tests of the 300-Mc/sec equipment. At 100 Me/see, diffraction
minima occur only at short ranges where the signal strength is high, and
they are much less pronounced than those at higher frequencies, as
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indicated by Fig. 17”15. This relative freedom from cliffraction effects,
together with the higher antenna gains, gave the 100-Mc/sec equipment
better performance in the absence of severe interference than that of the
300-Mc/sec system. Under the test conditions, satisfactory results
were achieved at ranges up to 100 miles with the airplane flying at
10,000 ft. However, a great deal of interference exists in this frequency
band in busy locations. The tests did not give adequate opportunity
to observe the effect of thk interference in reducing the maximum range
since the sites used were relatively isolated.

The phase-shifted pulse method of synchronization (Sec. 17.6)
gave results comparable to those of the sine-cosine method with either
type of r-f equipment under reasonably interference-free conditions.
Since it is slightly simpler and has fewer adjustments, it was therefore
somewhat superior under the test conditions. No data are available
on its relative performance in the presence of severe interference,
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Gordy, W. O., 80
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Gray, Marion C., 65
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Ground return, 92-96, 154
Guerlac, H. E., 13
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Half-wave line (eee Line, half-wave)
Hard-tube pulser (eee Puleer)
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head, heat removal from)
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by searchlighting, 187
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plan system, 192
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Height indices, 518-524
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Hertz, Heinrich, 13
Holtzer-Cabot Electric Company, 574,

575, 576, 577, 578
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Hubbard, M. M., 56o
Hudspeth, E. L., 80
Hulsmeyer, 13

1

IAGC (see Gain control, instantaneous
automatic)

Identification systems, (s.. IFF)
I-f amplifier (see Amplifier, i-f)
IFF, 251
Impedance, characteristic, 391

of delay lines, 671
internal, of pulser, 366
normalized, of wavegnide, 401

Indication, true-bearing, 311
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plan-position (see Plan-position indi-
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range-height (nee Rang~height indi-
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(See a.ko Display)
Indices, 163
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Indices, ofrange andangle,513-524
Inductance, nonlinear, as switch, 381
Inductance charging, 382
Integration, of radar information, 38-47
Interference absorber, 69
Interference lobes, 50
Intermediate frequency, choice of, 444

Intermediate-frequency amplifier (see
Amplifier, i-f)

Interrogator-responsor, 253

J

Jacobsen Manufacturing Company, 585
Jordan, F. W., 497
Josephson, V., 77
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K

Katzin, M.,80
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Keneipp, H. E.,56o
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Lawson, J. L., 33
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Levoy, L. G., Jr., 56o
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Limiting of video output signal level, 452
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403
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long, effect of, 393
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Linford, L. B., 77
Loaded Q, 406

Lobe-switching, 203
Lobes, side, 272
Local oscillator, 8, 414416

MTI, design of, 65%662
stability of, 638-640

Local-oscillator stabilities, typical, 661
Lockover, 497
L-scope, 167

M

Magnetic focusing of CRT (see Cathode-
ray tube, magnetic focusing of)

Magnetron, 7, 32G355
construction of, 32 1–325
electron orbits in, 33o
frequency pulling of, 349
frequency stabilization of, 351
inductive tuning of, 347
input impedance of, 346
modes of operation for, 328
for MTI, stability of, 640
output coupling of, 329
performance chart for, 336
pulling figure of, 349
pulse-length limitations on, 346
pulse power of, 341
resonant system of, 325
rising sun, 330
space-charge distribution in, 335
strapped, 330
tunable, C-ring, 347
tuning of, 347
wavelength scaling of, 341

Magnetron cathode, back bombardment
of, 344

Magnetron efficiency, 345
Magnetron instabilities, 353

sparking, 353
mode-changing, 353

Marconi, G., 13
Markers (see Range, Timing, Angle,

Height markers)
Massachusetts Institute of Technology,

16
Mattress antennas, 274
Micro-B, 171
Micro-B display, 531
Microwave Committee, 15
Microwave propagation (see Propaga-

tion of microwaves)
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Microwave, reason for use of, 10
attenuation of (see Attenuation of

microwaves)

