CHAPTER 23
RADIO FREQUENCY AMPLIFIERS
By B. Sanper, AS.T.C.
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SECTION 1 ;: INTRODUCTION

(5) Aerial coupling (&) Tuning methods (i) R-F amplifiers. (iv) Design con-
siderations.

(i) Aerial coupling

In any radio receiving system it is necessary to have some means of effectively
transferring the modulated carrier voltage from the aerial system to the grid of the
first radio frequency voltage amplifier. The usual method of achieving this result
is to use some form of aerial coupling transformer which will give the desired voltage
a larger amplitude than that of any other radio frequency voltages which may also be
present at the receiver input terminals.

There are many possible forms of aerial coupling arrangements, but the most
common type is the inductively coupled transformer, consisting of a primary and a
secondary winding. The tapped inductance, or auto-transformer, is also extensively
used, particularly with receivers tumning the broadcast F-M band and.in portable
battery receivers using single turn loops.

The aerial coupling unit is equally applicable to either tuned radio frequency or
superheterodyne receivers, since the fundamental problem of effective voltage transfcr
is the samé in each case.

Fixed tuned and untuned aerial stages are sometimes employed. The fixed tuned
arrangement is more often used where the desired frequency range to be covered is
only a small percentage of the operating frequency, e.g. in a band-spread range of a
multi-range receiver, or at v-h-f.  The more usual practice is to tune the secondary
of the transformer by means of a variable capacitor, or alternatively to make the in-
ductance variable, since this allows the optimum operating conditions, or a close ap-
proach to them, to be obtained over the required tuning ra‘nges It is not generally
of great importance whether the tuning is accomplished by using a variable capacitor
or a variable inductor. Because of mechanical difficulties with inductance tuners
the variable capacitor has been more widely used up to the present time. The in-
ductance tuner is rapidly gaining favour, however, at frequencies around 100 Mc/s,
and higher, because of the difficulties due to common metal shafts in ganged capacitors
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23.1 (i) AERIAL COUPLING 913

and the inductance of the metal parts making up the capacitor, With the ganged
capacitor arrangement considerable trouble is experienced due to coupling from one
circuit to another, because it is not an easy matter to earth the shaft effectively be-
tween sections. 'The earthing wipers or leads have appreciable reactance and resist-
ance at v-h-f and these factors are no longer negligible in comparison with the tuned
circuit impedances. Insulated rotors and stators are of considerable assistance in
overcoming difficulties due to common shaft coupling.

(ii) Tuning methods

Apart from ganged capacitors, many types of tuners have been used at v-h-f, includ-
ing vane, guillotine, permeability, resonant line arrangements, etc., but all appear to
have some disadvantages and it cannot be said that any one method is greatly superior
to all others. Permeability tuning has also achieved some success on the 540 to 1600
Kc/s A-M, broadcast band, but it does not appear likely, in its present form, to super-
sede the variable capacitor.

(iii) R-F amplifiers

In conjunction with the aerial stage it often becomes necessary to incorporate a
further stage to obtain additional radio frequency amplification and to increase further
the discrimination against undesired signals, such as those from other broadcasting
stations, and in the case of a superheterodyne receiver to limit the effects due to image
and other spurious responses. This additional stage usually takes the form of a pen-
tode voltage amplifier operating under class A, conditions and using 2 fixed or variable
tuned circuit to act as a load impedance ; an untuned stage may be used in some
cases. The valve is connected between the aerial transformer and the r-f tuned
circuit which is in turn coupled to a converter valve or another r-f voltage amplifier.

Whether the r-f stage carries out its various functions efficiently depends on a num-
ber of factors. Firstly it is necessary that the input resistance of the valve should not
be too low at the operating frequency, as this will adversely affect the performance
of the input circuit—the aerial circuit in the case of one r-f stage. In addition, the
noise generated by the valve should be low, and in a superheterodyne receiver the
noise voltage should be very much less than that developed by the converter valve if
there is to be appreciable improvement in the signal-to-noise ratio. Also the r-f
stage gain should not be too low, otherwise the converter noise will still have an ap-
preciable effect on the signal-to-noise ratio. This last requirement calls for valves
operating at v-ii~f to have fairly high values of mutual conductance, since the tuned
circuit impedances are low and the stage gain is the product of these two factors.
Grid-to-plate capacitance should be small in conventional voltage amplifiers to avoid
the necessity for neutralization. Input and output capacitances are also important
as they set a limit on the possible tuning range. Further considerations of operating
conditions for valves used as r-f volrage amplifiers are given in Chapter 2 Sect. 4,
and in Sects. 5, 6, 7 and 8 of this chapter.

Since the fundamental principles of operation of the aerial and r-f circuits are very
similar whether we use a t-r-f or superheterodyne receiver, it can be taken that the
coupling methods and the stage gain and selectivity calculations will apply equally
well in both cases. Each type of receiver presents its own particular problems but
it is not intended to enter into a discussion of these matters here. Moreover the
arguments relating to the relative merits and de-merits of the two systems are well
known and details can be found in the references listed at the end of the chapter.

A question which sometimes arises is the desirability of having more than oner-f
stage in a superheterodyne receiver. It should be quite clear that, provided the gain
of a single r-f stage is sufficient (say 10 to 15 times) to over-ride the effects of con-
verter noise, no appreciable improvement in signal-to-noise ratio is obtained by
adding further r-f stages of the same type. The advantage of additional r-f stages
lies in the improved selectivity which is possible against image and other undesired
frequencies. It is generally preferable to obtain any additional amplification which
may be required in the i-f and a-f stages, depending on the purpose for which the
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additional gain is required. Further, a number of tuned r-f stages using ganged
capacitors presents a rather difficult tracking problem, as well as giving rise to the
increased possibility of unstable operation. Normally, only the transformer secondary
is tuned and the overall selectivity characteristic is not as good as can be obtained with
fixed-tuned i-f transformers. The gain and selectivity of the tuned r-f amplifier
varies with the signal frequency, and a fixed intermediate frequency will allow more
constant gain and higher gain per stage, for a given range of signal frequencies. The
higher gain per stage is due to the higher dynamic impedance of the i-f transformer
when the intermediate frequency is lower than the signal frequency. Even for an
intermediate frequency higher than the signal frequency, larger stage gains are pos-
sible because of the better L/C ratio which can generally be obtained.

Even in cases where signal-to-noise ratio and r-f selectivity are not a problem, it is
still sometimes advantageous to include a r-f stage. The r-f stage is used as a buffer
to prevent the radiation of undesired signals from the receiver. A typical case of
radiation occurs with a v.h.f. F-M receiver operated in conjunction with an efficient
aerial system. If no r-f stage is used, radiation can occur at the oscillator frequency
due to voltages at this frequency appearing at the input circuit of the frequency changer.
This is serious because it opens up the possibility of interference between radio
receivers which are operating in close proximity to one another.

It is not proposed, in this chapter, to deal in any great detail with grounded grid
and other special types of r-f voltage amplifiers, as these are rather specialized applica-~
tions which are not normally used in the design of narrow-band receivers covering
limited bands of frequencies in the range from say 50 Kc/s to 150 Mc/s. However,
at frequencies in excess of about 50 Mc/s, input stages using a grounded-grid triode
are generally capable of giving better signal-to-noise ratios than circuits using the
conventional grounded-cathode pentode voltage amplifier, but only at the expense
of r-f selectivity. At the lower frequencies the input resistance of the pentode is
much higher than that of the grounded grid triode, and so improved gain in the aerial
coupling circuit can be used to offset the deterioration in signal-to-noise ratio due to
valve noise, Clearly a better input circuit is possible using a pentode having a lower
equivalent noise than with a pentode having the same input resistance but higher
equivalent noise, and valve types should be selected with this in mind.

In cases where a wide range of frequencies has to be covered, and where the pass
band of the receiver must be very wide (e.g. in television or multi-channel F-M link
receivers), the grounded-grid triode offers considerable improvement in signal-to-
noise ratio even at frequencies well below 100 Mc/s. Other applications occur in
circuits where neutralization cannot be obtained by normal methods or where the
circuit requirements are such that the grid must be earthed.

A special circuit (Cascode) which is of interest (see Ref. A10 Chapter 13) uses a
grounded-cathode triode voltage amplifier, which is neutralized, followed by a
grounded-grid triode. This circuit has high input resistance and low equivalent
noise. It offers appreciable improvement in signal-to-noise ratio over the other two
types of circuits, particularly at frequencies in excess of about 70 Mc/s. The com-
bined circuit can be considered as equivalent to a single grounded-cathode triode
having zero plate-grid capacitance, and a mutual conductance and noise resistance
equal to that of the first triode valve (the valves used can be types 6]J4 or 6]6 etc.).

Triode circuits of the types mentioned should not be used blindly, particularly
at the lower frequencies, because the plate resistances of triodes are extremely low
when compared with those of pentodes, and so the r-f stage gain may be insufficient,
because the damping of the tuned circuits will be heavy, and also the r-f stage gain
may be insufficient to make the effects of converter noise negligible. Detailed in-
formation on grounded-grid and triode r-f amplifiers can be found in Refs. B8, B18,
AlQ and A4.

(iv) Design considerations

The design methods to be discussed are equally applicable over any part of the range
of frequencies mentioned above, but their practical application is rather more difficult
as the frequency becomes greater, mainly because of the physical size of the com-
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ponents (including valves) and because the circuit layout is increasingly important
if satisfactory results are to be obtained. Electron transit time effects in valves be-
come of greater importance as the frequency is raised because of the changes which
occur in the valve input and output admittances*. The valve input admittance must
be considered when designing an aerial or r-f circuit as it will affect the dynamic im~
pedance of the circuit, and consequently the selectivity and gain. Valve sockets
and other components will add further damping to the input circuits. The effects
of valve noise will also be governed by the dynamic impedances of the input circuits
and so the various valve effects must be considered in conjunction with the external
circuits. This becomes of greater importance as the frequency increases.

A design difficulty with aerial and r-f stages is in obtaining satisfactory perform-
ance over a large tuning range. The three to one frequency coverage normally em-
ployed on dual wave receivers for the medium (540—1600 Kc/s) and shortwave
(e.g. 6-18 Mc/s) bands presents some problems in regard to tracking, and constancy
of gain and sclectivity. The L/C ratios obtainable with a variable capacitor giving
an incremental capacitance range of atleast 9 : 1 are satisfactory on the medium wave
range but are rather poor on the shortwave band. For these reasons it is common
practice to limit the coverage on shortwave bands, in the better class of receiver, to
enable improved all round performance to be obtained ; a frequency ratio of about
1.3 : 1 is usual in the region of 10 to 20 Mc/s, with larger ratios at the lower frequen-
cies. An obvious advantage of multi-band receivers is the greatly improved ease of
tuning, apart altogether from other considerations of better performance,

To obtain the reduced frequency coverage with variable ganged capacitors having
a capacitance range of about 10-400 puF, various arrangements of series and parallel
fixed capacitors are used. If the circuits are arranged to use a combination of series
and parallel capacitors for bandspreading; it is possible to make the tuning follow
practically any desired law. Further, if the tuning range is small, the oscillator fre-
quency in a superheterodyne receiver can be above or below the signal frequency
and three point tracking can still be obtained using series padders in both the signal
and oscillator circuits, These matters will receive further consideration in Chapter 25
Sect. 3 on superheterodyne tracking.

Methods for measuring the value of %, the coefficient of coupling, are given in
Chapter 26 Sect. 4(ii)E and (iii)B, C. Mecthods for measuring the primary resonant
frequency of an aerial or r-f transformer are covered in Chapter 37 Sect. 4(ii).

SECTION 2 : AERIAL STAGES

(2) Difficulties involved (i) Generaliged coupling nerworks (iii) Mutual inductance
coupling (1v) Tapped inductance (v) Capacitance coupling (vi) General summary.

(i) Difficulties involved

The principal difficuity in the design of an aerial stage is that the type of aerial with
which the receiver will eventually be used is, in general, not known. If the aerial
impedance were known it would usually be a fairly simple matter to draw an equiva-
lent circuit of the aerial and aerial input stage and to determine the complete perform-
ance by solving for the conditions existing in the circuit. When the conditions are
not known, however, it is usually best to adopt constants for an aerial system which
will have the most adverse effect on the receiver performance and to solve for these
conditions. A compromise is then made in the circuit arrangement to minimize the
effects of changes of gain, selectivity, and tracking with other circuits in the receiver.

