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AUTHOR'S PREFACE 

STARTING with A.F. amplification, the procedure of analysing the 
remaining stages of a radio receiver is similar to that adopted in 
Part I. The principle of progressing from aerial to output is 
followed in the two chapters devoted to the special requirements 
of frequency modulated and television reception. To preserve 
continuity with Part I, the first chapter is numbered 9, and all 
sections, figures and expressions are prefixed by their chapter 
number. A glossary of the more important symbols and units, as 
well as a detailed tll,ble of contents, is included. 

The author is again indebted to his wife for help in reading the 
proofs and to Marconi's Wireless Telegraph Company for permission 
to incorporate material originally used in lectures given at the 
Marconi School of Wireless Communication. In addition, he 
wishes to record his gratitude to Mr. M. Esterson, B.Sc., for useful 
criticism of the script and checking of the calculations. 

May 1944. 
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GLOSSARY 
OF THE MORE IMPORTANT SYMBOLS USED IN THE TEXT 

Symbols 
R 
L 
M 
C 
I 
E 
p 
X 

z 
G 
B 
y 

µ 

Q 

F 

w 
p 

k 

resistance. 
inductance. 
mutual inductance, also modulation ratio. 
capacitance. 
current (R.M.s. or D.c. value), 1 peak value of A.c. current. 
voltage (R.M.s. or D.c. value), E peak value of A.c. voltage. 
power. 
reactance of an inductance (2njL), or of a capacitance 

(2n~c)-
impedance of a resistance and reactance. 
conductance, the reciprocal of resistance. 
susceptance (when with suffix), the reciprocal of reactance. 
admittance, the reciprocal of impedance. 

ola 
mutual conductance of a valve, oEg. 

oEa 
internal or slope resistance of a valve, ola. 

1. . ,. f 1 oEa amp 1ficat1on ,actor o a va ve, 
0
-. 
Eu 

permeability (chapters 10 and 11). 
incremental permeability. 
resonant impedance of a tuned circuit. 
transfer impedance of a pair of coupled circuits, 

output voltage 
input current · 

2nfL I 
magnification of a coil or tuned circuit, ~ or 2nfOR" 

frequency ratio, twice the off-tune frequency .df to the 
resonant or mid-frequency (j1 or fm). 

radio frequency pulsance, 2nf c• 

low or audio frequency pulsance, 2nf m-

coupling coefficient, normally, . 
1 
M . 

YLpL• 
ratio of secondary to primary turns in a transformer. 
number of turns on primary of a transformer. 
number of turns on secondary of a transformer. 
amplification when with suffix (chapter 9). 
area when without suffix (chapters 10 and 11). 
volume (chapters 10 and 11). 
total flux. 

xiii 



:xiv 

Symbols 
B 
H 
Hp 
A.O .. 

D.C •• 

C.R •• 

A.F •• 

I.F .. 

R.F .. 

V.F •• 

H.T •• 

L.T •• 

A.F.C. 

A.G.C. 

R.M.S. 

SignB .,_,,-_ 
< 
~ 
> 
~ 

X 

IAI 
L 
'C' . 

%· 
+db. 
- db. 
l 
1J 
tan- 1 A 
j 
LI 
0 

SuffixeB 
a 
al 
b 
C 

co 
d 
I 
g 
h 

GLOSSARY 

flux density when without suffix (chapters 10 and 11). 
magnetic field strength. 
polarizing n.c. magnetic field strength. 
alternating current. 
direct current. 
cathode ray. 
audio frequency. 
intermediate frequency. 
radio frequency. 
vision frequency. 
high tension. 
low tension. 
automatic frequency correction. 
automatic gain control (sometimes A.v.c.). 
root mean square. 

square root. 
less than. 
much less than. 
greater than. 
much greater than. 
equals. 
approximately equals. 
multiplied by. 
modulus of A. 
angle between 0° and 180°. 
angle between 180° and 360°. 
percentage. 
gain. 
loss. 
wavelength. 
efficiency. 
angle whose tangent is A. 
V - 1, vector operator. 

small change df. 
partial differential. 

anode circuit. 
aerial and coupling circuit. 
bias or battery. 
carrier signal (exception Cc, coupling capacitance, chapter 9). 
cut-off. 
desired signal. 
fundamental (exception feedback circuit in Section 10.10). 
grid circuit. 
high (chapter 9), harmonic (chapter 10), local oscillator 

(chapter 13), hum (chapter 14). 



Suffixes 
k 
l 
m 
mod 
n 

0 
p 
r 
8 

SC 

u 

Units 
H. 
mH. 
µH. 
µF. 
µµF. 
mA. 
µA. 
mV. 
µV. 
mW 
[J 

M!J. 
db .. 
c.p.s. 
kc/s 
Mc/a 
µ (as prefix) 

GLOSSARY 

cathode circuit. 
low. 
middle 
modulation 
noise. 
input. 
output. 
primary. 
resonance. 

xv 

secondary (chapters 9, 10 and 11), screen (chapters 9 and 16), 
stray (chapter 9). 

speech coil. 
undesired. 

henrys. 
millihenrys. 
microhenrys. 
micro farads. 
micro-microfarads. 
milliamperes. 
microamperes. 
millivolts. 
microvolts. 
milliwatts. 
ohms. 
megohms. 
decibel. 
cycles per second. 
kilocycles per second. 
megacycles per second. 
micro. 



PART II 

CHAPTER 9 

AUDIO FREQUENCY AMPLIFIERS 

9 .1. Introduction. An audio-frequency voltage amplifier stage 
is generally required between the detector and output valve, especi
ally when the latter has a low power-sensitivity,* or when an 
amplified A.G.C. system is employed (in this instance the maximum 
carrier voltage applied to the detector valve is about 3 volts R.M.s.). 

An A.F. stage is also necessary if the receiver is used in conjunction 
with a gramophone pick-up. In certain types of receivers an A.F. 

amplifier is not included, the detector being fed directly to a high 
power-sensitivity pentode or tetrode valve requiring about 4 volts 
R.M.S. input for maximum power output. It is not usual to find 
more than one stage of A.F. amplification~xcept in receivers with 
push-pull output-partly because it adds almost nothing to the 
selectivity of a receiver and partly because high A.F. amplification 
tends to instability (motor boating) and increased hum output. 
The design of the A.F. voltage amplifier is somewhat different from 
that of the output amplifier stage since maximum voltage, and not 
power, is required at the output. Resistance-capacitance or trans
former coupling is generally employed; choke-capacitance coupling 
is rarely used because it is more expensive, has a less sa.tisfactory 
frequency response and only a slightly higher amplification than 
resistance-capacitance coupling. The particular features of the 
first two types of coupling are discussed in Sections 9.3 and 9.4. 

9.2. The Characteristics Required of an A.F. Amplifier. 
The most important characteristic required of an amplifier is that 
it shall reproduce faithfully at its output the shape of the input 
wave without adding noise or hum voltages. This statement may 
be qualified in the case of an audio frequency amplifier to "shall 
reproduce at its output the component input frequencies (and no 
others) in the same amplitude proportions as exist for the input 
signal ". Undesirable hum voltages are generally associated with 
the valve heater and H.T. supply, and they can be reduced to 
negligible proportions by adopting special forms of heater (e.g., the 

* Power sensitivity is defined as the output power (milliwatts) per volt 
(R.111.s.) input. 

I 



2 RADIO RECEIVER DESIGN [CHAPTER 9 

spiral type) and electrode construction, and by careful smoothing 
of the H.T. supply. In special oases when the input signal is small 
and considerable amplification is needed, for example, in a con
denser microphone amplifier, the H.T. supply may be stabilized by 
using a gas discharge valve across it, and the heater of the first 
valve may be supplied with smoothed rectified n.c. Thermal and 
shot noise voltages are generally of no consequence in the A.F. 

stages of a receiver because A.F. amplification is not sufficient to 
bring them into prominence. 

Distortion of the output wave shape from an .A.F. amplifier may 
be of four kinds : attenuation (variation of amplification for the 
individual frequency components of the input signal), harmonic or 
non linear (involving the production of frequencies harmonically 
related to the input frequency components), phase (a variation in 
the time delay of the individual frequency components of the signal 
from input to output terminals}, and transient distortion. The 
latter is caused by damped oscillations following upon shook excita
tion of the amplifier by a steep-fronted pulse. 

Attenuation distortion results from the unequal amplification of 
the frequency components of the input signal, i.e., for zero attenua
tion distortion the frequency response of the amplifier must be flat 
over the range it is desired to accept. A reasonably sharp cut-off 
with considerable attenuation is desirable outside the required range 
as this assists in removing interference, hum or noise voltages from 
the output. A range from 30 to 18,000 o.p.s. is generally considered 
necessary for the faithful reproduction of musical sounds-a much 
smaller range is needed for speech-and an amplifier should normally 
be designed to have a flat frequency response over this range. 
Attenuation distortion resulting in loss of low-frequency response 
causes reproduction to be unnaturally brilliant, whilst high-frequency 
attenuation produces a muffled tone with reduced intelligibility for 
speech. If high and low frequencies are attenuated, reproduction 
is intelligible but lacks naturalness. An exception to the rule 
calling for a flat-frequency response is provided by tone control, 
which allows adjustment of the high and low frequency components 
relative to the middle frequencies (1,000 to 3,000 c.p.s.). Tone 
control may be used to compensate for deficiencies in the frequency 
response of other parts of the receiver. For example, attenuation 
of the high frequency modulation sidebands in the R.F. and I.F. stages 
can be counteracted to a large extent by an increase in the high
frequency response of the .A.F. amplifier. Alternatively, greater 
attenuation of the high frequencies in the .A.F. amplifier may be used 
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as an aid to selectivity. Control of low-frequency response may be 
included to give a better frequency balance when interference 
requires severe attenuation of the high audio frequencies. Further
more, the characteristics of the ear are such that a change in average 
sound level causes an apparent change in the balance of the frequency 
components, a reduction in volume leading to an apparently greater 
reduction in the low and high frequency components compared with 
the middle frequen-Oies. Discrimination in favour of the high and 

2 

I 
I 
I 

----~ 
\ 
\ I ,_, 

x' 

Fm. 9.1.-Distortion due to Curvature of the I 0 E, Characteristic and 
Grid Current. 

low frequencies enables the balance to be retained as volume is 
reduced. 

Amplitude or harmonic distortion is caused by variation of the 
instantaneous amplification over the input voltage cycle. It may 
be introduced by the valve, its associated circuits, or a combination 
of both. The valve produces amplitude distortion because of 
a non-linear IaEo relationship, or because grid current flattens the 
positive tip of the input voltage wave. The first causes flattening 
of the negative peak of anode current (see curve 1, Fig. 9.1), whilst 
the second causes the positive peak of the wave to be flattened 
(see curve 2, Fig. 9.1). Owing to curvature of the IaEo character-
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istic as Ia approaches zero, the optimum working grid bias is always 
less than half the bias voltage needed to cut-off anode current ; it 
is generally about 0·4 of this voltage. The positive peak of anode 
current may be flattened, as shown by curve 2, Fig. 9.1, even though 
the input voltage is insufficient to draw grid current, and this is due 
to the anode load resistance causing a tum-over, or top bending, 
of the IaEu characteristic. Triode valves seldom have this type 
of characteristic, but with tetrodes it is quite apt to occur, particularly 
if the load resistance is high. It is due to the load line entering the 
"knee" of the IaEa characteristic (see line AB' in Fig. 9.8). 
Amplitude distortion from a valve having a resistance anode load 
is caused usually by incorrect biasing and/or too large an input 
signal. Curve 1 (Fig. 9.1) shows the result of overbiasing, and 
distortion could be appreciably reduced by changing the bias point 
from A to B. Overloading by too large an input signal is illustrated 
by curve 2 (Fig. 9.1). It may be noted that both curves are sym
metrical about a vertical line drawn through maximum or minimum 
amplitude. This is to be expected because the operating IaEu char
acteristic with a resistance anode load cannot exhibit a " hysteresis " 
loop, i.e., it must be the same for increasing input voltage (grid 
voltage becoming less negative) as for decreasing input voltage 
amplitude. 

Amplitude distortion always produces frequencies additional to 
those present in the input, and Fourier analysis of the wave shape 
of curve 1 in Fig. 9.1 shows that it contains mainly even harmonics, 
the wave shape being asymmetrical about the datum line XX' ; 
curve 2, on the other hand, contains mainly odd harmonics, the wave 
shape being almost symmetrical about XX'. Figs. 9.2a and 9.2b 
show that the addition of a second and third harmonic frequency 
respectively to the fundamental results in wave shapes similar to 
those of curves 1 and 2. As a general rule the input voltage wave 
to an A.F. amplifier does not consist of a single sinusoidal frequency 
but of a number of such components, and amplitude distortion may 
cause intermodulation frequencies to appear in the output as well 
as harmonics of the original frequency components. These inter
modulation products are sum and difference frequencies (the upper 
and lower sidebands) formed by combining the original frequency 
components or their harmonics. Thus for an input of two fre
quencies, / 1 and / 2, the output may contain fundamental and 
harmonic frequencies of / 1 , mf 1 , / 2 and n/2, and also intermodulation 
frequencies of m/1 ± n/2, and n/2 ± m/1 , where m and n are integers. 
Intermodulation tones generally have an inharmonic relationship to 
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the original frequencies, and in consequence tend to harsh and 
discordant reproduction. 

A valve, which may not produce amplitude distortion of a given 
input signal with a resistance anode load, may, however, distort with 
a. reactive anode load. A linear * impedance of reactance and 
resistance is represented on the I aE a characteristics by a locus 
curve similar to a sheared ellipse, which may pass through the 
low Ia non-linear part of the characteristics (see Section 2.6, Part I, 
and Section 10.5) as shown by the section GD in Fig. 10.7a. The 
wave shape is distorted in the manner shown in Figs. 10.7a and 10.7b 
for an inductive and capacitive load respectively, the leading edge 

Fundamental 

Fm. 9.2a.-Addition of Funda
mental and Second Harmonic to 
produce a Wave Shape similar to 

Curve I in Fig. 9.1. 

Fundamentft 

Fm. 9.2b.-Addition of Fundamental 
and Third Harmonic to produce a 
Wave Shape similar to Curve 2 in 

Fig. 9.1. 

(increasing Ia) rising more slowly than the trailing edge with an 
inductive load (Fig. 10.7a), and vice versa for a capacitive load 
(Fig. 10.7b). It should be noted that the wave shapes are asym
metric about a vertical line through maximum or minimum 
amplitude, i.e., the operating IaEg characteristic is no longer the 
same for increasing as for decreasing signal amplitude, but is rather 
similar to an iron B-H hysteresis loop as shown in Fig. 10.7b. The 
direction of progress round the loop is anticlockwise for an inductive 
anode load, maximum Ia (point F 1, Fig. 10.7b) occurring after 
maximum positive input voltage has been passed, whilst it is 
clockwise for a capacitive load, maximum Ia (point F 2, Fig. 10.7b) 
occurring before maximum positive input voltage. 

Amplitude distortion may also be produced by circuits associated 
with the valve; for example, an iron-cored coil may act as a non
linear impedance, its inductance varying with the current through 
it because of a non-linear relationship between the magnetic flux 

* A linear impedance consists of an inductance, capacitance and/or 
resistance, the value of which is constant and independent of the amplitude 
or frequency of the voltage applied to it, or of the current passing through it. 
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and current. Distortion of a symmetrical input wave by non-linear 
action of an iron-cored inductance usually results in an asymmetrical 
output wave owing to the hysteresis loop of the B-H curve. 

Phase distortion occurs in an amplifier when the frequency 
components of the input wave suffer differing time delays in passing 
through the amplifier. An example of the change in output wave 
shape caused by delaying the fundamental frequency component of 

Fig. 9.2b by 60° of its cycle, i.e., 
3
!~/ = :f seconds with respect to 

the third harmonic frequency, where f = frequency of the funda

Resultant 

/2 :"\ .3rd. ---, ~ __ / ---
... -_-:;-;;'- -: __ ,~ - ~----~-

1/ 

mental, is illustrated in Fig. 9.2c. 
Despite the difference in wave 
shape between the two figures, 
the ear is unable to detect any 
noticeable difference in sound 
characteristic. This applies also 
to frequencies not harmonically 

Fm. 9.2c. _ The Effect of Phase related, so that we can ignore 
Change on Wave Shape shown in Fig. phase distortion in A.F. amplifica-

9-2b. tion unless the time delay be-
comes much larger than is usually 

encountered in practice. Phase distortion is very important in 
television reception because there is a marked difference between 
the equivalent light contents of the output waves of Figs. 9.2b and 
9.2c. 

Transient distortion can occur in an amplifier if the latter contains 
a tuned circuit, or its equivalent, comparatively lightly damped, 
i.e., has a frequency response peaked over a narrow band. A steep
sided pulse shock-excites the tuned circuit, and a train of damped 
oscillations follows the leading edge of the pulse. The decay of 
these oscillations is determined by the degree of damping on the 
tuned circuit, which is measured by the height of the peak above 
the average frequency response level in the vicinity of the peak. 
Transient distortion can usually be ignored if the peak-to-average 
response is less than I db., provided a peak in one stage of an 
amplifier is not being cancelled by a dip in another. Large transient 
distortion produces blurring of the sound output. 

9.3. Resistance-Capacitance Coupling Circuits. 10 

9.3.1. Frequency Response and Amplification. A typical 
resistance-capacitance coupled A.F. amplifier is shown in Fig. 9.3; 
triode valves are illustrated in the figure, but they may be replaced 
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by tetrodes, and the modifications needed to make the formulae 
applicable to tetrodes will be indicated as the analysis proceeds. 
The input voltage variations, developed in amplified form across 
R 0 , are transferred to the next stage through the coupling capaci
tance Ge, which prevents the application of the D.O. component of 

r----------------oH. T. + 

-- --, 
I 

_LCa.E r1 
1:1 •Cw 
.L:ig2 === 

I R 
I 
I 

FIG. 9.3.-The Circuit for a Typical Resistance-Capacitance Coupled 
A.F. Amplifier. 

anode voltage to the grid of the second valve V 2• The D.C. path 
from the grid of valve V 2 to H.T. negative or a suitable bias voltage 
is completed by the grid leak resistance Ra. Grid bias for the 

A Cc 

I 
I 
I 
I 

_J._ 
-r-

-----T 
g '92 

RgRg2 E 
Rgt = R_+_R_lgz 

.___-t ... ___________ - - - - --

FIG. 9.4a.-A Simplified Diagram of a Resistance-Capacitance Coupled 
A.F. Amplifier. 

stages may be derived from the anode current passing through a 
self-bias resistance (Rk between the cathode of V 1 and H.T. negative) 
if the valves are indirectly heated. Directly heated valves (battery) 
generally require the bias to be inserted between the end of the 
grid leak, Ra, and H.T. negative or earth. A potential divider 
carrying the total anode current of all stages or a separate bias 
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battery may be provided. The self-bias resistance Rk must be 
paralleled by a capacitance Ck if reduced amplification by degenera
tive A.F. voltages across Rk is to be prevented. 

A simplified diagram of the stage is shown in Fig. 9.4a; the 
valve is considered as a constant voltage generator of µE0k-µ is 
the amplification factor of the valve V 1-and the output capacitance 
of V 1(CaE), the input capacitance of V 2(C02 +C0k), and the wiring 
capacitance Cw are represented by C8 across R 0 • This is permissible 
because Cc is, as a rule, much larger than C8 • C

0
k is the grid

cathode interelectrode capacitance of V2 ; C02 and R02 are the 
parallel capacitance and resistance components reflected from the 
anode of V 2 through its anode-grid capacitance (see Section 2.8.2, 
Part I). Overall amplification, given by the ratio of the output 

to input voltage, ;u2, varies over the frequency range due to the 
gl 

reactance variations of Cc and C8 • 

Taking first the separately biased amplifier (Rk= 0), amplification 
IS 

A = Eg2 = µZAB . Rgt 
Egl Ra+ZAB R +-1-

gt jpCC 

where Ra = the slope resistance of the valve, V 1, 

Z AB = impedance across the points AB looking from the 
generator 

Rut = the effective resistance of R0 and Rg2 in parallel. 

Generally for an A.F. amplifier stage Rg2 is large compared with 
R0 and can be neglected ; in the analysis which follows we shall 
assume that only R

0 
need be considered. 

Ro ( 1 ) -;---c Ru +-;-c z - JP s JP C 

AB - R 0 ( l ) l ( l ) 
jpCs +Ro Ru+jpCc +jpCs Ru+jpCc 

µR 0R0 

A = Ra( Ru+jp~) +Ra( Ra+jpCsRa( R 0 +JP~) +R0 +jp~). 

9
.1. 

The effect of the variables, the reactances of Cc and C
8

, on the 
frequency response of the amplifier is best examined by dividing 
the audio frequency ra,nge into three separate bands, of low, medium 
and high frequencies. In the medium frequency band, the series 
reactance of Cc is negligible compared with R

0
, and the parallel 
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reactance of 08 is large compared with R 0 ; the equivalent circuit 
is that of Fig. 9.4b and the amplification at the medium frequencies 
is therefore : 

A = µR 0Ru 
m R 0Ru+Ra(R0 +Ru) 

9.2a 

µRo' -
Ra+Ro' 

9.2b 

h R ' RoRu :ffi t· d 1 d . t w ere O = --- = e ec 1ve ano e oa res1s ance 
Ro+Ru 

at the 

medium frequencies. 

Ra 

Fm. 9.4b.-The Equivalent Circuit of a Resistance-Capacitance Coupled 
A.F. Amplifier over the Medium Frequency Band. 

In the low frequency band, the reactance of 0 0 increases and 
becomes comparable with Ru, whilst the reactance of 0 8 can still be 

Fm. 9.4c.-The Equivalent Circuit of a Resistance-Capacitance Coupled 
A.F. Amplifier over the Low Frequency Band. 

neglected. Fig. 9.4c is the equivalent diagram and expression 9.1 is 
amended to 

9.3a 

9.3b 
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Combining 9.2a and 3b 

9.4a 

h X , 1 d R' RoRa R w ere = 0 an = R R + 11 . 
P c o+ a 

Hence 11: I~ J 1

(£)' 
1+ R' 

. 9.4b. 

FIG. 9.4d.-The Equivalent Circuit for a Resistance-Capacitance Coupled 
A.F. Amplifier over the High Frequency Band. 

For the high frequency band, the shunting effect of 08 is important, 
but the reactance of 0 0 is very small. The equivalent circuit is 
shown in Fig. 9.4d and expression 9.1 is modified to 

Ah= µRoRu 
RoR11 + Ra(Ro +jp08RoR11 + R11 ) 

RoR,11 
_ --=---=--µ_R ___ o:+:R:11"'=-=-c=-cc=-

RoR11 +R +jpCaRoRgRa 
Ro+R11 a R 0+R11 

9.5. 

Combining 9.2a and 5 

9.6a 



9.3.l] AUDIO FREQUENCY AMPLIFIERS II 

h R" _ R0RuRa - · t f R R d R 1·n w ere - R R (R R ) - res1s ance o 0, u an a 
Ro u+ a o+ u 

parallel. 

X" = _!__ 
pOB 

l~:I ~ ✓ \II:)' 1+ X" 

Thus 9.6b. 

By denoting zero level (0 db.) as 20 log10 Am we can express the 
reduction in amplification over the low and high frequency ranges as 

- 20 log10 I ~7 I= - 10 log10 ( 1+(!'.)2) db. 

= - 10 log1o (I+ : 2) db. 9.4c 

and - 20 log10 I ~: I = - 10 log1o ( 1 +(~~ 2) db. 

I/ 
l, 

I, 

l,'J 

I/ 
I/ 

I/ 
0·02 0·05 O·l 

= - 10 log10 (I +x2) db. . 9.6c. 

/ 

,v 

I/ 
/ 

/ 

x- I--. 

5 TO 

____ ,_ 
V 

,,."' 
I/ 

0·5 I 

50 100 
Frequency (c.p.s) 

5 

0 

-30 
10 

300 

Fm. 9.5a.-Generalised Low Frequenoy Response of a Resistanoe-Capacitance 
Coupled A.F. Amplifier. 

The negative sign in expressions 9.4c and 9.6c denote that it is a loss 
of amplification. From these two expressions we may plot two 
generalised amplification curves of frequency response (db.) against 
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(
R' R"\ 

x X' and xn) to a logarithmic scale as in Figs. 9.5a and 9.5b. 

Since these two ratios, ;: and ;:, are both directly proportional to 

frequency, we can find the frequency response of any amplifier by 
suitably positioning a logarithmic scale, marked in frequency, 
beneath the x scale in a similar manner to the method described in 
Sections 4.2.3 and 7 .4 (Part I). 

Taking as an example the following values for the constants of 
an amplifier 

R 0 = 200,000 Q 
Ra= 50,000 Q 
Ru= 1 MQ 
Ge= 0·005 µF 
0 8 = 0·0005 µF 

R' = R + RaRo = 1·04 x 106 Q 
u Ra+Ro 

R" = RaRoRu 
RoRu+Ra(Ro+Ru) 

= 3·84 X 10' Q. 

R' 
For the low frequency response X' = 1 when R'2nf0c = 1 

or f = 30·6 c.p.s. 

The logarithmic frequency scale is therefore moved until 30·6 c.p.s. 
is located immediately beneath x = 1 as shown in Fig. 9.5a, and 
the response at any frequency is read directly. Thus at 50 c.p.s. 
the response is - 1·4 db., whilst at 100 and 25 c.p.s. it is - 0·4 
and - 3·95 db. respectively. 

R" 
For the high frequency response xn = 1, 

1 
when f = 2nO~" 

= 8,280 c.p.s. 

The frequency scale is moved until 8,280 c.p.s. is located immediately 
beneath x = 1 (see Fig. 9.5b) and the response at any particular 
frequencies such as 5,000 and 10,000 c.p.s. is noted to be - 1·35 
and - 3·9 db. respectively. The complete frequency response of 
this amplifier over the frequency range 30 to 18,000 c.p.s. is obtained 
by joining the two curves for the low and high frequency sections. 
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0 

-30 
0·1 

-i--..~ 

0·5 

I'-._ 

' 

" "rs.. 
"' I'\.. 

'\. 
r-._ 

x-~ 
5 

1000 5000 10000 20000 40000 
Frequency (c.p s.) 

" " ' 
I'\.. 

10 

--

'\.. 
'\ 

I'\.. 
'\ 

Fm. 9.5b.-Generalised High Frequency Response of a Resistance-Capacitance 
Coupled A.F. Amplifier. 

13 

The maximum overall amplification of the amplifier (in the 
middle range of frequencies) may be calculated from expression 9.2b, 
and it is conveniently expressed in terms of the amplification factor 
of the valve as 

/ 
/ 

/"' 

i/ 
,,Y 

,,,/' 

,,,/ 
___...........,, 

' ~ 0·1 0·5 

Ra, 

,, ........ 

5 

1·0 ---

10 

0·8 

0·6 
Am 
µ 

0·4 

0·2 

0 
20 

9.2c. 

Fm. 9.6.-The Variation of Medium Frequency Amplification with Change of 
Anode Load Resistance. 
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Plotting 9.2c against !0
' (Fig. 9.6) shows that the overall gain 

a 
increases toµ as Ro' is made much greater than Ra. A point to be 
noted in connection with Fig. 9.6 is that µ is not necessarily a 
constant, but is oft~n dependent upon the R0 component in Ro'. 
This is made clear by reference to the triode laEa characteristics 
of Fig. 9.7; as R0 is increased the load line AB is carried into the 
curved lower part of the characteristics (see line AB') where µ falls 
and Ra increases. On this account it is inadvisable to make R0 much 
greater than 3Ra. The importance of ensuring that Ro' is not 
much less than R 0, i.e., that Ru is as large as possible, is stressed 
in Section 9.3.3. 

An alternative expression to 9.2b may be derived by replacing 
µ by flmRa. 

A RaRo' 9 2d 
m = flmR +R, · 

a o 

= flm X the parallel combination of Ra, R 0 and Ru· 
This result is also obtained by considering the valve as a constant 
current generator (Section 2.7, Part I). Expression 9.2d is very 
useful in the case of a tetrode valve, for which flm and Ra, and 
not µ, are known. In this instance Ra is usually high ( > 0·5 M.Q), 
and it would be almost impossible to fulfil the condition R 0 > Ra. 
The maximum value of R 0 is limited by the shape of the tetrode 
laEa characteristics, by the stray capacitance, and by the per
missible loss at high audio frequencies. It is often much less than 
Ra, so that expression 9.2d may be modified to 

Am = flmRo' 9.2e, 
9.3.2. A Comparison between the Triode and Tetrode 

Valve as an A.F. Amplifier. The chief advantages of the triode 
valve as an A.F. amplifier are its low slope resistance and its 
capability of delivering a large output voltage with smaller harmonic 
distortion (of lower order harmonics) than the tetrode, but it does 
require generally a much larger input voltage to produce a given 
output voltage. A low slope resistance means that high frequency 
response is less dependent on the characteristics of the anode load 
impedance, because R" in expression 9.6b is decreased by decrease 
of Ra. Low frequency response is, however, less satisfactory since 
decrease of R' in 9.4b increases the loss at low frequencies. The 
important features of the tetrode are higher amplification (it is 
generally about twice that of a triode of the same flm value) and 
very much reduced feedback through the anode-grid capacitance. 
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The latter has an important bearing on high frequency response, 
because it increases the grid input capacitance by an amount equal 
to the grid-anode capacitance multiplied by (l+A), where A is 
the amplification from the grid to the anode of the valve. For 
example, average values of Cua and A for a triode valve are 3 µµF 
and 50, respectively, giving a grid input capacitance, additional to 
the "cold" input capacitance of 3 x 51 = 153 µµF; average 
values for a tetrode are 0·01 µµF and 100, respectively, giving an 
additional input capacitance of 0·01 x 101 = 1·01 µµF. Hence 
the use of a tetrode contributes to an {mproved high frequency 
response from the stage preceding it, because it reduces the stray 
capacitance 08 • The chief disadvantages of a. tetrode are greater 

G' 

Fm. 9.7.-The Representation of Load Resistance on the l,.E. Characteristics 
of a Triode Valve. 

circuit complication (a. screen resistance and capacitance are 
required) and the more objectionable type of distortion, consisting 
of higher order harmonics and intermodulation products (see 
Section 10. 7). 

The reason for the smaller distortion (of lower order harmonics) 
produced by the triode can be seen by referring to the IaEa char
acteristic curves in Fig. 9.7. The anode load resistance R0 is 
represented by the straight line AB starting from an anode voltage 
equal to the total H.T. voltage to the stage (if there is no decoupling 
resistance). The a,ngle of AB to the Ea axis is determined by the 
value of Ro, a large value being represented by a line of lower slope 
such as AB'. Maximum harmonic distortion for a fixed large 
input voltage is obtained when R0 is small ; the output voltage 
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wave shape is flattened at the high Ea end where the load line enters 
the cramped part of the IaEa characteristics and is peaked at the 
low Ea end. This type of wave is shown in Fig. 9.2a to contain 
mainly even harmonic (chiefly second) distortion. As R 0 is 
increased, the top end (low Ea) of AB leaves the region where the 
IaEa characteristics have opened out, and enters the lower current 
cramped region, where the intercepts with the constant grid 
voltage lines are smaller but more equal. Hence distortion pro
gressively falls as R 0 is increased, and at the same time output voltage 
amplitude tends to increase. The maximum value of R 0 is fixed 
by the grid leak resistance of the succeeding valve (Section 9.3.3) 

Ia 

Ea 
Fm. 9.8.-The Representation of Load Resistance on the I 0 E0 Characteristics 

of a Tetrode Valve. 

and also by high frequency considerations, because the larger R 0 is 
made the greater is attenuation and phase distortion due to stray 
capacitance. As pointed out in the previous section the rate of 
increase of amplification for a constant value of µ and Ra falls as 
R 0 is increased above Ra, and there is seldom any advantage in 

making the ratio of ; 0 greater than 3 to 4. 
a 

The effect on harmonic distortion of varying R 0 is different in 
the case of the tetrode valve. Referring to the tetrode IaEa char
acteristic curves of Fig. 9.8, we see that a low load resistance 
(line AB) produces an output voltage wave which is flat at high 
Ea and peaked at low Ea values in a manner similar to that for 
low R0 with a triode valve. Hence distortion consists mainly of 
even harmonics. As R 0 is increased the high Ea end of the output 
wave tends to become less flat and the low Ea end less peaked; 
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a value of R0 is eventually reached when the output wave has both 
ends flattened to almost the same degree. The resulting sym
metrically shaped wave, as shown in Fig. 9.2b, contains chiefly odd 
higher harmonics, and intermodulation products are produced if 
more than one frequency is present at the input. A further increase 
in R 0 flattens the low Ea part of the output wave, which now enters 
the very cramped " knee " of the characteristic, and opens out the 
opposite end. This results in the reappearance of even harmonics; 
odd harmonics are also increased in amplitude. Reduced harmonic 
distortion and increased amplification are realized for high values 
of R 0 by increasing grid bias so as to bring the low Ea part of the 
output voltage away from the knee. For example, in Fig. 9.8, 
greater amplification with less distortion is obtained for R0 corre-

Load Resistance R; 
FIG. 9.9.-The Effect of Screen Voltage on the Amplification at Medium Frequencies 

of a Tetrode A.F. Amplifier with Resistance-Capacitance Coupling. 

sponding to line AB' by increasing the bias from - 3 to - 4 volts 
(point K'). Thus we see that, unlike the triode, the tetrode has 
for maximum amplification an optimum bias, which increases with 
increase of R0 • If the bias voltage is fixed, an optimum value of 
R0 is found for maximum amplification ; this optimum value depends 
on screen voltage and it increases as the latter is decreased. Usually 
there is an optimum screen voltage for maximum possible amplifica
tion, and Fig. 9.9 gives curves of amplification against R0 for three 
values of screen voltage. For low values of R0, expression 9.2e is 
applicable and maximum amplification is determined solely by Ymo 
the greater this is the greater is amplification, i.e., a high screen 
voltage is required. For high values of R0 maximum amplification 
is determined by Ym and Ra, increase of both increasing amplification 
(expression 9.2d). Increase of screen voltage generally causes Ra to 

B 
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fall and it falls at a greater rate than gm increases. Hence greatest 
amplification is obtain~d with low screen voltages. 

The optimum value of grid bias is often greater than that of 
a triode of similar gm, and maximum permissible output voltage 
is obtained without the positive peak of the input voltage approach
ing close to the bias voltage at which grid current starts, i.e., it is 
the knee of the laEa characteristics which limits input voltage rather 
than grid current. With triodes of high µ, optimum bias is the 
lowest consistent with zero grid current on peak signals, and the bias 
must be adjusted to be able to deal with the valve having the most 
negative start of grid current. This type of triode tends to show 
considerable variation of anode current cut-off from valve to valve, 
so that fairly large changes of amplification are likely to be experi
enced between valves. 

Summarising, we may say that the triode is the better type of 
valve for audio frequency amplification because the harmonic 
distortion it produces can be made small and is, in any case, less 
objectionable than that from a tetrode. Attenuation distortion due 
to its greater input capacitance need not present a serious problem 
because the highest required frequency is 20,000 c.p.s. 

9.3.3. The Grid Leak and its Effect on the Anode Load. 
The grid leak resistance Ru in Fig. 9.3 is only in parallel with R 0 as 
far as the A.C. load is concerned, so that if Ro' is very much less than 
R 0 we must represent this condition by two lines on the laEa 
characteristics as described in Section 2.6, Part I. This is shown 
in Fig. 9.7 by the two lines AB and OD, the former is the D.c. load 
line corresponding to R0, whilst the latter is the A.c. load line 

corresponding to Ro'= ::R. The point K, the intersection 
0 u 

between AB and OD for small A.C. grid voltages, is the intersection 
of the D.c. load line AB and the normal operating bias line. If, 
however, the A.C. grid voltage is large enough to take the anode 
current down to the curved part of the characteristics, the output 
wave is flattened, i.e., partially rectified, and the D.c. anode current 
is increased so that the A.C. operating line is centred at K' instead 
of at K. The chief effect of the difference between the A.C./D.c. 
load lines is that distortion is increased for large input signal voltages, 
and output voltage is decreased ; it is important therefore to make 
the ratio A.C./D.c. load resistance as near unity as possible. 

The maximum permissible value of Ru is determined by the 
succeeding valve. If it is a voltage amplifier, the safe limit is usually 
from 1 to 2 M.Q, whereas the limit may be as low as 0·l M.Q for 



9.3.4] AUDIO FREQUENCY AMPLIFIERS 19 

a. large power-output valve, if softness (Section 2.8.1, Part I) is to 
be avoided. A RO coupled amplifier stage connected to a large 
power-output valve cannot therefore be designed with a very high 
effective load resistance, for it is inadvisable to make the ratio of 
A.o./n.o. load (Ro' /R0) less than about 0·8. 

9.3.4. Self Bias for a RC Coupled Amplifier. A valve 
with an indirectly heated cathode can be made to provide its own 
grid bias voltage by inserting a resistance (Rk) between the cathode 
and H.T. negative line as in Fig. 9.3. The D.O. anode current com
ponent flowing through Rk produces a positive voltage between the 
cathode and H.T. negative, and since the grid leak is returned to 
H.T. negative it means that the grid is biased negatively with respect 
to the cathode. The cathode resistance Rk must be by-passed by 
a large capacitor Ok in order to prevent A.F. voltages being developed 
across Rk by the A.O. components of the anode current. A.O. voltages 
developed across this resistance are in opposition to the grid voltages 
producing them, and overall amplification may be seriously reduced. 
This can be seen by considering the applied grid voltage as increasing 
positively ; this increases the anode current and the voltage across 
Rk, so that the net positive increase in grid-to-cathode voltage, the 
difference between the positive increase of the input voltage and 
the positive increase of cathode voltage, may therefore be quite 
small. The insertion of Rk without a by-pass capacitor is a form 
of current negative feedback (see Section 10.10.4). 

The capacitor Ok clearly cannot be equally effective at all 
frequencies, and negative feedback occurs at the lower end of the 
frequency range due to an increase in its reactance. Its influence 
on the overall frequency response can be calculated as follows : 

Neglecting the effect* of Ge and 0 8 , the output voltage (see 
Fig. 9.4a) 

E - µEukRo' 
g2 - Ra+Ro'+Zk 

where Euk = net A.F. voltage input from grid to cathode. 

R, - RoRu 
o - Ro+Ru 

Zk = impedance of the self-bias circuit 
but E11k = Eu1 - Ek 

9.7a 

* C, normally has little influence as its reactance is important only at 
frequencies where Ck has no effect. If Cc is small enough for its reactance to 
be greater than Rg over the frequency range affected by Ck, R 0 ' in expres
sion 9.7a should be replaced by R0 • 
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where E01 = input voltage from grid to earth (Fig. 9.3) 
and Ek = voltage developed across Zk. 

but Ek = µEa!Pk 
Ra+Ro'+Zk 

. E _ E01 (Ra+Ro' +Zk) 
• • gk - Ra+Ro'+Zk(I+µ) 

Replacing this in 9. 7 a 

E 
_ µE01Ro' 

g2 -
Ra+Ro'+Zk(I+µ) 

Amplification with feedback = A1 = ;o2 
gl 

µRo' 
-=-~~~~--

Ra+Ro' +Zk(I+µr 

Normal amplification without feedback= Am= RµR~ ,· 
a+ o 

The ratio loss of amplification due to feedback is therefore 

Am = (1 + Zk(l +µ)) 
A 1 Ra+Ro' 

Replacing Zk in 9.8a by ~Ck R , we have 
I+Jp k k 

Am= I+ Rk(l+µ) 
A1 (Ra+Ro')(I+jpCkRk) 

I+Rk(I+µ)+. CR 
R +RI JP k k 

a o ---------
I+jpCkRk 

where 

and 

9.7b. 

9.8a. 

9.8b 

9.80 

Rk Expression 9.8o is plotted in Fig. 9.10 against x, i.e., Xk' to a 
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logarithmic scale for different values of B. As x increases, i.e., 
Ck becomes more effective as a by-pass, the loss of amplification 
decreases to zero, but when it decreases, the loss tends to the value 
which would be realized with Ck = 0. 

This value depends on B and is given from 9.8c as 

loss= - 20 log10 B = - 20 log10 [1+ R l+~ ,.Rk] 9.8d. 
a+ o 

For a particular value of Rk, the loss is increased when µ is increased, 
or Ra or Ro' decreased. Expression 9.8d for a pentode amplifier 
becomes 20 log10 (l+gmRk), sinceµ • 1 and Ra • Ro'. 

The curves in Fig. 9.10 are generalized curves, and the frequency 
response may be determined by suitably locating (as for Figs. 9.5a 
and 9.5b) a logarithmic frequency scale beneath the x sea.le. We 
shall illustrate this by the following example. 
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FIG. 9.10.-Generalised Curves for the Frequency Response of an A.F. Amplifier 
with Cathode Self Bias and Resistance-Capacitance Coupling. 
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R 0 = 200,000 D, Ra = 50,000 D, R0 = 1 MD, µ = 100, 
Rk = 3,000 D, Gk = 2µF, Ro' = 166,666 D. 

µ+l 101 = 4·65 10-, 
Ra +Ro' - 216,666 X 

B = 2·395. 

Rk 106 

When X = 1, f = ------ = 26·5 c.p.s. 
k 2:,i X 2 X 3,000 

The logarithmic frequency scale is adjusted beneath the x scale 
as in Fig. 9.10, so that 26.5 c.p.s. locates with x = 1, and the fre
quency response due to self bias is then read by interpolating 
between the B = 2 and B = 2·5 curves. Thus at frequencies of 
20 and 50 c.p.s. the loss is approximately - 6· l and - 3·0 db. 
respectively. 

The value of Rk required for any set of operating conditions is 
obtained by drawing the D.O. load line on the IaEa characteristic 
curves and estimating by inspection the bias voltage which gives 
maximum voltage output with minimum di1:3tortion. The locus of 
operation should be over that part of the load line which makes 
equal intercepts with lines of constant grid voltage difference ; at 
the same time it must not be allowed to pass beyond the start of 
grid current. The ratio of the bias voltage, finally selected, to the 
anode current at the intersection of the load line with this bias 
voltage curve gives the required value of Rk. In many cases 
Rk will be a non-standard value and it is usual to select the nearest 
standard value. For a triode amplifier it is preferable to take the 
nearest lower standard value of Rk, since this reduces bias and takes 
the locus of operation further from the cramped low anode current 
region producing distortion. This does not necessarily apply to a 
pentode because cramping may occur at high as well as low anode 
current. The D.O. load line should be drawn for R 0 +Rk, but Rk is 
so much less than R 0 that its effect may usually be neglected. 

The total overall frequency response, including the effect of 08 

and Ge, is obtained by adding the loss due to these two capacitances, 
as found from Figs. 9.5a and 9.5b, at the appropriate frequencies. 
Some error is introduced at the low frequencies due to the assumption 
in the above analysis that the reactance of Ge is small compared 
with R0 , but the effect will not usually be very serious and can be 
overcome by replacing Ro' by R 0 in the above expressions. 

9.3.5. The Effect of the Screen Decouplin~ Circuit on the 
Frequency Response of a Tetrode Amplifier. The screen 
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decoupling circuit of a tetrode amplifier has a capacitance to earth 
acting as a by-pass for audio frequencies. A voltage in this circuit 
(see Fig. 9.11), due to variations in screen current produced by the 
input grid voltage, tends to reduce the gain of the amplifier. Since 
the reactance of this capacitance increases with decrease of fre
quency, the effect is greatest at lowest frequencies, and is similar 
to that due to the rising reactance of the self-bias capacitor. For 
calculating the reduction in frequency response we shall take the 
fundamental equations for screen and anode currents, which are 
as follows: 

where 

Lila = flmL1Eu+fls"lEs+flaL1Ea · 

L118 = GmL1E0 +GgilE8 +GaL1Ea 

ola ola ola 1 
flm = oE ' fls = oE ' (la = oE = R ' 

g s a a 

~-------------------oH.7 

9.9 

9.10 

Fm. 9.11.-A Tetrode A.F. Amplifier with Resistance-Capacitance Coupling. 

[Note: for C, read C,".] 

and Gm, G8 , Ga, are similar derivatives of [8 with respect to the 
voltages. The voltage changes L1Ea and L1E8 are those produced 
across the anode-cathode and screen-cathode circuit and, when 
they are caused by changes of Ia and 18 , are in such a direction as 
to oppose the current changes, i.e., increasing Ia and 18 causes 
a reduction in anode and screen voltage. Hence 

L1Ea = - L1IaZo 
LJES = - LJiaZs' • 

9.11. 
9.12 

Zs' is the total impedance of the external screen circuit, 
1 

_Rb "R ,. 
+JP s s 

where Rs' = the equivalent A.O. resistance component in the screen 
circuit, which may be made up of a potential divider 
for n.c. voltages consisting of two resistances R 1 and 
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R 2 • These two resistances, in series for D.C., are in 
parallel as far as A.c. is concerned. 

R1R2 
R1+R2. 

Cs"= the decoupling capacitance to earth m the screen 
circuit. 

Combining 9.9, 9.10, 9.11 and 9.12. 

Llla(l +gaZo) = gmLIEu - g8Lll8Z/ 

L'.118(1 +GgZ/) = GmLIEy - GaLllaZo 

Lil (1 + z ) = LIE _ gsZsJGmLIE(J - GaLllaZo) 
a ga o gm (J 1 +G Z , 

S 8 

Lila _ gm(l +G8Z/) - g8GmZ/ 
.. LIEu - (l+gaZ 0 )(l+GsZs') - gpaZoZs' 

Amplification A =LllaZo = Zo[gm(l+GsZs'),- gpmZs'] ,. 9.13. 
LIEu (l+gaZ 0 )(l +GsZs) - gpaZoZs 

. 9.14b 

where 

and 

But 

so that 
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andD=l 

where R811 = ~ = ~: 8 = slope of the Ei/8 characteristic. 
8 8 

If Ro' ~ Ra then B = 1 + }'. 
8/1 

The loss of amplification is given by - 20 log10 I~~ I 
[
B2+p2c/2Rs'2J 

= - 10 log10 1 +p2c/2Rs'2 

= - 10 log10 [B2+x2] 
l+x 2 

h C "R' Rs' w ere x = p 8 s = X ,· 
8 

25 

9.15a 

9.15b 

This expression is identical in form to that of expression 9.8o and 
the generalized curves of Fig. 9.10 may be used as long as we note 

h · Rs' d B Rs' Ra Th I ds b t at x 1s X , an = 1 + R (R R ')' e oss ten to ecome 
s s11 a+ o 

asymptotic to a value - 10 log10 B 2 as the frequency is decreased 
and X/ increased. 

Hence max. loss (db.) = - 20 log10 [1 + R (1;' RaR ')] . 9.150. 
s11 a+ o 

9.3.6. The Effect of the Anode Decoupling Circuit on the 
Frequency Response of an A.F. Amplifier. The reactance of 
the smoothing capacitance for the H.T. supply of a mains-operated 
receiver increases with decrease of frequency, and forms a common 
coupling impedance for the A.F. stages. (An 8-µF capacitor has 
a reactance of 398 Q at 50 c.p.s.) Voltages may be produced in 
this reactance by low-frequency current components from the 
output stage ; other stages can likewise produce voltages, but their 
effect is much less important because current values are much 
smaller. These voltage components, if fed back to the grid of the 
output valve, or of a previous stage, via the preceding anode load 
connection to the H.T. supply, can either decrease or increase the 
overall A.F. response to the low frequencies. With RC coupling, 
the phase of the voltage is such as to cause low frequency degenera-

B* 
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tion, if fed to the grid of the output valve, or regeneration if fed to 
the grid of the previous stage. For diode detection and one stage 
of A.F. amplification before the output valve (the A.F. amplifier grid 
circuit is not connected to the H.T. supply), the feedback is to the 
grid of the output valve only, and is degenerative. For two stages 
of A.F. amplification it is to the grid of the stage preceding the output 
valve as well, and the effect is predominantly regenerative. In 
extreme cases it may lead to low frequency oscillation (about 
5 to 10 c.p.s.) known as" motorboating ".* Regenerative feedback 
can occur with one stage of RO coupled A.F. amplification if a cumu
lative-grid or anode-bend detector is employed, since the grid of 
the A.F. stage is then directly connected to the H.T. supply via the 
detector anode load resistance. For transformer-coupled A.F. stages 

-----------------oH.T.+ 

Fm. 9.12.-A Resistance-Capacitance Coupled A.F. Amplifier with an Anode 
Decoupling Circuit. 

the phase of the feedback also depends on the sign of the mutual 
anductance coupling between the primary and secondary. 

To reduce this form of feedback, a resistance-capacitance 
decoupling filter circuit is almost always included in the anode 
circuit of each A.F. amplifier as shown by R 10 1 in the diagram of 
Fig. 9.12. A similar circuit is also included in all R.F. stages, but 
resistance and capacitance values are then much smaller, about 
1,000 Q and 0.1 µF as compared with 5,000 Q and 2 µF for A.F. 

decoupling. 
The inclusion of the decoupling circuit R 10 1 affects the frequency 

response because it forms with R 0 the anode load impedance of the 
valve. It tends to raise the amplification at low frequencies. For 
example, the amplification at medium frequencies, where the 
reactances of Oc, Ok and 0 1 , can be neglected, is 

* The circuit acts as a multivibrator or relaxation oscillator. 
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Am= µRu . Ro . 
Ra+Ru RaRu +R 

Ra+Ru o 

[Note that the alternative Thevenin development (see Appendix 3A} 
is more convenient and is used here.] 

At low frequencies, assuming that the reactance of 00 is small 
and can be neglected, 

= JB2+x2. 
I+x 2 

. 9.16b 

h B (Ri+Ro)R' 
w ere = (R1+R')R

0 

and 
R1 R' pO 1R1R' 

X = X1°R1+R' = Ri+R'' 

i.e., low frequency increase in amplification is 

+20 log 11: I= +10 log (~
2

:;) db. .9.16c. 

Expression 9.16c is identical with 9.8c except for the sign, and the 
curves plotted in Fig. 9.10 can be used, but the vertical scale now 
represents a gain instead of a loss of amplification. 

Since the decoupling circuit produces the opposite effect from 
that due to the self-bias capacitor, it is possible to choose values to 
cancel the loss of amplification due to the self-bias circuit. The 
conditions for exact compensation are that the values of x and the 
values of B for the two circuits should be equal. The former gives 
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RaRu +Ro 

OR -OR Ra+Ru 
kk- llRR 

Ra R +Ro+R1 
a+ g 

[CHAPTER g 

. 9.17a 

and this fixes the position of the horizontal frequency scale. 
The second condition is fulfilled by making 

(R1 +Ro{RRaRR +Ro) 
1+ Rk(l+µ) _ a+ u . 9.17b 

R + RoRg -(R +R + RaRg )R 
a R +R i o R +R o o g a g 

and this ensures that the maximum loss for the cathode circuit is 
exactly equal to the maximum gain of the anode circuit. Generally 
it will not be possible to satisfy expression 9.17b unless R0 is small 

compared with Ra and R 1 • 

...-----------oH.T.+ This method of compensa-
_r----0-r 

Rz Ez 
-----o_i_ 

tion has been employed in 
the video-frequency ampli
fiers of television receivers 
(Section 16.8.3). It may 
also be used in tone-con
trol circuits when increased 
amplification is required at 

H.T.- low audio frequencies. 
Fm. 9.13a.-A Transformer Coupled A.F. 9.4. The Transformer 

Amplifier. 
Coupled Amplifier. 

Transformer coupling is shown in Fig. 9.13a. The resistances R 1 and 
R1 may be included across the primary and secondary in order to 
improve the frequency response. R 1 reduces the increase of ampli
fication at the medium frequencies caused by the increasing reactance 
of the primary inductance, whilst R 2 tends to flatten any peak in the 
high-frequency response due to resonance between the leakage 
inductance and stray capacitance across the secondary. The 
equivalent circuit of Fig. 9.13b indicates the separate impedances 
making up the transformer circuit, thus 

OaE = anode-earth capacitance of the valve 
OP = self-capacitance of primary of the transformer 

Rhe = resistance simulating the hysteresis and eddy current losses 
in the core 

RP = A.c. resistance of the primary winding, for all practical 
purposes this is the n.c. resistance of the primary winding 
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LP = inductance of primary 
Cw = interwinding capacitance 

n = ratio of secondary to primary turns 

29 

M = mutual inductance between primary and secondary=kVLPL8 

k = coupling coefficient 
R8 = A.C. resistance of the secondary winding, approximately the 

D.C. resistance of the secondary winding 
L8 = inductance of secondary 
08 = self-capacitance of secondary 
Cu = input capacitance of the next stage 
Ru = input resistance of the next stage. 

Cw 

Rs f Z
9 

, 

B L---------~--J 

Fm. 9.13b.-The Equivalent Circuit for a Transformer Coupled 
A.F. Amplifier. 

Generally CaE, Gp, Cw and Rhe have very small effects and will 
be neglected. For analysis it is convenient to transfer the secondary 
impedances to the primary side and include at the output a perfect 

C 

(f, 
f'erfer;t 

Transf"ormer 
Ratiok:n 

Fro. 9.13c.-A Simplified Diagram for a Transformer Coupled 
A.F. Amplifier. 

transformer having a primary to secondary turns ratio of k to n. 
This is shown in Fig. 9.13c. That this circuit is equivalent to 
Fig. 9.13b can be proved by noting from Section 7.6 (Part I) that 
the impedance reflected from the secondary into the primary in 
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series with RP and LP is R P.
2

~

9 

z ; where Zu is the impedance 
s+JP s+ g 

of 08 , Ra, Ru and Ou in parallel. Hence the total impedance across 
points AB in Fig. 9.13b is (neglecting OaE• Op, Ow, and R1ie) 

• p2M2 

ZAB = Rp+JpLP+Rs+jpLs+zu 9.18. 

The impedance across the same points AB in Fig. 9.13c is 

. L k2 (Rs+Zu)k2 
JP P • n2 

zAB - Rp+jpLp(I - k2
) + (R +z )k2 

. L k2+ s u 
JP P n2 

which is identical with 9.18. 
From Section 7 .3 (Part I) the secondary voltage developed 

across Zu in Fig. 9.13b is (neglecting OaE• Op, Ow and Rhe), 

Ea = ZaZ5E _ Z 8Z 5E 
Za(Z4+Z5)+Za(Za+Z4+Z5) (Za+Za)(Za+Z,+Z5) - Za 2 

where E = E .. rn, Z 2 = RP +jp(Lp - M), Z 3 = jpM, 

Z4 = Rs +jp(L8 - M), and Z5 = Zu . 

. E - jpM.Zg.EAB 
• • 2 - (Rp+jpLp)(Rs+jpLs+Zu)+p2M2 

. 9.19a. 

The secondary voltage, from Fig. 9.13c, is 

Z 
jk2pLp(R8 +Zu)k: EAB 

n E n u n 
E2 = k OD -1c·Rs+zu·[·k2 L +(R +z )k2lz 

J p P s g niij AB 

- jknpLpZgE AB 
- (jpLs+Rs+Zg)ZAB . 

. 9.19b. 

~eplacing ZAB in the above by 9.18 and noting that knpLP = pM 

E - jpMZgEAB 
a - (Rp+jpLp)(Rs+zu+jpLs)+p2M2· 
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Expression 9.19b is therefore identical to 9.19a, so that Fig. 9.13c 
is the correct equivalent of Fig. 9.13b. 

A further simplification is possible since k in a well-designed 
transformer is very nearly unity, and it may be assumed such in 
all cases except in the term for the leakage inductance Lp(I - k 2). 

In any practical case all the transformer circuit constants can be 
measured by suitable D.c. and A.c. bridge methods. Thus the 
primary and secondary winding resistances RP and R8 can be 
measured with D.c., and the primary inductance LP can be measured 
on a suitable A.C. bridge by noting the inductance across the primary 
terminals. If the transformer is directly coupled to the anode of 
a valve, LP should be measured with the rated D.C. current flowing 
in the primary, or a commensurate D.C. current in the secondary 
when this is more convenient. The leakage inductance Lp(I - k2) 

is the inductance across the primary terminals when the secondary 
is short-circuited. 

The frequency response and amplification of a transformer stage 
is best calculated by dividing the pass range into three frequency 
bands, as was done for the RO coupled stage. 

For the medium frequencies, leakage and primary inductance 
in Fig. 9.13c can be neglected, and Zu may be replaced by R 21, which 

has a value of RRuR; , because the reactance of 0 8 and Ou is negligible. 
u+ 2 

---, 
R2-t: It 
:rz,2 I C.D 

~--------~---L 
Fm. 9.14a.-The Transformer Coupled A.F. Amplifier at Medium Frequencies. 

The equivalent circuit is shown in Fig. 9.14a, the valve-generated 
voltage, slope resistance and primary shunt resistance R 1 being 
converted according to Thevenin's Theorem (Appendix 3A). The 
amplification is 

A = E2 = nEaD 
m Eu Eu 

. 9.20a. 
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Rewriting the above in terms of maximum possible amplification, 
nµR 1 

Ra+Ri' 
Am_ 1 
nµ' - __ R_'_+------=Rs 

a n2 
1+--

R21 
n2 

h , µR1 d R , RaR1 R 
w ere µ = R R , an a = R R + p• 

a+ 1 a+ 1 

. 9.20b 

The similarity between expressions 9.20b and 9.2c can be noted 
and Fig. 9.6 is applicable when nµ' replaces µ. An important 

point is that maximum Am is realized when R 1 and R;t are infinite. 
n 

From the point of view of maximum amplification it is preferable 
to dispense with them. They also reduce the anode load impedance 
and therefore tend to increase distortion ; their inclusion is only 

~;T 
n,z EcD 

~--__. ___ l 
Fm. 9.14b.-The Transformer Coupled A.F. Amplifier at Low Frequencies. 

justified for the purpose of improving low- and high-frequency 
response. 

At low frequencies the reactance of the leakage inductance and 
secondary capacitance can be neglected, but LP must be taken into 

account as its reactance is comparable with Rs+
2
R 21 , with which 

n 
it is in parallel. The equivalent circuit is that of Fig. 9.14b. Low
frequency amplification is 

Ai-= E2 = nE0 n 
E0 E0 

nµ'R2)pL 
n2 P 

. 9.21a 

R '( • L +Rs+R21) + · L (Rs+R21) 
a JP p n 2 JP P n2 
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Hence 

where x = Xi_ 
Ri 
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nµ'R2tjpL 
n2 P 

The loss of amplification at low frequencies in decibels is 

- 20 log10 I ~71 = - 10 log10 ( 1 +(;;) 2) 

33 

. 9.21b 

. 9.21c 

. 9.22a 

= - 10 log10 (1 + : 2) • 9.22b, 

and a universal curve of loss against x, i.e. ~:, to a logarithmic 

scale is identical with that of Fig. 9.5a. The same method is 
employed for finding the frequency response for particular values 
of Xi and Rias was adopted for the RC coupling, viz., a logarithmic 

frequency scale is located so that / = 
2
:{P is immediately below 

x = I in Fig. 9.5a. From this curve we note that the low-frequency 

response is best when Riis small, i.e., when Ra' or Rs+
2
R 21

, or both 
n 

are small. Since for maximum Am and minimum distortion 
Ri should be greater than Ra, this leads directly to the conclusion 
that a low Ra valve should be used. A disadvantage possessed by 
this type of valve is that it usually requires a high Ia, and this 
increases transformer core saturation and reduces LP. The use of 
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a RO coupling to the transformer, as described in Section 9.5, 
offers a solution to this difficulty. 

The equivalent circuit for the high-frequency range is shown 

Ra, 

::s1 R2t 
n,z Ecv 

.___ __ ____, __ j 
Fm. 9.14c.-The Transformer Coupled Amplifier at High Frequencies. 

in Fig. 9.14c. The primary inductive reactance has little effect, 
but the leakage inductance and total stray capacitance Os' across 
the secondary now nave considerable influence. The amplification is 

R nµ'~ 
n2 

,R21 nµn2 
- --~---~-------

(Ra' +!!+jpLP')(l +jpO/R21)+ !!1 

nµ' 
Ah=---~-----------------

R '+Rs 
a n2 

I+ R 
21 

n2 

. 9.23a. 

1 Let p 0 =--;:===,the resonant pulsance of LP' and n 20s' and 
VL 'O 'n2 

p s 

Xo =poLp' =-01' 2 
Po sn 

then 
nµ' 

Ah=---~---"'---------------
R '+Rs [R, Rs Xo] 

a n2 ($)2 .p a + n2 R2, 1+ - - +J- ---+-
R21 o Po Xo n 2 

n2 
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A (I+Ra'+~) 
m R2t 

n2 
___ R_'_+-=R=-s _____ [_R_'_+-,R=--s------cX=--o-J 

I+ a n2 - ( 1?) 2 +j P a n2 + R~t 
R21 \.Po Po Xo n 

. 9.23b. 

n2 

Owing to the series resonance of L/ and Os' there may be a gain 
or a loss at f 0, and it is preferable to express the response as 

Amplification = 20 log10 I j: I 

( 
Ra'+::) 

2 

I+ R 
21 

n2 

=10 log10 [I+R'a+~ -(l)2] 2 +[l(Ra'+~ + Xo)]2 9.24. 

R21 lo lo Xo R21 n2 n2 

When expression 9.24 has a positive sign an increase in amplification 
is obtained at high frequencies, whereas if it has a negative sign 
there is loss of amplification relative to the medium frequency 
amplification. 

It is difficult to produce a series of generalized curves from 

expression 9.24 because there are three independent variables la ; 
R '+Rs Xo 

a 2 R 
X n and ~- The amplification (or loss) when l = f O is, how-

o n 
ever, a valuable guide to the high frequency response, and Klipsch' 
has suggested a convenient method of graphing 9.24 when f = f 0. 

R '+ Rs Xo 
He joins points of a n

2 
and R 2', giving constant loss ( -) and 

Xo n 2 

amplification ( + ), as illustrated by the full line curves in Fig. 9.15. 
For convenience, both parameters are plotted to a tangent scale, 

R '+Rs R '+Rs 
a n2 . o a n2 

e.g., X = l = tan y gives y = 45 , and -~- = oo gives o Xo 
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y = 90°. Hence the first point is half-way between O and oo. It 
is important to note that f O is not the frequency of maximum 
amplification, which is determined by the ratio of the two parameters, 

R2t 
n2 

R and always occurs at a frequency lower than f 0 • The 
R'+~ 

a n2 R21 

n2 
dotted-line curves in Fig. 9.15 join points of constant ratio R. 

R '+~ a n2 

The latter also governs the general shape of the high-frequency 
response ; a low ratio means that the frequency for maximum 

~i==::r===r==r::i==:SJ=~=s:=c:sJ~~~~~ 
JOl-------1'-----+---+-l---~::-+_,._,-=---"l----*--=+----P,.t-"'-~ 

71-------1---+---+-r-=~F--\---+--e'<-:;:.--t"<'----+--'..,__~'("!-~,1/1-f 
51-----1---+---=l---1------'.-.I-C::.....--+---l--X::-+--l>.,¥:--+Y-..LU-lll 
41-----1~--J,..::......-..J-..J1--~1-L..-4+----->.i---~----J>.-- 'j-'----f->,rl.'--,f1'<!--l-4 

3 ~---l-,-+----+----l'.___JeL...--l~-l-:..---.1<-:.:......-1----".'-¥-----!'>.chl++P...+rtl 

0 0·2 0-4 0·6 0·8 1 1·5 2 3 
Rzt 

n-2X0 
Fm. 9.15.-Loss or Gain in Frequency Response of a Transformer Coupled A.F. 

Amplifier at the Resonant Frequency of Leakage Inductance and Secondary 
Stray Capacitance. 

Full Lines: Loss ( -) or Gain ( +) of Amplification (db.). 
R,, 

Dashed Lines : Constant Ratios of ~ . 
Ra'+R• 

n• 
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amplification is close to lo, maximum amplification is very little 
greater than amplification at lo, and cut-off above lo is not rapid ; 
i.e., the response is generally fl.at. The converse is also true ; a high 

R2t 
·2 

ratio of n means a more peaked high frequency response with 
R'+~~ 

a n2 

sharper cut-off. This is to be expected since Ra'+ R! is the series 
n 

resistance element in the series resonant circuit, while R:t is a parallel 
n 

resistance element. 
To illustrate the use of the curves we shall find values of R 1 and 

R 2, to give an amplification of + 2 db. at lo and a loss not exceeding 
- 2 db. at 50 c.p.s., when the transformer and valve characteristics 
are as follows : 

LP = 100 H, RP = 500 !J, Rs = 5000 !J, n = 3, LP' = 0·3 H, 
Jo = 8 kc/s, µ = 30, Ra = 10,000 !J. 

L f · R , R RaR1 R , ow requency response ; smce a = P +Ra+ Ri' a cannot 

exceed the value for R 1 = oo, i.e., 10,500 !J. Hence R1 in expres

sion 9.22b, which consists of R ' and Rs+R2t in parallel must 
a' n2 ' 

be less than 10,500 !J. Now X 1 = 2:r,; x 50 x 100 = 31,400 !J, 
and if we take the maximum possible value of R1, we have 
X 1 31,400 F" l 
Rz = 10,500 = 3. From 1g. 9.5a we find the oss for x = 3 as 

- 0·5 db., and this is the maximum possible. Hence, whatever 
value of R1 is fixed by high-frequency response, the loss at 50 c.p.s. 
will always be less than - 0·5 db. High-frequency response; the 

R '+Rs 
a 2 

curve for +2 db. gain is ABC in Fig. 9.15 and any values of Xo n 

and ~X21 lying on this curve satisfy the amplification requirement 
n o 

at lo• Since the most level high-frequency response may be con
sidered as desirable, we need to choose the lowest ratio value of 

R2, 
n2 

R '+RB 
a n2 

This, from Fig. 9.15, is seen to be about 4.6 and we will 
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select 5. The latter intersects ABO at two points, !x2t = 3 and 
n o 

R '+Rs R '+Rs 
a n2 a n2 

1·7 and --- = 0·6 and 0·34. Both the ratios for --- are 
Xo X 0 

R 
possible since the maximum value of Ra' +-1 is 10,500+555 

n 

R '+Rs 
a n2 

= 11,055 D, X 0 = 2n X 8,000 X 0·3 = 15,080 {J and Xo must 

not therefore exceed 0·738. For maximum medium frequency 

amplification Ra' and R~ require to be as high as possible. We will 
n 

R '+Rs 
R a nll 

therefore choose 2X
21 = 3 and X = 0·6. This gives 

n o o 

R 21 = 3n2X 0 = 27 x 15,080 = 407,000 {J 

Ra'+ R: = 0·6X0 = 9050 D 
n 

R , n R RaR1 
a = 8,495 ~.s = P + R R 

a+ 1 

:. R1 = 39,800 D. 
Amplification at the medium frequencies is 

A.~ (R.+R,)(:~.;~) 
= 59·9. 

Thus values for R 1 and R2e of 39,800 {J and 0·407 MD satisfy the 
frequency response requirements with the particular valve and 
transformer constants given, and amplification at medium 
frequencies is 59·9. 

9.5. The RC Coupled Transformer Amplifier. Consider
able advantages are gained if the n.c. anode current component is 
by-passed from the transformer primary. Core material of high 
permeability may be used and the size of transformer for a given 
primary inductance reduced. This leads to a lower leakage induct
ance and secondary capacitance, with consequent improvement in 
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high-frequency response. A resistance or L.F. choke may be 
employed to carry the n.c. current component, the former is prefer
able on account of cost, saving of space and absence of iron, which 
may cause distortion or pick-up hum. Slightly less amplification 
is generally obtained from the resistance because of the lower 
n.c. anode voltage and consequently lower µ and higher Ra. 