Mixer, 8
coaxial-type, 417
crystal for (eee Crystal, for mixer)
microwave, 416-418

Modulation, amplitude, 129, 139
frequency, 130
pulse, 130
from scanning, 136

Modulator, MTI requirements on, 641
(See al-w Pulser)

Morse, P. M., 65
Motor-alternator sets, aircraft, 561–563

speed regulators for, 57 1–578
starting current of, 561–563

Motor-alternator sets, speed control of,
574

Mount, antenna (see Antenna mount)
three-axis, 309

Mountain relief, 96-99
Moving-target indication (see MTI)

MTI, 626-679
basic principles of, 62fk632
blind speeds in, 650
magnetron for, stability of, 640
on moving system, 655–658
noncoherent method of, 656
phase-shift unit for, 655

design of, 663

special test equipment for, 677–679
target visibility in, 649-653
trigger generator for, 634

MTI cancellation equipment, stability
requirements on, 641

MTI component design, 65*679
MTI component requirements, summary

of, 642

MTI components (see particular com-
ponent)

MTI local oscillator, stability of, 63%640
MTI locking pulse, requirements on, 662
MTI operating tests, 677
MTI oscillator stability, testing, 677
MTI receiver characteristics (see Re-

ceiver, MTI, characteristics of)
MTI requirements on modulator, 641
MTI system, practical, 632-635
MTI system constants, choice of, 638-655

MTI targetsin clutter,visibility of, 651-
653

MTI transmitter,658
Multivibrator,497-500

cathode-coupled,499
tip-flOp,498
single-stroke,498

Myers, TV.L., 283

N

National Defense Research Committee
(seeNDRC)

Naval ResearchLaboratory, 14
Navigation, lightweight airborne radar

systemfor, 611–625
radar (seeRadar navigation)

NDRC, 15
Division 17, 216

Neild, W. G., 569
Network,pulse-forming,375
Newtonregulator,566-570
IX TAC, 229
Noise, 2847
Noise figure,over-all receiver,32, 441
Noise fluctuations,3.%10
Noise power,available,30
Noise temperature,of crystal (seeCrys-

tal, noisetemperatureof)
Nonscanningantennaa,277–279
Nyquist, H., 30

0

Oboe systcm, 24W247
Odographs, 216
C)lson, V. A., 655, 665
Optical superposition, of indicator scales,

218
Oscillator, local (see Local oscillator)

phase locking of, 632

P

Paraboloid antennas, 272-274
Peaking, series, 452

shunt, 451
Pedestal, 271
Performance chart, for magnetron (see

Magnetron, performance chart for)
Phantastron, 500
Phase locking of oscillators, 632
r-mode, 326
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Pillbox, 276
Pip-matching, 203
Plan-position indicator, 6, 167

(See ah. PPI)
Plotting board, 180°, 238

verticrd, 235
x-Y, 240

Polyrod, 278
Polyrod radiators, array of, 303
Pound, R. V., 717, 724
Power, for mobile radar, 585

prime, supplies for radar, 555-587
for radar, in aircraft, 555-583

frequency of, 555
recommendations for, 582

at tied locations, 583
for large systems, locally generated,

584
for shipborne systems, 586

Power frequencies, in aircraft, standard,

556
Power supply, 3-phase a-c radar, 559

for ultraportable equipment, 585
vibrator, 581

PPI, 167
delayed, 169
deeign of, 532-545
off-center, 168
open-center, 169
pm-time-base resolution for, 544
resolved-current, 538-545
reached time bsse, 534–538
rotating-coil, 534
stretched, 170
threAone, 553
using automatic transmitter triggering,

540
PPI displays, contraat of, 54*554

resolution of, 548-554
Pre-plumbing, 408
Prwwrization, of r-f lines, 283, 420
PRF, choice of, 598

Prime movers, small, 586
Prime power supplies for radar (see

Power, prime, supplies for radar)
projector, chart, 215
Propagation, free-space, 18

of microwaves, over reflecting surface,
47-53

(sss ah. Microwave propagation)
PSWR (see Standing-wave ratio, power)