(ii) Generalized coupling networks
Fig. 23.1 shows the generalized form for an aerial coupling unit. E, is the voltage
induced in the aerial. E, is the voltage applied to the grid of the first amplifier stage.
*Valve admittances are covered in Chapter 2 Sect. 8.
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Z, Z, and Z; are intended to represent any possible arrangement of components for
coupling the aerial to the receiver, where Z, includes all impedances external to the
z, z receiver input terminals and Z, is the Joad

T ) impedance. This generalized T section
can be made to represent all possible coup-
., 2, 2, €2 ling arrangements, since it is well known

from circuit theory that any complex net-
work composed of linear bilateral imped-
ances can be transformed, at any one fre-
quency, into an equivalent T network

FI1G. 23.1 GENERALIZED AERIAL COUPLING UNIT,

From the generalized network

E, ZZ; .

B T ZZ, + & + Z)Z + Z) )
This expression is of little assistance unless it is applied to the specialized networks
used in radio receivers. Additional
generalized expressions for this net-
work are developed in K. R. Stur-
ley’s “Radio Receiver Design ”

Part 1, Chapter 3. Iris proposed to I M —0

deal specifically with a few of the : 1

more common types of coupling cir- : u Lz

cuits. €, : cs 2
Il Y Re T l

(iii) Mutual inductance ! —3
]

coupling

Fig. 23.2A shows one of the most
widely used aerial coupling circuits.
E, is the voltage induced in the
aerial and Z , represents the aerial
constants, which may be any com-
bination of inductance, capacitance
and resistance. L, is the aerial coil
primary winding which has a r-f re-
sistance R;. L, is the secondary
winding coupled by mutual induct- Fi6.22.2(8)
ance to L,. R, is the r-f resistance
of L;. C, is used to tune the sec- Lz Ra
ondary circuit to resonance ; it
should be noted that the setting for

C, when the aerial circuit is con- | jum 2 £,
nected across the primary is different 'z

from the setting obtained when L, l
is onopen circuit. Fig. 23.2B shows {7} °

the T section equivalent of the aerial ‘f“z

transformer, and Fig. 23.2C shows Fi6. 2320 AERIAL THANSFORMER.

an alternative equivalent secondary
circuit which is very helpful in understanding the idea of “reflected” impedances.
For the present, the effects of valve loading will not be considered. When the second-
ary is tuned to resonance, the aerial circuit gain is given by

B M/C,
E, I w?M?R )
Za|Ry + —««-f“]
“l— ? 1Z nl?
where Z, = R, + jX,
Z, = R + jol,
M = kVL,L,
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Zpn=Zy+ Z =Ry +jXu

and |Z | =\/R,“2 + X 4

It should be noted that the condition for secondary circuit resonance (partial resonance

“8”) is that

wIM2X 4
%= "~
and the *“ reflected ”’ resistance and reactance in the secondary are given respectively by
w?M?R ,
— (4
e
— w
and —————4% 5
Zul? ®)

If the mutual inductance M is also made variable, the maximum value of secondary
current (and of E,/E, when the primary circuit Q is low) is obtained when
[Zal [Rs
- = [ ©

) R,

1
and p —_— T ———=
E. " 20GVRR (78)

R
= %\/ Ry (7b)

where R, is the dynamic impedance of the secondary circuit. The approximations
involved in these equations are discussed in Ref. B12.

i

From this it can be shown, with M and C, adjusted for maximum secondary current,
that the selectivity of the tuned circuit is half the value it would have if considered in
the absence of the primary. This condition of optimum coupling is not usual in
broadcast receivers, except where matching to a transmission line, since the coupling
between primary and secondary is made loose to prevent serious tracking errors due
to the variable reactance ‘‘ reflected ”’ into the secondary circuit over a band of fre-
quencies. The expression most generally required is that of eqn. (2) and the calcu-
lation of voltage gain need only be made at, say, two or three points across the tuning
range.

It should be noted, however, that in some cases loose coupling can lead to a con-
siderable reduction in signal-to-noise ratio if site noise is not predominant, e.g. at
the higher frequencies on the short-wave band it is advantageous to use optimum
coupling, or slightly greater, to improve the signal-to-noise ratio (see Ref. A2 Chapter
26).

The effects of valve input admittance can be included by considering an additional
resistance and a capacitance shunted across C,. The value of the resistance com-
ponent may be negative or positive depending on the type of valve and the operating
conditions, e.g. some types of converter valves have a negative input resistance.

Having obtained the stage gain it is next important to find the selectivity of the
circuit. As an approximation for ordinary types of aerial coils it is usually con-
venient to determine the selectivity of the secondary as for a single tuned circuit.
The simplest approach is to consider the resultant Q of the secondary circuit at the
resonant frequency when all the secondary resistance, including that due to reflection
from the primary and valve loading, is included. The value of Q is given by
wL ,5/R ., where L g is the resultant secondary inductance. The selectivity is then
found as for a single tuned circuit, resonant at the frequency under consideration,
using the universal curve given in Chapter 9 (Fig. 9.17) in conjunction with the methods
detailed in Chapter 26 Sect. 4(iv)A. This method is satisfactory provided that the
amount of mistuning is not too large a proportion of the central reference frequency,
and that the aerial coil follows the usual practice with the primary resonated above or
below the tuning range or is designed for connection to a transmission line (or aerial)
of which the characteristic impedance is largely resistive ; otherwise the variations
in R,y and L. would have to be considered. Further, in a number of practical
cases it is permissible to calculate Rqy and use L, when finding the value for Q, since
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the reflected reactance may not be very large. Itis often sufficient to calculate selec-
tivity at, say, the mid-frequency of the tuning range, although it should be noted that
selectivity is a function of frequency and dependent on the circuit operating conditions.

It is now worth while considering three special cases for the aerial coupling trans-
former :

(1) Where the aerial can be represented by a capacitive reactance in seri¢s with a
resistance.

(2) Where the aerial behaves like an inductive reactance in series with a resistance.

(3) Where the aerial is coupled to a transmission line which ““ looks ” like a pure
resistance at the aerial terminals ; or the aerial itself, coupled to the receiver, looks like
a pure resistance.

Any aerial can be made to appear resistive if the reactance components ‘are tuned
out by a suitable arrangement of the aerial coupling network ; this is a common pro-
cedure with fixed frequency installations.

In case (1) it is usual to make the primary circuit resonate below the lowest tuning
frequency, since this offers a good compromise with regard to constancy of gain,
tracking, etc. This arrangement is also advantageous because the effect of the aerial
is merely to move the primary resonant frequency still further away from the tuning
range, thereby minimizing the effect of the aerial on the secondary without losing too
much gain. In general the high impedance primary winding is resonated at 0.6 to
0.8 of the lowest tuning frequency, either with the aerial capacitance alone, or with
an added capacitor. In either case the resonant frequency must not be close to the
intermediate frequency in a superheterodyne receiver, and normally a broadcast band
primary is resonated at a lower frequency than the i-f so that no aerial which is likely
to be used will resonate the aerial primary at the intermediate frequency.

Since the gain obtained from an aerial transformer with its primary resonant out-
side the low frequency end of the tuning range decreases towards the high frequency
end of the range, a small capacitance is often added across the top of the transformer.
This capacitance increases the gain at higher frequencies and allows a substantially
flat gain and noise characteristic to be obtained from the transformer over the desired
range. This type of acrial transformer is fairly represcntative of those likely to be
encountered on the medium and long wavebands. Practical values for the coefficient
of coupling between primary and secondary are a compromise between various factors
such as gain, tracking error and signal-to-noise ratios ; usual values are from 0.15 to
0.3, with most aerial coils using values of about 0.2 (this should include any added top
capacitance coupling). The value for primary Q is of the order of 50, and the second-
ary Q is about 90 to 130 in typical aerial coils using the range of coupling coefficients
stated, although Q values greater than 200 can readily be obtained by using special
iron cores. Values of secondary Q above 100 generally call for smaller values of &
than 0.2 if good tracking is to be achieved.

If for some particular reason it is necessary to use a higher coefficient of coupling
than say 0.4, then the primary inductance should be small and arranged to resonate
with the aerial at about 4/2 of the highest signal frequency. This improves the
signal-to-noise ratio but may give rise to tracking difficulties.

Case (2) normally applies with untuned loop aerials but the condition can occur
with some types of aerials on the shortwave bands. In this case it is usual to make
the coefficient of coupling fairly high, of the order of 0.5 or more, and a useful rule is
to make the value of primary inductance approximately equal to 0.4 of the loop (or
aerial) inductance (see Refs. B17 and A2, p. 44).

For use with domestic type receivers operating on the short wave band, the standard
dummy antenna is taken as being 400 ohms resistive, even though the aerial reactance
will not be zero across the tuning range, as this gives an indication of average operating
conditions. The aerial coupling transformer for this type of receiver can be designed
using the procedure given in Case (3) below. )

The untuned loop antenna (which should be balanced to ground for best results)
finds application with portable receivers, and in some cases with ordinary A-M broad-
cast receivers, Loops have also been used in F-M receivers operating on the 40-50
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Mc/s band, but not in receivers for the 88-108 Mc/s band because of the ease with
which a half-wave dipole can be arranged inside the receiver cabinet. With loops it
is necessary to keep stray capacitances to a minimum so as to avoid resonance effects
within or close to the band of frequencies to be received ; this also assists in achieving
good tracking because a loop that behaves like a small fixed inductance can be com-
pensated for quite readily in the aerial coil secondary.

The number of turns used in untuned loop aerials is not very critical, since a loss
in effective height by using fewer turns can be offset by the increased voltage step-up
possible with the coupling transformer. To keep stray capacitances low the fewer
turns used the better. The best compromise for receivers operating on the medium
or short-wave bands is a single turn loop, or perhaps a few turns (say not more than
four) of wire wrapped around the carrying case for medium wave portable receivers
(this wire can be litz or copper braid, and even rubber covered hook-up wire is often
satisfactory). The best type of single turn loop is one made out of copper tubing (or
any other good conductor such as aluminium or one of its alloys) with the tube dia-
meter not less than about 0.25 in. and preferably considerably larger than this ; the
loop area should always be as large as possible. If the loop is to be used on the long-
wave band it is preferable to use a few turns (about ten) of litz wire rather than a single
turn loop. This is necessary because of the drop in Q which occurs with the single
turn loop at the lower frequencies. However, satisfactory results have been achieved
with a 0.25 in. diameter copper tube loop at a frequency of 500 Kc/s.

In many cases a two winding transformer is not used and the loop is made part
of the tuned circuit (being in series with the main tuning inductance and earthed at
one side). An alternative arrangement is to tap the loop across part of the main tuning
inductance ; this can be made to give very satisfactory results.

Because the inductance of loops (of the type being considered)is usually very small,
it is often difficult to measure the Q at the working frequencies. This difficulty
arises with standard types of Q meters because the maximum capacitance is limited
to about 400 ppF. A useful method (suggested by J. B. Rudd) is as follows :

Couple the loop fairly tightly to an inductance which is sufficiently large to be tuned
to the working frequency. Measure the Q of the inductance with the loop open cir-
cuited (call this Q;) and then the Q (call this Q') with the loop short circuited at its
terminals. The Q of the loop (Q,) is given by

o 200"
L= o0 =) — O o ,
where Q;, = magnification factor for the primary inductance with the loop open
circuited.

Il

magnification factor for the primary inductance with the loop terminals
short circuited.
y=1-— (/L)
L’ = inductance of primary with loop short circuited.
and L, = inductance of primary with loop open circuited.
See (vi) below for some discussion of directly tuned loops.

Ql

Case (3) permits of a fairly simple solution. Normally % is about 0.2 or less, and
the primary winding reactance (at the geometrical mean frequency of the tuning range)
is made equal to the characteristic impedance of the transmission line or aerial. A
particularly simple solution has been made by Rudd (Ref. B12) to give conditions
for two point matching in the tuning range. The procedure is as follows :

Geometrical mean angular frequency = w, =V w,w, where w, and w, are the
lower and upper angular frequency band limits. The primary inductance = L, =
Z,/ wo where Z, is the characteristic impedance of the transmission line.

