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Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during World War 11
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. DuBripge.
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Preface

HE receivers and circuits treated in this volume have sprung almost
Tentirely from radar techniques. It is felt, however, that many of the
features are applicable in other services where high sensitivity and excel-
lent transient behavior are required. An attempt has been made to reach
a sufficiently fundamental standpoint in the presentation to permit such
use in allied fields.

The long and uninterrupted record of unstinting cooperation on the
part of other laboratories and organizations, both industrial and govern-~
ment, has continued throughout the preparation of this book. Particu-
lar thanks are due to the Raytheon Manufacturing Company for the use
of illustrative material for Chap. 13 and to the Hazeltine Corporation
for the use of reports on which some of the discussion of Chap. 20 is based.

Entire credit for whatever coherence exists between this book and the
others of the series as well as much of the credit for any internal coherence
must go to the Technical Coordination Group.

S. N. Vax Voormuis.
CAMBRIDGE, Mass.,
July, 1946.
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CHAPTER 1
INTRODUCTION

By S. N. Vax VoorHIs

The receivers used with radar systems, particularly those operating
in the microwave region, are usually characterized by two special proper-
ties. In the first place it is important to be able to deal with the weakest
possible signal, which may be comparable to or even weaker than the
noise in the system. The level of atmospheric noise at these frequencies
is very low, so that it becomes necessary to do everything possible to
reduce the internal noise in the receiver and to minimize losses in the
input circuits. Considerable gain is then required to bring this noise
level and signals that are comparable to it up to a usable level. In the
second place the signals with which the receiver must deal are pulses
covering an extremely wide dynamic range. Accordingly, wide-band
circuits are required, and extraordinarily severe requirements are placed
on the transient behavior of the whole receiving system.

Almost every common type of receiver has found application at some
point. These include

1. The superheterodyne.

2. The superregenerative.

3. The tuned radio frequency (trf).
4. The crystal video.

In many cases the choice among types depends on the relative perform-
ance in picking up a signal that is comparable in level to noise. It is well,
therefore, to begin with a brief review of the ultimate limitations on
receivers imposed by fluctuation noise and of the methods of measuring
the performance of actual receivers in terms of such ultimate limits.

1.1. Noise Figure.—To be useful, any receiver must be connected to
a source of signals such as an antenna. If this antenna could be placed
inside a large absorptive enclosure or black body at a uniform temperature
T, it would be in equilibrium with the thermal or black-body radiation at
this temperature. At the terminals of the antenna there would appear a
voltage equivalent to the Johnson noise generated in a resistance equal
to the radiation resistance of the antenna at a temperature 7. There-
fore, even if a receiver could be produced that had no internal sources of

noise whatever, noise would still be introduced into the system from the
1
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antenna, and weak signals would have to compete with this noise. If
the receiver does introduce additional noise, the signal must be cor-
respondingly stronger. These concepts may be made quantitative by
the use of noise figure or noise factor.! This may be defined with the aid
of Fig. la as follows:
5
p = T8 o
N,
where F = noise figure of network,
S = available signal power from signal source,
So = available signal power from network,
N, = available noise power from network,
k = Boltzmann’s constant,
T = absolute temperature of signal source,
B = noise bandwidth of network.
The available power represents the maximum power that may be drawn
from a network with a properly chosen load impedance. It is obtained
when the load impedance is the complex conjugate of the internal imped-
ance of the network. It will receive a more detailed treatment in Chap.
4. It will also be shown there that the quantity k7B represents the
available noise power from a resistor of arbitrary value at a temperature
T and that this is merely a restatement of the usual expression for John-
son noise.

The qualitative meaning of Eq. (1) is now clear. A signal, no matter
how it arises, has associated with it at least a minimum amount of noise,
kTB. If it passes through a network that either amplifies or attenuates
both noise and signal without adding additional noise, the ratio of signal
power to noise power at the output will be the same as at the input and
the noise figure ' will be unity. If, however, the network adds additional
noise, F' will be greater than unity. Equation (1) may be rewritten as

S N, 1 N,
F =58~ wirp @
where W = available power gain of network.

A situation that occurs sufficiently often to merit explicit treatment
is the case of two networks in cascade shown in Fig. 1-1b. The noise
figure of the combination F,, may be shown to be

F,—1
Fi,=F + Lwl—’ (3)

1D. O. North, RCA Rev., 6, 332, January 1942; H. I. Friis, Proc. [RE, 82, 419,
July 1944,
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where F; = noise figure of Network 1,
F; = noise figure of Network 2, under the condition that it is fed
from a source whose impedance is equal to the output imped-
ance of Network 1,
W, = available power gain of Network 1.
Note the dependence, which is implicitly admitted here, of the noise
figure on the internal impedance of the source. It is also assumed that
the bandwidth of Network 2 is less than that of Network 1.

I

Signal Network - Output
generator
(2)
Signal Network Network
> -— - tput
generator ¥ $2 Outpu
()]

Fig. 1-1—(a) Setup for definition of noise figure; (b) noise figure of networksin cascade.

By defining a new quantity 7', from the relation

Ny = kTB, “4)
Eq. (2) may be rewritten as
1Tt
F=Gm = (5)
where
tl - ”7'1'

T, may be called the ‘equivalent noise temperature” of the network in
the sense that the available noise power from the network is equal to
the available noise power from a resistor at a temperature T;. With
this change Eq. (3) may be written as

HhAF, -1

Flg b —‘T“’Y (6)

where ¢; now refers to Network 1. This is the form generally used in the
discussion of erystal units for mixers (see Chap. 2).