Pulse, phaae-shifted, 697
sharp, generation of, 501-503

pulse cable, 386
pulse length, choice of, 596-598
pulse modulation (see Modulation, polae)
pulse packet, 122
pulse power (see Magnetron, pulse power

of)
P@e-forming network (see Network,

pulseforming)
Pulse-modulated doppler system, 150-157
Pulee-to-pulse cancellation, 631
Pulse recurrence frequency (see PRF)
Pulee transformers, 38L-386
Puk3er, 353-390

basic circuit, 356-36o
driver circuit, 371
energy sources of, 387
hard-tube, 367-373
hard-tube and linetype, comparison

of, 3W363
line-type, 358, 374-383

a-c charging of, 383
recharging circuit of, 382
switches for, 377–381

overload protection of, 364
Pulser switch, 357

for line-type pulsers, 377–381
nonlinear inductance as, 381

Pulser switch tubes, high-vacuum, 368

Q

Q, of cavity, 406
Quarter-wave line (see Line, quarter-

wave)
Quarter-wave plate, 84

R

Racons, 246
Radar, 419

comparison of, with eye, 1
C-W, 127–159

comparison with pulse radar, 123

ground, use of beacons with, 609
history of, 13
limitations of, 116-126
prime power supplies for (see Power,

prime, supplies for radar)
principle of, 3-6
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Radar, pulse,3
range performance of, 8-10
word, 3

Radar beacon (see Beacon, radar)
Radar components, 6-8
Radar coverage, effects of surface reflec-

tion on, 603
Radar cross section, 21, 63
Radar equation, 21-27
Radar horizon, 53
Radar in~cator, 161-175

(See do Indicator)
Radar landmarks, 113
Radar navigation, 108-115
Radar performance figure, 5W
Radar performance surveys, 592
Radar relay, 225, 680-735

AM vs. FM for, 717–719
antenna for, 713–719
antenna filter for, 720
frequencies ueed for, 716
100 Me/see, equipment, 721–723
300 Me/see, equipment, 719-721
uses of, 680

(See af.so Relaying)
Radar relay analyzer, 682
Radm relay interference, combating, 685
Radar relay receiver design, 717
Radar relay r-f equipment, 682, 713-719
Radar relay scan converter, 682
Radar relay synchronizer, 681
Radar relay system, for airborne radar,

732-735
ground-to-ground, 72&732
maximum range of, 724
microwave, 723-726
simple, 681

Radar relay terminal equipment, 682
Radar relay transmitter design, 717
Radar scanning patterns (see Scanning

patterns, radar)
Radar system, 12

airborne, lightweight, for navigation,
611-625

c-w, 12i-159
comparison with pulse radar, 123
summary of, 157-159

high-performance, for air surveillance
and control, 592–61 1

testing, 590
versatility of, 588

Radial time baae indicator (see Indicator,
radiaf time baae)

Radiation Laboratory, 16
Radio Corporation of America, 24o
Radomes, 314

airborne, drag of, 315
electrical transmission of, 316
examples of, 317–319
sandwich construction of, 316
structural design of, 316

RAF Fighter Command, 226
Rain echo (see Echo, from rain, 81)
Ramandanoff,D., 561
Rangeequation,595
Range-heightindicator (RHI), 172,545-

547
Rangeindices,518-524
Rangemarkers,movable, 518
Rangescopes, 165-167
Rangesweep,162
Rapid photographicprojection, 221
Ratio, standing-wave(seeStanding-wav~

ratio)
Rayleighscattering,63
Receiver,definitionof, 435

general-purpose,462464
input circuitsof, 442
lightweightairborne,46447o
logarithmic,’553
MTI, adjustmentof limit level in, 649

characteristicsof, 64&649
comparisonof types of, 648
limiting,647, 665
lin-log,647, 665

over-allnoise figureof, 32, 441
radar,433-474
typical, 46M74
‘wideband, 470474

Receiver bandwidth, 33
Receiver design, MTI, 665
Receiving system, typical, 435-441
Rectangular waveforms, generation of,