In the typical circuit of Fig. 9.16, the transformer is shown with 
separated primary and secondary, but auto-transformer action with 
increased amplification can be obtained by connecting the earthed 
end of the secondary, point B, to the anode end of the primary, 
point A. The formulre developed in Section 9.4 for high and medium 
frequency response are unaffected by the coupling capacitance 00 , 

since at these frequ.encies its reactance is negligible in comparison 

--------------oH.T.+ 

Fm. 9.16.-The RC Transformer Coupled A.F. Amplifier. 

with other components. At low frequencies the reactance of 00 

may become comparable with XL and the amplification in expres
P 

sion 9.21b is modified by replacing Ra' by Ra'+. 
1
0 

to 
JP C 
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h ' 
1 

dX' 'L 
1 

w ere Po = _ 1- an o = Po P - ~ 
-v LpCc Po c 

R '+Rs+R2, 
A, - a n2 

Am - R, + Rs+R2, _ Rs+R2,(Po') 2 
_ .po'[xo' + Ra'(Rs+R21)] • 

a n2 n2 p J p n2Xo' 

The gain ( +) or loss ( - ) in decibels relative to Am is 

20 log10 I~~ I 
9.25. 

The above expression is seen to be similar in form to that of 
expression 9.24, and Fig. 9.15 may be used for calculating the loss 
or gain at the low frequency Jo' by considering the vertical axis as 

scaled in terms of RXa', and the horizontal in terms of Rs:x_~2
'. 

o n o 
The values of R 0 and R 2 for a particular low- and high-frequency 

response at Jo' and f 0 can be obtained as follows: Suppose both 
high- and low-frequency responses at / 0 and Jo' are required to be 
+2 db. above the amplification at medium frequencies; curve ABC 

R '+Rs 
in Fig. 9.15 gives pairs of values of ax n

2 
and ~X21 

, satisfying 
o n o 

the high-frequency response requirement. Pairs of values of ~:: 

and Rs:x_R,21 corresponding to the high-frequency response pairs are 
n o 

calculated and plotted on a separate transparent sheet scaled 
according to a tangent law in the same manner as Fig. 9.15. This 

curve now represents values of XRa: and Rs -:;,2t, which satisfy the 
o n o 

high-frequency response condition of +2 db., and it is placed on 
top of Fig. 9.15. The point of intersection of the first curve on the 
transparent sheet with the + 2 db. curve ABC gives values of Ra' 

and Rs +
2
R2 , which satisfy both high- and low-frequency response 

n 
simultaneously. If the curve does not intersect ABC the chosen 
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values of response cannot be realized. A compromise is, however, 
usually possible giving responses within 1 db. of those required. 

It should be noted that there is an upper limit to the value of 
R 0 because it carries the D.C. anode current component, and it is 

generally inadvisable to exceed about 3Ra. R' = RaRo +R 
a Ra+Ro P 

must be made up bearing this limitation in mind. 

9.6. Tone Control Circuits. 
9.6.1. Introduction.1 • 8 Usually an A.F. amplifier is designed 

to have as little attenuation distortion as possible, but there are 
occasions when control of frequency response is desirable, and tone 
control circuits are then included to allow variation of amplification 
at the high and at the low frequencies as compared with the medium 
frequencies. 

High-frequency attenuation is useful when interference, due 
either to an adjacent frequency transmission or to noise, is experi
enced. It is also advantageous for suppressing needle scratch from 
gramophone records. Noise interference may be caused by atmo
spherics or by electrical apparatus connected to the mains supply 
wmng. Reproduction is characterized by a mellow tone, which 
becomes muffied if attenuation is severe. High-frequency intensifica
tion is of service, when receiving a powerful local station, in com
pensating for loss of the high-frequency sidebands due to the 
selectivity of the R.F. and I.F. tuned circuits. An average broadcast 
receiver often attenuates severely modulation sideband frequencies 
exceeding 3 kc/s, and reproduction from the higher pitch instruments 
in an orchestral programme may lose its character or be absent 
from the output unless there is discrimination by the A.F. amplifier 
in favour of the high frequencies. Reproduction with marked high
frequency intensification is usually described as brilliant. 

Low-frequency attenuation is often helpful in combating the 
tendency to muffied reproduction when severe high-frequency 
attenuation is necessary to eliminate interference. Low-frequency 
intensification relative to other frequencies leads to more balanced 
reproduction as volume is reduced. The characteristics of the 
average ear are such that a general reduction in the levels of all 
frequencies appears to reduce the output of lower frequencies 
(50 to 200 c.p.s.) to a much greater extent than the medium fre
quencies (1,000 to 3,000 c.p.s.). Thus for an output volume of 
about 6 dynes/sq. cm.6 (intensity level of 90 db.) at each frequency 
(this corresponds to a very loud radio receiver output) balanced 
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reproduction is obtained and all frequencies appear of very nearly 
equal loudness, whereas for an output volume of 0·02 dynes/sq. cm. 
(intensity level 40 db.), frequencies below 100 c.p.s. are not heard, 
i.e., the output is below the threshold of audibility; at 1,000 c.p.s. 
the output appears to be 40 db. louder than at 100 c.p.s. For 
this same intensity level, viz., 40 db., there is a progressive decrease 
in loudness level as the frequency is increased above 2,000 c.p.s. 
Owing to limitations on needle movement, the low-frequency 
components in gramophone recordings are attenuated (about 15 db.) 
and low-frequency intensification in the A.F. amplifier can be used 
to compensate for this. It is also an aid in mitigating the effect of 
inadequate output transformer primary inductance and loudspeaker 
baffie area, but care must then be exercised to prevent overloading 
of the output stage. 

For certain purposes it may be necessary to amplify or suppress 
a comparatively narrow band of audio frequencies ; e.g., telegraphic 
communication generally calls for a very narrow pass range (about 
±50 c.p.s.) in the neighbourhood of 1,000 c.p.s. This band-pass 
characteristic is secured by the use of tuned circuits in the A.F. 

amplifier. Similar circuits arranged to perform the opposite function 
are occasionally employed to suppress heterodyne interference from 
an adjacent transmission, and needle scratch in gramophone 
reproduction. 

9.6.2. Types of Tone Control Circuits.10 Tone control 
circuits require the use of reactances in order to obtain variable 
frequency response, and almost always involve a reduction in the 
general level of amplification. A valve associated with these circuits 
should not, therefore, be primarily intended as an amplifier but 
should be considered as a tone controller, the desired A.F. amplifica
tion being obtained in other stages. Parallel or series resonant 
circuits, except for special purposes, are undesirable unless they are 
heavily damped. If in a parallel circuit of R, Land C, the parallel 

resistance R is > ½ ~' damped oscillations may be set up by 

shock excitation from transients in the A.F. signal. In practice, 
owing to the series resistance of L, it is found that as long as 

R < ~. 7 reproduction is not seriously impaired by " hangover " 

or " ringing ". When tuned circuits are employed, the parallel 
resonant type is to be preferred to the series ; the latter has a 
reduced impedance at resonance, thus tending to cause amplitude 
distortion in its associated triode valve anode circuit. A tetrode 
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valve has an optimum anode load impedance, and amplitude dis
tortion increases for impedances greater or less than this value, so 
that series or parallel circuits produce much the same effect. 

Tone control circuits depending on variation of anode load 
impedance, as distinct from the potential divider type, are less 
effective in the anode circuit of a triode than of a tetrode, because 
the former has a much lower slope resistance. In all types it is 
preferable to use capacitance rather than inductance elements. 
The inductance element is, as a rule, more costly, has a much higher 
resistance component, is liable to pick up hum and interference 
voltages, and has stray capacitance. 

Control of tone may be in steps, by variation of the reactance 
element, or it may be continuously variable, the resistance element 
being adjustable. In some cases 9 the A.F. signal voltage may be 
passed to three separate amplifiers. One amplifies all frequencies 
equally, the second contains a low-pass filter which accepts only 
the low frequencies (below about 250 c.p.s.}, and the third uses 
a high-pass filter to accept the high frequencies (above 2,000 c.p.s.). 
The outputs of the three amplifiers may be combined in a single 
loudspeaker, or may be fed to separate loudspeakers specially 
designed to cover the desired frequency range. Separate adjustment 
of a potentiometer in each amplifier enables almost any required 
tonal balance to be obtained. 

Negative feedback, with frequency selective feedback circuits, 
can also be used to provide tone control. Thus, if there is maximum 
feedback in the range of medium frequencies, the result is equivalent 
to an intensification of the low and high frequencies. 

9.6.3. High-Frequency Attenuation. Control of the higher 
audio frequencies is possible prior to the A.F. amplifier, and variable 
selectivity in the I.F. amplifier (see Section 7.7, Part I} can be used 
for high-frequency tone control as well as for discriminating against 
undesired signals. Reduced coupling between the I.F. tuned circuits 
causes high-frequency attenuation, and overcoupling, producing 
double-humped frequency response, causes high-frequency intensi
fication. 

In an A.F. amplifier high-frequency attenuation can be obtained 
by adding a capacitance in parallel with the anode load resistance. 
Its effect is identical with that of stray capacitance 08 in Fig. 9.4a. 
The loss of amplification for given values of Ra, R 0, Ru and 0 1 +08 , 

where O 1 is the additional control capacitance, can be read from 
Fig. 9.5b as explained in Section 9.3.1. Variation of the high
frequency loss (in actual fact it is a variation in the maximum 
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amplification at the medium frequencies) is achieved by varying 
the load resistance R0. Increase of R 0 increases the high-frequency 
attenuation by increasing the amplification at the medium fre
quencies. A similar effect could be achieved by including a suitable 
inductance L1 between the anode of V 1 and the junction of R0 and 
Oc in Fig. 9.3, or in series with Oc between the anode of V1 and the 
junction of R0 and the grid of V 2• Series resonance of Oc and L1 
would be damped by the grid leak resistance, Ru. With the first 
connection, increase of R0 decreases the high-frequency attenuation, 
and with the second, tone control is achieved by variation of R0 , 

increase of R0 reducing the high-frequency loss. Stray capacitance 
across R0 may produce a series resonance peak in the frequency 
response at a high audio frequency ; its effect is similar to that of 
leakage inductance and stray capacitance in the transformer coupled 
amplifier (Section 9.4). Other disadvantages of using inductance 
control are listed in 9.6.2. 

9.6.4. High-Frequency Intensification. Increase of fre
quency response at the high audio frequencies can be obtained with 
either of the two circuits shown in Figs. 9.17a and 17b. Analysing 
Fig. 9.17a by means ofThevenin's Theorem, we have for the amplifi
cation at medium frequencies : 

A _ µRgllo 

m - (Ra+Ro)(Ru+ RRaR;) 
a+ o 

Thus . 9.27a 

The increase in amplification at the high frequencies expressed 
in decibels is therefore 

i+(X
1
)

2 

1 Ru - + 10 1 1 +x
2 

9 27b 
+10 og10 1+(~1r- og l+(Bx)2 . . 
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'----+-____ _.,_ ___ ..J.-___ -<>H.T.-

Fm. 9.l 7a.-A Circuit for Increasing High Frequency Response. 

We may note that tone control, by varying R
0

, is again obtained 
actually by reducing the amplification at the medium frequencies. 

Maximum amplification, Amax. = RµRk , is realized at the highest 
a+ o 

audio frequencies and is independent of B. Increased high-fre-

'----.::=:..___----+----=-----oH.T.
Fm. 9. l 7b.-A Circuit for Increasing High Frequency Response. 

quency intensification is obtained by decreasing R0 • A series of 
curves of gain at high frequencies relative to the medium frequencies 

is plotted in Fig. 9.18 against x, i.e., !1, to a logarithmic scale for 
g 

selected values of B. The horizontal x scale is converted to fre-

quency by locating / 1 = 
2
:Li with x = l, thus if Ra = 50,000 Q, 

R0 = 200~000 Q, R0 = 40,000 D, L 1 = 3 H, frequency response is 
40,000 

read from the curve for B = 0·5, and / 1 = 
6

_
28 

X 
3 

= 2,120 c.p.s. 

is located with x = 1. Amplification at 5,000 and 10,000 c.p.s. is 
+4·5 and +5·5 db. respectively. 
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It may be observed in the above example that the A.c./n.c. load 

resistance ratio R Ru R is only ¾ ; hence a large output voltage 
u+ o 

cannot be obtained from the tone control valve if distortion (see 
Section 9.3.3) is to be small. 
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Fm. 9.18.-Generalised Curves of High Frequency Intensification Circuits. 
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where again R = R0 + RRaR; 
a+ o 

1+( R1r 
+10 log,', ( RX, R,)i! 

l+ R+R1 'X1 

or 20 log10 14: I = 

1+x2 

= +10 log1o B )2 l+( x R1 R 
where x = Xi and B = R+Ri' 

47 

9.28 

Expression 9.28 is identical with 9.27b and the curves in Fig. 9.18 

are therefore again applicable, the horizontal x, i.e., ~:, scale being 

converted to frequency by locating / 1 = 
2

:n;~
101 

with x = 1. Thus 

for the same values of Ra, etc., as in the previous example, 
R1 =80,000 Q and 0 1 = 0·00094 µF, B = 0·5, / 1 = 2,120 c.p.s., 
and the frequency response is identical with that of the first circuit 
having an inductance element. A disadvantage of this circuit 
compared with that of Fig. 9.17a is that overall amplification is 
reduced in the ratio of B to 1, maximum amplification at the high 
frequencies being equal to amplification at the medium frequencies 
for the inductance element. For the component values listed above 
there is a loss of 6 db. in overall amplification with the capacitance 
element; on the other hand, the .A..c./n.c. load resistance ratio is 
higher at the medium frequencies. 

9.6.5. Low-Frequency Attenuation. Reduced amplification 
of the low audio frequencies can be obtained either by reducing the 
coupling capacitance Ge, or the self-bias capacitance Ok in Fig. 9.3. 
Figs. 9.5a and 9.10 enable the frequency response for selected com-

..---------------oH.T.+ 

-~---------------oH.T.-
FIG. 9.19.-A Circuit for Producing Low Frequency Attenuation. 
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ponent values, or vice versa, to be estimated rapidly. A circuit also 
producing low-frequency attenuation is shown in Fig. 9.19 ; variation 
of the resistance R1 controlling the frequency at which attenuation 
sets in. At medium frequencies, amplification is 

A _ µRo 
m - Ra+Ro 

and at low frequencies, assuming that the reactance of 00 is so small 
that it can be neglected (the analysis becomes unduly complicated 
if this is not done) 

h R R RaRo 
were = 1+R R a+ o 

and low-frequency loss is 

9.29 

-20 log10 \ ~7 / =-10 log10 ( 1+(:)
2

) =-10 log1o( 1+ : 2). 9.30. 

The above expression is identical with 9.4c, so that the curve in 

Fig. 9.5a gives the frequency response by locating /1 = 
2
!

1 
c.p.s. 

with x = 1. There is a possibility of parallel resonance at a high 
audio frequency due to stray capacitance across L1. 

9.6.6. Low-Frequency Intensification. Increased amplifica
tion of the low frequencies relative to medium and high frequencies 

--------------<>ff.T.+ 

FIG. 9.20.-A Circuit for Increasing Low Frequency Response. 

can be accomplished by the circuit shown in Fig. 9.20. At the 
medium frequencies 
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A = µRo'R 1 

m (R +R ')( RaRo' +R ) a o R +R, 1 
a o 

1 
R , R1+;--a 

µ o JP 1 

Al = R +R I R R I I 
a o a o +R + 

R + R I 1 ;--0 
a o JP 1 

9.31. 
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Fm. 9.21.-Generalized Curves for Low Frequency Intensification Circuits. 

Increase in amplification at low frequencies is 
1 

\ 

A I l+-2 
+20 log10 A 1 = +10 log10 ; 

m 1+(x 
9.32 

C 
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h O R B R1 d R RaRo' R w ere x = p 1 1, = R an = R R , + 1· a+ o 

Curves are plotted in Fig. 9.21 of amplification in decibels against 
x for selected values of B, and the frequency response is read 

by locating f 1 = 
2
n~

1
R

1 
with x = 1. Thus if Ra= 50,000 fJ, 

R0 = 200,000 fJ, R0 = 1 MfJ, R 1 = 40,000 Q, and 0 1 = 0·008 µF, 
106 

/1 = 6.28 X 40,000 X 0_008 = 497 c.p.s. is registered with x = 1 

and frequency response is obtained from the curve for B = 0·5 (the 
nearest curve to the actual value of B = 0·51). Thus the increase 
in amplification at 50 and 100 c.p.s. is +5·8 and +5·5 db. 
respectively. 

Yet another method of obtaining increased amplification at low 
frequencies is by a suitable choice of anode decoupling RC values 
as described in Section 9.3.6. 

9.6.7. Response confined to a Band of Audio Frequencies. 
When a receiver is intended for telephonic communication, its audio 
frequency range can with advantage be confined to a band from 
250 to 2,750 c.p.s. This comparatively narrow band contains 
almost all the frequency components necessary for good intelligi
bility, and at the same time tends to eliminate undesired frequencies 
due to hum, atmospherics, etc. As a rule a correctly terminated 
filter (R0 = 600 Q) is inserted in the A.F. amplifier; design pro
cedure for this is beyond the scope of the book and reference should 
be made to Bibliography Nos. 13 and 14. 

Frequency response limited to a very narrow band (about 
±50 c.p.s.) in the neighbourhood of 1,000 c.p.s. is quite often 
employed in communication receivers for telegraph operation. The 
narrow pass-band may be achieved by the use of a double-tuned iron
cored transformer with critical coupling between primary and 
secondary. The frequency response is similar to that for I.F. 

double-tuned coupled circuits, and the curves of Fig. 7. 7 (Part I) 
can be used either to estimate the performance for given values of 
primary and secondary inductance, capacitance and Q, and the 
mutual inductance between the circuits, or to calculate component 
values for a given performance. An average value Q for iron-cored 
inductances is 5, but by special design, such as thinner iron lamina
tions, it may be raised to 20. The factors influencing the Q of 
iron-cored coils have been examined in considerable detail by 
Arguimbau 5, 11, who found that Q reaches a maximum value of 
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IJ3piSAoc 
Q(max) = b Pctl 

51 

9.33 

at a particular frequency of 

j 1 = ~ J3PcPitl 
4n 2L'.lµJ SAoc 

. 9.34a 

= 4:n;2,1µJ2Q(max) 
. 9.34b 

where <> = thickness of laminations in ems. 
Ci = resistivity of lamination material in ohms per c.c. 
Pc = resistivity of copper winding in ohms per c.c. 
S _ Nnd 2 

_ effective coil window area (total cross-sectional 
- 4 - area of winding window in sq. cm.) 

d = diameter of wire. 
N = number of turns of copper. 
A = cross-sectional area of magnetic path in sq. cm. 

oc = stacking factor of iron (the ratio of effective area of 
core iron to inside area of coil tube, allowance is to 
be made for lamination insulation). 

t = average length of one turn of winding. 
l = mean length of magnetic flux path. 

L'.Iµ = incremental permeability of magnetic material. 

In determining the above expressions it is assumed that the 
A.C. flux density is very small, i.e., hysteresis loss is small, that 
skin effect of the copper in the winding, leakage flux and eddy 
currents between laminations are negligible, and that resonance is 
remote. The following conclusions are reached by an examination 
of expressions 9.33, 9.34a and 9.34b: 

(I) Multiplication of overall dimensions by a factor" r "increases 

Q(max) to rQ(max) and decrease / 1 to f1
• 

r 
(2) Decrease of lamination thickness, <5, increases Q(max) (not 

quite in the same proportion as <5 is decreased, because 
the stacking factor, oc, is altered) and increases J1 • 

(3) When the winding area is not fully occupied (Sis reduced), 
Q(max> is decreased and f 1 increased. 

(4) When the core is loosely stacked (oc reduced) Q(max) is 
decreased and f1 increased. 

(5) Increase of core cross-sectional area increases Q(max) and 
decreases f 1, but the change in A is offset by a similar 
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(6) 

(7) 

(8) 
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change in t. Doubling A only increases Q(max) about 
1·25 times. 

Decrease of core material resistivity, Pi, decreases Q(max) 

and f 1 • 

Increase of winding material resistivity, Pc, decreases Q(max) 

and increases f1 • 

Increase of air gap in a given design has no effect on Q(max), 

but decreases f1 if L1µ is increased. If the core carries 
D.c. current, L1µ may be increased by increase of air gap. 

The value of Q obtained at a frequency, f, can be 
expressed in terms of Q(max), f and f 1 as follows: 

Q 
- 2 Q(max) 
- f f1 

-+-f1 f 

9.35 

For a Q of 5, and fr = 1,000 c.p.s., frequency response for 
critical coupling is (see Fig. 7.7.) about 1 db. and 7 db. down at 
100 and 200 c.p.s. respectively off-tune from 1,000 c.p.s., whilst 
for Q = 20, fr = 1,000 c.p.s., the losses at the same frequencies 
are 18 and 30 db. respectively. When reduced overall amplifi
cation can be considered, greater selectivity is possible by using 
couplings less than critical. For example, at one-half critical 
coupling, the losses in the first case are increased to 4 and 11 ·5 db. 
respectively, but overall amplification is reduced by 2 db. 

9.6.8. Elimination of a Narrow Band of Frequencies. 
The elimination of a narrow band of frequencies in the A.F. range 
is sometimes used for reducing needle scratch in the reproduction of 
gramophone records (the predominant frequency is about 11 kc/s), 
and also for reducing heterodyne whistle interference (about 9 kc/s) 
from an adjacent channel transmission. A possible circuit is shown 
in Fig. 9.22. 

FIG, 9.22.-A Circuit for Eliminating a Narrow Band of Audio Frequencies. 
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The amplification at frequencies far removed from resonance is 

A µRo' 
n = R +R' a o 

where R' - RoRu 
o - Ro+Ra 

and at other frequencies 

R~+~
0
,+R1+j(pL1 - p~) 

At resonance, amplification is minimum and given by 

µRo' R 
Ar= R R ,. RR '

1 
. 

a+ o a o +R 
R +R' 1 

a o 

The ratio of An to amplification at any particular frequency is 

RaRo' +R + . ( L I ) R" +jP~i(P - Pr) 1JP1-- -----
An _ Ra+Ro' pG1 _ R1 R1 .Pr p 

A - R1 +j(pL1 - _l_) - 1 +jP~1/ JJ - Pr) 
pG1 R1 \Pr p 

B+jQ(x -1) 
= I+jQ(x -1) 9.33 

9.34. 

There are three possible variables, B, Q and x, in 9.34, and a single 
series of generalized frequency response curves cannot be produced. 
Representative curves showing the effect of varying B for constant 
Q, and vice versa, are plotted in Fig. 9.23 against x. A similar 



54 RADIO RECEIVER DESIGN [CHAPTER 9 

logarithmic frequency scale with fr = ) registered against 
2n L1C1 

x = 1 enables frequency response for particular component values 
to be read. Thus if Ra = 50,000 Q, R 0 = 200,000 Q, Ru = 1 MD, 
R 1 = 10,000 Q, Q = 10 and fr= 9 kc/s the frequency scale is 
registered at 9 kc /s as shown and frequency response read from 
the curve Q = 10, B = 5 (this is nearest to the actual value of 
B = 4·85), i.e., maximum loss at 9 kc/sis very nearly 14 db., whilst 
at 8 (or 10·1) kc/s and 7 (or 11·6) kc/s the loss is 7·2 and 3 db. 
respectively. The curves show quite clearly that Q controls the 
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Fm. 9.23.-Generalized Curves for Narrow Band Elimination Circuit. 

shape of the frequency response and B the maximum loss at the 
resonant frequency. 

9.6.9. Combined Volume and Tone Control. Attempts 
have been made to overcome the lack of tonal balance as the loud
speaker average sound intensity is reduced (due to a greater apparent 
reduction in the low and high A.F. components) by linking the 
volume and tone control action. One of the simplest and earliest 
methods was by means of a parallel resonant circuit 3 (tuned to 
about 50 c.p.s.) or a series resonant circuit 2 (tuned to about 
1,000 c.p.s.) connected to a fixed tapping point on the volume 
control potentiometer. As this point is approached by the slider 
of the potentiometer, low-frequency response is intensified (by the 
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parallel resonant circuit) or medium-frequency response is reduced 
(by the series resonant circuit). This method has the disadvantage 
that frequency response is not exactly related to the sound output 
as should be the case for correct tone-volume compensation. Com
bined volume and tone control can be realized by ganging the 
volume potentiometer and the resistance tone-control element. 
A separate tone control is, however, generally preferable since best 
tonal balance depends on site conditions (size and furnishing of 
room, signal-to-noise ratio, etc.), and is, to a large extent, a matter 
of personal taste. 
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CHAPTER 10 

THE POWER OUTPUT STAGE 

10.1. Introduction. The audio frequency output stage of 
a receiver differs from the other stages in that maximum power, 
as distinct from maximum voltage, is required from its anode circuit. 
This usually entails a definite relationship between the output load 
and the valve internal resistance, though the optimum load resistance 
is not determined only by maximum power but also by distortion 
considerations. Normally the optimum load is taken as that value 
of resistance which gives maximum output power for a total harmonic 
distortion of 5%, 

Two types of valves are used, the triode and the beam tetrode 
or pentode, and each has its particular advantages. The output 
load may be supplied from a single valve, or a pair operating in 
push-pull, the particular features of the latter being (if matched 
valves, having identical IaEa characteristics are employed) can
cellation of even harmonics, and zero D.c. polarization in the out
put transformer. Neither of these features is possessed by a pair 
of valves in parallel, and the only advantage of the parallel con
nection is that the equivalent generator internal resistance is 
halved. When a single valve supplies the output stage, it is usually 
biased to the centre of the straight part of its IaEu characteristic; 
this is not essential in push-pull stages, and in order to economize 
in current consumption both valves may be biased to the bend of 
their IaEu characteristic. Even harmonic distortion is produced in 
each valve but is cancelled by the push-pull connection. The first 
method is known as Class A operation and the second as Class B 
operation. There is also a third method, known as Class AB, which, 
together with the second method, is discussed in Section 10.8. 
Inverse or negative feedback from the output stage is employed to 
reduce amplitude and frequency distortion and to damp loudspeaker 
resonances, and details of the various forms of feedback circuits 
are given in Section 10.10. 

10.2. Conditions for Maximum Power Output.48 In order 
to calculate the load for maximum output power, some assumption 
of the form of the IaEa characteristics must be made. For con
venience we shall consider a. triode having a series of straight equally-

spaced parallel lines, of slope ~; equal to the reciprocal of the valve 
a 
56 
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internal resistance Ra. The line OA in Fig. 10.1 is the boundary 
curve for Eu = 0, beyond which the valve may not operate unless 
the previous stage has been designed to supply the necessary power 
absorbed by grid current. 

The analysis can also be applied to a tetrode, but the valve 
resistance Ra must then be taken as the value obtained from the 
boundary curve OA, and is not the normal valve slope resistance 
obtained with high anode voltage. 

Five possible cases have to be considered, for all of which neither 
grid current nor distortion are permitted. The first has fixed A.O. 

input voltage to the grid, the second has fixed D.O. anode voltage 
and no limitations on D.O. anode current or A.O. input grid voltage. 
The third case is the same as the second except that the maximum 
n.o. power dissipation at the anode is fixed, i.e., maximum D.o. 
anode current, is fixed. The fourth has fixed D.O. power dissipation, 
but n.o. anode current and voltage can be varied so long as their 
product is constant. The fifth applies all the results to the practical 
form of triode IaEa characteristic, curved at low anode currents. 
This means that there is a minimum value of anode current, below 
which the valve must not be operated if distortion is to be small, 
and also that the straight part produced (MA in Fig. 10.2b) of the 
boundary line does not pass through the origin but a point corre
sponding to an anode voltage of e. 

CASE 1. Grid current and distortion zero, fixed A.O. input voltage 
to the grid. 

The valve functions .as a generator of constant voltage µEu, 
having an internal resistance of Ra. 

P 
_ (µEu) 2Ro 

A.O. power output O - (R R )2 • IO.la 
a+ o 

d . . h dPo 
an 1s a maximum w en dRo = 0, 

i.e., when R 0 = Ra. 
This condition is illustrated on the IaEa characteristics of Fig. 10.1 
by the load line B' D', which can be located anywhere between 
OA and MN (the limiting grid voltage lines) so long as F'H' = H'B'. 
The best position is that shown, B' and M coinciding, since raising 
B'D' merely increases the D.o. power taken by the valve without 
increasing A.O. power output, which is the area of triangle H'F'Q. 

Therefore 
But 

P 0 = ½(Ei' - E/)Ii' 
Ei' = JJ;;E/ because R 0 = Ra 

c* 
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h £ P I E 'I I I E/2 T ere ore O = t 1 1 = 18 R 
a 

E '2 

n.c. power to the valve = Ei'li' = 
3
1 

a 

so that A.c./n.c. power conversion efficiency = 16·6% 

[CHAPTER 10 

IO.lb 

If it is possible for grid current to flow and E / can be taken 
to zero, power output is increased to ½Ei'li' and A.c./n.c. power 
conversion efficiency to 50%. 

CASE 2. Grid current and distortion zero, fixed D.C. anode voltage, 
no limitations on D.C. anode current or A.G. input voltage to the grid. 

The load line is BD on Fig. 10.1, and the equation to this line is 

I = - Ea+c 
a Ro 

where C = anode current at the intersection of BD with the Ia axis. 
For zero distortion E 1 - E 2 = E 3 - E 1 , or Ea = 2E1 - E 2 • 

Fm. 10.1.-Load Lines on the Idealized IaEa Characteristics of a Triode. 

The point B on line BD corresponds to 

Therefore 

I = 0 = - (2E1 - E 2) +c 
a Ro . 

C = 2E1 - E 2_ 

Ro 
Current and voltage at the intersection F of OA and BD are 

12 = E 2 = _ E2+ 2E1 - Ea = ~(Ei _ E
2
). 

Ra R 0 R 0 R 0 
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Therefore E 2 = 2EiRa 
2Ra+Ro 

and I - 2E 1 
· 

a - 2Ra+Ro 
la 

Power output P 0 = ½(E1 - E2)2 
½ E1 2Ro 

= (2Ra+Ro)2 

For maximum power output dP O = o · 
dRo ' 

or 

Therefore 

Input n.o. power 

R 0 = 2Ra. 
E12 

P 0(max.) = 16R 
a 

E1Ia E12 
~ = 4R a. 

A.O. to n.o. power conversion efficiency = 25o/o. 

59 

. 10.2a. 

. 10.2b. 

Hence for a given n.o. anode voltage E 1 , case 2 gives more power 
output and a higher A.O. to n.o. conversion efficiency than case 1. 
On the other hand, a larger input A.O. voltage is required at the grid. 
Conversion efficiency is increased to 50% if E 2 can be taken to zero. 
This condition can be approached with a tetrode without grid current, 
but the grid current region must be entered if a triode is used. 
Class AB (Section 10.8.7) and Class B positive-drive (Section 10.8.5) 
are examples of this, the previous stage being specially designed to 
supply the power needed when grid current is taken. 

The optimum load for curved IaEa characteristics having the 
relationship Ia= KEai has been calculated2 and found to be 
R0 = 1·6Ra. However, the rule giving optimum load as R 0 = 2Ra 
proves in practice to be nearer the measured optimum value for 
single triode Class A amplifiers giving 5 % total harmonic distortion. 

CASE 3. Grid current and distortion zero,fixed D.C. anode voltage 
and anode current. 

For every valve there is a maximum value, P»(max.), for the 
power which can be dissipated at the anode, and care must be 
taken to see that the n.o. power (E1/ 1) taken by the valve does not 

exceed this value. If / 1 for R0 = 2Ra, is less than P»~ax.), this 

represents optimum load conditions and there will be actually less 

t b · · I t P»(Emai x.)_ When J 1(Ro -- 2Ra) power ou put y mcreasmg 1 o 
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exceeds PDtax.), the D.C. grid-bias voltage must be increased to 

reduce J 1 to its maximum permissible value, and maximum power 
output is then obtained for R 0 > 2Ra. This condition is illustrated 
in Fig. 10.2a ; the hyperbolic relationship between D.C. anode 
current and voltage for a fixed value of PD(max.) is represented by 
the curve GHK. OA is the boundary line for zero grid current and 
BD is the load line drawn through the reference point H on the 
curve GHK. For zero distortion the change in anode current and 
voltage above H must equal the change below H. It is not an 
essential condition, however, that the full extent of the load line 
from B to F should be used, and the problem is one of determining 
whether maximum power output is obtained by an excursion over 
less than the length BF. If we ignore the limitations imposed by 

Ia 
I> 

the negative anode voltage 
swing (below H), maximum 
power output is obviously 
obtained by using the full 
extent of HB and by making 
PB as large as possible. 
Power output, equal to 
½(E3 - E 1)/1 is the area of 
the triangle HBP, and this is 
clearly a maximum when E 3 

is maximum. It must there
B Ea Ea fore be the negative anode 

voltage swing, which always 
FIG. 10.2a.-Optimum Load Conditions for a 
Triode Valve of Fixed o.c. PowerDissipation. determines the maximum 

0 

power output. Power out
put, equal to the area of triangle HFL, is zero when R 0 is infinite 
(BD is horizontal) and when R 0 = 0 (BD vertical); it is maxi
mum when the slope of BD equals that of OA. It is equivalent 
to working with a fixed grid input A.C. voltage and is therefore 
case 1 over again. Two possible conditions, depending on the 
position of H relative to OA and the Ea axis, have to be considered. 
Suppose His much closer to the Ea axis than to OA; we find that 
as the point B on the load line, pivoted at H, is brought closer to 
Ei, the area of the triangle HBP is decreasing and that of triangle 
HFL increasing. Since H is assumed to be close to the Ea axis, 
the condition for maximum power output is that the areas of the 
triangles HBP and HFL are equal. When R 0 = Ra (giving maxi
mum area of triangle HFL) the area of triangle HFL is greater 
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than that of triangle HBP, and if distortion is to be avoided it 
entails reducing the negative anode voltage excursion from HF to 
a length equal to HB. This is clearly inefficient. For equal areas 
of the triangles, the maximum current I 2 must be twice I 1 and 

E 2 = I 2Ra = 2I1Ra. 
Power output P 0 = ½(E1 - E2)I1 

= ½(E1 - 2I1Ra)I1 10.3a. 

Optimum load resistance Ro = HL = E 1 - E 2 

FL 11 

E1 
=--2R 11 a 

= Rn.c. - 2Ra 

where Rn.c. = D.C. resistance of the valve 
. . ½(E1 - 211Ra)I1 

A.O. to D.C. conversion efficiency= Eiii 

= t(1 - ;Ra) 
D.C. 

10.4. 

Maximum A.C./D.C. conversion efficiency approaches the same 
maximum value as for case 2, viz., 50% when Rn.c. is large compared 
with Ra. This is to be expected since a large value of Rn.c. implies 
a high value of E 1 and low value of 11 ; both these effectively 
reduce E 2 , as does a decrease in Ra. 

The second condition, for which H is much closer to OA than 
to the Ea axis (see position H' in Fig. 10.2a), requires R 0 to equal 
Ra for maximum power output, but the valve is then operating very 
inefficiently, only a small part of the load line between H' and 
B being used. The most efficient method of operation would be 
to reduce Ii' to Ii", which gives H"F' = H"B'. with a load line of 
R 0 = 2Ra. 

The conclusion to be drawn from the analysis is that I 1 should 

never exceed ! (this corresponds to an optimum load resistance 
a 

of R 0 = 2Ra), for increase of current above this value decreases 
power output and A.c./D.C. conversion efficiency. Optimum load 

. t h I Ei . R R b t £ I Ei · · res1s ance w en 1 > 
3
R 1s O = a u or 1 < 

3
R 1t 1s 

a a 
E1 

Ro= 
11 

- 2Ra. Maximum power output is always realized for 

I 1 = -fi; , when optimum load resistance is R 0 = 2Ra. 
a 
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CASE 4. Zero grid current and distortion,flxed D.C. anode dissipa
tion loss, no limitations on D.C. anode voltage. 

Expression 10.3a for power output may be written 

Po= ½(E1l1 - 2li2Ra) = ½(PD(max.) - 211
2Ra) . 10.3b. 

Since PD(max.) is a constant, it follows that maximum power output 
is obtained when / 1 is as small as possible, i.e., E 1 is as large as 
possible. A.O. to n.o. conversion efficiency is a maximum at the 
same time. It must, however, be noted that increased efficiency 
in the anode circuit, brought about by increased D.O. anode voltage, 
entails a lower grid input voltage efficiency by requiring a steadily 
increasing input voltage. In most practical cases of Class A triode 

Fm. 10.2b.-Optimum Load Conditions for a Triode of Fixed n.c. Power Dissipation 
and Minimum Anode Current. 

operation optimum overall input and output conditions are realized 
by making R 0 = 2Ra. 

As pointed out at the beginning of this section the analysis may 
be applied to a Class A tetrode valve provided it is remembered 
that Ra is the slope resistance of the boundary curve for small 

values of anode voltage. In almost all cases I 1 < ,:1i: and optimum 
a 

load is 
Ro = RD.c. - 2Ra. 

Often Ra, the slope resistance of the OA boundary line for small 
anode voltages (not exceeding 30 volts), is negligible in comparison 
with Rn.c. and 

Ro= Rn.c. 
gives a good approximation to the optimum load. 
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CASE 5. Grid current and distortion zero,fixed D.C. anode dissipa
tion loss, fixed minimum D.C. anode current, boundary line produced 
from its straight part passes through some positive value of Ea. 46 

The practical form of IaEa characteristic is generally non-linear 
for low values of I a, and this sets a limit on the minimum operative 
value of Ia if distortion is not to be excessive. For a triode valve 
the foot of the boundary characteristic (Eg = 0) is often curved and 
the straight part (produced) cuts the Ea axis at some positive voltage. 
Fig. 10.2b illustrates the condition, the intersection of the boundary 
line OA (produced) cutting the Ea axis at +s volts. The hyperbolic 
curve GHK is the fixed anode dissipation loss and it is cut eventually 
by the minimum anode current line drawn at Ia = I min.· Cases 1 and 
2 are not affected by the new conditions, i.e., optimum load for 
fixed grid A.c. input voltage is Ra, and for fixed n.c. anode voltage 
and unlimited grid input voltage is 2Ra, where Ra is the slope 
resistance of the line MA. Case 3 is, however, slightly modified; 
the triangles HFL and HP'B' must be equal, which means that 

J Z - f 1 = f 1 - f min. 
or 1 2 = 211 - Imin. 

A.C. power output Po= ½(E1 -E2)(J1 -IminJ 
= ½[E1-(211-IminJRa-sJ[l1-Jmin.J 10.5. 

Optimum load resistance R 0 
E 1 -E2 

11 - Jmin- • 

_ E 1 - (211 - Imin.)Ra - e 
- 11 - Jmin-

R R R R R 
fmin. 

= D.C. - 2 a+( D.C. - a - min•)] J 
1 - min-

h R d R E1 d s . l w ere n.c. an min. are r an r-:- respective y. 
1 min. 

10.6a 

10.6b 

The above expression is the same as for case 3 when Imin. and 
s are zero. 

A.c. to n.c. power conversion efficiency 

[E1 - (211 - Jmin.)Ra - s][f 1 - lmin.J 
. 2E

1
J

1 
. 

= t(1 - R2Ra + RRalmlin. - ·~-)(1 - !mlin-). 10.7 
D.C. D.C. 1 E1 1 
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since Ralmin. < s, and ( 1 -
1
tn) < 1, expressions 10.5 and 10.7 

for P O and conversion efficiency are clearly less than 10.3a and 10.4, 
and this is to be expected since minimum anode current is no 
longer zero. 

Case 4 (unlimited D.C. anode voltage) is also modified, for 
maximum P 0 is now obtained at some finite value of Ea. This 
must be so since the D.c. anode voltage cannot possibly exceed half 
the anode voltage corresponding to the intersection of I min. with 
the hyperbola GHK. The condition for maximum power output 
is obtained by differentiating P 0 (expression 10.5) with respect to 
/ 1 and equating to 0. 

Thus 
dPo dE1 
dl1 = 0 = (3/min. - 411)Ra - e - dl1 .Imin. 

for E 1J1 = PD(max.) = constant 

E 
_ Pn(max.) 

1 - 11 . 

Therefore dE1 Pn(max.) 
dl1 = - 112 

The condition for maximum P O is 

Pn(max.) = [ 411 _ 3]R +R 
/ 2 / • a min-· 

1 min. 

This is a cubic equation in I 1 , which is generally fairly easily solved 
by trial and error. 

B . h Pn(max.) R d 1 . R y notmg t at 112 = n.c. an rep acmg n.c. in 10.6b 

by its value in terms of / 1 , Imin. and Rmin., we have 

Ro = [;1~ - 1]Ra+Rmin. 10.6c 
min. 

as the optimum value for R 0 • It is a function of Imin. and 
e (lmin.Rmin.). The smaller the value of Imin. the larger is R 0, and 
when Imin. is zero, optimum R 0 is infinite as for case 4. 

It is useful to note that the A.C. input voltage required at the 
grid in all cases where I a is taken down to I min. is 

E =MN= SH= SL+LH = (12 - I1)(Ra+Ro) 
g µ µ µ µ 

_ (/1 - lmin.)(Ra+R 0 ) 

µ 
and it increases as R 0 is increased. 

10.8 
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10.3. The Characteristics Required of an Output Valve. 
Certain characteristics are required of an output valve and the most 
important are : 

(1) High power sensitivity. Power sensitivity is expressed as 
the R.M.s. output power (milliwatts) per input R.M.S. grid volt. 
The higher this value the lower is the grid voltage required for 
maximum power, so that less amplification is needed in preceding 
stages, and the possibility of distortion before the output valve is 
consequently reduced. 

(2) Low distortion. Distortion should be low and confined 
mainly to the second harmonic. Higher harmonics indicate the 
probability of intermodulation products, which tend to produce 
rough and rasping reproduction. 

(3) High D.C. to A.G. conversion efficiency. High efficiency, 
though desirable, is less necessary in A.C. mains than in battery 
operated receivers. It may be achieved by making the minimum 
anode voltage as low as possible, by using a high H.T. voltage and 
a Class B push-pull output stage. 

(4) High power output. Power outputs of about 3,000 mW 
maximum are generally adequate for most living rooms, but much 
larger values are required for public address systems. 

(5) Low slope resistance. This helps to damp out loudspeaker 
cone resonances. Most loudspeakers have several resonances, a 
major one occurring between 50 and 100 c.p.s., and they can be 
objectionable if not adequately damped. 

A comparison can now be made between the two types of output 
valve, the triode, and the tetrode or pentode. The triode has a low 
power sensitivity; an average value for a D.c. power dissipation 
of 12 watts is about 150 mW per 1 volt R.M.s. grid input. The 
beam tetrode has a sensitivity of about 1,000 mW per volt for the 
same D.C. power. In a triode, distortion is largely confined to the 
second harmonic, and it falls as the load resistance increases. The 
beam tetrode has characteristics similar to the pentode and it 
therefore produces distortion containing a proportion of the higher 
harmonics. There is a load resistance value at which second 
harmonic is a minimum, but third harmonic steadily rises with 
increase of load resistance (see Fig. 10.lOb). This is a disadvantage 
because the impedance of the loudspeaker speech-coil increases at 
the higher frequencies. This increase in load impedance 8 is often 
limited by a series combination of capacitance and resistance 
connected across the primary of the output transformer. The 
reactance of the capacitance falls as the frequency increases, and 
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the effect of the series resistance becomes more and more pronounced, 
thus tending to stabilize the output load. This also has the advan
tage of reducing the accentuation of the high frequencies. The 
accentuation is due to the rising impedance of the speech-coil in 
association with the high internal resistance of the tetrode, which 
tends to maintain a constant current through the speech-coil if no 
correcting circuit is applied. 

Owing to the shape of its IaEa characteristics, the beam tetrode 
has a lower minimum anode voltage than the triode, and its 
maximum n.c. to A.c. conversion efficiency, in spite of the loss of 
power due to screen current, is therefore higher, about 35% as 
compared with 23% for the triode. For the same reason the tetrode 
produces a larger power output than a triode operating under 
similar H.T. conditions. The lower internal resistance of the triode 
is of considerable advantage in damping loudspeaker resonances. 

Summarizing, the triode is preferable when high quality is 
essential, whilst the tetrode is better when high power sensitivity 
and efficiency are desirable. 

10.4. The Calculation of Power Output and Harmonic 
Distortion.8 , 9 , 15 , 17 The power output and distortion produced 
by an output valve supplying a resistance load may be calculated 
from IaEa characteristic curves, taken at specified grid-bias voltages, 
generally equally spaced; the number of curves required is at least 
one more than the number of the harmonic, the amplitude of which 
is to be calculated. Thus, if distortion up to the fourth harmonic 
is to be calculated, curves are needed for five grid bias voltages. 
We shall take first the case of a triode having mainly second harmonic 
distortion. The normal grid bias for any given anode voltage is esti
mated from the IaEu characteristic curves; it should correspond 
approximately to the centre of the straight part of the characteristic, 
and generally is less than half (about 35 to 45% of) the cut-off grid 
bias voltage. Having determined the normal operating bias voltage 
( - Eu1 ), the minimum negative grid voltage ( - Eu2) is fixed by 
start of grid current (in battery valves Eu2 is slightly positive, but 
in mains valves it is negative, being about - 0·5 to - I volt). 
For a sinusoidal input voltage the maximum negative grid voltage 
- Eua is equal to - (2E01 - Eu2)- The three IaEa characteristic 
curves for these grid bias voltages, - Eu2, - E01 and - Eua, are the 
ones selected for calculating second harmonic distortion and power 
output, and they correspond to angular positions for a cosine* 

* The cosine expression for input voltage is used in preference to the sine 
as was the case for Part I. 
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wave input voltage of 0°, 90°, 180°, 270° and 360°. Fig. 10.3a 
shows the curves with a load line ZZ' drawn across them. Although 

the grid voltages are equally spaced, the separations between the 
curves are unequal, showing that the IaEu characteristic is non-linear 
and harmonic distortion is present. The shape of the output current 
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wave is shown to the right in Fig. 10.3b, and we will assume that 
it can be completely analysed into D.c., fundamental and second 
harmonic components ; the expression for the output current is 
therefore 

Ia = a0 +a1 cos pt+a2 cos 2pt 

where a0 = D.C. component of current 
a 1 = fundamental A.C. peak current 
a2 = second harmonic A.C. peak current 

and p = 2nf = pulsance of the input frequency. 

10.9 

The three characteristic curves give three values of current I 2, 

/ 1 and Ia, which satisfy expression 10.9, so that the values of a0, 

a 1 and a2 in terms of these currents can be found as follows : 

At - Eg2, pt= 0; Ia= 12 = ao+a1 +a2 • 10.10. 
At - Eg1 , pt= 90°; Ia= 1 1 = a 0 - a 2 . 10.11 
and at - Eg3 , pt = 180°; Ia = Ia = a 0 - a 1 +a2 10.12. 

Subtracting 10.12 from 10.10 gives 

. 10.13. 

Therefore Power output, 

Po= a12Ro = (/2 - la)2Ro 
2 8 

. 10.14. 

Adding 10.10 and 10.12 

l2+Ia = 2(ao+a2) 
= 2(11+2a2)-

Therefore l2+la - 211 
a2 = 4 10.15. 

Second Harmonic ratio = a2 = 12 +Ia - 211 10.16. 
a 1 2(12 - Ia) 

A direct reading harmonic scale may be constructed 20 for placing 
over the IaEa curves so as to read percentage second harmonic 
directly. It is developed as follows: 

If the Second Harmonic percentage = x 

where 

X _ 1 X (/2 - 11) - (/1 - la) 
100 - 2 

(/2 - 11) +(11 - Ia) 

-1. y-1 
-2· y+I 

12 - 11 
y = I I. 

1 - 3 

. 10.17 
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Rearranging 10.17 to express y in terms of x, 

50+x 
y = 50 - X 

. 10.18. 

The values of y for different percentages of second hannonic are 
tabulated below. 

x% 1 
y 1·04 

2 
1·082 

3 
1·127 

4 
1·173 

5 
1·221 

10 
1·5 

15 
1·86 

20 
2·33 

To form the direct reading harmonic scale a right angled-triangle 
ABC is constructed as in Fig. 10.4, where AB and BO have any con
venient lengths. A series of lines AD1 , AD2, etc., is drawn to meet 
BO produced ( on the opposite side of B to 0) such that BD / BO = y. 

D. :3 '2 7 

20 75 10 5 0 
Second Harmon/;---y 

Percentage 

A 

B 
I 

--,o)o-+ojoE--7---, 

Fm. 10.4.-A Direct Reading Second Harmonic Scale. 

C 
I 

Thus for 10% second harmonic BDdBO = 1·5; corresponding lines 
are drawn for other values and each is marked with its appropriate 
harmonic percentage. The triangle ABO (on transparent paper) is 
placed on top of the IaEa curves so that DBO is parallel to the 
selected load line, and it is moved about until AB and AO pass 
through / 1 and / 3 respectively as shown in Fig. 10.3a. The AD line 
passing through Z gives the percentage second harmonic directly. 
If it should happen that I 2 - J 1 < I 1 - I 3 , the triangle is reversed 
and adjusted so that AB and AO pass through I 1 and J 2 respectively 
and the AD line passing through Z' gives the percentage second 
harmonic distortion. 

For an output valve (such as a beam tetrode) having the IaEa 
characteristics shown in Fig. 10.5, five grid bias voltages are needed 
for calculating up to the fourth harmonic. The bias voltages are 
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chosen to be equally spaced so that they correspond to angular 
positions of the cosine wave input voltage of 0°, 60°, 90°, 120°, 180°, 
etc. Three of the voltages are the same as for the.second harmonic 
measurement, viz., - Eu2, - Eg1 , and - Eu3, and the other two 

FIG. 10.5.-The Load Characteristic on the IaEa Curves of a Tetrode Valve. 

voltages are - Eu1±0·5(Eu1 - Eu2). We will assume 
anode current expression is 

Ia = a 0 +a1 cos pt+a2 cos 2pt+aa cos 3pt+a4 cos 4pt 
At - Eg2, pt= 0. 12 = a0 +a1 +a2+aa+a, 

- Egl +0·5 (Egl - Eg2), pt = 60°. 
I,= ao+0·5a1 - 0·5a2 - a 3 - 0·5a, 

- Eg1, pt= 90°. 11 = a 0 - a 2 +a, 
- Egl - 0·5 (Egl - Eg2), pt = 120°. 

I, = a0 - 0·5a1 - 0·5a2 +aa - 0·5a, 
- Eg3, pt= 180°. Ia = ao - a1 +a2 - a3 +a, 

Subtracting 10.24 from 10.20 

12 - Ia= 2(a1+aa) 
and 10.23 from 10.21 

I, - I, = a 1 - 2a8 • 

Solving the above for a 1 

(12 - la)+(I, - I,) al = ____ 3 ___ _ 

that the 

10.19. 

10.20 

10.21. 

10.22 

10.23 

10.24. 

. 10.25. 

. 10.26a. 
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Solving for a 3 

(/2 - la) - 2(1, - /5) 
aa = 6 

. . . aa (/2 - ls) - 2(1, - /5) 
Third harmomc ratio = a

1 
= 2[(/2 _ Ia)+(l, _ /

5
)] 

Adding 10.24 to 10.20 

l 2+la = 2(ao+a2+a,) 
= 2(11 +2a2), 

Therefore aa = Ia+Ia4 - 211 

Second harmonic ratio = a2 = ¾ I 2 + 13 - 211 
a1 (l 2 - I a) +(I, - I 5) 

Adding 10.21 and 10.23 

I,+1 5 = 2ao - a2 - a, 
l 2+la = 2ao+2a2 +2a,. 

Therefore / 2+/3 - 14 - / 5 = 3a2 +3a,. 

Substituting 10.29 for a2 in the above 
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. 10.27. 

10.28a. 

10.29. 

10.30. 

1 
a, = 

12
(Ia+ls - 4/, - 415 +611) . 10.31. 

Fourth harmonic ratio= a,= ¼(la+ls) - 4(I,+l5)+611 .10.32. 
a1 (/2 - la)+(I, - /5) 

Solving for a0 gives 
ao = ¼(I2+Ia+2l,+2l5) . 10.33. 

A direct reading third harmonic scale may be constructed in 
a similar way to the scale for second harmonic in the first example. 
Expression 10.27 may be written in terms of the percentage 

h . d h t· I z - I a armoruc, x, an y, t e ra 10 
1 1 

, 
' - 5 

x a 3 y - 2 
100 = a 1 = 2(y+l) · 

Rewriting 10.34a so as to give y in terms of x 

l00+x 
y = 50 - X 

.10.34a. 

10.34b. 

The above expression is true when (J 2 - I 3) > 2(1, - I 5), but for 
(/2 - / 3 ) < 2 (/4 - 1 5), a 3 is negative and 

100 - X 

y = 50+x .10.34c. 
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The values of y for different distortion percentages and the two 
conditions, (a) (/2 - ls) > 2(/4 - ls) and (b) (/2 - ls)< 2(/4 - I.) 
are as follows : 

x% 0 1 
y (a) 2 2·065 

(b) 2 l ·942 

2 
2·125 
1·885 

3 
2·19 
1·83 

4 5 
2·26 2·335 
1·777 1·728 

10 15 
2·75 3·29 
1·5 1·308 

20 
4 
1-142 

For the direct reading scale, an isosceles triangle ABO is con
structed as in Fig. 10.6. (The isosceles shape is merely for 
convenience and is not essential.) The base BO is bisected at E, 
which is joined to A. Lines AD, etc., are drawn from A to cut BO 
( condition b) or BO produced ( condition a) such that BD / BO = y /2. 
The triangle ABO (on transparent paper) is placed over the 
IaEa curves with BO parallel to the load line, AB passing through 

Fm. 10.6.-A Direct Reading Scale for Third Harmonic Percentage Distortion. 

I, and AE through I 5 • The triangle is now moved, maintaining 
BO parallel to, and at the same perpendicular distance from, the 
load line until AB passes through I 2• The distortion line AD 
passing through the intersection of ls and the load line, i.e., point 0 
in Fig. 10.5, gives the percentage distortion directly. 

Second harmonic distortion may be measured using the direct 
reading scale with / 1 , / 2 and ls as indicated in the first example. 
This assumes that / 2 - / 3 === 2(/4 - ls), i.e., the third harmonic 
percentage is almost zero. The error introduced in the second 
harmonic percentage reading by this assumption is of the same 
percentage order as the third harmonic percentage. Thus the error 
introduced by 2% third harmonic is approximately 2% of the 
second harmonic percentage, i.e., a measurement of 5% second 
harmonic by the direct reading scale might be either 4·9% or 
5·1%. 
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When the output wave shape is symmetrical about I 1 

l 2 +Ia = 11 = I,+Is 
2 2 

and there is no second and fourth harmonic. 
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The amplitudes of the individual current components in expres
sion 10.19 can be determined by comparatively simple geometrical 
constructions. 44 The increase in D.c. component due to the 
application of the signal is, from 10.33, 

a 0 - 11 = ½[ (12!13 - 1) +2(1'tl~ - 11)] 
= ½(FA+2GA) 

where F bisects the line BO in Fig. 10.5 and G bisects DE. 
From 10.25 

_ 1.[I2+l4 _ Ia+Is] 
U1 - 3 -2- -2-

= }(HK - LK) = }HL 

where H bisects BD and L bisects EC. 
Expression 10.29 can be written 

a2 = ½[l2!Ia - 11] 
= ½(FK -AK)= ½FA. 

The value of a 3 can be expressed from 10.27 as 

aa = ½[ (11 !12 _ I,) _ (l1tla - ls]) 
=½(MD-NE), 

where M bisects BA and N bisects AO. 
If Mis a lower current point than D, as in Fig. 10.5, MD becomes 

- DM where DM is the distance from D to J.11. 
From 10.31 

a,= i[(I2tla - 11) - 4(1'!ls - 11)] 
= ¼(FA - 4GA). 

10.5. Audio Frequency Distortion with a Complex Anode 
Load Impedance. The analysis of Section 10.4 is developed on 
the assumption that the load impedance in the anode circuit of 
the output valve is resistive only, and this is generally true for the 
medium frequencies with transformer coupling. At low audio 
frequencies (50 to 150 c.p.s.) the inductance of the transformer 
primary may be comparable with the resistance load, whilst at high 
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frequencies (over 3,000 c.p.s.) stray capacitance and leakage induct
ance combine to produce a complex load. Furthermore, when the 
load on the output valve is the loudspeaker speech-coil, this forms 
a complex load, the resistive and reactive components of which 
vary with frequency. At low frequencies it is almost entirely 
resistive, but at high frequencies it is a mainly inductive impedance ; 
there are rapid changes of impedance at frequencies in the neighbour
hood of diaphragm resonances.1 In spite of this, calculations and 
measurements assuming resistance loads are of value in determining 
the best practical operating conditions. Matching of the loudspeaker 
speech-coil to the output valve is performed by choosing an output 
transformer turns-ratio, which converts the modulus of the imped
ance of the speech coil at 400 c.p.s. to an impedance equal to the 
optimum load for the output valve. For example, suppose the 
optimum load is R 0 and the speech-coil impedance at 400 c.p.s. is 
Rsc+jX8c, then the primary /secondary turns-ratio is chosen as 

NP -J Ro 
Ns - vR 2+x 2 

SC SC 

The representation of a complex load on the IaEa characteristics 
is (see Section 2.6, Part I) to be a closed curve similar in shape to 
a sheared ellipse, the inclination of the curve to the horizontal 
normally being fixed by the resistance component, and the width 
by the reactance component. When the reactance and resistance 
are in parallel, a large reactance leads to a narrow ellipse, but the 
reverse is true for a series circuit. The chief effect of a complex 
output load in the anode circuit of a valve having linear IaEa 
characteristics is to produce attenuation (frequency) distortion, 
causing a reduction in power output at low or high frequencies. 
The extent of the reduction depends on the relative value of the 
resistance and reactance and whether they are in parallel or series. 
Harmonic distortion is produced if the load curve enters the cramped 
low Ia region or if it cuts the Ea axis, i.e., if the valve is taken into 
the cut-off point of anode current. 

With the practically realizable IaEa characteristics illustrated 
in Fig. 10.7a, it is important to note that harmonic distortion tends 
to be greater with a complex load than with a resistance load, for 
the locus curve passes through the more cramped low anode current 
region of the IaEa characteristics (see CD in Fig. 10.7a). A typical 
locus load line for an impedance consisting of resistance and 
reactance is shown in Fig. 10.7a. The direction of rotation round 
the locus curve depends on the type of reactance. If it is inductive 
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the direction is clockwise for input signal increasing in a positive 
direction, i.e., decreasing negative grid voltage, causes the anode 
current to rise according to the lower curve. The current wave 
shape tends to be asymmetric with respect to a vertical line through 

la 

Eg 
FIG. 10.7a.-A Reactive LocUB Load Curve on the I.Ea Characteristics with the 

Output Current for an Inductive Anode Load. 

maximum amplitude, its leading edge being concave and trailing 
edge convex as shown in Fig. 10.7a. This is typcial of the conditions 
obtaining with an output transformer at low audio frequencies. 
The direction round the locus curve is reversed for a capacitive load, 
increasing input signal causing anode current to rise according to 
the top curve. The operating IaEu characteristic has a shape 
similar to that of the locus curve on the IaEa characteristics as 

Eg , 

<
' 'P:,(Capacitive) 

F, {Inductive) 

put Voltage 

' 
FIG. 10.7b.-A Reactive LocUB Load Curve on the l,.Eg Characteristics with the 

Output Current for a Capacitive Anode Load. 

illustrated in Fig. 10.7b. The lower curve represents the condition 
fur increasing (positively) input voltage and the upper decreasing 
input voltage when the anode load is inductive; the reverse is 
true of a capacitive load. The current wave shape for the latter 
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is shown in Fig. 10.7b, and it is the reverse of that in Fig. 10.7a, its 
leading edge being convex and trailing edge concave. Maximum 
anode current does not occur at maximum instantaneous input 
voltage but later in the cycle (point F 1 ) for an inductive load and 
earlier (point F 2 ) for a capacitive load. 

10.6. Measurement of Power Output and Distortion. 
Measurement of power output and distortion is usually carried out 
at a fixed frequency, generally either the mains frequency or 
400 c.p.s. 

10.6.1. Measurement with a Mains Frequency Voltage 
Source. A schematic diagram of the apparatus is shown in 

~-------------oH.T.+ 

Mai~111 Supp/J(3 
(SOc.p.s) 

= Beat Frequencg 

E¼ \f"T'"''" 
'-----------------0 H. T.-

Fw. 10.8.-Measurement of Power Output at the Mains Frequency. 

Fig. 10.8. Owing to the low frequency of the input signal the anode 
load is not by-passed by a choke, since it is difficult to make 
a choke with a high enough inductance. (100 H at 50 c.p.s. is 
only 31,416 ohms.) The resistance load is connected directly in the 
anode of the output valve, and constant n.c. anode voltage (the 
condition occurring when using a transformer) is maintained by 
increasing the H.T. voltage as the load resistance is increased. This 
is a serious disadvantage since very high H.T. voltages may be 
required; furthermore, push-pull measurements cannot be made. 
The fundamental 50 c.p.s. output anode voltage is measured by 
means of voltmeter V0, connected across a back-balancing voltage 
obtained from the transformer supplying the input voltage V1 ; 

this back-balancing voltage is connected to the anode through 
a vibrating galvanometer (v.o.) and coupling capacitance Cc. 
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Between the galvanometer and the back balancing voltage is a high 
resistance (R), across which are developed the harmonic distortion 
voltages. These voltages may be measured by a detector valve 4 

or a dynamometer type milliammeter 10 acting as an harmonic 
analyser. In series with the grid circuit of this detector valve is 
a beat frequency oscillator, the frequency of which is adjusted close 
(within l c.p.s.) to that of the harmonic to be measured. The 
detector produces a beat, between the beat frequency oscillator 
output and the harmonic voltage, which causes the needle of a 
milliammeter (mA) in its anode circuit to oscillate at the difference 
frequency of approximately l c.p.s. The amplitude of this oscilla
tion is a measure of the amplitude of the particular harmonic voltage. 
Each harmonic amplitude may be measured independently by 
suitably adjusting the frequency of the beat frequency oscillator, 
e.g., the fourth harmonic is measured by adjusting to approximately 
201 or 199 c.p.s. The voltage output of the beat frequency 
oscillator, measured by V2, must be maintained constant while the 
frequency is changed, and the detector may be calibrated initially 
against the fundamental mains frequency voltage with the oscillator 
frequency set at 49 or 51 c.p.s. For correct operation the input 
signal to the detector must not be excessive if the calibration is to 
hold, and for this reason it is essential that the fundamental com
ponent should be balanced out. A disadvantage of this type of 
harmonic analyser is the difficulty of reading an oscillating pointer, 
and the strain imposed on the operator. 

10.6.2. Measurement with a 400 c.p.s. Voltage Source. 
The great advantage of using 400 c.p.s. as the fundamental frequency 
is that a choke may be used to by-pass the n.c. current and, if 
a centre-tapped connection is employed, push-pull measurements 
may be made (see Fig. 10.9). A distortion factor meter or a har
monic analyser can be connected to the output to measure total 
harmonic distortion or to read the ratios ( or percentages) of 
individual harmonics. It is important that the input impedance 
of the harmonic measuring equipment should be high and much 
greater than the highest load resistance (about 20,000 ohms) likely 
to be required. A high input impedance buffer amplifier may be 
necessary to ensure this. Alternatively a transformer connection 
may be m~ed between the output valve and distortion measuring 
equipment, and this is the type of circuit shown in Fig. 10.9. An 
output voltmeter may be used to determine power output-its 
resistance must be taken into account as it forms part of the load 
resistance--or a variable (in steps) resistance output power meter 
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can be employed, combining the function of adjustable load 
resistance and power output meter. 

r--------<>H. T. + 

flarmomc Analyser 
or Distortion Factor 

111CJ 

.___ ______ -oH. T.-

FIG. 10.9.-Measurement of Power Output at 400 c.p.s. 

Representative curves of power output and distortion against 
load resistance are shown in Figs. 10.I0a and 10.IOb for a triode 
and tetrode valve. Referring to Figs. 9.7 and 9.8 showing char
acteristic IaEa curves for a triode and tetrode, respectively, we can 
see the reason for the particular shapes of the distortion curves. 
Since the output transformer primary carries the n.c. anode current, 

3000 

£ 
~ 

2000~ 
:::s 
.& 
~ 

1000 c.. 
~ 
~ 

\\<2nd Harmonic 

',~3rd Harmonic 
..... ......___ 
----------- 0 

5000 10000 
Load Resistance (ohms) 

Fm. 10.l0a.-Typical Power Output and Distortion Curves Against Load 
Resistance for a Triode Valve. 

the n.c. anode voltage is practically the H.T. voltage. The load line 
FG is therefore pivoted at a point, such as Hin Figs. 9.7 and 9.8, 
on the appropriate bias voltage line, immediately above an anode 
voltage equal to the H.T. voltage point A. 

For the triode valve when the load resistance, R0 , is small, the 
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line FG in Fig. 9.7 approaches the vertical position, and its lower 
end projects into the cramped grid voltage-low anode current 
region. The output anode current wave shape tends to be flattened 
at its lower end, indicating chiefly second harmonic distortion. As 
R 0 is increased the line FG becomes less vertical and its lower end 
is taken out of the cramped low Ia region (see F'G'). Hence 
harmonic distortion decreases with increase of load resistance as 
shown in Fig. 10.l0a. 

The tetrode IaEa characteristics in Fig. 9.8 indicate that for low 
values of R 0, load line FG, the output current wave shape is cramped 
at the low current end, and second harmonic distortion is large. 
For an intermediate load resistance, line F'G', high and low current 

2nd Harmonic / / 
~/ 

/ --' /_----7 
-----~-7- 3rd Harmonic 

3000 

~ 
_g 

2000~ 
~ 
<S 

7000 t... 

~ 
~ ---0---------.---...... .._---.-------+ 0 

75000 0 5000 70000 
Load Resistance {0!1ms) 

Fm. 10.l0b.-Typical Power Output and Distortion Curves Against Load 
Resistance for a Tetrode or Pentode Valve. 

ends of the line are cramped and distortion consists mainly of third 
harmonic, with second harmonic almost zero. This corresponds to 
a load resistance of 7,500 ohms on Fig. 10.l0b, and usually to 
maximum power output. At high values of R 0, line F"G", the high 
current end of the line is more, and the low current end is less, 
cramped. Second, as well as third, harmonic is now present. 

10.7. Non-Linear Harmonic and Intermodulation Distor
tion in Power Output Valves. An absolute standard for per
missible non-linear distortion is difficult to fix because of the number 
of different factors involved. The critical faculty of the listener 
and the overall frequency range of the receiver both play an 
important part; the tolerable distortion is reduced if direct com
parison is possible between the undistorted and distorted sound. 
If the frequency range is reduced greater distortion can be permitted. 
Massa 14 gives the following as average values for distortion produc-
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ing a detectable change of quality on speech. The effect of restrict
ing the high-frequency range is indicated for three cut-off frequency 
limits. The lowest cut-off frequency (5,000 c.p.s.) gives a frequency 
range comparable to that of an average broadcast receiver. 