The required coefficient of coupling is then determined from

k =\/ QL [1 ot a:l ®

where a = wy/w; = filf
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and Q, = secondary circuit Q in the absence of the primary. The value for Q,
should include the effect of valve loading, and so
OR
0= 5ol TR O]
where Q is for the unloaded secondary
and R is the valve input resistance.
A useful approximate formula for estimating the aerial coil gain under this condition

is
E, _ 1 [Q.oL, (10)
E, 2 Z,

This expression gives the maximum possible value of gain and corresponds to egn. (7a)
given previously.

Although elaborate methods are available for calculating optimum signal-to-noise
ratios etc., the details above should give a fairly close approximation to the required
practical conditions where the aerial coupling circuit is a compromise between the
various conflicting factors discussed previously. These factors of gain, selectivity
etc. should be carefully considered as in nearly every case the performance of a re-
ceiver is largely governed by the aerial coupling circuit.

(iv) Tapped inductance

Another common type of aerial coupling arrangement is shown in Fig. 23.3. This
arrangement has found wide application in receivers tuning the 88-108 Mc/s F-M
band 'because of its simplicity and the
ease with which the correct aerial tap-
ping point may be found. This can also
be considered as a particular case of the
generalized aerial circuit. This circuit
can be treated in a simplified manner
due to Zepler (Ref. A2). The required
tapping point on the total coil, which
is usually a solenoid, can be found :
approximately from the turns ratio FIG.23:3 TAPPED INDUCTANCE AERIAL TRANSFORMER

My .Q:sz
m J Tz, an

where n, = total number of turns
n, = number of turns across which aerial is connected
w = 27 X operating frequency
Q, = magnification factor for complete circuit
and Z, = impedance of the aerial (or the characteristic impedance of a trans-

mission line).
The gain is found from equation (10),

E, _ 1 Q,wl,

E, 2 Z,
The selectivity is calculated using the same methods as before, from the equivalent
circuit. Whether this equivalent circuit takes the form of a series or parallel tuned
circuit is usually not important, as the results obtained are substantially the same,
and provided the circuit Q exceeds about 10 the Universal Selectivity Curves can be
applied directly in either case.

It should be noted that the treatment is only approximate, as the exact tapping point
is dependent on the coupling between the two sections of the aerial coil winding.
However, for a wide variation in coupling, the correct tapping point is not very differ-
ent from that obtained by the above procedure, which assumes unity coupling, and
the loss in secondary voltage as compared with optimum coupling is quite small.
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Valve input loading is usually a problem at v-h-f and a procedure to minimize this
effect is to tap down across L,. This will allow a higher value of dynamic impedance
for the tuned circuit with improved selectivity, and under some conditions the in-
crease in impedance can more than offset the loss in voltage gain caused by tapping
down.

(v) Capacitance coupling
A further type of coupling arrangement fairly commonly used is shown in Fig, 23.4.

z Cy

- . L Fig. 23.4. Capacitance Coupled Aerial
'[ : Transformer.

FIG. 23.4

This shows a common disadvantage with the circuit of Fig. 23.3 in that the variation
in gain across the tuning range is quite appreciable. The treatment is quite straight-
forward and is left to the reader ; a fairly complete analysis is given in the references.

(vi) General summary

From the considerations detailed above, it can be seen that the coupled circuit
arrangement of Fig. 23.2 is generally most satisfactory since it readily lends itself,
with minor modifications, to applications using balanced or unbalanced aerial systems.
Under some conditions of receiver operation other methods are used because of the
practical consideration of ease of adjustment for best operation, or for use with a
particular type of aerial system.

Fixed tuned aerial stages are sometimes used with receivers covering a limited range
of frequencies. A typical case would be in the range of 88-108 Mc/s where the loaded
Q of the aerial coil may be less than 20. In such a case a simple arrangement is for
the secondary to be resonated near the centre frequency in the band ; this introduces
gain variations of about 2 : 1 across the tuning range. The gain variations can be
offset by resonating the secondary at a point in the band such that the gain variations
offset those in r-f or mixer stages. The overall gain variations for the band under
consideration can be limited to less than 1.5 : 1 with a superheterodyne receiver using
a tuned r-f stage, and as the loss in gain and signal-to-noise ratio is not very serious,
the saving in the cost of a gang section is often well worth while when weighted against
the other factors, If the aerial circuit loaded Q is above about 20, this method is not
recommended because of the deterioration in circuit performance. In some cases it is
preferable to tune the aerial circuit and use an untuned r-f stage (when this is prac-
ticable). .

One type of coupling circuit which has not been mentioned previously is the directly
tuned loop. In this case the loop provides the tuned circuit inductance as well as the
direct signal pick-up. As for any other loop, the area and the Q should be as large as
possible. This leop will probably be used, in most cases, with portable receivers.
If the joop can be placed in such a position that its Q is not materially affected by the
presence of the receiver and batteries, then its performance will usually be superior
to that of the single turn loop (an improvement of about 6 db can be expected). How-
ever, this arrangement is seldom convenient and in many cases better results are
possible with the single turn loop (or one with a few turns as discussed previously)
because any effect on its Q can be offset to a large extent by the use of an aerial coupling
transformer having a high Q winding in the tuned circuit. The improvement can
be seen most readily by considering a low Q loop, having a small inductance, connected
directly in series with an aerial coil which has a high Q and whose inductance is
practically the whole of the tuned circuit inductance.

In some cases it is required to use an additional external aerial with the loop to
increase signal pick-up. There are many possible arrangements but amongst the
simplest is the use of a small capacitance (say 10 to 20 uuF) connected between the
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external aerial and the top of the tuned circuit (i.e. to the grid connection) or alter-
natively a tap on the aerial coil sécondary a few turns up from the earthy end. For
a directly tuned loop the aerial is tapped into the loop in the same way as for the other
coil arrangement ; alternatively the series capacitor arrangement is satisfactory. The
main disadvantage of both these simple arrangements is the large change in gain which
occurs across the tuning range, but for medium-wave commercial portable receivers
additional circuit complications are ‘seldom justified.

The subject of aerial-to-receiver coupling is a large one and only a few of the more
important design factors have been considered. For more complete information
on particular systems it is necessary to consult the text books and references.

SECTION 3 : R-F AMPLIFIERS

(#) Reasons for ustng r-f stage (1) Mutual—inductance—coupled stage (1) Parallel
tuned circuit  (tv) Choke-capacitance coupling (v) Untuned and pre-tuned stages
(vi) Grounded grid stages.

(i) Reasons for using r-f stage
The necessity for adding a r-f amplifier in a superheterodyne receiver arises from
the need for
(1) greater gain
(2) improved rejection against undesired signals
(3) improved image frequency rejection
(4) reduction of the effects of spurious frequency combinations,
(5) improved signal-to-noise ratio,
(6) the prevention of radiation at the local oscillator frequency (under some
conditions). -

In the case of the t-r-f receiver, additional r-f stages are usually added for reasons
(1) and (2) above.

The design of a r-f stage is quite similar for both types of receiver and so they will
not be considered separately. The only point which will be mentioned is that, in the
case of the t-r-f receiver the final r~f amplifier feeds into a detector stage which, if a
diode is used, heavily loads the tuned circuit unless a tapping point is used. For this
reason it is common practice to incorporate anode bend or linear reflex detectors which
do not appreciably load the input circuit. However, a diode is convenient as a means
of supplying an a.v.c. bias voltage of the correct polarity, a condition not fulfilled
by the other two types of detectors mentioned without additional circuit arrangements,

(ii) Mutual-inductance-coupled stage

The most common arrangement for coupling a r-f amplifier valve to the following
stage (Fig. 23.5) is by means of a transformer using a tuned secondary with the primary
winding resonated either above or below the tuning range. The primary winding
resonates with the valve output capacitance, winding capacitance, stray wiring capacit-
ances and sometimes an added capacitor,
these being lumped together and shown as
C,.  If the winding is of the low imped-
ance type it is made to resonate at approxi-

GRID
Lscs mately 1.2 to 1.5 times the highest tuning
_i_l frequency. Under this condition the load
presented to the valve is inductive and

< . . - . .

3 T thus will give rise to regeneration by intro-
) 1 - ducing a negative resistance component
AvC. 8+ —AVC plus a capacitance into the r-f valve input

F1G.235 TRANSFORMER COUPLED R-F STAGE. circuit.
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If the winding is of the high impedance type, then it is usual to resonate the primary
at approximately 0.6 to 0.8 of the lowest tuning frequency, but the resonant frequency
should not be close to the intermediate frequency in superheterodyne receivers.
Under this condition the valve has a capacitive load which causes degeneration by
introducing a positive resistance component plus a capacitance into the r-f valve input
circuit due to the *“ Miller Effect.” It is not usual to resonate the primary winding
within the tuning range because of the very large changes in gain and selectivity which
would be introduced. In addition, the problem of tracking the various tuned circuits
becomes almost hopeless.

When the aerial coil primary is of the low impedance type it is usual, although not
essential, for the r-f stage to be of this type also and vice-versa. This simplifies
tracking problems.

The methods to be used for calculating the gain and selectivity of this arrangement
are set out in detail in Chapter 9 Sect. 6(ii) under the heading ¢ Coupled Circuits—
Tuned Secondary.” For the usual practical arrangement the stage gain is given
approximately by g.,.QswM,
where g,, = mutual conductance of r-f amplifier valve,

w = 27 X operating frequency,

M = k+/L L, = mutual inductance,
and Q. = secondary circuit Q including effect of valve input resistance, but not
““reflected > resistance from the primary.
The selectivity can also be calculated, approximately, by the method suggested for
aerial coils.

When designing a stage of this type it is necessary, as in the case of the aerial coil,
to arrive at a compromise between gain, selectivity and tracking errors. 'This usually
leads to a value for the coefficient of coupling of approximately 0.15 to 0.3, with the
lower values preferred for good tracking between aerial, r-f, and, in the case of the
superhet., the oscillator stage.

As with aerial coils, the primary Q is about 50 (or perhaps less) and the secondary
Q from say 90 to 130 in typical coils using this range of & values. Higher Q generally
calls for the lower values of %. )

In the case of receivers working at say 50-400 Kc/s it is often inconvenient to re-
sonate the primary winding in the manner suggested. Under these circumstances
it is sometimes necessary to damp the primary winding heavily so that no pronounced
resonance occurs, It is then permissible to resonate the winding within the tuning
range. This procedure can lead to a severe loss in gain but is sometimes justified
under practical conditions where the loss of gain is outweighed by other factors.

The addition of top capacitance coupling, i.e. a small capacitance from the plate
connection to the grid connection of the following stage, is often employed to equalize
gain variations across the tuning range. The value of the capacitance is usually of
the order of a few micro-micro-farads and the exact value is best determined experi-
mentally. It should be noted that the presence of this capacitance will alter the co-
efficient of coupling, stage gain, selectivity and the primary resonant frequency, as
well as circuit tracking. There is always some capacitance coupling present with any
practical transformer and this largely determines the relative physical arrangement of
the primary and secondary windings, which are connected (in nearly all practical
cases) so that the capacitance couplirg adds to the mutual inductance coupling.

iii) Parallel tuned circuit

A simple parallel tuned circuit is sometimes used in the r-f stage, and can be made
to give higher gains than the transformer coupled arrangement. The difficulties
encountered are that

(1) large gain variations occur across a band of frequencies

(2) the skirt selectivity is rather poor

(3) tracking with conventional aerial circuits is difficult

(4) the tuning capacitor has to be isolated from B-.

For these and other reasons this circuit is not in common use in broadcast receivers,
but it might be incorporated in a receiver working at high frequencies covering a
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restricted tuning range with some possible advantage. The gain of the stage is given
by ng etf wL

where g, = mutual conductance of r-f amplifier valve,
Q.,, = Q of r-f coil when loaded by plate resistance of r-f amplifier and input
resistance of following stage,
w = 27 X frequency,

and L = inductance of tuned circuit.
Selectivity is calculated as for any other single tuned stage, using the methods of
Chapter 9 or Chapter 26, Sect. 4(iv)A.