491X501
Reflection, diffuse, 89-92

specular, 89-92
Reflection coefficient, 49
Refraction, 53
Regulator (see Voltage, Speed, etc.)
Relaxation oscillator, free-running, 496
Relay radar (see Radar relay)
Relaying, of scanner data, 683
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Relaying, of sine and cosine, general
methods of, 701–71 1

Repeater, electromechanical, 49W-492
syncbro-driven, 490

Resistance, back, of crystal, 413
spreading, of crystal, 413

Resolution of PPI display (see PPI dis-
plays, resolution of)

Resolvers, 487
Resonance charging, 382
Resonant cavities (see Cavities, resonant)
Responder beacons, 246
R-f components, 391-432
R-f head, 419432

examples of, 425-432
heat removal from, 421
test points in, 424

&f switch, 295
R-f unit, 420
Eleke, F. F., 353
Rieke diagram, 339
Rising sun magnetron (see Magnetron,

rieiig sun)
Roberts, S., 662, 678
Robertson, L. M., 561
Robertson, R. M., 291, 295
Robinson, C. V., 298
Rotary joint, for coaxial line (see Line,

coaxial, rotary joint for)
for waveguide (see Waveguide rotary

joint)
Rotary spark gap, 381
R-scope, 165
Rubenstein, P. J., 64
Ryde, D., 62
Ryde, J. W., 62

s

Sawtooth generators, 51&514
Scale factor, 162
Scale markers, 163
Scale-of-two, 497, 499
Scan, complex, 281

circular, 281
conical, 188, 205, 281
helical, 281
horizon, 281
Palmer, 282
sector, 199, 281
simple, 280

Scan, spiral, 281
Scanner, 271

airborne, installation of, 312
electrical, 29 1–304
of long-range ground radar, 287
mechanical, 282-291
stabilization of (see Stabilization; Sta-

bilizer)
surface-based, installation of, 313
weight of, 283

Scanning, conical (see Conical scan)
signal fluctuations due to, 644646

Scanning loss, 43
scanning modulation (see Modulation,

from scanning)
seaming patterns, radar, 280-282
scanning rate, 116-121

azimuth, choice of, 599
Schwarzschild antenna, 295-298
SCI height finder, 29~302
SCR-268, 203
SCR-270, 181
SCR-271, 181
SCR-521, 196
SCFL527, 186
SCR-540, 201
SCR-534, 207-210

close controI with, 238
scanner, 284-286

SCR-588, 186
SCR-615, 188
SCR627, 186
SCR702, 202
SCR-717, 199
SCR-720, 201
screens, cathode-ray tube (see Cathode-

ray tube screens)
sea return, 92-96
Second-time-around echo, 117
Sector control, 230
Sector display (see Display, sector)
Sector scan (see Scan, sector)
Self-synchronous system, 438
Selsyns, 487
sensitivity-time-control circuit, .460
Sequencing circuits, 710
Series gap switch, 377
&?ries peakhg (see Peaking, series)
servomechanisms, 49 I
Shunt peaking (see Peakiag, shunt)
Side lobes, 272
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Signal, interference of, 73
minimum detectable, 2S47
minimum discernible, 34

Signal Corps Laboratories, 14
Signrd fluctuations due to scanning, &&&

646
Signal loss caused by MTI, 651
Single-tuned circuit, 445
Skiatron, 220, 483
Skin depth, 406
Slug-tuned coil, 442
SM, 188
Spark gap, rotary, 381
Specular cross section, 69
Speed control, of motor-alternator sets,

574
motor-, electronic, 578
of motor, by voltage generator, 574
tuned-circuit, for motors, 577

Speed governor, carbon-pile, 578
Speed regulator, for aircraft motor-alter-

nators, 571–578
motor-, Lee, 574

Spencer, R. C., 68
Stabilization, 304–312

airborne antenna, 30$308
frequency, of various components (see

varioue components)
ehipborne antenna, 30%312

Stabilizer, airborne, errors in, 308
line-of-sight, 30&308
roll, 306
shipborne, accuracy of, 311
stable-base, 306