DIRECT COMPARISON NO COMPARISON. 
Cut-Off Frequency. Single Stage. Push-Pull. Single Stage. Push-Pull. 
14,000 c.p.s. 5% 3% IO% 5% 
8,000 ,, 5% 3% 10% 7% 
5,000 ,, 12% > 10% 17% > 10% 

More distortion is tolerable with the single stage having chiefly 
second harmonic than with the push-pull stage in which third 
harmonic distortion predominates, and greater distortion can be 
considered if the high-frequency range is reduced. The value of 
5% total harmonic distortion, commonly used to specify the 
maximum power output condition, is open to criticism since the 
order of the predominant harmonic is so important in determining 
quality. The table shows that 3% of third harmonic is as objection
able as 5% of second. If, however, instead of total harmonic 
distortion the percentages of the individual harmonics are measured, 
a better estimate of distortion can be obtained. For comparison 
purposes the percentage of each harmonic is multiplied by the 
number of the harmonic, i.e., the distortion property of 5% second 
harmonic is represented by 5 x 2 = 10, and that of 3% third 
harmonic by 3 x 3 = 9. This is in accord with the results set out 
in the table above. Another method 49 is to insert in the distortion 
factor meter a network having an output voltage frequency response 
linearly proportional to frequency for a fixed amplitude of input 
signal. This is equivalent to multiplying the amplitude of each 
harmonic by its number. 

Let us now consider why a given percentage of a higher order 
harmonic represents greater apparent distortion than the same 
percentage of a lower order harmonic. Relating harmonics to the 
musical scale we find that of the first ten all but the seventh and 
ninth are concordant with the fundamental. For most operational 
conditions the percentages of the discordant harmonics are very 
small-an exception is sometimes found in Class B operation-and 
it is not often possible to read the amplitudes of harmonics greater 
than the fifth. Hence it would appear that harmonic frequencies 
are not themselves generally responsible for harsh and discordant 
reproduction, and, for a single frequency input, whilst distortion 
causes a change in quality, reproduction is not necessarily rendered 
unpleasant. With the more usual input signal consisting of a series 
of frequencies, the property producing harmonic distortion can also 
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cause intermodulation between the frequency components ; a low 
frequency, / 1 may modulate a high-frequency component, A, to 
produce sidebands of fh±f1, fh±2f1, etc., which can be, and often 
are, discords with the input frequency components. The relation
ship between harmonic and intermodulation distortion can be shown 
by considering the following expression for anode current in terms 
of grid voltage : 

Ia = ao+a1Eu+a2E,,2+aaE/ . . 10.35. 
If E(/ = IJ, cos p,t+IJh cos Pkt - Eb 
where flJ1 cos p1t represents the low audio frequency 

f;Jh cos Pht " " high " " 
and - Eb ,, ,, grid bias voltage. 

Replacing Eu in 10.35 
* Ia = ao+a1(1J1 cos p1t+IJh cos Pkt - Eb) 

+a2(flJ1 cos p,t+IJh cos pht - Eb) 2 

+a3(flJ1 cos p1t+IJh cos pht - Eb) 3 

= a0 +a1(1J1 cos p1t+IJh cos PjJ - Eb) 

+a{~
2

(1+ cos 2p1t)+ ;\1+cos 2pht)+Eb 2 

+flJ,flJh[cos (ph+p1)t+cos (Ph - p1)t] 
- 2/;JhEb cos Pkt - 2£,Eb cos p,t] 

+a{~\cos 3p1t+3 cosp1t)+ /Pf (cos 3pht+3 cospht)-Eb3 

-tlJ,2Eb(l + cos 2p,t)--ilJh2Eb(l + cos 2pht) 
+3£,Eb 2 cos p,t+31JhEb 2 cos Pkt 
+£.ll,21Jh(2 cospht+cos (Ph+2p1)t+cos (ph-2p1)t) 
+¾E,Eh 2(2 cosp,t+cos (2ph+p1)t+cos (2ph-p1)t) 
-tE,flJhEb(cos (Ph+p1)t+cos (ph-p1)t)] . . 10.36. 

The 
(Ph±P,) 

modulation ratio of the first intermodulation sideband 

of the high audio frequency t~ is 
2n 

Mi = a2ll1/;Jh - ¾aafl,flJhEb 

a11Jh - 2a2llhEb+a{
3
~h

3 

+3flJhEb 2 +-illhE12
] 

_ 1J,(a2 - ¾aaEb) 
- a1 - 2a2Eb+as[¾llh2 +3Eb 2 +¾flJz2] 

. 10.37. 

* I l+ COS 20 
0 

COS (0+,f,) + COS (0 - ,f,) 
cos 0 = 2 ; cos +cos ,f, = 2 • 

80 
3cos0+cos30 

cos = 4 · 

D 
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The modulation ratio for the second sideband Ph t:P, is 

£aaf!),2 
Ma= a 1 - 2a2Eb+aa[¾.Eh2+3Eb2+¾.E,2] 

. 10.38. 

If .Eh= 0, we have as the second harmonic (:!1
) ratio of;~ 

_ .E{~
2 

- :aaEb] 
H2----~-----=-----

a1 - 2a2Eb + a 3[£.E1
2 + 3Eb 2] 

. 10.3'9 

and for the third harmonic G!') ratio 

H - ¼aa.E,2 
3 

- a 1 - 2a2Eb+aa[¾.E,2+3Eb 2
] 

. 10.40. 

If we neglect the second term - !a,aEb in the numerators of 10.37, 
and 10.39, and terms containing Eh and El in the denominators 
of 10.37, 10.38, 10.39, and 10.40, we find that 

M1 = 2H2 
and Ma= 3Ha. 

It is clear from the above expressions that the intermodulation 
terms responsible for unpleasant reproduction are proportional to 
the product of the individual harmonic of a single frequency input 
multiplied by the harmonic number. Hence "weighting" (as it 
is called) of the harmonics from a single frequency input is justified 
as a method of estimating apparent distortion. Higher power 
terms in the IaEu expression 10.35 introduce additional harmonic 
sidebands, and sidebands to harmonics of the high frequency. 
For example, a,E/ added to 10.35, produces in the output the 
following additional intermodulation sidebands, 

Ph±3P1, 2ph±2P1 and 3ph±P1_ 
2n 2n 2n 

An illustration of the way in which intermodulation 24 occurs 
is given in Fig. 10.11. The input signal consists of a large amplitude 
low audio frequency and a smaller amplitude high frequency. 
Typical operating IaEu characteristics for a triode (dotted extension) 
and tetrode (full line) are shown in the figure; the flattening of the 
tetrode Ia curve at low bias voltages is due to the load line projecting 
into the knee of the IaEa characteristics (see F'G' in Fig. 9.8). 
The wave shape of the high-frequency output current-the low 
frequency is omitted for the sake of clarity-shows that it is modu-
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lated by the low frequency. For the tetrode the modulation 
envelope changes at the rate of 2f1, because amplification is reduced 
when the low-frequency input carries the grid voltage into the 
region BC and into the region of high negative voltage beyond A. 
With the triode, modulation in the region BC is absent ; the modula
tion envelope has a fundamental frequency of f1, i.e., there is no 

I 
I 
I 
I 
I 
I 
I 
I 
1-Eo 
I 

Inpt1t Signal 
Components 

Ia, 

C 

----:--
Wave Shape of' 
High Frequency 
Ot1tput Component 

'-Low Frequency 

Fm. 10.11.-Intermodulation of a High Audio Frequency by a Low Audio 
Frequency. 

dip in the envelope from B to B, and intermodulation distortion is 
much less. 

Methods of estimating distortion by measuring intermodulation 
tones have been developed, 35• 45 though it is doubtful if the added 
complication of apparatus justifies their use in comparison with the 
single frequency method and harmonic ratios multiplied by their 
harmonic number. Harries, who appears to have been the first to 
suggest intermodulation distortion measurements, used two input 
frequencieij of 70 c.p.s. and 1,000 c.p.s., having an amplitude ratio 
of 9 to I. The amplitudes of the 1,000 c.p.s. frequency and its 
sidebands were measured with a harmonic analyser, the sidebands 
being expressed as a percentage of the 1,000 c.p.s. output. A triode 
was found to produce mainly first sideband voltages (I,000±70 c.p.s.), 
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and all sideband amplitudes were generally small. A pentode 
valve showed a greater range of sidebands with the second 
(1,000±140 c.p.s.) as the largest. The second harmonic frequency 
(2,000 c.p.s.) was overmodulated and had sidebands larger than itself. 
Under these conditions distortion was marked, and reproduction 
harsh. Harries finally suggests the following quality grades : 

(1) high quality: no sideband should represent more than 5% 
modulation where modulation percentage 

2 X sideband amplitude x 100. 
fundamental ' 

(2) good commercial quality : first and second sideband modula
tion percentages to be less than 30% and 5% respectively; 

(3) objectionable: this to be denoted by second sideband 
modulation percentage exceeding 5%. 

"Undistorted" power output is to be defined as the power 
output given by a single frequency sine wave input of amplitude 
equal to the sum of the amplitudes of the two frequencies satisfying 
condition 2. 

10.8. Push-Pull Operation. 

10.8.1. Introduction.7 Push-pull operation is obtained from 
a pair of valves by applying to the grid of one valve a voltage in 
phase opposition to that applied to the other (see Fig. 10.12). The 
anodes of these valves are joined to opposite ends of the primary 
of a transformer, the centre tap of which is connected to H.T. 

positive. The D.C. anode currents produce opposing voltages in 
the transformer primary, but the A.O. output currents, owing to 
the 180° phase shift between the grid voltages, are additive. Thus 
the total A.c. current in the primary is 

lat = Jal - ( - la2) 
= la1+la2· 

Push-pull operation has four important advantages. 
(1) Even harmonic distortion produced in each output valve is 

partially (completely, if matched valves are employed) 
cancelled. 

(2) The D.c. current component in the output transformer is 
reduced considerably or cancelled. This means less 
attenuation (frequency) and non-linear (harmonic) dis
tortion from, and more efficient operation of, the output 
transformer. A much smaller air gap is required so that 
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primary inductance, for a given number of turns, is greater 
than for the single-valve output transformer. 

(3) Hum voltages in the H.T. supply and cathode or grid bias 
circuits, if common to both valves, are cancelled. 

(4) Instability due to a high impedance H.T. supply circuit is 
made less likely because A.F. voltages produced in this 
circuit by the output valves cancel each other. 

Cancellation of hum in a common cathode bias circuit and of 
second harmonic distortion can be demonstrated by assuming the 
following power series to represent the I;E" characteristic of each 
valve 

Ia= ao+a1Eu+a2E/+aaEu 3 
• • 10.41. 

Let Eu = ±B1 COS p 1t+Bu COS Put - Eb 
where ±B1 cos p 1t = signal voltage applied in push-pull connection 
to each valve, 

Du cos Put = undesired hum or interference voltage applied in 
parallel connection to each valve 

and - Eb = grid bias voltage. 

Jal = ao+a1[B1 cos P1t+Bu cos Put - Eb] 
+a2[B1cosp1t+Bucospi - Eb]2 
+aa[B1cosp1t+Bucosput -Eb] 3• 

la2 = ao+a1[ - B1 cosp1t+Bu cos put - Eb] 
+a2[ - B1 cosp1t+Bu cos put - Eb] 2 

+as[ - B1 cos p1t+Bu cos Put - Eb].3 

Sµbtracting Ia2 from Ia1, makes all terms except those containing 
21 and B13 disappear, hence 

L1lat = 2a1B1 cos p 1t - 4a2EbB1 cos p 1t+4a2B1Bu cos p 1t.cos Put 
+2a3[B13 cos3 p 1t+3B1Bu2 cos p 1t cos 2 p11,t+3Eb2R1 cosp1t 

- 3B 1/s uEb COS p 1t. COS Put] 
= 2(a1 - 2a2Eb+2a3(£B12 +tBu2 +3Eb2)]R1 cos p 1t 

asf!t a 3 +2.l!l1 cos ,Pit 

+2[a2R1Ru - tB1BuEb] cos (P1±Pu)t 
+!aaR1Bu 2 cos (p1±2pu)t . . . 10.42. 

The fundamental, third harmonic, and intermodulation sidebands 
of the fundamental with the undesired voltage are the only com
ponents in the output, the D.c., second harmonic and undesired 
components being cancelled. If the power series of 10.41 is carried 
further all parallel connected interference voltages, even harmonics 
and intermodulation sidebands of the even harmonics are found to 
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cancel in the output, leaving only the fundamental and odd 
harmonics with their intermodulation sidebands. If the two valves 
have slightly different IaEg characteristics, i.e., are not exactly 
matched, the proportion of even harmonic remaining depends on 
the amount of mismatching. If, for example, each valve norm.ally 
produces 5% second harmonic and the mismatch in the values of 
a 2 is 10%, the output contains 0·5% second harmonic. 

Before considering the various types of push-pull operation we 
will consider the methods of obtaining the push-pull antiphase 
voltages for the grid circuits of the output valves. 

10.8.2. Methods of Producing the Push-Pull Grid Volt
age.21• 32 A method of obtaining the push-pull grid voltage from 

,--------oM.T.+ 

lnp~III 

'-------+----------of/.T.-

Fm. 10.12.-A Transformer Coupled Push-pull Output Stage. 

a diode detector is described in Section 8.7, Part I. The disadvan
tage from which this suffers is that two ganged potentiometers are 
required for volume control, so that it is preferable to obtain the 
antiphase voltages from an .A.F. stage after the detector volume 
control. One of the simplest methods is to use a transform.er with 
centre-tapped secondary as in Fig. 10.12. Provided the transform.er 
is designed to have a high primary inductance, low leakage induct
ance, and small and equal half secondary self-capacitances, and that 
the primary and half secondaries are electrically balanced with 
regard to the centre tap (this implies equal leakage inductances and 
interwinding capacitances from the primary to half secondaries), 
satisfactory performance over the .A.F. range and the 180° phase 
shift between the two secondary voltages can be maintained. 

A second method (Fig. 10.13), known as paraphase, 3 uses the 
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phase reversing property of a RC coupled A.F. amplifier. Part of 
the input voltage to one of the push-pull output valves V3 is taken 
to the valve Va, the output of which is connected to the other 
push-pull valve, V,. The proportion of voltage taken from the 
grid of V 8 is equal to the inverse of the amplification from Va to 
V,, so that the input voltages to V3 and V4 are equal but 180° 
out-of-phase. Correct push-pull operation is achieved by adjust
ment of the potentiometer R 1 to give minimum sound, with a suitable 
input frequency (400 or 1,000 c.p.s.), in telephones connected between 
the H.T. supply and the centre point of the primary of the output 
transformer. The disadvantages of the paraphase connection are : 

r------------0H. T. + 

Fm. 10.13.-A Paraphase Push-pull Circuit. 

(1) phase changes may occur between the input and output of Va 
at high audio frequencies due to stray capacitance, so that the 
180° phase relationship is not maintained, and (2) hum and noise 
voltages may be introduced and amplified by the extra valve V2 • 

A third system employs a cathode as well as an anode load 
resistance in an amplifier, the voltage for one valve being derived 
from the cathode and that for the other from the anode circuit as 
in Fig. 10.14. The objection to this method is the high n.c. voltage 
between heater and cathode, the possibility of producing hum 
voltage from the heater circuit across the cathode load resistance 
Rk, and the comparatively large stray capacitance across the latter, 
which causes a reduction in gain at high frequencies. An alternative 
method of connection using negative feedback reduces the stray 
capacitance and also allows the input to the valve to be earthed. 
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The dotted lines in Fig. 10.14 show the change in the circuit. The 
grid leak connection does not affect the A.F. operation of the valve 
but merely ensures that the correct D.c. bias is applied. Connecting 
directly from grid to earth applies a large bias to the valve, causing 
it to operate over the curved portion of its IaEg characteristic. 
When negative feedback is employed, the output voltage to each 
push-pull stage is less than the input voltage to the phase-changing 
stage, but distortion is also very low. The preceding amplifier 
must therefore deliver a larger voltage than is required to operate 
the push-pull valves, and it is important to guard against distortion 
in this stage. Chokes 40 wound on the same core, so that D.c. 
currents neutralize each other, may replace the resistances R0 and 

I 
I 
I 
I 
I 
I 
I 

" I, I 

~~ 
r 

...---------<>H.T.+ 

To 
Push-Pull 
Stage 

L--- -----+------+------a H. T.-
FIG, 10.14.-Push-pull Voltage Output by Means of Equal Anode and Cathode 

Load Resistances. 

Rk if the H.T. voltage is low. Tone control may be achieved by 
a capacitance shunting Rk ; this increases the output across R 0 at 
high frequencies relative to that across Rk, so that the push-pull 
outputs at these frequencies are unequal. This is less important 
since the amplitude of high frequencies is usually small and their 
harmonics are approaching the inaudible range. 

A small secondary winding on the output transformer has been 
employed to provide the input to the second valve of a push-pull 
stage. This cannot be entirely satisfactory since it tends to defeat 
the object of push-pull by applying distortion in the output of one 
of the push-pull valves to the grid of the second, and cancellation 
of even harmonics cannot be complete. 

The possibility of using the anti phase relationship between screen 
and anode currents in a heptode 37 valve has been suggested, but 
great care has to be exercised if equal amplitudes of undistorted 
push-pull voltages are to be produced. 
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10.8.3. Types of Push-Pull Stages. Push-pull output stages 
may be divided into three groups, depending on the biasing point 
relative to the IaEu characteristic. In Class A operation both valves 
are biased to the centre of the straight part of their IaEu character
istics though, owing to the cancellation of even harmonics, the 
valves may be operated in push-pull beyond the straight part of 
their characteristics. This method is very satisfactory since dis
tortion is low and anode current to both valves substantially con
stant ; efficiency is, however, low (25% to 35%). 

In Class B operation both valves are biased to the curved lower 
part of their IaEu characteristics, i.e., almost into cut-off, and each 
valve supplies approximately half the output wave shape. Its chief 
advantages are low current consumption with zero input voltage, 
and high efficiency (about 60%) for maximum input voltage. The 
n.c. anode current is initially small but increases with increase of 
input voltage, and there is considerable economy in H.T. consumption, 
a very desirable characteristic for the output stage of a battery 
receiver. For mains receivers H.T. economy is not so important 
and Class B operation is hardly ever employed. The varying 
current of a Class B stage would require a H.T. source having very 
good n.c. voltage regulation. If triodes are used in Class B push
pull, they are usually operated into the positive grid region in order 
to obtain high efficiency. A special amplifier stage, known as the 
driver, is needed to supply the power absorbed by the grid current 
taken on the peaks of input voltage, and the method of operation 
is generally known as Class B positive drive. With tetrodes the 
shape of the IaEu characteristic makes positive drive of no value, 
and the term quiescent push-pull is often applied to this mode of 
operation without grid current. 

Class AB operation is sometimes employed in mains receivers 
with triode output valves to obtain high efficiency and power output. 
The valves are biased approximately half-way between Class A and 
Class B conditions and a driver stage is used to allow grid current 
to be taken. Anode current varies with signal voltage but to a 
much less extent than with Class B. 

Push-pull stages are particularly liable to parasitic oscillation at 
ultra high frequencies since capacitance coupling between the grid 
of one valve and the anode of the other is in the correct phase to 
initiate oscillation. Short leads and resistances of 1,000 and 
100 ohms in the grid and anode leads (see R1 and R2 in Fig. 10.12), 
as close to the valve pins as possible, help to prevent this. 

10.8.4. Class A Push-Pull. The performance of a push-pull 
n* 
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output stage can be determined by constructing ]Ea curves 13 from 
the laEa characteristics of the individual valves. If the instan
taneous anode currents in each valve are 1a1 and 1a2 and the coupling 
coefficient between the two half primaries is very nearly unity 
(a justifiable assumption for most iron-cored transformers), the 
effective composite current, I = Ia1 - Ia2, can be considered as 
flowing through one of the half primaries. The composite IEa 
curves are therefore obtained by subtracting appropriate pairs of 
laEa curves of the two valves, so arranged that the grid voltage 
and anode voltage scales of one valve are in the reverse direction to 

Fro. 10.15.-Composite Current-Anode Voltage Curves for a Class A 
Push-pull Amplifier. 

those of the other. This essential condition of the push-pull connec
tion is fulfilled by Fig. 10.15; the laEa curves of the second valve, 
inverted and reversed with the Ea2 scale running from right to left, 
are moved until the Ea points, corresponding to H.T. voltages of 
250 on the normal and reversed scales register with each other. 
If the n.c. grid bias voltage on each valve is - 30 volts, the two 
IaEa curves for E 0 = - 30 volts are added to form the dotted 
composite /Ea curve 1. The process is repeated for each appropriate 
pair of IaEa curves, thus the composite curve 2 is obtained by adding 
the curve for E 

O 
= 0 of the first valve to that for E 

O 
= - 60 of the 

second. Composite curve 3 is plotted by a similar process. It is 
most important to remember that these composite curves refer to 
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one-half of the primary, and a load line drawn across them represents 
a load resistance across a half primary. Hence the equivalent load 
resistance across the whole primary, i.e., the anode-to-anode load 
on the valves, is four times this value. For example, an optimum 
load resistance for the composite curves of 2,000 ohms, requires an 
anode-to-anode load resistance of 8,000 ohms, and the secondary to 
total primary turns ratio is adjusted to give the equivalent of 
8,000 ohms across the total primary winding. The composite load 
line passes through the H.T. voltage and a composite current point 
equal to the difference between the D.c. anode currents of the valves; 
if the latter are perfectly matched the composite current is zero as 
shown in Fig. 10.15. Power output and distortion may be calculated 
from the composite characteristics in the same manner as for a single 
stage. Thus, assuming even harmonics to be small in amplitude and 
third harmonics to be greatest, the power output is, from expres
sion 10.26a, 

. 10.26b 

where J2 is the intercept of the load line with the composite IEa 
curve corre~onding to E O = 0 on the first valve and measured on 
the Ia1 scale and Ia is the counterpart of 12 measured on the Ia2 scale. 
The negative sign before Ia and J5 in expression 10.26a becomes 
positive because Ia and 16 are numerical values of current. The 
currents I, and 1 6 , measured on the Ia1 and Ia2 scales, respectively, 
are the load line intercepts with composite !Ea curves corresponding 
to E

0 
= - 15 and - 45 volts on the first valve. Third harmonic 

ratio is from 10.28a, 

Ha = (J2 +la) - 2(1,+I.) . b .10.28 . 
2((12 +la) +(I, +I.)) 

Although the composite load line gives the equivalent half
primary load resistance, it is important to note that this is not the 
load resistance across each valve. The load line for each valve is 
obtained by projecting vertically (up or down) from the intersections 
of the composite load line and composite curves on to the corre
sponding IaEa curves for the single valve. Thus the valve load 
lines are represented by lines AB and A'B' in Fig. 10.15 and, since 
the valves are operating in Class A push-pull, each has a slope of 
nearly half that of the composite load line; i.e., it corresponds to 
twice the composite load resistance. If both valves have linear 
IaEa characteristics the composite curves are straight lines of twice 
the slope of the IaEa lines, and it may then be proved geometrically 
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that each equivalent valve load line has a slope of one-half that of 
the composite line. If the optimum load for a single valve stage 
is 2Ra (the valve resistance), the optimum composite load is half this 
value, i.e., Ra, so that the optimum anode-to-anode load becomes 
4Ra. The same conclusion is reached if we consider the push-pull 
stage as consisting of two valve generators connected in series. 
Their total internal resistance is 2Ra, and by analogy with the 
single stage, the optimum load (from anode-to-anode) will be 
2 X 2Ra = 4Ra. An important advantage of push-pull illustrated 
by the curves is that owing to the linearity of the composite char
acteristics, a complex load impedance giving an " elliptical " locus 
line as in Fig. 10.7a produces practically no harmonic distortion. 

Owing to the predominance of odd harmonics when distortion 
occurs in push-pull stages, maximum "undistorted" power output 
should be assessed for a lower total harmonic percentage than a 
single valve, approximately in the ratio of 2 to 3 for triodes. 

10.8.5. Class B Push-Pull.18• 25• 29 • 81 The performance of 
push-pull valves under Class B conditions may be shown by con
structing composite ]Ea curves in exactly the same way as for 
Class A, and these are shown in Fig. 10.16 for three grid bias voltages. 
Triode characteristics are used in the above illustration to preserve 
continuity with Fig. 10.15, but tetrode composite curves can be 
developed in like manner. The load line for each valve is obtained 

la2 
FIG. 10.16.-Composite Current-Anode Voltage Curves for a Class B Amplifier 

with High Grid Bias and Low Load Resistance. 
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by projection from the composite to the valve curves as described 
in the previous section. If the valves have linear IaEa character
istics and are biased to cut-off, each valve operates over half a cycle 
only, and the composite characteristics and load line are identical 
with the valve characteristics and load line. The anode-to-anode 
load resistance, which is four times the composite load resistance, 
is also four times the valve load resistance compared with twice 
for Class A. Since practical IaEa characteristics are always curved, 
the valves cannot be biased to cut-off and the valve load line only 
approaches the composite at the extremities of the grid voltage swing. 
Towards the centre, where both valves are operating, the valve load 

la2 

FIG. 10.17.-Composite Current-Anode Voltage Curves for a Class B Amplifier 
with Low Grid Bias and High Load Resistance. 

resistance increases, eventually becoming infinite when the valve 
reaches cut-off. Hence the valve load line ABO is sharply curved 
as in Fig. 10.16. The degree of curvature is dependent on the grid 
bias voltage relative to the cut-off bias voltage and also upon the 
load resistance, a grid bias approaching cut-off bias and a low load 
resistance producing a more sharply curved load line (similar to 
ABO in F_ig. 10.16), which rapidly approaches the composite load 
line. Conversely for a high load resistance and a bias voltage much 
less than cut-off bias, the valve load line is less sharply curved and 
has a slope of nearly twice that of the composite line ; this is 
illustrated in Fig. 10.17. 



94 RADIO RECEIVER DESIGN [ CHAPTER 10 

It is much more difficult to obtain linear composite curves for 
Class B than for Class A operation, and generally there is a " kink " 
near zero current, the " kink " becoming more pronounced as the 
initial bias is increased. This " join-up " distortion, 28 as it is called, 
is greatest for small output voltages, and it places a limit on the 
maximum negative initial grid bias which can be employed. 

The great advantage of Class B operation, apart from its low 
quiescent current consumption, is its high anode circuit efficiency. 
The theoretical maximum, assuming that each valve is biased to 
cut-off and that the anode voltage of each valve is taken to zero at 
the extremities of grid swing, is 78·5%. Each valve supplies half 
the wave shape so that the D.C. current is 1 /n where 1 cos pt is the 
A.C. output current wave. 

2E 1 
Therefore n.c. power for two valves = - 1

-

n 

where E 1 = H.T. voltage. 
The A.C. output voltage wave is represented by E 1 cos pt. 

El 
Therefore A.C. power from two valves= - 1

-
2 

E1l 

A.c./n.c. efficiency = E
2 

I = :: = 78·5%. 
2 1 4 

n 
There is little essential difference between the two types of 

Class B operation, quiescent push-pull (Q.P.P.) and positive drive. 
With quiescent push-pull, tetrode valves are employed and the 
input voltage is restricted to the region where there is no grid current. 
Positive-drive Class B operation is applied to triodes to obtain a high 
anode circuit efficiency by reducing the minimum anode voltage (see 
Section 10.2), below that permitted by the bias line Eu = 0. Grid 
current is taken during the period while the input voltage swing 
makes the grid voltage positive. The amplifier (driver stage) before 
the Class B valves must supply power when grid current flows, and 
the points to be observed in its design are discussed in Section 10.8.6. 

The chief features of a Q.P.P. stage are the centre-tapped high 
ratio step-up input transformer, and the output transformer. The 
former is necessary since each half of the secondary must supply 
a peak voltage very nearly equal to the cut-off bias (at the operating 
H.T. voltage) of the Q.P.P. valves. The self-capacitance of the 
secondary should be low to prevent peaked high-frequency response 
due to resonance with the leakage inductance. The output trans-
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former also needs to have low leakage inductance and self-capaci
tance, because the resonant circuit so formed is capable of producing 
damped oscillations 33 under shock excitation from the half wave 
current impulses of each valve. Since each valve supplies half the 
output wave it is essential that the half-primary inductance and 
the leakage inductance between each half primary and secondary 
should be very nearly equal. Inequality causes the amplitudes of 
the two halves of the wave delivered to the output load to be 
unequal at low and high frequencies, thus producing distortion. 
Parasitic oscillation due to the push-pull connection is usually 
prevented by capacitors (0·002 to 0·005 µF) connected across each 
half primary. High peak currents are taken during loud signals 
and the primary D.c. resistance must therefore be low. If high
frequency tone control is used, it should be included before the 
Q.P.P. output stage rather than across the output transformer. 
When the tone-control circuit is in parallel with the latter it tends 
to increase the peak output current during loud signals, and this 
may cause damage to the valves. 

Triode valves in Class B positive drive may be designed to have 
high internal resistances and operate with zero grid bias, or to have 
low internal resistances and to operate with negative grid bias. 
Quiescent anode currents are approximately the same for both types 
of valves. The zero grid bias stage has the advantage of requiring 
no bias battery, but there is generally more "join up" distortion 
and heavier grid current damping of the driver stage. In addition, 
the optimum load resistance is high, and the output transformer 
primary inductance must consequently be large to prevent excessive 
attenuation (frequency) distortion at low frequencies. The second 
type has several advantages over the first, the grid bias of each 
valve can be adjusted to give reduced "join-up" distortion, a 
resistance can be included in parallel with the grid bias battery 
to reduce its voltage and keep it in step with the H.T. voltage as 
the H.T. battery becomes exhausted, driver stage damping is reduced, 
and the lower internal resistances of the valves assist in damping 
loudspeaker resonances. Class B positive drive is not now used to 
any large extent in receivers because quiescent push-pull gives 
results as satisfactory, without the complications of a driver stage. 
The design of the output transformer is similar to that for quiescent 
push-pull. 

10.8.6. The Driver Stage for Class B Positive Drive. If 
the anode load resistance, Ro', of a triode A.F. amplifier is steadily 
increased, overall amplification, at first proportional to Ro', becomes 
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asymptotic to the amplification factor of the valve and is almost 
independent of changes of R 0• This occurs for values of R 0 exceeding 
about 4Ra (see Fig. 9.6). Owing to the fact that grid current is 
taken by each Class B valve, the equivalent load resistance in the 
driver valve anode circuit varies over its output voltage cycle from 
a very high to a low value, and unless this is controlled the output 
voltage wave shape is flattened at both ends of the cycle. If, 
however, the equivalent grid current load resistance is not allowed 
to fall below 4Ra, the distortion produced in the output wave will 
not be serious. This result may be achieved by a suitable step-down 
intervalve transformer, 26 the step-down ratio being calculated from 

½Ns _ J Rg (min-) 
Np - 4Ra (driver rolve) 

where NP = total primary turns, 
N 8 = total secondary turns, 
Ru(min.) = minimum grid input resistance of the Class B stages 

A higher step-down ratio would have the advantage of reducing the 
effect of variations of Ru, but this reduces the driver output voltage 
to the Class B valves, and the driver valve may then be overloaded 
before maximum output is obtained from the Class B stage. 
Ru(min.) is the slope resistance of the luEu characteristic curve of the 
Class B valve at the maximum required positive value of grid 
voltage ; a satisfactory approximation is given by the ratio of the 
positive bias voltage equal to the maximum positive voltage reached 
on the grid of the Class B valve to the D.c. grid current flowing at 
this bias voltage, i.e., it is the resistance corresponding to the chord 
to the J

0
Eu characteristic curve instead of the tangent. A normal 

step-down ratio from primary to half secondary is 1 to ¾, or the ratio 
from primary to total secondary is 1 to 1·5. The transformer must 
have a high primary inductance, small leakage inductances between 
primary and both half secondaries-this is particularly important 
since the minimum grid input resistance may be as low as 20,000 ohms 
for battery-operated Class B positive drive-and the D.c. resistance 
of each half secondary must be low so as to reduce the D.c. voltage 
developed when grid current occurs. 

An improved driver stage may be obtained by using a" cathode 
follower" 12 connection, i.e., the transformer is placed in the cathode 
circuit of the driver valve. This reduces the effective impedance 

of the valve to l~µ (see Section 10.10.6), so that a step-up ratio 

may even be used. At the same time the effective amplification 
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of the valve is less than unity so that it acts simply as an impedance 
matching device. 

10.8.7. Class AB Positive Drive. Class AB positive drive 
is sometimes used in A.O. mains-operated amplifiers to obtain the 
advantages of triode operation with high D.O. to A.O. conversion 
efficiency and high A.O. output. The triode valves are biased to 
a voltage approximately midway between the Class A and Class B 
positions. The zero-to-maximum signal D.O. current ratio is much 
less than that for Class B, about 2 to 1 as compared with 4 to 1, 
and "join-up" distortion is low. The changing anode current 
makes fixed grid bias (instead of cathode self-bias) and an inductance 
loaded H.T. supply (Section 11.2.6) essential. 

10.9. The Output Transformer. 
10.9.1. The Design of an Output Transformer. The basic 

principles, involved in output transformer design, are practically 
the same as for smoothing choke and mains transformer design, and 
we shall illustrate the method of procedure by the following example. 
Suppose the optimum load resistance referred to the primary side 
of the transformer is 6,000 ohms, the speech-coil impedance 5 ohms, 
and the primary D.O. current 40 mA. The required value of primary 
inductance is determined by the maximum permissible loss of 
response at a given low audio frequency, and we will assume this 
to be 2 db. at 50 c.p.s. From expression 9.22b, Section 9.4, 2 db. 
loss corresponds to a ratio of primary reactance to the total resistance 
of valve and load in parallel of very nearly 2 to 1. If the output 
valve is a tetrode the total parallel resistance can, for all practical 
purposes, be taken as the load resistance 6,000 ohms. Should the 
valve slope resistance be comparable with 6,000 ohms it merely 
improves the low-frequency response, making the loss less than 2 db. 
Hence the required value of primary inductance is 

L = 2 x 6,000 = 38_2 H. 
P 2n X 50 

For convenience let us take the same stampings as are used for the 
mains transformer design in Section 11.2.2, viz., Stalloy 32A. For 
one secondary and two primary sections, interleaved as shown in 
Fig. 10.18, insulation thicknesses of 0·075 ins. between winding and 
core, and winding and outside limb, and of 0·05 ins. between 
windings, and windings and sides, the total available winding area 
is (2·25 - 0·1)(1 - 0·25) = 1·612 sq. ins. The most efficient use of 
the winding area is to divide it equally between secondary and 
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primary windings, so that the total area occupied by primary or 
secondary is 0·806 sq. ins. A suitable gauge of wire is 34 s.w.o., 

Air Gaps 
0·0095'' 

Insulation O-os"thiclr 

4•------, 

_Length of' 
Magnetic Path 

Fm. 10.18.-A Section Through a Typical Output Transformer. 

which is rated to carry 66·5 mA, and if ssc is used, 8,730 turns can 
be accommodated per square inch (see Table 11.1). 

The total primary turns in the available space = 8,730 X 0·806 
= 7,040 

Length of the magnetic path (Fig. 10.18), l = 9 ins. 

Therefore turns per inch of magnetic path= 
7

,~
4
0 = 782. 

t . h f . h 782 x 40 n.c. ampere urns per me o magnetw pat = 
1 000 

= 31·28. 
' 

In Fig. 11.17 we have two curves for the ratio of inductance, 
with and without n.c. polarizing, against n.c. polarizing ampere-turns 
per inch, curve 1 for a very small A.O. flux density and curve 2 for 
a R.M.S. flux density of 60 lines per square centimetre, and either 
can be chosen for design purposes. If the former is used a larger 
transformer is obtained and low-frequency response for all A.O. 

input voltages is better than required. Curve 2 is more often used, 
the flux density of 60 lines per square centimetre corresponding to 
an input voltage of 7% of the maximum in our particular example 
(the peak flux density for maximum input voltage is calculated 
at the end of the section to be 1,200 lines per square centimetre). 
Incremental permeability, Llµ, 23• 27 is shown in Fig. 10.20 to be pro
portional to peak A.O. flux density so that primary inductance for 
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voltages less than 7% of the maximum will tend to be less than that 
required, and conversely will be greater for larger voltages. The 
reduction in primary inductance is not generally sufficient to justify 
calculation on the basis of curve 1. From curve 2 the ratio of 
inductance with and without the n.c. polarizing current giving 
31·28 D.C. ampere turns per inch is 

L2copt.> = 0·273 
L1 

and the optimum air gap ratio is 

az° = 0·0021. 

38·2 
Hence L 1 = 

0
_
273 

= 140 H. 

Volume of iron required 
L1 X 108 

-------~----------------
1·255 x 2·54 x LIµ x (turns per inch of magnetic path) 2 

140 X 108 
- ------------

1·255 X 2·54 X 900 X (782) 20 

Volume of iron = 8·0 cu. ins. 

Incremental permeability is 900 for a R.M.s. flux density of 60 lines 
per square centimetre. 

The area of Stalloy 32A stamping allowing for /-rin. diameter 
bolt holes is 8·4236 sq. ins. (Section 11.2.2). 

Therefore thickness of core = 0.95 ins. 
Let us take a thickness of I in., i.e., an overall thickness of l·l ins. 
(allowing for IO% insulation between laminations) 

Number of laminations of 0·014 ins. thickness:::: 79. 
Total length of air gap = 0·0189 ins. 

= 2 of 0·0095 ins. (the gap is divided 
between central and outside limbs). 

It is of interest to compare with the above, the transformer 
design resulting from the use of curve 1. 

L 2<opt-> = 0·465 
L1 

and optimum air gap ratio 

Hence 

ao = 0·00246. 
l 

38·2 
L 1 = 

0
_
465 

= 82· l H. 
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Volume of iron required (Ltµ = 333 for B very small) 
82·1 X 108 

------------1·255 X 2·54 X 333 X (782) 2 

= 12·65 cu. ins. 
Thickness of core = I ·5 ins. 

= l ·65 ins., allowing IO% insulation. 
Total length of air gap = 0·02215 ins. 

= 2 of 0·01107 ins. (the gap is divided 
between central and outside limbs). 

Greatly increased core thickness is needed if the required value of 
primary inductance is to be maintained at extremely low flux 
densities. 

Details of windings. 
(I) Primary. 

Mean length of one turn = 8·2 ins. 
. 7 040 X 8·2 

Total length of wrre = ' 
36 

= 1,605 yards 

Total primary resistance = 1·605 x 361·2 = 580 ohms 
580 X 40 

n.c. voltage drop = l,OOO = 23·2 volts. 

(2) Secondary. 

St d t t . -- ✓6,0500 -- 34·6 ep- own urns ra 10 

T 1 . d 7,040 ota turns m secon ary = 
34

_
6 

:a::= 204 

Available winding area = 0·806 sq. in. 

Therefore turns per square inch = 
0
~~t

6 
= 253. 

No. 18 s.w.o. ssc wire giving 400 turns per square inch is the 
nearest size. 

. 204 X 8·2 
Total length of secondary wire = 

36 
= 46·5 yards. 

Total resistance of secondary = 0·0465 x 13·267 = 0·617 ohms. 

Neglecting iron losses, which are usually small compared with the 
copper resistance loss, the A.O. power efficiency for a 5-ohm secondary 
load resistance is 

5 5 
'fJ = ------ = -- = 82%, 

5+0·617+~ 6'102 
(34·6) 2 
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This is a normal value for efficiency, though it could be made higher 
at the cost of a slight increase in step-down turns ratio by using 
No. 16 s.w.G. enamelled wire for the secondary winding. The 
area required by the 18 s.w.G. secondary is only 0·51 sq. in. (less 
than that available, 0·806 sq. in.), and from a practical viewpoint 
this has advantages since it allows insulation between windings to 
be increased, and ensures that the windings can be fitted into the 
winding window. 

It will be noted that a section through the central core limb is 
almost square; this is considered to be the most economical shape 
of cross-section. 

Losses in the Iron Core. Losses in the iron core of the transformer 
are a function of peak flux density fJ, and, as fJ is directly proportional 
to the applied voltage and inversely to the frequency, they are 
greatest at the lowest audio frequency. Taking the latter as 
50 c.p.s., and the maximum applied R.M.S. voltage as 120 (this is 
a reasonable figure for a tetrode valve operating at a H.T. voltage 
of 250), we have for the flux 

<I> = E X 108 

4·44JNP 

where NP = total primary turns 

Cl>= 120 X 108 
4·44 X 50 X 7,040 

= 7,680 lines. 

fJ = ! = 7,680 lines per square inch. 

:::;: 1,200 lines per square centimetre. 

Actual volume of iron in core of 1 in. thickness = 8.4236 cu. ins. 
Total weight of core = 8·4236 x 0·28 lbs. 

= 2·36 lbs. 

Milliwatts lost per lb. for fJ of 1,200 lines per square centimetre = 12. 
Therefore total milliwatts iron loss = 28·32 

total output power milliwatts = 2,400. 
The iron loss is therefore equivalent to a resistance of 

2,400 
6,000 X 

28
_
32 

= 508,000 !J 

in parallel with the primary inductance. Its effect on frequency 
response and general performance can justifiably be neglected. 

The interleaved or sandwich type 38 of winding shown in 
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Fig. 10.18 has the merit of reduced leakage inductance compared 
with the non-interleaved type with a single primary winding. 
Interwinding capacitance is, however, usually slightly higher, 
though it can be reduced by bakelite separators. The self
capacitance of the windings can be reduced by sectionalizing instead 
of using a single continuous layer across the whole of the winding 
length. Reduced leakage inductance, winding and self-capacitance 
can be achieved by " pancake " coil construction with bakelite or 
bakelized paper spacers between the pancakes. For example, the 
above design could have employed three primary and two secondary 
interleaved pancake windings. The chief disadvantage of this type 
of winding is that it calls for a greater area of winding window and 
is not so robust ; on the other hand, a defective winding is more 
easily replaced. The windings should be vacuum impregnated with 
a suitable varnish to prevent the ingress of moisture, and an iron 
case is required to give magnetic screening and some measure of 
electrical screening and mechanical protection. It is not usual to 
seal the transformer in a bituminous compound. 

Push-pull transformer design follows the same lines except that 
the n.c. polarizing current can be assumed to be small. Since only 
matched valves give a total effective n.c. current of zero it is usual 
to design on the basis of 10 mA n.c. current. 

10.9.2. Output Transformer Attenuation (Frequency) Dis
tortion. The frequency response of an output transformer is 
calculated in the same manner as that of the intervalve transformer 
in Section 9.4. The A.F. band is divided into three ranges, and the 
response at low and high audio frequencies is determined relative to 
that at the medium frequencies. Thus the loss of response at the 
low frequencies is from expression 9.22b. 

- 10 log10 [ 1 +(;;)2] 
where X 1 = pLp, the reactance of the primary inductance, 

R1 = the resistance of Ra+ RP in parallel with Rs +
2
R8() 

n 
RP = resistanc~ of primary winding 
R8 = ,, ,, secondary winding 
R8c = resistance equivalent of the speaker speech-coil 

n = secondary to primary turns ratio, which is generally 
much less than 1. 

The resistance equivalent of the speech-coil is usually taken from 
the amplitude of the impedance (vRsc 2 + X11/) at 400 c.p.s., so 
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that the calculated frequency response is simply a measure of 
transformer performance, and not that of the output stage in 
association with the loudspeaker. Most loudspeakers have a 
mechanical resonance at a low frequency near 100 c.p.s., and several 
resonances in the high-frequency range. At and around these 
resonant frequencies the speech-coil impedance varies appreciably. 

At high audio frequencies leakage inductance plays an important 
part but, owing to the low impedance of the speech coil, secondary 
self-capacitance can often be neglected. Expression 9.24 is therefore 
modified to a loss at high frequencies relative to medium of 

- 10 log10 ( 1 +(;:)2) 
h R R R Rs+Rsc 

w ere h = a+ P+ 2 n 

xh =pLp' 
LP' = leakage inductance. 

If the pass range of the output transformer is specified by those 
frequencies between which the maximum to minimum response is 
not greater than 3 db. (1·414 to 1), the lowest frequency is given by 

X,' = R/ 

, - (Ra+Rp)(Rst2Rsc) 
h -----~--~ 

(
R +R +Rs+Rsc)2nL 

a P n2 P 

or 

and the highest frequency by 

Xh' = Rh' 

or 

Ratio 

where 

R +R +Rs+Rsc 
a P n2 

A'= 2nL' 
p 

highest frequency _ Lp(l +G 2
) 

lowest frequency - - LP'G 

G = Rs+Rsc 
n 2(Ra+Rp) 

. 10.43 

Thus, for a given value of G, the pass-band of the output transformer 
is proportional to the ratio of primary to leakage inductance, so and 
it will therefore be clear that there is no advantage in increasing 
primary inductance (by, for example, increasing primary turns) if 
leakage inductance is proportionally increased. Push-pull, by 
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balancing out the D.c. polarizing current, does increase primary 
inductance without increasing leakage inductance. The use of 
a high inductance choke to carry the output valve D.c. current with 
capacitance coupling to the output transformer has the same effect. 
Primary inductance is dependent on the applied voltage, and it 
generally increases as the latter increases, because incremental 
permeability increases (see Fig. 10.20). Frequency response tends, 
therefore, to be best with high output voltages and it is usual to 
design for the required response at low output voltages. In the 
preceding section primary inductance is calculated on the assumption 
of an output voltage of 7% of the maximum. 

10.9.3. Output Transformer Amplitude (Harmonic) Dis
tortion.47 A non-linear relationship between the flux density Band 
magnetizing force His responsible for amplitude distortion in iron
cored transformers. When a generator of sinusoidal voltage is 
applied to an unloaded transformer, it may produce almost equal 
distortion of flux and magnetizing force, greater distortion of flux 
than magnetizing force, or vice versa. The final result actually 
depends on the relative magnitudes of the generator internal 
impedance and the non-linear impedance of the transformer. If 
the former is very large (e.g., for the tetrode valve) the current, and 
hence magnetizing force, in the transformer core is practically 
sinusoidal ; flux and the unloaded secondary voltage are distorted 
n shape. On the other hand, a low generator impedance (e.g., for 
a triode valve) implies a voltage applied to, and flux in, the trans
former of nearly sinusoidal shape, with a distorted magnetizing force 
(input current to the transformer primary). The unloaded second
ary voltage is therefore almost sinusoidal. A point worth noting 
is that the transformer induced voltage, which opposes the applied 

voltage, is proportional to d:, where <I> is the total flux in the iron 

core, so that each harmonic component in the flux wave is multiplied 
by its harmonic number in arriving at the harmonic voltage com
ponent. Hence the secondary output voltage wave shape has 
greater distortion than the flux wave shape. 

The relative amplitudes of the harmonic currents produced in 
the transformer depend on the shape of the B-H loop curve. This 
is symmetrical in the absence of a D.c. polarizing current, and 
distortion is confined mainly to odd harmonics with third pre
dominating. An asymmetrical loop is obtained with a D.c. polarizing 
current, and both even and odd harmonics are present with second 
and third as the most important. 
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The application of a load impedance to the secondary terminals 
affects the distortion, which now depends on the load impedance 
as well as upon the valve and the non-linear transformer impedance. 
This can be shown by referring to Fig. 10.19. The non-linear 
transformer impedance is designated by ZP-it is the impedance of 
the parallel combination of primary inductance and the resistance 
due to hysteresis and eddy currents, LP and Rhe respectively, in 
Fig. 9.13b, but it excludes Rp, the primary winding resistance, since 
this is not a function of the conditions in the iron core. The primary 
winding resistance is added to the generator internal impedance in 
Z0 , and the secondary impedance, transferred to the primary by 
dividing by the square of the secondary to primary turns ratio, is 
indicated by Z 0 • The sinusoidal generator voltage has an R.M.S. 

value of E volts, the current from the generator has fundamental 

FIG. 10.19.-Current and Voltage Relationships in an Output Transformer. 

and particular harmonic R.M.S. components of I/ and 11/, corre
sponding currents in the non-linear transformer impedance (exclud
ing the load) are 11 and J ,,,, and the output voltage E O has fundamental 
and particular harmonic components of E1 and E,,,. The plus sign 
used in the figure indicates the vector sum of the component voltages 
and currents. Since the generator voltage contains no harmonics, 
it follows that the harmonic voltages produced across Z0 must equal 
those across Z 0, 

i.e., E,,, = (I,,,' - I,,,)Zo = - I,,,'Za 

I,,,_'= I,,,Zo 
Z0 +Zo 

E _I,,,ZaZo 
1,,-

Za+Zo 
. 10.44. 

Thus we see that the harmonic output voltages are dependent on 
the generator and load impedances as well as the harmonic currents 
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produced in the non-linear transformer impedance. The ratio of 
any one harmonic voltage to the fundamental output voltage is 

l ZaZo 
E 

,,,. 
h - za+Zo 

E
1 

- l
1
Z

1 
• 10.45a 

where 11 = fundamental current component in the transformer 
non-linear impedance 

and Z1 = fundamental component of the non-linear impedance ZP. 
Z 0 and Za can generally be taken as resistances, and replacing them 
in 10.45a by R 0 and Ra+Rp, where Ra is the slope resistance of 
the output valve and RP the primary winding resistance, we have 

where 

E,,, _l,,,Ro' 
E

1 
- l

1
Z

1 

Ro' = Ro(Ra+Rp). 
R 0 +Ra+RP 

. 10.45b 

The above expression is limited in application because l,,, varies 
when the load and generator impedances are varied. Partridge 47 

has found empirically that all harmonic current components can 
be expressed quite simply in terms of the corresponding no-load 
harmonic current, R 0 and Z1• The third harmonic current (l 3 ) in 
the unpolarized condition or the R.M.s. current of the second and 
third harmonics ( V l 2 2 + l 3 

2) in the polarized condition can be written 

( 
Ro') 1,,, = lH l - 4Z, 10.46 

where lH = no load harmonic current for Ra+RP = 0. 
The difference between measured and calculated (from 10.46) l,,, is, 
in most cases, quite small when Ro' ~ Z1 rising to about 5% when 
Ro'= Z1. 

Hence the harmonic voltage ratio is 

E,,, = l HRo'(1 _ Ro') 
E1 l,Z1 4Z1 

.10.45c. 

The no-load current distortion ratio ~H is a function of the peak 
f 

flux density .B-the peak value is used in preference to R.M.S. because 
the shape of the flux density wave is often far from sinusoidal, and 
experimentally it has been found that the peak value and not the 
general shape is the determining factor. The no-load current dis
tortion ratio can be estimated for different values of peak flux 
density (i.e., fundamental peak voltage across Zp) by measuring with 
a harmonic analyser the fundamental and harmonic voltages across 
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a known low resistance in series with the unloaded transformer, 
which should have the lowest possible primary winding resistance. 
Alternatively the known series resistance may be varied, and the 
ratio of the harmonic to fundamental voltages, measured across it, 
plotted against the sum of the known and primary winding n.c. 
resistance. The line so obtained can be produced to give the 
no-load current distortion ratio for zero known and primary winding 
resistance. The peak flux density can be calculated from the R.M.S. 

value of the fundamental voltage (E1) across the unloaded primary, 
by using the formula given in Section 11.2.2 (expression 11.2). 

-f'i E,1os lin t· t .n = N Af es per square cen une re. 
4·44 P 

where NP = total primary turns 
A = area of iron core section in square centimetres. 
f = fundamental frequency. 

Since B is inversely proportional to f, it is clear that a given applied 
voltage produces maximum flux density, and hence maximum 
amplitude distortion, at the lowest audio frequency. 

Expression 10.45c, as it stands, is applicable only to one particu
lar design, and it would be preferable to convert it to a product of 
two factors, one dependent on the core material and peak flux 
density, and the other dependent on the shape and winding details 
of the transformer. This is possible because, in most practical 
cases, Z1 can be taken as the reactance of the primary inductance 
at the fundamental frequency. Taking the expression 11.19a, 
Section 11.2.9, for the primary inductance we have 

z _ L _ 2nf 1·255 NP 2ALIµ 
I -P P - 10sz 

where LIµ = incremental or A.C. permeability 
l = length of the magnetic path in centimetres (see 

Fig. 10.18) and NP and A are as expressed above 
for 13. 

N 2Af 
Therefore z1 = 7·88 x 10- 8L1µ~ . . 10.47. 

Replacing z1 in the J; part of 10.45c by 10.47 gives 
t t 

IH IH 108 z -- = - --- X -
2
- • • 10.48 

I 1Z1 11 7·88LIµ NP Af 

and both the variables ~ H and LIµ in the first factor relate to the 
I 

core material and peak flux density, whilst the second factor relates 
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I 
to the particular design details of the transformer. 

1
H and L1µ can 
f 

be measured for different peak flux densities and D.c. polarizing 
field. The current distortion ratio generally increases with increase 
of peak flux density and D.c. polarizing field. If incremental per
meability L1µ is plotted against iJ it is found to have a maximum at 
some value of peak flux density dependent on the core material and 
D.c. polarizing voltage. Generally L1µ decreases for all flux densities 
as the D.c. polarizing voltage increases, but flux density for maxi
mum L1µ increases. Typical curves of current distortion and incre
mental permeability abstracted from the article u by Partridge (note 
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FIG. 10.20.-lncremental Permeability an_d Current Distortion Curves Against 
Peak A.O. Flux Density for Normal Stalloy Core. 

Dotted Line: Incremental Permeability. 
Full Line : Current Distortion. 

that his relative specific choke impedance ZBP = 7·88L1µ10- 8) are 
plotted in Fig. 10.20 against peak flux density for different values 
of D.C. polarizing field; the core material is Silcor 2 (3½% silicon 
content) as used for the stalloy stamping of Section 10.9.1. The 
D.c. polarizing field is given in oersteds (gilberts per centimetre) and 
it is necessary to multiply by 2·02 to convert to D.O. ampere-turns 

per inch (see Section 11.2.9). The product 
1
1
H 

7 
lO: can be termed 

1 ·88L.Jµ 
the distortion factor, D, of the core material, and it is plotted in 
Fig. 10.21 against peak flux density. The values are obtained from 
the curves in Fig. 10.20. 
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To illustrate the use of Fig. 10.21, let us consider the transformer 
designed in Section 10.9.l and determine the transformer distortion 
occurring when operating under the full load conditions. 

The peak flux density for a maximum applied R.M.s. voltage of 
120 is 1,200 lines per square centimetre and the n.c. polarizing 
field is 31·28 ampere-turns per inch. 

The curves in Fig. 10.21 are given for a maximum n.c. polarizing 
field of 2·02 ampere turns per inch, so we shall have to estimate 
a likely value for distortion coefficient. The correctness, or other
wise, of the estimate will not affect the general principles. For 

Hnctl 
2000 v 

V I 

/ ,v., 
JV HJJc=0·5 - l.,../ V 

/ / •• I l/ 
I / 

"JJC~0-25,_ v 
/ 

/,, 1/ 1'fo 
- ----

00 2000 4000 6000 8000 10000 
Peak A.C. Flux Density (Lines per sq. cm.) 

Fm. 10.21.-Distortion Factor-Peak A.O. Flux Density Curves for Normal 
Stalloy Core. 

H = 2·02 ampere turns per inch the distortion coefficient at 
13 = 1,200 lines per square centimetre is 1,050. The form of the 
current distortion curves suggests that an increase in D.o. field is 
unlikely to affect greatly the current distortion at 13 = 1,200 lines 
per square centimetre. The chief effect of an iqcrease in H is to 
reduce incremental permeability, and a probable decrease of LJµ of 
about 3 to 1 by changing H from 2 to 31·28 ampere turns per inch 

is suggested by the change in ratio of Ll:o in Fig. 11.17. Let us 

therefore assume a distortion coefficient of 3,150. A probable value 
for valve (a tetrode) slope resistance is 30,000 ohms, thus for 
f = 50 c.p.s. 
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Ro'= Ro(Ra+Rp) = 6,000(30,580) 
R 0 +Ra+RP 36,580 

~ 5,000 Q 
Z1 = pLP = 12,000 Q. 

By combining 10.45c and 10.48, voltage distortion 

E,,, = _____!!!_. R0'(1 - Ro') 
E1 NP2Af 4Z1 

[CHAPTER 10 

= 3,150 X 9 X 2·54 . 5 OOO(l _ 5,000) 
(7,040) 2 X (1 X 2·54) 2 X 50 ' 48,000 

= 0·0201 = 2·01 %-
Note that l and A are in centimetres and square centimetres 
respectively. 

Certain general conclusions can be drawn from the analysis. 
(1) Harmonic distortion is a function of Z1, and it can be 

decreased to very small proportions at any given frequency by 
. . z . b . . N2A. H £ . mcreasmg 1, 1.e., y mcreasmg -l- owever, or any given 

shape of transformer, leakage inductance and Z1 are directly pro
portional so that an increase in z1 results in increased loss of high
frequency response. There is thus a limit to the improvement in 
harmonic distortion which can be achieved with any given trans
former shape, and this limit is set by the tolerable loss at high 
frequencies. 

(2) If attenuation (frequency), harmonic distortion and n.c. 
polarizing field are specified, the power-handling capacities of 
transformers of the same core material and geometrical proportions 
with given generator and load impedances are proportional to their 
volumes. 

Specified attenuation (frequency) distortion implies that primary 
and leakage inductances are constant ; the former decides the low
frequency response. Leakage inductance, which determines high
frequency response, is directly proportional to primary inductance 
for a given core material and geometrical proportions. Specified 
harmonic distortion for a constant D.C. polarizing field means that 
the peak A.c. flux density is constant, hence from expression 
11.19a, Section 11.2.9. 

L NP 2A 
P oc -l-

and from expression 11.2, Section 11.2.2. 

E, oc NPA. 
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If the linear dimensions of the transformer are multiplied by k, and 
attenuation distortion is to be unchanged 

k2 A N 2A 
LP = Lpl 0C Np1

27cf 0C ----i--
• N NP 

• • pl oc Vk. 

Using this in the expression for E1 

E11 oc :;k2A oc k~E,, 
but power P11 oc E11

2 oc k 8P1 oc volume of the transformer. When 
the D.c. current remains constant, increase in overall dimensions 
reduces the value of HD.o. in the polarizing D.C. field, because 

NP l 
H D.O. oc -z- oc H' 

and this allows a greater increase in power handling capacity to be 
obtained over that due to the increase in volume. 

10.10. Negative Feedback.11, 10, 19 

10.10.1. Introduction. Negative or inverse feedback is applied 
to A.F. amplifiers in order to change the frequency response and/or 
to reduce harmonic distortion, hum and noise produced in the 
amplifier itself. It is achieved by feeding back a proportion of 
the output to the input in such a way as to oppose the input voltage. 
The opposition voltage may be fed back through a resistive network 
or a circuit arranged to give phase and amplitude discrimination. 

ex,[Ea cos pdt+.DfEo cos 2pdt+-.ElLfCOS Pu.t] 

Fm. 10.22.-Schematic Diagram of Negative Feedback. 
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In both instances there is a possibility that at some frequency 
(usually outside the desired pass range of the amplifier) the phase 
shift may be such as to produce positive feedback, and special 
precautions are sometimes necessary, particularly when feedback 
occurs over a number of stages, to prevent self-oscillation. The 
usual method is to design the feedback circuit to attenuate severely 
frequencies outside the normal pass range of the amplifier. 

Some of the properties of negative feedback can be demonstrated 
by considering the diagram in Fig. 10.22. 

Let R1 cos Pat= input voltage 
µ 0 = overall amplification of the amplifier without 

feedback 
µ1 = overall amplification of the amplifier with 

feedback. 
BO cos pdt = fundamental component of the output voltage 

from the amplifier with feedback 
D 0 = distortion ratio of the amplifier without feed

back, the ratio of the amplitude of second 
harmonic (if this is the largest harmonic) to 
that of the fundamental in the output 
voltage 

D1 = distortion ratio of the amplifier with feedback 
-Cu cos Put = undesired hum or noise voltage produced by 

the amplifier itself without feedback 
-Cut cos Put = undesired hum or noise voltage produced by the 

amplifier with feedback 
ex = feedback factor, i.e., the proportion of the 

output voltage applied to the input. 

Voltage across OD due to feedback 

= cx[°C0 cos Pat+D,R0 cos 2pat+"Cuf COS Put]. 

Voltage applied to the amplifier across terminals AB 

= -C1 cos Pat - Ea»· 
= (°C1 - cx°C0) cos Pat - cxD1°Co cos 2pat - Ju/ cos p,,l. 

Output voltage across EF 
= µ 0[(°C1 - r;.°Co) cos Pat - cxD1°Co cos 2pdt - r;.°Cut cos Put] 

+µoD 0(1£1 - Jo) COS 2p,i+"Cu COS Put 
= "C0 cos Pat+D,Ro cos 2pat+l£uf COS Put. 

Equating fundamental components 

"Co = µo("C1 - rt.Eo) 
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Eo __ _I!!_ 
E

1 
- µ, - l+µooc· 

and equating second harmonic components 

µ0Do(E1 - ocEo) - µoocD1Eo = D1Eo. 

Replacing E1 by the value obtained from 10.49 

D (
E0(l+µ 0oc) f'!t) D f'!t ( ) µo o µo - OCJ1.J o = In, o 1 + µooc . 

Therefore 

Equating undesired voltages 

Eu/ = Ru - µ 0ocEuf 

or Eu, 1 
Eu = 1 +µooc 
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10.49 

. 10.50. 

. 10.51. 

We therefore see that negative feedback decreases overall 
amplification, distortion ratio and undesired hum and noise voltages 
due to the amplifier. The distortion ratio D 0 (without feedback) 
is generally a function of the fundamental input voltage and is less 
when the latter is less. Since with feedback the effective funda
mental input is reduced from E1 cos pdt to (E1 - ocE0) cos Pa/, there 
is actually a greater reduction in distortion than is represented by 

1 
the factor 

1 
+ . As a rule, however, the same output voltage 

µooc 
will be required with feedback as without, and the fundamental 
input voltage is increased until this condition is achieved. The 

factor -
1
-

1
- does then represent the reduction in distortion ratio. 

+µooc 
With any negative feedback amplifier it is essential to ensure that 
the preceding amplifier is capable of delivering the increased input 
voltage without increased harmonic distortion, for negative feedback 
can only cancel harmonics produced in its own amplifier stage. 
Another important point to note is that, although the general level 
of harmonic distortion is decreased, certain harmonics may be 
introduced or increased by the application of negative feedback. 
In the above example fourth harmonic of amplitude D1D0µ0ocE0 is 
introduced into the output by feedback of the second harmonic. 
The effect is not usually very serious. 

The change in frequency response, which can be obtained by 
negative feedback, may be illustrated by rearranging 10.49. 

E 
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thus fE
0 =![_I ] 

fE1 rx I+_!_ 
µorx 

..,.._ I 

if µ 0rx • I 

i.e., ! : is independent of the amplification and frequency response 

of the amplifier and only dependent on that of the feedback circuit. 
Even when rx has the normal practical values of O· I to 0·2, the 
feedback circuit frequency response has an appreciable effect on 
overall response. Negative feedback may th~refore be used to 
compensate for deficiencies in amplifier response or to produce tone 
control. Thus a resistive feedback circuit (rx is a pure number) 
tends to give a flat overall frequency response, whereas a reactive 
circuit (rx is a complex number) tends to cause a variable frequency 
response. It should be noted that the frequency response of the 
amplifier without feedback is implicit in the overall amplification 

µ 0, which is generally a complex number of the form 
1 
'tx• where 

Pom = amplification at the medium audio frequencies, x is a function 
of frequency and is due to the reactance components in the amplifier. 

10.10.2. Types of Negative Feedback.41 The generally 
accepted classification of negative feedback circuits is according to 
the method of tapping the feedback voltage from the output. There 
are three important types, voltage, current and bridge feedback. 
In the first case the feedback voltage is taken from a potential 
divider across the output and is directly proportional to the output 
voltage. In the second case the feedback voltage is taken from an 
impedance in series with the output load, and is directly proportional 
to the output current. Bridge feedback is a combination of voltage 
and current feedback. 

10.10.3. Voltage Feedback. Voltage feedback is illustrated 
in Fig. 10.23a. The potential divider R 1 is assumed to be much 
greater than the output load impedance Z 0 , so that the current 
through it can be neglected. For the sake of simplicity we will 
refer to the R.M.s. values of voltage and current in the following 
analysis, and so dispense with cos Pat 

Eo = µE..4.BZO 
Ra+Zo 

. 10.52 
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~--A 
{1-a)R1 

Amplifief' 

B a.R1 ~-+--+--' 

Fm. 10.23a.-Voltage Negative Feedback. 

whereµ= amplification of the amplifier when Z0 = oo 
and Ra = the slope resistance of the output valve 

EAB = E 1 - rxE0 • 

Replacing the above for EAB in 10.52. 

Eo µZo 
E1 - Ra+Zo(l+µrx) 

_µ_zo 
l+µrx 

-~ + z O 

l+µrx 
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. 10.53. 

By noting that µ 0 = RµZ~, expression 10.53 shows the ex
a+ o 

pected reduction of overall amplification to µ1 = 
1 

+µo , and at the 
µoa. 

same time the equivalent slope resistance of the output valve is 

decreased to 
1 

Ra . This reduction of generator resistance is parti-+ µrx 
cularly valuable when the load impedance is a loudspeaker speech 
coil, since it assists in damping cone resonances. One of the dis
advantages of using a tetrode output valve, the accentuation of 
cone resonances, can be overcome by the application of voltage feed
back, without losing the advantages of high A.c./o.c. power efficiency 
and (if feedback is not excessive) of high power sensitivity. 

Some interesting effects result from the application of voltage 
feedback in special cases. For example, if Ra~ Z 0 , expression 10.53 
becomes 

Eo_,__ µ 
E 1 - l+µcx 

. 10.54 

i.e., output voltage is independent of Z 0 • On the other hand if 

Ra~ Z 0, µex ~l and ex= !
0

, output current instead of voltage is 

independent of Z 0• 
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Io= Ezo = µEz1 = E1 . 10.55 
o µrx o K 

10.10.4. Current Feedback. Current feedback is illustrated 
by the circuit in Fig. 10.23b, the feedback voltage being developed 
across the resistance R1 in series with the load impedance Z 0 • 

Io --A --1 
Amplifier Zo Eo Rf 

B 
__ j_ 

FrG. 10.23b.-Current Negative Feedback. 

Eo = µE .,rnZo 
Ra+R1+Zo 

where Ra = slope resistance of the output valve 

E.A.B = E1 - IoR, 

= E1 - µE.A.BRI . 
Ra+R1+z0 

Therefore E 0 = µEiZo . 10.56. 
Rj(I+µ)+Ra+Zo 

We see from the above expression that current feedback increases 
the equivalent slope resistance of the output valve by Rj( 1 + µ), 
and the amplification factor with feedback is reduced only by reason 
of increased generator resistance. 

Two special cases again arise ; if µ is very large 

Eo = E1Zo 
R1 

and I 0 = Eo = Ei . 10.57. 
Z 0 R1 

When, in addition, R1 = KZ0 

E E1 
o = IoZo = K • . 10.58. 

In the first instance output current is independent of z0 , and in 
the second output voltage is unaffected by z0• 

Current feedback is not often employed in output stages, partly 
because of the increased equivalent generator resistance, which tends 
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to exaggerate cone resonances when the output load is a loudspeaker 
speech coil, but mainly because it is difficult to develop sufficient 
feedback voltage without considerable loss of output power. 

10.10.5. Bridge Feedback. Bridge feedback is indicated in 
the diagram of Fig. 10.23c. 

T 
.1..0 -

Amplifier 

Fm. 10.23c.-Bridge Negative Feedback. 

Eo = µE..mZo 
Ra+R,+Zo 

E..m = E1 - loR1 - rxE0 

= E1 - lo(R1+rxZ0). 