(iv) Choke-capacitance coupling

Fig. 23.6 shows a common r-f coupling circuit for use at v-h-f such as on the 88-108
Mc/s F-M broadcast band. The usual arrangement takes the form of a r-f choke,
resonated well below the lowest tuning frequency, coupled to a tuned circuit L,C,
by means of a capacitor C. The choice of a suitable value for C will allow some re-
duction in variations of stage gain across the tuning range as it can be considered as
part of a voltage divider formed with the tuned grid circuit. A further useful function
of the arrangement is that when a suitable resonance frequency has been chosen for
the choke, the total stray capacitance across the tuned circuit is effectively reduced,
thereby reducing limitations on the tuning range ; a small value for C assists
in this latter regard. However, the application of the circuit is largely one of practical
convenience and, as always, is a compromise.

With a choke resonated at 1/\/5 of the
c lowest tuning frequency in a receiver with
RID  a Jow frequency limit of 87.5 Mc/s and an
upper limit of 108.5 Mc/s, the values
obtained for the additional capacitance
shunted across the tuned circuit were 3.6
upF at 88 Mc/s and 4 uuF at 108 Mc/s,
excluding the input capacitance of the fol-
lowing stage. The value of C was 10 puF.
Because of the low value of dynamic im-~
pedance for this circuit at v~h-f, the effect
of the plate resistance of the r-f valve can usually be neglected (but see Ref. A8).
In this case the selectivity for the circuit can readily be calculated as for a single tuned
circuit, including the effects of thie input resistance of the following stage, without
introducing very large errors. The gain may be calculated with sufficient accdracy
as for the case of the simple tuned circuit acting as the anode load and multiplying
the result by a suitable factor to allow for the voltage division due to the capacitive
reactances at the frequency being considered. This factor is readily found from a
knowledge of the equivalent capacitance due to the choke circuit, at the working
frequency, and the value selected for C.

O
-
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FIG.23-6 CAPACITANCE COQUPLED R-f STAGE,

(v) Untuned and pre-tuned stages

Untuned, or in some cases. pre-tuned, r-f stages are sometimes used in receivers
where economy and/or limited space are important factors, or where only a small
frequency range is to be covered. Unfortunately in the case of portable battery re-
ceivers, where the application could be valuable, the use of untuned r-f stages is made
difficult by the fairly low values of mutual conductance for the usual r-f amplifier
valves. - The gain obtained is limited and it may be preferable to use an additional
i-f stage if the r-f stage cannot be tuned and gain is a prime requirement. With
mains operated receivers the problem-is different, as many suitable valve types are
available and quite good stage gains (about 5 times or more, on the medium and short
wave bands) can be obtained over a wide range of frequencies. Suitable . design
methods using untuned stages for the medium and short wave bands have been given
in R.C.A. Application Note No. 116 (reprinted in Radiotronics No. 124) to which the
* reader is referred for full details ~ A typical coupling circuit of the type discussed in
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the Application Note is shown in Fig.
23.7.

(vi) Grounded-grid stages

1 H : L2307 UNTUNED R~F STAGE.
As previously mentioned this type of Fic.23

amplifier will not be discussed in detail.

However, the following equations should prove to be of assistance, and are generally
a sufficiently good indication since experimental techniques usually provide the most
suitable method for determining the best operating conditions for this type of amplifier.

R
Voltage gain = —— L _ 1
g ga 2+ R, e + D
R
Resistance loading across input circuit A~ 7: _:- 3 L

(loading across output circuit &~ 7,).
For p > 1 the optimum load impedance is given by

R, =r,vV1 + Rg..

. R, R,

Noise factor = N —JZ + Rz + RAA:

where R; = load impedance connected between plate and B4
r, = valve plate resistance
n = valve amplification factor
£ = valve mutual conductance
R, = valve input resistance at working frequency
R, = equivalent noise resistance of first valve
R, = equivalent noise resistance of second valve
R, = generator impedance e.g. aerial resistance
A, = voltage gain of input circuit

and A4, = voltage gain of first stage, excluding the voltage gain of the input

circuit.

It should be noted that it is always advisable to operate the heater and cathode of
the valve at the same r-f potential. This is readily achieved by using suitable chokes
in the heater leads. For more detailed information on grounded-grid amplifiers
see References B8, B18, Al0 and A4.

SECTION 4 : IMAGE REJECTION

(1) Meaning of image rejection (ii) Image rejection due to aerial stage (i1t) Other
considerations.

(i) Meaning of image rejection

With the superheterodyne receiver it is necessary to consider not only adjacent
channel selectivity due to the aerial and r-f stages but also whether the selectivity
of these stages is sufficient to prevent signals on image frequencies from passing into
the i-f amplifier. If there were no tuned circuits ahead of the converter valve a signal
lower in frequency than the oscillator frequency, and which differs from the oscillator
frequency by the value of the intermediate frequency, would pass into the i-f amplifier.
Similarly a signal higher in frequency than the oscillator frequency, and which differs
from the oscillator frequency by the value of the intermediate frequency, would also
pass into the i-f amplifier.
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When one of these frequencies is the desired one (it may be either the lower or the
higher), the other is referred to as its image frequency. Clearly the desired and un-
desired signal frequencies are separated by twice the intermediate frequency. Putting
this statement in symbolic form :

fimawe = fosc + fi—f when fnsc > fxig
Fimage = fosc — finr When fo5e < faip
where f., = desired signal frequency.

As an example : On the 540-1600 Kc/s A-M broadcast band the oscillator fre-

quency is normally above the signal frequency. If the reasons for this are not obvious,
consideration of the oscillator tuning range and the values of variable capacitance
required will make it so. The usual i-f is 455 Kc/s and if a signal frequency of 1000
Ke/s is taken,
then finay. = (1000 + 455) + 455 = 1910 Kc/s.
Since the converter cannot discriminate between the two signals of 1000 Kc/s and 1910
Kc/s, it is necessary for the aerial circuit, and r-f circuit if this is used, to make the
magnitude of the 1000 Kc/s voltage much greater than the magnitude of the 1910
Kc/s voltage. Otherwise severe interference can result when signals are being trans-
mirtted at both these frequencies.

When making calculations for image rejection the worst conditions are usually
found at the high frequency end of the tuning range, provided that the selectivity of
the tuned circuits does not vary appreciably with change in frequency. This is
because the separation between the two frequencies is a smaller proportion of the fre-
quency to which the receiver is tuned. It should also be clear that higher values
of i-f will materially assist in reducing image effects because of the wider frequency
separation between the desired and undesired signals ; it is for this reason that some
v-h-f receivers use intermediate frequencies of the order of 10.7 Mc/s.

(ii) Image rejection due to aerial stage
The image rejection due to an aerial stage alone is calculated from

Jueli-5

where Q = wL,;/R,; (ie. loaded value for secondary circuit),
L,y &~ L, the secondary circuit inductance,
= total secondary circuit series resistance including that due to re-
flection from primary circuit and valve input resistance (Valve input
admittance is discussed in detail in Chapter 2 Sect. 8, and further
comments are given in Sect. 5 of this chapter),
f = image frequency when oscillator frequency is higher than signal
frequency,
and fo = signal frequency under oscillator conditions as for f.
If the oscillator is lower in frequency than the signal frequency then f and f, should
be interchanged.

erf

Exactly the same expression and procedure are used to calculate the image protection
afforded by a r-f stage. Since the calculated image rejection is a voltage ratio, the
ratios obtained for the various stages are multiplied together, or the ratios expressed
in decibels can be added to give the total image protection provided by the input cir-
cuits to the converter.

(iii) Other considerations _

The image protection due to the r-f stage may be greater than that due to the aerial
stage. A typical example occurs when the loading on the aerial stage due to the r-f
amplifier valve has a positive value of input resistance and the loading on the r-f stage
due to a pentagrid converter, using inner grid oscillator voltage injection, has a nega-
tive value of input resistance. The resultant Q, simply from these considerations,
may then be higher in the case of the r-f coil.  Also, since the resultant Q of the aerial
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coil is halved, under some conditions of operation, by using two point matching to
an aerial transmission line, the greater part of the image protection may here again
be due to the r-f stage. These considerations are particularly important at the higher
frequencies. On the long and medium wave bands sufficient image protection can
often be obtained from the discrimination afforded by the aerial coil alone, but on the
shortwave bands deterioration in image rejection is serious (and rapid) unless the inter-
mediate frequency is increased above the usual value of about 455 Kc/s.

It is important to note that a good image rejection ratio is desirable since this also
indicates the selectivity of the signal circuits and the degree of rejection against spurious
frequency combinations. A high degree of selectivity preceding the first r-f amplifier
valve has obvious advantages in reducing cross-modulation effects.

¥

SECTION 5: EFFECTS OF VALVE INPUT ADMITTANCE

(&) Important general considerations (%) Input loading of receiving valves at radio
Sfrequencies (A) Input conductance (B) Cold input conductance (C) Hot inpur conduc-
tance (D) Change in input capacitance (E) Reduction of detuning effect.

(i) Important general considerations

A fairly complete discussion of some of the factors relating to valve input admittance
has been given in Chapter 2 Sect. 8. These considerations are additional to the
following details which take into account electron transit time effects at frequencies
up to about 100-150 Mc/s, where conventional receiver design techniques begin to
fail.

From the receiver designer’s point of view the main factors (if we neglect changes
in valve output admittance—but see Ref. A8) are '

(1) A knowledge of the actual values of input resistance and capacitance (neither
of which is constant with changes in valve operating conditions) with which he will
have to contend when these are shunted across the tuned circuit (this must include
the effects of feedback etc.), and

(2) A knowledge of the effects on input capacitance, in particular, when the signal
voltage changes, giving rise to an alteration in a.v.c. bias. From this information
the amount of detuning of the circuits can be determined. As the input components
are in parallel with the tuned circuits, it is often more convenient to discuss the values
of conductance, susceptance, and admittance rather than resistance, reactance, and
impedance. Several extremely useful lists of values of conductance and capacitance
for some common types of receiving valves are given in Chapter 2 Sect. 8, and further
details of some additional types are set out later in this section. In cases where the
value of short circuit input conductance at a required frequency is not given, then a
close approximation can be found by multiplying the conductance value by

Frequency required

Frequency stated
conductance value at 100 Mc/s should not be used to find a conductance at 455 Kc/s,
but will give a reasonable approximation at, say, 10 Mc/s.

A figure of merit, which -forms a useful basis for comparing various types of r-f
voltage amplifier valves, is given by

2
) 3 but extrapolation should not be carried too far e.g. a

Em

Ve ©r gnVR))

i

where g,, = control grid to plate transconductance (mutual conductance)
g; = short circuit grid input conductance

and R, = short circuit grid input resistance.

At the higher frequencies cathode lead inductance is important.
If the valve types on which information regarding short circuit input admittance is
required are not listed, experimental techniques can always be resorted to and reason-
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ably accurate results are possible using a high frequency Q meter to determine the
capacitive and resistive loading effects. The usual precautions as to length of leads,
earthing etc. must be carefully observed when making these measurements, if the
results are to be of any practical value. Something of this nature is usually required
when considering the effects of the converter valve on its input circuit, since the pub-
lished information is rather meagre. In this regard it is well to remember that some
types of converter valves, such as those using inner grid injection, e.g. types 6AS,
6K8, 6SA7, 6BE6 etc., give negative loading whilst other types such as X61M, X79,
6]8-G, 6L.7, etc. (which use outer grid oscillator injection) give positive loading. In-
creasing the negative bias on the signal grid will reduce the loading effect with all types,
but at very high values of bias the negative loading may reverse its polarity and be-
come positive. [The reasons for these effects are discussed later in this section in
connection with input loading of receiving valves.] To reduce input conductance
some valve types have more than one cathode connection (see Ref. A8), and typical
examples are types 6AKS5 and 6AGH5, each having two cathode terminals. Even when
the cathode terminals are directly connecred to ground the length of the cathode lead
is still sufficient to provide appreciable inductive reactance at frequencies of the order
of 100 Mc/s. For this reason all plate and screen by-pass capacitors should be re-
turned to one cathode lead and the grid returns to the other. The alternating volt-
ages developed across the cathode lead inductance due to currents from the plate and
screen circuits are in this way prevented from being directly impressed in series with
the grid circuit, since it is the grid to cathode voltages which are of major importance.
Direct current divides between the two available cathode paths, but this is not import-
ant since the path taken by this current normally does not affect the grid input admit-~
tance. To obtain grid bias the ““ grid ” cathode lead employs the usual resistor and
capacitor combination. The r-f by-pass capacitors from the plate and screen circuits
connect directly to the other cathode terminal which is not directly connected to
ground in this arrangement. A typical circuit is shown in Fig, 23.8.