Another situation of practical interest may be studied in terms of
Fig. 1-1b as follows. Suppose that Network 1 consists of an amplifier of
an arbitrary number of stages and relatively good noise figure while
Network 2 represents some unit of much poorer noise figure. It is desired
to know how much gain must be provided in the amplifier, Network 1,
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in order that the over-all noise figure be within some specified multiple
of F1. Since noise figures are power ratios, they are often expressed in
decibels by the ordinary rules. The preceding requirement might then
be stated that Fi; be not more than x db above F;. Equation (3) may
be solved for the gain under this condition as follows:

Fo—1 1

Wiz T e =1 ™

I

To illustrate the use of this relation, suppose that a superheterodyne
receiver is to be designed at a frequency such as 200 Mc/sec where r-f
amplification is feasible. Suppose that the noise figure of a practical r-f
amplifier is 7 db and of the mixer is 15 db and that it is desired to have the
over-all noise figure not more than 4 db worse than that of the r-f ampli-
fier. The gain required is
316 — 1 1

5.01 10 — 1
50.1 or 17 db.

From this the number of stages required can be immediately determined.

The noise figure of a receiver may be related to other methods of
specifying sensitivity by noting that for room temperature (T = 300°K)
and a bandwidth of 2.5 Mc/sec, kT B has a value of 1014 watt. Suppose
that a receiver of this bandwidth has a noise figure of 10 db and an input
impedance of 50 ohms. Then a signal voltage of 2.23 uv developed across
the input will produce an output power just equal to the noise power at
the output.

Strictly speaking, this calculation is not quite correct, since it assumes
that the receiver is matched to the signal source. It will be shown later
in Chap. 4 that the best noise figure is usually obtained with some degree
of mismatch between the receiver and antenna. The full expression is

_ 2 /Faks
RR + RS

where Vi = signal voltage developed across input to produce power out-
put equal to noise power output,

Rr = input impedance of receiver,

Rs = internal impedance of source,
Fr = noise figure of receiver with source of internal impedance Rs.
1.2. Noise Figure as a Function of Receiver Type and Operating
Frequency.—A procedure has been indicated in the preceding section for
making the noise figure of a superheterodyne receiver come within some
specified increment of the noise figure of the r-f amplifier alone. For
the bandwidths of interest here, of the order of some megacycles per

Wi

v

Ve vV'FxRzkTB,
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second, it is profitable from the point of view of noise figure to use r-f
amplifiers in this way up to about 1000 Mc/sec. Above this point the
noise figure of the amplifier is no longer better than that of the mixer.
The range of frequency from about 150 to 1000 Mc/sec may be taken to
represent the region in which vacuum-tube amplifiers, while still useful,
present special problems differing from those met at low frequencies.
It also covers the transition from lumped to distributed circuit param-
eters. Some of the special problems met in constructing the high-
frequency portions of such receivers will be discussed in Chap. 5.

Instead of the mixer and i-f amplifier of a superheterodyne circuit, a
detector and video amplifier might follow the r-f amplifier, making a
trf receiver. Somewhat similar arguments may be used here to deter-
mine the amount of r-f gain required to make the noise figure approach
that of the r-f amplifier alone. It must be noted, however, that a noise
figure cannot be defined as before for a nonlinear device such as the
detector. Instead, a signal level S; is found such that the output signal
power is just equal to the output noise power. The quantity S,/kTB
may then be used instead of the noise figure in the calculation of neces-
sary r-f gain. It is found that S, lies in the neighborhood of 10—% watt
or higher for any of the useful detectors, and therefore considerably
more r~f gain is needed in a trf receiver. For the range 150 to 1000
Me/sec, the same r-f amplifiers discussed in Chap 5 may be used ahead
of a detector. At frequencies higher than this the complexity and
poor performance of r-f amplifiers make trf receiver design in general
impractical.

There are cases in which the relatively low sensitivity of the detector-
video-amplifier combination is acceptable. In such cases the detector
used is almost always a silicon erystal. This has caused this type of
receiver to be named ‘‘crystal video” which is the term by which it will
be referred to in this book. These receivers have been used up to fre-
quencies as high as 10,000 Mec/sec and may find some applications at
still higher frequencies. Some of their features are covered in Chap. 19.

The superregenerative receiver occupies a place midway between the
erystal video and the superheterodyne as far as sensitivity is concerned.
By the use of velocity-modulation tubes, superregenerative receivers
have been built for frequencies as high as 10,000 Mc/sec. Such receivers
can be made to be small and to have low power drain, but they are limited
in the fidelity of reproduction that they can give. Chapter 20 contains
a discussion of superregenerative receivers for this frequency range.

1.3. Bandwidth Requirements.—The fact that the signals with which
radar receivers must deal are pulses that must be reproduced reasonably
well sets a lower limit to the bandwidth of the circuits—r-f, i-f, and video.
For pulse lengths of 1 usec or less, the i-f bandwidth required is usually
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at least 1 Mec/sec. Amplifiers with bandwidths of this magnitude
usually employ high-transconductance pentodes such as the 6AC7.
The coupling-circuit impedance is low compared with the internal imped-
ance of the tube, and the ultimate limit on the product of gain and band-
width set by the quotient of transconductance and shunt capacitance is
a serious restriction requiring constant attention. The problems in the
design of i-f amplifiers are discussed more fully in Chap. 6, and those
peculiar to radar video amplifiers are treated in Chap. 8. Chapter 18
contains a treatment of some of the methods for obtaining unusually wide
i~f amplifiers to give coverage of r-f bands as great as 100 Mc/sec.