The current taken by R 1 is assumed to be negligible 
E _ E _ µE_,rn(R1+rxZ0 ) 

AB - 1 R +R +z 
a t o 

_ E1(Ra+R,+Zo) 
Ra +R,(l +µ) +Z0(l +µrx) 

Eo = µZoE1 
Ra+R1(l +µ)+Z 0(l +µrx) 

Rewriting 10.59 in the form KKZZo 
1+ 0 

Eo _ µ Zo 
E 1 - l+µrx"Ra+R,(l+µ) +z: 

l+µrx 

. 10.59. 

The effect of bridge feedback is a combination of the effects produced 
by voltage and current feedback ; overall amplification and the 
equivalent slope resistance (increased by current feedback to 
Ra+R1(l +µ)) of-the output valve are both reduced, by the factors 

(~ ) and 1 ) • respectively. The equivalent slope 
1 + µo -1 + rx µ 

Zo 
resistance is constant ifµ is very large and R1 and rx are constant. 

There are a number of possibilities with bridge feedback. It can 
provide: 



118 RADIO RECEIVER DESIGN [ CHAPTER 10 

(I) Constant output current and an equivalent generator 

impedance of Z O by making oc = :: where R1 is constant. Neglecting 

Ra and Z 0 in comparison with µR1 and µocZ 0 we have from 
equation 10.59. 

Eo = µZoE1 E1Zo _ E 1Z 0 

µR1+µocZ 0 R1+ocZ0 - 2R1 

I Eo E1 
o = - = - = constant 

Zo 2R1 
R 

and the equivalent generator impedance = _f_= Z 0 • 
oc 

(2) Constant voltage and an equivalent generator impedance of 
Z 0 by making R1 = ocZ0 where oc is constant. 

E 0 = ZoEi = Ei = constant 
R1+ocZ0 2oc 

and the equivalent generator impedance =Rf= Z 0 • 
oc 

Other variations in the feedback circuit can be made to give 
constant equivalent generator impedance with constant voltage or 
current. 

10.10.6. Ne~ative Feedback with a Cathode Follower 
Valve.43 A valve with its load resistance placed between the 
cathode and H.T. negative is a special case of negative feedback for 
which the feedback factor oc is 1. By analysis of the circuit in 
Fig. 10.24 we have 

Therefore 

E - µEg,.Zk 
k----

Ra+zk 
Eg =Eg -Ek 

1: 

E - µEgZk 
k - Ra+(I +µ)Zk 

_!!:_ E zk 
= I+µ u • 

Ra +z 
I+µ k 

The output voltage Ek is therefore less than the input, and the 
valve equivalent slope resistance is reduced to a very small value 

by the factor 
1
_!_ and, ifµ • I, it equals_!_. This type of negative 
+µ, Ym 

feedback generator has two important advantages, low equivalent 
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generator internal resistance and low grid input admittance. The 
first means that it is particularly useful when constant output voltage 
is required across a variable load impedance. This property makes 
it a very satisfactory driver stage preceding Class B or Class AB 

~---~H.T+ 

'---------''-----nH.T.-
Fm. 10.24.-The Cathode Follower Circuit. 

positive-drive output valves, the variable input impedance due to 
grid current causing practically no harmonic distortion of the output 
voltage. The valve may also be used as a D.C. voltage stabilizer; 
the D.C. voltage being taken between cathode and H.T. negative. 
Positive voltage between the grid and H.T. negative determines the 
D.C. output voltage, which is given by 

Eon.c. = Eb+Eco 
where Eb = positive voltage applied to the grid 

- Eco = grid bias voltage required to cut off anode current for 
the given H.T. supply voltage. 

Variations of the H.T. supply voltage are reduced by I:µ at the 

cathode circuit. Good regulation is also obtained by reason of low 
generator internal resistance. 

Low grid input admittance is of greatest value for radio frequency 
operation, and at ultra high frequencies this property has the effect 
of improving signal-to-noise ratio. Low input admittance is realized 
because the voltage between grid and cathode is so very much less 
than the input voltage; this necessarily implies a comparatively 
small current flowing in the interelectrode grid-cathode capacitance. 
Formulre for the parallel resistance and capacitance of the input 
admittance components are developed in Section 2.8.3, Part I. 
Thus, from expression 2.21a, the equivalent parallel resistance is 

R = (Gk+gm)2+(Bgi, +Bk)2 
g ~ 

Bgk(GkBgk - gmBk) 
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and, from expression 2.21b, the equivalent parallel capacitance is 

C = CUk[Gk(Gk+gm)+Bk(Bgk +Bk)] 
g (Gk+gm)2+(Bk+Bu)2 

where Buk = wCuk 
Ouk= grid-cathode interelectrode capacitance 
gm = mutual conductance of the valve 

and Gk and Bk = conductance and susceptance of the cathode load 
admittance. 

At audio frequencies Bk is often zero and Buk can be neglected in 
the numerator, so that 

R ~ (Gk+gm)2 
u GB 2 

k Yi. 

which is very large because Buk is small, and 

cg~ cu,.(1 - G gm ) = cuk(1 - R µRkR )· 
k+gm a+µ k 

Generally Gk is much less than gm so that Cu approaches zero, i.e., 
the effective input capacitance is much reduced. It is clear, there
fore, that grid input admittance will be low. The result of the 
cathode load resistance is actually a reversed Miller effect, the 
interelectrode capacitance being multiplied by 1 minus the approxi
mate amplification of the stage. The negative sign is to be expected 
since a voltage across the cathode load resistance is 180° out-of
phase with a voltage across the same resistance placed in the anode 
circuit. 

10.10.7. Balanced Feedback.42 The chief disadvantage of 
negative feedback is that it reduces the overall amplification of any 
amplifier to which it is applied, and for the same output requires 
a larger input signal. This can be overcome if a combination of 
equal positive and negative feedback is employed, and this system 
is known as balanced feedback. It includes most of the advantages 
of negative feedback, viz., reduced interference voltages and dis
tortion, and improved frequency response, without reducing the 
overall amplification (if the positive feedback is made equal to the 
negative). 

Two controlling voltages are required ; the negative feedback 
voltage is obtained from the output of the amplifier in the usual 
manner, but the positive feedback voltage is obtained either directly 
from the input voltage source or from the anode circuit of the first 
valve in the amplifier to which negative feedback is being applied. 
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The positive feedback voltage cannot be obtained from the amplifier 
output otherwise the negative feedback reduction of interference 
and distortion is cancelled as well as the input signal reduction. 

The principle of balanced feedback is best shown by the following 
analysis. 

Let E 01 = fundamental output voltage with feedback 
D1(E 01) = distortion output voltage with feedback 

Euf = undesired interference output voltage with feedback 
ot = negative feedback factor 
f3 = positive feedback factor 

µ 0 = overall amplification without feedback 
E 1 = fundamental input voltage 
D 0 = distortion coefficient without feedback 
Eu = undesired interference voltage without feedback. 

The total input voltage to the amplifier is 

E 1+{3E1 - ot[Eo1+D,(Eo1)+Ew] 

E 0,+Dj(E0,)+Eu1 = µ[Ei(l+/3) - oc(Eo1+D,(Eo1)+Eu1)]+Eu 
+D0(µE1(l +/3) - µrxE 0,) 

= µ(l +/3) Ei +Do(µE1(l +/3) - Jtoc(E01 )] 
1 +µoc 1 +fllX 

+~ 10.60. 
l+µoc 

If µoc = {3, i.e., the negative feedback voltage is equal to the positive 

E D E E E Do(E01 ) Eu 
01+ A 01)+ ut = µ 1+--~+--. 

1 +µoc 1 +µoc 

The function of balanced feedback is seen to be that only dis
tortion and interference voltages are fed back in the negative 
direction, the negative fundamental voltage being cancelled by the 
positive fundamental voltage. If an attempt were made to derive 
the positive fundamental voltage from the output it would be 
necessary to filter the distortion and interference voltages before 
application to the input circuit. Such a method would not be 
possible except for a single frequency input or a very narrow band 
of frequencies. 

With bi1,lanced feedback the frequency response can be made 
independent of the amplifier response and dependent only on that 
of the input voltage source. Suppose the amplification of the 
amplifier is represented by µrp(f) where rp(f) indicates a function of 
frequency, and the positive feedback factor is f3rp'(f), where rp'(f) is 

E* 
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the frequency function for the input source. 
I 

back circuit is independent of frequency, 
Eof _ µcf,(f)(l +fJcp'(f)) 
E 1 - 1 +µoccf,(f) 

if µoc.cf,(/) • 1, (Jcf,'(f) 'Jp 1 and µoc = {3. 

Eo1 = µcf,'(!) 
Ei 

If the negative feed-

. 10.61 

i.e., is dependent only on the frequency characteristic of the input 
voltage. 

A possible circuit for obtaining balanced feedback is shown in 
Fig. 10.25. Positive voltage feedback is obtained via the resistances 
R 1 and Ra from the anode of Va to the grid of V 1 • 0 1 acts as a 
coupling capacitance and has a high value. Negative voltage 

r----------,----------~H~ 

Amplifier 

Fm. 10.25.-A Circuit for Obtaining Balanced Feedback. 

feedback is obtained by connecting the cathode of V 1 to earth 
through R4 , which forms with R 3 a potential divider for the output 
voltage. 

10.10.8. Instability in Feedback Amplifiers. From Sec
tion 9.3 we see that the gain of an amplifier over a frequency range 

must normally be represented by a complex number 
1 

µm_ , so that 
±JX 

unless the feedback factor is a conjugate ( 1 ljx) of this, the feedback 

voltage phase relationship cannot be maintained at 180° to the 
input voltage for all frequencies. If it should happen at any 
frequency that the feedback phase-shift has been moved through 
360°, positive feedback and, if µoc > 1, oscillation result, for expres
sion 10.49 becomes 

Eo = _µ __ = I!:. = oo. 
E 1 1 - µoc 0 
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Let us examine the case of a RO coupled amplifier with a 

resistive feedback circuit. A single stage gives a gain ~ and 
l±JX 

the maximum possible phase shift through the amplifier is ±90°. 
Such a stage cannot be unstable with negative feedback because 
the feedback voltage vector must lie between 90° and 270° with 
respect to the input voltage. A two-stage RO coupled amplifier 
gives an overall amplification of 

µ1 µ2 
µ, = I +jx1 • I +jxs · 

The alternative negative sign is not included because it leads to 
the same conclusion as the positive. 

µ _ µ1µ2 
t - • 

1 - X1X2+J(X1+X2) 
Owing to the term - x1x2, the feedback voltage vector associated 
withµ, can be rotated beyond 270°, and tends, as x1 and x 2 increase, 
to approach the in-phase position with the input voltage. It does 
not reach the 360° position until x1 = x 2 = oo when µ, is zero. 
Thus a two-stage RO amplifier with resistive feedback is theo
retically stable. In practice phase changes in decoupling and 
feedback circuits occur, and oscillation is possible. 

The gain for a three-stage amplifier is 

µ1µ2µ3 
µ,=(I +jx1)(I+jxa)(I+jxs) 

_ µ1µ2µ3 
- I - (x1x2 +x1x3 +x2x3) +j(x1 +x2 +xs - X 1X2Xa)° 

The imaginary term disappears when 

X1 +x2 +xa = X1X2Xa 

and oscillation then occurs if 

X1X2+X1Xa+X2Xa > 1. 
By suitable proportioning of the stages, such as making x1 = x, 

and x 3 as different as possible from x1 and x2, the limiting feedback 
factor may be raised. 

In transformer-coupled amplifiers leakage inductance and stray 
secondary capacitance produce resonance at some high frequency, 
and above this resonance the output voltage phase shift exceeds 
270°. A single stage transformer coupling with resistive feedback 
is stable because the phase shift only reaches 360° when the 
amplification is too small to produce oscillation. Two stages of 
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transformer coupling, or one stage of RC and one stage of trans
former coupling can, however, produce instability. 

In a broadcast receiver we are mostly concerned only with one 
stage of amplification before the output stage, and the transformer 
of the latter is sufficiently damped by the load to reduce the phase
shift and amplification due to leakage inductance and stray capaci
tance resonance. If an intervalve transformer is used before the 
output stage, the tendency to instability may be checked by damping 
the secondary by a resistance. As the frequency of instability is 
often outside the pass range of the amplifier, self-oscillation can 
be prevented by inserting, in the amplifier or feedback circuit, 
a filter sharply attenuating undesired frequencies with little attenua
tion or phase shift in the desired frequency range. 

10.10.9. The Application of Negative Feedback to the 
Output Stage. There is usually little advantage in applying 
negative feedback to a triode output stage, since a comparatively 
large input signal is needed without feedback and the slope resistance 
of the valve is in any case low. Furthermore, with feedback the 
increased input for a given power output tends to increase distortion 
in the preceding stage. The performance of a tetrode output stage 
can, however, be improved by voltage negative feedback, because 
distortion and generator impedance are reduced while still retaining 
the tetrode features of high efficiency and power output. Its power 
sensitivity is reduced, but since this is usually initially high, the 
extra input signal can often be obtained with little increase in dis
tortion from the previous stage. Current feedback is practically 
never used in an output stage as it increases generator impedance 
and exaggerates loudspeaker resonances. Two methods of applying 
voltage feedback are shown in Figs. 10.26a and 10.26b. The first 
uses feedback into the grid circuit from the anode, the feedback 

ratio being Ri~R
2

• This method may not be used in a positive

drive output stage taking grid current because of the resistance Ra, 
The capacitance 0 1 , which serves to isolate the D.c. anode voltage, 
may also be employed to reduce feedback at low frequencies, thus 
partially compensating for loss of low-frequency output due to the 
falling reactance of the output transformer primary. The earth 
capacitance of the input transformer secondary is in parallel with 
Ra, so that feedback at high frequencies is decreased. The feedback 
circuit cannot be connected directly to the grid of the output valve 
because coupling between anode and grid reduces its grid input 
resistance (Section 2.8.2, Part I), and so tends to increase distortion 
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in the preceding amplifier stage (Section 9.3.3). Fig. 10.26a cannot 
be used when the stage before the output valve has RO coupling 
because the grid leak from the grid to the junction of R 1 and R 2 

~------oH.T.+ 

Ill~ 

'-------------<1H. T.-
Fro. 10.26a.-Voltage Negative Feedback from the Output Transformer Primary 

to the Grid Circuit. 

forms a potential divider, with the load and slope resistance of the 
previous valve, which reduces the proportion of feedback voltage 
across R 2 effectively applied to the output valve grid. 

The second circuit feeds back from the output transformer 
secondary to the cathode, and this helps to compensate for output 

~--------off.T.+ 

Input 

n--_ _... _______ ___,..__--oH. T.-

Fm. 10.26b.-Voltage Negative Feedback from the Output Transformer Secondary 
to the Cathode Circuit. 

transformer harmonic distortion and the loss of low- and high
frequency response due to primary and leakage inductance. The 
resistance R2 produces some degree of undesired current feed
back because it is included in the cathode circuit ; this and the 
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secondary load impedance limit the maximum value of voltage 
feedback and make the circuit more satisfactory for feedback applied 
over two stages. 

The circuit of Fig. 10.26a is suitable for application to a push-pull 
stage, but each half of the push-pull input transformer must have 
its own feedback circuit; the transformer must therefore have two 
separate secondary windings. 
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FIG. 10.27.-The Construction of Voltage Negative Feedback Curves for a 
Tetrode Valve. 

Dotted Curves : Equivalent Negativ& Feedback Characteristics. 

The performance of a tetrode output valve having voltage 
negative feedback may be examined by constructing special feedback 
curves on the IaEa characteristics. The circuit diagram for these 
curves is shown in Fig. 10.27, and in this same figure the feedback 
curves, shown dotted, are superimposed on the IaEa curves. The 
method of calculating the feedback curves from the IaEa curves is 
as follows. Suppose the total anode voltage is 200 and the feedback 
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ratio oc(R
1
;R) is 20% ; the voltage (E1) across R2 is +40. Now 

the actual bias voltage (Eu) applied between the grid and cathode 
is the sum of the grid to feedback point voltage (E1 ) and the feed
back voltage (E1), 

i.e., 
where 
H 

Eu = E 1 + E1 = E1 + ~a . 10.62a 
oc = feedback ratio. 

E 1 = - 40, Eu = - 40+40 = 0 volts. 

Hence point A the intersection of the J aE a curve for Eu = 0 
with Ea= 200 must give a point on the input feedback curve 
corresponding to E 1 = - 40. When Ea= 190 volts, E1 = +38 
and if E 1 = - 40, Eu= - 2; thus point B, the intersection of 
Ea = 190 and the IaEa curve for Eu = - 2, must be another point 
on the feedback curve for E 1 = - 40. Points 0, D and E for 
E1 = +36, +34 and +32 respectively are found by a similar 
process, which can be extended to produce feedback curves for 
other values of E 1 as shown in the figure. For a different feedback 
ratio another set of curves must be constructed. 

To illustrate the use of these curves we will assume that the 
optimum load (it is unaltered by feedback) is 5,000 ohms, the 
H.T. voltage = 200 volts, and normal operating bias is - 4 volts. 
The load line is FKG. The feedback curve passing through K is 
E 1 = - 44, and this is the datum curve. Maximum input voltage 
is determined by the peak input signal which just takes the load 
line excursion to F, the intersection of the load line and Eu = 0. 
The input voltage line through Fis E 1 = - 9 so that the peak input 
voltage required is 44 - 9 = 35 volts. 

It is important to note that the datum and boundary condi
tions (points K and F) are fixed by the IaEa curves and not by 
the feedback curves. Power output and distortion may be cal
culated from the intersection of the load line with the appropriate 
input voltage lines, and, if the procedure set out in Section 10.4 is 
followed, the current intercepts must be measured for E 1 = - 9 ; 
- 26·5(- 44+35 x 0·5), -44, -61·5 and - 79 volts. The feed
back curves make quite clear that distortion and equivalent genera
tor impedance are considerably reduced. The generator impedance 
is decreased from an average of about 40,000 ohms to 700 ohms by 
this degree of feedback. 

In designing an output stage for optimum performance, the 
highest feedback ratio is required, and the limit is set by the 
maximum output possible with low distortion from the previous 
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stage. If, for example, this must not exceed 20 volts peak, we can 
calculate the maximum permissible feedback ratio by using the 
modified form of expression 10.62a. 

iJE0 = iJE1 - iJE1 . 10.62b. 

The negative sign before the change of feedback voltage, iJE1, is 
necessary because feedback is negative and opposes the change of 
input voltage, iJE1 • Now iJE1 = rJ.iJEa, so that iJE0 = iJE1 - rJ.Ea 
and 

iJE1 - iJE
0 rJ.=----~. . 10.63. 

iJEa 
Assuming the output valve to be operating for maximum power, 

the maximum change of anode voltage is 

iJEa =!:: 150 volts (the horizontal distance between Kand F) 
iJE1 = 20. 

From inspection of Fig. 10.27, 

Therefore 

iJE0 = 4 volts. 

20- 4 
rJ.---

150 

16 
= 150 = 10·66%. 

Curves may be constructed for this value of rJ. as set out above 
and the performance of the output stage estimated. 

10.10.10. Two-Stage Feedback Circuits.34· 36 The applica
tion of negative feedback to a two-stage amplifier confers two 
advantages : (1) it raises the value of µ 0 in expression 10.49, so 
that for a fixed feedback ratio the output voltage approaches more 

closely to Ei and overall frequency response is controlled to a large 
(I, 

extent by the feedback circuit; (2) it reduces distortion and com
pensates for frequency response deficiencies in the stage preceding 
the output, and (3) it requires less feedback voltage than a single 
stage so that this voltage may be derived from the secondary of 
the output transformer. 

In a two-stage amplifier it is only possible to indicate the general 
lines of a design since the particular form of feedback circuit has 
to be suited to amplifier and load characteristic. A representative 
circuit 39 is shown in Fig. 10.28. The chief points to note are that 
R 1 and R 3 are sufficiently large to prevent serious loss of power 
and that R2 is small enough to cause negligible current feedback 
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in the first valve. The inductance L 2 is placed in parallel with 
R 2 to reduce feedback at low frequencies (less than 100 c.p.s.), and 
compensate for the limited size of loudspeaker baffie, but sufficient 
feedback is allowed to reduce to some extent the resonance usually 
found between 50 and 100 c.p.s. Owing to the rise in speech-coil 
impedance as the frequency increases, it is advantageous to try to 

.---------------------oM.T.+ 

o-J 
Input 

Fm. 10.28.-Negative Feedback in a Two-stage Amplifier. 

maintain constant output current, and this is achieved by adjusting 

L1R1 and R3 to satisfy expression 10.55 which requires oc to be f. 
As an example, let us assume that the first valve has µ = 30 and 

Ra= 10,000 ohms with a total anode load resistance 1RoRJi of 
. o+ g 

50,000 ohms; the second valve is a tetrode of gm = IO mA/volt 
and an optimum output load resistance of 5,000 ohms, the speech-coil 
impedance is 5·5 ohms, and feedback reduces the overall amplification 
to t of its initial value. 

Amplification of the first stage neglecting current feedback in Rz 

µRo' = 30 x 50,000 = 25 _ 
Ra+Ro' 60,000 

Amplification of the second stage = gmRo' = -
1 

10 
X 5,000 = 50. 

,000 
Step-down ratio of output transformer 

= ✓5,000 = 30. 
5·5 

Overall voltage amplification to the secondary of the output 
transformer 

25 X 50 
30 = 41·6. 

1 1 
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4 4 1 
Therefore µ 0oc = 4 and oc = - = 

41 6 
= -- = 9·6%. 

µo · 10·4 
Assuming that L1 has not much effect at the medium frequencies, 

R2 _ 1 
R + R 1R 3 - 10·4· 

a R1+Ra 

A suitable value for RRiRRa is 200 ohms, for the loss of power 
1+ 3 

is then negligible, and 
200 

R2 = - = 21·3 ohms. 
9.4 

Examining the effect of R2 in the cathode circuit of the first valve, 
we find that the voltage amplification of the first valve is 

A lifi t . µR 0 30 X 50,000 
mp ca 10n = ,-~~---~ - -------

Ra+R2(l +µ)+R0 10,000+660+50,000 

= 30 X 5 = 24.7 
6·066 ' 

which shows that current feedback due to R2 can be neglected. 
The inductance of L 2 must depend on the low-frequency compensa
tion required and a probable value is that making the reactance at 
100 c.p.s. equal to R2, i.e., 

L = 21·3 x 1,000 = 33.9 mH. 
2 6·28 X 100 

The values of L 1 , R 1 and Rs depend on the speech coil and 
should be adjusted to give an impedance at high frequencies pro
portional to the speech-coil impedance. 

A similar circuit may be adopted with a push-pull stage. The 
feedback voltage must not be taken from either half primary of 
the output transformer, but from the secondary or a suitable third 
winding. The voltage across each half primary of the output 
transformer contains some of the distortion components produced 
by the valve, which are not cancelled because of the leakage induct
ance and resistance of the windings. These components do, how
ever, cancel each other when the voltage is taken across the total 
primary and are therefore not present in the secondary. If these 
distortion components are fed back they tend to increase the overall 
distortion, and one advantage of feedback is lost. 

If the first stage is transformer-coupled, a resistance may be 
required across the secondary to damp the resonance due to leakage 
inductance and stray capacitance, and to prevent excessive phase 
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shifts, which might lead to positive feedback and self-oscillation at 
some high frequency outside the normal audio frequency range. 
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CHAPTER 11 

POWER SUPPLIES 

11.1. Introduction. The power supply circuits for the A.O., 

the A.o./n.o., the transportable (car) and the battery receiver have 
some common features, but also certain important differences. 
The power supply for the A.O. receiver consists of a mains trans
former for the required heater and H.T. voltages, a rectifier and 
a smoothing filter for attenuating the rectified ripple voltage. In 
the A.o./n.o. receiver the mains transformer is omitted and the valve 
heaters are series-connected. The car receiver often uses the car 
battery for heater and H.T. supply, a vibrator (very occasionally 
a motor generator) acting as the converter for the H.T. supply. 
The battery receiver normally has an accumulator for L.T. and a dry 
battery for H.T. supply. The latter raises few problems; adequate 
decoupling is essential in each stage of the receiver, to prevent 
feedback coupling as the internal resistance of the battery rises 
during life. Only supply circuits for the first three types ofreceivers 
are reviewed in this chapter. 

11.2. A.C. Receiver Power Supply. 
11.2.1. Introduction. A typical power supply circuit for an 

A.O. receiver is shown in Fig. 11.1. To suppress R.F. interference 
entering the receiver via the mains supply leads, an electrostatic 

~-cn,_u""se>-_, 
C2 A.C. 

Mains C.3 
o----""° ...0:-,X, 

ruse 

Electrostatic 
Screen -

._ __ .,..H.T.+ 
L 

C 

PIG. 11.1.-A Typical A.C. Receiver Power Supply Circuit. 

screen is inserted between the primary and secondaries of the mains 
transformer, and two capacitances, 0 2 and 0 3 (about 0·001 µF) 
may be included from each mains lead to earth. The heater winding 

133 
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may have a centre-tapped earth connection, but it is more common 
to earth one side of the winding. With indirectly-heated valves, 
hum and noise pick-up from the heaters can be almost entirely 
eliminated by connecting some point on the winding to earth. 
Directly-heated valves (normally only the output valves) must, 
however, be earthed at the centre tap in order to obtain electrostatic 
hum balance. An LC filter follows the reservoir capacitance C 1 , 

and the full-wave rectifier. The filter choke has an air gap to 
prevent saturation of the iron core by the rectified current, and to 
maintain a high inductance value to the ripple voltage. The loud
speaker field coil is often employed as the filter choke. A small coil 
wound over the field winding is inserted in series with the speech coil 
to neutralize the effect on the latter of the A.O. ripple field. 

11.2.2. The Mains Transformer.11 The equivalent circuit 
for a mains transformer, having two secondary windings, shown in 
Fig. 11.2, gives a good indication of the features contributing to 
the production of a satisfactory component. The secondary winding 
resistances R81 and R82 , and the load resistances R1 and R 2 are 
transferred to the primary side by dividing by the square of the 
ratios, n 1 and n 2, of the secondary to primary turns. The primary 
winding resistance and inductance are RP and LP respectively, and 
the leakage inductance is Lp(l - k2) (Section 9.4), where k is the 

B 

!!:§2.. 
.n.! 

Fm. 11.2.-The Equivalent Circuit of a Mains Transformer. 

coupling coefficient between primary and secondary. The leakage 
inductance is, in this case, considered to be the same for both 
secondary windings; the error involved in this assumption is not 
very large. R1i,e represents the hysteresis and eddy current loss in 
the iron core. The efficiency is governed by Rp, R81 , R82 , R1i,e and 
k, and decrease of the first three and increase of the last two lead 
to a higher efficiency. For good regulation, low values of Rp, 
R81 and R82 , and a high value of k are essential ; R1i,e has little effect. 

There are two alternatives for the winding positions ; primary 
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and secondaries may be wound on top of each other, or they may 
be placed in separate sections side by side. In the first position 
the primary is usually nearest the centre limb of the core, and 
between it and the secondaries is the electrostatic screen, an open
circuited turn of copper foil or thin sheet. The H.T. and rectifier 
windings occupy the first two secondary positions respectively, and 
the L.T. heater winding is located in the outside position. For the 
second arrangement the primary winding is usually divided into 
two sections, each section being placed at the ends of the winding 
space. This reduces the leaki1,ge field (increases k) between the 
primary and secondaries, which are separate windings placed between 
the half primaries. Adequate insulation must be provided between 
the layers. Joints in the wire should have no projections and 
should occur at the centre of the layer, because electrical stress 
between layers is least at this position. Electrical stress is increased 
at projections, and insulation breakdown at joints due to mechanical 
puncture or corona effects may occur. Sharp corners to winding 
bobbins are avoided since electrical and mechanical (heating and 
cooling) stresses are greatest at these points. The ingress of moisture 
is prevented, preferably by sealing the windings (by pitch compound 
impregnation). 

The design of a mains transformer is best illustrated by an 
example. Suppose a transformer fulfilling the following require
ments is to be designed : 

Primary . 230-volt 50-c.p.s. mains supply. 
Secondaries . H.T. 300-0-300 volts 120 mA for full wave 

rectification, i.e., there is no D.O. polarizing 
current. The D.O. output for the above 
A.O. output would be about 280 volts, 
90 mA. (See Section 11.2.5 for the method 
of calculating it.) 

L.T. 6·3 volts 2 amps. 
L.T. 6·3 volts 6 amps. 

The fundamental equation for the induced voltage in any coil 
placed in a sinusoidal A.O. magnetic field is 

E = 4·44 <IJJ X 10-s x N R,M.s. volts. 11.1 

where ~ = peak value of the flux of the magnetic field. 
= peak flux density (.B) x area (A) of a cross-section 

through which the field is threading. 
f = frequency in c.p.s. 

N = number of turns in the coil. 
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Rearranging 11.1. 
N 108 

Turns per volt E = 4_44 AAJ 11.2 

where E has its R.M.S. value. 
For Stalloy stampings a suitable value of B is 10,000 lines per 

square centimetre (64,500 lines per square inch) and taking A as 
1·5 sq. ins. 

turns per volt = 4·65. 

This permits the total primary turns to be calculated, but for 
estimating the secondary turns allowance must be made for the 
voltage drop in the primary and secondary winding resistance ; 
i.e., the turns per volt for the secondary windings must be increased. 

4" I Magnetic Path Length 9" > ~;dJa. Bolt Holes 

Fm. ll.3a.-A Section through a Typical Ma.ins Transformer. 

If we assume a power efficiency on full load of 85%, the voltage 
efficiency is approximately the square root of this, viz., 92%, For 
convenience the secondary turns per volt in subsequent calcula
tions are taken as 5 ; this corresponds to a voltage efficiency of 
92·5%, 

The arrangement of the windings is shown in Fig. 11.3a, the 
primary winding being divided into two sections to reduce leakage 
inductance. The total number of turns for each winding and the 
number of sections are listed below. 

Winding. 
Primary 
H.T. Secondary . 
L.T. Secondary I 
L.T. Secondary 2 

Total Turns, 
1,070 
3,000 
31·5 
31·5 

Number of Sections. 
2 
2 
1 
1 
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Total output power from the transformer= 300 x 0·12+6·3 x 8 
= 86·4 watts. 

Total input power for 85% efficiency= 101·6 watts. 
. 101·6 

Primary cUITent = 
230 

= 0·442 amps. 

Taking the permissible cUITent density in all windings as 1,200 amps. 
per square inch, the required wire diameter can be calculated. The 
most suitable gauge of wire is then selected from Table 11.1 below, 
and the area taken by each winding estimated on the basis of double 
silk covering insulation for the primary and H.T. secondary, and 
enamel for the L.T. secondaries. The turns per square inch listed 
below 21 are calculated on the assumption that wires in consecutive 
layers are wound immediately above each ot4er and not in the 
grooves between the wires of the layer below. 

TABLE 11.l 

Wire Resistance. 
Turns per Square Inch. 

S.W.G. Diameter Ohms per Enamel. 
(inches). 1,000 yards. sec. DCC. SSC. DSC. 

--

10 0·128 1·8657 54·1 49·6 58·3 57 -
12 0·104 2·8626 79.7 71·8 87·3 85 -
14 0·08 4·776 129 113 145 140 145 
16 0·064 7·463 198 173 223 213 226 
18 0·048 13·267 343 297 400 377 400 
20 0·036 23·59 567 472 692 641 692 
22 0·028 38·99 865 692 1,110 1,010 1,110 
24 0·022 63·16 1,280 977 1,770 1,600 1,770 
26 0·018 94.35 1,740 1,280 2,560 2,270 2,560 
28 0·0148 139·55 2,310 1,630 3,650 3,160 3,760 
30 0·0124 198·8 2,950 1,990 5,180 4,500 5,370 
32 0·0108 262·1 4,010 2,550 6,610 5,650 6,890 
34 0·0092 361·2 4,960 3,020 8,730 7,310 9,610 
36 0·0076 529·2 7,430 4,110 12,100 10,300 13,500 
38 0·006 849·1 10,000 5,100 17,800 14,700 20,400 
40 0·0048 1,326·7 12,900 6,100 25,200 20,100 32,500 

SCC = Single Cotton Covered. SSC = Single Silk Covered. 

The details of each winding are therefore as follows : 

Winding. 

Primary 
H.T. Secondary 
L.T. Secondary 1 
L.T. Secondary 2 

Required Wire 
Diameter (ins,) 

I = 1,200 Amps. per sq. in. 

0·02165 
0·00797 
0·0460 
0·0797 

Suitable 
S.W.G. 

24 
34 
18 
14 

Total= 

Winding Area 
(Sq. ins.). 

0·669 
0·41 
0·0788 
0·217 

1·3748 
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Note that the average current from each half-secondary is only 
60 mA because it delivers 120 mA each half-cycle. The wire 
diameter is therefore calculated as for 60 mA. 

The next step is to decide on the stamping for the core. The 
cross-section of the central limb must be l ·5 sq. ins. in order to 
satisfy expression 11.2, and a suitable width for the limb is 1 in. 
The area of the winding window must be able to accommodate the 
coils (1·3748 sq. ins.) and the insulation between them. Let us try 
Stalloy No. 32A, the dimensions of which are given in Fig. 11.3a, 
and assume that the insulation between the windings themselves, 
and the windings and core is 0·075 ins. thick, and that the insulation 
from the primary to electrostatic screen is 0·05 ins. The available 
winding area dimensions are 

Effective width = total width - insulation 
= 1 - (2 X 0·075) = 0·85 ins. 

Effective height = total height - (interwinding insulation 
+winding to screen insulation 
+electrostatic screens) 

= 2·25 - (5 X 0·075+2 X 0·1+2 X 0·01) 
= 1·655 ins. 

Therefore total winding area = 1·408 sq. ins. 

There is a reasonable factor of safety upon that actually required, 
1·3748 sq. ins. 

The iron loss, copper loss and efficiency must now be checked. 

(1) Iron Losses. 
Area of face of stamping = total area - winding window area 

- area for / 2 in. diameter bolts. 

= 4 X 3·25 - 2·25 X 2 -~(:2)2 
= 8·4236 sq. ins. 

Thickness of iron core = l ·5 ins. 
Total volume of iron = 8·4236 x l ·5 = 12·63 cu. ins. 

Weight of iron (density 0·28 lbs. per cubic inch) 
= 12·63 x 0·28 = 3·54 lbs. 

Loss in standard Stalloy at 13 = 10,000 lines per square centimetre 
= 0·65 watts per lb. 

Therefore loss in iron core = 2·3 watts. 
Allowing 10% insulation between stampings, the total thickness 

of core = 1·65 ins. 
Number of laminations 0·014 in. thick= ll8. 
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(2) Winding Copper Loss. 
From Figs. 11.3a and 11.3b, the mean length of a winding turn 

is 9·3 ins. The total length of each winding, its resistance (obtained 
from Table 11.1) and power loss are tabulated below. 

.,,,- i--C 

~ 

--~ 
oil 

)65" 

"' C 

l 3·65" 

~-1 
3H ~1 

FIG. ll.3b.-A Plan View of the Mains Transformer of Fig. 11.3a. 

Winding. Total Turns. Yards. Ohms. Current. Power Loss. 
Primary 1,070 276·5 17·7 0·442 3·42 
H,T. Secondary 3,000 775 280 0·06 1·01 
L.T. Secondary 1 31·5 8·14 0·1079 2 0·432 
L.T. Secondary 2 31·5 8·14 0·0389 6 1·40 

Total loss (iron+copper) = 6·262+2·3 = 8·562 watts. 

Effi 
. 86·4 0/ 

mency = 94_
962 

= 91 ;o• 

This is slightly higher than the value assumed initially, but there 
is some increase in primary loss due to magnetizing current, which 
has not been considered in the above. 

(3) No-load and Full-load Operating Conditions. 
The no-load current of the transformer is determined mainly 

by the primary inductance, the formula for which is given in 
expression 11.19b, Section 11.2.9. 

L = 1·255 L1µn 2V10-s 
where n = turns per centimetre of the magnetic path in the core. 

L1µ = incremental A.O. permeability. 
V = volume of iron core in cubic centimetres. 

From Fig. 10.20, L1µ is 2,400 at B = 10,000 lines per square centi
metre, Hn.c. = 0, but let us assume L1µ is 2,000. The primary 
inductance is therefore 

L _ 1·255 X 2,000 X 2·54 X (1,070) 2 X 12·63 
P - 92 X 108 • 

The factor 2·54 is included to convert turns per inch of magnetic 
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path and volume in cubic inches to turns per centimetre and cubic 
centimetres. The length of the magnetic path is 9 ins. (See 
Fig. ll.3a.) 

Therefore LP= 11·38 H 
XP = 2nfLP = 3,570 Q. 

The primary winding resistance has practically no effect on the 
no-load current which is 

I = 230 _ . A u 
3 570 

- 64 4 m . 
' 

By assuming a leakage inductance of 0·5% of LP (a. probable 
value), we can estimate the no-load and full-load voltages at the 
secondary terminals. On no load the primary winding resistance 
has practically no effect, so that all no-load secondary voltages are 
0·5% lower than the values given from the turns ratio. 

. . 230 X 1,500 X 0·995 
H.T. half secondary open-mrcmt voltage= 

1
,
070 

=320 

L.T. secondary (1) and (2) open-circuit voltage 
230 X 31 ·5 X 0·995 _ _

7 1,070 - 6 2· 

To determine the full-load voltages it is necessary to estimate the 
secondary load resistances refel"red to the primary side. Thus, for 
the H.T. secondary, the total load resistance (including the winding 
resistance) for each half secondary is 

[140 (winding)+~~:6(load)] =5,140 ohms, 

and the load resistance for both half secondaries referred to the 

· "d b (
1
•
070

)
2 

0 hm s· ·1 1 pnmary s1 e ecomes 2,570 x 1,
500 

= 1,31 o s. 1m1 ar y, 

the primary load resistances due to L.T. secondaries 1 and 2 are 3,770, 

[ ( 0·1079+ 
6
;
3)(1;~:5°)2] and 1,260 ohms. The total resistance 

load across the points AB in Fig. 11.2 is the resultant of 1,310, 
3,770 and 1,260 in parallel, i.e., 549 ohms. 

The equivalent impedance across the points AB, including the 
reactance of LPk 2, (j 3,552 ohms) is 

R ·x _ 549 X (3,552) 2 +. 3,552 X (549)2 
.AB+J .AB - (549) 2 +(3,552) 2 J(549) 2 +(3,552) 2 

= 537+j 83. 
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The induced voltage in the transformer primary, i.e., the voltage 
across AB 

= E J (R_,rn)2+(X_,rn)2 
P (R_,rn+R 1)

2 +(X_,rn+wLp(l - k 2)) 2 

= 230✓ (537)2+(83)2 
(554·5) 2+(100·85) 2 

= 222 volts. 

The voltage across each pair of secondary terminals is 

EAB Ns_ RL 
NP Rw+RL 

where N 8 and NP are the secondary and primary turns, RL and 
Rw are the load and winding resistances of the secondary. 

1,500 5,000 
H.T. half secondary voltage = 222 

1
,
070 5

,
140 

= 302 volts. 

31·5 3·15 
L.T. secondary 1 voltage = 222 

1
,
070 3

_
2579 

= 6·3 volts. 

31·5 1·05 
L.T. secondary 2 voltage= 222 l,070 1_

089 
= 6·3 volts. 

It is interesting to note the effect of an increase in leakage inductance 
to I% of LP ; E AB becomes 220 volts and the secondary voltages 
are reduced to 299 and 6·25 respectively. The need for keeping 
leakage inductance to the lowest possible value cannot be 
overstressed. 

(4) Transformer Temperature Rise on Full-load. 
For an air-cooled transformer an approximate value for the 

area required to dissipate I watt for a temperature rise of I° C. in 
the iron is 30 sq. ins. and for the coils is 50 sq. ins. 

The cooling area for the iron includes the top, sides, front and 
back faces, except that just underneath the coil, but does not 
include the bottom or central limb. The effective iron thickness 
of the core is l ·5 ins. Hence, from Figs. 11.3a and 11.3b. 

Total cooling area = (4 x 1·5}+(3·25 X 1·5)2+(4 X 0·5)2 
+(2·75 x 0·5)4 = 25·25 sq. ins. 

Watts lost in the iron core = 2·3 

T . f . 30 X 2·3 0 C emperature nse o iron core = 
25

_
25 

= 2·73 . 

The cooling area for the coil includes all the area outside the iron 
core but excludes that at the bottom of the transformer. 
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Cooling area of coil = (3 x 1)2+(2·25 x 1)4+(3 x 2·25)2 
= 29·5 sq. ins. 

Watts lost in the coil= 6·262 

Temperature rise of coil = 
2
!~

5 
x 6·262 = 10·6° C. 

In actual practice some heat is transferred from the coil to the 
core so that the average temperature of the coil is likely to be 
slightly lower than that given, and that of the core slightly higher. 
The calculated temperature rises are, however, well within the 
permissible values. 

In the above example we have assumed that there is no polarizing 
D.O. field since a full-wave rectifier is being used. If half-wave 
rectification is employed, there is a D.O. polarizing field in the core 
due to the rectified current flowing in the secondary winding. The 
chief effect of the D.o. polarizing field is to reduce the primary 
inductance, thereby increasing the magnetizing current and reducing 
efficiency. An air gap is desirable, and the design principles involved 
are as set out in Section 11.2.9, but modified by the fact that the 
A.O. flux density is large and in most cases greater than the D.o. 

polarizing flux density. 
11.2.3. The H.T. Rectifier. There are four important types 

of rectifier circuits, the full-wave, half-wave, bridge and voltage
doubler. Examples of the last three are given in Figs. 11.4a, 11.4b 
and 11.4c. The full-wave rectifier, illustrated in Fig. 11.1, is the 
most common type of receiver rectifier, and among its outstanding 
features are cancellation of the fundamental mains frequency com-

Fm. ll.4a.-A Half-wave Rectifier. 

ponent in the rectified output, and cancellation of the D.O. current 
components through the mains transformer. This allows a smaller 
transformer core to be used and better voltage regulation to be 
obtained. On the other hand, a centre-tapped secondary winding 
is required, having a total A.O. peak voltage of approximately twice 
the D.O. output voltage. The half-wave rectifier has the merit of 
simplicity, reduced rectifier cost and only one secondary winding. 
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The secondary is half that of the full-wave rectifier secondary for 
the same n.c. output voltage. The n.c. output current is, however, 
only half that of the full-wave rectifier with similar secondary 
windings, and voltage regulation is worse. The simplified analysis 
of Section 11.2.5 shows that there should be little difference 2 

between the R.M.S. to D.C. current ratios, but in practice it is generally 
found to be about 1·6 compared with 1·35 for full-wave operation. 
This, combined with the n.c. polarizing current in the secondary 
winding, tends to reduced transformer efficiency, whilst hum level 
of the n.c. output voltage is increased by the presence of a large 
mains fundamental frequency voltage component. The half-wave 
rectifier is most suitable for providing a high-voltage low-current 
n.c. output, such as that required for cathode-ray tube power 
supply circuits, but it is also used for A.o./n.o. operated receivers, 
which have no transformer connection to the mains supply. 

A 
'-----......--0 H. T. + 

A.C.M~111 
SvppLJ 

B 

Fm. ll.4b.-A Bridge Rectifier. 

Valves are practically never used in the bridge rectifier since 
four independent valve structures would be required, but the circuit 
is quite often employed with metal rectifiers. The bridge circuit, 
shown in Fig. 11.4b, is equivalent to a full-wave rectifier, but requires 
only a single secondary winding of half the A.O. voltage for the same 
n.o. output voltage as the full-wave circuit. The principle of 
operation is as follows. During the half-cycle when A is positive 
with respect to B, valves V1 and V, are conducting, the current 
passing from the cathode of V 1, through the reservoir capacitor O 1, 

to the anode of V, and thence to B. For the opposite half wave, 
Bis positive with respect to A, and valves V2 and V3 are conducting 
(V1 and V, are inoperative), the current passing through 0 1 in the 
same direction as when V 1 and V, conduct. Voltage regulation is 
practically the same as for the full-wave rectifier. 

The voltage doubler rectifier of Fig. 11.4c requires two separate 
half-wave rectifiers, each charges its own reservoir capacitor (01 is 
that for V 1 ) on alternate half-cycles. The two reservoir capacitors, 
0 1 and 0 2 , are connected in series to give a n.o. output voltage of 
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approximately twice the secondary peak A.O. voltage. D.c. voltage 
regulation is usually not so good as that of the half-wave rectifier. 

Vz 

c___..:::..::=:..:.,,__-4--_____ -o H.T.-

Fm. ll.4c.-A Voltage Doubler Rectifier. 

The n.c. charging currents for capacitors, 0 1 and O 2, oppose in the 
secondary winding of the transformer, and the permeability of the 
core is unaffected by the rectifier action. 

The most popular type of rectifier for receiver H.T. supply is the 
high vacuum diode valve. It is robust and can be made to have 
a high inverse negative voltage. The inverse voltage is the negative 
voltage which can be withstood without taking appreciable current 
in the reverse direction, from cathode to anode. For high rectifica
tion efficiency the conduction slope resistance should be low, and 
this is achieved by having a large emitting surface and minimum 
anode-to-cathode spacing. The former can be realized with little 
difficulty in a directly-heated valve by having a long filament, but 
there are limits to the size of the cathode in an indirectly-heated 
valve, and increased rectification efficiency is largely obtained by 
reducing the equivalent spacing between anode and cathode. 
A comparatively coarse mesh grid, connected to the anode, is inserted 
between anode and cathode to neutralize the electron space-charge 
at the cathode, and this effectively reduces the anode-cathode 
spacing without decreasing to any large extent the inverse voltage. 
With a very narrow anode-cathode spacing there is a possibility of 
some of the active cathode coating being deposited on the anode, 
the temperature of which may become sufficiently high, due to heat 
radiation from the cathode as well as electron bombardment, to 
cause " back " emission in the reverse direction, and so reduce 
rectification efficiency. The chief value of the indirectly-heated 
rectifier is that the H.T. supply is not applied until the valves in the 
receiver are conductive, and high initial n.c. voltages, imposing 
undue strain on capacitors or resistors, are avoided. 

A possible alternative to the high vacuum diode is the mercury 
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vapour rectifier, which generally has a higher rectification efficiency. 
The voltage drop across the valve during conduction is constant 
at about 15 volts and independent of load current. Its disadvan
tages are that it tends to produce R.F. interference, is less robust, 
and, unless special precautions are taken, has a shorter life than the 
high vacuum diode. Inverse voltage is also limited, though this 
effect is of little importance in receiver H.T. supplies. The nature 
of the conduction characteristic is such that a very peaked current 
wave, rich in the higher harmonics, is produced in the reservoir 
capacitance, and these harmonics enter the R.F. range and may cause 
interference in the receiver. Bombardment of the cathode coating 
by positive ions of mercury vapour tends to reduce valve life ; the 
velocity of these ions can become dangerously high if the A.c. anode 
voltage is switched on before the cathode is hot enough to emit 
a copious fl.ow of electrons and so reduce the positive voltage 
between anode and cathode during conduction. Since practically 
all the mass of the gas atom is contained in the ion, its kinetic 
energy is considerable when its velocity is high, and the active 
material is stripped from the cathode. 

The rectifier valve normally has a reservoir capacitance, which 
forms a capacitive load impedance. This increases rectification 
efficiency and attenuates A.C. fundamental and harmonic voltage 
components in the rectified output. An inductive load impedance 
may be used when high n.c. voltage regulation is desired, but 
rectification efficiency is then reduced. The mercury-filled diode 
valve is particularly suitable for use with an inductive load. 
A " pure " resistance load is never employed because it causes a low 
rectification efficiency-the D.C. output voltage is approximately 
! (half wave) or ½ (full wave) of that obtained with a capacitance 
load-and there is no attenuation of the A.C. voltage components 
in the rectified output. An examination of rectifier performance 
when supplying a resistance load is, however, helpful in understand
ing its operation with capacitive or inductive load. 

11.2.4. The H.T. Rectifier with Resistance Load. When a 
H.T. rectifier has a resistance load, the unidirectional current pulses 
have half cosine wave shapes. For a half-wave rectifier these current 
pulses may be analysed into the Fourier Series * given below 

21[1 1r, I I I ] lo=~ 2+4 cos pt+3 cos 2pt-
3

_5 cos 4pt+ 
5

_ 7 cos 6pt . . . . 11.3a 

where 10 = current through the resistance load R. 

* See Appendix 2A, Part I. 
F 
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and 1 cos pt = instantaneous current through the diode during the 
conduction period. 

In a full-wave rectifier, the fundamental component is cancelled 
and the Fourier Series * becomes 

4/[I I I I ] I 0 = n 2+3 cos 2pt -
3

_
5 

cos 4pt+5_7 cos 6pt... . II.3b. 

The n.c. components for half- and full-wave operation are ! and 
21 

:n, :n, 

respectively. The voltage across the load resistance R is obtained 

by substituting E 0 and R+~:+Re for I 0 and 1 in the above expres

sions. Ra is the conduction resistance of the rectifier, R1 the sum 
of the winding resistance of the secondary and that reflected from 
the primary of the transformer supplying the rectifier, and l11 cos pt 
is the secondary voltage. Generally, R • Ra+R1, so that the 

n.c. output voltage, l11 or 
2l11, is almost independent of load 

:n, :n, 

resistance. The resistance loaded rectifier, therefore, ha.s the 
advantage of good n.c. voltage regulation, but rectification efficiency 
is low (31 ·8% for the half-wave and 63·6% for the full-wave rectifier). 
To reduce A.O. voltages across the load resistance it is usual to insert 
an LG filter between the load resistance and rectifier. A single 
LG filter between rectifier and load resistance, as shown in Fig. 11.10, 
can, with suitable choice of L, give almost as good D.c. regulation 
as the resistance alone, and it is particularly useful for supplying 
a circuit requiring a variable current with little voltage variation, 
i.e., an output stage operating under Class B or Class AB conditions. 
The more common type of rectifier circuit includes a reservoir 
capacitance immediately following the rectifier. This raises rectifica
tion efficiency and D.c. output voltage, but decreases voltage 
regulation. We shall examine the capacitively loaded rectifier first. 

11.2.5. The H.T. Rectifier with Capacitive Load. The 
action of the rectifier with a reservoir capacitance (Fig. 11.5) is 
similar to that of a diode detector having a capacitance shunted 
load resistance (Sections 8.2.5, 6, 7, and 13, Part I). The capacitance 
acts as a reservoir, storing energy when the A.O. voltage applied to 
the rectifier exceeds the voltage across the capacitance G 1 • The 
stored energy is released through the load resistance R when the 
A.O. voltage falls below that across Gi, and the rectifier ceases to 
conduct. The gaps between successive half waves of .A..c. voltage 

* See Appendix 2A, Part I. 



11.2.5] POWER SUPPLIES 147 

are therefore filled as shown by the dotted curve Ee in Fig. 11.6. 
The diode starts to conduct at some angle such as - cx 1 , and ceases 
at an angle corresponding to cx 2, cx1 being numerically greater than 

Rr1, 

~---------------OH. T.-
Fm. 11.5.-A Half-wave Rectifier with Capacitive Load. 

cx2• The current pulse, Id, through the diode, is shown under the 
second half wave. 

The performance of the rectifier may be calculated by using the 
analyses developed in Sections 8.2.5 to 8.2.7, which assume that the 
voltage across the load resistance R is constant, and that diode 
conduction starts at - cf, and ends at +cf,. The error involved is 
not very large provided rectification efficiency is greater than 50%, 
i.e., the D.C. voltage exceeds half the peak A.O. voltage. The shape 
of the conduction current-anode voltage characteristic of the high 
vacuum diode rectifier is generally of the form shown in Fig. 11. 7, the 

et 
' Ee - _;(_ ------=---==----

: : 2rr 

:21r-¢ 
' 

(2;-<X-1) 

Fro. ll.6.-Voltage and Current Character
istics of a Half-wave Rectifier. 

Fro. 11.7.-Conduction Current
Anode Voltage Characteristic 

of a Diode Rectifier. 

straight part, produced, cutting the Ea axis at some positive voltage, 
E 2 • If we neglect the initial curvature, and assume that the con
duction characteristic is a straight line of slope resistance Rd passing 
through an anode voltage of +E2, the expression for the rectified 
D.C. current through the load resistance R is, from Section 8.2.7, 

I_ E1K 
o - :ii(Ra+R,) 11.4 
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where 2 1 cos pt = A.O. voltage of the secondary on open circuit 

E 0 = D.O. voltage across the load resistance R. 

cp = cos-l [Eo;E2] 
and R, = total winding resistance of secondary plus that reflected 

from primary. 

The relationship between EtE2 and K is shown by the full line 

curve 1 in Fig. 11.8a. To illustrate its application, the D.c. output 
voltage-current relationship will be calculated for a half-wave 
rectifier circuit having the following component values. The 
transformer secondary and reflected primary resistances are 300 and 
100 ohms respectively (the R.M.s. voltage of the secondary is 
300 volts). The half-wave rectifier has a conduction resistance of 
200 ohms and begins conducting at the equivalent of +5 volts. 
The total resistance of the rectifier circuit (excluding the load) is 
600 ohms, so that the D.c. load current is 

Io = 300 x 1·414K = 225K mA. 
3·14 X 600 

Inserting selected values for I O in the above gives the corresponding 
value of K, and reference to Fig. 11.8a enables the D.c. output 
voltage at the selected D.C. current to be calculated. The result 
is tabulated below. 

--

l 0(mA) 0 10 20 30 40 50 60 
K 0 0·0444 0·0889 0-1333 0·1778 0·2223 0·2667 
Eo+E2 

1 0·875 0·8 0-732 0·68 0·62 0·575 
~ 
E 0 (volts) 419 366 334 306 283 258 239 

In order to obtain these output voltages the reservoir capacitance 
is assume<l to be large enough adequately to sustain the voltage 
across the load resistance during the non-conducting period of the 
rectifier. In Section 8.2.13, Part I, a curve (Fig. 8.13b) is developed 
for the minimum value of capacitance necessary to ensure this for 
different values of load and rectifier resistance. It is reproduced in 
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Fig. 11.9 as a curve of R01 against RR R, where R = E
1

°. The 
d+ t o 

vertical scale on the right is for half-wave rectification (ripple 
frequency 50 c.p.s.), and that on the left is for full-wave rectification 
(ripple frequency 100 c.p.s.). Thus for given values of R, Rd and 
R,, the minimum required value of 0 1 for full-wave rectification is 
half that for half-wave rectification. The values of 0 1 for the 
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FIG. 11.9.-0ptimum Capacitance Curves for a Full-wave and Half-wave 
Rectifier. 

R in ohms, 0 in µF. 

selected values of I O in the above example are tabulated below : 

· · £ d t Eo+E2 o 7 hi h d a maximum 1s oun a ~
1 

= · , w c correspon s to 

conduction starting at cp = 45°. 

1 0 (mA) 10 20 30 40 50 60 
R (ohms) 36,600 16,700 10,200 7,075 5,160 3,983 

R 
Rd+R, 61 27·8 17 11·8 8·6 6·64 

0 1 (µF) 4·64 7·2 8·65 9·2 8·8 8·05 

An average practical value for a half-wave rectifier capacitance 
is 8 µF. For full-wave operation the minimum values of reservoir 
capacitance given above are halved for the same D.C. current; the 
D.C. voltage across the load resistance is greater because the value 
of K for the same D.C. current is halved. 

As a second illustration let us assume that the turns ratio, and 
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secondary voltage of a transformer, together with the reservoir 
capacitance, are to be found in order that a full-wave rectifier may 
deliver 50 mA at 400 volts. The supply is 230 volts, 50 c.p.s. and 
the rectifier conduction resistance is 200 ohms starting at +5 volts. 
Probable values of primary and secondary resistance are 20 and 
300 ohms, respectively. As a first attempt let us try a primary 
to secondary turns ratio of 1 to 2. The total A.O. resistance in the 
rectifier circuit is 

R11,+R1 = 200+300+2 2 x 20 = 580 ohms. 

The D.C. current expression is twice that for half-wave working, i.e., 

10 = 2!£1K 
n(R11,+R,) 

Therefore K = 50 X n X 580 = 0_07 
1,000 X 460 X l ·414 X 2 

From Fig. 11.8a 
Eo+E2 = 0_83 

El 
E 0= 535 volts. 

This is too high; a primary to secondary turns ratio of 1 to 1·6 gives 

R11,+R1 = 551 
K = 0·083 

Eo:1E2 = 0·81 

and E 0 = 416 volts. 

This is slightly higher than required, but a lower ratio would be 
inadvisable because no account has been taken of the voltage drop 
due to leakage inductance. This tends to reduce the voltage 
induced in the secondary, and would bring the n.c. voltage close 

to the required 400 volts. The load resistance R = f
0

° = 8,320 Q, 

d R 8,320 £ F" . RC an R +R = 
551 

= 15·1; re erence to 1g. 11.9 gives 1 as 
d, t 

40,000, and the minimum required value of reservoir capacitance 
is therefore 4·8 µF. 

A characteristic of the rectifier with capacitive load is that the 
conduction current takes the form of pulses of large amplitude and 
short duration as shown in Fig. 11.6, and maximum current may 
be many times greater than the n.c. cUITent. The reservoir capaci
tance, the rectifier conduction resistance and the transformer winding 
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resistance all influence the maximum rectification current. A large 
capacitance and low resistances lead to large maximum amplitudes 
of short duration. In some cases, when the mains supply to the 
rectifier has a very low resistance, it may be necessary to insert a 
resistance in series with the rectifier to limit the maximum conduc
tion current and prevent damage to the valve. An example of this 
is afforded by the A.C./D.C. receiver, the half-wave rectifier for which 
often has a series resistance of about 50 ohms included to make up 
for the absence of the transformer winding resistances. 

The maximum current, assuming conduction from - rf, to +rf, 
(Fig. 11.6) is given by 

I _ E1(l - cos rf,) 
d (max) - Rd+R . 11.5a 

and the ratio of maximum to D.C. current is 

Id <max-> _ n(I - cos rf,) _ n(l - cos rf,) 
1 0 - K - sin rf, - rf, cos rf, · 

. 11.5b. 

This ratio is plotted against K as curve 2 in Fig. I I.Sa, and it can 
be seen that even under normal operating conditions (K between 
0· l to 0·5}, the maximum conduction current is about six times that 
of the D.C. output current. For convenience the ratio of Id (mew.) to 
I 0 is plotted against the ratio of (E0 +E1) to E 1 as curve I in 
Fig. II.Sb. 

An estimate of the fundamental R.M.s. current supplied by the 
secondary winding of the transformer is required in order that the 
load from the rectifier can be determined for transformer design 
purposes. This can be obtained by calculating the fundamental 
peak current in the pulses shown in Fig. 11.6 and dividing by V2. 
Thus 

1 = ~f"' (.C1 cos pt - E 1 cos rf,) t d( t) 
I R R cosp. p 

:it o d+ t 

- 2E J"'[I+cos 2pt ] 11 = n(Ra~R,) 
0 2 - cos rf,.cos pt d(pt) 

= 2E1 [t+sin 2rf, - cos rf,.sin rt,] 
n(Rd+R,) 2 4 

- n(R:~R,)[rf, - ½ sin 2rf,J . 11.6a. 

The R.M.s. value of fundamental current 

= 11 = E1_(ef> - ½ sin 2ef>). 
nV2 (Rd+R,) 
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FIG. 11.Sb.-R.M.s. and Conduction Current Ratios of a Diode Half-wave 
Rectifier in Terms of the D.c. Output Current. 

The most useful method of expression for the a hove is in terms of 
the n.o. current J0 , hence using 11.4. 

11 _ if, - ½ sin 2ef, 
lo - v'2K 

_ 0·707(ef, - ½ sin 2ef,) 
- (sin ef, - ef, cos ef,) 

. 11.6b. 

This is plotted against K as curve 3 in Fig. 11.Sa and against EotE2 

as curve 2 in Fig. 11.Sb. The interesting point is that as K is 

d d Eo+E2 . d h . f ecrease , or ~ increase , t e ratio o R.M.s. to n.o. current 

increases and approaches 1·414. On light loads the ratio is greatest, 
and as the load increases the ratio decreases. 

The above calculation is based on half-wave operation, but the 
result is the same for full-wave working. For the same voltage 
ratio, i.e., a given value of cos ef,, the n.o. and R.M.s. currents are 
doubled when full-wave rectification is employed, and their ratio 
is unaltered. An average value for the ratio of R.M.s. to mean 
current is about 1·35, and this is the figure used in estimating the 

F* 
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D.c. full load output from a rectifier connected to the transformer 
designed in Section 11.2.2. 

11.2.6. The H.T. Rectifier with Inductive Load. 7 If a large 
inductance is inserted between the load resistance R and the rectifier, 
the D.C. performance is practically the same alil that for a resistance 
load alone, viz., the D.C. voltage is much less than the peak A.C. 

applied voltage, but is practically independent of variations of R. 
The fall in D.C. voltage with increase of current is determined almost 
entirely by the resistance elements associated with the transformer, 
rectifier and added inductance. The chief advantage of the latter 
is that the A.C. current components in the load resistance are 
appreciably reduced, and all A.C. voltages across R are reduced by 

the factor v_!f, ___ in comparison with their values before the 
R2+(pL)2 

inductance L. The reduction factor has more and more effect at 
the higher harmonic frequencies. The filter action of L can be 

L 

Vi ~1ol 

L------<----"-c----'-~I B 
Fm. 11.10.-A Half-wave Rectifier with Inductive Load. 

greatly increased by providing a by-pass capacitance O across the 
load resistance Ras in Fig. 11.10, and D.c. performance is practically 
unaffected by the added capacitance unless the D.C. current falls 
below a certain value. For lower current values than the minimum, 
the D.c. current component is less than the A.C. current component ; 
pulse charging of O results like that for the capacitively loaded 
rectifier, and, as the current is reduced, the D.C. voltage rises steeply 
to a value almost equal to the peak value of the A.C. voltage. 
Typical D.C. voltage-current curves (3 and 5) for the rectifier, with 
different values of inductance and a given value of by-pass capaci
tance Oare shown in Fig. 11.11. Curve 3 is for a smaller inductance 
than curve 5. For comparison a curve (1) for the capacitively loaded 
rectifier is included to show the improved regulation obtained by 
the inductive load for currents above the critical minimum. 

The action of this type of rectifier circuit can be quite simply 
analysed for D.c. currents exceeding the minimum value, if it is 
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assumed that the diode conduction resistance and transformer 
resistances are much less than the impedance of L and R. The 
wave shape of the voltage across the points AB in Fig. 11.10 is 
almost that of a half-cosine curve, so that the voltage applied to 
L and R is represented by 

2fE1[l n 1 ] EAB =---;- 2+4 cos pt+ 3 cos 2pt ... etc. 11.7 

where 1l1 cos pt= A.c. voltage applied to the rectifier. 
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FIG. 11.11.-D.c. Output Voltage-Current Curves for a Half-wave Rectifier 
with Inductive Load. 

Owing to the frequency discrimination of L the current Ia, 
fl.owing from the rectifier has only two important components, 
a D.C. and fundamental A.C. The harmonic current amplitudes are 
inversely proportional to their harmonic number and directly pro
portional to the harmonic voltages, which themselves are much less 
than the fundamental voltage. The current Ia, through the rectifier 
is therefore continuous, so long as its D.C. component exceeds the 
peak value of the A.C. current, i.e., the rectifier conducts during the 
whole of the cycle. This is an interesting case of the duality 
theorem 22 in networks, for it may be noted that the series combina
tion of L and R is the dual of the parallel combination of O and R 
(the capacitively loaded rectifier). The voltage in the latter instance 
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is continuous, with a ripple voltage consisting almost entirely of 
fundamental frequency, and by the duality theorem the current 
should have that characteristic for the dual circuit, the series 
combination of L and R. Similarly duality is found between the 
current through the rectifier for the capacitive load and the voltage 
across the rectifier for the inductive load. The voltage wave shape 
in the latter case is actually 180° out of phase with the current wave 
shape in the CR case, i.e., the voltage has constant positive value 
for the majority of the cycle and has a downward peak in the 
opposite direction to the upward peak of current (see Fig. 11.6). 

Having established that for good D.o. regulation the D.o. current 
must be not less than the fundamental A.O. peak current, we can 
use this to determine the minimum value of L for a given n.o. 
current, or vice versa. The value of the smoothing capacitance 
0 has an effect, though not a large one, on the equivalent value of 
L required, its chief duty being that of reducing the fundamental 
voltage component across R. Denoting the D.o. and R.M.s. funda
mental A.O. currents by JO and I 1 respectively, and the ratio of 

R.M.s. fundamental A.O. to D.o. voltage,!:, across the load resistance 

R by r (conveniently called the ripple voltage ratio}, we have 

I 
_Eo 

o - R . 11.Sa. 

But Eo is the n.o. component of EAB (if the resistance of Lis much 

less than R}, which equals al (see 11.7). 
n 

Therefore 10 = ~ . II.Sb 

11 =El= EAB,..._, • 

Xe XL -Xa 
The R.M.s. fundamental alternating current component of E AB is 

• !~ (expression 11.7} 
2v2 

and 1 _ al 
1 

- 2V2(XL - Xa) 
. 11.9a 

= [2~2 - E2J;L 
where E 2 = R.M.s. fundamental voltage component across 0 

Eo[ n ] = XL 
2

v'2 - r . . 11.9b. 
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Th . l t· E2 °C1X0 1t e npp era 10 r = - = -----=----.-
Eo 2V2(XL - Xo) °C1 

_ nX0 

- 2V2(XL - X
0
)· 

Solving the above for LO, 

~+I 1·11 +I 
LO= 2rv2 _r __ 

(2nf)2 = 39·5f2 . U.lOa 

where f = mains fundamental frequency. 
The limiting condition for good D.O. voltage regulation is that 

the minimum n.o. current equals the A.O. peak current. Thus from 
II.Sa and 11.9b 

1 Eo V2Eo( n ) 
o(min-> = X-- = ---y-- . ~ - r 

(maz.) L 2v 2 

and solving for L gives 

( __!!_ - r)l·414 Rcmax-> 
L = 2\12 

2nf 

0·225 Rcm=il·ll - r) 
- f . II.Ila. 

If full-wave rectification is employed the A.O. fundamental voltage 
across AB is zero ; the second harmonic becomes the important 

voltage component, E -
421 

and expression 11. lOa is 
AB,..., - 3nV2 

modified to 

[~+1] 0·471 +1 
3r'V2 r 

LO = (2n2f) 2 = ~15-8/_2_· . 11.l0b 

where f is still the mains fundamental frequency. 
Similarly, expression II.Ila becomes 

L = 0·1125 Rcm=.)(0·471 - r) 
f . . 11.llb. 

Comparing II.Ila with 11.llb, it is clear that half-wave rectifica
tion requires a larger value of inductance (approximately 4·7 times 
greater) than full-wave for the same value of Rcmax.) or Iocmin.)• 

As an example we shall calculate the values of L and O for a D.O. 

output voltage of 400 volts, a minimum D.o. current of 20 mA, and 
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a ripple voltage ratio of 1 % from (1) half-wave and (2) full-wave 
rectification of a 50-c.p.s. supply. 

R _ E 0 _ 400 x 1,000 _ 20 OOO h 
(max-> -

1
--- - - , o ms. 

O(min.) 20 
From 11. lla and 11. llb 

L (half-wave) = 0·225 x ,20,000 (1·11 - 0·01) = 99 H 
50 

L (full-wave) = 0·1125 x 20,000 (0·471 - 0·01) = 20_8 H. 
50 

Substituting in 11.lOa and 11.lOb 
112 X 106 

O (half-wave) = 
39

_
5 

X 502 X 
99 

= 11·5 µF 

48·1 X 106 
0 (full-wave) = 158 X 502 X 20·8 = 5·82 µF. 