In pentodes working at v-h-f it is advis-
able to connect the suppressor grid terminal
directly to ground, when a separate terminal
is available for this electrode, rather than
to the cathode, because the suppressor lead
inductance would then be connected in
series with any external cathode lead induc-
tance. If this precaution is not taken the
coupling between control grid and plate is RE
increased, because of the capacitance from FIC.23-8 R-FAMPLIFIER WITH TWO CATHODE

. ONS.
control grid to suppressor and from sup-
pressor to plate, the junction of these.two
capacitances having an impedance to ground depending on the total lead inductance.

Similar considerations also apply to screen grid circuits, particularly when the valve
has a single cathode lead, and the shielding action of this grid can be seriously affected
if proper precautions are not taken, such as directly earthing by-pass capacitors.
These circuit arrangements are not very important at low frequencies where degenera-
tive effects may be more serious, necessitating the connection of the suppressor grid
and by-pass capacitors directly to the cathode.

(ii) Input loading of receiving valves at radio frequencies™®

(See also Chapter 2, Sect. 8 and R.C.A. Application Note No. 118—Ref. B25).

The input resistance of r-f amplifier valves may become low enough at high radio
frequencies to have appreciable effect on the gain and selectivity of a preceding stage.
Also, the input capacitance of a valve may change enough with change in a.v.c. bias
to cause appreciable detuning of the grid circuit. It is the purpose of this Note to
discuss these two effects and to show how the change in input capacitance can be
reduced.

*From R.C.A. Application Note No. 101.
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(A) Input conductance
It is convenient to discuss the input loading of a valve in terms of the valve’s input
conductance rather than input resistance, The input conductance g; of commercial
receiving valves can be represented approximately by the equation
8 = Bf + kuf? (1
where f is the frequency of the input voltage. A table of values of %, and %, for
several r-f valve types is shown below. The approximate value of a valve’s input
conductance in micromhos at all frequencies up to those in the order of 100 megacycles
can be obtained by substituting in Eq. (1) values of %, and %, from the table. In
some cases, input conductance can be computed for conditions other than those
specified in the table. For example, when all the electrode voltages are changed by
a factor »n, k, changes by a factor which is approximately n~1/2, The value of &, is

TABLE OF APPROXIMATE VALUES OF k, AND %, FOR SEVERAL VALVE

TYPES
Signal- k. ky
Valve Description Plate | Screen | Grid | Supress-| micro | micro
Type volts volts bias or ~mbhos/| —mhos/
volts volts Mc/s | Mc/s?
6A8 Pentagrid 250 100 —3 —- 0.3 |—0.05%
6J7 Pentode 250 100 -3 0 0.3 0.05
6K7 Pentode 250 100 -3 0 0.3 0.05
6K8 Triode-hexode 250 100 -3 — 0.3  |—0.08%
6L7 Mixer 250 100 —3 —- 03 0.15%
6SAT7'q |Pentagrid | 250 100 0 - 0.3 |—-0.03§
6SAT%q |Pentagrid 250 100 -2 —= 0.3 |-0.03%
6S]74  |Pentode 250 100 -3 0 0.3 0.05
6SK7¢ |Pentode 250 100 -3 0 0.3 0.05
954 Pentode 250 100 -3 0 03 0.005
1851 Pentode 250 150 -2 0 03 0.13
6AC7/
18524 |Pentode 250 150 —2 0 0.3 0.13
6AB7/
18534 |Pentode 250 200 -3 0 0.3 0.065
|

*For oscillator-grid current of 0.3 mA through 50 000 chms.
For oscillator~grid current of 0.15 mA through 50 000 ohms.
For wide range of oscillator currents.

§For grid No. 1 current of 0.5 mA through 20 000 ohms.
1Self-excited. 2Separately excited.

Y Denotes single ended valve type.

practically constant for all operating conditions. Also, when the transconductance
of a valve is changed by a change in signal-grid bias, %, varies directly with trans-
conductance over a wide range. In the case of converter types, the value of %, de-
pends on oscillator-grid bias and oscillator voltage amplitude. In converter and
mixer types, k, is practically independent of oscillator frequency.

In eqn. (1), the term k.f is a conductance which exists when the cathode current is
zero, The term k72 is the additional conductance which exists when cathode current
flows. These two terms can be explained by a simple analysis of the input circuit
of a valve.

(B) Cold input conductance

The input impedance of a valve when there is no cathode current is referred to as
the cold input impedance. The principal components of this cold impedance are a
resistance due to dielectric hysteresis, and a reactance due to input capacitance and
cathode-lead inductance. Because these components are in a parallel combination,
it is convenient to use the terms admittance, the reciprocal of impedance, and sus-
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ceptance, the reciprocal of reactance. For most purposes, the effect of cathode-lead
inductance is negligible when cathode current is very low. The cold input admittance
is, therefore, a conductance in parallel with a capacitive susceptance. The conductance
due to dielectric hysteresis increases linearly with frequency. Hence, the cold input
conductance can be written as k.f, where k., is proportional to the power factor of
grid insulation and is the &, of egn. (1).

(C) Hot input conductance

The term k,f2, the input conductance due to the flow of electron current in a valve,
has two principal components, one due to electron transit time and the other due to
inductance in the cathode lead. These two components can be analysed with the
aid of Fig. 23.9. In this circuit, C, is the capacitance between grid and cathode when
cathode current flows, C, is the input capacitance due to capacitance between grid
and all other electrodes, except cathode, g, is the conductance due to electron transit
time, and L is the cathode-lead inductance. Inductance L represents the inductance
of the lead between the cathode and its base pin, together with the effect of mutual
inductances between the cathode lead and other leads near it. Analysis of the circuit
of Fig. 23.9 shows that, with L small as it generally is, the input conductance, g,, due
to the presence of cathode current in the valve, is approximately

g = Enw’LC, + g, (2)
where w = 2nf. The term g, w2LC), is the conductance due to cathode-lead in-
ductance. It can be seen that this term varies with the square of the frequency.
In this term, g, is the grid-cathode transconductance because the term is concerned
with the effect of cathode current flowing through L. In a pentode, and in the 6L7,
this transconductance is approximately equal to the signal-grid-to-plate transcon-
ductance multiplied by the ratio of direct cathode current to direct plate current.
In the converter types 6A8, 6K8 and 6SA7, the signal-grid-to-cathodé transcon-
ductance is small. Cathode circuit impedance, therefore, has little effect on input
conductance in these types. .

For an explanation of the conductance, g;, due to electron transit time, it is helpful
to consider the concept of current flow to an electrode in a valve. It is customary
to consider that the electron current flows to an electrode only when electrons strike
the surface of the electrode. This concept, while valid for static conditions, fails to
account for observed high-frequency phenomena. A better concept is that, in a
diode for example, plate current starts to flow as soon as electrons leave the cathode.
Every electron in the space between cathode and plate of a diode induces a charge on
the plate ; the magnitude of the charge induced by each electron depends on the
proximity of the electron to the plate. Because the proximity changes with electron
motion, there is a current flow to the plate through the external circuit due to the
motion of electrons in the space between cathode and plate. )

Consider the action of a- conventional space-charge-limited triode as shown in
Fig. 23.10. In this triode, the plate is positive with respect to cathode and the grid is
negatively biased. Due to the motion of electrons between cathode and grid, there
is a current [, flowing into the grid. In addition, there is another current [, flowing
out of the grid due to the motion of electrons between grid and plate receding from the
grid. When no alternating voltage is applied to the grid, I, and I, are equal and the
net grid current I, is zero.

Suppose, now, that a small alternating voltage (e,) is applied to the grid. Because
the cathode has a plentiful supply of electrons, the charge represented by the number
of electrons released by the cathode (Q;) is in phase with the grid voltage, as shown
in Figs. 23.11(a) and 23.11(b). The charge induced on the grid (Q,) by these electrons
would also be in phase with the grid voltage if the charges released by the cathode
were to reach the plane of the grid in zero time, as shown in Fig. 23.11(c). In this
hypothetical case, the grid current due to this induced charge (Fig. 23.11(d)) leads
the grid voltage by 90 degrees, because by definition, current is the time rate at which
charge passes a given point. However, the charge released by the cathode actually
propagates towards the plate with finite velocity ; therefore, maximum charge is
induced on the grid at a time later than that corresponding to maximum grid voltage,
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as shown in Fig. 23.11(e). This condition corresponds to a shift in phase by an angle
6 of Q, with respect to e, ; hence, the grid current lags behind the capacitive current
of Fig. 23.11(d) by an angle 4, as shown in Fig. 23.11(f). Clearly, the angle @ increases
with frequency and with the time of transit ». Expressed in radians, § = wr.
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The amplitude of Q, is proportional to the amplitude of the grid voltage ; the grid
current, which is the time rate of change Q,, is thus proportional to the time rate of
change of grid voltage. For a sinusoidal grid voltage, e, = E, sin wr, the time rate
of change of grid voltage is wE, cos wz. Therefore, for a given valve type and opera-
ting point, the amplitude of grid current is

I, = KE,w
and the absolute value of grid-cathode admittance due to induced charge on the grid is
Y, = IL/JE, = Ko 3

The conductive component (g,) of this admittance is
& = Y,sin 0 = Y0 = Kwb (for small values of 6).
Because 0 = wr, this conductance becomes, for a given operating point,
£ — Katr @
Thus, the conductance due to electron transit time also varies with the square of the
frequency. This conductance and the input conductance, g » @2LC,, due to cathode-
lead inductance, are the principal components of the term &,f2 of eqn. (1).

This explanation of input admittance due to induced grid charge is based on a
space-charge-limited valve, and shows how a positive input admittance can result
from the induced charge. The input admittance due to induced grid charge is nega-
tive in a valve which operates as a temperature-limited valve, that is, as a valve where
cathode emission does not increase when the potential of other electrodes in the valve
is increased. The emission of a valve operating with reduced filament voltage is
temperature limited ; a valve with a screen interposed between cathode and grid
acts as a temperature-limited valve when the screen potential is reasonably high. The
existence of a negative input admittance in such a valve can be explained with the aid
of Fig. 23.12.

When the value of E, in Fig. 23.12 is sufficiently high, the current drawn from the
cathode divides between g, and plate ; any change in one branch of this current is
accompanied by an opposite change in the other. As a first approximation, there-
fore, it is assumed that the current entering the space between g, and g, is constant



932 (ii)) INPUT LOADING OF RECEIVING VALVES 23.5

and equal to pv, where p is the density of electrons and v is their velocity. g, may
now be considered as the source of all electrong passing to subsequent electrodes.

Suppose now, that a small alternating voltage is connected in series with grid g,
as shown in Fig. 23.12. During the part of the cycle when e, is increasing, the elec-
trons in the space between g, and g, are accelerated and their velocities are increased.
Because the current pv is a constant, the density of electrons (p) must decrease. In
this case, therefore, the charge at g, is 180 degrees out of phase with the grid voltage,
as shown at a and b of Fig. 23.13.. This diminution in charge propagates toward
the plate with finite velocity and induces a decreasing charge on the grid. Because
of the finite velocity of propagation, the maximum decrease in grid charge occurs at
a time later than that corresponding to the maximum positive value of ¢,, as shown in
Fig. 23.13(c). The current, which is the derivative of Q, with respect to time, is
shown in Fig. 23.13(d). If there were no phase displacement (6 = 0), this current
would correspond to a negative capacitance ; the existence of a transit angle 6, there-
fore, cotresponds to a negative conductance. By reasoning similar to that used in
the derivation of eqns. 3 and 4, it can be shown that the absolute value of negative
admittance due to induced grid charge is proportional to w, and that the negative
conductance is proportional to w?. These relations are the same as those shown in
eqns. 3 and 4 for the positive admittance and positive conductance of the space-charge-
limited case.

A negative value of input conductance due to transit time signifies that the input
circuit is receiving energy from the “ B ”” supply. This negative value may increase
the gain and selectivity of a preceding stage. If this negative value becomes too large,
it can cause oscillation. A positive value of input conductance due to transit time
signifies that the signal source is supplying energy to the grid. This energy is used
in accelerating electrons toward the plate and manifests itself as additional heating
of the plate. A positive input conductance can decrease the gain and selectivity of a
preceding stage.