CHAPTER 2
DUPLEXERS, MICROWAVE MIXERS, AND LOCAL OSCILLATORS

By M. C. Wavrrz

The microwave superheterodyne receivers under consideration here
differ from those used in lower-frequency applications in two respects:
(1) the mixer is almost invariably a crystal instead of a vacuum tube,
and (2) no r-f amplification is used ahead of the mixer. In radar receivers
an additional factor enters because of the necessity for protecting the
receiver from the high-power transmitter. The portion of the radar
system that connects transmitter and receiver to a common antenna and
directs both transmitted and received power to the proper destination is
known as the duplezer. In many cases much of the r-f circuit of the
mixer is inextricably mingled with
the duplexer so that some discus- /\
sion of the latter isnecessary here.! L~

2:1, Microwave Duplexers.— Receiver
The switching operation from
transmission to reception must be
completed in a matter of micro-
seconds at most. This require-
ment suggests the use of some

Trans-
mitter

To
form of gaseous-discharge device. Wna
Figure 2-1 illustrates the principle
of operation of most of the systems Fig. 2:-1.—Duplexing system—two-wire

. transmission line.
in common use. It usestwospark

gaps or switches, one known as the transmit-recetve (TR) tube or switch
which effectively disconnects the receiver during transmission, and the
other known as the antitransmit-receive (ATR) tube or switch which discon-
nects the transmitter during reception. The high-power pulse from the
transmitter breaks down the ATR gap, and the power flows out toward the
antenna. The TR gap in the receiving branch likewise breaks down and
(if it is designed so that negligible power is required to maintain the dis-
charge) puts a short circuit across the line to the receiver, thereby protect-
ing the delicate input circuits of the receiver. Since the short circuit is a
quarter wavelength from the T-junction, the impedance in parallel with the

1 An extensive treatment of duplexers is given in Vol. 14, Radiation Laboratory
Series.
7
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antenna line at the junction is very high and does not affect the power
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 transmitter
is infinite because there is an open circuit half a wavelength away. Look-
ing toward the receiver there is a matched line, so all the power goes into
the receiver.

The requirements for satisfactory transmission of the outgoing pulse
are rather easily met, but the requirements for reception are much more
stringent.

1. During the transmitted pulse, the power getting past the TR tube
into the receiver must be less than 0.1 watt to avoid damage or
burnout of the crystal.

2. The TR tube must fire in less than 0.01 usec, or a preignition
“spike’’ (see Sec. 3-7) of transmitter power will be let through and
may burn out the crystal.

3. The gap must deionize in a few microseconds after the end of the
transmitted pulse so that echoes from near-by objects will not be
unduly attenuated. A typical specification might ecall for an
attenuation of less than 3 db by a time 6 usec after the end of the
transmitted pulse.

4. The received signal must see a reasonably good match into the
receiver, and the losses must be kept to & minimum.

Some refinements in the rudimentary system of Fig. 2-1 are necessary
to meet the above requirements. Since the fired TR-tube gap is not a
perfect short circuit, there will be some voltage V developed across it.
If Z is the impedance looking toward the receiver measured at the gap
terminals, the leakage power going to the receiver will be V2/Z. The
voltage may be reduced by having the discharge take place in a gas at a
low pressure {of the order of a few millimeters Hg), but a still greater
reduction of leakage power is necessary. This reduction may be accom-
plished by a stepup transformer to the gap and an identical stepdown
transformer to the receiver line. In the unfired condition the standard
line impedance is maintained on either side of the TR tube, but in the
fired condition the line impedance Z seen at the gap is much higher and
less power goes to the receiver.

The practical method of accomplishing this is by a resonant cavity.
Figure 2-2 shows a section through a 1B27 TR tube and associated cavity,
with input and output couplings. This assembly is designed for opera-
tion near 3000 Mc/sec. The gap across which the discharge takes place
is formed by two reentrant cones on the axis of symmetry of the approxi-
mately cylindrical cavity. Tuning is accomplished by pushing one cone
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in and out on a flexible diaphragm. The unloaded @ of the cavity! is
about 2000, and with normal input and output loading the loaded Q is
about 350. The ratio of power lost in the cavity to input power is nearly
equal to the ratio of loaded @ to unloaded Q. Thus in the present case
17.5 per cent of the input power is lost; the TR tube may be said to have
a gain of —0.85 db.

Both input and output coaxial lines end in coupling loops, which play
the role of the stepup and stepdown transformers. They may be thought

From T-junction Flexible

diaphragm
Differential
tuning screw
Retaining ring

Basing
cement

Housing

Loading
spring

Vacuum tight
solder joint

1% diam. flange

To mixer

Keep-ajive terminals

electrode

1” diam. flange
F16. 2:2.—1B27 TR tube and cavity assembly, loop coupling.

of as single-turn windings which, in proportion to their area, loop more or
less of the magnetic field in the cavity. The smaller the loop the higher
the stepup ratio and the higher the loaded Q. In a great many cases
the output loop is a part of the mixer assembly. Figure 2-5b shows such
an assembly complete with coupling loop.

It will be noted that the leakage power through the TR tube is more or
less inversely proportional to the square of the loaded @ and the loss dur-~
ing reception is directly proportional to the loaded . Therefore a com-
promise value must be reached, such as the value 350 mentioned above.
This value corresponds to a bandwidth between 3-db points of about
10 Me/sec. Accordingly, it will be necessary to provide a tuning adjust-
ment for the cavity. By proper design, this same tuning adjustment