Since the value of L determines the n.c. current minimum, above 
which good regulation is obtained, it cannot be reduced without 
increasing Io(min.)• The effective impedance of L to the fundamental 
frequency may be increased (/ 1 and hence I o(min.J are thus reduced) 
by tuning 13 with a suitable capacitance. The disadvantage of the 
method is that L is less effective as a filter for the harmonic currents 
of the ripple voltage. Yet another method of decreasing I o(min.) is 
by means of a swinging choke. This is an iron-cored choke with 
an air-gap smaller than that required for maximum L at maximum 
D.C. current ; its inductance is high for small D.C. currents and, 
though it falls for normal and maximum currents, it is high enough 
to provide satisfactory filtering. The dotted curv~s 4 and 5, 
Fig. 11.11, illustrate the effect of reducing air gap in a given iron
cored inductance, a smaller air gap being used for curve 5. 

When the minimum D.C. load current taken by apparatus con
nected to the rectifier output is likely to fall below I O(min.), a resistance 
may be connected in parallel with the output to ensure that the 
output current is never less than Io(min.)· 

The inductive load is particularly suitable for use with gas-filled 
(mercury vapour) rectifier valves because of its low maximum con
duction current to n.c. current ratio of about 2. Owing to the very 
low conduction resistance of these valves, very high peak currents 
are passed when the load is capacitive, and the emission property 
of the filament (or cathode) may be seriously damaged. The 
conduction angle (cf, in Fig. 11.6) may be as low as 10°, giving 
K = 0·00195 and a maximum to n.c. current ratio of 24·5 : 1. 
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Besides providing good regulation, the inductive load also gives 
a better utilization factor (ratio of D.C. to A.C. power) to the trans
former. The utilization factor is reduced by taking current pulses 
of large amplitude and short duration from the transformer. 

It is possible that leakage inductance in the transformer supplying 
a capacitively loaded rectifier may act in a similar manner to L, 
but it is generally too small for the good regulation characteristic 
to be reached with normal load currents. The usual result ofleakage 
inductance is to decrease the A.c. voltage applied to the rectifier and 
to make D.c. voltage regulation worse. 

11.2.7. Voltage Multiplier Rectifier Circuits. 19• 20 It is 
possible to obtain a high n.c. voltage from a low voltage A.C. source 
by using voltage multiplier rectifier circuits. The voltage-doubler 

,------~--... A-+---oH.T. + 

(~,,, 
A.C.Mains 
Supply -'--.,..-¾-----+------,B 

+ 

'---------<1-----oH.T.-
C 

Fm. 11.12.-A Voltage Tripler Rectifier. 

of Fig. 11.4c is an example of the multiplier circuit; two separate 
half-wave rectifiers, the D.c. output voltages of which are combined, 
are used with a mains supply voltage common to both. An alterna
tive method of producing voltage doubling is shown by the two 
rectifiers V1 and V2 in the tripler circuit of Fig. 11.12. The double 
voltage is developed across the points AB. The circuit is like that 
of Fig. 11.4c, except that the positions of the mains input and O 1 of 
Fig. 11.4c, are interchanged, and the O 1 end of O 2 in the same figure 
is connected to the junction of L and 0 1 • This changes the mode 
of operation since the two rectifiers no longer act independently of 
each other. When the point Fis positive with respect to D, rectifier 
V2 conducts and charges 0 2 almost to the peak value of the A.C. 

voltage input, the polarity of 0 2 being as shown in Fig. 11.12. 
When F becomes negative with respect to D, V2 ceases to conduct 
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and a positive voltage, equal to the sum of the D.o. voltage across 
0 1 and the A.O. input, is applied to the anode of V1• The latter 
conducts and charges 0 1 almost to twice the peak A.O. input voltage 
at DF. This circuit is less efficient than that of Fig. ll.4o and 
requires capacitance 0 1 to be rated for twice the voltage developed 
across it in Fig. ll.4o. D.o. voltage regulation is also lower. 

The voltage-tripler rectifier consists of the doubler already 
described with an additional rectifier V 3, which acts independently 
of the other two. The voltage across its reservoir capacitance O 3 

is added to that across O 1 to produce a total voltage equal to 
approximately three times the peak A.O. input voltage. 

A voltage quadrupler rectifier is shown in Fig. 11.13, and it 

/JIii 
A.C.Mains 
Supply 

A""-t-,+:----OH. T. + 

Fm. 11.13.- A Voltage Quadrupler Rectifier. 

consists of two doubler circuits connected in series so that their 
D.O. output voltages add. 

D.o. voltage regulation becomes worse as more multiplication is 
included; larger reservoir capacitances can help to counteract this, 
but are liable to cause damage to the valves because of high 
maximum conduction currents. Such circuits are, therefore, only 
suitable for supplying limited and constant n.o. currents. 

11.2.8. The Rectifier Ripple Filter.8• 9 • 14 To reduce ripple 
voltages to the low level required for a receiver H.T. supply, an 
additional filter is needed between the n.o. load resistance R and 
reservoir capacitance. The most common type of filter consists of 
an iron-cored inductance L (often the loudspeaker field coil), in the 
H.T. positive lead from the rectifier, followed by a smoothing 
capacitance 0. For some purposes (Section 12.5.4) the filter may 
be inserted in the negative lead 6 ; care must then be taken to 
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reduce the mains transformer H.T. secondary-earth capacitance to 
a minimum, because it acts as a by-pass across the filter inductance. 
The reduction of the ripple voltage due to the filter is 

l +!oJ[ RL +jpL+ I +!oR] . ll.12a. 

{Jsually the resistance RL of the filter inductance is small enough 
to be neglected so that 11.12a becomes 

R 
jpL - p 2LOR+R 

. ll.12b. 

The loss in decibels is - 20 log
10 

J[_l ___ p_2_L_OJ_2 _+_(~p-:=)~2• 11.13a. 

As a general rule p 2LO • 1 and p:; hence expression 11.13a can 

be simplified to 
loss = - 20 log10 p 2LO . ll.13b. 

The negative sign before p 2LO is ignored because it is really an 
indication of the phase relationship between the ripple voltage at 
the input and at the output of the filter. 

The loss expression for a two-stage filter and the same assump
tions is 

loss = - 20 log10 p 4LOL'O'. . 11.14. 

Expression 11.13b is plotted in Fig. 11.14 against the product of 
LO for a frequency of 50 c.p.s. The minimum selected value of 
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FIG. 11.14.-Ripple Filter Loss-LG Product Curve for 50 c.p.s. Mains 
Frequency. 

LO (Lis in Henrys and O in µF) is 100, because the assumption 
p 2LO • 1 is hardly valid for lower values of this product. Fig. 11.14 
is applicable to harmonic frequencies of 50 c.p.s. by adding 12·04, 
19·08, 24·08, and 27·96 db. to the loss scale for frequencies of 100, 
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150, 200 and 250 c.p.s. respectively. The loss for two similar filters 
is obtained by multiplying the loss scale by two. 

As long as the product LO is constant and the conditions given 

above are fulfilled, viz.,p 2LO • 1 and• PJ:, the actual values of L 

and O have little effect on filter characteristics, but for practical 
reasons it is better to use a large value of capacitance rather than a 
very large value of inductance. The latter is more difficult to make 
and has a higher D.C. resistance. Average values for Land Oare 
30 H and 8 µF giving LO = 240 and a loss of 27·5 db. at 50 c.p.s. 

The iron-cored inductance must have an air gap to prevent 
saturation of the core by the D.C. current, and its design is detailed 
in the next section 11.2.9. 

Special parallel and series circuits 13 tuned to the fundamental 
ripple frequency were at one time employed, but the use of electro
lytic capacitances of comparatively high value has rendered these 
methods unnecessary. Furthermore, a tuned filter gives less dis
crimination against frequency components other than that to which 
it is tuned. 

Resistance-capacitance smoothing filters may be used for low 
D.C. current outputs. The loss for this type is 

- 20 log10 vl+(pOR1)2 • 11.15a 

where R1 = filter resistance 
0 = by-pass capacitance in parallel with the load resistance 

R, which is assumed to be much greater than p~· 

Generally pOR1 • 1 and 11.15a becomes 
loss = - 20 log10 pOR1 . 11.15b. 

Fm. ll.15a.-Ripple Voltage Suppression by Means of a Valve. 

An interesting method of neutralizing ripple voltage by tneans 
of a valve 17 is shown in Fig. 11.15a. The initial ripple voltage 
Er across DF is applied to the valve grid through the large capaci
tance 0 2, so that Er effectively appears across the grid leak resistance 
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R0 • The ripple voltage developed by the valve across AB is 180° 
out of phase with the grid voltage, i.e., with Er. Some of the ripple 
voltage appearing across AB due to R,3 A 
the potential divider action of R 3 and 
Ra is cancelled by that in the valve, 
and E AB has therefore a reduced 
ripple content. If the amplification 
of the valve is suitably adjusted and 
the initial ripple voltage is not large 
enough to cause distortion in the .B 

valve, complete cancellation is pos- Fm. 11.15b. The Equivalent 
Circuit of Fig. 11.15a. 

sible. The condition for ripple-free 
D.C. voltage across AB can be found from the equivalent circuit of 
Fig. 11.15b. 

E.,m = µE0k - lrRa = 0 

where Jr is the ripple current in the circuit. 

J - Er+µEgk 
r - R 2 +Ra+Ra 

because Er and µE
0
k are in phase with reference to the 

voltage for Ir· 

or 

Combining 11.16 and 11.17 

µE0k(R2 +Ra) = ErRa 

R R 
1 Er 2+ a=-y gm gk 

is the condition for zero ripple volts across AB. 
But E 0k=Er-Ek 

_ E _ (Er+µE0k)R2 

- r R 2 +Ra+Ra 

E _ Er(Ra + Ra) 
ok - Ra+(l +µ)R 2 +Ra 

Replacing E gk in 11.18a 

gm 

. 11.16 

. 11.17 

driving 

. 11.18a 

. ll.18b. 

To illustrate the action of the circuit, let the total D.C. load and 
valve current be 50 mA, and the valve constants be µ = 30, 
gm = 3 mA/volt, Ra = 10,000 ohms at E 0 = - 2 volts. Ea = 250. 

R 
E0 2 x 1,000 h 

2 = 
18 

= 
50 

= 40 o ms. 
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From 11.18b 
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l+ 31 X 40 

Ra+ 4o = Ra+l0,000 
3 X 10- 3 

Solving the above for R 3 gives 

Ra = 333 ohms. 

The total n.c. voltage drop between DF and AB is 

J 0(R2 +Ra) = 18·65 volts. 

[CHAPTER 11 

One disadvantage of the method is that the A.C. impedance of 
the H.T. supply looking from the points AB is large, and adequate 
decoupling is necessary in all amplifier stages to prevent common 
impedance coupling and possible motorboating. 

11.2.9. The Filter Inductance with an Air Gap. 1 The 
inductance of an iron-cored coil is given by 

<I> 
L = 1N10- 8 Henrys. 

where <I> = total flux lines in the iron core 
I= current (in amps.) producing the flux 

N = total number of turns in coil 
Now <I>= Bx A 
where B = flux density, lines per square centimetre 

A = area of core cross-section in square centimetres 
B=µH 

where H = A.C. magnetizing force in oersteds 
µ = permeability of the core when there is no air gap and 

no n.c. polarizing current. 

H = 4nNI = 1_255 NI 
10 l l 

where l = the mean length (centimetres) of the magnetic path in 
the core. 

The inductance to A.C. for no air gap and zero D.C. polarizing 
current is 

1·255µ N 2A10-s 
L1 = l Henrys. . 11.19a 

or expressed in a more convenient form 
N2 

L 1 = 1·255µl2Allo-s 

= 1·255 µn2 v10-s Henrys . 11.19b 
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where n = coil turns per centimetre of the magnetic path in core 
V = volume of iron (cubic centimetres) in the core. 

The term µ in the above expression needs qualification, and it is 
generally defined as the incremental permeability, 23 being dependent 
in this particular case upon the core material and magnitude of the 
A.O. flux density in the core. In the more normal filter inductance 
having an air gap and carrying D.c. current it is also dependent on 
the length of air gap and on the D.o. current. As far as the A.C. 

flux density is concerned, incremental permeability, which is 
designated as iJµ in succeeding expressions, is usually least for 
smallest A.O. flux densities (Fig. 10.20 shows curves of iJµ against 
peak A.c. flux density}, and in designing an inductance it is preferable 
to calculate for this value of iJµ, which gives the minimum value of 
inductance. A polarizing D.o. current through the coil reduces 
appreciably the incremental permeability, and the effect is clearly 
shown in Table 11.2, which gives iJµ for Stalloy 3 at different 
values of D.O. polarizing flux density and magnetizing force. 

TABLE 11.2 

D.C. Flux Density 
(B) (lines per 
square centimetre) 0 1,860 5,120 7,300 9,210 10,800 11,580 

D.C. Magnetizing 
Force in iron (H,) 
(oersteds) 0 0·3 0·5 0·7 1 1·5 2 

Incremental Perme-
ability LJµ 333 328 278 233 180 125 100 

B. 12,300 12,960 13,280 13,580 13,900 14,180 

Hi 3 5 7 10 15 20 
LJµ 75 57 48 42 40 38 

The table shows that any method of reducing the D .c. magnetizing 
force for the iron increases incremental permeability and, if the 
A.C. magnetizing force for the iron remains unchanged, A.C. flux 
density and inductance. This can be partially achieved by including 
an air gap in the magnetic circuit; the total D.c. magnetizing 
force, H,, is then divided between the iron and air gap such that 

H, = Hi!+Haa, where Hi and Ha (Ha is numerically equal to 
+a 

B becauseµ = 1 for air) are the magnetizing forces for the iron and 
air gap respectively, and l and a are the lengths of the magnetic 
path in the iron and air. As H, is constant for a given D.o. current 
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and coil turns, increase of the air gap, a, must reduce H,,, and, 
hence, increase L1µ. However, the A.c. magnetizing foroo, L1H, for 
the iron is also reduced in accordance with the n.c. reduction, but 
it is decreased, at first, at a slower rate than L1µ is increased. Thus 
A.C. flux density, L1B, and inductance, L 2 , are increased. Eventually 
an air-gap width is reached at which the rate of decrease of L1H 
equals that of increase of L1µ, and increase beyond this width reduces 
L1B and inductance. The air gap giving maximum L1B and induct
ance is known as the optimum air gap, a 0• The A.C. inductance 
La(opt.) for optimum air gap is always less than the A.C. inductance 

Li for zero D.C. current and no gap. The ratio L 2
(opt-l decreases 

Li 

as the n.c. polarizing force is increased, and the air-gap ratio ~0 

increases. Beatty 4 has developed a graphical method of determin

ing the inductance L 2 for any air-gap ratio, 1, and also the maximum 

value of L 2 (L2(opt.)) and optimum air-gap ratio ~0 
; it is illustrated 

in Fig. 11.16. At the right-hand side is drawn the B-H curve for 
Stalloy, the :figures being taken from Table 11.2, whilst on the left
hand side from the same origin is drawn a curve of B against ! -H1, derived from the B-H curve and the values of L1µ given 

in the table above. For a given air-gap ratio y and n.c. polarizing 

force H1 oersteds (corresponding to OP in Fig. 11.16), a line is 
S'U' 

drawn from P to meet the BH curve at S', such that the ratio PU' 

of the sides of the right-angled triangle PS'U' (U' is vertically 

above P) is equal to the air-gap ratio y, where S'U' is the numerical 

value of the D.C. polarizing force in oersteds and PU' is the numerical 
value of the flux density in lines per square centimetre. The 
horizontal line S'U' is produced to cut the left-hand curve 2 of 
Fig. 11.16 at the point R', which is then joined to P by the straight 
line PL'. The area of the triangle OPQ' enclosed by the line PL' 

d h BH . I 1 L2J21074n h L . . h an t e axes 1s equa to 2 V , w ere 2 1s m enrys, 

I is the n.c. current (amps.) and Vis the volume of the iron core 
in cubic centimetres. Maximum area for triangle OPQ' (triangle 
OPQ, cross hatched in Fig. 11.16), which means maximum value 
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for L 2, is obtained when PL' is tangential to curve 2 as at point R 
in Fig. 11.16. A horizontal line from R intersecting curve 1 at 
S and the perpendicular from P at U gives the optimum air-gap 

. ao SU f . l O . I L 21 21074n 
ratio T as pu· The proo that tnang e PQ' 1s equal to 2 V 

is as follows : 
The total magnetizing force = that for the iron+that for the 

air-gap 
= Hil+Haa = Hil+Ba. 

In the succeeding analysis, the term Ha is dropped and Bis sub
stituted, but it must not be forgotten that the numerical value of 
B only is used, the actual units being in oersteds and not lines per 
square centimetre. 

The total magnetizing force per centimetre of magnetic path 

=Hi+Ba =H,. 
l+a 

Generally l • a and 
Ba 

H,=Hi+T 

Differentiating 11.20 with respect to B : 

Combining 

dB, _ dBi a _ I + a 
dB - dB +y - LIµ l 

11.20 and 11.21 and eliminating I 
BdH, = B +H, -H. 

dB LIµ ~ 

area of triangle OPQ' - 1.op OQ' - 1 OP 2 OQ' 
- 2 • - 2 •op 

but 

and the area 

=½HPQ' 
'OP 

OQ' _ R'T' _ B 
OP - PT' - -B~--

- -H-+H, LIµ ~ 

dB ( . = dB see expression 
t 

of triangle OPQ' 

= ½H2dB 
t dB, 

11.22) 

. 11.20. 

. 11.21. 

. 11.22. 

. 11.23. 
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Now the inductance La to small .A.O. currents is 

La = d<I> NIO- 8 

dl 

But 

= dBNA10-s 
dl 

= dB dH'NAIO-s 
dH1 dl 

H _ 4nNI 
,-IOf 

where J = n.c. current in the coil. 

Therefore 

and 

dH, _ H 1 
dl -7 

N = H 1ll0 
4nl 

Replacing :~, and N in 11.24 by the above expressions 

La = dB H, HellOA 10_ 8 

dH1 I 4nl 

_ dB H? v10- 7 

-dH
1
12 4n 

Rearranging 11.25 

1 Lal24n x 107 _ 1 dB H 2 
2 V -2dH1 

1 

169 

. 11.24. 

. 11.25. 

= area of triangle OPQ' (expression 11.23) . 11.26. 

From 11.20 

a _H1 -Hi _S'U' 
,; - B - PU' . 11.27. 

For most practical purposes the gap ratio may be taken as !'· 
The ratio L1:1·> and optimum gap ratio as determined from 

Fig. 11.16 is plotted against n.c. ampere turns per inch of the mean 
length of magnetic path as curves Ia and lb in Fig. 11.17. The 
n.c. magnetizing force H 1 is converted to n.c. ampere turns per inch 
(a more useful design parameter) by multiplying H 1 oersteds by 
2·54 

-
1 2 

, i.e., 2·02. Curves la and lb are for a very small .A.C. flux 
· 55 

density, and for comparison similar curves 2a and 2b for a larger 
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flux density of R.M.s. value 60 lines per square centimetre are 
included on Fig. 11.17. These curves are often used for the design 
of an output transformer, 21 which normally has a higher average 
A.c. flux density than that produced by the ripple voltage in a filter 
inductance. The maximum inductance and optimum air-gap ratios 
are both decreased by having a larger A.C. flux density, though the 
actual value of L 2(opt.) at any given D.C. ampere turns is higher 
because L 1 is so much higher. For example, L1µ for zero D.c. 
current is 900 at L1B = 60 lines per square centimetre (R.M.S. 

value), as compared with 333 at very small values of L1B, and 
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Fm. 11.17.-0ptimum Inductance and Air Gap for Different D.C. Polarizations. 
Curve 1: Low Flux Density. 
Curve 2: R.M.s. Flux Density, 60 lines per sq. cm. 

although the inductance ratio is (under worst conditions with 
large D.C. ampere-turns) halved for L1B = 60 lines per square 
centimetre, the actual value of L 2(opt.) is approximately 1·35 times 
larger than when L1B is very small. This result is to be expected, 
for in Fig. 11.16 increase in L1µ causes the rise of the left-hand 
curve 2 to become steeper ; the line PL is therefore steeper and the 
area of the triangle OPQ is increased. At the same time the tangent 
point R is raised and PU increased, thus reducing the air-gap ratio 

~o[!~J 
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This is a characteristic of iron-cored inductances up to an 
A.c. flux density of about 4,000 lines per square centimetre (R.M.s.) 
as shown by the incremental permeability curves in Fig. 10.20. 
Hence, as curves la and lb are used in the design, the result repre
sents the lowest possible value of A.c. inductance which will be 
obtained. If the A.C. flux density becomes very large (10,000 lines 
per square centimetre), lower values of inductance may then be 
obtained, but this is hardly likely to occur. A point worth noting 
is that there are always two air-gap ratios which will give a particular 
value of L 2 less than the optimum value, for the line PL' cuts 
curve 2 at two points R' and R". The second possible air-gap ratio 
. . S"U" . S'U' 
1s given by PU" and 1s larger than the first PU'. 

Let us now use Fig. 11.17 to design a filter inductance having 
the following characteristics: L 2(o-pt.) = 20 H for a n.c. current of 
120 mA, the D.C. voltage drop is not to exceed 40 volts and Stalloy 
No. 32A stampings are to be used. 

The dimensions of No. 32A Stalloy stampings are shown in 
Fig. 11.3a. 

Total winding area = 2·25 x 1 sq ins. 
and allowing for insulation thickness of 0·07 5 ins. all round the coil 

Available winding space= (2·25 - 0·15) x (1 - 0·15) 

= 2·1 X 0·85 
= 1·785 sq. ins. 

Let us try sec. 30 s.w.o. wire for the coil. Table 11.1 gives 
2,950 turns per square inch for this wire, so that 

Total turns in available space = 1·785 x 2,950 
= 5,260. 

Mean length of magnetic path in core = 9 ins. 
Therefore turns per inch of magnetic path = 585. 

D.c. ampere turns per inch = 585 x 0· 12 = 70·2. 

From curves la and lb, Fig. 11.17. 

L 2 (op_!J = 0·33 and ao = 0·0046 
L1 l 

20 
L 1 =- = 60·6H 

0·33 

and a0 = 9 X 0·0046 = 0·0414 ins. 
The total air gap is divided between the core and side limbs, each 
of which has a gap of 0·0207 ins. 
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From 11.19b, after converting from centimetres to inches 

L 1 = 1·255 L1µn 2V X 10-s X 2·54 
where n = turns per inch of magnetic path 

V = volume of iron in cubic inches 
L1µ = 333 from Table 11.2 (n.o. current zero). 

Therefore V = 60·6 x 108 

1·255 X 333 X (585) 2 X 2·54 

= 16·63 cu ins. 

From Section 11.2.1 
Area of No. 32A Stalloy = 8·4236 sq. ins. 

Therefore required core thickness = 1·975 
= 2·17 (allowing IO% for 

insulation). 
Number oflaminations 0·14 ins. thickness= 155. 

Mean length of I turn of wire in coil = 10·34 ins. 
Total length of wire = 1,514 yards. 

Total resistance at 198·8 ohms per 1,000 yards = 301 ·ohms. 
D.o. voltage drop = 301 x 0·12 = 36·1 volts. 

Summarizing the design, which fulfils the stated requirements ; 
the inductance consists of 160 Stalloy 32A stampings, 5,260 turns 
of soc. 30 s.w.o. wire and 3 air gaps, each of length 0·0207 ins. 

11.2.10. Grid Bias Supplies. The grid bias voltage for an 
indirectly-heated valve is generally derived from a resistance, 
paralleled by a capacitance, connected between its cathode and the 
H.T. negative lead. The cathode current fl.owing through this 
resistance produces the required grid bias voltage. The reactance 
of the capacitance must be low enough to by-pass A.O. anode current 
components, because these components develop A.O. voltages in the 
cathode circuit, which oppose the input voltage causing degenerative 
effects with attenuation (frequency) distortion (Section 9.3.4). 
A suitable value for the by-pass capacitance is O·l µF for R.F., and 
from 25 to 100 µF for A.F. amplifiers. Occasionally when an output 
valve, such as a triode, requiring a high grid bias voltage is employed, 
the bias voltage is obtained from a potential divider across the 
H.T. filter inductance, connected in the negative H.T. lead. The 
potential divider should have a resistance much greater than the 
inductive reactance of the filter inductance at 50 c.p.s., and an 
RO filter is necessary between the potential divider and output 
valve grid to filter the H.T. ripple voltage. 

11.3. The Power Supply for the A.C.jD.C. Receiver. 
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A typical power supply circuit for an A.o./n.o. receiver is shown 
in Fig. 11.18. It differs from that of the A.O. receiver in the direct 
connection to the A.O. mains supply, the series connection of the 
valve heaters, and the use of half-wave rectification. The direct 
mains connection necessitates an R.F. filter (L20 2), for diverting from 
the receiver any R.F. interference conveyed by the mains leads, and 
also a capacitance earth connection (03). The series heater connec
tion calls for a certain valve order if hum voltages in the receiver 
output are to be minimum. The two valves which function by 
reason of non-linear IaEu characteristics (or their equivalent), the 
frequency changer and detector, must have the lowest A.O. voltage 
between heater and cathode. The frequency changer precedes the 
detector because it has the greater amplification following it. After 

! 
A.C. 

Mains 
Supply 

Fuse 

L.,-. Fuse 

Valve Heaters 
Fm. 11.18.-A Typical A.c./n.c. Power Supply Circuit. 

the detector is placed the R.F. valve, and then the I.F. valve; owing 
to the tuned anode circuits of these valves, hum voltages can be 
amplified only after modulating the signal voltage. Modulation 
hum is possible from the R.F. and I.F. amplifier because the variable 
mu. characteristic, needed for gain control purposes, necessarily 
involves a non-linear IaEu characteristic. It is greatest at a grid 
bias voltage (often about - 10 volts) corresponding to greatest 
change of curvature of the IaEu characteristic. Hum in the A.F. 

valve, following the I.F., is directly amplified, but it is less serious 
because there is less amplification after this stage. If a high power
sensitivity output valve is used, the A.F. amplifier may be omitted, 
the detector being directly coupled to the former. The rectifier 
valve, the last of the heaters to be connected, has to deliver as 
much (or more) n.o. current as the full-wave rectifier in the A.O. 
receiver, so that its conduction resistance must be low. This entails 
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a long cathode of large radius and small anode-to-cathode spacing. 
The anode-to-cathode gap is usually equivalently reduced by insert
ing a grid, connected to the anode, between these two electrodes, 
as described in Section 11.2.3. To prevent excessive peak conduc
tion currents a limiting resistance R of about 50 ohms is normally 
included in series with the rectifier anode or cathode. If R.F. signal 
voltages are present in the rectifier circuit, due to insufficient 
decoupling or screening of the receiver R.F., I.F. or oscillator stages, 
or to pick-up from the mains leads, rectification may cause them to 
be modulated by hum voltages, which are then reproduced in the 
output of the receiver. This type of modulation hum can be 
eliminated by paralleling the rectifier with a small capacitance (0,) 
of about 0·001 µF, which by-passes the R.F. voltages and prevents 
modulation occurring. 

11.4. Vibrator H.T. Supply.6• 10, 16• 16 L.T. supplies for a car 
receiver can satisfactorily be obtained from the car accumulator, 
and it is advantageous if the H.T. supply is derived from the same 
source. This can be achieved by means of a vibrator, which, by 
periodical interruption, can produce a comparatively high .A.O. 

voltage pulse from a low voltage D.C. source. The A.O. voltage 
pulses are applied to a suitable transformer, which steps up the 
voltage prior to rectification. Alternatively, the primary of the 
transformer may be connected to the low voltage source via a pair 
of contacts on the vibrator reed, and its action is then independent 
of the current actuating the reed. The rectifying action is often 
performed by an extra contact on the reed. The frequency of 
vibration of the reed is comparatively low (between 50 and 100 c.p.s.), 
in order to prevent high transient voltages across the transformer 
and sparking at the contact points A high frequency requires more 
energy for driving the reed, and makes it difficult to transfer sufficient 
energy to the transformer primary. The secondary, and often the 
primary, of the transformer is tuned to the reed frequency for single 
contact operation, or to twice that frequency for double contact 
excitation. This greatly improves transformer performance and 
efficiency, besides reducing sparking at the contacts. 

A typical vibrator circuit is shown in Fig. 11.19. Double-wave 
excitation and rectification are achieved with contacts on both sides 
of the reed and a centre-tapped transformer primary and secondary. 
Double-wave excitation has the advantages ofreduced ripple voltage, 
neutralization of the rectified D.O. current in the transformer 
secondary, and higher efficiency. The coil actuating the reed is 
independent of the transformer ; this is a better arrangement than 
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a coil connected in series with the primary, 
of the latter is adversely 
affected by the exciting coil 
impedance. The resonant 
frequency of the primary 
and secondary is adjusted 
to twice the reed frequency 
by the capacitances OP and 
0 8 • Owing to the pulse 
form of excitation, the 
vibrator current and voltage 
waves have sharp changes 
of shape, and contain appre
ciable amplitudes of the 
higher ( chiefly odd) har
monics of the reed frequency. 
These harmonics may extend 
into the R.F. range, and the 
vibrator can radiate con
siderable R.F. interference. 
Careful electrostatic and 
magnetic screening is re
quired and, in addition, R.F. 

filters must be included in 
the H.T. output leads, the 
vibrator input, the L.T. 

supply and loudspeaker field 
coil (if any), to prevent the 
interference entering the re
ceiver via these leads. The 
filters consist of air-cored 
inductances (about 100 µH) 
and mica capacitances ( about 
500 µµF) marked L 2 and O 2 

respectively, in the diagram. 
The D.c. resistance of the 
inductances in the vibrator 
input leads, the L.T. supply 
and loudspeaker field coil 
must be small since appre
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ciable D.c. currents are taken in these circuits. Average current 
values with a 6-volt accumulator are 3 amps. for the vibrator 
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input, 2 amps. for the L.T. supply, and 1·5 amps. for the loud
speaker field. Capacitances 0 3 and 0 4 are used to absorb low
frequency interference from the reed and have values of about 1 µF; 
O" acts as an absorber across the vibrator coil when the contacts S,,, 
open. Direct mechanical coupling between vibrator and receiver 
must be avoided, otherwise low-frequency interference may be ex
perienced due to vibration of the valve electrodes or of the vanes of 
the oscillator tuning capacitance. Spring mounting of the vibrator 
element,12 a double-walled container with a rubber seal and an 
air-tight inner container for the vibrator, have been used to reduce 
this type of interference. The R.F. interference filters for the 
vibrator input and output are usually contained in shielded com-

Fm. 
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11.20.-Primary Current and Secondary Voltage Wave ~hapes for a 
Vibrator H.T. Supply. 

partments, separate from the vibrator compartment but an integral 
part of the whole unit. 

The operation of the vibrator is as follows. In the quiescent 
condition the reed R is held over by a spring, and contacts Sp, SB and 
S" are all closed. A current IP begins to flow in the half primary of 
the transformer as soon as the switch is closed, and it increases 
steadily in an exponential manner (see Fig. 11.20), becoming 

asymptotic to : amps., where E is the n.c. applied voltage and 
p 

RP is the half-primary resistance. A normal maximum value 
is about 4 amps. The shape of the secondary voltage EB depends 
on the damping of the secondary circuit and, to a certain extent, 
on the characteristics of the transformer iron core. The shape 
generally obtained is of the form shown by the part AD of the 
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curve E8 in Fig. 11.20. The current in the vibrator coil (Lv) rises 
in a similar manner to IP and, eventually, the reed is attracted, 
opening contacts SP and S 8 • The primary current IP collapses very 
rapidly by discharging through OP as shown by the section BO in 
Fig. 11.20 (point B corresponds to the opening of Sp). The sudden 
collapse of primary current induces a voltage in the secondary, and 
there is a very rapid reversal of secondary voltage from H to F. 
The shape of the curve from H through F to K, and the maximum 
value at F are determined by the rate of collapse of Ip, the secondary 
load, i.e., the D.C. output power supplied, and the value of the second
ary capacitance 08 • A low D.c. output load resistance means 
heavier secondary damping, reduced rate of reversal of E8 and a 
lower maximum at F. Without collapse of Ip, the voltage E 8 would 
decay exponentially as shown by the dotted curve HG. The D.C. 

reservoir capacitance O 1 is connected to the half secondary when 
the contacts S8 are closed, and it is charged to a voltage, E 0, corre
sponding to D when S8 opens. It then discharges through the 
D.c. load until at L the second pair of contacts Ss' are closed and 
connect it to the other half secondary. The contacts S 8 and Ss' 
are always arranged to close after, and to open before SP and Sp'• 
The advantage of this is that the secondary voltage has had time 
to rise to a value approximately equal to that across the reservoir 
capacitance O 1 ; the net voltage across S8 is therefore low and the 
reverse current ( due to the discharge of O 1 ) through the secondary 
is small. The importance of opening S 8 before SP is obvious from 
Fig. 11.20; the reverse secondary voltage from H to F would 
discharge O 1 and produce severe sparking at the contacts. 

The effect of incorrect choice of component values and contact 
operation can readily be understood from Fig. 11.20. If the primary 
capacitance OP is too large, energy is diverted from the transformer 
primary, and the primary current rises slowly. This reacts on the 
secondary voltage reducing its rate of rise and maximum value. 
When OP is too small the decay of primary current is rapid, producing 
high inverse secondary voltages. Too large a secondary capacitance 
08 produces a slow rise of secondary voltage, reduced maximum 
value, and low D.c. efficiency, whilst too small a value causes a high 
inverse secondary voltage (point Fin Fig. 11.20). A low resistance 
(not exceeding 50 ohms) is sometimes included in series with 08 to 
prevent damped oscillations occurring when S8 is opened. The 
n.c. load on the secondary plays an important role by affecting the 
rate of rise, and the maximum of the secondary voltage ; any 
appreciable variation from the rated value causes sparking at the 

G 
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contacts and a serious loss of efficiency. For example, an efficiency 
of 80% to 90% at a rated output of 200 volts 50 mA may fall to 
about 20% at 100 volts 10 mA. If reduced output is required from 
a vibrator it is preferable to reduce the applied battery voltage rather 
than to insert a resistance in series with the primary. A series 
resistance affects the rate of rise of primary current as well as the 
maximum value, and gives a lower efficiency than reduced battery 
voltage. Incorrect contact operation also reduces efficiency and 
increases sparking. If contacts SP and S8 open too early the ripple 
voltage increases and D.C. regulation is worse, though there may be 
a slight increase in D.C. voltage. If S8 opens too soon the primary 
current is flowing without doing useful work, whilst if it opens after 
Sp, the inverse secondary voltage discharges O 1 and causes sparking 
at the contacts. There is a tendency for the contact gap widths to 
increase during the life of the vibrator so that SP and S8 close late 
and open early, and an initial efficiency of about 85% may fall to 
70% after 1,000 hours' service because of contact wear. Increased 
reed amplitude, by increased current through the vibrator magnet 
coil, helps to offset this by keeping SP and S8 closed for a longer 
time, and a variable resistance 18 may be included between the 
magnet coil and L.T. battery. The value of this resistance is 
decreased as the contact points wear. A possible alternative is 
a tapped magnet coil, though this is likely to be less satisfactory 
because the increase in current is partially cancelled by a decrease 
in the inductance of the magnet coil. 
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CHAPTER 12 

AUTOMATIC GAIN CONTROL 

12.1. Introduction. 1• 7 Automatic gain control, sometimes 
wrongly termed automatic volume control, denotes the process by 
which the amplification of a receiver is controlled by the output 
carrier voltage, so that only small changes of the latter result from 
large variations of input carrier voltage. 

Its chief advantages are : 
(1) The increase in output voltage, which normally occurs when 

tuning from a weak to a strong station can be reduced to 
small proportions. For example, an 80-db. input change 
can be reduced to 10 db. output change. 

(2) The effects of fading can be minimized. 
A satisfactory A.G.C. system must possess certain features. The 

control must be dependent on the output carrier voltage of the 
received signal, but be independent of the modulation envelope. 
Modulation envelope variation of A.G.c. bias leads to a reduction 4 

in the output carrier modulation percentage. The A.G.c. should be 
inoperative until the aural volume is adequate. Variation in the 
gain of the receiver must not produce distortion, and the speed of 
control should be sufficient to follow normal fading. In super
heterodyne receivers the control should not cause appreciable 
variation of oscillator frequency. 

12.2. Principle of Operation. As early as 1923 6 a form of 
A.G.c. was obtained by using triodes, biased from the detector valve, 
to shunt the aerial circuit. In this instance it was intended for 
limiting the noise produced by strong atmospherics. A later 
method 2 employed a mechanical control to reduce the capacitance 
between the aerial and receiver ; the moving coil of a milliammeter 
connected in the detector anode circuit actuated the moving vanes 
of the aerial capacitance. 

The introduction of variable mu R.F. valves marked a most 
important step in the history of A.G.c., for control of R.F. gain by 
grid bias, derived from the n.c. component of the detected carrier 
output voltage, became possible. Automatic control of A.F. stage 
gain has been used to improve A.G.C. action, but it is not very 
satisfactory because the variable mu characteristic produces second 

180 
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harmonic distortion (see Section 4.7.1, Part I). This distortion can 
be reduced by controlling two valves operating in push-pull, or 
a single multielectrode valve such as a hexode (Section 12.10.2). 
In the R.F. amplifier, the effect is not serious because the anode 
circuit rejects the second harmonic distortion of the carrier voltage 
and, if no higher harmonics are present, no distortion of the modula
tion envelope occurs. In Section 4. 7, Part I, we see that modulation 
distortion can only be produced by terms higher than the second 
in the IaEu power series expression. 

Absolutely level output voltage is not possible from an .A.G.c. 

system controlling only stages before the detector, because the 
output carrier produces the bias variations for the controlled valves. 
The actual variation is dependent on the number, and the gmEu 
characteristics, of the controlled valves. It is least when there are 
several valves, each giving large changes of gm for small changes 
of E

0
• The maximum amplification of the receiver fixes a lower 

limit to the input signal voltage amenable to control, the upper 
limit being fixed by overloading of the detector or controlled valves. 
If the detector is a diode, the maximum input signal is limited only 
by distortion in the controlled valves, generally the last. Level or 
even falling output voltage for increasing input voltage is possible 
if the .A.G.C. bias is used to control the gain of the .A.F. amplifier 
stages. This method 9 • 13 is, however, practically never used for 
the reasons stated above. 

12.3. Methods of Obtaining the A.G.C. Bias Voltage.8 •17 

The .A.G.c. bias voltage is always produced by detection of the output 
carrier voltage, the n.c. component of which is arranged to increase 
the negative bias on the R.F. stages. Filters must be inserted to 
prevent application of the .A.F. modulation components to the grids 
of the R.F. valves, and to decouple each R.F. stage from the others 
so that instability due to R.F. feedback may be prevented. The 
characteristics of this filter are discussed in Section 12.6. Methods 
of deriving the .A.G.C. voltage are conveniently treated under two 
headings, non-amplified and amplified. With non-amplified .A.G.c., 

the bias voltage, which is never greater than the output carrier 
voltage, may be obtained from the receiver detector or from a 
separate diode. A diode, additional to the receiver detector, is 
always required when the .A.G.c. is only intended to come into 
operation above a given input signal voltage. With amplified 
.A.G.C., the control bias voltage is considerably greater than the 
carrier voltage applied to the receiver detector. 
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12.4. Non-Amplified A.G.c. 1s, a2 

12.4.1. Unbiased Diode A.G.C. The simplest form of .A.G.c. 

bias circuit is shown in Fig. 12.1. The diode cathode is earthed, 
and the negative voltage, developed between A and earth when 
a carrier signal is received, is supplied through filters to the grid 
circuits of the R.F. valves. In this arrangement the last tuned 
circuit cannot be earthed, and it is therefore only applicable to 
a superheterodyne or preset-tuned R.F. receiver which has no tuning 
capacitor with an earthed rotor. When the tuned circuit must be 
earthed, the detector D.C. load resistance R1 may be connected in 

A.G.C. to other 
Stages 

H.T.-t 

Fm. 12.1.-A Circuit for providing 
A.G.c. Bias Voltage. 

parallel with the diode, at the cost of increased damping of the 
output circuit. 

Calculation of the control 1 7 exercised by the unbiased diode is 
greatly facilitated by making the assumption that the cathode 
self-bias and screen voltages of the controlled valves are unaffected 
by A.G.c. action. There is generally a decrease of the first and 
increase of the second, but the effect causes only slight modifications 
to the A.G.C. curve. Let us first consider the case of a single con
trolled stage, the valve for which has the gmE u characteristic shown 
in Fig. 12.2; the detection characteristic of the diode is curve 1 in 
Fig. 12.3. The maximum A.G.C. bias must next be fixed ; for 
calculation purposes the actual value is not important provided it 
is less than the bias voltage corresponding to zero anode current 
in the controlled stages. Let us assume a maximum A.G.C. bias of 
- 40 volts, making a total of - 41·5 volts with the cathode bias of 
- 1·5 volts. The next step involves conversion of the gmEu curve 

to a decibel ratio gmEu curve by plotting 20 log10 Ym(Eg ~m _ 41 .5) 
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for various values of Eu (see Fig. 12.4). Fig. 12.3 is. similarly trans
formed to a decibel ratio curve of applied carrier voltage-total 
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D.C. bias voltage as in Fig. 12.5 (curve 1). Any desired output 
carrier- may be regarded as zero level (0 db.), but it is best to choose 
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the value giving the maximum required total bias, in our example 
- 41·5 volts, i.e., 40 volts A.G.C. bias. Thus 0 db. is equivalent to 
a R.M.S. carrier voltage of 35·6; this corresponds to 40 volts D.C. 
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FIG. 12.4.-Decibel Ratio g,,.E• Curve of a Variable-Mu Valve. 
[Reference level O db.= Ym at E 9 = - 41·5 volts.] 
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[Reference level O db.= carrier voltage at Eg = - 41·5.] 
Curve 1 : Unbiased Diode. 
Curve 2 : Biased Diode, Ea = - 10 volts. 
Curve 3 : Amplified D.C. Control. 

output in Fig. 12.3. We can now combine Figs. 12.4 and 12.5 in 
the input-output decibel ratio curve 1 of Fig. 12.6. To illustrate 
the method let us find the input carrier level corresponding to 
- 10 db. output carrier. Fig. 12.5 shows that this corresponds to 
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a total bias of - 14 volts, or an A.G.C. bias of - 12·5 volts, and 
referring to Fig. 12.3, the R.M.S. output carrier for this A.G.c. bias 
is 11 ·25 volts. A total bias of - 14 volts results in an increase of 
mutual conductance ratio of 16·5 db. (Fig. 12.4) over that at 
- 41 ·5 volts total bias. Overall amplification has therefore been 
increased by 16·5 db. in reducing the output signal by 10 db. In 
the absence of A.G.c. action it would have been necessary to reduce 
the input carrier by 10 db. in order to achieve the same reduction 
of output carrier, but since overall amplification has been increased 
at the same time, it follows that the input carrier must be still 
further reduced by an amount equal to the increase in amplification. 
Thus for an output carrier of - 10 db. the input carrier must be 

-BO -60 -40 -20 
Input Carrier Ratio ( dh) 

Fm. 12.6.-A.G.c. Characteristic of a Single Controlled Stage. 
Curve l : Unbiased Diode. 
Curve 2: Bi .. sed Diode, E. - - 10 volts. 
Curve 3 : Amplified D,o. Control. 

- (16·5+10) = - 26·5 db. below the level required to give an 
output carrier of O db. (35·6 volts R.M.s.). One point on the input
output curve must therefore be - 10 db. output, - 26·5 db. 
input, and other points can be found by a similar method. 

Curve 1, Fig. 12.6, shows that A.G.c. has a decreasing effect as 
the output falls to small values (less than 1 volt) and it becomes 
asymptotic to the 45° line corresponding to the non-A.G.c. condition. 
This is due partly to curvature of the diode characteristic, but it 
is mainly a result of Um approaching a finite value as the A.G.C. bias 
falls to zero. To preserve constant control, the ratio change of Um 
from - 1 to - O· l volt A.G.c. bias must be the same as from - O· l to 
- 0·01 volt,i.e.,um mustrise to infinity as the A.G.c. bias is decreased. 
Over the useful range of curve 1 (Fig. 12.6) an input variation of 
50 db. is reduced to an output variation of 20 db. At high output 

o* 
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voltages the control decreases owing to the reduced slope of the 
YmEo characteristic. 

By controlling two similar R.F. stages the decibel input variation 
for a given output variation is doubled, and for n stages it is increased 
n times. If the R.F. stages have different YmEo characteristics, 
curves similar to Fig. 12.4 must be obtained for each stage. The 
separate curves are added together giving a composite curve, which 
then replaces Fig. 12.4 in the original calculations. 

12.4.2. Biased or Delayed Diode A.G.C. 10 Unbiased A.G.c. 

is not ideal because it tends to reduce amplification for the smallest 
signal. It is preferable to delay the action un;til the output carrier 
voltage with average modulation (about 50%) gives a satisfactory 
aural output. This may be done by negatively biasing the anode of 

J-: A.F. 
Output 

Fm. 12.7.-Biased or Delayed Diode A.o.c. 

the diode producing the A.G.C. voltage, so that there is no detection 
until the applied signal exceeds a certain value. The receiver 
detector cannot be biased negatively without serious distortion 
accompanied by muting (no aural output below a certain carrier 
voltage), but a separately biased A.G.C. detector may be connected 
as in Fig. 12.7. In this diagram the cathode of the double diode is 
taken to the positive end of a split resistance Rk, inserted in the 
cathode circuit of the first A.F. amplifier valve. The voltage across 
this resistance is applied as negative bias to the anode of the A.G.c. 

diode D 2 by returning its load resistance R 2 to the earth line. The 
load resistance of the detector diode D 1 is connected to the cathode 
of the double diode, and hence no bias is applied to it. Part of the 
voltage across Rk is also applied as bias to the first A.F. valve by 
returning its grid leak to the junction of Rk' and Rk"· A combined 
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double-diode triode valve may be used in place of the two separate 
double-diode and triodt, valves The A.G.C. diode load resistance 
R2 may be tapped so that a portion only of the A.G.c. bias is applied 
to the last controlled stage, and the reason for this is explained 
later in this section. 

In Fig. 12.7 the output voltage supplying the A.G.C. diode is 
obtained from the primary of the R.F. transformer. The primary 
is less selective than the secondary, and, as the receiver is detuned, 
the amplification rises less rapidly than is the case when the A.G.C. 

bias is obtained from the more selective secondary. This markedly 
reduces the tendency to screechy reproduction in tuning out of 
a station. The distorted reproduction is due to the unequal ampli
fication of the modulation sidebands and an effective increase in 
modulation percentage of carrier voltage produced by the mistuned 
selectivity characteristic. It only becomes unpleasant when detun
ing causes a rapid increase in receiver amplification. 

The performance of biased A.G.c. may be calculated in the 
manner indicated in 12.4.1. The delay voltage modifies the detector 
characteristic as shown by curve 2 in Fig. 12.3. The diode detects 
when the R.M.S. carrier voltage exceeds 0·707 x the bias or delay 
voltage. Taking a bias voltage on the A.G.c. diode of - 15 (this 
corresponds to a R.M.s. carrier of 10·6 volts for start of detection) 
we may redraw curve 2 of Fig. 12.3 as an output carrier voltage 
ratio-grid bias curve. This gives curve 2, Fig. 12.5, zero level 
(0 db.) being the R.M.S. carrier output (45·5 volts) giving an A.G.C. 

bias of - 40 or a total bias of - 41·5 volts. The input-output 
curve 2 of Fig. 12.6 is obtained by combining Fig. 12.4 and curve 2, 
Fig. 12.5. Thus for an A.G.C. bias of - 18·5, i.e., a total bias of 
- 20, curve 2, Fig. 12.5, gives a carrier voltage ratio of - 4·5 db. 
and Fig. 12.4, a mutual conductance ratio of 8·5 db. The input 
carrier ratio is therefore - (8·5+4·5) = - 13 db. and a point on 
curve 2, Fig. 12.6, is output carrier ratio - 4·5, input carrier ratio 
- 13 db. ; other points can be found by a similar process. The 
A.G.c. characteristic is noticeably flatter, and an even greater 
improvement can be obtained with a larger delaying bias. This 
must, however, be limited because the maximum required peak 
output carrier is approximately equal to the sum of the delay bias 
and maximum required bias voltage. Distortion in the R.F. 

amplifier supplying the carrier voltage to the A.G.C. diode results 
if the carrier output voltage is increased beyond a certain value. 
The critical value of output carrier and bias is obtained by super
imposing the detection characteristic curves from Fig. 12.3 on the 
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signal handling capacity curves for the valve supplying the .A.G.c. 

detector. Section 7.11, Part I, gives the method of determining 
this and a typical curve is shown in Fig. 12.8. The D.C. output 
voltage scale of Fig. 12.3 is taken to be the horizontal grid-bias 
voltage scale of Fig. 12.8 plus l ·5 volts (the assumed cathode self
bias on the valve) ; the same vertical scale is used for the R.M.s. 

carrier output voltage. The intersections of the detection curves 
for 0 and - 15 volts delay bias with the output carrier curve give 
limiting total bias voltages of - 25 and - 22, respeetively. If 
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FIG. 12.8.-0utput Voltage-Grid Bias Voltage Curve of the Last Controlled 
Valve illustrating A.G.O. Bias Voltage Limits. 

only one stage is controlled, it means that the variation of input 
carrier, over which control is exercised, must be limited, and greater 
variations can only be accommodated by the inclusion of some form 
of manual control, such as a local-distant switch, to reduce the 
amplification before the controlled stage. When more than one 
stage is supplied with .A.G.C. bias, all except that preceding the 
.A.G.c. detector can be fully controlled. To the last stage a pro
portion only (generally ½ to ½) of the total .A.G.c. bias is applied. 
The actual proportion depends on the maximum bias required by 
the other stages. For example, suppose for a delay bias of - 15 
we need a maximum .A.G.c. bias of - 40 volts ; from Fig. 12.3 we 
note that with this delay bias 40 volts D.c. output requires a carrier 
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of 45·5 volts R.M.s., which can be obtained for a total bias voltage 
of - 17 (Fig. 12.8). The A.G.O. bias voltage is l ·5 volts less than 

15·5 
the total, i.e., is - 15·5, so that only 

40 
or 0·388 of the A.G.c. 

voltage can be applied to this stage. 
An exception to the rule that all stages but the last should be 

fully controlled may occur with a frequency changer operating on 
the short-wave bands. Current variations in this valve tend to 
produce frequency drift (Section 5.8, Part I) of the receiver oscillator, 
and the effect is magnified as the operating signal frequency increases. 
A.G.O. may therefore be omitted to this valve. 

Improved signal-to-noise ratio may also be obtained by only 
partial control of the R.F. amplifier stage, because generally maximum 

value of .~":_, which is an important factor in determining signal-to-
v Ja 

noise ratio (Section 4.9.3, Part I), is obtained at normal biases, and 
it decreases as the bias is increased. The best course would be to 
prevent A.G.O. being applied to this valve until a given input signal 
is reached, and afterwards to allow full A.G.o., but this is not so 
easily achieved as partial control. 

12.4.3. Distortion due to Biased Diode A.G.C. 27 A nega
tively biased diode produces variable damping of the tuned circuit 
to which it is connected because, during the conduction period of 
the diode, an additional load is placed on the R.F. amplifier reducing 
its amplification. This effect may cause distortion of the modulation 
envelope. Figs. 12.9a, 12.9b and 12.9c, show what may happen for 
three different values of output carrier voltage. In Fig. 12.9a, the 
maximum modulation envelope amplitude is less than the delay 
bias voltage Ed. The A.o.o. diode is inoperative and there is no 
distortion. In Fig. 12.9b, the output carrier voltage is equal to the 
delay bias, and the top half of the positive modulation envelope is 
reduced in amplitude because of A.G.o. diode conduction current 
damping. Envelope as well as R.F. harmonic distortion is produced. 
The tuned transformer between A.G.O. diode and the A.F. detector 
rejects the R.F. harmonic distortion, leaving the original carrier with 
equal but distorted positive and negative envelopes. Detection of 
the modulated carrier results in an A.F. output containing harmonics 
of the original modulating frequency. In Fig. 12.9c the positive 
modulation envelope is completely damped, and it is identical in 
shape though reduced in size in comparison with the negative 
envelope. This represents R.F. harmonic distortion, which is rejected 
by the tuned transformer before the A.F. detector, leaving a modu-
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lated earner with equal undistorted positive and negative envelopes. 
The A.F. output from the detector is therefore undistorted. The 
A.G.C. diode only causes distortion of the detector output if the delay 
bias line cuts the positive modulation envelope ; hence distortion 
is restricted to a range of carrier peak voltages from 

el = ~ to Ca = ~ 12.1 
l+M 1-M 

with maximum distortion at C2 = Ea. The limits of the range are 
dependent on the modulation ratio M, being larger when the latter 

+! 

~--

-' I 

(c) 

Fm. 12.9.-Various Stages of Input Voltage Damping due to Biased Diode A.o.o. 
(a) Modulation envelope less than bias voltage. 
(b) Carrier peak voltage equal to bias voltage. 
(c) Modulation envelope greater than bias voltage. 

is larger. The carrier peak voltage C1 gives the condition for the 
onset of distortion-the positive modulation envelope is just entering 
the A.G.c. diode conduction current region, and Ca defines the end 
of distortion when the positive envelope is completely damped. 
These distortion limits are true only as long as the A.O. and D.c. 

load resistances of the diode are equal, and this is never so in practice 
because of the filter required between the A.G.c. diode and the grid 
circuits of the controlled valves. An A.c./n.c. load resistance ratio 
less than unity has no effect on C1 , but C2 and Ca are increased to 

C2 = Ea and Ca = --· Ea 12.2 
I_ M R1 1 _ M(R1 +R2 ) 

n R2 R 2 
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where Rx = the diode D.C. load resistance 
and R 2 = the input A.c. resistance of the filter looking from Rx. 
The maximum value of distortion at E 2 is proportional to the ratio 
of the dynamic or resonant impedance of the tuned circuit, across 
which the A.G.C. diode is connected, to the equivalent damping 
resistance of this same diode. The damping resistance is itself 

proportional to the A.C. load resistance f:t;
2

• Thus, for small 

distortion, a low value of tuned circuit impedance and a large value 
of A.C. load resistance are required. A reduction in the former 
reduces the maximum output voltage which can be obtained from 
the R.F. valve supplying the A.G.C. diode, so that it is desirable to 
aim at the highest possible value of A.c. load resistance. This entails 
a high value of Rx and R 2 • The upper carrier limit Ea is a minimum 
when R2 is as large as possible. 

Another effect, which should be noted, is that with biased A.G.C. 

performance is no longer independent of the modulation envelope. 
When the positive modulation envelope is cut by the delay bias 
line, the envelope as well as the carrier is detected, and the n.c. 
component is greater than it would be in the absence of modulation. 
The effect of modulation on the detection characteristic is shown by 
the dotted curves in Fig. 12.3, which merge into curve 2 when the 
positive modulation envelope is completely damped. The initial 
curvature of the detection characteristic due to envelope detection 
affects the start of the A.G.C. output-input characteristic. Curve 2 
in Fig. 12.6 begins at a smaller input voltage (less than - 50 db.), 
is initially more curved, and finally merges into the curve for no 
modulation envelope detection towards an input voltage correspond
ing to O db. The range of carrier output voltage over which modula
tion influences A.G.C. performance is the same as that over which 
A.G.C. diode conduction current produces distortion. 

12.4.4. Biased A.G.C. using the Audio Frequency Detector. 
A biased A.G.c. circuit, which uses the A.F. detector as the source of 
control voltage and largely avoids the variable damping distortion 
of the negatively biased diode, is shown in Fig. 12.10. The A.F. 

detector cathode is connected to earth through a resistance Ra 
producing a positive voltage between cathode and earth. The 
A.F. detector load resistance Rx is returned to cathode in the usual 
manner. A.G.C. bias is taken from the negative end A of Rx through 
the filter formed by R 2 and 0 2 • The positive delay voltage across 
Ra means that there can be no negative A.G.C. voltage across O 2 until 
the voltage across R1 exceeds that across R 3• To prevent the 
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application of positive bias (before .A..G.c. comes into action) to the 
controlled valves, a second diode D 2 is connected across 02, and it 
acts as a short-circuit when the voltage across C 2 is positive. It 
ceases to conduct when the voltage becomes negative, i.e., as soon 
as .A..G.C. is functioning. It should be noted that distortion may be 
introduced into the .A..F. output from D 1 when D 2 is conducting, for 

H.T+ 

lnpu]] 

Fm. 12.10.-A Circuit for Reducing Distortion due to Biased Diode A.o.c. 
[Westinghouse Brake and Signal Company, Patent No. 413,731.] 

its conduction current passing through R 1 applies a negative bias 
to the anode of D 1 • The actual biasing voltage can be made small 
by using a large value for R 2 and a small value for R1• This form 
of distortion disappears when D 2 ceases to conduct and .A..G.c. bias 
is applied. 

12.5. Amplified A.G.C. Systems. 
12.5.1. Introduction. Distortion due to a delay bias and to 

overloading of the valve preceding the .A..G.C. diode may largely be 
eliminated by amplifying the .A..G.c. bias. The control action of the 
latter, measured by the slope of the input-output curve, is actually 
dependent only on the equivalent delay bias and the gmEu character
istics of the controlled valves. The improvement normally obtained 
from amplified .A..G.c. is essentially due to an effective increase in the 
delay bias. For example, if in Section 12.4.l an amplifier multiply
ing the .A..o.c. bias by IO, is inserted between the D.c. output voltage 
from the .A..G.c. detector and the controlled valves, the result is to 
change the reference level 0 db., for Fig. 12.5, e.g., the output carrier 
R.M.S. voltage for a.n .A..G.c. bias of - 40 volts becomes approximately 
3·56 instead of 35·6 volts. This has no influence on the shape of 
the input-output curve l of Fig. 12.6, and the only advantage gained 
is the reduced possibility of overloading the last controlled stage, 
which can be fully, instead of partially, controlled. 
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There are two important methods of obtaining amplified A.G.c. : 
(1) by R.F. amplification between the last controlled valve and the 
A.G.C. diode (it is assumed that the A.F. detector is connected to 
the output of the controlled valve and not to the output of the 
A.G.c. amplifier), and (2) by D.C. amplification between the A.G.C. 
bias voltage source and the controlled valves. 

12.5.2. R.F. Amplified A.G.C. R.F. amplified A.G.c. in its 
simplest form consists of a fixed gain R.F. amplifier inserted between 
the A.G.C. diode and the R.F. valve supplying the A.F. detector. 
The amplifier should have an almost flat pass-band for frequencies 
within about ±20 kc/s of the carrier frequency, as this reduces the 
tendency to sideband screech in the off-tune position as described 
in Section 12.4.2. The required pass-band may be obtained either 
by using an aperiodic anode circuit, or a double-tuned transformer 
with coupling greater than critical. When an aperiodic or low 
impedance circuit is employed, voltage doubling detectors can be 
used to increase the A.G.C. bias. Voltage doubling is not of much 
value with tuned circuits because it produces heavy damping, the 
damping resistance being reduced to half that for half-wave detec
tion. The method of calculating the input-output curves is as 
described in Section 12.4 and, for the same delay bias voltages at 
the A.G.C. detector, the input-output curves are the same. The 
only difference is that the R.M.s. output carrier voltage corresponding 
to O db. is reduced in proportion to the increased amplification 
between A.o.c. detector and controlled R.F. stage. Owing to the 
A.o.c. amplification a larger delay bias may be applied to the A.G.C. 
detector without overloading the last controlled stage, and A.G.c. 
action can consequently be improved. The maximum delay bias 
depends on the maximum output carrier voltage which can be 
obtained from the A.G.c. amplifier. Referring to Fig. 12.8 we see 
that this may be as high as 100 volts, so that a delay bias of 50 volts 
is a possibility. Fig. 12.8 shows that there are limitations to the 
magnitude of input voltage which can be applied to the A.G.c. 
amplifier, but these can usually be overcome by supplying a pro
portion only of the output voltage from the last controlled stage 
to the A.G.c. amplifier. Anode circuit distortion can be tolerated 
in this amplifier as long as there is no feedback into the A.F. detector 
circuit, but grid circuit distortion, due to grid current, should not 
be permitted because it can produce variable damping distortion 
in a similar manner to the delay biased diode. 

12.5.3. A.G.C. Using a Combined R.F. and A.F. 
Amplifier. A circuit producing R.F. amplified A.G.C. and requiring 
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no extra valves is shown in Fig. 12.11. The valve following the 
A.F. detector is used as a combined R.F. and A.F. amplifier. 

The R.F. ripple voltage, produced across the detector load 
resistance R 1 , is passed to the grid of the triode amplifier by means 
of the capacitance 0 2 • This capacitance (100 µµF) allows wide 
variation of A.F. volume control without appreciably affecting the 
R.F. voltage applied to the amplifier. An R.F. choke L is inserted 
in the A.F. amplifier anode circuit, and the capacitance 0 3 transfers 
the R.F. output voltage to the diode. Detection of the A.F. anode 
voltages is avoided by making 0 3 small (about 0·0001 µF). A dis
advantage of the method is the danger of overloading the amplifier 
and distorting the A.F. output voltage, the maximum value of which 

.-----oH.T.+ 

I- A.F. 
Output 

A.G.c.-......,,JVv,,~_. 
Bias 

Fm. 12.11.-Amplified Biased or Delayed Diode A.G.c. 

is reduced by the presence of the R.F. voltage. The A.F. amplification 
must be limited, and the load resistance, R 0 , should not exceed the 
valve slope resistance. 

It is possible to use the triode valve as a combined cumulative
grid detector and R.F. amplifier, but A.G.C. action may not then be 
so satisfactory since increasing carrier voltage biases the valve 
negatively and reduces its R.F. gain. This is to some extent offset 
if the delay bias voltage is obtained from a resistance through which 
the anode current from the cumulative grid detector is passing, 
because increasing carrier voltage decreases the anode current and 
delay bias voltage, and so tends to increase A.G.C. bias. The valve 
may also be used as an anode-bend detector and A.G.c. amplifier. 
This method of amplified A.G.C. has the usual disadvantages 
encountered when one valve is used for dual purposes, and much 
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more satisfactory operation is obtained by separating the functions 
of R.F. and A.F. amplification. 

12.5.4. D.C. Amplified A.G.C. 11 n.c. amplification of the 
A.G.c. voltage may be achieved by the circuit shown in Fig. 12.12. 
A source of negative voltage is required, and it may be provided 
by the voltage drop across a resistance R. (or the loudspeaker field 
coil) between the earth line and H.T. negative, or by a separate H.T. 

supply. The second method is generally more stable and free from 
hum. The A.G.C. voltage is derived from the cathode of the double
diode-triode valve through the diode D 2, and delay bias is obtained 
by adjusting the resistance R4 to give, in the absence of a carrier 
voltage, a positive bias on the cathode with respect to earth. A com -
paratively large capacitance 0 4 (about 4 µF, paper, an electrolytic 
capacitor cannot be used because the cathode voltage changes from 

~--------~HT.+ 

FIG. 12.12.-D.C. Amplified A.G.C. 

positive to negative with respect to earth) is connected from the 
cathode end of R4 to earth in order to prevent A.F. voltages being 
developed in the cathode circuit. Any such voltages may be rectified 
by D 2 to interfere with normal A.G.c. bias. The diode D 2 prevents 
positive bias being applied to the controlled valves since it cannot 
conduct with a positive cathode. The triode portion is biased from 
the A.F. detector load resistance Ri, the voltage across which becomes 
increasingly negative as the applied carrier voltage increases. 
Consequently the triode-anode current decreases, and the voltage 
between its cathode and earth falls to zero from its initial positive 
value and finally becomes negative. Diode D 2 then conducts, and 
a negative bias is applied to the controlled valves. The triode valve 
may be used as an A.F. as well as n.c. amplifier, the A.F. volume 
control being arranged as in Fig. 12.12 to leave the D.C. bias to the 
valve unchanged. The resistance R 2 (about 4R1) and capacitance 
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0 2 (about 0·01 µF) make this possible. It is undesirable that the 
R.F. ripple voltage should be passed to the triode grid, and R 3 and 
0 3 form an R.F. filter to prevent this. The A.F. output voltage from 
the triode is developed across R 0 • It should be noted that the 
variable n.c. bias on the triode section may cause distortion of 
the A.F. output, because a large carrier voltage may take the 
operating bias voltage into the curved lower part of the triode 
IaEu characteristic. 

The design procedure for this type of A.G.c. circuit is as follows. 
The negative voltage required across R 5 must first be determined; 
this should be about twice the maximum desired A.G.c. bias, i.e., 
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Fm. 12.13.-1.,Ea Characteristics for D.C. Amplified A.G.c. using a Triode Valve. 

about 100 volts. If the D.C. voltage applied to the other circuits 
in the receiver is 250, the total H.T. voltage required is 350 volts; 
the J aE a characteristics of the triode section are assumed to be 
those in Fig. 12.13, and the detection curve of D 1 to be curve 1, 
Fig. 12.3. The triode slope resistance is approximately 20,000 ohms, 
so that a suitable value for R 0 is 20,000 ohms (it must not be too 
high because it reduces the A.G.C. delay bias voltage and also the 
A.o.c. bias voltage to the controlled valves). R, may be chosen to 
have the same value as R0 • The D.C. load line, AB in Fig. 12.13, 
having an inverse slope of 40,000 ohms, is drawn from Ea = 350 volts 
(the total H.T. voltage). The n.c. voltage available across R, is 
given by half the voltage difference between 350 and the intersection 
of AB with the particular grid bias voltage line being considered. 
Hence the relationship between the voltage across R, and grid bias 



12.5.4] AUTOMATIC GAIN CONTROL 197 

can be obtained, and curve 1, Fig. 12.3, allows the conversion of 
grid bias (this is the n.c. output voltage of Fig. 12.3) to R.M.s. 

output carrier voltage. In Fig. 12.14 the cathode-to-earth voltage, 
i.e., the .A.G.C. bias voltage when it is negative, is plotted against 
R.M.s. carrier voltage applied to D 1, and this is next converted to 
a decibel ratio output carrier voltage-total bias voltage curve, 
reference level O db. again corresponding to the R.M.S. carrier voltage 
giving an .A.G.C. bias of - 40 volts, i.e., 3·95 volts. This curve is 
shown in Fig. 12.5 as curve 3. Using the decibel gmEu characteristic 
of Fig. 12.4, we can now calculate the decibel ratio input-output 
curve 3 of Fig. 12.6, which gives the .A.G.c. characteristic for a single 
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Fm. 12.14.-.A..G.c. Voltage-R.M.s. Carrier Voltage for D.C. Amplified A.G.C. 

controlled stage. Thus for an .A.G.c. bias voltage of - 8·5 (output 
carrier = 1·9 from Fig. 12.14), the total bias voltage is - 10 volts 
and the output cartjer is - 6·4 db. (Fig. 12.5, curve 3). A total 
bias of - 10 volts gives an increased amplification ratio of 23 db. 
(Fig. 12.4) so that the input voltage ratio is - (6·4+23) = - 29·4 db. 
One point on curve 3 of Fig. 12.6 is output carrier ratio - 6·4 db., 
input carrier ratio - 29·4 db. If more stages are biased, a com
posite gmEu curve must be obtained as discussed in Section 12.4.1. 
Curve 3 shows better control of output voltage than is obtained by 
the non-amplified systems, because of the increase in delay bias 
voltage, which is equal to the positive voltage between cathode and 
earth when the carrier voltage to D 1 is zero. The delay voltage is 
therefore half the voltage difference AD (Fig. 12.13) minus 100 volts 
(the voltage across R 6), which is 21 volts. The same curve can be 
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obtained from the non-amplified A.G.C. system with a delay bias of 
- 21 volts, but the output carrier voltage required to produce 
maximum A.G.c. bias cannot be realized without reduced control of 
the last R.F. stage. 