It should be noted that, in this discussion of admittance due to induced grid charge,
no mention has been made of input admittance due to electrons between grid and plate.
The effect of these electrons is similar to that of electrons between grid and cathode.
The admittance due to electrons between grid and plate, therefore, can be considered
as being included in eqn. (3).

(D) Change in input capacitance

The hot grid-cathode capacitance of a valve is the sum of two components, the cold
grid-cathode capacitance, C., which exists when no cathode current flows, and a
capacitance, C,, due to the charge induced on the grid by electrons from the cathode.
The capacitance C; can be derived from egn. (3), where it is shown that the grid-
cathode admittance due to induced grid-charge is

Y, = Kow.

The susceptive part of this admittance is Y; cos 6. Since this susceptance is equal
to wC,, the capacitance C, is

C; = Kcos 8 = K (for small values of 6).
Hence, the hot grid-cathode capacitance C, is
C, = C, + K.

The total input capacitance of the circuit of Fig. 23.9 when the valve is in operation,
includes the capacitance C, and a term due to inductance in the cathode lead. This
total input capacitance, C;, can be shown to be approximately
C;=C, + Ch — gmgilL (5)
where the last term shows the effect of cathode-lead inductance. This last term is
usually very small. It can be seen that if this last term were made equal in magnitude
to C, + C,, the total input capacitance would be made zéro. However, the practical
application of this fact is limited because g, and g, change with change in electrode
voltages, and g, changes with change in frequency.
When cathode current is zero, the total input capacitance is practically equal to
C, + C.. - Subtracting this cold input capacitance from the hot input capacitance
given by eqn. (5), we obtain the difference, which is K — g,g.L. In general, K is
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greater than g,g,L. Therefore, in a space-charge-limited valve, where K is positive,
the hot input capacitance is greater than the cold input capacitance. In a temperature-
limited valve, where K is negative, the hot input capacitance is less than the cold
input capacitance. In both valves K changes with change in transconductance.
Because of this change, the input capacitance changes somewhat with change in a.v.c.
bias. In many receivers, this change in input capacitance is negligible because it is
small compared with the tuning capacitances connected in the grid circuits of the high-
frequency stages. However, in high-frequency stages where the tuning capacitance
is small, and the resonance peak of the tuned circuit is sharp, change in a.v.c. bias
can cause appreciable detuning effect.
(E) Reduction of detuning effect

The difference between the hot and the cold input admittances of a space-charge-
limited valve can be reduced by means of an unbypassed cathode resistor, R;.in Fig.
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23.14. The total hot input admittance of this circuit is made up of a conductance
and a capacitive susceptance C;’. Analysis of Fig. 23.14 shows that, if cathode-lead
inductance is neglected, the total hot input capacitance, C//, is approximately

, 1 4+ K/C,

Ct - Cﬂ + Cc 1 + ngk (6)
Inspection of this equation shows that if K is positive and varies in proportion with
£ ms the use of the proper value of R, will make C; independent of g,,. In a space-
charge-limited valve, K is positive and is found by experiment to be approximately
proportional to g,,. It follows that the proper value of R, will minimize the detuning
effect of a.v.c. in a space-charge-limited valve. Eqn. (6) is useful for illustrating the
effect of R, but is not sufficiently precise for computation of the proper value of R,

6AB7/ 1853 to use in practice. This
TYPICAL CHARACTERISTICS value can be determined

- by experiment. It will
be found that this value,

£f=63 YOLTS
PLATE VOLTS =250

SUPPRESSOR VOLTS «O in addition minimizing

| SCREEN VOLTS » 200 capacitance change, also
RID VOLTS = VARIED reduces the change in in-
FREQUENCY * 40 Mck

put conductance caused
by change in a.v.c. bias,
The effect of unbypassed
L 0 cathode resistance on the

UNBYPASSED CATHODE RESISTOR = Ry (OHMS)

125

100 - [ 20, change in input capacit-
/ I~ // ance and input conduct-
7 "y ance of types 6AC7/1852
.2 /1 % and 6AB7/1853 is shown

in Figs, 23.15 and 23.16.
These curves were taken
at a frequency of 40 mega-
cycles. The curves for
the 6AC7/1852 also hold
good for the 1851,

It should be noted that,
because of degeneration
in an unbypassed cathode
hee resistor, the use of the
= resistor reduces gain. The
os reduced gain is 1/(1 +
£mR ) times the gain with
the same electrode volt-
ages but with no unby-
passed cathode resistance.
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The hot input conductance of a valve with an unbypassed cathode resistor can be de-
termined by modification of the values of %, in the table. The value of %, in the table
should be multiplied by g,/(1 + g..R:). The resultant value of %,, when sub-
stituted in egn. (1), with &, from the table, gives the input conductance of a valve
with an unbypassed cathode resistor. In the factor (1 + gn.R:), £ is the grid-
cathode transconductance when R, is by-passed.

When an unbypassed cathode resistor is used, circuit parts should be so arranged
that grid-cathode and plate-cathode capacitances are as small as possible. These
capacitances form a feedback path between plate and grid when there is appreciable
impedance between cathode and ground. To minimize plate-cathode capacitance,

the suppressor and the screen by-pass condenser should be connected to ground rather
than to cathode.
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SECTION 6 : VALVE AND CIRCUIT NOISE*

(#) Thermal agitation noise (if) Shot noise (3ii) Induced grid noise (iv) Total
noise calculations (v) Sample circust caleulations (vi) Conclusions.

Maximum receiver sensitivity is not, in most cases, determined by the gain of the
particular receiver but by the magnitude of the input circuit noise, which is generated
by the antenna, the tuned input circuit, and the first tube. This is true of A-M, F-M
and television except that in F-M and television the random noise effect assumes
a far greater degree of importance than in the standard broadcast band. The reason
for this is twofold :

(1) At the frequencies where these two services operate, 50 to 250 Mc/s, the re-
lative values of the several different noise sources assume entirely new proportions
and the heretofore unimportant and little known induced grid noise becomes one
of the predominant components of the total.

(2) Most random input and tube noise is proportional to the square root of the band-
width. Both television, with a 4 Mc/s band, and F-M, with 2 200 Kc/s band, occupy
much wider sections of the frequency spectrum than anything previously encountered
by the commercial receiver engineer.

(i) Thermal agitation noise

When an alternating electric current flows through a conductor, electrons do not
actually move along the conductor but they are displaced, an infinitesimal amount,
first in one direction and then in the other. A voltage is built up across the conductor
equal to the magnitude of the current times its resistance. Applying heat to the con~
ducting material agitates the molecules of the conductor and, consequently, varies the
instantaneous position in space of the electrons. This random electron motion is,
in a sense, a minute noise current flowing through the material and is known as
thermal agitation noise. That is, the application of heat agitates the electron dis-
tribution of the substance thereby creating the noise.

The magnitude of the short-circuit noise current is given by

i 4K;AF o
where i, == mean squared noise current (amperes?)
K Boltzmann’s Constant (Joules per degree Kelvin), 1.38 x 10-%%
T temperature (degrees Kelvin)
4F = bandwidth (c/s)
and R = resistance (ohms).

All noise currents and voltages are random fluctuations and occupy an infinite
frequency band., Because of the random effect, the most convenient terminology
to use in expressing their magnitude is average noise~-power output. Mean-squared
noise current or mean-squared noise voltage, either of which is proportional to average
power, is generally used.

In the expression for various noise components the term 4F refers to the effective
bandwidth of the circuit. This is determined from a curve of power output versus
frequency by dividing the area under the curve by the amplitude of the power at the
noise frequency in question. For most calculations, however, where only approxi-
mate values are desired, the bandwidth between half power points, or 0.707 voltage
points, will give sufficient accuracy.

The equation below expresses thermal agitation noise as a voltage in series with a
given resistor ;

e, = 4KTJAFR. (2)

Both the above forms are true of all resistive circuit elements or combination of
elements including parallel and series-tuned circuits.

It

If

*This section is taken directly from an article ‘* Input Circuit Noise Calculations for FM and Tele-
vision Receivers ” by W. J. Stolze, published in Communications, Feb. 1947, and reprinted by special
permission.
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Referring to Fig. 23.17(a), let us suppose a resistance of 10 000 ohms were connected
to the input of an amplifier with a 5 Kc/s bandwidth, i.e., 5 Kc/s between half power
points or an -audio band of 2.5 Kc¢/s. At room temperature, 20°C or 293°K, the
term 4K 7 in the expressions for noise simplifies to 1.6 x 10~2°, which may be used
in most receiver calculations, The noise in Fig. 23.17(a) is therefore :

" e, = 1.6 x 10724FR
e, = V1.6 x 1072 X 5000 x 10000
e, = 0.89 microvolt.

The noise bandwidth is generally determined by the narrowest element in the entire

circuit under consideration. In the example for Fig. 23.17(b) the bandwidth of the

amplifier is narrower than the tuned circuit and therefore its 4F is used in the calcu-
lations.

R= 10,0009 FRCe85ppF Fig. 23.17. Sample thermal noise circuits :
’ Frequency = 1000 Kc¢/s; Q = 100;
tn L = 300 microhenries (Ref. B33).
—0
Q) FIG, 23. 17 ®

Fig. 23.17(b) is a simple parallel-tuned circuit where-the noise generating resistance
is equal to the tuned circuit impedance. Again let us assume the bandwidth to be
five K¢ per second.

R = Q(wlL) = 100 x 1900 = 190000 ohms
e, = 1.6 x 1072°4FR

e, = \/1.6 x 10720 x 5000 x 190 000

e, = 3.9 microvolts.

Thermal agitation noise voltage may be calculated easily with eqn, (2) but by using
the graph shown in Fig. 23.18 the room temperature values may be found directly.
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Fig.23.18. Thermal agitation noise voltage versus resistance and band-width (Ref B33).
(ii) Shet noise

Another important component of the total receiver noise is shot noise. This noise
is generated inside the vacuum tube and is due to the random fluctuations in the plate
current of the tube, or, to state it in another manner, random variations in the rate of
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arrival of electrons at the plate.  When amplified, this noise sounds as if the plate
were being bombarded with pebbles or as if a shower of shot were falling upon a metal
surface, hence the name shot noise.

Although generated essentially in the plate circuit of the tube, which is not a con-
venient reference point for sensitivity or signal-to-noise ratio calculations, the shot
noise is nearly always referred to as a noise voltage in series with the grid. Since the
following equation is true,

e = ip/gm 3
where ¢, = a.c. grid voltage
i, = a.c. plate current,
and g, = transconductance, :
by simply dividing the noise current in the plate circuit by the transconductance of
the tube, the shot noise may be referred to the grid and expressed in terms of grid
voltage. o

Another step is taken, however, to simplify the noise nomenclature. Suppose a
given tube has a shot noise equal to e, microvolts in series with its grid," - It is per-
fectly valid to imagine that this voltage could be replaced by a resistance whose thermal
agitation noise is equal to ¢, (the shot noise) and to consider the tube to be free of noise.
This imaginary resistance, which when placed in the grid of the tube generates a
voltage equal to the shot noise of the tube, is known as the shot noise equivalent
resistance or just as the equivalent noise of the tube. The advantage of this termino-
logy is that when the equivalent noise resistance of the particular tube is known, the
noise voltage may be calculated directly for any given bandwidth by substituting values
in the following formula :

e, = 4KTAFR,, 4)
where R,, = equivalent noise resistance,
or at room temperature

e, = 1.6 X 10-2°4FR,, (5)
If the noise were expressed as a voltage or current its value would be correct only for
one particular bandwidth.

By knowing the R ,, of

TRIODE MIXER

A Su.
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PENTODE MIXER Rea =

I
] 4 . 201, 2
Ip+ig, Ge Ge#®

TRIODE AMPLIFIER Req = ———5'5 any two given Fubes tk'lc-n'

" relative shot noise meritis

L s 2 also known regardless -of

PE NTODE AMPLIFIER Reg ™ o (25, 205, what bandwidth they are
Ia*ls, \Cwm Gu?

to operate at, while if the
noise voltages were given
alone the operating band-
width at which the calcu-
lation was made would
also have ro be noted if

the relative merits of the
two tubes were 10 be
defined.