! See Vol. 11, Chap. 5, Radiation Laboratory Series, for a discussion of the Q of
cavity resonators,
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may be made to take care of variation in mixer impedance resulting from
change of crystals. If the r-f impedance of the mixer is measured at the
crystal, it will be found that there is more of a spread in the resistive
component than in the reactive one. If uncorrected, this would result
in a change in the impedance pre-
sented at the TR cavity that would
change the loaded @ as well as
introduce undesired reflections and
powerloss. By placingthe crystal
an odd number of eighth wave-
lengths from the ecavity, these
resistance variations may be made
to appear as reactance variations
at the cavity and may be tuned
outinthe adjustment of the cavity.
To ensure rapid breakdown of
the TR tube at the beginning of
each transmitted pulse, a supply
of ions is maintained in the gap by
a continuous auxiliary discharge
inside one of the cones. This dis-
charge requires an extra electrode,
known as the keep-alive electrode,
which draws about 150 ua from an
800-volt supply. A ballast resis-
tor drops the voltage to about 400
volts at the tubeitself. Evenwith
this arrangement there is a con-
siderable spike on the signal trans-
mitted by the TR tube, and this
spike plays an important role in
the action of AFC systems (see
See. 3-7.) The keep-alive current
must be maintained within the
Fia. 2-3—Cutaway view of 1B24 TR tube. 808 of about 100 to2004a. Too
high a current will introduce ex-

cessive loss during reception and will cause cleanup of the gas in the tube
aswell. Toolowa value of current will cause failure to protect the crystal.
Figure 2-3 shows a cutaway view of another type of TR tube, the
1B24, which is designed for frequencies in the region of 10,000 Mc/sec.
In it the whole cavity is & region of reduced pressure, with a gas reservoir
on one side to increase the total volume of gas and so prevent too rapid
cleanup. Input and output coupling is done by round windows or irises
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Sec. 2.3} CRYSTALS 11

that are closed by glass seals. The loaded and unloaded @ and the trans-
mission loss are much the same for the 1B24 as for the 1B27. The band-
width is somewhat greater, since the operating frequency is higher, but
a tuning adjustment for the cavity on the 1B24 must still be regarded as
an operating control. As before, the TR tuning may be used to com-
pensate for variation in mixer impedance.

2.2. Noise Considerations.—For consideration of the influence of
mixer and duplexer performance on the over-all noise figure of the
receiver F, the most suitable expression is the following:!

W Wy ’

where £, = ratio of effective noise temperature of crystal, when supplied
with noiseless LO power, to room temperature,
to = ratio of increase of effective temperature of crystal, when
supplied with actual LO power, to room temperature,
F; = noise figure of i-f amplifier,
W, = conversion gain of mixer (usually less than unity),
Wy = gain of duplexer assembly (also less than unity).
Both F’s and W’s are expressed as numbers, not in decibels. This
expression assumes that the bandwidth of the i-f amplifier is less than
that of the r-f circuits and of the circuit coupling the mixer to the i-f
amplifier. Of these quantities, {. and W, are determined largely by the
crystal. Ordinarily, each type of crystal has minimum values specified
for these parameters.

2:3. Crystals.—The most sensitive mixer for microwaves is the crystal
type in which a contact on a semiconductor results in rectification of
radio frequency. The semiconductor may be one of many different
materials such as silicon or germanium, with very small quantities of
added impurities. The most common material is silicon. For mechani-
cal protection the semiconductor and metallic ““ catwhisker”” are mounted
in a cartridge unit, which is almost always made nonadjustable.

A cross section of a cartridge is shown in Fig. 2-4a. The silicon A
is soldered to the screw D. A tungsten whisker shown at B is pointed
and embedded in the metal at C. The whole assembly is held together
by the brass endpieces E and F and the ceramic shell . The pressure on
the contact is maintained by the springlike bend in the whisker and is
adjusted in manufacture by the adjusting screw D. The space H is
filled with a powder or wax to hold the pieces in place.

Another type of cartridge developed more recently is shown in Fig.
2-4b. 1In this cartridge the silicon C is soldered to the plate A, which is a

F = (1

: This will be recognized as a restatement of Eq. (1-3) with minor changes in
notation.
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force fit in the tube B. The whisker D is welded to the conductor E,
which in turn is held in place by the ceramic washer F. The enlarged
section @ on the conductor is an r-f transformer for matching purposes.
This unit is adjusted during manufacture by carefully forcing in plate A
until the cartridge has the correct characteristics.

0

A
%mw@@\w

.

@
(2)

, Wﬁ ‘k\:/ -

X

566 b b

®)

FiG. 2:4.—Cross section of (a) crystal cartridge and (b) coaxial erystal cartridge.

2-4. Microwave Crystal Mixers.—To make up a complete mixer, a
mechanical arrangement is required that will provide r-f circuits, i-f
terminals, and suitable means for plugging in the crystal cartridge. Two
such mixers for use at 2500 to 3500 Mc/sec are shown in Fig. 2:5a and
b. The one shown in Fig. 2-5a is a broad-band mixer with no tuning
and is meant to be used without a duplexer. The mixer crystal is shown
at B. It isinserted by breaking the transmission line at F. The signal
input is at 4, thence through the broad-band stub support! C to the
crystal. The LO power is introduced at H with a termination consisting
of a resistor disk indicated at J to the probe L. The coupling of the local
oscillator may be varied by the knob K, which varies the depth of pene-
tration of the probe into the main coaxial line. The distance from the
sleeve M to the knob K should be about one quarter wavelength. The
if signal appears at the fitting G. The quarter-wave cup or choke D

! See Vol. 9, Chap. 4, Radiation Laboratory Series for additional material on
broad-band stubs.
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effectively prevents the signal and LO power from getting into the i-f
amplifier. ;

The stub C is needed in the mixer to furnish a return to ground for the
i-f and the d-¢ components developed by the crystal. In order to make

. N
W v ~d .
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= = e ® s
v r LT 2232

Q] c
Fra. 2:5.—(a) Cross section of broad-band 3000-Mc/sec mixir); (b) cross section of
3000-Mc/sec crystal mixer; (c¢) photograph of 3000-Mc/sec crystal mixer.

the termination in the LO line effective, the electrical distance from the
end of the probe to the terminating resistor should be some multiple of a
half wavelength.

In Fig. 2:5b and c is another form of mixer for the same frequency
as Fig. 2-5a but designed to work out of a tuned cavity. In this case the
signal is fed through the tuned cavity, is picked up by the coupling loop
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E, and thence is applied to the crystal. The loop also furnishes the return
path for intermediate frequency and direct current. The LO injection is
the same as above.