12.5.5. Anode-Bend Amplified A.G.c.a, 25 Another method 
of obtaining amplified A.G.C. is to use an anode-bend detector as 
shown in Fig. 12.15. The source of negative bias voltage may be 
a resistance between the earth and H.T. negative lead as for the 
D.O. amplified system, or a separate H.T. supply may be employed. 
In Fig. 12.15, two resistances, R 3 and R 2, are connected between 
earth and H.T. negative to supply the negative bias. The voltage 

Frn. 12.15.-Anode Bend A.o.c. 

drop across Ra, which can be varied, is used to bias the anode-bend 
A.G.C. detector. Variation of Ra changes the delay bias for A.G.O. 

operation, and the detector anode current is generally zero in the 
absence of a carrier voltage. The anode resistance R0 has a value 
of about 100,000 ohms. The parabolic detection characteristic of 
the anode-bend detector (see Fig. 8.19b, Part I) tends to give an 
improved A.G.C. characteristic, because A.G.C. bias increases at a 
greater rate than the carrier voltage. 

12.6. The Filter between the A.G.C. Detector and the 
Controlled Sta~es. A filter must be inserted between the source 
of A.G.c. bias and the grid of the controlled valves in order-

(1) to complete the circuit for R.F. voltages from the grid of the 
controlled valve to earth, and 
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(2) to by-pass R.F. and A.F. voltages developed across the A.G.o. 

detector load resistance, and to permit only the D.C. com
ponent to reach the controlled stages. 

Inadequate filtering may result in R.F. voltage feedback, causing 
instability and, in the superheterodyne receiver, interference whistles. 
If the A.F. voltages are not removed, the effective modulation ratio 
of the carrier applied to the A.F. detector is reduced, because the 
A.F. voltage feedback provides a variable A.G.c. bias. This bias 
operates on the input carrier envelope to reduce the output carrier 
envelope variation,5 in the same way as the normal A.G.o. bias 
operates to reduce the much slower carrier variation due to fading. 

The two objects mentioned above may be realized by employing 
a filter consisting of resistances and capacitances. The first condi
tion merely requires a low R.F. impedance from the "earthed" end 
of the tuning impedance in the controlled valve grid circuit to the 
earth line. The second condition calls for the largest possible value 
of O and R. There is, however, one important condition which 
must be fulfilled by the filter, viz., its time constant must be low 
enough to allow the quick release or application of the A.G.C. bias 
when the input carrier varies. A time constant of OR = 0· l seconds 
is generally regarded as sufficiently fast to control normal fading 
variations. In any single stage RO filter the filtering action is 
dependent on the product of Rand 0, and a large value of R may 
be used with a small value of 0, or vice versa. In Section 12.4.3 
stress is laid upon the need for making the ratio of A.O. to D.c. load 
as near unity as possible, so that the highest value of R is required. 
The maximum value must, however, be limited if "softening" 
(Section 2.8.1, Part I) of the controlled valves is to be avoided, and 
generally the total D.C. resistance in the grid circuit must not be 
allowed to exceed 2M.Q. This limits R to 1 or 1·5 M.Q if the A.G.C. 

detector D.C. load resistance is 0·5 M.Q, and hence O may have a 
value of about 0·l µF. 

There is always a difference between the charge and discharge 
time constants of the A.G.C. filter, the former being more rapid than 
the latter. During discharge the A.G.C. diode is non-conducting, 
and the resistance in the circuit is the sum of the filter and diode 
D.C. load resistances, whilst for charge the latter is effectively short
circuited by the conduction resistance of the diode. When more 
than one valve is controlled, separate filters may be necessary for 
each stage in order to prevent R.F. feedback between stages. Inter
action between the filters modifies the time constant of each 
individual filter ; this effect has been calculated, 31 and the time 
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constant of various types of coupled filters is estimated by the 
following procedure. 

In Fig. 12.16a is given an example of the series type of filter 
applying the A.G.c. bias to three controlled stages. The resistance 
R is the A.G.c. detector load resistance ; the R.F. coupling capacitance 
(02 in Fig. 12.7) is virtually in parallel with R, but it is so small 
that it has practically no effect on the time constant and is therefore 
omitted. During the charging period, i.e., increasing carrier voltage, 

(a) (b) 

FIG. 12.16.-A.G.C. Filter Circuits. 
(a) Series type. (b) Parallel type. 

the diode is conducting, R has no effect, and the maximum time 
constant, which occurs in A.G.C., line 3, is 

Tc= R1(01+02+0a)+R2(02+0a)+R30 3 • • 12.3a. 
During discharge the diode is non-conducting, and the total dis
charge current passes through R; the time constant (line 3) for 
this condition is 

Ta,= 0 3(R+R1+R2+Ra)+02(R+R1+R2)+01(R+R1) . 12.3b 

which is greater than Tc by R(01+02+03). 

The alternative parallel type of filter shown in Fig. 12.16b is 
more common. The time constant for charge is that of the largest 
separate filter (e.g., 0 1R 1 or 0 2R 2, etc.), whilst for discharge it is 

Ta,= 01(R1+R)+(02 +0a)R . 12.4. 

The discharge time constant is modified when the capacitances and 
resistances are very different in value, and this is fully discussed in 
the article 31 to which reference has already been made. 

To determine the relative advantages of the two types of filters, 
let us assume that R = 0·5 M.Q, all the capacitances are 0·l µF, the 
A.c./n.c. load resistance ratio is to be not less than 2: 3, and all 
filter resistances are equal. 

For the three stage series filter 
RA.C. - 2 - R1 
Rn.c. - 3 - R 1 +0·5 

or R1 = l·0 M.Q. 
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The reactance of capacitance O 1 at audio frequencies is considered 
to be negligible in comparison with R 1 , so that the resistances R2 and 
Ra contribute nothing to the A.O. load resistance. Substituting 
numerical values in expressions 12.3a and 12.3b gives the charge 
time constant Tc as 0·6 seconds and the discharge Ta, as 0·75 seconds. 

Assuming that the same conditions hold for the parallel filter, 
i.e., R 1 = Rs = Ra, 
0 1 = Cs = Ca = O· l µF, R = 0·5 M.Q and A.c./o.c. load ratio = ¾, 

R1 
3 RA.C. - 2 -

Rn.c. - 3 - -0--5-+-R~i 
3 

we have 

or R 1 = 3 M.Q. 
Hence Tc = 0·3 seconds. 
and Ta, = 0·45 seconds. 
Th us we see that the parallel filter gives a lower time constant for 
charge and discharge than the series filter. 

In both cases discussed above, the resistance in the grid return 
path of the controlled valves is 3·5 M.Q, which is a higher figure than 
can be allowed; it would be necessary to reduceeithertheA.C./D.C. 
load resistance ratio or R, in order to reduce the grid D.C. resistance, 
and so prevent softness developing in the controlled valves. 

For the D.C. amplified A.G.C. system (Fig. 12.12) two circuits 
separated by a valve contribute to the overall time constant, the 
value of which is very nearly given by the sum of the grid and cathode 
circuit time constants. Theoretically it is found 35 that the overall 
time constant is not exactly determined by the sum of the individual 
time constants, the error, which is not greater than 7%, being 
maximum when the individual time constants are equal. In the 
practical case an added complication is found due to the fact that 
µ and Ra of the valve do not remain constant as the D.c. bias is 
varied, and a more correct expression for overall time constant is 

_ RTfla' 
T - KRPu+R R ,Ok k+ a 

12.5 

where K is a correction factor, a function of the grid bias, and is 
< 1 for discharge and > 1 for charge. 

RuOu is the time constant of the grid circuit. 
Rk is the cathode resistance across which the A.G.C. bias is 

developed (R4 in Fig. 12.12). 
Ra' is the sum of the valve slope resistance Ra and the anode 

circuit resistance R 0 • 

Ok is the cathode-earth capacitance, 0 4 in Fig. 12.12. 
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12.7. Dual A.G.C.33 When A.G.c. is applied to receivers 
having an R.F. stage before the frequency changer, certain conditions 
may arise to cause overloading of the latter. This is possible when 
a receiver is tuned to a weak station in the high field strength area 
of a local station, particularly if the two frequencies are not widely 
separated. The impedance of the signal tuning circuit in the anode 
of the R.F. valve at the undesired local station frequency may be 
sufficiently high to give amplification of this undesired signal, which 
can then produce interfering whistles (see Section 5.4) in the fre
quency changer. The undesired response is often large enough to 
cause serious interference with the A.F. output, but is not sufficient 
(owing to the selectivity of the I.F. circuits) to increase the A.G.C. 

bias to any great extent. By employing for the R.F. valve a separate 
A.o.c. bias obtained from an early, less selective, stage in the receiver, 
where the undesired signal is comparable with the desired, the 
A.G.c. bias is then controlled by both signals, and R.F. amplification 
is reduced as the undesired signal is increased. A diode detector 
produces the D.C. voltage component, and the A.G.c. source is usually 
a wide pass-band I.F. transformer (440 to 490 kc/s) in the anode of 
the frequency changer in series with the normal narrow band 
transformer to the first I.F. valve. The frequency response of the 
A.G.c. voltage source is therefore practically the same as that of the 
signal circuits, with the added advantage that the signal is amplified 
in the frequency changer. The wide pass-band transformer should 
have adequate cut-off at the oscillator frequency (615 kc/s) corre
sponding to the lowest required signal frequency (150 kc/s) otherwise 
the A.G.c. may be actuated by the oscillator voltage. A.o.c. bias, 
derived in the normal way from the last I.F. stage, is used to control 
I.F. and frequency changer stages, though the latter may be con
trolled from the R.F. amplifier bias. Such a scheme is known as 
dual A.o.c. 

12.8. Inter-Channel Noise Suppression or Quiet A.G.C.4• 15• 22 

12.8.1. Introduction. A noticeable feature of receivers having 
A.G.C. is the increase in noise which occurs when tuning out a signal. 
This is due to the increase of amplification resulting from the decrease 
of input carrier voltage. It can be overcome to some extent by 
increasing the bias on the R.F. controlled valves to reduce their 
maximum amplification, but this is not a very satisfactory method 
as it limits the A.G.c. action at the same time. The ideal system is 
to silence the receiver for small input signals without affecting 
receiver performance for signals exceeding a given value, and this 
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may be realized by overbiasing the .A.F. amplifier or negatively 
biasing the detector 14 by a voltage controlled by the input signal. 
Release of this biasing voltage is usually achieved by a valve con
trolled circuit. The use of a mechanical shorting device 12 is rare 
because the relay needed to operate it must be very sensitive and 
free from chatter. 

12.8.2. Biased Detector Quiet A.G.C. Serious distortion 
occurs over a range of input signal voltages in a detector having 
negative bias, and it is therefore essential to obtain rapid and 
complete removal of the negative silencing voltage when the desired 
input voltage is reached. To operate successfully, the negatively 

Fm. 12.17.-Quiet Delayed A.G.O. by Means of a Biased A.F. Detector Diode. 

biased detector requires to be used with amplified A.G.c., and a 
suitable circuit is shown in Fig. 12.17.* One diode (D 3 ) of the 
double-diode triode acts as the .A.G.C. detector, and the D.C. com
ponent from this is amplified by the triode section. The second 
diode (D 4 ) prevents the application of positive bias to the controlled 
valves as described in Section 12.5.4. The .A.F. detector is the 
diode (D1 ) of the double-diode valve; the other diode (D 2) is con
nected to the cathode of the .A.G.c. amplifier valve, and in the 
common cathode circuit of these two diodes is a resistance R 2 

paralleled by a capacitance 0 2• As long as the cathode of the 
.A.G.C. amplifier is positive with respect to earth, the diode D 2 

conducts and applies a negative bias to D 1 • This bias disappears 
when the cathode becomes negative, i.e., when A.G.C. bias begins 
to function, and D 1 detects normally. Part of the detected voltage 

* British Patent 498,842, Marconi's Wireless Telegraph Co. and K. R. 
Sturley. 
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is developed across R 2 , but this loss need not be great, because R1 

can be about -h R 1• The value of O 2 should be such as to make 
OsRa = 01R1. Typical input-output curves are indicated as the 
dotted vertical lines in Fig. 12.6. The input voltage at which 
suppression is released may be controlled to a limited degree by 
varying the H.T. voltage of the triode n.o. amplifier, but it is prefer
ably varied by reducing the maximum gain of the controlled valves. 
A similar method to the above, using a triple-diode triode, has also 
been developed.14 

12.8.3. Interchannel Noise Suppression by a Variable 
Capacitance across the A.F. Detector Load Resistance. The 
A.F. output from a detector can be decreased by adding a large 
capacitance in parallel with the detector load resistance, and if it 

Fm. 12.18.-Quiet A.G.C. Using Miller Effect from a Triode across the 
A.F. Detector Load Resistance. 

can be made to vary inver~ely as the carrier voltage, noise suppression 
can be achieved. This is possible by using the Miller effect, viz., 
the variation of grid input capacitance of a valve when its overall 
amplification is changed. A suitable circuit is illustrated in 
Fig. 12.18. The variable capacitance is provided by valve V1 , the 
anode-grid capacitance of which is increased by 0 2 in order to increase 
the variation of grid input capacitance Cg. The value of the latter 
is, from expression 2.13b, Part I, 

Cg= Oga(1+R:!R) 
where Cua = total anode-grid capacitance including 0 2 • 

R 0 = anode external circuit resistance. 

It should be noted that maximum Ou is obtained by making the 
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anode external impedance a resistance, any reactance element due 
to stray capacitance reduces Cg. As an example of the possible 
maximum value of Cg, let us consider the following component and 
valve parameter values, R 0 = 1 M.Q, Ra = 10,000 [), Cga = 0·001 µF, 
µ = 30; a maximum value for Cg of 0·0307 µFis obtained. By 
connecting the grid circuit of V 1 across the D.C. load resistance 
R 1 (Fig. 12.18) the valve is automatically biased by the detected 
carrier voltage n.c. component, which becomes increasingly negative 
as the carrier voltage is increased. For small carrier voltages, the 
negative bias is small, µ is large, Ra small, and Cg is large. A.F. 

voltages across the load resistance R1 are therefore very much 
reduced and A.F. output is almost negligible. Increasing carrier 
voltage decreases Cg, until a bias voltage is reached which takes 
V 1 to zero anode current and allows the detector circuit to function 
normally, giving full A.F. output. Since the shunt capacitance due 
to V1 has greater by-passing effect on the higher audio frequencies, 
a form of automatic tone control occurs. This has advantages for 
noise suppression, because the amplification of the receiver increases 
with decrease of carrier voltage, and interference voltages, having 
appreciable high audio frequency sideband components, normally 
become more noticeable. A disadvantage of the method is that 
distortion tends to occur if the A.F. voltage across R 1 carries V1 over 
the anode current cut-off point or curved part of the IaEg character
istic of the valve ; the grid input admittance then varies appreciably 
over the cycle of A.F. voltage. 

12.8.4. Noise Suppression by means of a Biased A.F. 
Amplifier. Noise suppression may also be achieved by applying 
additional negative bias, controlled from the carrier voltage, to cut 
off the anode current of the first A.F. amplifier valve. This bias is 
either gradually reduced as the carrier voltage increases or is short
circuited at a particular value of the latter. In one method the 
negative voltage is developed across a resistance in the anode circuit 
of a valve biased from the A.F. detector or the A.G.C. diode. Increase 
of carrier voltage decreases the anode current of this valve to zero, 
so that the initial negative voltage between the H.T. positive for 
the biasing valve and its anode disappears. A disadvantage of the 
system is that the total H.T. voltage must be increased because the 
H.T. positive of the biasing valve is the H.T. negative of the A.F. 

amplifier. 
An alternative method is to short the sup-pressing bias by a 

mechanical relay or a glow discharge tuning indicator,16 fitted with 
an auxiliary anode. In the latter case the cathode and auxiliary 
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anode of the indicator are connected across the additional bias. 
When the glow column reaches the auxiliary anode, conduction 
occurs and the bias is shorted. 

12.9. Noise Limiters.34 A noise limiter differs from a noise
suppressing device in that it allows the normal A.F. signal to be 
accepted and seeks only to limit the unpleasant effects produced 
by atmospheric and similar disturbances. The simplest method is 
to use a biased diode in the A.F. or R.F. circuits. For normal signal 
amplitudes the diode is non-conducting, but a peaked signal of 
excessive amplitude (a typical noise pulse shape) applies a voltage 
exceeding the bias, and conduction current damps the circuit, so 
flattening the resultant A.F. output peak voltage. Two diodes, 
connected to conduct in opposite directions, are often used, one 
limiting excessive positive and the other excessive negative peaks. 
A circuit * which a voids the necessity for fixed bias on the limiting 

F 

B 

A.F. 
Output 
Voltage 

C3 

.D 

Fm. 12.19.-A Circuit for Limiting Interference on Noise Voltage Peaks. 

diodes is shown in Fig. 12.19. The A.F. detector is D 1 , and the noise 
limiting diodes, D 2 and D 3 , function to damp negative and positive 
peaks of noise respectively. Their biasing voltage is derived from 
detection of the A.F. output voltage across the detector load resist
ance, R 1 • The damping of positive and negative half-cycles due to 
the load imposed by D 2 and D 3 is equal, so that the A.F. voltage 
across BD is undistorted. A short duration positive noise pulse of 
large amplitude, appreciably exceeding the bias due to detection 
of the desired A.F. voltage, causes diode D 3 to take a large momentary 
current, which damps and flattens the output voltage noise peak 
across BD compared with the input voltage peak at EF. Diode D 2 

functions in the same manner for negative noise pulses. The 
resistances R 3 (2 MD) and the common resistance R 2 form the load 
resistances for D 2 and D 3, and capacitances 0 3 (0·001 µF) act as 
the coupling to D 2 and D 3 • The resistance R 2 (0·2 MD) is included 

• U.S. Patent Application, No. 391, 162. (1941) R. C. V. and V. A. 
Landon. 
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to form one arm of a potential divider, the other arm being the 
diodes Da and D 3 , and it aids in suppressing the noise peaks. 

In another method of noise limiting 19• 21 the noise voltage peaks 
are amplified and detected separately from the desired signals; the 
n.c. component of the detected noise voltages is used to bias the 
I.F. amplifier before the A.F. detector and reduce considerably its 
amplification during interference peaks. The input voltage for the 
noise amplifier is derived from the input to the I.F. amplifier before 
the A.F. detector. The valve for the noise amplifier is of the non
variable-mu type and it is overbiased. The input-output voltage 
characteristic is parabolic, and normal modulated signals are not 
amplified to any great extent ; the large amplitude noise peaks, 
however, produce appreciable output voltages, which are detected 
by a biased detector across the output circuit. Biasing is applied 
to this detector in order to ensure that there is no detection of 
normal modulated signals. The I.F. amplifier preceding the A.F. 

detector is of the heptode or hexode type, the negative bias from 
the noise detector being connected to the " oscillator " grid, and the 
desired modulated carrier to the control grid. The filter between 
the noise detector and hexode grid must have a low time-constant 
(not greater than about 0·01 seconds) in order to obtain a rapid 
increase and decrease of bias voltage. If the action is slow the 
noise suppression is ineffective at the beginning of the pulses, and 
also the normal signal may be rendered inaudible for some time 
after the noise pulse has passed. This low time-constant makes 
filtering difficult, and a push-pull noise detector is an advantage 
because of the lower I.F. ripple voltage. 

12.10. Audio Frequency A.G.C. 
12.10.1. Introduction. Automatic gain control may be 

applied to A.F. amplifiers to give decreasing or increasing gain as 
the A.F. signal is increased. Decreasing gain control is generally 
only applied in public address systems to prevent blasting, or to 
preserve a reasonably level output when amplifying speech. Increas
ing gain control, known as contrast expansion, may be used to 
counteract the compression in intensity level range that must be 
made at a transmitter to obtain efficient modulation operation 
without overloading. It can only be satisfactory if compression at 
the transmitter is performed automatically by apparatus, the 
characteristics of which can be reproduced in inverse form as 
expansion at the receiver. At present compression is performed 
manually by skilled operators, so that an expansion circuit giving 
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correct compensation is not possible. Expansion can, however, be 
used with advantage to compensate for volume contraction (which 
is usually performed electrically) in gramophone records. 

Whilst contrast expansion often adds to the realism of an 
orchestral transmission, it is not suitable for all types of programme. 
For speech or song it is less satisfactory owing to the discontinuous 
nature of the signal. 

12.10.2. A.G.C. with Decreasing Amplification for In
creasing A.F. Input. 29 The basic principle is the same as that 
involved in the application of A.G.c. to R.F. amplifiers. The A.F. 

voltage is amplified, then detected, and the D.C. component from 
detection is used to control the amplification of one or more of the 
A.F. stages. Control of a single A.F. tetrode valve is not usually 

r------------------<>H.T.+ 

A.F. 
Input 

Fm. 12.20.-A.G.c. of an A.F. Signal Voltage. 

satisfactory, because the curvature of its IaEu characteristic (this 
is essential in order to make Ym variable with grid-bias voltage) 
produces distortion of the A.F. voltage. This distortion results 
chiefly in even harmonic frequencies, and it may be almost entirely 
eliminated by using two valves in push-pull with the A.G.c. bia-s 
applied to the grid-earth return lead common to both valves. An 
alternative is to employ a pentode, heptode or hexode valve, and 
to apply the A.G.c. bias to the suppressor grid or the oscillator grid. 
If suppressor grid control 30 is used with a pentode valve, the latter 
usually has to be designed with a finer mesh suppressor grid than 
is normal, otherwise very large biases are required before any 
appreciable reduction in amplification can be achieved. A possible 
circuit using a hexode valve is shown in Fig. 12.20. The A.F. input 
voltage is applied to the signal grid of the hexode valve V 1 , and also 
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to the grid of the buffer valve V 2, before the A.G.C. detector, V 8. 

The buffer valve is necessary to prevent distortion of the input A.F. 

wave shape by conduction current damping from V 3, but it also 
increases the effectiveness of the A.G.c. control. It should be noted 
that this circuit is not the same as that for amplified A.G.c. of R.F. 

stages, because the bias voltage is being used to control the gain 
of an amplifier after the point from which the operative voltage for 
A.G.C. is taken. In this case the effectiveness of control is dependent 
on the amplification of the buffer valve as well as upon the delay 
bias (if any). The A.G.C. detector n.c. load resistance is divided 
between two resistances, R 1 and R 2, and the bias voltage is taken 
from R2 • Although the available bias voltage is reduced in the 

ratio Ri!Rz' this method of divided load resistance has the advan

tage of making filtering of the A.F. voltages from the n.c. component 
easier. Only the ripple A.F. voltages appear across R2 , whilst across 
R1 is the full A.F. voltage as well as the ripple A.F. voltage. The 
time-constant of the A.G.C. filter circuit R 30 3 must not be so high 
as to cause overloading on the first syllables of words, nor low 
enough to cause serious mutilation of the A.F. output wave shape. 
A value of about 0·5 seconds is generally satisfactory. The degree 
of input-output control may be calculated by plotting input voltage 
change, expressed as a decibel ratio, against input voltage ratio 
increase plus the ratio reduction of gm (due to the A.G.c. bias 
change) of V1 • 

12.10.3. A.G.C. providin~ Contrast Expansion.26 To make 
efficient use of a transmitter when broadcasting music, the normal 
intensity level variation (70 db.) of an orchestral programme must 
be compressed. The maximum possible modulation percentage is 
100%, and the minimum, which is determined by the noise level, 
is about I%, so that a maximum possible intensity variation of 
40 db. only is permissible. Conditions at the receiver are usually 
such (owing to noise) as to limit the variation further to about 
25 db. Although expansion to, the original 70-db. range would 
not be desirable, and indeed would sound unnatural in a normal 
listening room, some degree of expansion is advantageous. 

The circuit in Fig. 12.20 may be used for contrast expansion by 
reversing the anode-cathode connections to the A.G.C. diode V 3 • 

This reverses the polarity of the A.o.c. bias to the hexode, so that 
increasing input voltage applies positive bias. An initial negative 
bias must be included in this circuit in order that the A.G.c. grid 
of the hexode may have a small negative bias even when the positive 

R 
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A.G.C. bias is maximum. A filter circuit time-constant of 0·5 seconds 
is generally found to be satisfactory. 

Another method of obtaining volume expansion is to include, 
in the speech-coil circuit of the loudspeaker, a variable resistance, 
the value of which is dependent on the current passing through it. 
The variable resistance may be produced by a lamp in parallel with 
the speech-coil, or two lamps in the opposite arms of a bridge circuit 
as shown in Fig. 12.21. In the first method the lamp resistance, 
of low value when cold, rises to a high value when the A.F. current 
passing through it causes it to glow. The result is that for small 
applied A.F. voltages a large proportion of the output current is 
diverted through the lamp. Increase of A.F. voltage increases the 

JIii 
Output 
Trans

f'ormer 

1--

Speech 
Coil 

Fm. 12.21.-A.F. Contrast Expansion by means of Indicator Lamps. 
[Note.-Read R,. for R,.] 

lamp resistance and decreases the proportion of current diverted 
from the speech-coil. In the second method 20, 23• 24 the bridge is 
arranged to be almost in balance for small A.F. applied voltages. 
Increasing the latter causes the lamps to take more current and 
increase their resistance ; the bridge is thrown more and more out 
of balance and a greater voltage is produced across the speech-coil. 
Both methods suffer from the disadvantage that much of the 
available power is dissipated in parts of the circuit other than the 
speech-coil even at maximum output. In either case a n.o. polariz
ing voltage 28 may be required across the lamps in order to raise their 
minimum resistances, and prevent too much attenuation of weak 
passages. The currents in the bridge circuit, which is symmetrical, 
are as marked in Fig. 12.21 ; R 2 is the lamp resistance, R 1 the 
resistance in the other two opposite arms, and R8c the equivalent 
resistance of the speech-coil. The current and power relationships 
in the circuit are as follows : 

11 -12 = 18 
1,Rz = 11R1+1sRsc. 

12.6 
12.7. 
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Solving 12.6 and 12.7 for / 1 

and for 12 

11 = ls(R2+Rsc) 
R2 -R1 

Power Output, P 0 = 18
2Rsc 

Power Input, P 1 = 2(112R1+l22R 2)+1s2Rsc· 

211 

12.8 

12.9. 

Replacing / 1 and / 2 in the above by expressions 12.8 and 12.9. 

p - ls2[2(R2+Rsc)2R1 +2(R1 +Rsc) 2R2+(R2 - R1) 2RsJ 
1 - (R2 - R1) 2 

ls2[R1 +R2+2Rsc][2R1R2+Rsc(R1 +R2)] 
- (R2 - R1) 2 

. 12.10. 

The power loss due to the insertion of the bridge is 

loss (db.) = - 10 log10 ;: 

_ 10 1 [R1+R2+2RsJ[2R1R2 +Rsc(R1+R2)] 
- - og10 (R2 - R1)2Rsc . 12.lla. 

It is convenient to express the input power in terms of the lamp 
current / 2 and the resistances, and combining 12.9 and 12.10, we 
have 

. 12.12 

and the degree of contrast expansion is obtained by plotting the 
loss expression 12.lla against the input power P 1 (expression 12.12). 
A straight line parallel to the P 1 axis indicates no volume expansion. 

The characteristics of the lamp (12 against R2 = ~:) may be 

determined experimentally by measuring the current for different 
applied A.F. voltages (E2), but, before the performance can be 
estimated, the relationship between R1, R2(max.), the m;nimum hot 
resistance of the lamp, and Rsc must be established. This is obtained 
from the condition of maximum power transfer. Thus the bridge 
input resistance across AB must be matched to the valve, or, if the 
transformer is unchanged, the bridge input resistance across AB 
should equal the speech-coil resistance Rsc· The power loss ratio 
then becomes 

loss (db.)= - 10 log1o (J1j;2
)

2
• 

8 
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Substituting 12.8 and 12.9 for 11 and I 1 in the above, and noting 
that R 2 is now R 2(max.) 

1 (db) = - 201 (R1+R2(max.}+2Rsc) 12 llb oss . og10 R ) R ) . . . ( z(max. - 1 

Equating 12.lla and 12.llb gives 

R 1R 2(max.) = R80
2 • 

Thus for R80 = 2·5 ohms, and loss at maximum power output from 
the valve of 3 db., we have, 

Ri+Rz(max.)+ 2Rsc = t"l 0·15 = 1·413 
R ( ) _ R an 1 og10 

2 max. 1 

and replacing R 2(max.) by 
1~f gives after simplification 

2·413R1
2 +5R1 - 2·58 = 0 

Rx= 0·425 Q. 
R 1(max.) = 14·7 Q. 
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CHAPTER 13 

PUSH-BUTTON, REMOTE AND AUTOMATIC 
TUNING CONTROL 17 

13.1. Introduction. Push-button tuning is incorporated in 
receivers so that predetermined stations may be tuned in immediately 
by pressing a switch. 

By the extension, when practicable, of the push-button switching 
to a position at some distance from the receiver, remote control of 
tuning is possible. Special circuits have also been designed to give 
continuous tuning over a range of frequencies at a remote point. 
The A.G.C. action of a remotely-tuned receiver must be such as to 
reduce output volume changes due to input signal variations to 
small proportions, unless a remote volume control is used. The ideal 
remotely-tuned receiver should, of course, include remote control 
of all the functions normally operated by hand. Methods of achiev
ing this are, however, discussed in their appropriate chapters, i.e., 
automatic variable selectivity in Section 7.10, Part I, and automatic 
gain control in Chapter 12. 

The use of highly selective I.F. circuits in a superheterodyne 
receiver makes accurate tuning a necessity if correct reproduction, 
free from distortion, is to be obtained. An early method of ensuring 
correct manual tuning was to use a highly selective circuit, tuned to 
the I.F. carrier, to operate a muting device. The receiver was 
silenced until the I.F. carrier entered the narrow pass range of this 
circuit. This offered no solution to the problem of accurate tuning 
of push-button receivers. The method now adopted (known as 
automatic frequency correction) is to adjust automatically the 
oscillator frequency so as to set the I.F. carrier in the centre of the 
I.F. amplifier pass-band irrespective of the signal tuning. This 
means that the signal circuits may be mistuned, but the effect is 
much less serious than off-centring the I.F. carrier. A variable 
reactance, connected in parallel with the oscillator tuned circuit, is 
controlled by the degree of I.F. carrier tuning error and is varied 
in such a direction as to reduce the error. 

13.2. Push-Button Tuning. 
13.2.1. Introduction.7 A broadcast receiver is usually oper

ated on a few selected (often local) stations, and there are advantages 
214 
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in being able to switch over almost instantaneously from one pro
gramme to another. This is possible with push-button tuning, 
which may be 1;1,ccomplished in either of two ways. In the first the 
tuning capacitor may be rotated mechanically by means of cams 
operated from push buttons, or electrically by a motor. The second 
switches in pretuned circuits. In both systems it is usual to silence 
the receiver whilst the change is being made from one station to 
another. Automatic frequency correction of the oscillator is almost 
an essential requirement if accurate tuning is to be achieved and 
maintained. 

13.2.2. Mechanical Rotation of the Tuning Capacitor.Is 
There are a number of methods of mechanical tuning by push-button. 
One uses selecting levers connected to specially shaped cams equal 
in number to the stations required. Each cam is fixed to the rotor 
shaft of the capacitor. Pressure on the lever rotates the cam to 
the position corresponding to the desired sta.tion setting. The 
disadvantage of this system is that considerable pressure is required 
to operate the push-button, very careful mechanical design is 
necessary for reasonably accurate tuning, and wear of moving parts 
leads eventually to incorrect tuning. 

Another mechanism employs spiral-shaped stator and rotor 
capacitor plates. Change of capacitance is obtained by moving the 
"rotor " in or out of mesh with the stator. The amount of mesh is 
determined by the travel of the push-button, the position of which 
is adjustable by means of a set screw. Each push-button can easily 
be set to any desired station in the wave range covered by the tuning 
capacitor variation, after the receiver has been installed. 

A third method of rapid mechanical station selection is by an 
automatic telephone type dial fixed to the tuning capacitor shaft. 
A finger is inserted in the hole marked with the appropriate station 
and the dial is rotated until a stop is encountered. At this point 
the capacitor setting is correct for the desired station. Unlike the 
automatic telephone dial there is no return to the original position. 
The width of the finger-hole prevents the selection of stations close 
together in frequency though this difficulty may be overcome by 
staggering the holes. Another disadvantage is that the user cannot 
change to stations other than those already selected by the 
manufacturer. 

13.2.3. Electrical Rotation of the Tuning Capacitor.Io 
Electrical rotation of the tuning capacitor is accomplished by a small 
reversible induction motor (24-volt) geared to the capacitor shaft. 
The motor is generally of the shaded pole type, with two field 
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windings, connected in series, and a metal disc ( copper or brass) as 
a rotor. One of the two field windings is centre-tapped, only one 
half of the coil being in circuit at a time, and the centre tap is 
connected to one end of the other field winding. By changing the 
supply from one-half of the coil to the other, the direction of the 
motor is reversed. The motor may be arranged to reverse direction 
only at the ends of the capacitor shaft travel (the reversing switch 
is operated by a cam on the shaft), or the selector mechanism may 
be so connected that the capacitor is always turned towards the 
tuning point of the desired station, i.e., direct "homing" is used. 
The first method is less satisfactory because the capacitor is taken 
to the end of the scale and then reversed, when it is desired to accept 
a transmission "behind " the initial tuning setting. This entails 
loss of time in tuning and greater wear on moving parts. 

In the first type each station has its own disc mounted on the 
capacitor shaft, and let into the disc is an insulating segment at 
a position corresponding to the correct station setting. One side 
of the push-button switch is connected to a brush rubbing on the 
disc circumference; the other side is joined to the motor, which 
itself is connected to a secondary of the mains supply transformer. 
The circuit is completed by the lead from transformer to disc. 
Closing of the push-button switch energizes the motor, which rotates 
until the insulating segment on the disc open-circuits the motor 
supply. The reversing switch is operated by a cam on the capacitor 
shaft when the latter reaches either end of its travel. A clutch 
disengages the motor drive immediately the supply is switched off. 
This is achieved by a spring-loaded armature, which in the rest 
position is out of line with the stator. Current induced in the 
armature pulls it into line with the stator, thus actuating the clutch. 
Contacts short-circuiting the loudspeaker speech-coil are also closed 
by the lateral movement of the armature. 

Slight modification of the selector disc can give automatic reversal 
of the motor when the desired station setting is behind the starting 
position of the capacitor. The disc is divided into two equal sectors, 
one insulated from, and the other connected to, the tuning capacitor 
shaft as shown in Fig. 13.1. The insulated sector is connected via 
an insulated slip ring and sliding contact 8 1 to one end of the 
"forward" coil A of the driving motor. The other sector is con
nected through the sliding contact 8 2 on the capacitor shaft to the 
" reversing " coil B of the motor. The station selector contacts, 
two of which, 881 and 882, are shown in Fig. 13.1, are joined to 
their appropriate push-button switches, Bi, B 2 , etc. They (SSl, 
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etc.) are often mounted on a semicircular rail, coaxial with the 
disc, and their positions are adjustable in order that any desired 
transmissions can be selected. The selective operation is best 
illustrated by reference to Fig. 13.1. With push-button B 1 closed, 
the supply is connected through 881, the uninsulated sector, the 
tuning capacitor shaft and sliding contact 8 2 to the reversing :field 
coil B. The motor rotates the capacitor shaft in an anti-clockwise 
direction until the insulation between the sectors breaks the supply 
circuit. The clutch from motor to the gear drive immediately dis-
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Fm. 13.1.-Reversible Motor Driven Tuning. 

engages as described above, at the same time open-circuiting the 
loudspeaker speech-coil and allowing station I to be heard. Pressing 
B2 releases Bl and connects the supply through 882, the insulated 
sector, slip-ring and sliding contact 8 1 to the forward coil A of the 
motor, which rotates the capacitor shaft in a clockwise direction 
until the insulation comes under 882. The motor supply and 
speech-coil are open-circuited and station 2 is heard. 

13.2.4. Preset Tuned Circuits. Push-button selection of 
desired transmissions may be achieved by switching capacitors in 
parallel with a given coil, or vice versa. The switched capacitor or 
inductor must be capable of being trimmed in order that receiver 
circuits can be either correctly tuned to the desired transmission 
or changed from their initial setting to any other within reasonable 
frequency range of the original. The trimming range (the variation 
from maximum to minimum capacitance or inductance) should not 
be too large otherwise tuning frequency adjustment becomes critical 
and susceptible to mechanical jarring and the effects of temperature. 
From this point of view a switched trimmed inductance is preferable 

H* 
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to a capacitance, its actual value varying less with temperature and 
humidity change than that of a trimmed capacitance. 

With inductance switching a fixed capacitor of the silvered mica 
type is often used, because it can be made with a low negative 
capacitance-temperature coefficient, which helps to balance the 
positive inductance-temperature coefficient of the coil. Inductance 
trimming is generally realized by having a screwed central iron-dust 
core, with a slotted head to take a screwdriver. Alternatively the 
dust core may be attached to a metal screw, having a lock-nut; 
this has advantages because the threading on the iron-dust core is 
liable to wear, must be of coarser pitch and is less easy to lock than 
a metal threaded screw. A separate trimmed inductance is required 
for each push-button switch, but the same fixed tuning capacitance 
may be employed, e.g., in changing from the long- to medium-wave 
range, it is only necessary to switch the inductance. With switched 
capacitors it is generally necessary to change the fixed inductance 
when transferring from one range to another. 

Of the two types of circuit involved in tuning the super heterodyne 
receiver, the oscillator is more critical than the signal-tuned circuit, 
and the highest possible stability is required of the tuning com
ponents of the former, unless automatic frequency correction is 
employed. Stability of component values, though desirable, is not 
so essential in the signal circuits, particularly in the case of short
wave operation. 

There are three types of push-button switches meriting descrip
tion. The simplest is the shorting bar, shown shaded in Fig. 13.2a; 

r+4-fi ~-2 ~ . 
• • (a,) 

Cb) 
(c) 

Fm. 13.2.-Examples of PUBh Button Switching. 

(a) Simple short-circuit strip. (b) L-shaped short-circuit strip. 
(c) A more complicated three-section short-circuit strip. 

in position 2 the switch is operative. It is suitable for selecting an 
inductance or capacitance and connecting it to its other tuning 
element, which must be permanently connected to the grid of the 
amplifying valve. The L-shaped shorting strip with three rows of 
contacts, as shown in Fig. 13.2b, has the following advantages: 
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( 1) the extra contact in the top row can be used to short-circuit 
unwanted coils, the coil being connected between this contact and 
the right-hand one of the middle row immediately below it ; (2) the 
grid of the valve and the appropriate tuning capacitance need not 
be permanently connected, the former being connected to the 
bottom left-hand contact and the latter to the bottom right-hand 
contact. This is a particularly useful feature when one of the 
push-button switches is used to convert to manual tuning with the 
normal variable capacitor. 

A more complicated four-row switch is illustrated in Fig. 13.2c. 
In the operating position 2, rows I and 2 are disconnected from 
each other, 2 and 3 are joined and row 4 is short-circuited. Such 
a switch could be used to open circuit a selected coil, connect it to 
its tuning capacitor and also select a reaction winding in an oscillator 
circuit. 

13.3. Remote Control. 
13.3.1. Introduction. Many methods of station selection at 

a point remote from the receiving apparatus have been developed. 
Rotation of the variable tuning capacitor by a magnetic relay or 
motor, a ratchet relay selecting preset components and operated by 
pulses sent via the mains supply wiring or direct from a portable 
oscillator, transfer of the R.F. and frequency changer stages to the 
remote point, magnetic tuning, and the use of tuned lines are some 
of the methods which have been successfully employed. 

13.3.2. Rotation of the Tuning Capacitor. A very early 
method 1 of remote control used an iron-armature motor driving the 
tuning capacitor. The position of the armature was controlled by 
two field coils at right angles. Resistances across the end of the 
lines at the remote point controlled the current in each field coil, 
and the armature was rotated to the position of maximum magnetic 
field. The disadvantage was that only a small torque was available 
and friction had to be reduced to a low value. However, selection 
of any station in the wave band was possible. 

The motor drive described in 13.2.3 is very suitable for remote 
control, since the push-button switches can easily be located at 
a distance from the receiver. Continuous tuning over the wave 
range is not, however, practicable. 

13.3.3. Pulse Control using Mains Supply Wiring. Two 
methods of remote control by sending pulses to the receiver via the 
internal mains wiring have been developed. One uses D.C. pulses 
and the other R.F. pulses. 
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A simplified diagram of the circuit for D.O. control pulses 16 is 
shown in Fig. 13.3. The-source of D.O. is a transformer Ti, develop
ing a secondary voltage of about 8 volts, and a full wave rectifier 
producing about 1·5 amps. at 10 volts. The primary of T 1 is 
connected in series with the D.o circuit to act as a choke allowing 
the D.O. pulses to be passed without short-circuiting the mains 
supply. Closing switch S sends to the mains leads, a D.o. pulse 
which energizes a low voltage relay R (0·35 volts, 5 mA) at the 
receiver. The o.o. voltage across the relay is small because of the 
low resistance of the incoming mains supply network, which forms 
with the primary of T1 a potential divider for the D.o. voltage. 
A.O. must not be allowed to energize the relay, or chattering results. 
Cancellation of the A.O. voltage is obtained by connecting the relay 
between one terminal A of the primary and one terminal B of the 
secondary of a 1 : 1 transformer T 1 • The A.O. voltages across 

~----------------------+-----
Ma,ns Supply Line 

-~-----------------
7 

s 

Fm. 13.3.-Remote Control by D.c. Pulses sent via the Mains Wiring. 

primary and secondary are equal, so that the net A.O. voltage from 
A to Bis zero and no A.O. load is applied to the transformer. The 
D.o. resistances of the primary and secondary are unequal so that 
a D.o. voltage is developed across the terminals AB during pulse 
excitation. The primary side A, which is in series with the relay, 
has a low resistance (about 3·5 .Q), and the secondary side B has 
a high resistance (200 .Q). A large capacitance is connected across 
the relay as a precaution to by-pass any out-of-balance A.O. voltage. 
The relay itself has insufficient torque to drive a ratchet selector 
mechanism, and it is used to operate an intermediate relay from 
an auxiliary rectifier at the receiver. The number of pulses sent 
determines the station selected. 

An interesting development 11 of remote control by transmission 
of modulated pulses of R.F. voltage along the mains leads is illus
trated in Fig. 13.4. The R.F. oscillator heater and H.T. supplies are 
obtained by transformer from the mains supply, and no rectifier is 
used in the H.T. source. The result is that the oscillator output is 
modulated by half-sine waves of the mains frequency, oscillation 
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ceasing when the A.O. anode-to-cathode voltage begins its negative 
half-cycle. Apart from the elimination of a rectifier there are other 
important advantages conferred by using a half-sine modulated 
pulse, and these are discussed below. The modulated output is 
transmitted via the coupling coil L 1 and capacitance 0 1 to the mains 
lead. The capacitance 0 1 (about 0·001 µF) has a low reactance to 
the radio frequency and a high reactance to the mains frequency, 
thus preventing a short-circuit of the mains supply by L 1 • The 
R.F. voltage is accepted at the receiver via the capacitance Os, of 
the same value as O 1 , and coil Ls, and it operates one of two anode
bend detector valves, V 2 and V 3, having in their anode circuits 
relays driving ratchet selector mechanisms. The H.T. supply to the 
detectors is derived from the mains without using a rectifier. This 

Control Oscillator 
Controlled Detectors 

Fm. 13.4.-Remote Control by Pulses from a R.F. Oscillator. 

method of detector and oscillator H.T. supply allows one oscillator 
to perform two functions, such as station selection and volume 
control, at the receiver. The relay in V2 anode circuit performs, 
for example, the first, and that in V 3 anode circuit the second. 
Thus, with the oscillator switch in the S 1 position, the positive 
H.T. cycle on the oscillator coincides with the positive H.T. cycle on 
the anode of V 2, and V 2 is operative. Conversely with the switch 
in the S 2 position, detector V2 is non-conducting when the oscillator 
functions and its relay is not energized. Detector V 3 , with reversed 
H.T. supply, conducts during the same half-cycle as the oscillator, 
and its relay is, therefore, energized. The ratchet mechanism is 
operated each time switch S 1 or S 2 is closed. The pulse oscillator 
frequency is about 400 kc/s, and radiation beyond the house wiring 
is not usually serious. A R.F. filter may be inserted in the incoming 
mains leads as an additional protection. Loading of the mains 
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supply by other electrical apparatus, such as soldering irons and 
lamps, has little effect on the R.F. transmission characteristics of the 
leads. The oscillator has an output of about 100 watts and the 
resonant circuit at the detectors steps up the control voltage at 
the receiver from about 0·8 to 30 volts R.M.s. The rectifier valve 
V, supplies n.c. grid bias for the anode-bend detectors. 

A special cold cathode gas-filled valve is used for switching on 
the supply to the receiver, and no energy is consumed by the receiver 
until a suitable R.F. pulse is received from the control oscillator. 
The cold cathode valve is very suitable for use on a mains voltage 
of 110, but cannot be operated from 230 volts. It is similar in 
principle to the gas-filled discharge valve used for time-base operation 
with cathode ray tubes. The R.F. pulse from the oscillator starts 
conduction between auxiliary electrodes, and this initiates the main 
discharge which energizes the on-off relay. The H.T. for the dis
charge path is obtained from the mains, and ceases on negative 
half-cycles, so that the valve only functions as long as the R.F. pulse 
maintains the auxiliary discharge, i.e., switching off the oscillator 
also shuts down the receiver. 

13.3.4. R.F. Pulses from a Portable Oscillator.14 A small 
battery-operated oscillator is situated at the remote point, and 
R.F. pulses, produced by interruption of the filament supply to the 
oscillator, are transmitted direct to the receiver. A tuned circuit 
coupled to a detector at the receiver accepts the pulses, which 
operate a ratchet relay selecting the required coil or capacitor. An 
automatic telephone type dial is used to interrupt the portable 
oscillator, and the required station is selected in accordance with 
the number of pulses transmitted. 

13.3.5. Transfer of R.F. and Frequency Changer Stages 
to the Remote Point.16 The signal and frequency changer stages 
are connected to the rest of the receiver by a multi-core cable 
carrying the aerial, earth, I.F., A.G.C., manual volume control, 
H.T. and L.T. supplies, and on-off switch leads. Matching trans
formers are required at each end of the aerial and I.F. lines. The 
method has the advantage of allowing continuous tuning over the 
wave range, but the unit is comparatively bulky. 

13.3.6. Magnetic Remote Tuning.6• 12 The inductance of 
an iron-dust-cored coil may be varied by placing it in a strong n.c. 
magnetic field. An inductance variation of about 9: 1 is achieved 
for a change of 1·5 to 5 watts in the n.c. power to the electromagnet. 
Inductance tuning is possible by controlling the n.c. polarizing field. 
The control resistances for each electromagnet coil are ganged and 
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placed at the remote control point. Continuous tuning over a wave 
band is possible. 

13.3.7. Tuned Lines.5 The reactance and standing wave 
properties of R.F. cables have been employed to give push-button 
and continuous tuning control. First circuit noise is usually of 
secondary importance in remote control since only stations of 
reasonable daylight strength are normally selected, and a low 
impedance cable is not therefore a serious disadvantage. Station 
selection on long and medium waves can be achieved at distances 
up to 100 feet from the receiver. 

Signal and oscillator frequency preselection is shown in Fig. 13.5. 
The aerial is coupled through a R.F. cable to coil Li, which is loosely 

Fm. 13.5.-Remote Signal and Oscillator Twiing by means of Feeder Lines. 

coupled to half the coil, ½L, of the remote tuned circuit. The other 
half of L is loosely coupled to L 2, which connects to the screened 
cable. The receiver end of the screened cable is terminated in a wide 
frequency-acceptance-band transformer T, which steps up the 
voltage to the frequency changer grid. The tuning capacitance O has 
a series of preset values, which are switched in by push-buttons, 
and the tuning coil has a high Q value. The aerial-to-grid amplifica
tion is less than that of a single tuned circuit, but the selectivity 
is comparable. A Colpitts oscillator is shown, the cable acting as 
the splitting capacitance, but a back-coupled oscillator may also be 
used. For continuous tuning a high I.F. (about 2 Mc/s) is necessary, 
and the oscillator lead is used as a quarter-wave line. A small 
variable capacitor in series with an inductance at the remote end 
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controls the oscillator frequency, and it may be ganged with the 
capacitor tuning the signal circuits. 

13.4. Automatic Frequency Correction.3 

13.4.1. Introduction. Two effects, sideband " screech " and 
harmonic distortion, become very pronounced if the I.F. carrier 
frequency at the output of the frequency changer stage of a super
heterodyne receiver is not correctly centred in the comparatively 
narrow pass-band of the I.F. amplifier. Sideband "screech" is 
characterized by high-pitched distorted reproduction, and it occurs 
when the I.F. signal carrier is detuned to the side of the I.F. selectivity 
curve. In this condition the equivalent of single sideband reception 
with over-accentuated high-frequency sideband components is 
obtained, because one set of sidebands is almost entirely eliminated, 
and the carrier and low-frequency sidebands are reduced by being 
outside the pass range. Harmonic distortion of the audio output 
is caused by the diode detector when one set of sidebands is removed. 
With normal pass-band widths (±5 kc/s) the maximum tolerable 
mistune is about ±1 kc/s. Automatic correction of the oscillator 
frequency overcomes this difficulty by reducing the error produced 
by inaccurate tuning, or frequency drift of the oscillator due to 
temperature and other effects. For example, a signal-tuning error 
of 5 kc/s may be reduced to an I.F. carrier error of 50 c.p.s. by this 
method. 

The two units of the automatic frequency corrector are a dis
criminator or error detector, and a control device. The former 
translates the error in the I.F. carrier into a voltage, the magnitude 
and sign of which is a function of the error. The latter, operated 
from the discriminator voltage, provides frequency correction of the 
oscillator tending to reset the I.F. carrier in the centre of the I.F. 

amplifier pass-band. The operation of the system can be repre
sented by an overall characteristic giving the final intermediate 
frequency error with different signal frequency tuning settings, and 
this is described in Section 13.4.4. The shape of the overall control 
characteristic is mainly dependent upon the discriminator, but the 
action of the control device, especially if it has a non-linear character
istic, modifies the result. 

13.4.2. The Discriminator. A typical discriminator voltage
frequency curve is shown as dashed curve ABODE in Fig. 13.6a. 
The accuracy of control is determined by the slope BOD, and the 
final frequency error after correction is least when BOD has the 
greatest slope. It should be noted that automatic frequency 
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correction is similar to A.G.c., i.e., control is only exercised when 
there is a change in frequency, and correction can very much reduce, 
but not eliminate (except in special cases), the error. Two important 
frequencies in A.F.c. are the "pull-in" and "throw-out " points. 
The former is the signal-tuning setting at which A.F.C. comes into 
operation when approaching the required station setting ; it is 
governed by the outer portions AB and DE of the characteristic. 
The latter is the signal-tuning setting at which A.F.C. loses control 
when tuning away from a station ; it is mainly determined by the 
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Fm. 13.6a.--Characteristic Curves for the Amplitude Discriminator. 

distance of B and D from the horizontal axis. The " throw-out " 
signal-tuning setting is always greater than the "pull-in", and it 
may be several channels away from the correct setting, thus causing 
a number of stations to be skipped when tuning away from the 
station. For this reason during manual tuning it is usual to dis
connect A.F.C. with a friction switch operated by rotation of the 
tuning capacitor. The actual values of the throw-out and pull-in 
frequencies can be calculated from the discriminator and control 
device curves as described in Section 13.4.4. 

There are two types of discriminator, one known as the ampli
tude 2 and the other as the phase discriminator.' An example of 
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the first is shown in Fig. 13.7. Two circuits, one (No. 1) tuned to 
a frequency about 2 kc/s below, and the other (No. 2) to 2 kc/s 
above the correct I.F. carrier frequency, are transformer-coupled to 
the anode circuit of a valve, deriving its input voltage from a pro
portion of the output voltage of the last I.F. stage in the receiver. 
Provided stray coupling between 1 and 2 is small and the slope 
resistance of V 1 is large compared with the maximum impedance 
across the primaries of 1 and 2, the frequency response of either 
circuit is unaffected by the other. The frequency response of each 
circuit relative to the response at the resonant frequency is shown 
by the curves 1 and 2 in Fig. 13.6a; these curves are obtained from 
the generalized selectivity curve of Fig. 4.3, Part I, as described 
below. They are identical in shape and displaced from each other 
by 4 kc/s. Diode detectors (D1 and D 2 in Fig. 13.7) across these 

I.F. 
Input 

-------------oH. T. + 

T 
A.F.C. 
Control 
Voltage 

~-___.,.._._- l 

o----+---...... -------------<>H.T.-
Fm. 13.7.-A Typical Amplitude Discriminator Circuit. 

circuits, have their D.C. output voltages connected in series opposi
tion. When there is no tuning error, the I.F. carrier voltages across 
1 and 2 are equal (proportional to OF in Fig. 13.6a) and there is 
zero D.C. voltage across points XX' in Fig. 13.7. Mistuning to 
a lower I.F. carrier frequency (point G in Fig. 13.6a) increases to 
GK the proportional voltage applied to D 1 and decreases to GH that 
applied to D 2 • Hence the D.c. output voltage at XX' is negative 
and proportional to HK, i.e., to GL; its actual value can be found 
by multiplying GL by the product of a constant Kand the voltage 
detection efficiency of the diodes. The constant K is a function of 
the input unmodulated carrier peak voltage to, and Ym of, the valve 
V1 in Fig. 13.7, the ratio of mutual inductance to secondary tuning 
inductance,and the resonant or dynamic impedance of the secondary. 
Voltage detection efficiency, 'Y/a in Chapter 8, Part I, is the ratio of 
the D.C. voltage across one of the load resistances, R 3 , in Fig. 13.7 
to the unmodulated carrier peak voltage output from 1 or 2. The 
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steepness of the slope BOD (Fig. 13.6a) is fixed by the Q of the 
oircuits 1 and 2, the intermediate frequency mid-carrier value, and 
the frequency separation of points Band D, so long as the stray 
coupling between the circuits is small. For any particular frequency 
separation of the points Band D, there is a value of Q which gives 
maximum slope to BOD at 0. Lower or higher values of Q give 
a smaller slope at O and also greater curvature to the line BOD. 

Assuming that the Q values of circuits 1 and 2 are equal, the 
optimum Q can be calculated as follows : from Section 4.2.3, Part I, 
the selectivity of a single tuned circuit, i.e., its frequency response 
in terms of that at the resonant frequency, is shown to be equal 

to V 
1 

, where F = 2
1,iJf, and iJf is the frequency difference 

1+Q2p2 r 

( or off-tune) between the particular frequency considered and the 
resonant frequency fr• Thus 

Selectivity = 1 
13.1 

Vl+Q 2F 2 

and the slope S of the selectivity curve at any off-tune frequency 
iJf is 

S _ d(SelY) _ d(Selll) 2 
- diJf - dF Ir 

-Q2F 2 
(1 +Q2F2)J Ir 

- 4Q2,:1f 
f/(1 +Q2F2)J 

13.2. 

The value of Q which gives maximum slope for a fixed value of ,1/ 
is found by differentiating 13.2 with respect to Q and equating to 
zero. This gives 

2Q[ 1 +(Q;:frr _ 3Q3F2[ 1 +(Q;:frT = 0 

or Q _ fr _ 0·707fr 
- V2iJf -~ 

13.3a. 

It is important to note that expression 13.3a does not give maximum 
possible slope with a given Q; this is found by differentiating 13.2 
with respect to iJf and equating to zero, when 

iJf - fr - 0·3535fr • 13.3b. 
2V2Q Q 

Expression 13.3b gives a larger value of iJf than that used for 
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calculating Q in expression 13.3a, but, though it produces a more 
sensitive discriminator characteristic, it is less satisfactory because 
it tends to increase the "pull-in" and "throw-out " frequency 
separations from fm• 

Although the condition for maximum slope at O for a fixed value 
of tJJ is provided by expression 13.3a, a larger value of Q, such as 

Q = 1
1 

actually gives a better discriminator characteristic. The 

slope at O is only slightly reduced compared with that for Q = O-~~j,.' 
but the frequencies corresponding to the peaks Band D (Fig. 13.6a) 
are closer to ±iJJ, and the characteristic falls much more rapidly 
outside the peaks, which means less difference between the " throw
out" and "pull-in" frequencies. However, the value of Q calcu
lated from expression 13.3a is often higher than can conveniently 
be achieved in practice, and a suitable compromise is 

Q - f,. - 0·5f,. 13 3 
- 2L1f- Q. . . c. 

Examples of the discriminator characteristic for Q = if' -jf and ~f 
are shown by curves 1, 2 and 3 in Fig. 13.6b ( only half the character
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Fm. 13.6b.-Output Voltage Curves for an Amplitude Discriminator. 

Curve 1.-Q = 1•
1

. Curve 2.-Q = J,
1

. Curve 3.-Q = f, . 
LI 2.d 4.df 

istic is illustrated, the other half on the negative side being identical 
in shape). The curves are derived from the single tuned circuit 
generalized selectivity curve of Fig. 4.3 (Part I) for f,. = 465 kc/s, 
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,1f = 2 kc /s, as described later in this section. As Q is increased 
the frequency separation of peaks B and D is reduced and approaches 
2,1/, the peaks themselves increase in amplitude and the sections 

AB and DE fall away much more rapidly. Curve 1 ( Q = ~f) is 

similar to two S shapes joined at O ; the tail of the S at O is 
exaggerated in Fig. 13.6b in order to demonstrate the effect more 

clearly. Curve 2 ( Q = i1f) is linear over most of the range BOD 

whilst curve 3 ( Q = j
1
) is appreciably curved from B to D, being 

similar to a single S shape. Frequencies of maximum response for 
curves 1, 2 and 3 are ±2·02, ±2·4 and ±3·5 kc/s respectively. 
The "throw-out" and" pull-in" frequencies both tend to decrease 
as Q is increased, though the actual difference between the" throw
out " frequencies for curves 1 and 2 is dependent on the shape of 
the variable reactance characteristic (see Section 13.4.4) and may 
be quite small. 

Substituting values of 465 and 2 kc/s for fr and ,1f gives Q 
values of 232·5, 116·25 and 58· 125 kc/s for curves 1, 2 and 3. The 
first value is difficult to realize in practice, and in subsequent 
calculations we shall use expression 13.3c in determining Q. The 
discriminator characteristic is therefore that rep.resented by curve 2, 
the resonant frequencies of circuits 1 and 2 (Fig. 13.7) are 463 and 
467 kc/s and 

463 
Ql = 4 = 115•75. 

467 
Q. = 4 = 116·75. 

For practical purposes we may take Q1 = Q1 = 116. 
The two curves in Fig. 13.6a are obtained from Fig. 4.3, Part I, 

by taking Q as 116 and fr as 465 kc/s, i.e., the off-tune frequency 

scale is positioned such that ,1f = fQ = ::~ === 2·0 kc/s registers 

with QF = I. The decibel scale of Fig. 4.3 is converted to a voltage 
ratio scale for plotting in Fig. 13.6a, curve 1 being plotted from 
a resonant frequency of 463 kc /s and curve 2 from a frequency of 
467 kc/s. The error involved in fixing the position of the off-tune 
frequency scale for Fig. 4.3 by taking fr as 465 instead of 463 and 
467 kc /s is negligible. 

Expression 13.2 gives the slope of the frequency response of one 
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of the tuned circuits, and it must be multiplied by 2 in order to 
obtain the slope at 0. Hence maximum slope at O when ,1f = 2 kc/s 
is 

S =2_ 4 .(116)
2

•
2 =0·352 

(max.) (465) 2(2}' 

= 0·352 r;aK volts per kc/s off-tune per 1 volt peak 
input carrier. 

If ,1f is not fixed and a value larger than 2 kc/s can be tolerated, 
maximum slope for Q = 116 is obtained when ,1f = 2·828 kc/s 
(expression 13.3b) and is 

s = 2 4.(116)22-828 = 0·765. 
max. max- • (465)2(1·5)% 

In subsequem calculations we shall consider the condition that ,1f 
is fixed and equal to 2 kc/s. On the assumption that Ra is much 
greater than the maximum primary impedance of circuit 1 or 2, 
the constant K is, from expression 4.30b, Section 4.4.2, Part I, 

M 
K =umBaRnL 

where Um = mutual conductance of V 1 in mA/volt 
Ba = peak (unmodulated) carrier voltage applied to the 

grid of Vx 
Rn = resonant or dynamic impedance of the secondary of 

1 or 2. 
M = mutual inductance between primary and secondary 
L = inductance of the secondary. 

Clearly greatest discriminator characteristic slope for a fixed Um and 

Ba requires Rn and 1 to be as large as possible. On the other 

hand, too large a value of 1 and Rn produces a large primary 

impedance and causes the frequency response of one circuit to be 
affected by the other. Furthermore, stray capacitance coupling 
between the secondaries has a greater effect when Rn is increased. 

Suitable values for Rn and 1 are 75,000 ohms and 0·3 respectively. 

From Section 4.4.2, Part I, the maximum impedance across either 

primary (when the secondary is resonant) is Rn f: (expression 4.29b), 

i.e., RP = 75,000 X 0·09 = 6,750 ohms. This value is small com
pared with the probable minimum slope resistance of a tetrode 
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valve and the stray capacitance, GaE• from anode to earth, so 
that we can safely assume that the series connection of the two 
primaries has little effect on the individual secondary frequency 
responses. 

For the above selected values 

K = gmla 75,000 X 0·3 
= 67·5 la 

if Ym = 3 mA/volt. 
Taking la as 1 volt and 1Ja as 0·8, the maximum slope at O is 

0·352 x 0·8 x 67·5 = 19·0 volts per kc/s off-tune per 1 volt 
peak input. 

The circuit constants·for 1 and 2 may be calculated as follows: 

Circuit 1. 
Q1 = 116, Ji = 463 kc/s, Rm = 75,000 ohms 

= Rm = 75,000 X 106 

L1 
w 1Q1 6·28 X 463 X 103 X 116 

= 222µH 
0 1 = 532 µµF 
M1 = 0·3L1 = 66·6 µH. 

A probable value for coupling coefficient, k - M 1 between 
i - VLp1L1 

primary and secondary is 0·5, so that 

Lpl = 80·5 µH. 

If the detector load resistances Ra in Fig. 13.7 are 0·5 M.Q, the 
damping resistance due to diode conduction current is very nearly 
0·25 MD. Hence the resonant impedance of the tuned secondary, 
in the absence of diode conduction current, must be 

R , = 250,000 x 75,000 = 107 000 ohms 
m 250 000 - 75 000 ' 

' ' 
and the Q of the coil is 

Qi' = Rm' = 107,000 = 165 
w 1L 1 6·28 X 463 X 10 3 X 222 ' 

which is a practically realizable value. 

Circuit 2. 

Since the resonant frequency of circuit 2 is so close to that of 1, 
the circuit constants are almost equal, and the most practical 



232 RADIO RECEIVER DESIGN [CHAPTER 13 

method is to use nominally identical circuits, and to off-tune the 
required 2 kc/s from 465 kc/s by trimming either the inductance 
or capacitance element. 

The performance of the discriminator is adversely affected by 
stray coupling between the primaries or the secondaries of 1 and 2. 
These stray couplings cause the two peaks B and D to be unequal 
in distance from the frequency base line, and the line BOD tends to 
be curved in concave shape looking from A. Coupling is produced 
by the anode-earth capacitance CaE of valve Vi, which allows 
a current to circulate in the two primaries, and also by the anode
to-anode capacitance Ca12 of diodes D 1 and D 2• The first effect is 
not very serious if the primary impedance is small and the primary 
to secondary coupling is loose. For example, the circuit constants 
selected above give a maximum primary impedance RP of 6,750 ohms, 
so that the average stray anode-to-earth capacitance for V 1 of 

( 
1012 ) 

15 µµF XaE = 6.28 X 465 X 103 X 15 = 22,800 ohms would 

have little influence on performance. The anode-to-anode capaci
tance C a12 of the diodes is much less ( about 1 µµF), but the secondary 
impedances are much higher than the primary. Both effects may 
be reduced or even cancelled by including positive mutual inductance 
coupling M 3 (see Section 3.4.2, Part I) between the circuits, a 
small coil in series with L 1 being coupled to L 2, or vice versa. 
The direction of M 3 is important, for if it is negative it adds to the 
stray capacitance coupling. 

To economize in space the two circuits 1 and 2 may be wound 
at opposite ends of the same coil former, the stray mutual inductance 
being used to cancel the stray capacitance. 

It is important to ensure that the resonant frequency of the 
two primaries with the stray capacitance CaE is far removed from 
the I.F. or a low harmonic of the I.F., otherwise an asymmetrical 
discriminator characteristic with unequal positive and negative peak 
results. In the example quoted above the resonant frequency is 
3·24 Mc/s with 15 µµF stray capacitance. 

The two primaries may be connected in parallel instead of in 
series, or the tuned circuits 1 and 2 may each be loosely coupled 
through small capacitances (5 µµF) to the anode of the last I.F. 

amplifier valve in the receiver, but in both instances performance 
is less satisfactory and a symmetrical discriminator curve is difficult 
to obtain. The capacitively coupled circuits, even with small 
capacitance coupling, tend to modify the frequency response of the 
last I.F. transformer before the detector and to react one on the 
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other. The slope of the discriminator characteristic at O is also 
reduced. 

An alternative method of connection using circuits 1 and 2 with
out transformer coupling is shown in Fig. 13.8. Its disadvantage 
is that the anode-earth capacitance of V 1 has greater effect because 
Rm and Rm are much greater than RP1 and Rp2 , but this stray 

.-----------oH.T.+ 

A.F.C. 
Control 

Ra Voltage 

I 

1.F. : 
Input : 
o--••_.__ _______ __._-oH.T.-

Fm. 13.8.-A Modified Form of the Amplitude Discriminator. 

coupling may be cancelled by positive mutual inductance between 
the circuits satisfying 

M - caE 

vL1L2 - v0102· 

The voltage applied to the discriminator circuits must not be 
allowed to vary over wide limits because this affects A.F.O. perform
ance, increase of applied voltage improving control but also increasing 
the "throw-out" and "pull-in" signal frequency separations from 
the correct signal setting. This means that A.G.o. must be combined 
with A.F.O. if the latter is to be satisfactory. 

Increased control accuracy (greater slope to BOD) may be 
obtained by inserting between Nos. 1 and 2 and their respective 
diodes a circuit having a rejection frequency approximately equal 
to the correct I.F. carrier frequency fm• The fall-away of the 
frequency response curves from each peak towards f m is consequently 
made much steeper and the slope BOD increased. A suitable 
circuit 17 consists of two series inductance arms having positive 
mutual inductance between them, and a shunt capacitance arm con
nected to their junction point. The positive mutual inductance and 
shunt capacitance form a series rejection circuit at the frequency fm• 

A modification of the amplitude discriminator using only one 
tuned circuit is shown in Fig. 13.9a. Circuit L 10 1 is tuned to 
a frequency about 2 kc/s above the correct I.F. value, so that for 
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frequencies below this value it presents an inductive reactance. 
Capacitance 0 2 across the diode D 2 forms with the inductive 
reactance of L 10 1 a series circuit tuned to a frequency about 
2 kc/s below the correct I.F. value. The R.F. choke L 2 provides 
a n.c. return path for the conduction currents in diodes D 1 and D 2 • 

~-----------olf.T.+ 

J.F. 
Input 

Fm. 13.9a.-An Amplitude Discriminator using a Single Tuned Circuit in Conjunction 
with a Capacitance. 