Noise-equivalent resist-
ance values for a number
of different tube types
(triodes, pentodes, - and
converters) and for various
circuit applications (am-
plifiers and mixers) can
be calculated by applying

MULTIGRID
CONVERTER OR MIXER

Req = 2o Le(ixIs)

In Gc2

Reg= EQUIVALENT SHOT NOISE
RESISTANCE

Gu=GRID PLATEC TRANSCON-
DUCTANCE

I S AVERAGE SCREEN CURRENT

Gc=CONVERSION TRANSCON -
DUCTANCE

In= AVERAGE PLATE CURRENT Ix=AVERAGE CATHODE CURRENT

F16.23.19

Fig. 23.19. Approximate calculated equivalent noise
resistance of various receiving-type tubes (Ref. B33).
the expressions presented in the chart, Fig. 23.19*. .
When the term converter is used it refers to a tube that is used f9r frequency con-
version where the single tube acts as the local oscillator and the mixer (6SA7) ; the
term mixer where two tubes are used, one as the mixer (65G7), and one as the local
oscillator (6C4). _ ' .
*W. A, Harris © Fluctuations in vacuum tube amplifiers and input systems, R.C.A. Review, April

1941.
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TUBE PLATE SCREEN TRANSCONDUCTANCE EQUIVALENT
TYPE APPLICATION VOLTS™* | VOLTS MICROMHOS NOISE RESISTANCE

OHMS

6ACT PENTODE AMPLIFIER 300 150 9,000 720
6ACT PENTODE: MIXER 300 150 2,200 2,800
8AGS PENTODE AMPLIFIER 250 150 5,000 1,650
SACS PENTODE MIXER 250 {150 1,250 6,600
6AGT PENTODE AMPLIFIER 300 150 11,000 1,540
6AKS PENTODE AMPLIFIER 180 120 5,100 1,880
6AKS PENTODE MIXER 180 120 1,280 7,520
6AKG PENTODE AWPLIFIER 180 180 2,300 8,800
6AT6 TRIODE AMPLIFIER 250 e 1,200 2,100
6AUG PENTODE AMPLIFIER 250 150 5,200 2,660
6BAG PENTODE AMPLIFIER 250 100 4,400 3,520
6846 PENTODE MIXKER 250 100 1,100 14,080
6BE6 CONVERTER 250 100 475" 190,000
6c4 TRICDE AMPLIFIER 100 — 3,100 810
6C4 TRIODE MIXER 100 e 770 3,240
6C% TRIODE AMPLIFIER 250 — 2,000 1,250
6CS "TRIODE MIXER 250 —_— 500 5,000
) TRIODE AMPLIFIER 250 — 2,600 960
(1) TRIODE MIXER 250 — 650 3,840
s Leve TRIODE AMPLIFIER 100 — 5,300 470
tede TRIODE MIXER 100 e 1,320 1,880
6K8 CONVERTER 250 100 380° 290,000
6SA7 CONVERTER 250 100 450° 240,000
65B7-Y CONVERTER 250 100 950 @ 62,000
65C7 TRIODE AMPLIFIER 250 -— 1,325 1,890
6567 PENTODE AMPLIFIER 250 125 4700 3,100
6867 PENTODE MIXER 250 126 1,180 12,400
6Sv7 PENTODE AMPLIFIER 250 100 1650 6,100
65KT PENTODE AMPLIFIER 250 100 2000 11 000
6SLT TRIODE AMPLIFIER 280 — 1,600 1,560
6SQ7 TRIODE _AMPLIFIER 250 — 1,100 2,300

(#) VALUES OF PLATE VOLTAGE AND CURRENT AND SCREEN
VOLTAGE AND CURRENT ARE FOR TYPICAL QPERATING

" CONDITIONS.

{=]) CONVERSION TRANSCONDUGTANCE - MICROMHOS FIG. 23,20

After the equivalent noise resistance is known the value of r.m.s. noise voltage at
the grid of this tube can be calculated by applying the same expression that is used for
thermal agitation noise, _

e, = 1.6 x 10-%4FR
or, by using the graph of Fig. 23.18.

Fig. 23.20 presents calculated equivalent noise resistance values for a number of
commonly used tubes acting as various types of circuit elements. These are, of
course, approximate figures.

It can be seen from Figs. 23.19 and 23.20 that the noise resistance or voltage is at
a minimum for a triode, increasing for the pentode and the multigrid tube, following
in that order.

Shot noise is unique among the noise sources in the sense that the shot-noise voltage
should be considered to exist in series with the grid inside the tube, The reason for
this is that nothing can be done to the external grid circuit that will alter the magnirude
of this component. Even though the shot noise must Be tolerated, its effect can be'
minimized by designing the input circuit for maximum signal at the grid. This
does not reduce the magnitude of the noise but does improve the signal-to-noise-ratio
of the receiver.
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(iii) Induced grid noise

Also present in the receiving tube is a third source of noise which is generated
internally in the tube but whose magnitude and effect ate determined partially by the
external inpyt circuit. Known as induced grid noise, this minute current is induced
in the grid wires of the tube by random fluctuations in the plate current. It is known
that a varying electron beam will induce a current in any nearby conductor. There-
fore, the fluctuating plate current which is in a sense a varying electron beam, will
induce a noise current in the nearby grid conductors.

The input impedance of a vacuum tube has a re-
active and a resistive component. At relatively low External
frequencies the resistive component is very high Clreuie =7

(below about 30 Mc/s); as the frequency is in-

creased the resistive component decreases and its F 3 Retecr
magnitude eventually becomes comparable to or even

lower than the external grid circuit impedance. The ‘i
resistive component is composed of two parts, the -] FIG. 23.21

portion due to transit time effect, and the portion due . L. .
to the inductance of the cathode lead. 5:5:3 dzgrfé mﬁvoeﬂ;;f'; a‘Z{mlr::-
An expression for induced-grid-noise* for tubes tube circuit (Ref. B33).

with control grid adjacent to the
cathode follows :

iailg' =14 X 4KTkAFG¢15¢;
or when expressed in the form of a
voltage generator,

e?, 5. = 1.4 X 4KTAFR ,;,.:(6)
where : T, = cathode tempera-

74
%

\\ N\ ture (degrees Kel-
S vin)
G..¢ = e€lectronic  (transit

time) component of
input conductance

and R,;,« = electronic compon-
ent of input resist-
ance.

N From eqn. (6) it can be seen that
R/ \ . ! . .
\ N\ \ the induced grid noise is propor-

§

A

g

§

tional to the electronic or transit

\ N time component of the input resist-

\}\ a; ance. Measurement of the total

\ input resistance is a comparatively

‘\\7;. simple matter with the use of a high

frequency Q meter, but the separa-

@ tion of the electronic and the cathode

inductance components, which are

200 essentially two resistances in parallel

between the grid and ground, is a

1 very difficult matter. Since most

0 FREQUENcaa(Mmd“')w 29°  pigh-frequency .tubcs arc  con-

FIG. .22 grrycted with either two cathode

Fig. 23.22. Approximate electronic input leads or one very short lead, assum-

resistance versus frequency (Ref. B33). ing the total measured input resist-

ance to be electronic would not introduce too great an error. Another factor in favour

of this approximation is that it would be the case for maximum induced grid noise and
any error introduced would more than likely be on the safe side.

*D. O. North  Fluctuations induced in vacuum-tube grids at high frequencies >’ Proc. L.R.E. Feb.
1941.
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Cathode temperature in most receiving tubes, which almost exclusively use oxide-~
coated cathodes, is approximately 3.6 times the normal room temperature in degrees
K. Eqn. (6) can be rewritten therefore as

¢%,, = 5 X 4KTAFR 1,0 )
where T = room temperature (degrees Kelvin),
or, when T = 300 degrees Kelvin,
ez.'.g =8 X IO_ZOAFRUEM (8)
*In circuit calculanons this noise is essentially in series with a resistance equal to

R,;..; located between the grid and ground—Fig. 23.21.

The approximate input resistance for a number of common receiving tubes in the
frequency range of F-M and television is given in Fig. 23.22, This chart can be used
to find approximate input resistanice values for induced grid-noise calculations.

(iv) Total noise calculations
Calculations of total input noise are made by using the grld of the input tube as a
reference point. There aré many sources of noise and each must be calculated and
referred to the grid reference point before a summation is made. - Since noise is a
random effect and calculated on a power basis, the separate components cannot be
added directly but as the square root of the sum of the squares.
Total Noise = 4 e;2 + e;2 + es? + etc.
The various noise voltages that must be referred to the first grid are :
(1) Thermal agitation noise of the antenna radiation resistance.
" (2) Thermal agitation noise of the tuned grid circuir.
(3) .Shot noise of the input tube.
"(4) Induced grid noise of the input tube.
(5) Grid circuit noise of the following stages referred back to the first grid.

In Fig. 23.23(a) appears a diagram of a practical input circuit and the location of all

-the circuit parameters and noise voltages. Fig. 23.23(b) is essentially the same except

that the antenna circuit is reflected through the transformer and considered to exist

at the grid. This is the diagram that is most useful in calculating the total input
circuit noise,

®

FiG, 23,23

The steps necessary to find -specific
values for each of these factors are shown in
Fig. 23.24. Antenna radiation resistance
varies widely with the type of antenna
chosen, but for F-M and television work
it is generally in the order of 75 to 300
ohms.. When the noise is known in terms

Rgnt= Antenna Radiation Resistance
, €gng = Antenna Resistance Thermal Noise
.. esig - Signal Veltage
Reke » Tuned Circult Impedance
* €eke = Tuned Circuit’ Thermal Noise
* Reject” Electronic  Input Resistance
€, = Induced Grid Noise
Req » Equivalent Shotr Noise Rmsram
€5hor™ Valve Shot Noise
N » Turns Ratio of Coupling Transformer

€shot Req

N Rant ) Reke Relect
NXE

ant ecks €jq
NX2sig

() B

Fig. 2323, Position. of warious noise
sources in input circuit (Ref. B33).

of an:equivalent resistance, as is the case
here for the antenna, tuned circuit, and
shot noise, the equivalent voltage can be
either calculated or obtained directly
from Fig. 23.18.

In order to add the antenna, tuned cir-
cuit, and induced grid noise to the shot
noise the effective voltage of these three
components at the grid, or between the
points A and B, must be known. Each
must go through what is essentially a re-
sistive divider and may be calculated as
shown in Fig. 23.25.

After knowing the “magnitude of the
separate sources that exist between A-B,
the total noise voltage is
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(1) R,nr=DEPENDS UPON SPECIFIC ANTENNA

(2) Eanr~ VI6X10°% Ruyr 6F - OR DIRECTLY FROM FIG.2318

Q
(3) Rexr™ Qu =e

(4) Ecar™ V1-6XI0720R s 4F -OR DIRECTLY FROM FIC. 2318
(9 Reuect ~FROM ACCOMPANYING CHART, FIG. 23.22

® Eg ™= VBX10°20 Re cor AF

(7) Rga ~FROM ACCOMPANYING CHART, FiG.23-20

(8 Esnor= Y I'6X1072° AF Req ~ OR DIRECTLY FROM FiG. 2218

FIG. 23,24

Fig. 23.24. Procedure for calculating various noise voltages (Ref. B33).

€iotal = v(exhut)z + (eant at A “B)z - (ez'—v at A'B)2 + <eckt at A'B)2 (10>

One other factor may affect this total, however. If the total noise of the following
stages, which is calculated similarly, ignoring the antenna of course, is appreciable,
it must be added to the constants of Fig, 23.25. In reflecting it to the first grid the
second stage noise should be divided by the gain of the first tube. When the gain is
about ten or more this factor may usually be neglected.

Effective signal voltage across A-B is calculated in the same way as the antenna
noise in Fig. 23.25. The signal-to-noise ratio is now also known,

Since the signal-to-noise ratio is determined by the signal strength and the total
noise at the grid of the input tube, for a receiver that has a mixer, such as 6SK7, for
the input tube, the signal-to-noise ratio may be considerably improved by the addition
of an r-f tube, such as a 6SG7, which has considerably less total noise. By adding
additional r-f tubes (6SG7’s), however, since the total noise and signal at the grid
will be the same, the signal-to-noise ratio will not be improved.