The r-f impedance of a 1N21 erystal is such that it is a match for the
signal if the input line has an impedance of about 50 chms and if the
d-c crystal current due to local oscillator is about 0.5 ma. The i-f imped-
ance seen on looking in at G will be about 300 ohms but will vary with the

B % Ty
111 @\
i ad

— Signal in ©
v A
1
E\ §
N
N
(@) B

®

. e
F1a. 2:6.—(a) Cross section of typical 10,000 Mc/sec mixer; (b) photograph of typical
10,000 Mc/sec mixer.

impedance that the crystal sees on looking out into the r-f line. This
result is to be expected if the mixer is thought of as a lossy transformer.
At higher frequencies it becomes more convenient to use waveguide
instead of coaxial transmission lines, and as a consequence the mixer
changes its form.
A cross-sectional view of a typical mixer for use in the vicinity of

10,000 Mc/sec is shown in Fig, 2-6a. A photograph of a similar mixer is
shown in Fig. 2-6b. 1In it the local oscillator is behind the crystal instead !
of in front. This is a section of waveguide with the mixer crystal C i

placed across the guide. The axis of the crystal is parallel to the electric
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field. The signal comes in through the waveguide, and the LO power is
injected in the side of the guide with a probe A, the probe in this case being
the output probe of the LO tube. The amount of LO power injected is
varied by changing the depth of penetration of the probe. The signal is
prevented, by the chokes B and E, from going out the L.O line and the
i-f line respectively. Thei-f signal appearsat G. The position of the end
plunger H is chosen to make the crystal look like a match for the signal.!
Another type of mixer using the coaxial crystal cartridge is shown in
Fig. 277. The direction of travel of the signal in the waveguide D is
perpendicular to the page. The signal is picked up on the crossbar C
and fed to the crystal shown at A. No r-f signal appears at the ends of
the crossbar so that no chokes are necessary in the i-f line B. A mixer

249
NNHH

N

o)
N N §4-—@)

Fia. 2-7.—Cross section of mixer using coaxial crystal cartridge.

of this type can be designed to operate at all frequencies at which wave-
guides are used. Asin the mixer shown in Fig. 2:6, the local oscillator is
injected into the waveguide along with the signal by either a probe or
window coupling.

In all the above mixers any modulation sidebands of the local oscil-
lator that are spaced away from the LO frequency by an amount equal to
the intermediate frequency will be detected by the mixer as signals and
will come through the receiver as such. One of these types of modulation
of the local oscillator is noise coming from shot effect and similar phe-
nomena in the oscillator tube. This modulation is equivalent to ampli-
tude modulation of the local oscillator. The noise sidebands so produced
fall off in intensity as the frequency departs from the proper LO output
frequency, at a rate that is determined by the @ of the oscillator circuits.
Therefore, contributions from this source of noise will be less for a rela~
tively high-Q oscillator, such as the type 417, and will also be less for a
higher intermediate frequency. This is the origin of the term {10 in Eq.

! There is an extensive discussion of the design of such mixers in Vol. 16, Radiation

Laboratory Series. Somewhat more complicated designs are shown there which give
more uniform and reliable performance.
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(1). Also if the local oscillator is not well enough shielded, it is possible
that it may be modulated by i-f signals leaking out of the i-f amplifier
and may thus cause instability in the receiver or even over-all oscillation
of the receiver in some cases.

One method of preventing modulation of the local oscillator from
disturbing the receiver is to use a balanced mixer. A form of balanced
mixer using a magic T is shown schematically in Fig. 2'8. The magic T
is described elsewhere,! and its operation explained. It will suffice to say
that r-f power fed in Branch 1 (Fig. 2-8a) will go into Branches 3 and 4,

Signal in

(@) ®)
F1G. 2-8.—(a) Schematic diagram of a balanced mizxer using a magic T; (b) photograph of a
balanced mixer using a magic T.

and will arrive at the mixer crystals A4, which are spaced equidistant
from the junction, with 180° phase difference. Also, rf power fed in
Branch 2 will go into Branches 3 and 4 and will arrive at the crystals with
no phase difference. Thus in the two crystals the LO power with its
sidebands is applied with the same phase, and the signal is applied
out of phase. The i-f signals will thus appear out of phase in the two
erystals. If the two i-f output terminals of the mixer go to a push-pull
input circuit in the i-f amplifier, the modulation of the local oscillator will
be canceled and the true signals will be retained. The use of a balanced
mixer, by largely eliminating the LO noise, will improve the over-all
sensitivity of a typical receiver? by about 2 db at 10,000 Mc/sec or about
5 db at 25,000 Me/sec.

1 See Vol. 9, Radiation Laboratory Series.

% The receiver is assumed to have an intermediate frequency of 30 or 60 Mec/sec,
and a bandwidth of 2 te 8 Mc/sec and to use a local oscillator such as the 723A/B or
2K25 for 10,000 Mec/sec or the 2K33 or 2K50 for 25,000 Mc/sec.
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In the receiver that employs double-mixer AFC (see Sec. 3-8) the
mixer takes still another form. In this case it is necessary to have two
mixers, one for the regular channel with signal input through the duplexer
and another with signal input through an attenuator for the AFC channel.
Both of these mixers must get their LO power from the same source.
The top schematic view of such a double mixer is shown in Fig. 2-9. It
is composed of three sections of waveguide fastened together along their
narrow sides. The LO probe projects into the waveguide at E. This
section of guide is terminated in one direction by the resistive material
F placed a quarter wavelength from the end of the guide. In the other
direction this section of guide feeds two
resonant windows C and D, which are
independently. adjustable to vary the LO
power to the two mixers. The regular
mixer shown at A is the same as that of
Fig. 26. The AFC mixer at B is modified
by having a cutoff waveguide attenuator
G connecting it to its source of signals.
The amount of attenuation required here
is discussed in Chap. 3.