The amplitude variation of the voltage applied to diode D 1 (curve I in 
Fig. 13.9b) is a maximum at Um+2) kc/s and a minimum at 
Um - 2) kc/s when the series circuit of L 10 1 and 0 2 is resonant. 
The amplitude variation of the voltage applied to D 2 (curve 2 in 
Fig. 13.9b) is an image of that across D 1 , being maximum at 

Fm. 13.9b.-Response Curves for the Single Tuned Circuit Amplitude Discriminator. 

(fm - 2) kc/sand a minimum at (fm+2) kc/s when the circuit L 10 1 

is resonant. The dashed curve 3 in Fig. 13.9b, symmetrical about 
f m• is the frequency response of the source of I.F. The n.c. voltages 
across the load resistances R 3 are in series opposition so that the 
total n.c. output voltage across points XX' varies with frequency 
as shown by curve 4 in Fig. 13.9b. Curve 4 can be moved above 
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or below fm kc/s by varying L1 without changing the general shape 
of the curve, i.e., the frequencies of maximum positive and negative 
voltage maintain the same frequency spacing from the new value 
of mid-frequency, and the amplitudes are practically unchanged 
apart from the effect of curve 3. The frequency of the highest 
frequency peak is controlled by variation of C 1 (rising to a higher 
frequency when C 1 is decreased), and that of the lower by variation 

of 0 2 • The larger the ratio g: the smaller is the frequency spacing 

between the peaks. If g: and the Q of the circuit L 1C 1 are constant, 

a decrease of C 1 and C 2 and increase of £ 1 increases the slope of the 
curve between the two peaks, i.e., increases A.F.C. sensitivity. 

The amplitude discriminator, largely because of the necessity in 
its original form for two extra tuned circuits, has been almost entirely 
superseded by the phase discriminator. The term phase is applied 
because the principle of operation depends on the 90° phase shift 
that occurs at the mid-frequency (fm) between the primary and 
secondary output voltages from a double-tuned transformer. The 
great advantage of the phase discriminator is its simplicity and 
economy of components. It is possible, at some sacrifice of quality, 
selectivity and overall amplification, to use the last I.F. transformer 
for A.F.c. as well as A.G.c. and normal A.F. detection. 

The theory 9 of the phase discriminator can be developed from 
Sections 7 .3 and 7 .6, Part I, which give the secondary and primary 
output carrier peak voltages from a tuned transformer for l volt 
peak input (unmodulated) as 

FJ2 = gmZT, where ZT has the value given in 7.2a (Section 7.3, 
Part I) 

and FJ1 = gmZp, where ZP has the value given in 7.7a (Section 7.6, 
Part I) 

FJ _ -jRmQ2kJf: 
2 

- gm(l+jQ1F)(l+jQ2F)+Q1Q2k 2 
13

·
4 

d f;t Rm(l+jQ2F) an J1J 1 - g -~~~-~~~~~~ 13.5. 
- m(l +jQ1F)(l +iQ2F)+Q1Q2k2 

In the phase discriminator the secondary is centre tapped as shown 
in Fig. 13.10 and the diode detectors derive their R.F. applied voltages 
from the primary in series with one-half secondary. The R.F. 

choke La and capacitance O 4 couple the primary to the secondary 
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.----------,,;;:--v,---<>H.T.+ 

Fm. 13.10.-The Phase Discriminator. 

A.F.C. 
Control 
Voltage 

centre tap and the centre point of the two diode load resistances R 3 • 

Hence the carrier peak voltages applied to the diodes are 

l +jQ2(F +~JL2
) 

B - B P 2 Li 13 6a 
.AB - gm ir•Dl(l +jQ1F)(l +jQ2F) +Q1Q2k2 • • 

1+jQ2(F - ~JL2
) 

d B - B P 2 Li 13.6b 
an FB - gm c-<•Dt(I+jQ1F)(l+jQ2F)+Q1Q2k 2 

where Be = peak value (unmodulated) of the carrier voltage applied 
to the grid of V 1 • 

Converting 13.6a and 13.6b to voltage amplitudes I B .AB I and I BFB I 
and plotting them against frequency produces curves somewhat 
similar to those for the amplitude discriminator shown in Fig. 13.6a, 
provided the coupling between primary and secondary is loose. 
The peaks are displaced from the correct I.F. carrier value Im by 
almost equal off-tune frequencies. If the coupling coefficient is 

increased to the critical value [ k = J ~ [ Q1
12 +Q

1
22]] (Section 7 .3, 

Part I) and greater, the off-tune frequency peaks are displaced 
further from Im and a second, much smaller peak appears on the 
opposite side of Im to the main peak. 

By subtracting I BFB I from I B.AB I and multiplying by the 
voltage detection efficiency, 1/a, of the diode detectors, the expression 
for the discriminator voltage-frequency characteristic is found to be 

rJil B.AB I - 1.DJFB I] 

[ 1+Q22(F+:J~:) ]t -[ 1+Q2 2(F-:✓~:) 
2r 

==2gmRmBc'Y/a [[l +Q1Q2(k2-F2)]2+(Q1 +CJ2)2F2Jt 13.7. 

The slope of the discriminator characteristic at the mid-frequency 
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fm is obtained by differentiating 13.7 with respect to LJJ and equating 
F in the resulting expression to 0. Hence 

S _ d(17d[I RAB I - I RFB I]) dF 
(F=O) - dF . d(LJJ) 

2gmRD11JdQ22 ~ k 

[

-----~~c-=--=-c • 13. 8 

f m (1 +Q1Q2k2{ 1 + Q2~1:L2r 

Sin 13.8 is in n.c. volts per kc/s off-tune per 1 volt grid peak input. 
The slope at F = 0 can be varied by changing k and a maximum 
is found by differentiating the part of 13.8 inside the bracket with 
respect to k and equating the result to zero. Replacing Q1Q1 by 

Q2 2L2 
a and 4L

1 
by b 

k k 

(l +Q1Q2
k 2{1 +~i~

2
L 2 r -(1 +ak

2
)(1 +bk

2
)i. 

Differentiating with respect to k and equating to zero gives 

1 - ak 2 - 2ab k 4 = o 

k 2 = + va2 +8ab - a 
4ab _ j+ J Q1 2Q2 2 +2Q1Q2 3

~
2 

- Q1Q2 
v Q1Q2 k = 1 13.9. 

Q22L 
Li 

The optimum values of vQ1Q2 k for different values of~: and~: 

are tabulated below. 

TABLE 13.1 
La 1 2 4 6 8 10 
L1 

Ql = 0•5Q2 0·786 0·707 0·625 0·578 0·544 0·52} 
Ql = QB 0·856 0·785 0·707 0·657 0·625 0·598 v'Q 1Q2 k. 
Ql = 2Qz 0·909 0·855 0·786 0·740 0·707 0·68 

The optimum value of vQ1Q2 k is always less than 1 and, for a given 
La Qa d value of Li' decreases as Qi ecreases. 

For discriminator design purposes it is necessary to determine 
the off-tune frequencies, which give maximum positive or negative 
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D.C. output voltage, corresponding to points Band Din Fig. 13.6a. 
These frequencies are found by differentiating expression 13.7 with 
respect to Llf and equating to zero. A complicated equation in Llf 
raised to the 5th power results, and a simpler solution of the problem 
is possible if it is assumed that the variation * of the primary 
voltage D 1 over the frequency range between the two peaks B and 
D is negligible. The voltage vector diagram for the discriminator 
then becomes that of Fig. 13.11. The primary voltage is repre-

,-r'i,-1, 
.,.,' 2~': 

I 
I 

EpB 

I 
I 

, , , 

fi:; cos 8. cos0 

Fm. 13.11.-Vector Relationships of the Primary and Half Secondary Voltages 
in the Phase Discriminator. 

sented by the horizontal vector D 1 of constant length, and the half
secondary voltages by vectors ±½82 • The locii of the two half
secondary voltages are the two circles shown (the impedance of 
a parallel tuned circuit has a circle locus). The diameter of either 
circle is equal to the half-secondary voltage, ½Rs', at fm(F = 0), 
which in turn depends on the coupling coefficient k and Q 2 • From 
expressions 13.4 and 13.5 

Ds'(F = 0) = - jQ2kJf: .81(F = 0) = - jrx81(F = 0) 

where JL2 
rx = Q.k L1· 

* The effect of the variation of E 1 upon the discriminator characteristic 
is considered in Section 15.9.3. 
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Referring to Fig. 13.11 

-F.t ' -F.t Ea' · 0 0 .Ea' 0 0 
l!J_AB =J!J1+2sm cos +J2COS cos 

where 0 is the angle between the half-secondary voltage vector when 
E' 

F ~ 0 and the vector f when F = 0, and 

tan 0 = secondary se~es re~ctance component 
secondary senes resistance component 

1 
wL2- -
___ w_C_2 = Q

2
F 

R2 

I E AB I = E 1 ✓ ( 1 + (X sin : cos or+ e c~s2 or 

= E1J ( l+ ex s: 20r +cx2(1+:os 20r 

= E J1 +cx2+cx sin 20+cx2 cos 20 
1 8 2 8 . 

Similarly I EFB I = ExJ 1 + ~2 - ex s~ 20 + cx2 c~s 20 . 

.13.lOa. 

.13.lOb. 

The maximum value of ( I EAB I - I EFB I ) is obtained by differenti
ating the difference between 13.lOa and 13.lOb with respect to 0 and 
equating to zero. Hence 

[ 1 +~+ex si; 20 + ex 
2 

c~s 20]-l ( ex cos 20 _ ex 
2 

s~n 20) 

-[ 1 + ~2 _ ex si; 20 + cx
2 

c~s 20]-l( -ex cos 20 cx
2 7 20) =O. 

This :finally reduces to 

or 

cos2 20( 1+ :;) +cos 20( l+ ~2)+ :; = 0 

- cx2 
cos 20 = ---

2 
or - 1. 

16+cx 

The first root is the one required as it is a function of the coupling 
coefficient. 

When the coupling coefficient is very small, ex is very small, 
cos 20 is zero, and 0 is 45°, but as ex is increased 0 is increased above 
45°. Thus the minimum value of tan 0 is unity and this gives the 
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minimum value of off-tune frequency, at which the peaks B or D of 
the discriminator characteristic occur, as 

iJf(min.) = {Q/ 
Increase of coupling increases ex, tan 0 and iJJ Born to 

iJJ B or D = {Q 
2 

tan 0 = iJf(min.) tan 0. 

The factor, tan 0, by which iJf(min.) must be multiplied in order to 
find the actual value of iJfBorD• is tabulated below for different 

values of ex, i.e., Q2kJ~:-
TABLE 13.2 

0·01 0·l 0·25 0·5 0·75 1 1·5 2 3 4 

l l 1·004 1·015 1·034 1·0605 1·1322 1·224 1·457 1-73 

In determining the effective Q of the primary and secondary 
circuits of the transformer, consideration must be given to the 
influence of conduction current damping from the diode detectors, 
D 1 and D 2 in Fig. 13.10. The equivalent damping resistance from 
each diode may be taken as one-half the n.c. load resistance, ½R, 
(Section 8.2.5, Part I); the resistance reflected across each half
secondary by each diode is therefore ½Ra, and this is stepped up 
due to the centre tap to 2Ra across the complete secondary, thus 
giving 2R3 in parallel with 2R3 , or a total of Ra for both diodes. 
The equivalent Q of the secondary circuit is therefore 

Q wL2 
2 = R2+(wL2)2 . 

Ra 

. 13.11 

where R2 = series resistance due to the secondary coil and capacitor. 
The conduction current of both diodes passes through the primary, 
hence the effective damping resistance is due to ½Rs in parallel with 
½Ra, i.e., ¼Ra, and 

Q1 = wL1 . 
Ri + 4(wL1)

2 + (wL1)
2 

Ra Ra 

. 13.12 

where R 1 = series resistance due to the primary coil and capacitor 
Ra = slope resistance of the valve amplifier before the 

primary. 
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It is clear from expressions 13.11 and 13.12 that the diodes 
contribute very heavy damping to primary and secondary, particu
larly to the former. To obtain maximum slope of discriminator 
characteristic (expression 13.8 shows that Rm and Q2 need to be 
large) and the required peak at 2 kc/s off-tune frequency, the 
detector load resistances must be made as high as possible. 
A maximum practical value for R 3 is usually about 0·5 M.Q. 

To illustrate the design features of the phase discriminator, let 
us take the following example: 

fm = 465 kc/s, Ra = 0·5 M.Q, L 1 = 300 µH, Qi' = Q/ = 100 

where Qi' and Q/ are the normal undamped Q values for the primary 
and secondary circuits. For the amplifier valve preceding the 
discriminator primary Ra = 1 M.Q and Ym = 2·5 mA/volt. The 
damping resistances in parallel with the discriminator primary are 
1 M.Q from the amplifier valve and 0· 125 M.Q (¼Rs) from the 
discriminator detectors. 

Thus Q _ wL1 
1 

- wL1 + (wL1)2 + 4(wL1) 2 

Qi' Ra Ra 

L 
_ 6·28 X 465 X 103 X 300 _ 

875 
h 

w 1 -
106 

- o ms. 

Therefore 
875 875 

Ql = 875 2 8752 - 15•638 
8·75+-+---~ 

106 0· 125 X 106 

= 56. 

We have seen from the previous analysis that Q2 determines the 
minimum value of the off-tune frequencies at which the peaks B and 
D (Fig. 13.6a) of the discriminator curve occur, and, if no conduction 
current damping of the secondary circuit is assumed, the off-tune 

frequency cannot be less than LJf(min.) = fQ/ = ±2·325 kc/s. Since 

L1f(min.) should not be large (the "throw-out " and "pull-in" fre
quencies are both increased with increase of L1f(min.)}, it follows that 
Q 2 should be as nearly equal to Q/ as possible, i.e., L 2 must not be 
high in value. On the other hand, L 2 must not have too low a value, 

because the factor ~ 2 then reduces the slope of the discriminator 
1 

characteristic (expression 13.8). 
Let us take L 2 = L 1• 
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The diode conduction current damping across the secondary is 
0·5 MD (R3), so that the final Q of the secondary circuit is 

Q _ wL2 
2 

- wL2 + (wL2)
2 

Q/ Ra 

875 
8·75+1·535 

= 85. 

Substituting 0·658 Q 2 for Q1 , and 1 for~: in expression 13.9 gives 

vQ1Q2 k = 0·813 for maximum slope at fm, i.e., k = 0·0118. The 
mutual inductance coupling between primary and secondary is 
M = kvL1L 2 = 0·0118 x 300 = 3·54 µH. The off-tune frequency 
corresponding to B and D in Fig. 13.6a is from Table 13.2 

( Q2k ~ very nearly equals 1) l ·0605 X Llf(min.) 

or Llf(B or DJ = ±2·91 kc/s. 
The slope of the discriminator characteristic at fm is from 

expression 13.8. 
S _ 2 X 2·5 X 10- 3 X Rm X 0·8 X (85) 2 X l 

(F-O) - 465 

[[1 + (0·:;::,:[1 + ¼]'] 
where Rm= wmL1Q1 = 875 X 56 = 49,000 D 
and 'Y/a = 0·8. 
Therefore SF=O = 19·35 volts per kc/s off-tune per 1 volt peak 
input carrier. Since the slope of the discriminator characteristic 
is dependent on the input carrier voltage at its amplifier valve, it 
is important, if A.F.C. is to hold its performance over wide variations 
of aerial input carrier voltage, that the receiver should have A.G.c. 
and that the discriminator voltage should be taken from the source 
supplying the A.G.c. detector. 

The phase discriminator can itself be used as the A.F. detector 
at some sacrifice of quality by taking the A.F. output from one 
diode load resistance, Ra, and the A.o.c. diode may be supplied from 
the primary. Such a circuit is shown in Fig. 13.12. The R.F. 

choke L 8 in Fig. 13.10 has been omitted, the centre tap on the 
secondary being connected to the centre point of the D.C. load 
resistances R 3 , and the capacitances 0 3 being replaced by a single 
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capacitance 0 3 across both load resistances. There are disadvan
tages to this method of saving components ; by using one of the 
discriminator diodes as A.F. detector, there is practically no gain in 
selectivity from the secondary circuit because the voltage applied 
to the detector is the sum of primary and secondary voltages. The 
overall amplification is, however, greater than if the A.F. detector 
were connected across the secondary only (the normal procedure). 
A further objection is that the frequency response for the applied 
voltage to diode D 2, providing the AF frequency output, has 
a maximum about 3 kc/s off-tune fromfm, and A.F. distortion tends 
to occur due to asymmetric sideband amplitudes. A better method 
giving much improved selectivity is to use a separate pick-up coil 
(coupled to the discriminator transformer) and tuned circuit for the 

~------------~H.T.+ 
.,,.-'!lo--~....-\/1AA,-....... • A.F.C. Control 

1-----+-1 Voltage 
o-..+-=r-_..:..-=r-4......J11VV".._~ A.F. Output 

I.F. 
Input 

A.G.C. _._,.__-'I/IJ""""_, 
Fm. 13.12.-A Combined Phase Discriminator and A.F. Detector Circuit. 

A.F. detector. The pick-up coil must be capacitively balanced to 
the discriminator secondary in order to prevent an asymmetric 
discriminator characteristic. This is achieved by disposing the 
pick-up coil symmetrically with respect to each half-secondary and 
by separating its output leads from the secondary leads. The third 
tuned circuit has an absorption effect, which decreases the slope of 
the discriminator characteristic and increases the frequency separa
tion of the peaks Band D (Fig. 13.6a). Reduction of pick-up coil 
coupling reduces the effect, but at the same time decreases the 
A.F. output from the detector. The omission of the R.F. choke 
La and the substitution of R 3 as the coupling impedance increases 
the damping on the primary, an additional damping resistance of 
½Ra being applied. 

The capacitances to earth of each half-secondary should be 
equal, otherwise an asymmetric discriminator characteristic results ; 
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a small trimmer capacitance may be included from the anode to 
cathode of one of the diodes in order to ensure this. 

In adjusting the phase discriminator to give the required char
acteristic, the following points should be borne in mind : 

(1) The mutual inductance coupling, when it is small, affects 
chiefly the amplitude and not the frequency separation of the peaks 
B and D. As it is increased, a point is reached after which the 
amplitudes of the peaks increase at a slower rate, but their frequency 
separation begins to be increased. Table 13.2 shows that variation 
of coupling coefficient has little effect on the off-tune frequency 

separation until Q2'c Ji: exceeds 1. 

(2) The primary tuning controls the symmetry of the dis
criminator characteristic about fm; a decrease in primary resonant 
frequency increases the off-tune frequency of the lower frequency 
peak B (moving it further from fm) and increases its amplitude. 
Conversely, increase of primary resonant frequency moves the upper 
frequency peak D further from fm and increases its amplitude. 
The slope of BOD tends to become S-shaped. 

(3) The secondary tuning has greatest effect on the central 
frequency (0 in Fig. 13.6a), where the discriminator D.c. voltage 
passes through zero. If the secondary resonant frequency is 
decreased, the central frequency is reduced below fm• 

The procedure for obtaining the required discriminator character
istic is to disconnect O, from the secondary centre tap and, with 
loose coupling between the primary and secondary, to tune both 
circuits for maximum voltage across one of the diode load resistances 
R 3 when the frequency equals fm• 0, is next joined to the centre 
tap of the secondary, and the primary retuned to give approxi
mately equal positive and negative maximum voltages from the 
cathode of diode D 1 in Fig. 13.10 to earth, i.e., across points XX', 
when the input frequency is varied over the range fm +5 kc/s to 
fm - 5 kc/s. The stray capacitance to earth from the secondary 
centre tap is often appreciable and retuning of the primary is 
essential. The secondary circuit is now trimmed to bring zero 
D.C. volts across the points XX' in Fig. 13.10 at f = f m• and after
wards the primary tuning is again checked for equal positive and 
negative maxima. Finally, the mutual inductance coupling is 
increased until the off-tune frequencies at which the positive and 
negative maxima occur begin to move outwards from fm• Finer 
adjustment necessitates taking the discriminator D.C. output voltage
frequency curve and is seldom necessary. 
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The discriminator D.C. output voltage is connected to the control 
device by a R.F. filter, consisting of a resistance and capacitance 
having a time-constant of about O·l seconds. 

13.4.3. The Variable Reactance Control Unit. The dis
criminator D.C. output voltage, which is proportional to the I.F. 

carrier frequency error, must be translated into a correcting reactance 
across the oscillator-tuned circuit. This reactance, which can be 
capacitive or inductive, may actually be a variable capacitor or 
inductor, or it may be simulated by a valve. 

One of the simplest forms of control is the motor-operated 
variable capacitor. The motor, similar to that already described 
in Section 13.2.3, is reversible; the A.O. currents in the forward 
and reverse coils are obtained from valves, the amplifications of 
which are controlled in opposite directions from the discriminator 
n.c. output voltage. When there is no error of the I.F. carrier, the 
currents exercise opposing effects on the rotor disc and the motor 
is stationary, but if the I.F. carrier is off-tune, the current in one 
coil increases and that in the other decreases, causing the motor 
to rotate and, through gears, drive the correcting capacitor. The 
motor continues to rotate until the currents in the coil are again 
equal. This method is unsuitable for broadcast reception on account 
of cost, but it has been used for large commercial receivers operating 
mostly on telegraph signals. Its outstanding advantages are: 
(1) the control is very sensitive and high tuning accuracy is easily 
secured, (2) the inertia in the control unit renders it less liable to 
lose control when the carrier signal is discontinuous as with keyed 
c.w. transmission, and (3) the device has a floating datum line, 
i.e., disappearance of the discriminator n.c. voltage output causes 
practically no change in oscillator frequency. Many variable 
reactance devices fail under similar cbnditions and sometimes 
transfer reception from the desired to an undesired transmission. 

Another method of using a variable capacitor to control the 
oscillator frequency is by means of a milliammeter with a vane, 
interleaved between two fixed plates, in place of the pointer. The 
milliammeter coil is actuated by the anode current of a valve, 
biased from the discriminator voltage. Such a device is too fragile 
for most purposes and it suffers from the disadvantage that if the 
discriminator voltage fails the capacitor returns to its "zero " 
setting and changes the oscillator frequency. The latter may be 
within range of an adjacent transmission, which then tends to 
actuate the control and prevent tuning back to the desired trans
mission when it reappears. 
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A direct control device, which has the merit of extreme simplicity 
and reasonable sensitivity, is a capacitor, the value of which is 
varied by changing a D.C. polarizing voltage applied between the 
plates. One electrode of this polarized capacitor* is a flat aluminium 
plate (about 3~ in. thick) having a thin polished anodized surface. 
The other is a thin leaf of polished duralumin foil (0·001 in. thick) 
lying flat on the first electrode. Application of a D.c. polarizing 
voltage (its direction is unimportant, either surface can be positive) 
brings the foil into closer contact with the anodized surface and 
capacitance is increased. The polarizing voltage can be applied 

01---1---1.--.a------"'--o 
0 20 40 60 80 700 120 

1).C. Polarising Voltage 
Fm. 13.13.--Curves of Capacitance-n.c. Voltage for the Polarized Capacitor with 

Increasing and Decreasing D.o. Voltage. 

through a high resistance, 10 M.Q, so that circuit loss is negligible. 
A 3 to 1 change in capacitance is easily achieved by a polarizing 
voltage change of ±50 volts about a mean of 70 volts. Typical 

curves of capacitance and percentage power factor [J R ] 

R2+(w~r 
variation against polarizing voltage are shown in Fig. 13.13. The 
dimensions of the surfaces in contact for the capacitor whose 

* British Patent Nos. 522,476 and 522,564. Marconi's Wireless Telegraph 
Company. N. M. Rust, J. D. Brailsford, A. L. Oliver and J. F. Ramsay. 
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performance is illustrated in the figure are approximately ! in. by 
1 in. A hysteresis effect is obtained, the capacitance for increasing 
voltage being less than that for decreasing voltage, and the change 
of capacitance is only established some time after the change of 
polarizing voltage. Minimum capacitance is rather high, but this 
can be counteracted by inserting the device in series with a smaller 
capacitance across the oscillator-tuned circuit; this does, however, 
reduce the control exercised on the oscillator frequency. These 
disadvantages are not of very serious consequence in a simple 
A.F.O. circuit correcting oscillator frequency drift on push-button 
selected transmissions. 

Another type of direct control is illustrated in Fig. 13.14. An 
iron-cored coil L 1, of mu-metal laminations, is inserted in series with 

-----~H.T.+ 

A.F. Outp'!!J 
from~,--------

lJetector 

__ _..,_...., _ __,___.__, ______ -oH.T.-

Fm. 13.14.-A Variable Rea.eta.nee by Changing the D.c. Polarization of an 
Iron-cored Coil. 

the oscillator main tuning coil Lh', and the permeability of its iron 
core is controlled from the discriminator n.o. output voltage. This 
is achieved by varying the D.O. current through a secondary winding, 
Lk, connected in the cathode-circuit of a triode valve biased from 
the discriminator D.C. voltage. The variation in cathode current 
varies the D.O. polarizing field and changes the inductance of L 1 , 

1 mA change of cathode current producing approximately 8% varia
tion of L 1 • The resistance Rk applies the normal bias voltage to 
the valve in the absence of the discriminator bias, and allows 
a positive increase in the latter without causing grid current. To 
save components the triode valve is also used as the A.F. amplifier 
following the detector, Ok being a large electrolytic capacitor 
(about 25 µF). 

The most common method of obtaining the correcting reactance 
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is by means of a valve. Many circuits have been devised, but the 
majority depend on the application of R.F. voltages between the 
anode and cathode, and between grid and cathode, having a phase 
difference of 90°. If the valve has a high slope resistance, Ra, e.g., 
it is a tetrode, pentode, hexode, etc., the R.F. anode current com
ponent is in phase with the applied grid voltage. Hence there is 
a 90° phase difference between the R.F. anode current component 
and the applied R.F. anode voltage, so that the valve functions as 
a reactance. The latter is inductive if the R.F. grid voltage lags 
behind the anode voltage, and is capacitive if the grid voltage leads 
upon the anode voltage. The magnitude of the reactance, which 
is inversely proportional to the R.F. anode current, decreases as the 
amplification of the valve is increased by decreasing the D.C. bias 
on the control grid or another electrode. Thus by connecting the 
anode and cathode of the valve across the oscillator-tuned circuit, 
and biasing it from the discriminator D.C. output voltage, the valve 
functions as a variable correcting reactance. Care must be taken 
to see that the bias is connected to give a change of reactance in 
the right direction. Let us suppose that the valve anode-cathode 
circuit appears as a capacitive reactance and the I.F. carrier frequency 
is higher than its correct value. Since the oscillator frequency is 
almost always greater than that of the signal, it follows that the 
former must be greater than its correct value, and it must be reduced 
by decreasing the valve capacitive reactance, i.e., by increasing the 
capacitance of the anode-cathode space. This is achieved by 
decreasing the negative bias on the valve; in other words, the 
discriminator D.C. output voltage must be connected to give a 
positive voltage when the I.F. carrier exceeds its correct frequency 
and a negative voltage when it falls below the correct frequency. 
This condition is fulfilled by the circuit shown in Fig. 13.7. If the 
anode-cathode circuit of the valve is equivalent to an inductive 
reactance, the discriminator voltage connections must be reversed 
in order to give a negative voltage when the I.F. carrier exceeds its 
correct frequency. 

The properties required of a variable reactance valve are that 
it should affect oscillator frequency and not amplitude, that it 
should produce large changes of reactance over a restricted range 
of bias voltages, and, outside this desired range of bias voltages, 
the reactance should not vary appreciably. The advantage of this 
limited reactance characteristic is discussed in Section 13.4.4. 

The basic reactance valve circuit is shown in Fig. 13.15. The 
valve is a hexode, the control grid being connected to the centre 
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point of the phase-shifting network Z 1 and Z 2, and the oscillator 
grid to the discriminator n.c. output voltage. Considerable advan
tages are gained by using a hexode rather than a tetrode with 
the discriminator n.c. voltage applied to the control grid. The 
bias on the control grid can be set to its optimum value (often 
about - 5 volts), and variation of discriminator n.c. output voltage 
has little effect on the self-bias voltage derived from the cathode 
current of the valve. With the tetrode valve, change of control 
grid bias affects the self-bias voltage so as to reduce the reactance 
change for a given discriminator voltage change, and the initial bias 
must be much greater than optimum in order to allow the dis
criminator D.C. voltage to become positive without causing the 
control grid to take current. A pentode valve can be made to 
function in a manner similar to the hexode by applying the dis-

Oscillato,, 
Tuned Circuit 

B 

----oH. T. +-

To .Discriminator 
.O. C. Output 
Voltage 

Fm. 13.15.-The Variable Rea.eta.nee Va.Ive Circuit. 

criminator voltage to the suppressor grid, but a fine mesh suppressor 
grid is required if the control is to be sufficiently sensitive. The 
slope resistance of the valve is reduced (Section 2.5) by applying 
negative bias to the suppressor grid and its performance is not so 
satisfactory as that of a hexode. Impedances Z 1 and Z 2 act not 
only as a phase-shifting network but also as a potential divider for 
stepping-down the voltage applied to the grid from the oscillator
tuned circuit. A suitable peak value for the R.F. voltage at the 
grid of the reactance valve is about 4 volts. Capacitance-resistance 
coupling (Os and R.) is shown from Z 2 to the reactance valve grid 
in Fig. 13.15, but in certain cases this may be unnecessary. For 
example, O. and R. can be omitted if Z 1 is a capacitance and 
Z 2 a resistance. H.T. voltage for the reactance valve anode is 
obtained via the R.F. choke L 0 and the R.F. voltage from the oscillator
tuned circuit is applied through the coupling capacitance 0,. If 

1* 
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the oscillator-tuned circuit is connected to a H.T. voltage source 
(e.g., a tuned anode oscillator), the anode of the reactance valve 
can be joined direct to the high R.F. potential end of the tuned 
circuit ; 0, and L 0 are then no longer required. If Z1 is a resistance 
R, and Z2 a capacitance 0, and the valve has a high slope resistance, 
the admittance from anode to cathode (points AB) is given by 

Y AB = Ia = YmEJ!. • 13.13a 
Ea Ea 

where Ym = mutual conductance of the variable reactance valve. 

But E = EaZ2 
u Z1+Z2 

y _ YmZ2 _ 1 
AB - Z1 +z2 - Ym1 +jRwG 

Ym . gmRwG 
- I+(Rw0) 2 - JI+(Rw0) 2 

which is equivalent to a resistance 

R 
_ I+(Rw0) 2 

AB-
Ym 

in parallel with an inductance 
L _ I+(Rw0) 2 

AB - YmRw20 . 

. 13.13b 

Three other combinations of R and L or O are possible, and the 
resultant parallel resistance and reactance components of Y AB are 
tabulated below. Approximate expressions for RAB and XAB, 

obtained by assuming that Z 2 is small in comparison with Z 1 (this 
is often true in practice because the R.F. voltage required at the 
grid of the reactance valve is generally much less than that across 
the oscillator-tuned circuit), are also given. 

TABLE 13.3 
Z1 R a R L 

Z2 a R L R 

RAB 
I+(Rw0) 2 I+(RwO)2 R2+w2L2 R2+w2L2 
----

Ym(Rw0) 2 
----- --~ 

Ym YmW2L2 YmRB 

XAB 
I+(Rw0) 2 

LAB= YmRw20 
YmRO 

OAB=I+(Rw0)2 
YmRL 

O,u= R2+w2L2 
R2+w2L2 

LAB= YmRw2L 

Approximate expressions Z2 ~ Z 1 

RAB 
(RwO)2 I R2 roBL2 

Ym Ym(Rw0) 3 g .. w2L2 YmR 1 

X4B 
RO O _gmL L 

LAB=- OAB=gmRO LAB=-g,,. AB- R YmR 
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From the above table it will be noted that the values of the 
resistance and reactance components of Y AB are independent of 

Rand L, or Rand 0, as long as~ and RO remain constant. It is 

generally undesirable that the resistance and reactance of the phase
shifting network should be small because the latter is in parallel 
with the oscillator-tuned circuit. A low reactance makes ganging 
of the oscillator and signal circuits difficult, whilst a low resistance 
damps the tuned circuit and reduces oscillator amplitude. Hence 
0 should be small and R large, or Land R both large. The com
ponents of Y AB, when Z 1 and Z 2 are equal to R and O respectively, 
are similar in form to those when Z 1 and Z 2 are equal to L and 
R respectively. In like manner the components for a OR phase
ghifting network are similar to those for a RL network. As a rule 
a resistance-capacitance phase shifting circuit is to be preferred to 
a resistance-inductance combination because a capacitance has 
negligible resistance component. The internal resistance component 
of the inductance prevents an exact 90° phase shift being realized, 
and stray capacitance across the inductance also introduces 
complications. 

Some interesting conclusions may be drawn from the approximate 
expressions for RAB and X AB : the value of the resistance component 
is in every case inversely proportional to ffm so that an increase of 
discriminator n.c. output voltage in a positive direction tends to 
reduce oscillator amplitude. The change in amplitude can be made 
very small by a suitable choice of R and 0, or R and L, and generally 
the effect may be ignored. In the RO and LR network, RAB is 
directly proportional to the square of the frequency, and if A.F.c. 

is applied to a variable-tuned circuit, as distinct from a preset circuit, 
RAB has greatest damping at the low-frequency end of the range. 
This is undesirable because the oscillator amplitude is usually 
a minimum at this end. With the OR and RL network the reverse 
is true, and the decrease in RAB as frequency increases helps to 
stabilize oscillator amplitude (Section 6.4, Part I). Examination of 
the approximate equivalent inductance or capacitance due to the 
reactance valve shows that it is independent of frequency, and 
dependent only on gm and the resistance and reactance components 
of the phase splitter. For preset oscillator tuning all of the reactance 
valve circuits are equally suitable, but for variable oscillator tuning 
the inductive variable reactance valve (the RO or LR network) is 
preferable, because it provides a more constant corrective effect 
over the frequency range than does the capacitive reactance valve. 
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This can be shown as follows : the oscillator frequency for the 
inductive reactance valve is given by 

1 
A = ---===== 

2nJ Lh'LAB c 
Lh'+LAB. h 

. 13.14 

where Lh' and Ch are the oscillator main tuning components when 
the variable reactance valve is in circuit. Change of bias on the 
reactance valve alters LAB to KL AB• and the oscillator frequency to 

1 
fh+LJf = ✓-----

2n Lh'KLAB C 
Lh'+KLAB h 

. 13.15a 

where K = gmo, and gmo is the mutual conductance for zero 
gm 

discriminator D.c. voltage. 
Combining 13.14 and 13.15a 

fh+LJJ = 1+ LJJ = J Lh'LAB Lh'+KLAB 
fh A Lh' +LAB. Lh' KL AB 

= J1+(l - K) Lh' 
K . Lh'+LAB 

If Lh is the oscillator-tuning inductance in the absence of the 
reactance valve 

or 

L - Lh'L AB 
h - Lh' +LAB 

Lh - Lh' 
LAB - L,,,'+LAB. 

Therefore 1 + '1/ = ✓-1 +-1---=K,......_ -=L,-h-. 
fh K LAB 

1 -K Lh . 
Now -X. L IS generally very much less than 

AB 
expression 13.15b may be written 

1 + '1/ :!= 1 + 1 - K Lh 
f h 2K . LAB 

or LJJ ::!=f. 1 - K Lh 
h 2K .LAB 

.13.15b. 

1, so that 

. 13.16a 

ocfn . 13.16b 
1 - K Lh . 

when 2K L IS a constant. Hence the degree of frequency 
AB 
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correction, exercised by the reactance valve is directly proportional 
to the oscillator mean frequency, i.e., A.F.O. gives least error for 
a given off-tune signal frequency setting at the high-frequency end 
of a range. 

With the capacitive reactance valve the oscillator frequency is 
I fh = ---;===== . 13.17 

2nVLh(C,i' +c .. rn) 
where Ch' is the oscillator-tuning capacitance when the reactance 
valve is in circuit, and Ch is the tuning capacitance in the absence 
of the reactance valve, i.e., it equals Ch' +c ..rn· 

or 

because 

Expression 

but 

or 

Therefore 

13.19 may be rewritten. 

,1/ = /; ( I - K)C ..4.B 

h 2Ch 

I 
fh=----

2nVLhCh 
I 

oh = (2n)2fh 2Lh. 

,1f cx:fk3• 

. 13.18 

13.19 

. 13.20 

This means that the degree of frequency correction is very much 
greater at the high-frequency end of a given range than at the low
frequency end. It is desirable to have smallest error at the low
frequency end because the signal circuits are more selective than at 
the high-frequency end, so that the capacitive reactance valve is 
much less satisfactory than the inductive reactance valve when 
oscillator tuning is by variable capacitance. When permeability 
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oscillator tuning is employed (the inductance is varied), the reverse 
is true, and the capacitive reactance valve is more suitable. 

Let us take an example to illustrate these points, dealing first 
with a capacitive reactance valve applying A.F.C. to the medium 
wave band of a receiver. The signal frequency limits are 550 to 
1,500 kc/s, the I.F. 465 kc/s and the oscillator limits 1,015 to 
1,965 kc/s. The gmE03 characteristic of a typical hexode valve is 
shown in Fig. 13.16, for a bias of - 5 volts on the control grid, G1 • 

A bias voltage of - 5 means that the R.F. grid voltage should not 
exceed about 4 volts peak value if grid current is to be avoided. 
Taking Z 1 = R = 20,000 ohms, a possible value for O is 50 µµF, 
giving Z 2 = - j 3,140 ohms at 1,015 kc/s and - j 1,624 ohms at 

-30 

I ,, 
~ 

~ 
V 

-20 -,o 
Grid 3 Bias Voltage 

1·2 

V 

I 
I 

J 

I 

Fm. 13.16.-The Assumed g,,.E0 Characteristic of the Variable Reactance Valve. 

1,965 kc/s. The step-down voltage ratios from anode to grid are 
0·155 and 0·0812 respectively, so that the oscillator-tuned circuit 
peak voltages should not exceed 25·8 and 49·3 respectively if the 
oscillator voltage at the grid of the reactance valve is not to exceed 
4 volts. The voltages are greater than are likely to be met in 
a tuned-grid oscillator, but are less than might be obtained with 
a tuned-anode oscillator unless it is heavily damped. In the latter 
instance O should be increased to 75 µµF, thus raising the anode 
maximum peak voltages to about 38·5 and 74 respectively. 

The centre of the straight part of the YmE03 characteristic of 
Fig. 13.16, is at about - 7 volts, where Ymo = 0·56 mA/volt, so let 
us take this as the initial setting of the reactance valve corresponding 
to zero discriminator D.o. output voltage. At the low-frequency 
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end of the medium wave range, fh = 1,015 kc/s, the parallel 
resistance component of the reactance valve is 

R ( = 0_56) = 1 +(RwO) 2 = 41·7 
AB gmo g 0·56 X 10- a mo 

= 74,500 Q 

and its minimum value at gm = 1 mA/volt is 41,700 Q 

L ( _ 0_56) _ l+(RwO) 2 _ 41·7 x 106 H 
AB gmo - - g Rw 20 - 0·56 X 10- 3 X 4·07 X 107µ . mo 

= 1,832 µH. 

The frequency correction-discriminator D.C. voltage curve can be 
calculated by using expression 13.16a. Thus when gm = 1 mA/volt, 

E03 = - 2 volts (from Fig. 13.16), K = 0·:
6 = 0·56. The oscillator

tuning inductance for the medium wave range is 77·4 µH (see 
Section 6.12, Part I) so that 

LJJ = A(12x!)(f:J = fh~:~: 1~~~~ 
= +0·0166fh 
= +16·8 kc/s for fh = 1,015 kc/s. 

The frequency correction for other values of E03 may be calculated 
in a similar manner, and the result is shown as the full line curve 1 of 
Fig. 13.17. The horizontal axis is scaled in Eo3 bias volts as well 
as discriminator D.C. output voltage. 

The effect of the phase-shifting network on the oscillator-tuned 
circuit must also be considered, and converting the series combina
tion of 20,000 ohms and 50 µµF into its equivalent parallel circuit 
we have for the parallel damping resistance 

R = 1+(Rw0)2 = 41·7 = 20 450 Q 
P R(wO) 2 2·035 x 10- 3 ' 

C 50 
OP = l+(RwO) 2 = 41·7 = l·2 µµF. 

The resistance damping effect is fairly considerable but, although 
it makes oscillation more difficult to sustain, it has the advantage 
of rendering variations of RAB with change of discriminator bias of 
less importance. The added capacitance is seen to be negligible. 

At the highest frequency in the oscillator tuning range, 
fn = 1,965 kc/s, 

153·5 
RAB(gmo = 0·56) = O 

3 
= 274,000 Q 

0·56 X 1 -
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and its maximum value at Ym = I mA/volt is 153,500 Q, The 

1 f R . b . I [1,965] 2 • h va ue o AB given a ove 1s very near y l,Ol
5 

times t at at 

fh = 1,015 kc/s, thus confirming the discussion on Table 13.3. 

L ( _ 0·56) _ 153·5 x 106 

AB Ymo - - 0·56 X 10- 3 X 15·25 X 107 

= 1,795 µH. 

'----'----+--✓-+•_,___....._20'-1----+------+-----l 

,I 
,I 

1,,/ 

l----l--_,,,_"+-------+----I-J01~L-----'-------+---I 

--✓ 1----
.___....__ ....... _ __., _ _, _41·n --''----'----'---' 

Fm. 13.17.-Frequency Correction-Discriminator Voltage Curves for the Inductive 
Reactance Valve. 

Calculating the frequency correction from expression 13.16a we 
find that for Ym = I mA/volt, E"3 = - 2 volts, 

0·44 77.4 
Llf= +fh•1-12·11s5 

' 
= +0•0169 jh 
= +33·2 kc/s, for A = 1,965 kc/s. 

The frequency correction is plotted as the dotted curve 2 in 
Fig. 13.17, against discriminator D.c. output voltage and E"3 bias. 
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The A.F.o. sensitivity measured by the slope of the curve at zero 
discriminator voltage is 10·3 kc/s per volt as compared with 5·2 kc/s 

1 -t k / . . . l 1,965 . per vo t at Jh = 1,015 c s, 1.e., 1t 1s very near y 
1 015 

times as 
' sensitive, a result confirming expression 13.16b. 

The equivalent parallel resistive and capacitive components of 
the phase-shifting network are 

R = 153
"
5 = 20 100 Q 

P 7·625 X 10- 3 ' 

50 
OP = 

153
_
5 

= 0·326 µµF. 

The damping resistance is very nearly the same as forfh = 1,015 kc/s, 
so that there is a tendency to stabilize oscillator amplitude. The 
capacitive component is again negligible. 

Suitable values for the phase-shifting network over the long-wave 
range (signal frequencies from 150 to 400 kc/s) are R = 20,000 Q, 
0 = 100 µµF. The oscillator frequency range is from 615 to 
865 kc/s and the oscillator inductance is about 370 µH. Using 
these values, the results for the long-wave band are as follows: 

Oscillator frequency . 
Step-down ratio anode to grid . 
R.rn(Ymo = 0·56) 
R,rn(Ym = 1) . 
L.,rn(Ymo = 0·56) 
,:JJ(gm = 1) • . • • 
A.F.c. sensitivity (kc/s per volt) 
Rp 
Op 

615 kc/s 
0·1283 
108,600 [J 
60,800 Q 
3,630 µH 

+24·6 kc/s 
7·6 
20,380 [J 
1·64 µµF 

865 kc/s 
0·0915 
214,000 [J 
119,500 Q 
3,600 µH 

+35 kc/s 
10·8 
20,200 [J 
0·835 µµF 

Over the short-wave range (signal frequencies from 6 to 15 Mc/s}, 
suitable values for the phase-shifting network and Lh are 20,000 fJ, 
5 µµF and l ·5 µH and the results are as tabulated below : 

Oscillator frequency 
Step-down ratio anode to grid 
R,rn(Ymo = 0·56) 
R.,rn(Ym = 1) . 
LAB(YmO = 0·56) 
,:JJ(gm = 1) . 
A.F.c. Sensitivity (kc/s per volt) 
Rp 
Op 

6,465 kc/s 
0·2395 
31,400 [J 
17,550[,} 
190 µH 

+ 20 kc/s 
6·2 
21,200 Q 
0·285 µµF 

15,465 kc/s 
0·1022 
170,500 [J 
95,500 [J 
180·5 µH 

+50·4 kc/s 
15·6 
20,250 [J 
0·0523 µµF 

It is clear from the above that satisfactory A.F.C. operation is 
less easy to achieve as the oscillator frequency increases. Stray 
capacitance across R becomes important and tends to prevent the 
90° phase shift being obtained. It is therefore most necessary to 
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see that the leads from Rand Oto the reactance valve grid and anode 
are as short as possible. Interelectrode anode-grid capacitance is 
usually so small that it can be neglected, but allowance must be 
made for the grid-cathode interelectrode capacitance, which is a part 
of and may be comparable to the required value of 0. 

The less satisfactory performance of the capacitive reactance 
valve in correcting a capacitively tuned oscillator can be demon
strated by considering the medium-wave range. Suitable values 
for O and Rare 5 µµF and 5,000 ohms; a large value of R cannot 
be used because the grid-cathode capacitance of the valve is com
paratively large (about 3·5 µµF), and if R is comparable with this 

+750 
~ ..., 

i-------.......... , :")~ 
I.,) I::: 

-1-10:; 
' ~:c:, 
' ' ::, ~ ... 1::)-. I.,) ... <u <u 

q~_J: +5:: ·,, a 
' Gfd 3 B{'zs Voltage 

-14 -12 -10 -e\ -6 -4 -2 I o 
'8 -'6 - 1- -2 11'."-+!'_ +'4 +'6 +'J 
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~=701 kc/s ' -so'. 
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Fm. 13.18.-Frequency Correction-Discriminator Voltage Curves for the 
Capacitive Reaotanoe Valve. 

reactance the required 90° phase shift cannot be realized. The 
results at the extremes of the oscillator frequency range are tabulated 
below, and the frequency correction-discriminator voltage curve is 
shown in Fig. 13.18. The oscillator tuning capacitanqe at 1,015 and 
1,965 kc/s is assumed to be 317 and 84·8 µµF respectively, i.e., 
L,,, = 77·4µH. 

Oscillator frequency 
Step-down ratio anode to grid 
RAB(gm0 = 0·56) 
RAB(gm = 1) • 
0AB(gmo = 0·56) 
Aj(gm = 1) 
A.F.c. sensitivity (kc/s per volt) 
Rp 
Op 

1,015 kc/s 
0·158 
71,800 Q 
40,200 Q 
13·63 µµF 

- 17·15 kc/s 
5·3 
202,000 Q 
4·87 µµF 

1,965 kc/s 
0·295 
20,550 Q 
11,500 Q 
12·75 µµF 

- 116·1 kc/s 
36·0 
57,900 Q 
4·56 µµF 
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This type of circuit is clearly less satisfactory because of the 
greater variation of damping resistance and A.F.c. sensitivity over 
the range. 

A modified form 2 of the inductance-resistance phase-shifting 
network has been successfully employed; the actual oscillator 
tuning coil being used in series with an added resistance R. The 
input admittance of the reactance valve across the points AB is 

Y - gmR 
AB-

R+R1,,+jwL1,, 
where L,,, = inductance of the oscillator tuning coil 
and R,,, = the R.F. resistance of the tuning coil. 

The total admittance of the inductive arm of the oscillator-tuned 
circuit and the reactance valve is 

YT= 1 -+ __ g~m~R~~ 
R+R,,,+jwL,,, R+R,,,+jwL,,, 

Yp= - l+gmR 
R+R,,,+jwL,,, 

. 13.21. 

The oscillator tuning inductance is therefore multiplied by 1 + 1 
R' 

gm 
If the oscillator frequency is correct when gm = gmo, then 

f,,, = Kvl+gm0R 

and f,,,+fJ/ = Kvl+gmR 

or 1+,1f = Jl+gm.R 
/1,, l+gmoR 

= J1 + (gm - gmo)R 
l+gmoR 

but (gm - gmo)R is usually ~ 1 so that 
l+gmoR 

,;1/ ...,.,,_ 1 (gm - gmo)R 
/1,, - 2 l+gmoR 

,1f ===~ ((J_~ - gmo)R_ 
2 l+gmoR 

Thus if gmo = 0·56 mA/volt and R = 100 ohms 

fJlj( = l) = /,,, (1 - 0·56)100 X 10- 3 

gm 2 1·056 

= 0·0208/,,, 
= 21·1 kc/s for J,,, = 1,015 kc/s 
= 40·9 kc/s for/,,, = 1,965 kc/s. 
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This result is very similar to that obtained for the inductive reactance 
valve with a RO phase-splitting network. The chief disadvantage 
of the method is that the addition of R in the oscillator-tuned circuit 
makes oscillation more difficult to sustain, and an oscillator valve 
having a high gm is required. 

The admittance of the capacitive arm of the oscillator-tuned 
circuit may be multiplied in the same manner by connecting the 
tuning capacitance in place of the inductance, but this is only possible 
with preset-tuned circuits which do not require the capacitance to 
be earthed. 

Many other valve circuits are possible, and the variable reactance 
valve may, if desired, be applied via a separate coil coupled to the 
oscillator-tuned circuit. For satisfactory operation and high A.F.C. 

sensitivity, the control valve should have a high Ra, and a rapid 
and linear change of gm with change of discriminator bias voltage. 

13.4.4. Estimation of A.F .C. Overall Performance.8 The 
operation of an A.F.C. circuit may be represented by an overall 
performance curve connecting signal tuning frequency setting with 
I.F. error. Such a curve is not satisfactory for design purposes 
since any change in the discriminator or variable reactance unit 
requires a different performance curve to be plotted. The overall 
characteristic is the result of two separate actions, and it is desirable 
to combine the characteristics of the discriminator and variable 
reactance unit in a way which preserves their separate identities. 
The method employed is illustrated in Fig. 13.19. The discriminator 
D.C. output voltage plotted against frequency error is represented 
by curve ABODE. The variable reactance characteristic FGH 
(frequency correction against control bias voltage), drawn on trans
parent paper, is rotated anti-clockwise through 90° so that its 
frequency correction axis is coincident with the frequency error 
axis of the discriminator and the two voltage axes are parallel. 
The reactance characteristic is moved over the discriminator curve 
for different tuning errors, always keeping the two frequency axes 
coincident. Thus the intersection of the voltage axis of the reactance 
unit with the frequency error axis, e.g., point M 1 , gives the frequency 
error of the signal-tuned circuits, whilst a perpendicular from its 
intersection, N 1 , with the discriminator characteristic on to the 
frequency axis gives the final I.F. tuning error OP1 • The proof of 
this is that the following equation is satisfied : 

signal tuning error - frequency correction = final oscillator 
tuning error 
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By sliding the reactance unit characteristic over the discriminator 
curve (always maintaining the frequency axes coincident), the final 
oscillator ( or I.F.) tuning error can be read directly for any value 
of signal tuning error. The" throw-out" and" pull-in" frequencies 
can also be found. 

Five positions of signal frequency setting are illustrated on 
Fig. 13.19. In the first position the two curves intersect at the 
origin; the tuning setting is correct and no error exists. In 
position 1 the signal frequency setting error, OM1, is corrected to 
an I.F. tuning error of OP1 • If the signal frequency error is pro
gressively increased through M 2, M 3 to M 4 , the final I.F. errors are 
OP2 , OP3 to OP,. At position 3 the reactance corrector curve just 
touches the discriminator characteristic, and a slight increase in 

A 

FIG. 13.19.-A Combined Form of Discriminator and Control Characteristic. 

signal frequency error causes the I.F. error to jump from OP 3 to 
0Pa', i.e., A.F.C. has practically lost control. OM3 therefore gives 
the "throw-out" signal frequency. In position 4 the error is 
slightly less than the signal frequency error, but for all practical 
purposes the A.F.C. can be regarded as inoperative. Progressive 
decrease of signal frequency tuning error from OM, towards O pro
duces final I.F. errors of 0Pa', OPs' and OP1 • It should be noted 
that in position 3, the final I.F. error 0Pa' is much greater when 
tuning towards O than away from 0. At position 2, the reactance 
corrector curve is tangential to the discriminator curve at N s', and 
the slightest movement towards O causes the working point to jump 
from Na' to N 2 • A.F.C. now takes full control, the I.F. error falling 
from OP/ to OP2 • The signal frequency error corresponding to 
OM2 gives the "pull-in" frequency setting. Between positions 
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2 and 3, there are three intersections of the reactance corrector and 
discriminator curves. The two extreme points give the operating 
points when tuning away from a signal (the I.F. error is less) and 
when tuning towards a signal (the I.F. error is greater}, whilst the 
centre point represents an unstable position. 

The reactance unit curve is shown in Fig. 13.19 as having 
a limited control characteristic, i.e., correction is confined to a range 
of discriminator voltages, and outside this range the reactance 
remains almost constant. Its chief advantage compared with the 
unlimited control characteristic is that it reduces the " throw-out " 
frequency and so reduces the transmission channel blotted out by 
A.F.C. action on either side of a strong signal. This is illustrated 

+ 

.B 

Fm. 13.20.-The Effect of Limited and Unlimited Control Characteristic on A.F.o. 

in Fig. 13.20; the "throw-out" frequency, corresponding to 
OMa', for the unlimited control characteristic is greater than that, 
OM8 , for the limited characteristic. In other respects there is little 
difference between the two, and the'.' pull-in" frequency is the same 
for both. 
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CHAPTER 14 

MEASUREMENT OF RECEIVER OVERALL 
PERFORMANCE 

14.1. Introduction. The overall performance of a radio 
receiver requires to be measured not only to assess the relative 
merits of a particular design, but also to indicate its usefulness 
under any special operating conditions. In broadcast reception 
the exact location of a particular receiver is unlikely to be known 
so that the first viewpoint is the more important. The approximate 
site conditions may, however, be known to a designer of a com
munication receiver, and these may have considerable influence on 
the measurement tests required. 

A series of tests has been standardized in America by the Institute 
of Radio Engineers 1• 5 and in England by the Radio Manufacturers 
Association 2• 4 as a guide for the designer of broadcast receivers. 
Their recommendations form the basis of the methods discussed in 
this chapter, and grateful acknowledgement is made for permission 
to use the specifications. The two series differ in certain respects, 
and where this occurs an attempt is made to assess the relative 
advantages of each method. Modifications or elaborations of any 
test are included-in their appropriate sections-after the standard 
specification. Electrical and acoustical tests are covered by the 
recommendations, which include measurements of sensitivity, 
selectivity, frequency response, automatic gain control, noise and 
hum. The electrical tests are treated first. The meanings of certain 
terms and a short description of the measuring apparatus are given 
before dealing with procedure. 

14.2. Definitions. 
14.2.1. Standard Input Voltage. This is the R.M.s. value* 

of the input carrier in microvolts, or the ratio (in decibels) of 
the carrier referred to 1 microvolt as zero level (R.M.A.). A refer
ence level of 1 volt is suggested by the I.R.E., but in most cases 
0 db. = 1 µ V is to be preferred. The standard modulation fre
quency and percentage is 400 c.p.s. and 30% respectively. Terms 

* Wherever the term R.M.S. value of input carrier is employed it refers 
to the carrier voltage only, and excludes the sideband voltages; i.e., it is the 
R.M.S. value of the carrier voltage before it is modulated. 

264 
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distant, mean, local and strong are applied (by the I.R.E.) to 
R.M.S. carrier voltages of 50, 5,000, 100,000 µV and 2 volts 
respectively. 

14.2.2. Standard Output Power. The I.R.E. suggest 50 mW 
and 500 mW as the standard outputs for receivers having maximum 
outputs less than and greater than 1,000 mW respectively. The 
R.M.A. recommend 50 mW for all receivers. There are advantages 
in the use of 500 mW for larger output receivers, because hum and 
noise may produce outputs comparable with 50 mW, particularly 
if the receiver is a superheterodyne with considerable I.F. amplifica
tion. The power is measured in a non-inductive resistance connected 
in place of the speaker speech-coil and having the same value as 

the modulus (V R80
2 +X80

2 ) of the coil impedance at 400 c.p.s. 
For communication receivers intended for phone operation or 

connection to a land line a suitable standard output power is I mW 
in a resistance equal to the impedance of the phones at 400 c.p.s., 
or equal to the characteristic impedance of the line (often 600 ohms). 

14.2.3. Sensitivity. The sensitivity of an open aerial receiver 
is defined as the R.M.S. value of input carrier modulated 30% at 
400 c.p.s. which, applied through an appropriate dummy aerial, 
gives the standard output power. Alternatively, sensitivity may 
be expressed in ratio form as decibels with reference to I µ V as zero 
level (R.M.A.). If other than standard output is used the actual 
power should be stated or the input carrier value corrected by 

multiplying it by~ where Pa is the actual and P 8 the standard 

power. This correction is only applicable when the characteristic 
of the A.F. detector is linear. 

For a frame aerial receiver sensitivity is defined in microvolts 
per metre. 

14.2.4. Selectivity. The selectivity of a receiver is defined as 
its capability of discriminating against undesired signals. It may 
be expressed in terms of the ratio of the sensitivity of the receiver 
when a standard modulated carrier is off-tuned a specified amount, 
to its sensitivity when the carrier is correctly tuned to the receiver 
signal tuning frequency. It may also be expressed in terms of the 
undesired modulated carrier level required to produce a given 
interference output. 

14.2.5. Fidelity or Frequency Response. The fidelity (better 
termed frequency response) of a receiver is the degree to which it 
responds to different modulation frequencies. It is measured by 
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noting the variation in A.F. power output as the modulation frequency 
is varied from 30 to 15,000 c.p.s. 

14.2.6. Harmonic Distortion. Audio frequency harmonic 
distortion is expressed as the percentage ratio of the R.M.s. value 
of the total harmonic voltages in the output to the R.M.s. value of 
the fundamental and harmonic voltages together. Usually the 
harmonic voltages are small enough not to affect the second reading 
to any great extent. 

14.2.7. Noise. The noise produced in a receiver is the A.F. 

output power registered with an unmodulated input carrier voltage. 
Hum voltages must be excluded from mains receivers by suitable 
filters attenuating all frequencies below 300 c.p.s. When a receiver 
is used for c.w. reception, the definition may be modified to read 
the A.F. output power registered in the absence of an input carrier 
voltage. 

14.2.8. Hum. Hum is measured in the same way as noise 
except that a low-pass filter is used for attenuating noise output. 
Both hum and noise outputs are best expressed as decibel ratios 
referred to the normal output power as zero level. 

14.2.9. Automatic Gain Control. The performance of an 
A.G.c. device is measured by the change of output power produced 
by a given change of modulated input carrier. 

14.2.10. Standard Aerial. An open single-wire aerial of 
4 metres effective height is considered as the standard aerial for 
medium and long waves, and a non-inductive resistance of 400 ohms 
for short waves. 

14.3. The Apparatus required for the Overall Electrical 
Measurements. The apparatus required for the overall electrical 
tests includes a standard signal generator, a dummy aerial for an 
open aerial receiver, a special shielded pick-up coil for frame aerial 
receivers, an output meter, a beat frequency oscillator and a dis
tortion factor meter, or harmonic analyser. 

14.3.1. Standard Si~nal Generator. This is a frequency 
calibrated R.F. oscillator capable of modulation to 90%, The 
output is taken from an attenuator calibrated in microvolts. The 
attenuator input, supplied from a pick-up coil connected direct to 
the oscillator or to a buffer valve, is monitored by a thermal instru
ment or a valve voltmeter. The thermal instrument may also be 
used as a percentage modulation indicator, for the R.M.S. value of 
modulated carrier current is 

fc+1n = fcJ(1+ ~2) 
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where le is the R.M.S. value of unmodulated carrier. The initial 
modulation setting is made at 80% and lower modulation percentages 
are obtained from a calibrated potentiometer. When monitoring 
by valve voltmeter the latter is used to make direct comparison 
between the carrier and A.F. modulating voltage. 

An internal 400 c.p.s. oscillator is incorporated, but external 
modulation can also be applied. 

A slow-motion drive is required on the frequency control to 
allow selectivity measurements to be made. 

The range of the attenuator is normally continuously variable 
from I µV to O·l or I volt R.M.S., and it is an advantage if the 
attenuator scale is calibrated in decibel ratios (referred to I µ V as 
zero level) as well as microvolts. The output impedance of the 
attenuator should be low, and the oscillator frequency should not 
be affected by change of attenuator setting. 

14.3.2. Standard Dummy Aerial. A standard dummy aerial 
is required between the signal generator and receiver to simulate 
an open aerial. The components are given in Fig. 14.la and the 

~o 
400 µµ.F "¥.oo .n 

Fm. 14.la.-Circuit Constants of a Standard Dummy Aerial for 
Long, Medium and Short Wave Bands. 

impedance variation in Fig. 14.Ib. The impedance approaches that 
of an open aerial of 4 metres effective height over the medium- and 
long-wave bands, whilst over the short-wave range it is equivalent 
to a resistance of 400 ohms. The impedance characteristic is 
affected by the signal generator attenuator output resistance, which 
should be much less than the series resistance or reactance component 
of the dummy aerial. 

14.3.3. The Shielded Pick-Up Coil for Frame Aerial 
Receivers. A cylindrical shielded pick-up coil is necessary to 
provide magnetic coupling to frame aerial receivers. The following 
are the dimensions recommended by the R.M.A.: radius 5 ems., 
length 6 ems., turns 20 and approximate inductance 40 µH. Electro
static coupling is prevented by enclosing the coil in a wire cage. 
The shunt capacitive reactance of the coil and the leads to the signal 
generator attenuator must be large compared with the inductive 
reactance of the coil, and the latter should be much larger (at least 
20 times) than the attenuator output resistance so that the output 
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Fm. 14.lb.-Impedance Characteristics of a Standard Dummy Aerial. 

voltage is unaffected by the coil connection. The coil and frame 
aerial are placed coaxially and the input to the receiver is 

18,800 Nr 2E . 
( 2 Z2 ½ L mrnrovolts/metre . r + )· ro 

where E = attenuator R.M.S. carrier output in microvolts. 
N = number of coil turns. 
r = coil radius in centimetres. 

14.la. 

l = axial distance between the geometric centres of the coil 
and frame in centimetres. 

L = coil inductance in Henries. 

This reduces to 
4,670E . l / -

1
-- microvo ts metre . 14.lb 

for the above coil and the recommended distance l of 2 metres, 
where f is in c.p.s. 

14.3.4. Output Meter. The output meter should be non
reactive and should present a constant resistance to frequencies from 
30 to 10,000 c.p.s. H the resistance is variable in steps the meter 



14.5.1] MEASUREMENT OF OVERALL PERFORMANCE 269 

is usually scaled in milliwatts, but ifit is fixed the reading is generally 
given in volts. 

14.3.5. Beat Frequency Oscillator. A beat frequency oscil
lator is required to provide sufficient output to modulate the signal 
generator to 100%. Its total harmonic distortion at this output 
should not exceed J %-

14.3.6. Distortion Factor Meter. The distortion factor meter 
consists of a filter for eliminating the fundamental, and a R.M.s. 

meter for measuring the harmonic voltages. A comparison method 
is employed, and a calibrated potentiometer across the input to the 
meter enables a proportion of the distorted input to be compared 
against the harmonic input. This potentiometer is scaled in 
percentage distortion. The distortion factor meter input impedance 
must be high enough not to affect the loading of the circuit to which 
it is connected. If this is not so, a buffer amplifier producing 
negligible harmonic distortion must be inserted before the meter. 

14 .3. 7. Harmonic Analyser. A harmonic analyser is required 
for measuring the ratio of individual harmonics to the fundamental. 
Such apparatus generally uses the highly selective properties of 
a quartz crystal filter to separate each harmonic. The A.F. funda
mental and harmonics are used to modulate a carrier frequency 
which is adjusted so as to bring the desired harmonic sideband into 
the very narrow pass-band of the crystal filter. 

14.4. Receiver Adjustments. No special adjustments should 
be made to the receiver and the following recommendations are made 
by the R.M.A. 

The receiver, in its own cabinet, is to be tested after it has been 
switched on for a half-hour. Mains receivers should be operated 
at the mean voltage of the particular transformer tapping point. 
Battery receivers are to have a resistance of ohmic value equal to 
the number of cells in the H.T. battery, inserted in the H.T. negative 
lead. This exaggerates any tendency to instability and is equivalent 
to a partially used battery. Tone, volume and selectivity controls 
are normally to be set for maximum 400 c.p.s. response. A" local
distant " switch, when fitted, is to be set to " distant " for sensitivity 
and selectivity tests. 

14.5. Test Specifications. 
14.5.1. Sensitivity. All sensitivity measurements on an open 

aerial receiver are to be made with the standard dummy aerial 
between the signal generator and receiver (see Fig. 14.2a). When 
the latter is intended to operate with a special aerial, the standard 
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is replaced by components giving an impedance characteristic 
similar to the special aerial. The R.F. input carrier modulated 
30% at 400 c.p.s., is adjusted to give the standard output (1, 50 or 
500 mW). If readings are not taken over each frequency range the 
suggested test frequencies are, long-wave range, 160, 200 and 

Signal Receiver 
Generatori-----t 

Output 
Meter 

Fm. 14.2a.-Schematic Diagram of Apparatus for Measurement 
of Sensitivity. 

300 kc/s, medium-wave range, 600, 1,000 and 1,400 kc/s, and short
wave ranges at the centre and ends of each range. The sensitivity 
may be plotted as a series of curves with a uniformly divided vertical 
decibel scale or logarithmically divided R.M.s. input carrier voltage 
scale against a linear or logarithmic frequency scale. The logarithmic 
frequency scale has the advantage that all the ranges can be 
accommodated on one graph as shown by the specimen full line 
curves in Fig. 14.2b. 

For frame aerial receivers the shielded coil of 14.3.3, connected 
directly to the output of the signal generator, is placed coaxially 
with the frame at a distance of 2 metres (between geometric centres). 
Sensitivity is defined in microvolts per metre in accordance with 
the formula, 14.lb. 

An additional test (1.R.E.) to show the sensitivity at maximum 
"undistorted" output (103/oR.M.s. of A.F. total harmonic distortion) is 
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Fm. 14.2b.-Typical Sensitivity and Signal-to-Noise Ratio Curves for a. Receiver. 

useful, and it is carried out in the same manner as the normal test 
except that the input carrier is modulated SO%, 

In the above tests no account is taken of noise level in determining 
the sensitivity, and it is clear that high sensitivity is quite valueless 
if the noise output is comparable with the standard 400 c.p.s. output. 
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Complete information on sensitivity therefore calls for a statement 
of signal-to-noise ratio, and the power output of noise at the sensitiv
ity level of unmodulated carrier should be measured. The ratio, 
expressed in decibels, of standard modulated output to noise output, 
is included with the sensitivity curve for each range as shown by 
the dotted specimen curves in Fig. 14.2b. 