FiG.23. 28

-
AAAAA

Fig. 23.25. CGircuit for reflecting various voltages to the grid (Ref. B33). To find
the effective voltage of the antenna, the tuned circuit, and the induced grid noise at
the grid of the tube let R, equal one of the above noise resistances and e, its generated
woltage. If R, and R, equal the other two noise resistances the effective wvoltage at

the grid is
. _ ey % R,R,
14-B = R, + R,R; R, + R,
T R+ Ry

This calculation must be performed for the three components in turn.

(v) Sample circuit calculations
For a sample problem let us calculate the total noise at the grid of an F-M receiver
r-f amplifier stage, assuming the circuit in Fig. 23.26(a) to be under consideration.
As a simplification of procedure the steps in the calculations will be numbered.
(1) N?R,,; = 1200 ohms (calculated)

(@) R.1se: = 1200 ohms (Figure 23.22)
(3) R.xs = QuwL = 8000 ohms (calculated)
(4) R., = 3100 ohms (Figure 23.20)

At this point it will be convenient to redraw the circuit as shown in Fig. 23.26(b).
(5) Ne,,; = 2 microvolts (Fig. 23.18)

(6) ;.. A8 x 10-% x 200 x 10° x 1200
4.4 microvolts (equation (8))

T
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(7) ecre = 6 microvolts (Fig. 23.18).
= 3.5 microvolts (Fig. 23.18).

(8) eanos

The next step is to find the effective voltage of each source between the grid and

ground (or A-B) as shown in Fig. 23.25.

2
9) egn: A-B = 1200m X 1080
4.4 % 1040
(10) ei5. A-B = 1500 1 1040
; 6
AD) e AB = g

and the total noise is therefore

0.93 microvolt.

It

= 2.0 microvolts.

X 600 = 0.42 microvolts.

(12) eyorar = /352 + 0932 + 2.07 + 0.42?
= 4.3 microvolts [equation (10)].

{(vi) Conclusions

Selection of an input tube for a television
or F-M receiver is dependent upon many
varying circuit conditions and individual
requirements. The choice of using bal-
anced or unbalanced input, permeability or
capacitor tuning, noisy pentodes or quietr
triodes that possibly require neutralization,
among others, lies entirely with the design
engineer. Considering these reasons and
various engineering and economic compro-
mises no particular tube can be chosen and
defined as the input tube. Complete
noise information about the circuits in-
volved is necessary, however, as this is one
of the determining factors for good sensi-
tiVity and signal-to-noiss ratio

f =100 Mcfs
of =200 K
Q=100

(@

65G7

€shot 31000 @

&)

() FIG. 23.26

Fig. 23.26. Typical F-M receiver
tnput circuit (Ref. B33).

SECTION 7 : INSTABILITY IN R-F AMPLIFIERS

() Causes of instability (i) Inter-electrode capacitance coupling (i#t) Summary.

(i) Causes of instability

Instability in r-f amplifiers can be due to many causes and some of these are listed

below.

(1) Inter-electrode coupling due to capacitances within the r-f amplifier valve.
This coupling may be augmented by additional capacitance external to the valve,

due to wiring etc.

(2) Coupling between r-f and aerial coils, and leads, due to lack of adequate shield-
ing or care in placement of the coils and leads relative to one another,

(3) Impedances common to several stages such as the metal shaft of a variable
capacitor, power supply impedance (including heater leads), capacitances between

switch contacts, a.v.c. line etc.
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(4) Feedback at the intermediate frequency or on harmonics of the i-f.

Feedback at i-f can be serious when there is only an aerial stage preceding the con-
verter. In some cases a simple expedient to overcome this difficulty is to connect a
series resonant i~f trap between the aecrial and earth terminals.

(5) Overall feedback from the a-f section into the aerial stage. This cdn be checked
by bringing the speaker leads into close proximity with the aerial terminal, and the
feedback usually manifests itself as a characteristic a-f howl. Practically all of the
above factors are under the receiver designer’s control even though the elimination
of undesired oscillations is often a very difficult practical problem. Further dis~
-cussion is given in Chapter 35, Sect. 3(v).

(ii) Inter-electrode capacitance coupling

Coupling due to inter-electrode capacitances calls for special consideration since
these are an irreducible minimum when due care has been taken with the external
circuits. A description of the effects which may be expected has been given in some
detail in Chapter 2 Sect. 8 (see also Chapter 26, Sects. 7 and 8), where the nature of
the impedance reflected into the grid circuit has been discussed. The connection
with circuit instability is largely bound up in the magnitude of the input resistance
component of the reflected impedance appearing across the valve grid circuit, and as to
whether this input resistance is positive or negative. If the resistance is positive the
dynamic impedance of the grid input circuit is lowered and there is a loss in gain and
a broadening of the tuning characteristic. For a negative input resistance component
the opposite effects hold with the dynamic impedance of the tuned circuit increased
and the tuning becoming sharper. When the negative resistance, due to coupling
by inter-electrode capacitances from other circuits associated with: the valve, equals
or is less than the positive resistance of the grid input circuit, oscillation will occur.

In the usual case for a r-f amplifier the primary winding of the r-f coil is resonated
outside the tuning range. For a high impedance primary resonated below the lowest
tuning frequency the plate circuit of the valve acts as a capacitance and the grid circuit
is affected as though a positive resistance and a capacitance were connected in parallel
across it. This effect is due to the total grid-to-plate capacitance. When the primary
of the r-f coil is resonated above the highest tuning frequency, the valve sees an in-
ductive load and a capacitance and a negative resistance component appear in parallel
across the grid input circuit. (This circuit is the aerial coil when only one r-f stage
is used). .

For the case of the tuned anode load circuit i.e. 2 single tuned circuit connected
directly between plate and B+, the valve sees a resistive load and there is only a capacit-
ance effectively reflected in parallel with the valve grid input circuit. In this latter
case, however, because of circuit mistracking, the valve may only see a resistive load
at a few points in the tuning range and at other settings of the tuning dial the load may
appear as either a capacitance or an inductance depending on whether the resonant
frequency is below or above the required signal frequency.

The above effects can be neutralized by suitable circuit arrangements but usually
the additional trouble and expense involved are avoided whenever possible.

To obtain a quantitive idea of the permissible values of grid-to-plate capacitance
which would just put a circuit on the verge of instability, an investigation was made by
Thompson (Ref. B41) who gave the following results.

A

CM) - “’ngl)2
where C,, = total capacitance grid to plate (valve internal and external)
2 for 1 r-f stage
A =<1 for 2 r-f stages
0.764 for 3 r-f stages
w = 2m X operating frequency
gm = mutual conductance of r-f amplifier valve (assumed same type and
operating conditions in each case),
and R, = dynamic impedance of the input and output circuits (assumed identical
in all cases for simplicity).
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Obviously, even for values of C,, less:than those obtained from the above expres-
sion; there would be a marked effect on the gain and selectivity of the circuits before
oscillation actually started.

(iii) Summary

Possible sources of feedback giving rise to 1nstab111ty can often be predicted from
the circuit and component layout diagrams of a receiver. An estimate can be made
:of the possible magnitudes of many of the undesired voltages involved.

" It should be evident that it is far ‘better to avoid possible feedback:and instability
by good electrical and mechanical design rather than spend many fruitless. hours
tracking down an oscillation which could have been avoided.

A most helpful discussion of instability problems is given in E. E. Zepler’s «“ Tech-
nique of Radio Design ” (in particular Chapter 9) and the reader is recommended to
consult this book as an excellent practical guide.

Some: further considerations will be given to circuit instability in Chapter 26, in
connection with i-f amplifiers. ~ These -¢ircuits, being fixed tuned, are usually more
amenable to calculation of possible instability than r-f stages and the results obtained
more closely approxxmate to thé practical set-up.

It is necessary to mention that at very high frequencies (say above 50 Mc/s or so)
the inductance of the screen-grid lead in screen-grid tetrodes and pentodes can cause
an apparent change in plate to control-grid capacitance which is often sufficient to
cause instability. If the screén is earthed by means of a capacitor, it is often possible
to select a capacitance value which will be series resonant with the screen lead in-

_ductance, at the working frequency;-and so form a low impedance path to ground.
This arrangement is often sufficiént to prevent instability from this cause, even over
a range -of frequencies:: For further discussion see Ref.: AS8.

It is also important to note that at the higher frequencies a capacitor does not behave
as a pure capacitance, and its effective inductance and resistance become increasingly
important as the frequency increases. © With many types of capacitors it is possible
that the inductive reactance will exceed the capacitive reactance even at frequencies
as Jow as 30 Mc/s (with electrolytics an additional r-f by-pass should always be used).
This effect is sometimes used to make the capacitor series resonant at the working
frequency. Even if the capacitor behaves as a small inductance it will be appreciated
that in some cases the reactance can be very low and effective by-passing is still pos-
sible. In tuned circuits the Q can be materially affected by the increase in r-f resist-
ance of the capacitors and both this and the previous effects:should be checked.

The effectiveness of by-pass capacitors and their Q at the working frequency can
be readily checked with the aid of a Q meter by placing the capacitor in series with
a coil of known inductance'and Q. See Ref. B45. Finally, t-f chokes do not always

behave-as such, and their resonant frequencies should always be checked (see also
Chapter' 11 Sect.' 6).

SECTION 8 : DISTORTION

(¢) Modulation envelope distortion (i) Cross modulation distortion.

Modulation envelope distortion introduced by r-f voltage amplifiers is usually
small when compared with that introduced by the later stages in a radio receiver e.g.
the i-f amplifier, the detector and, perhaps, the frequency converter. This is par-
ticularly true when the magnitude of the signal voltage is small. . Amplitude modula-
tion distortion in r-f amplifiers is usually caused by the curvature of the valve charac-
teristic relating control grid voltage to plate current. . The usual explanation for the
introduction of this distortion is to consider that the portion of the characteristic curve
being used can be represented by a power series relating the grid voltage (in this case
the modulated carrier wave) and the plate current. - It can be shown from this treat-
ment that second order terms (terms containing squares) in the series do not introduce
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distortion because of the selectivity of the tuned circuits. Third order terms (those
containing cubes) do introduce distortion of the modulation envelope.

R-F amplifier valves are usually designed so that the third order curvature of their
characteristics is minimized as far as possible. This is achieved by using a variable
pitch for the control grid winding and results in the well known variable-mu (or re-
mote cut-off) characteristic. The variable-mu (or more exactly * variable g, "
characteristic) and the resultant shape of the ¢, — i, curve, have a large bearing on
cross modulation distortion as will be discussed presently.

(i) Modulation envelope distortion

Because of the presence of the higher order terms in the power series representation,
the magnitude of the r-f signal which can be handled by a particular type of r-f valve
is limited if the distortion of the modulation envelope is not to be serious. Methods
of measuring and calculating the signal handling capabilities of r-f amplifiers have
been discussed in the literature and the reader is referred to K. R. Sturley’s *“ Radio
Receiver Design > Part 1 Chapter 4 Sect. 7 for a description of these methods, and
to the other references listed at the end of this chapter.

(if) Cross modulation distortion

Cross modulation distortion is an effect well known to receiver designers. It
occurs when two signals are applied to any non-linear element such as a radio valve,
under certain operating conditions, having appreciable third order curvature of the
grid voltage-plate current characteristic. The effect is most noticeable when a strong
local signal is present and the receiver is tuned to a weak signal. Insufficient r-f
selectivity is often a major contributing factor in this regard. It is quite useless to
have good selectivity in, say, the i-f amplifier once cross modulation has occurred in
the r-f or converter stage, as no amount of subsequent selectivity can remove the un-
desired signal which is now superimposed on the same frequency band as the desired
signal, and the modulation on both signals will be heard in the received ourput,

The r-f amplifier valve must also be designed so that the higher order modulation
terms are kept as small as possible. A variable-mu valve will materially assist in
handling a wide range of signal vcltages without the grid voltage-plate current curva-
ture being such as to allow serious cross modulation to occur.

A careful choice of the bias voltage for the r-f valve, and making the cathode by-
pass capacitor of sufficiently small value to be effective at radio frequencies only, will
often assist in reducing cross modulation.

When the local interfering station is a very powerful one it often becomes neces-
sary to use special rejector circuits as well as high r-f selectivity.

Effects such as external cross modulation are not discussed here but reference can
be made to F. E. Terman’s * Radio Engineers’ Handbook ** page 647 for some details.
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