In use, the two resonant windows are 4@
detuned to opposite sides of the LO fre- = [f=====
quency to increase the cross-attenuation Fio. 29— Schematic dingram
and therefore the isolation between the of top of double mixer for receivers
two mixers. having AFC.

Another way of applying LO power to the two mixers and still getting
isolation between the two mixers is to use a magic T. This method is
used when both the regular and AFC mixers are of the balanced type,
ag is the case in Fig. 2-8b.

The sensitivity of a crystal mixer is dependent upon several factors.
(1) It should absorb all the signal power incident upon it, because any
power reflected is lost. (2) The impedance for the image frequency is
‘influential in affecting the gain of the crystal for the following reason.
When the signal and LO frequencies are applied to the erystal, the sum
and difference frequencies appear in the mixing. Further mixing of the
i-f and LO signals will give rise to a voltage at the image frequency.
If this image frequency is returned to the mixer in the correct phase, it
will, upon conversion, add to the i-f output. The phase at which it
returns depends on the distance between crystal and TR tube and on the
impedance of the TR tube at image frequency. If the phase is incorrect
when it is reflected to the crystal, it will subtract from the i-f output.
The i-f impedance of the ¢rystal is also dependent upon the impedance
seen by the image frequency.

Signal in AFC Signal in

G
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{Sec. 2-4

In order that the mixer may work properly, it is necessary that it have

ample available L.O power.
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Fic. 2-10.—Curves showing crystal
temperature ratio, conversion loss, and
over-all noise figure of receiver as function
of crystal current.

This does not mean, however, that the more

LO power applied to the crystal the
better. Figure 2-10 shows the varia-
tion of crystal temperature ratio ¢,
and crystal conversion loss £ (the
reciprocal of W.) as a function of
the crystal current. Also shown is
the over-all noise figure F calculated
on the assumption that the i-f ampli-
fier has a noise figure of 3.0 db. As
can be seen, the best noise figure is
obtained with this particular erystal
at a crystal current of approximately
0.4 ma. This is a representative
case. If the crystal currentis alittle
higher than this value, not much
sensitivity is lost; but.if the crystal
current is lower, there is a loss in
sensitivity. It is standard practice
to run the erystal current at about
0.5 ma. About 0.5 mw of LO power

is required to give a crystal current of 0.5 ma.

The available power from the
than the above amount. The
more power the local oscillator is
capable of giving the more decou-
pling can be used between the mixer
and the local oscillator. This
decoupling allows adjusting the
load seen by the local oscillator so
that the local oscillator is stable.
It also prevents loss of signals
down the LO line.

The power required in a typical
case is shown in Fig. 2:11. To
obtain this curve, the power from
the local oscillator was reduced by
the use of lossy line. The availa-
ble power plotted on the abscissa
is the power that could be obtained

local oscillator should be much larger
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Fig. 2-11.-—Curve showing over-all noise
figure of receiver as a function of available
LO power.

at the end of the lossy line into a matehed load. As would be expected,
there is a very slow variation of noise figure as long as the available power
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is more than about ten times that required by the mixer. Asthe available
power approaches that required for the mixer, however, the loss of signal
down the LO line becomes appreciable. In this case the lossisabout 3 db
when the available power gets to 1 mw.

Another interesting crystal mixer is one in which a harmonic of the
local oscillator is generated in the crystal and then mixed with the signal
to give the intermediate frequency. To prevent the receiver from
responding to the fundamental, some selectivity, usually in the form of a
section of waveguide that will pass the harmonic and not the fundamental
frequency, is required. A choke system is also necessary in the LO line
to prevent loss of signal. A cross section of such a device is shown in
Fig. 2212, The LO power is fed by the crossbar B through the coaxial

TTX > a3

$ Local oscillator—=

=< 74

Signal —é——

-4
]
||
@

F1a. 2:-12.—Cross section of harmonic crystal mixer.

chokes C to the crystal A. Here the harmonic is generated and mixed
with the signal to give the intermediate frequency which is taken off
the crossbar. The chokes are tuned to the signal frequency and have
very little effect at the local oscillator and intermediate frequencies.

Not many measurements of noise figure have been made on this
harmonic mixing. A series of measurements whereby the local oscillator
at 5000 Mc/sec was used for signals in the vicinity of 10,000 Mec/sec
gave a conversion loss of about 12 db and noise temperature ratio of
about 2. Thus over-all noise figures of around 17 db could be expected.

2.6. Thermionic Mixers for Microwaves.—Although crystal mixers
have been found to give the best performance in the frequency range from
about 2500 Mc/sec up, particularly for cases where good noise figure is of
primary interest, thermionic mixers are not completely ruled out. Veloc-
ity-modulation tubes may be used as mixers at almost any frequency at
which analogous tubes may be made to oscillate,! although they are some-
what noisy. They will not be treated here. More conventional tubes

tW. C. Hahn and G. F. Metcalf, “Velocity Modulated Tubes,” Proc. IRE, 27,
106, February 1939.
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such as diodes and negative-grid triodes do find some use up to about
4000 Moc/sec. The operation of such tubes at somewhat lower fre-
quencies is covered in Chap. 5. For the frequency range 2500 to 4000
Me/sec, transit-time effects becomes so important as to preclude almost
any treatment other than a purely empirical one.

In the design of tubes suitable for use in this frequency range two
requirements must be satisfied. (1) Transit times must be kept small
and uniform. This requirement demands close spacing of elements and a
fine mesh for the grid, if one is used. (2) The connection from the actual
tube elements to the external circuits must be short and have low imped-
ance. The planar-disk-seal construction used in the so-called ‘“light-
house’’ tubes is one approach to these requirements. Both diodes and
triodes, such as the types 559 and 2C40, have been made with this
construction.