Stagger damping, 449
Stagger-tuned circuits, 448
Standing waves, 391
Standing-wave ratio, power, 392

voltage, 392
Storage gain (see Gain, storage)
Storage tube, as delay device, 631
Storm echo (see Echo, from storm)
Straight line charging, 383
Strapped magnetron (see Magnetron,

strapped)
Stratton, J. A., 64
Straus, H. A., 295
Structures, radar signals from, 99
Stub support, broadband, 395
Subcarrier, phase-shifted, 695
Subcarner method, 684

Superposition, optical, of indicator scales,
218

Superrefraction, 55
Switch (see ATR, Rf, TR, etc.)

pulser (see Pulser switch)
Switch tubes, high-vacuum, for prdsers,

368
Synchronization, 51g524

incremental angle, method of, 689–695
jittered-pulse system of, 693
phase-shift method of, 69$701

Synchronization methods for radar relay,
comparison of, 71 1–713

Synchronizer, radar relay, 681
Synchros, 487
Synchroscope, 164
System, back-of-the-dish, 419

radar (see Radar system)

T

Targets, complex, 73, 7$81
compound, 73, 81
extended surface, 85

Teleran, 240
Temperature, noise, of crystal (see Crys-

tal, noise temperature of)
Test equipment for MTI, special, 677–

679
Thyratron, hydrogen, 379
Time base, 162
Time-sharing method, 684
Timing markers, discrete, 52&522
TR switch, 7, 407411, 420
TR tube, 407

prepulsing of, 607
Tracking, automatic angle, 207-210

regenerative, of pulses, 707
Tracking circuit, locking in of, 710
Transducers, electromechanical, 667
Transformer, jog, 295

(see also type of transformer)
Transmission, c-w, of sine and cosine,

703-711
data (see Data transmission)
pulse, of sine and cosine, 704

Transmit-receive switch (see TR switch)
Tranemit-receive unit, 420
Transmitter, data (see Data transmitter)
Transponders, 246
Trapping, 56-58
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“1’rigatron, 379
Iligger generator for IMTI, 634
Tube (see Cathode-ray tubes; Klystrons;

etc. )

hve, M. A., 13

u

Unloaded Q, 406
U.S. TacticalAir Commands, 22%240

v

Van Vleck, J. H., 59, 60
Variable Elevation Beam (VEB), 189
VEB (see Variable Elevation Beam)
V-beam (see Height indicator, V-beam)
V-beam radar, 193–196
Veinott, C. G.,560
Vibrator power supplies (see Power

supply)

Video, output limiting of (8ee Limiting of
video output signal level)

Video amplifier (see Amplifier, video)
Video mapping, 223
Video mixing, 45
Visibility, of MTI targets, in clutter,

651-653
subclutter, 653
measurement of, 679
of target, in clear, 64%651

in MTI, 64%653
Voltage regulation, booster armature, of

dynamotors, 58o
Voltage regulator, for aircraft alternators,

563-566
carbon-pile, 56G570

Voltage regulator, carbon-pile, adjust-
ment of, 567

shock-mounting of, 568
control of motor speed by, 574
finger-type, 570
meebanical, 56&571

VSWR (seeStanding-waveratio,voltage)

w

Wrdlman, H., 448, 449
Watson-Watt, Sir Robert, 14, 176
Wave shape of airborne alternators, 557
Waveform (8ee type of)
Waveguide, 398-405

attenuation in, 405
bends in, 402
choke coupling for, 401
to coaxial line, transition between, 403
cutoff frequency in, 400
modes in, 400
power-handling ability of, 404
of variable width, 291
wavelength in, 400

Waveguide rotary joint, 403
Wavelength, choice of, 604

in waveguide, 400
Waves., standing (we Standing waves)
Weinstock, Robert, 64
Williams, D., 77
Wincharger Corporation, 574, 576
Window, 81
Woodcock, W., 77

Y

Yagi antenna (see Antenna, Yagi)
Yaw 8tabihzation, 311