Another method of assembly is used in the CV58, a British diode,
which has found some use at 3000 Mc/sec. In it both anode and cathode
are cylindrical, with flat ends that
are the active areas. The anode
— Signalin B, is a solid tungsten rod sealed
through the glass bulb, and the
cathode is a thin nickel cylinder
with one end closed by a flat disk.
The oxide coating is applied to this
end. A helical heater is placed
inside the cathode cylinder. The
spacing between cathode and anode at operating temperature is about
0.001 in. Differential expansion of the various components of the tube
makes the achievement of such a spacing both complicated and difficult.

A cross section of a mixer using this tube is shown in Fig. 2-13. There
are various methods of tuning the device and injecting LO power. At
3000 Mc/sec, the noise temperature ratio is about 3 and the conversion
loss is approximately 13 db, giving an over-all noise figure of about 20
db. Because the diode does not burn out as a crystal does, the duplexer
can be much simpler and have a somewhat lower insertion loss.

The LO power required is about 3 mw, which gives a rectified current
of about 1 ma.

For some purposes where only medium sensitivity is required, triode
mixers have been used. One tube, the 2C40, has already been mentioned.
Another tube used as a triode mixer is the WE708A, a grounded-grid tube
with cylindrical electrodes. The filament leads are brought out through
coaxial leads, and two connections to the plate are also brought out
through coaxial leads. The grid is connected to the main metallic base
of the tube. In this tube coaxial tuned circuits are attached to the fila-

LI in—>

Fig. 2:13.—Cross section of CV58 mixer.
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ment leads, and LO and signal power fed into these lines. Some gain is
realized in the plate circuit of this mixer, but the noise output power is
greater than that given by crystals or diodes. Over-all noise figures of
about 24 to 25 db were measured on receivers using these mixers.

2:6. Local Oscillators.—To be suitable for use in a superheterodyne
receiver, an oscillator must possess the five following qualities. (1)
It must have adequate power output. As has been seen, the power out-
put must be at least about ten times that actually required by the mixer
in order to prevent excessive loss of signal into the local oscillator. For
any of the mixers that are likely to be used in the microwave region,
25 mw of LO power is adequate. (2) It must possess adequate frequency
stability. If automatic frequency control is to be used with the receiver,
this requirement can be relaxed considerably. (8) It must possess suf-
ficient tuning range. Most of the radar receivers described in this book
have been designed to cover a relatively narrow frequency range, usually
covering not more than 5 per cent of the operating frequency. Accord-
ingly, the oscillator tubes have been built to serve such a purpose. (4)
The oscillator must have reasonable power-supply requirements; that is,
it should not take an unreasonably high voltage or require an unreason-
ably high powerinput. (5) If the receiver is to have automatic frequency
control, a fifth requirement may be imposed, namely, adaptability to
electronic tuning. It is, of course, always possible to apply an automatic
mechanical control to the tuning of a local oscillator, but such systems are
likely to become too complicated to be of good serviceability.

Tubes for LO service may be of either the conventional negative-grid
type or the velocity-modulation type. At frequencies up to about 1000
Me/sec the negative-grid type is almost universally used. Such tubes
are described in Sec. 5-21.  From about 1000 Me/sec up to perhaps 4000,
the lighthouse tube 2C40 or similar tubes can be used. Above about
4000 Mc/sec, the velocity-modulation tubes offer almost the only practi-
cal tube for receiver use. They are suitable for use over the entire range
from 1000 to 25,000 Mc/sec.!

2:7. Reflex Klystrons.—Velocity-modulation tubes may be divided
into two principal classes: (1) those in which an electron beam goes
through two resonators in succession and (2) those in which there is
only one resonator, the electron beam being reflected back through this
a second time. Tubes of the first class are rather more difficult to tune,
since two resonators must be ganged together or otherwise set to the same
frequency. Accordingly they have been used rather little in most

! An extensive discussion of oscillator tubes suitable for use in receivers of both
velocity-modulation and negative-grid types will be found in Vol. 7 of the Radiation
Laboratory Series. See also Vol. 17, Chap. 16, for a listing of many of the types with
the frequency range that they cover. :
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receivers and will not be discussed here. Tubes of the second class,
usually known as reflex klystrons, have been by far the most widely used
tubes for receivers. They may be subdivided still further according to
whether the tuned cavity is entirely within the vacuum envelope or is
partially outside the vacuum. As examples of the first class, the types
417 and 726A, both suitable for operation at about 3000 Mec/sec, may be
listed, together with the 723A/B or 2K25 suitable for operation at 10,000

Fee

-1 i) L 1 i 3
1 2 3 4 5 .6
Inches

a
Fig. 2:14.—(a) Photogr(al))h of type 417 klystron;
Mc/sec. As examples of the second class, the 707A or 707B or the 2K28
may be mentioned. Many of the features of operation of such reflex
tubes are described by E. L. Ginzton and A. E. Harrison.!

Figure 2-14a and b shows a photograph and cross section of a type 417
klystron. In this tube tuning is accomplished by mechanical distortion
of the cavity. This distortion changes the spacing between the grids of
the cavity, which is roughly equivalent to changing the capacity of the
equivalent lumped circuit. Major changes in spacing are made by

'E. L. Ginzton and A. E. Harrison, “Reflex-Klystron Oscillators,” Proc. IRE,
34, 97, March 1046,
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adjusting the three supporting screws, and fine changes may be made
with the tuning knob provided. Typical power-supply circuits for use
with this tube are shown in Fig. 2-15. The resonator voltage may be
about +300 volts, and the reflector voltage variable between —50 and
—200 volts. Both of these voltages are measured with respect to the

nnnn

®)
Fia. 2-14.—(b) cross section of type 417 klystron.

cathode. The resonator current is usually about 25 ma. The reflector
ordinarily draws a negligible amount of current. In many of the velocity-
modulation tubes the resonator constitutes a large part of the outside of
the vacuum envelope. It is accordingly inconvenient to operate it at a
potential 300 volts above ground. For this reason, if possible, a separate
power supply is used in which the positive end is grounded. If it is
necessary to use a power supply in which this cannot be done, some means
for insulating the cavity, tuning controls, and output leads must be taken.
See the receiver described in Chap. 14 for an example of this sort.

If a reflex klystron is operated with a fixed resonator voltage, a fixed
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load, and variable reflector voltage, and if measurements are made of |
power output and operating frequencies, a set of curves much like Fig. :
216 may be drawn. It will be noticed that there are discrete regions
of reflector voltage in which the tube does not oscillate at all. The
regions in which the tube does operate are usually known as modes.
For successive modes the transit time of the electrons, as they go from the
resonator to the point at which they are reflected and back to the resona-
tor, differs by just one cycle of the radio frequency. Within any one
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Fi1a. 2-15.—Typical electronically regulated supplies for reflex oscillators.

mode this transit time is changing continually and is responsible for the
shift in operating frequency within the mode. The change in transit
time may also be produced by a change in resonator voltage, and with it
a corresponding change in frequency. Therefore, regulated power supply
is provided for the resonator. Several parameters of importance in
receiver design may be obtained from the curves. The first of these is
the so-called electronic tuning coefficient. This is the slope of the curve
of frequency vs. reflector voltage and is expressed in megacycles per
second per volt. The second parameter is often called the width of the
mode between half-power points. It is the frequency spread between
points on a given mode at which the power output has fallen to half its
maximum value. It is usually taken as a measure of the frequency
range over which the tube will furnish useful output with electronic
tuning. The third parameter is the width of a mode between zero output
points. It is of importance in the operation of the AFC system because
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it determines whether or not a receiver may be tuned to the wrong side-
band (see Sec. 3:10).

Both the half-power width and the zero-power width of a mode depend
on the resonator voltage, both increasing as the voltage is increased. The
zero-power width also depends on the loading applied to the oscillator. If
areactive load is applied to the oscillator, it will also change the operating
frequency. With the very high operating frequencies of some thousands
of megacycles per second, 1t is easy to have a condition where the load is a
pumber of wavelengths away from the oscillator, the intervening con-
nection being either a coaxial cable or waveguide. This condition may
at times lead to a peculiar effect known as a ‘““long-line effect,” in which
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F1a. 2-16.—Modes of oscillation of reflex klystron.

the oscillator will refuse to work over a band of frequencies. If an
attempt is made to tune it electronically through this band, the frequency
will jump from one edge to the other. In extreme cases, the operation
may actually be unstable, the oscillator jumping back and forth from one
frequency to another in a random manner.!

Certain of the newer tubes such as the 2K45 and 2K50 utilize a dif-
ferent means of mechanical tuning. These tubes are known as thermally
luned tubes. In them the resonator is entirely within the vacuum
envelope. As before it is tuned by mechanical distortion. This distor-
tion is produced, however, by the expansion or contraction of a strip of
metal as it is heated or cooled. This strip of metal ordinarily forms the
anode of a separate triode placed within the same vacuum envelope.
Accordingly, control of the potential of the grid of this auxiliary triode
suffices to tune the main oscillator over its entire operating range. Since
the operating frequency of these tubes changes rapidly with changes in
any of the supply voltages, they are ordinarily useful only where some
form of AFC is provided.

2.8. Triode Oscillator.—A type of triode oscillator that is useful at
3000 Mc/sec used the lighthouse tube in what is called a reentrani-
cavity oscillator. In this type of oscillator a folded coaxial transmission

1 A discussion of this point will be found in Vol. 7, Radiation Laboratory Series.
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line is used to connect the plate to the cathode. A schematic cross
section of such an oscillator is shown in Fig. 2:17. In the diagram, a
sleeve B is supported by the grid disk of the lighthouse tube A. A resistor
@ serves to connect the grid to ground for direct current. A rod E is
connected to the plate of the lighthouse tube and is slid on and off the
plate line by the screw S. A movable plunger with a choke joint on the
plate line D is used to close the line. The feedback line is from the plate
through the coaxial line between B and E, then around the end and

i
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Fia. 2:17.—Cross section of reentrant oscillator.
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toward the cathode by way of the coaxial line between B and ¥. Pulling
the plate lead off the tube changes the oscillator frequency over narrow
limits. Large changes in frequency are accomplished by changing the
length of the grid sleeve B. The position of the plunger D determines
the feedback.

An oscillator of this type has a good frequency stability as a function
of voltage variations on the heater and plate. It is easily tuned by a
single knob. The power output with 250 volts on the plate is about
50 mw, which is ample for all LO uses.



CHAPTER 3
AFC SYSTEMS AND CIRCUITS

By G. H. Nmgg, F. E. TowsrLey, axp E. Duranp

3:1. Introduction.—The primary consideration of automatic frequency
controls,t AFC, is the frequency stabilization of some source of r-f energy.
This chapter will discuss the various types of AFC that have been used in
receivers to maintain the correct tuning relations for optimum perform-
ance. These may be roughly divided into two classifications: (1)
difference-frequency systems and (2) absolute-frequency systems. A differ-
ence-frequency system of AFC is one in which the difference frequency
obtained by mixing two signals is maintained at a constant value, irre-
spective of the absolute stability of either source. An absolute-frequency
system is one in which the receiver is tuned to a specified frequency and
maintained there without regard to the frequency of any incoming signals.

All the AFC systems to be described are used with superheterodyne
receivers and operate by control of the frequency of the local oscillator