A better estimate of sensitivity is obtained by associating it 
with a definite minimum signal-to-noise ratio. For example, sensi
tivity may be defined as the R.M.s. value of input carrier, which, 
modulated 30% at 400 c.p.s., gives standard output with a signal
to-noise ratio of not less than 15 db. This ratio is reasonably 
satisfactory for communication purposes, but a higher value is 
preferable for pleasurable reception. The procedure is to increase 
the modulated input carrier until standard power output is obtained, 
e.g., 50 mW; the modulation is then turned off and the noise power 
output measured. If this is less than l ·585 mW (this represents 
- 15 db. on 50 mW), the sensitivity is taken as the R.M.s. input 
carrier registered by the signal generator. On the other hand, if 
the noise power exceeds this, the volume control on the receiver is 
adjusted until the noise power is reduced to l ·585 mW. This reduces 
the modulated output from 50 mW, and it is returned to its original 
value by increasing the modulated carrier input. The modulation 
is again switched off and the noise power checked to see that it is 
still l ·585 mW ; generally it is not changed to an appreciable extent 
by the increase in carrier voltage. The new carrier voltage giving 
the required signal-to-noise ratio with standard output is taken as 
the sensitivity of the receiver. 

For receivers fitted with regeneration (reaction) control it is 
usual to take sensitivity with minimum and maximum reaction. 
The normal procedure is to increase the regeneration until oscillation 
begins. The control is then reduced until slight detuning of the 
receiver on either side of correct signal setting gives no sign of 
oscillation. The input carrier is then adjusted to give standard 
output. The values so obtained are liable to considerable variation, 
and to a large extent depend on the skill of the operator. A method 
giving more reliable results is to set the reaction control just to the 
oscillating point, and to detune the signal generator so that a differ
ence frequency of approximately 400 c.p.s. is obtained. The 
unmodulated input carrier is then adjusted for standard output of 
the difference frequency, and this value is considered as the sensi
tivity. It generally gives a higher sensitivity value than that 
obtained by the first method. 
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14.5.2. Selectivity.7 The large number of independent factors 
which affect selectivity make it extremely difficult to find an 
infallible measurement of the receiver discrimination against 
undesired signals. The chief interference effects are conveniently 
classified as follows : 

( 1) A heterodyne whistle, when the frequency difference between 
the desired and undesired carriers is equal to an audio frequency. 

(2) Cross-modulation, the modulation frequencies of the un
desired carrier are transferred to the desired carrier (see Section 4. 7 .3, 
Part I). 

(3) A reduction in the desired audio output due to A.G.C. action 
and to demodulation at the detector (see Section 8.10, Part- I) by 
the undesired carrier. 

( 4) " Monkey chatter " due to sidebands ( or harmonic * side
bands) of the undesired carrier, which fall in the pass range of the 
receiver and become sidebands to the desired carrier. The resultant 
A.F. output has an "inverted" frequency relationship to the 
undesired modulating frequency. For example, suppose a receiver 
having a pass range of ±15 kc/s is tuned to a desired carrier of 
1,000 kc/s in the presence of an undesired carrier of 1,020 kc/s 
modulated by 5, 8, and 13 kc/s. The lower sideband frequencies 
of the undesired signal are 1,015, 1,012 and 1,007 kc/s respectively, 
and these enter the pass range of the receiver to form sidebands 
for the desired carrier. Subsequent detection produces A.F. outputs 
of 15, 12, and 7 kc/s, i.e., the original low modulating frequency 
appears as a high audio frequency and the original high frequency 
as a low audio frequency, a process which is termed frequency 
inversion. 

Distorted undesired output due to frequency inversion is the 
most serious form of interference, since the receiver cannot be made 
to discriminate against it without restricting the pass range to an 
undesirable extent. The effect is worse when the receiver is operat
ing at a site close to a strong local station, and several frequency 
channels on either side of the local station tuning point may show 
serious interference. For example, suppose a local transmission 
of 1,000 kc/s frequency induces a voltage of 1 volt in the aerial of 
a receiver tuned to 1,023 kc/s. If it is modulated 50% (the voltage 
of each of the two sidebands if 0·25) at 5 kc/sand there is a fourth 

* The term harmonic sideband signifies a sideband produced from modula
tion of the carrier by a harmonic of the modulating frequencies, i.e., it is 
represented by fc±nfmoa, where Jc and fmod are the carrier and modulating 
frequencies, and n is a positive integer greater than I. 
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harmonic sideband percentage of 0· l %, the amplitude of the upper 
frequency harmonic sideband (1,020 kc/s) is 500 µV. A desired 
carrier of 1,023 kc/sand 100 µVis overmodulated by the undesired 
harmonic sideband and the result is an A.F. output, which is a dis
torted reproduction of the frequency difference (3 kc/s) between 
the undesired harmonic sideband and the desired carrier. The 
only method of reducing this form of interference when the harmonic 
sidebands are produced by the transmitter is to reduce harmonic 
generation in the A.F. modulation amplifier stages and harmonic 
sideband production in the R.F. stages of the transmitter, and to 
include suitable filters attenuating severely modulating frequencies 
exceeding about 15 kc/s and radio frequencies outside the range 
fc±l5 kc/s, where fc is carrier frequency. 

The receiver itself can produce these harmonic sidebands due to 
distortion in the first R.F. stage (see Section 4.7.1, Part I), and high 
selectivity in the aerial-tuned circuits can appreciably reduce the 
interference effect by decreasing the undesired carrier and its side
bands. As a general rule, however, harmonic sideband production 
in the receiver is a second order effect, and is negligible in comparison 
with that produced by the transmitter. Under present conditions 
of transmission and reception little is to be gained in trying to 
develop a test to determine the interference due to the receiver 
itself from frequencies inside the pass-band. Measurements of 
heterodyne whistle, cross-modulation and demodulation, as far as 
interference outside the pass-band is concerned, are, however, useful. 

There are two recognized methods of estimating selectivity, the 
first, using a single modulated R.F. carrier, indicates the discrimina
tion of the receiver-tuned circuits against modulated off-tune carrier 
frequencies, and the graph obtained is really a tuning frequency 
response curve. The second method uses two signals, one (unmodu
lated) representing the desired and the other (modulated) the 
undesired. Adjustment of the modulated undesired is made until 
a, certain A.F. output power level is reached. 

We shall first consider the tuning frequency response method of 
selectivity measurement. The particular signal tuning frequencies 
at which these measurements are to be made are the same as those 
recommended for the sensitivity tests. In certain receivers, having 
high I.F. selectivity, measurements on the short-wave ranges may 
be unnecessary because the R.F. tuned circuits contribute very little 
to adjacent channel selectivity. The procedure is as follows : the 
receiver is tuned to one of the three selected frequencies in a given 
wave range, e.g., 1,000 kc/s, and readings are taken of the input 

K 
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carrier voltage (modulated 30¾ at 400 c.p.s.) required to maintain 
a constant output power (usually the standard, 50 mW) as the 
frequency of the carrier is detuned on either side of 1,000 kc/s. 
The input carrier, preferably expressed in decibels as the ratio of 
the voltage at the off-tune to that at the correctly tuned position 
(1,000 kc/s), is plotted against a linear horizontal off-tune frequency 
scale. The off-tune frequency is carried to a point where the input 
carrier ratio is 80 db. or its actual value is 1 volt, and a specimen 
curve is shown in Fig. 14.3a. If the magnitude of the carrier voltage 
is plotted it should be to a logarithmic scale. 

Selectivity may also be expressed in tabular form as the band 

.--...-..----.-----.so 
Loss 
(db) 

!----.\-----+------1-60--1-----f-----t 
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Off' Tune F,.equency (kc/s) 

Fm. 14.3a.-An Example of a Tuning Response Curve. 

width at certain specified input carrier ratios such as - 6, - 20 
and - 40 db. 

When the I.F. circuits are fitted with a variable selectivity 
control, its effect need only be tested at one signal frequency. 
Overall tests are normally carried out for minimum selectivity. 
Automatic (valve controlled) selectivity devices should be tested 
at different bias settings of the control valve or valves corresponding 
to maximum, half and minimum selectivity. 

For receivers fitted with manual R.F. volume control, it is often 
desirable to check the selectivity curves at minimum and half-control 
settings, because bias changes affect the internal resistances of the 
amplifier valves and also feedback from the anode to grid due to the 
anode-grid capacitance. Both change the damping of the tuned 
circuit, and feedback also alters the tuning frequency (generally to 
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a lower frequency value). Receivers fitted with A.o.c., which 
cannot easily be disconnected, should be tested at a power output 
below that at which A.G.C. is operative. For broadcast receivers, 
50 mW is likely to be satisfactory, but for communication receivers 
it should be limited to I mW. The effect of A.o.c. is to give a 
response wider than the true tuning frequency response. 

This test yields results of value for assessing the performance of 
the tuned circuits, and it is a guide to the discrimination of the 
receiver against the first type of interference, viz., heterodyne 
whistle, but it provides incomplete information with regard to 
interference from undesired signals present at the grid of the first 
R.F. valve at the same time as the desired, i.e., cross-modulation 
and distortion in the first amplifier valve is ignored. 

The second test (R.M.A.) is designed to include cross-modulation. 
The outputs from two signal generators, connected in series, are 
applied through a dummy aerial to the receiver. The two generators 
should be checked to ensure that the series connection has not 
affected their voltage calibration. Each in turn, with the other 
switched off, is set to the receiver tuning frequency, and the receiver 
output is noted for the same modulated signal generator voltage. 
The receiver output will be the same in both cases, if the series 
connection is satisfactory. 

The selected test tuning frequencies are as for the first method. 
A low-pass filter is inserted in the receiver output to cut off all 
frequencies above 400 c.p.s. This is to prevent the beat frequency 
due to the desired and undesired carrier frequency separations from 
masking the cross-modulation effect. Correct tuning is first carried 
out with the undesired carrier off and the desired carrier modulated 
30% at 400 c.p.s. and set for I millivolt R.M.s. The receiver volume 
control is adjusted to give one-quarter of the maximum rated output. 
The modulation of the desired carrier is switched off, and the 
undesired carrier modulated 30% at 400 c.p.s. is applied at different 
off-tune frequencies. Its voltage is adjusted to give an output 
power 40 db. below the original one-quarter maximum power. 
Thus an interference power of 0· l mW is required from a receiver 
having maximum output of 4,000 mW. The undesired signal 
frequency is not normally adjusted closer than ± 5 kc /s to the desired 
frequency. 

A specimen curve is shown as full line curve I of Fig. 14.3b. 
The interfering carrier is plotted to a vertical scale (logarithmic in 
µ,V or linear in decibels relative to I µ,V) against off-tune frequency 
to a. linear horizontal scale. Except for receivers having very poor 
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selectivity before the first R.F. amplifier valve, little difference is 
found to exist between the curves obtained by this and the first 
method. Since the second method is so much more complieated 
there is little value in using it in preference to the first. It is, 
however, useful in determining the selectivity of a receiver 
fitted with automatic selectivity or automatic frequency control. 
A similar test, known as the two-signal cross-talk interference test, 
is suggested by the I.R.E., but the interference power output is 
adjusted to 30 db. below standard output and three different levels 
of desired carrier, 50, 5,000 and 100,000 µV, are used. 
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Fm. 14.3b.-A Selectivity Curve Obtained by the Two-signal Method. 

This method of measuring selectivity gives no indication of the 
demodulating effect of the undesired carrier on the modulation of 
the desired at the detector, nor does it show the contribution of the 
undesired carrier to the A.G.c. voltage. The I.R.E. two-signal 
blocking interference test allows this effect to be measured, and is 
& further modification of the two-signal selectivity test. The 
modulation of the undesired signal is switched off after the correct 
interference power output has been obtained ; the desired carrier 
is modulated at 30%, and the A.F. power output with the undesired 
carrier on is compared with its value when the undesired carrier 
is switched off. The reduction in desired output is plotted against 
off-tune frequency on the same graph as the two-signal selectivity 
curve (see dotted curve 2 in Fig. 14.3b). 

Heterodyne whistle and "monkey-chatter" frequency-inverted 
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interference are not included in the above two-signal interference 
tests, but the latter can be modified to show this effect. The 
procedure is as follows : The two-signal generators are connected 
in series to the receiver through the dummy aerial and only the 
desired carrier is switched on. It is modulated 30% at 400 c.p.s. 
and its output set at a. specified level (values are given later). If 
the A.F. output volume at this carrier level is greater than half the 
rated maximum output, the A.F. volume control is reduced to give 
this value. The desired modulation is now switched off and the 
undesired modulated carrier switched on and adjusted to a specified 
level. A 400 c.p.s. filter is not used, so that the interference power 
output includes heterodyne whistle and frequency-inverted com
ponents as well as cross-modulation. The interference power output 
is noted at different off-tune frequency settings of the undesired 
carrier and it is plotted in decibel ratio with reference to I mW as 
zero level. The minimum undesired-desired carrier spacing at which 
measurements are taken is that giving an interference power output 
equal to half the rated maximum. The test is carried out for 
the following carrier inputs-the suffix D denotes desired and 
U undesired carrier-50 µV (D) and 50 µV (U); 50 µV (D) and 
100,000 µV or I volt (U); 5,000 µV (D) and 5,000 µV (U); 5,000 µV 
(D) and 100,000 µV or I volt (U). This simulates conditions for 
interference between two weak, a weak and powerful, two average, 
and an average and powerful signal. A typical result is shown by 
curve I in Fig. 14.3c; the curve is asymptotic to the inherent noise 
level of the receiver as the undesired carrier off-tune frequency 
separation from the desired is increased. 

A 400 c.p.s. band-pass filter is next inserted between the output 
and output meter, and a test is carried out with the desired carrier 
modulated and the undesired unmodulated at the same input levels 
as those listed above. This measures the demodulating effect of 
the undesired and also the volume reduction of the desired modula
tion due to operation of the A.G.C. by the undesired carrier. Desired 
output is plotted against off-tune frequency as a decibel ratio with 
reference to I mW as zero level"; curve 2 in Fig. 14.3c is a typical 
example. 

The overall selectivity characteristic is expressed as the ratio of 
the desired to undesired output, and is obtained by plotting the 
difference between <!urves I and 2 in Fig. 14.3c. The result is 
indicated by curve 3 in Fig. 14.3c. This final curve gives a truer 
indication of interference discrimination than either single or normal 
two-carrier tests. For example, neither of the latter can indicate 
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the effect of a whistle filter in the A.F. stages, whereas the improve
ment in signal-to-interference ratio due to inclusion of the whistle 
filter is shown by the modified two-signal test as a dip in the inter
ference output curve 1 at an off-tune frequency corresponding to 
the rejection frequency of the whistle filter and a rise in the signal
to-interference ratio curve 3. The whistle filter has no effect on 
the desired power output at 400 c.p.s., since it occurs after the 
detector where the demodulation is occurring. 

1------+----+-----1-20---+----+----t 

1-----+-----+----i+so---+----+----i 

,___ __ .,__ __ _.___.__......,0,----11...1..----'-----' 
-30 -20 -70 0 +10 +20 +30 

Off Tune Frequency(kc/,) 

Fm. 14.3c.-A Modified Selectivity Test Curve. 

14.5.3. Electrical Frequency Response. The electrical (as 
distinct from the acoustical) frequency response of a receiver is 
useful for assessing the attenuation of the higher-frequency modula
tion sidebands by the selectivity of the R.F. and I.F. tuned circuits, 
and the reduction of high or low audio frequencies due to tone 
control. The curve has only a general resemblance to the acoustical 
frequency response, which is chiefly determined by the audio 
radiation characteristics of the loudspeaker. 

The test is performed at a carrier frequency of 1,000 kc/s, 
modulated 30%. The modulation frequency is varied from 30 to 
10,000 c.p.s., and the power output variation noted. The carrier 
input is set at 5,000 µV, and the volume control adjusted to give 
one-quarter of the rated maximum or 500 mW, whichever is the 
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greater, at a modulation frequency of 400 c.p.s. If the power 
output approaches the maximum at any modulation frequency (this 
might occur with tone control circuits), the output level at 400 c.p.s. 
must be reduced below the rated one-quarter maximum. The 
results are plotted in the form of a vertical logarithmic power output 
scale, or a linear power output decibel ratio scale (zero level being 
the output at 400 c.p.s.), against a logarithmic scale of modulation 
frequency. Curves (see the dotted extensions in Fig. 14.4) are 
taken for tone control and variable selectivity (if included) settings 
g1vmg maximum and minimum low and high audio frequency 
response. If the setting of the volume control affects fidelity, 

V ,i.-' --... ... " / 
, , ... 

, , ' ' ,. 
' , 
' ,. ,. ' ,. ' , ' ' 

,I' , , 

-75 
30 so 100 soo 1000 sooo 1ooao 20000 

Modulation Frequency (c.p.s.) 

F10. 14.4.-The Electrical Frequency Response of a Receiver. 

curves should be taken at 400 c.p.s. power output levels differing 
by 10 db. 

Electrical frequency response may be taken at carrier frequencies 
other than 1,000 kc/s, e.g., at the centre of the long-wave band, 
200 kc /s ; there is usually little to be gained by taking fidelity 
curves in the short-wave range because the selectivity of the signal
tuned circuits is relatively poor. Different input carrier levels 
should be tried if the receiver has automatic selectivity or tone 
control. 

14.5.4. Harmonic Distortion. For this measurement care 
must be taken to ensure that the signal generator and audio fre
quency modulating source produce minimum sideband and audio 
frequency distortion. The tests can be conveniently subdivided to 
show the distortion introduced by the different stages in the receiver. 

The A.F. stages may be checked by applying the audio frequency 
modulating source to the pick-up terminals or to the grid of the 
first A.F. amplifier valve. Readings of power output against dis
tortion are obtained at, usually, three frequencies, 400, 1,500 and 
3,000 c.p.s. 
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For measurement of R.F. modulation envelope distortion, the 
R.F. input carrier, modulated 30% and 60%, is varied, the A.F. 

volume control being adjusted each time to maintain constant power 
output at a value low enough to produce low distortion in the A.F. 

amplifier. Readings should also be taken of distortion against 
modulation percentage for an input carrier of 5,000 µ V and the 
same low audio power output. The three frequencies listed above 
are used to modulate the carrier. 

The effect of tone control on distortion should be examined by 
repeating the first test with tone control settings for minimum 
high- and low-frequency response. 

14.5.5. Noise. The noise level of a receiver is specified by the 
R.M.A. as the R.F. input unmodulated carrier for which the R,M.S. 

audio output from the receiver is equal to the output given by 
10% modulation at 1,500 c.p.s. of the same carrier. 

For measuring the noise level the carrier is adjusted until the 
power output is doubled by applying the specified modulation, and 
this carrier is then regarded as the equivalent noise voltage level. 
A filter attenuating hum voltages below 300 c.p.s. is included. 
Noise from external sources _is to be excluded, and it may be 
necessary to operate the signal generator from batteries. 

This definition of noise is somewhat arbitrary and a more satis
factory method is to quote signal-to-noise power ratio as suggested 
for the sensitivity tests. 

The I.R.E. specification differs slightly from the above. The 
input unmodulated carrier is set to some suitable value, such as 
the sensitivity value, and the noise power output, P n• is measured 
by a thermal instrument (this gives R.M.s. value). A 400-c.p.s. 
band-pass filter is inserted between output and milliwattmeter, the 
400-c.p.s. modulation of the carrier is switched on at 30%, and the 
power output P O noted. The equivalent noise voltage is defined as 

En = 0·3EcJ:: 14.2 

where 0·3 is the modulation factor and Ee is the carrier voltage. 
In order that the noise output may be proportional to the noise 

side-band voltages, the carrier voltage (Ee) should be at least 3En 

and preferably lOEn- If the original Ee gives En greater than ~e, 

it should be increased until expression 14.2 gives En< ~c. Noise 

from hum and external causes should be reduced to the lowest value 
as suggested for the first test. 
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14.5.6. Hum. In measuring interference due to hum from the 
mains power supply, noise frequencies must be severely attenuated, 
and a low-pass filter, having a cut-off frequency of 300 c.p.s., is 
inserted between the output and the output meter. Hum may 
appear in the loudspeaker from the speaker field coil, the A.F. or 
the R.F. amplifier stages. Hum from the former is a result of using 
it as the smoothing coil. A "hum-bucking" coil (a few turns of 
thick wire wound on top of the field coil) in series with the speech-coil 
is employed for neutralizing purposes. In measuring hum injected 
into the speech-coil from the field coil, the voltage across, or current 
in the speech-coil is noted when the output valve anode is discon
nected from the output transformer primary and connected direct 
to H.T. positive, and the primary shunted by a resistance equal to 
the output valve slope resistance. For A.F. and R.F. amplifier hum 
measurement the speech-coil is replaced by an output meter having 
a resistance equal to the modulus of the speech-coil at 400 c.p.s. 
Hum from the A.F. amplifier is due to direct amplification of hum 
voltages produced in the grid-cathode circuits by the heaters or is 
due to insufficient smoothing of the H.T. power supply. The R.F. 

circuits can only produce hum by modulation of the input carrier 
or of the oscillator in the frequency changer circuit. Since modu
lation is dependent on non-linear valve characteristics, the hum 
from the R.F. circuits usually reaches a maximum at some par
ticular bias corresponding to maximum rate of change of the laEg 
characteristic. 

Hum due to the A.F. stages may be measured on the output meter 
with the A.F. volume control set to zero, but it is preferable to remove 
the last I.F. valve from its socket and to take the reading with the 
A.F. volume control at maximum. If the latter is at zero, hum in 
the grid-earth circuit of the first A.F. amplifier is not measured, and 
this may form an appreciable proportion of the interference. 

Measurement of modulation hum is only necessary when it is 
comparable with hum from the post-detector stages, and it is made 
with an unmodulated 1,000 kc/s carrier. The receiver volume 
control is set at maximum and the output meter reading is observed 
as the carrier voltage is increased. If the output reaches a maximum 
at a particular carrier voltage (this is generally so if the receiver has 
A.G.c.), the power is noted and compared with the output registered 
when the 400 c.p.s. (30%) modulation is switched on. The hum 
filter is removed for the 400-c.p.s. reading and volume control 
adjustments are made if overloading of the A.F. amplifier is experi
enced, the hum power output being measured at the new volume 

K* 
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control setting. The hum modulation is expressed as a percentage 
modulation 

Mh = 30✓ph % 14.3 
Po 

where Ph= hum power output 
P O = 400-c.p.s. power output obtained for the same volume 

control setting as Ph. 
14.5.7. Automatic Gain Control. The A.G.C. performance is 

normally measured at the mid-frequency of each waveband. The 
R.M.A. recommend that the input carrier modulated 30% at 400 c.p.s. 
should be set to 1 volt and the volume control adjusted to give one
quarter of the maximum rated output. The carrier input is reduced 
in suitable steps and the output noted. A curve is plotted of 
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Fm. 14.5.-A.o.c. Characteristic Curves of a. Receiver. 

output power against input voltage to logarithmic scales, or of 
power and input carrier in decibel ratios to linear scales (Fig. 14.5), 
zero level being one-quarter of the rated maximum and 1 µ V 
respectively. 

The I.R.E. test is very similar; the output power is adjusted to 
one-half the rated maximum when the carrier voltage is 1 volt. 
The output power ratio (0 db. =½maximum rated power) is plotted 
against a horizontal decibel scale of input carrier referred to a zero 
level of 1 volt. The suggested figure of merit is the input decibel 
reduction below 100,000 µV necessary to produce a 10-db. change 
of output. For receivers operating on small signals the input 
decibel reduction may be taken from 5,000 µV. 

If an interchannel noise suppression circuit (Quiet A.G.c.) is 
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incorporated, the A.o.c. curve about the noise-suppression point 
should be taken for increasing as well as decreasing input carrier 
in order to show any backlash effect. 

An alternative 6 method of measurement is to begin from 
minimum input carrier with the volume control set at maximum. 
The input is increased until the output reaches one-quarter of the 
maximum output. :At this point the volume control is changed to 
reduce the output to one-tenth of its value. The input is again 
increased and the procedure repeated until I volt carrier is reached. 
The A.G.c. curve is made continuous by multiplying the second set 
of output readings by 10, the third by 100, and so on. The great 
advantage of this method is that it gives sensitivity directly and 
also indicates any need for changing the A.G.c. delay voltage. For 
example, suppose the maximum rated output is 3 watts, the A.G.C. 

delay - 15 volts, and the curve shows A.G.C. operation to commence 
at 10 watts output. This suggests that the delay voltage should be 
reduced to bring A.G.c. into operation at about 2,500 watts output, 

i.e., the delay voltage should be reduced to - 15 x J~·g = - 7·5. 

It is of considerable advantage to include with the A.G.C. char
acteristic a curve of noise power output against input carrier, the 
noise being measured for the unmodulated carrier. A suitable 
filter removing hum voltages is included between the A.F. output 
and the meter. Noise power output is plotted in decibel ratios 
(Fig. 14.5) with zero level the same as that for the A.G.C. curve. 
The signal-to-noise ratio for a given input carrier is found immedi
ately by the difference between the A.G.c. and noise power levels. 

14.5.8. Frequency Changer Interference Effects. The 
image signal, and harmonics of the oscillator, intermediate and 
undesired signal frequencies can interact in the frequency changer 
to produce interference with the desired signal. The first two are 
the most important and a measure of oscillator harmonic interference 
is usually an adequate guide to the smaller interference from inter
mediate and undesired signal harmonics. 

The image signal sensitivity is found by varying the signal 
generator carrier frequency over a range covering a frequency of 

/ 8 +2/1, where/8 is the receiver tuning frequency and/1 is the inter
mediate frequency. The carrier is modulated 30% and its voltage 
is adjusted, when the frequency point of maximum audio output 
has been found, until standard power output is obtained. The 

. image signal sensitivity . 
result 1s plotted as 20 log10 1 . 1 ·t· ·t agamst real rea s1gna sens1 1V1 y 
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signal frequency. Variation of the carrier frequency over a small 
range on either side of fs + 2f 1 is necessary because the receiver 
tuning-dial frequency setting cannot usually be read with sufficient 
accuracy. 

For oscillator harmonic response the same procedure is followed. 
The signal generator frequency is varied over a small range, which 
includes an undesired signal frequency spaced from second and third 
harmonics of the oscillator by an amount equal to the intermediate 
frequency. Thus for an I.F. of 465 kc/s and a receiver tuning 
frequency of 1,000 kc/s, the oscillator frequency is 1,465, giving 
second and third harmonics of 2,930 and 4,395 kc/s. The signal 
generator is therefore set in turn to 2,465 and 3,930 kc/s, and the 
sensitivity measured. Curves are plotted of decibel ratio oscillator 
harmonic sensitivity to real-signal sensitivity against real-signal 
frequency. 

14.5.9. Oscillator Frequency Drift. The oscillator for the 
frequency changer should be checked to determine the variation of 
frequency due to power supply changes, normal operating tempera
ture variations and .A.G.c. A detector having a grid circuit tuned 
to the oscillator frequency is loosely coupled to the oscillator (a wire 
connected to the detector grid lead placed near the oscillator valve 
or tuning capacitor is usually sufficient). In series with the detector 
grid circuit is the output from a frequency stabilized oscillator 
operating at a frequency separated from the receiver oscillator 
frequency by about 500 c.p.s. The audio note of 500 c.p.s. produced 
in the detector output is measured by a calibrated beat frequency 
oscillator. The receiver oscillator drift causes the detector output 
A.F. frequency to vary and the variation is noted on the beat 
frequency oscillator. 

Frequency variation is measured for ±5% mains supply varia
tions, and readings are taken rapidly so as not to include temperature 
effects. The latter are noted by observing the variation of frequency 
over a given time period (about½ hour) from switching on. A curve 
is plotted of frequency drift (vertical linear scale) against time 
(horizontal). 

Automatic gain control causes frequency drift by varying the 
H.T. voltage and the frequency changer load on the oscillator 
(Section 6.6 and 6.8, Part I). A curve is suggested of frequency 
drift against microvolts input to a logarithmic scale or decibel ratio 
to a linear scale (zero level 1 µV). This and the first test should 
only be performed after the receiver has settled down to normal 
operating temperatures (about ½ hour after switching on). It is 
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not usual to take readings at other than the centre frequency of 
each wave range. 

14.5.10. Automatic Frequency Correction. The perform
ance of the automatic frequency corrector is checked by noting the 
off-tune frequencies at which the desired signal disappears and 
reappears. The signal generator input carrier is tuned away from 
the receiver tuning frequency, and the frequency at which the 
400-c.p.s. output disappears is noted. 

The carrier is then retuned towards the receiver frequency 
and the pull-in position noted. The A.F.C. is dependent on the 
amplitude of the input carrier, and it should be checked at the 
sensitivity input and also inputs of 5,000 and 100,000 µV. The 
test should preferably be carried out at each end of a wave range. 

14.6. Acoustical Tests. Acoustic measurements on a radio 
receiver are more difficult to perform than electrical tests. Recom
mendations have been made by the R.M.A. for the measurement and 
calculation of frequency response, acoustic sensitivity, output and 
hum. Two tests only are suggested by the I.R.E., one on frequency 
response similar to the R.M.A. specification and the other a qualitative 
examination of noise audibility. Some further definitions must be 
given and additional apparatus described before the tests are stated. 

14.7. Definitions. 
14.7.1. Frequency Response. The acoustic frequency re

sponse of a receiver is the relationship between the output intensity 
level, measured at a given position relative to the loudspeaker, and 
the output audio frequency. 

14.7 .2. Intensity Level. The intensity level of an audio 
frequency is the ratio in decibels of the measured output with 
reference to a sound pressure of 2·04 x 10- 4 dynes/sq. cm. (i.e., 
a power of 10-16 watts per square centimetre). 

14.7 .3. Loudness Level. The loudness level of an audio 
frequency note is the intensity level (expressed in phons) of 
a 1,000-c.p.s. note judged by the listener to be equal in loudness 
to the test frequency output. A direct measurement of loudness 
entails switching from the test to the 1,000-c.p.s. frequency. An 
examination by a number of observers 3 has produced an agreed 
average figure for loudness level for different frequencies and the 
relationship between loudness and intensity level for a 400-c.p.s. 
note is tabulated below. 
Intensity Level (db.) 
Loudness Level (phons) 

10 20 30 40 50 53 60 70 80 90 100 
0 11 22·5 35 47 50 58 69·5 80 91 99 
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14.7.4. Overall Acoustic Sensitivity. The overall acoustic 
sensitivity for an open aerial receiver is the input in microvolts 
needed to give a loudness level, at the measuring position, of 
50 phons. The input carrier is modulated 30% at 400 c.p.s. 

14.7.5. Distortion Factor. The distortion factor is defined as 

14.4 
2 J .t E,.2 

n=l 

where E,. is the voltage across the speech-coil due to the nth har
monic. The arbitrary multiplication of E,. by n in the numerator 
is included since higher harmonics generally have greater interference 
capability (see Section 10.7). For example, 5% of third harmonic 
gives relatively greater interference than 5% of second harmonic. 

14.7.6. Total Harmonic Content. The total harmonic 
content is 

j .tEs 
100 i\?· 

n=l 

14.5. 

14.7.7. Free Space Conditions and their Approximation. 
Free space conditions of still air, absence of reflected waves and no 
distortion of the sound field by the microphone can be approached 
in the open air on a windless day at a considerable distance from 
the ground or any reflecting surface. They may also be simulated 
in a heavily damped room, the minimum internal volume of which 
should be 1,000 cubic feet. 

14.7 .8. Hum. Hum applies only to low-frequency mains 
interference due to inadequate filtering of D.c. voltage sources, 
vibration of mains transformers, and A.O. voltages induced from the 
heater supply. The result is expressed in phons. 

14.8. Additional Apparatus. The apparatus required in 
addition to that listed in 14.3 is a pressure-operated microphone, 
calibrated in volts per dyne per square centimetre, an amplifier 
having a straight-line frequency response (±0·5 db.) from 30 to 
10,000 c.p.s. for amplifying the microphone output, and distortion 
factor apparatus. The latter consists of an amplifier, having a fl.at 
frequency response from 30 to 10,000 c.p.s., a filter for attenuating 
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the fundamental, a 
circuit having a 
frequency response 
directly proportional 
to frequency, and a 
v a 1 v e voltmeter. 
For measuring distor
tion factor, the filter 
and specialfrequency 
discriminating circuit 
are inserted and the 
R.M.s. output voltage 
noted. The filter 
and special circuit are 
next removed and 
a potentiometer cali
brated in distortion 
factor is adjusted to 
give the same R.M.S. 

output voltage read
ing. 

A diagram of the 
apparatus is shown 
in Fig. 14.6a, and 
details of the high
pass filter attenuating 
the fundamental are 
given in Fig. 14.6b. 
The frequency dis
criminating circuit 
consists of L 1 and R4 

connected to the 
anode of the first 
valve V1 • In the up 
position ( 1) of switch 
S 1 a flat frequency 
response is obtained 
(R4 only is in circuit), 
whilst in the down 
position (2) L 1 is 
inserted and the re
quired rising fre-

I 
~ 

t-------4~ 
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quency characteristic is obtained, i.e., the amplitude of the output 
voltage from V 1 for a fixed input voltage is directly proportional 
to frequency. Switch 8 2 in the up position (1) connects the out
put of the amplifier valve V 2 direct to the transformer T 1 in the 
grid circuit of another amplifier valve V 3. The latter is followed 
by the anode bend valve voltmeter V4 • With switch 8 2 in the 
down position (2), the high-pass filter is inserted between V 1 

and T 1 and the fundamental 400-c.p.s. frequency is eliminated. 
Potentiometer R 1 is an input control, selecting any desired pro
portion of the audio output voltage from the receiver. Potentio
meter R6 measures and is directly calibrated in distortion factor. 
R 1a is a preset gain control initially adjusted to give a satisfactory 
valve voltmeter reading. Switch Sa enables the total voltage 
across R 8 or the voltage from the slider to earth to be measured. 

The component values for Fig. 14.6a are: 
Inductance L 1 = O·l H. Transformer T 1 • 1: 5 step-up ratio. 

Transformer T 2 • 1 : 3·5 step-up ratio. Milliammeter Oto 0·5 mA. 

Resistances. Capacitances. 

1. O·l M.Q (variable) 1. 8 µF 
2. 10,000 .Q 2. 25 µF 
3. 2,500 .Q 3. 8µF 
4. 1,000 .Q (preset variable) 4. 0·l µF 
5. 250 .Q 5. 8µF 
6. 0·l M.Q (variable) 6. 50µF 
7. 100 .Q 7. 4µF 
8. 1,000 .Q 8. 0·l µF 
9. 750 .Q 9. 25 µF 

10. 2,500 .Q 10. 1 µF 
11. 60 .Q 11. 1 µF 
12. 25,000 .Q 12. 25 µF 
13. 0·l M.Q (preset variable) 13. I µF 
14. 5,000 .Q 14. 8µF 
15. 25,000 .Q 

16. 320 .Q Valves. 
17. 0·l M.Q I. MKT4 
18. 15,000 .Q 2. KT41 
19. 20,000 .Q 3. MH41 
20. 1,000 .Q (variable) 4. MH41 
21. 100 .Q 

The procedure for the initial calibration of R 8 in terms of dis
tortion factor is as follows. The filtered output voltage from 
a 400-c.p.s. oscillator is applied across R 1 , and with switch 8 2 on 
position 1, the resistance R4 is adjusted until there is no change 
in the valve voltmeter reading when switch S 1 is changed from 
position 2 to 1. This means that the amplification of V 1 to the 
fundamental frequency is the same in position 2 as in position 1. 
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The filtered output from the 400 c.p.s. oscillator is used to modulate 
the signal generator and the output voltage from the receiver is 
applied across R 1 • With switches 8 1 , 8 2 and Sa in position 2, 
R 1 is adjusted to give a convenient reading on the valve voltmeter ; 
this measures the total distortion quality of the harmonics, i.e., the 
voltage represented by the numerator of expression 14.4. 

Switches 8 1, 8 2 and Sa are now moved to position 1 and the slider 
of R 6 is adjusted to give the same selected reading on the valve 
voltmeter ; this is a measure of the voltage represented by the 

denominator of expression 14.4. The distortion factor is -i, where 

a is the fraction of R 6 needed to give the same voltmeter reading 
in position 1 as in position 2. 

Fm. 14.6b.-The High Pass Filter for the Distortion Factor ApparatUB. 

Component values of the high-pass filter of Fig. 14.6b (used for 
removing the fundamental 400 c.p.s.) are as follows: 

Inductance. Capacitance. 
1. 0·424 H 1. 0·249 µF 
2. 0·127 H 2. 0·373 µF 
3. 0·212 H 3. 0·746 µF 

Cut-off frequency, 500 c.p.s. 
Maximum attenuation frequency, 400 c.p.s. 
Ro= 800 D. 
Attenuation at and above 800 c.p.s. less than 1 db. 
Attenuation at 400 c.p.s. 80 db. (minimum) for Q of coils = 50. 

14.9. Acoustical Measurements. 
14.9.1. Frequency Response. Measurements of frequency 

response are to be made in the free space approximate conditions. 
Calibrated records are used in the gramophone pick-up, and for the 
complete receiver a 1,000 kc/s carrier modulated at 30% and of 
R.M.s. value 20,000 µVis applied through the dummy aerial. The 
tone and variable selectivity controls are set for maximum frequency 
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response. The input to a frame aerial receiver through the shielded 
coil is to be 20,000 µV per metre. The receiver volume control is 
adjusted to give one-quarter of the maximum electrical power output 
to a load resistance corresponding to the speech-coil modulus at a 
frequency of 400 c.p.s. 

The modulation frequency of the signal generator is varied from 
30 to 10,000 c.p.s. and measurements of intensity level are made 
for two positions of the microphone : 

(1) On the axis of the speaker, with a distance of 3 feet between 
the planes of the microphone diaphragm and the loud
speaker grille or cabinet opening. 

(2) At a point in the horizontal plane at 45° to the axis of the 
loudspeaker ; the microphone and speaker separation is 
to be 3 feet and the microphone diaphragm is to be set 
perpendicular to the line joining microphone and speaker. 

For all tests the centre of the loudspeaker is 3 feet from any 
boundary surface. 

If recording apparatus is used to note the intensity level
frequency curve, all maxima and minima must be registered, and 
stopping the apparatus at one frequency must not change the 
intensity level reading by more than 2 db. 

The axial and 45° responses are plotted on the same graph to 
a vertical linear decibel ratio scale and a logarithmic horizontal 
frequency scale. The reference level of O db. for the curves is the 
intensity level corresponding to the geometric mean of the pressures 
at 200 and 600 c.p.s., i.e., the intensity level is referred to vP200 .P 600 

instead of 0·000204 dynes/sq. ems. For radio gramophone receiver 
tests the type of needle used must be stated. 

14.9.2. Acoustic Sensitivity. The acoustic sensitivity is the 
modulated carrier required to give a loudness of 50 phons, or at 
400 c.p.s. modulation an intensity level of 53 db. Its value may 
be calculated from the measurement made for the previous test 
(14.9.1). The intensity level at 400 c.p.s. is taken as the geometric 
mean of the pressures at 200 and 600 c.p.s. referred to a pressure 
of 0·000204 dynes per square centimetre. 

Let I71rw denote this geometric mean intensity level, SE the 
electrical sensitivity giving 50 mW electrical output, SA the acoustical 
sensitivity giving a 400 c.p.s. output intensity level corresponding 
to 53 db., W the electrical power output at 400 c.p.s. for the 
frequency response test (of value about one-quarter of the maximum 
output). 
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If the electrical power output is- directly proportional to the 
square of the input carrier 

SA= ~ 
sE ✓ w 

where Wu is the electrical power output (mW) giving a 400-c.p.s. 
intensity level at the microphone of 53 db. 

But 
w 

lnw = IO log10 Wa, 

where WO is the electrical power output (mW) giving zero intensity 
level at the microphone (a pressure of 0·000204 dynes/sq. cm.). 

and 

or 

Wu 
53 = 10 log10 Wo. 

lnw - 53 1 W 
10 = og10 Wu 

W (Inw-53) 
- = 10 10 
Wu 

w Wu=----
(
Inw-sa)· 10 _l_O_ 

Replacing this in the first expression, the acoustical sensitivity is 

J w S =S . 
A E50 X IO(0·l Inw-5·3) 

14.6. 

14.9.3. Hum. For hum measurements, test-room disturbances 
and noise in the microphone amplifier are to be at least 5 phons 
below the lowest hum level. The microphone diaphragm is to be 
located on the speaker axis at a distance of 12 inches from the 
speaker grille. The mains supply voltage should contain approxi
mately 3% of fifth harmonic. The fifth harmonic of the mains 
fundamental is chosen because it is found that this is the harmonic 
most frequently picked up by an unshielded grid lead. This require
ment may be fulfilled by using a low-pass filter in the mains leads 
to suppress harmonics, the 3% of fifth harmonic being inserted 
from a valve generator, the output from which is connected across 
a series resistance in the filtered mains lead. 

The overall frequency response characteristic of the microphone 
and amplifier is to be as follows to within ±2 db. 
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Frequency. 
25 c.p.s. 
50 ,, 

100 ,, 
150 ,, 
200 ,, 
250 ,, 
300 ,, 
400 ,, 
500 ,, 
600 ,, 
700 ,, 
800 ,, 
Above 1,000 c.p.s. 

Gain relative to 
25 c.p.s. 

0 
+12·5 
+25 
+31-5 
+36 
+40 
+43·5 
+48 
+51·5 
+52·5 
+54 
+55 

Less than - 10 

The above frequency characteristic may be realized by inserting 
a T-section equalizer at a suitable point in the straight-line frequency 
response amplifier mentioned in 14.8. The two series arms of the 

equalizer are capacitors of ~
8 

µF, and the shunt arm consists of 
0 

a resistance of 0·117R0 ohms and inductance 7·17R0 µH, where 
R 0 is the characteristic impedance of the equalizer. Frequencies 
above 800 c.p.s. must be attenuated by additional apparatus. The 
voltmeter at the output of the microphone amplifier is to measure 
R.M.s. values. 

The hum loudness level is expressed as 

E 
L = 65+20 log10 - phons 14.7 

pq 

where E = the R.M.S. output voltage from the microphone amplifier 
p = the ratio of the voltage across the output meter in the 

receiver to the voltage at the microphone at 400 c.p.s. 
q = the sensitivity of the microphone in volts per dyne per 

square centimetre at 400 c.p.s. 

The hum level is quoted for (1) maximum output hum obtainable 
without the carrier but with any control setting, and (2) the 
maximum output for any carrier voltage up to 1 volt and any 
control setting. 

14.9.4. Acoustic Output and Distortion Factor. For 
the acoustic output-distortion factor measurements, the input 
carrier (1,000 kc/s) modulated 60% at 400 c.p.s. is adjusted to 
20,000 µV. 

Readings are taken of distortion factor for different settings 
of the A.F. volume control, and the result is plotted to a scale as 
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shown in Fig. 14.7. The intensity level In is calculated from the 
400 c.p.s. electrical power output as follows: 

W1 
lnw, = lnw+l0 log W . 14.8 

where lnw is the intensity level defined in 14.9.2, 
W is the electrical power output defined in 14.9.2, 
W1 is the actual 400 c.p.s. electrical power output measured, 

and lnw, is the intensity level corresponding to an electrical 
power output of W1 • 

t.. 

~ 
<., 

~ 
go-1-----------------1----
j 
~ 

50 55 60 
Intensity Level (db) 

Fm. 14.7.-An Example of a Distortion Factor-Intensity Level Curve. 
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CHAPTER 15 

FREQUENCY MODULATED RECEPTION 19 

15.1. Introduction. The difference between amplitude and 
frequency modulated transmissions has already been discussed in 
Chapter I, Part I, where the corresponding vector and sideband 
representations are given. In frequency modulated transmission 
the amplitude of the carrier remains constant, variation of carrier 
frequency playing the same role as amplitude change in the amplitude 
modulated carrier. The magnitude of the frequency variation, or 
deviation, of the carrier is directly proportional to the intensity of 
the modulating signal. Thus, if the modulating signal voltage is 
doubled, the frequency deviation of the carrier is doubled. The 
rate at which the latter is varied is that of the modulating frequency. 
For example, if the intensity of the A.F. signal is such as to vary 
the carrier frequency by ±50 kc/s, this variation occurs 1,000 times 
per second when the modulation frequency is 1,000 c.p.s. In the 
same manner as with amplitude modulation, the frequency modu
lated carrier can be resolved into a carrier, of fixed frequency equal 
to its unmodulated value, and sidebands spaced on either side of 
the carrier by frequency differences equal to the modulation fre
quency ; unlike the amplitude modulated carrier, frequency modula
tion produces more than two sidebands for each modulation 
frequency. For a given modulating A.F. voltage, the frequency 
spectrum covered by the essential sidebands is practically independ
ent of the modulating frequency, i.e., a low modulating frequency 
of given amplitude has a large number of sidebands closely spaced, 
and a high modulating frequency of the same amplitude has few 
sidebands widely spaced, covering approximately the same frequency 
range as the low modulating frequency sidebands. The amplitudes 
of the carrier and sideband compouents are a function of the 
modulating frequency and voltage, and each component passes 
through a series of zero amplitudes as the amplitude of the modulat
ing voltage is increased from zero. The actual relationship between 
component amplitudes and modulating frequency and voltage is 
shown in expression I .4, Part I, to be of Bessel function form in 
terms of the modulation index. The latter, which is the ratio of 
the frequency deviation of the carrier to the modulation frequency, 
is a function of the modulating voltage because frequency deviation 
is a result of, and is directly proportional to, the modulation ampli-

294 



5.1] FREQUENCY MODULATED RECEPTION 295 

tude. The variation of the carrier (Jc) and first (fc±fmod.), second 
(fc±2/mooJ and third (fc,±3fmod.) sideband component amplitudes are 
plotted against modulation index in Fig. 15.1. Taking the carrier 
component and a modulating frequency of 1,000 c.p.s., we see that 
the carrier component is zero at modulating voltages corresponding 
to the following carrier frequency deviations, 2,405, 5,520, 8,654, 
11,792, 14,931, 18,071 c.p.s., etc. This feature 8 has been used to 
measure frequency deviation in a frequency modulated transmitter 
and to determine the range of modulating voltage over which there 
is a linear relationship between modulating voltage and carrier 
frequency deviation. The unmodulated carrier is tuned in on an 

+O•Bl----"l----+--_.:;_---1---i---+----+---+----if-----t 
{: 
~ Side-bandC//;!:J;,,) 
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{ 2nd Side-band(,(c-!:2.fm) 

'g +0·41----+i---+-+.,,<'-----+--:7"'-"Y------=·--.:1-;7"3rd ide-band U:, ± 3fm) 

~ "-, '----- --
~ +O•Zt---+--1---,4----+----,,<----t--',--t--_.+--'<-+.,,._--+---".,1-----t 
V) ,/' 

a / 
~ or-:::--=--+---'t--+---'-+--+-'<--+--t----'l:---1;<-----1f--::~~ 
·t a 
<..:) -o-z1---+----+---+-+-
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Fm. 15.1.-The Variation of Carrier and Sideband Amplitudes of a. F.M. Trans

mission age.inst Modula.tion Index ~!~]. 
[Note: For J,,. read fmo4; fd = carrier deviation frequency,) 

amplitude modulation receiver having a heterodyne oscillator and 
a highly selective A.F. band-pass filter. The latter is tuned to some 
convenient audio frequency, such as 1,000 c.p.s., and has a sufficiently 
narrow pass range to prevent appreciable response from frequencies 
separated from the tuning frequency by an amount equal to, or 
greater than, the modulating frequency. Thus if fmod. = 1,000 c.p.s. 
the filter should attenuate severely frequencies above about 
1,800 c.p.s. and below 200 c.p.s. The filter is terminated by an 
amplifier and any suitable indicator such as telephones or valve 
voltmeter. The carrier is now modulated and the modulating 
amplitude increased until the heterodyne whistle or voltage at the 
indicator falls to a minimum. This corresponds to a frequency 
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deviation of 2,405 c.p.s. when/ mod. = 1,000 c.p.s. Other minima are 
found as the modulating voltage is increased and these correspond 
to 5,520, 8,654 c.p.s., etc., frequency deviations. 

In a frequency modulated receiving system the semi-pass-band 
width of the receiver must never be less than the highest modulating 
frequency it is desired to accept, even though the frequency deviation 
of the carrier is less than the modulating frequency. For example, 
if the modulating frequency is 10,000 c.p.s. and its amplitude such 
as to give a carrier frequency deviation of 4,000 c.p.s., there are 
three pairs of sidebands up to Uc±3f mod.) kc/s, which have ampli
tudes exceeding 1 ¾ of the carrier component, and all these must be 
accepted by the receiver if correct reproduction is to be obtained, 
i.e., the receiver pass-band must be fc±30 kc/s. As a general rule 
we may say that the receiver pass-band width is determined by the 
highest audio frequency modulating component, when the carrier 
frequency deviation is much less than the highest modulating 
frequency, whereas when the reverse is true the band width is 
determined by the frequency deviation. 

There are certain advantages, notably in improved signal-to
noise ratio and reduced volume compression, to the use of frequency 
in place of amplitude modulation, and these are discussed more 
fully in the next section. 

The receiver design is similar in principle to that of its amplitude 
modulated counterpart, except for the limiter and the converter 
for changing the frequency modulated carrier into an amplitude 
modulated carrier before detection. Some modifications may be 
necessary in receiving a high fidelity frequency-modulated trans
mission because the receiver pass-band may require to be about 
ten times the highest audio frequency (15 kc/s). With high fidelity 
A.M. transmission no increase in A.F. output is obtained by making 
the band-width greater than twice the highest audio frequency, 
and it possesses the serious disadvantage of increasing noise output. 

15 .2. The Advantages and Disadvantages of Frequency 
Modulation. Four important advantages can be gained by the 
use of frequency modulation instead of amplitude modulation, viz., 

(I) greater signal-to-noise ratio 
(2) lower transmitter input power for a given A.F. output from 

the receiver 
(3) less amplitude compression of the A.F. modulating signal 
( 4) larger service area, and smaller interference area between 

stations on adjacent carrier frequencies. 
These advantages can only be realized under certain operating 
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conditions, chief of which is that reception must be confined to the 
direct ray 3 from the transmitter. Indirect ray communication, as 
in short-wave transmission over long distances, is subject to selective 
fading of the carrier and sidebands (see Section 3.2, Part I), and 
the audio frequency signal suffers severe distortion. This distortion 
is usually much worse with frequency than with amplitude modula
tion because of the large number of sidebands required to convey 
the correct character of the low-frequency components of the audio 
signal. Amplitude modulation is much less affected because there 
is only a pair of sidebands for eaeh modulation frequency component. 
Hence this effect renders frequency modulation impracticable except 
on ultra-short waves. High fidelity frequency-modulated trans
mission with a large frequency deviation (up to ±75 kc/s) also 
requires an ultra high frequency carrier. 

To understand the reason for the greater signal-to-noise ratio 
obtained from a F.M. system it is necessary to examine the character
istics of noise, which may be caused by disturbances in, or external 
to, the receiver. Noise from external sources is mainly of the 
impulse type, and is due to atmospheric disturbances (these are not 
normally very serious at ultra high frequencies) or to interference 
from electrical machinery (the ignition system of a car, switching 
surges transmitted by the mains supply wiring, etc.). It often has 
high peak voltages and may be periodic, continuous or spasmodic. 
In a well-designed receiver, internal noise is due to random motion 
of the electrons in the conductors and the valves, the important 
sources being the aerial, the first tuned circuit and the first valve. 
Thermal (conductor) and shot (valve) noise-see Sections 4.9.2 and 
4.9.3, Part I-have frequency components covering a very wide 
range and continually varying in amplitude. With an amplitude 
modulation receiver each noise voltage, in the absence of a carrier, 
can interact with other noise components within audible range of it 
to produce the characteristic A.F. hiss, and the wider the pass-band 
the worse is the noise. If a carrier is applied and is large ertough to 
ensure linear detection, the noise voltages act as sidebands to the 
applied carrier and audible beats are now only produced between 
the carrier and noise, i.e., the carrier demodulates (see Section 8.10, 
Pa.rt I) the noise carriers and interaction between the noise compo
nents themselves is suppressed. Hence only those noise components 
within audio range of the carrier contribute to the noise output ; * 

* It is this same principle which operates in the homodyne or reinforced 
carrier receiver to give increased selectivity when the amplitude of the 
incoming carrier is increased in the receiver. 
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in practice we more often find that the application of a carrier 
increases the noise output, and this may be due to noise on the 
carrier itself (from the transmitter) and to the fact that the noise 
voltages alone are not large enough to cause the linear detection 
point of the A.F. detector to be reached. However, it is still true 
that only those noise components within audio range of the carrier 
contribute to the output. 

A special device, known as a limiter, is incorporated in a F.M. 

receiver to suppress amplitude changes of the carrier, so that noise 
cannot have the same effect as in an A.M. receiver. For the sake of 
clarity let us consider the action of a single noise frequency com
ponent, fn kc/s, spaced an audio frequency (fn -Jc) kc/s from the 
carrier. By considering the carrier as a stationary vector, OA, the 
noise can be represented as a vector AB rotating round the carrier 

Phase 
,, Modulation 

Bf-----, due 
: Amp'/it[-fde tq 
, Moctulation \k""' Noise-¾,,,{ 
: due_ to B" '.B' B'r~,. 

0 0 0 
Fm. 15.2.-Amplitude end Phase Modulation of a Carrier Vector by a Single 

Noise Frequency. 

at Un - fc) kc/s as illustrated in Fig. 15.2. We see that there is 
both amplitude and phase change of the resultant carrier vector 
OB; the former, which causes the noise output in the A.M. receiver, 
is suppressed by the limiter in the F.M. receiver, and the latter, 
which causes a frequency change of the carrier, produces the noise 
output in the F.M. receiver. A characteristic of phase modulation 
(see Section 1.4, Part I) is that carrier frequency deviation is directly 
proportional to the frequency of a constant amplitude modulating 
signal, so that noise sidebands near to the carrier give much less 
frequency deviation and consequently much less audio output from 
a F.M. receiver than those spaced farther from the carrier frequency. 
This " triangular " distribution of the effective noise sideband 
voltages reduces the R.M.s. noise voltage output for a maximum 

carrier frequency deviation of ±15 kc/s to /
73 

of the noise output 
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from an A.M. receiver having the same maximum pass-band width 
of ±15 kc/s. This means a signal-to-noise power ratio three times 
greater than for amplitude modulation, i.e., a gain of 4·75 db. in 
signal-to-noise ratio. In the case of impulse noise from car ignition 
systems, etc., Armstrong 2 estimates an improvement of 4 to 1 
(6 db.) in signal-to-noise power ratio. It is not necessary to confine 
the frequency deviation of the carrier to ±15 kc/s, and the signal 
output is proportionally increased by increasing frequency deviation 
in the ratio frequency deviation-to-maximum audio modulating 
voltage, e.g., if the carrier deviation is ±75 kc/sand the maximum 
audio frequency ±15 kc/s, the signal-to-noise voltage ratio is 
increased five times or 14 db. Taking the lower estimate for the 
"triangular" noise distribution, we have a total improvement in 
signal-to-noise power ratio of 75 to 1, or 18·75 db. The increase 
in receiver band width to accommodate the gr~ater frequency 
deviation introduces extra noise sidebands, but if the carrier is 
large in comparison with the noise (at least twice the peak noise 
voltage) there is no increase in noise output because the phase 
modulation of the carrier by the additional noise sidebands is outside 
the audible range. When the peak carrier-to-noise ratio is less than 
unity, interaction occurs between the noise components, which phase 
modulate each other; in this case noise is increased and signal-to
noise ratio decreased by increasing the receiver pass-band. This 
causes a well-defined threshold area 7 to appear round a F.M. trans
mitter ; outside this area better signal-to-noise ratio is obtained with 
reduced frequency deviation and a narrower receiver pass-band.11 

Inside this area the reverse is true. 
Signal-to-noise ratio can be still further improved by the use of 

" pre-emphasis "-increased amplitude of the higher audio fre
quencies modulating the transmitter-at the transmitter followed 
by "de-emphasis" at the receiver. Pre-emphasis and de-emphasis 
can be applied to A.M. transmissions, but are less effective because 
all noise sideband voltages contribute equally to the noise output. 
An improvement in signal-to-noise power ratio of 5·4 to 1, 7·35 db.10 

is realized by pre-emphasis giving a total improvement of 405 to 
1 or 26·1 db. 

The second advantage of frequency modulation is that less power 
is required from the mains supply to the transmitter in order to 
produce a given audio power at the receiver output. In the power 
amplifier stage of an A.M. transmitter, the D.c. current must be 
sufficient to allow 100% modulation without serious distortion, i.e., 
it must be able to accommodate a carrier of twice the unmodulated 
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value. Since a F.M. carrier has constant amplitude it follows that, 
either the F.M. transmission gives twice as much effective power as 
the A.M. transmission for the same D.C. input power, or alternatively 
the same A.F. signal can be obtained at the output of the F.M. receiver 
by reducing the D.C. power at the transmitter by one-half. This 
represents a further increase in signal-to-noise power ratio of 2 to 1, 
giving a total improvement of 810 to 1 or 29·1 db. Successive 
stages of improvement are illustrated in Fig. 15.3. 

Frequency Modulation S,"gna/-to-Noise Ratio 
29•7 

2 Times Increase due to More Ef'f'icient 
Transmission 

26•1 

5·4 Tt'mes Increase by Pre Emphasis at 
Transmitter and fJe Emphasis at Receiver 

25 Times lncr,ease due to Widero 
Modulation Pass Band 

3 Times Increase due to Phase 
4.75 

Modulation by Noise 
Datum Level l 0 

Amplifode Modulation Signal-to-Noise Ratio 

FIG. 15.3.-Successive Stages in Signal-to-Noise Ratio Improvement by the Use 
of Frequency Modulation. 

Reduced compression of the audio signal in a F.M. transmitter 
really arises out of the increased signal-to-noise ratio. In an A.M. 

system maximum modulation percentage is limited by modulation 
envelope distortion to 90%, and a suitable minimum value is 5%, 
if low level sounds are not to be marred by noise ; hence the 
maximum audio output voltage variation is 18 to 1, giving a power 
variation of 324 to 1 or 25 db. Clearly the maximum change of 
70 db. between the loudest and softest orchestral passage would 
sound unnatural in a normal room and some compression is essential. 
The power ratio can, however, with advantage be raised another 
20 db. to 45 db., and this is possible with F.M. because of its higher 
signal-to-noise ratio. 

Apart from noise, a very important problem in radio com
munication is the separation of a desired programme from undesired 
programmes, and in an A.M. system this limits the closeness of 
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spacing between the carrier frequencies, and also the service area of 
a given transmitter. If the separation between the desired and an 
undesired carrier is equal to an audio frequency, an audible hetero
dyne note is produced at the receiver output, causing serious inter
ference with the desired programme unless the desired carrier is at 
least ten times the undesired at the receiver aerial. This limits the 
service area of either transmitter, and between the two is a large 
area in which reception of one programme is marred by the other. 
Increased separation of the carrier frequencies can remove this 
interference outside the audio range, but the desired signal service 
area is still restricted by frequency inverted " monkey-chatter " 
due to fundamental or harmonic sideband overlap (see Section 14.5.2) 
from the undesired. Powerful A.M. transmitters need to be separated 
by at least 50 kc /s if the interference area between them is not to be 
large. A different state of affairs exists with two F.M. transmissions 
because the limiter in the receiver suppresses amplitude change. 
Interference, as in the case of noise, occurs due to phase modulation 
of the desired by the undesired carrier. This phase modulation 
produces an audio output of frequency equal to the carrier separation 
and of amplitude directly proportional to the separation frequency. 
Thus for small carrier separations interference is small ; it is actually 
most noticeable at a carrier separation of 5 kc/s,10 for though greater 
separations give greater equivalent modulation the resultant output 
becomes less audible. We therefore find that two F.M. transmissions 
can be operated with small carrier spacing and yet give quite a small 
interference area (where the desired to undesired carrier amplitude 
ratio is less than 2 to 1) between them. Interference is worst when 
both carriers are unmodulated. Although it is possible to operate 
with small carrier spacing it is usually considered better to adopt 
a spacing slightly beyond the audio range. Even so this does not 
call for modification of the statement that the interference area 
between two F.M. transmissions is very much smaller than the area 
between two A.M. transmissions of comparable performance. 

15.3. The Frequency Modulation Receiver. The F.M. oper
ating frequency ranges, which must be in the ultra short-wave band 
for the reasons given in Section 15.2, are likely to be from 40 to 
50 Mc/s and from 100 to 120 Mc/s, so that the superheterodyne 
method of reception is essential to achieve sufficient overall amplifica
tion. A schematic diagram of a frequency modulation receiver is 
shown in Fig. 15.4, and we see that it only differs from that of the 
amplitude modulation receiver by the inclusion of the limiter and 
frequency-to-amplitude modulation converter stages. The dipole 
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aerial is connected to a R.F. stage followed by a frequency changer 
with a local oscillator. After the frequency changer is a series of 
intermediate frequency amplifier stages, the output of which supplies 
the limiter. Following the limiter is a converter for changing the 

Dipole 

Loudspeaker 

Fm. 15.4.-A Schematic Diagram of a F.M. Receiver. 

frequency modulated carrier into an amplitude modulated one, 
which is then detected in the normal way. The detected output is 
amplified before it is applied to the loudspeaker. 

The purpose for which the receiver is intended determines some 
of its design features ; if it is to be used for high fidelity broadcast 
transmission the pass-band is wide-about ±100 kc/s-in order to 
accommodate the carrier frequency deviation, whereas for com
munication purposes a pass-band of about ±15 kc/s only may be 
necessary. The latter type of receiver has approximately the same 
pass-band range as a high-fidelity A.M. receiver, and there is little 
difference between the design of the R.F., frequency changer and 
I.F. stages of the two types of receiver. On the other hand, the 
high-fidelity F.M. system operating with large carrier frequency 
deviations calls for greater damping of all tuned stages, a higher 
intermediate frequency and, in order to obtain the same amplifica
tion, a larger number of I.F. stages. Special methods 15 may be 
employed to compress carrier frequency deviation after the frequency 
changer, so as to reduce the required number of I.F. stages. The 
limiter stage is an essential part of the receiver because amplitude 
changes of the F.M. carrier, due to noise or transmission variations, 
are passed on through the frequency-to-amplitude converter to the 
detector, which is responsive to them. The conversion of the 
frequency into amplitude modulation is clearly necessary to regain 
the original character of the audio frequency modulating voltage, 
which is that of amplitude variation. The A.F. stages of the receiver 
are identical with those of the comparable A.M. receiver. 

Starting from the aerial, we shall now turn to a more detailed 
examination of the separate stages, illustrating the various features 
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with special reference to a receiver for high-fidelity transmission, 
having a frequency deviation of ±75 kc/s and preset signal-tuned 
circuits. 

15.4. The Aerial Input. This consists of a plain or V dipole 
aerial dimensioned so as to act as a half-wave resonant aerial 
approximately at the centre of the range of F.M. transmissions it 
is desired to accept. Its overall length is about 5% less than 
one-half of the wavelength of its resonant frequency because, owing 
to end effects, the equivalent electrical length is always greater than 
the physical length. Normally a dipole aerial intended to cover 
a range of frequencies is adjusted to resonate at the geometric mean 
of the extreme frequencies, but in the case of F.M. transmission 
covering the range 40 to 50 Mc/s, having a small ratio change of 
frequency, the difference between the geometric mean 44·6 Mc/sand 
the arithmetic mean, 45 Mc/s, is negligible. Thus the overall length 
of a half-wave dipole suitable for the above frequency range is 
given by 

l 
0·95 XV 

= 21 ems. 

where v=velocity of the electro-magnetic wave=::3 X 1010 cms./sec 
f = centre frequency of the range in c.p.s. 

Therefore l = 0·95 x 3 x 1010 
= 316 ems. 

90 X 106 

= 10·35 ft. 
If a reflector is used it is normally spaced about one-eighth to 

one-quarter of a wavelength away from the aerial, and it may be 
a half wavelength long or greater ; a length greater (by about IO%) 
than a half wavelength helps to give a more constant response 1·3 

over the frequency range. The split centre of the dipole is taken 
via a low impedance (Z0 = 70 to 100 .Q) twin wire feeder to a 
centre-tapped coil coupled to the first tuned circuit of the receiver. 
The impedance variation of the dipole, and the transmission loss 
at the junction of dipole and feeder can be calculated by the methods 
set out in Sections 3.3.5 and 3.5.3, Part I. Motor-car ignition 
interference, a serious problem on ultra short waves, is mainly 
vertically polarized and best signal-to-noise ratio may be found with 
the dipole aerial horizontal. 

15.5. The R.F. Amplifier Stage. The advantages of includ
ing a R.F. stage before the frequency changer are increased receiver 
sensitivity, signal-to-noise ratio, and selectivity against undesired 
I.F. responses due to interaction between undesired signals, or their 
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harmonics, and the oscillator, or its harmonics. The first two 
factors, which are interrelated, are most important. Owing to the 
use of a limiter stage a high degree of overall amplification (greater 
than for the corresponding A.M. receiver) is required, and as most 
of this must be obtained in the I.F. amplifier, instability is a real 
danger. Additional amplification at the signal frequency (it may 
be from 6 to 12 times with the high gm (8 mA/volt) tetrode valve 
normally used for ultra-short wave amplification) is most desirable 
because it allows the I.F. amplification to be reduced for the same 
overall sensitivity. Highest sensitivity is obtained in the R.F. stage 
by employing optimum coupling between the feeder and first tuned 
circuit, a R.F. valve having a low input admittance and a high Ym, 
and an anode circuit having a high resonant impedance. These 
requirements may, however, conflict with those necessary for 
maximum signal-to-noise ratio and selectivity. The usual objection 
to optimum coupling, viz., that an appreciable reactive component 
is reflected into the first tuned circuit from the aerial, is much less 
serious at ultra high frequencies because of the feeder connection, 
which has a low, mainly resistive, and almost constant impedance 
over the tuning frequency range. 

Two conflicting factors enter into the problem of obtaining 
greatest signal-to-noise ratio, and they arise because there are two 
sources of noise, the aerial-to-grid connection and the first R.F. valve 
itself. When valve noise predominates, greatest signal-to-noise ratio 
is realized by greatest possible signal voltage amplitude at the valve 
grid, i.e., by using optimum coupling (see Section 3.4.2, Part I) 
between the feeder and first tuned circuit. On the other hand, if 
aerial, feeder and first circuit noise is much larger than valve noise, 
maximum signal-to-noise ratio is realized by a coupling much greater 
than optimum. If it is assumed that the overall pass-band width 
of the receiver is independent of the selectivity of the first tuned 
circuit (this is certainly true of short and ultra short waves), 
maximum signal-to-noise ratio is obtained by dispensing with the 
first tuned circuit and coupling the aerial feeder direct to the grid 
of the first valve, at the same time neutralizing any reactive com
ponent in the aerial feeder connection by including an equal and 
opposite reactance. This procedure cannot, however, ordinarily be 
followed because of cross-modulation in the R.F. valve and the need 
to discriminate against signals which are not adjacent in frequency 
to the desired, but which might produce spurious I.F. responses in 
the frequency changer. 

The signal-to-noise voltage ratio for optimum coupling between 
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aerial feeder and first tuned circuit is actually 0·707 times 16 

(- 3 db.) the maximum possible signal-to-noise ratio obtained by 
direct coupling from aerial feeder to the grid of the first valve. 
This can be seen from the formula 4.50, Part I, for conductor noise, 
which shows that noise voltage is proportional to the square root of 
the effective conductor resistance. The band-width factor (!1 - / 2 ) 

in this expression is practically that of the I.F. amplifier stages {tnd 
can be assumed to be unaffected by first circuit selectivity. With 
optimum coupling between the aerial feeder and first tuned circuit 
the effective resistance of the aerial feeder is doubled (see 
Section 3.4.2, Patt I), so that the noise voltage is effectively increased 
by V2 or 1·414. Since greatest signal-to-valve noise ratio calls 
for maximum input signal, and the selectivity of the first tuned 
circuit is rapidly reduced when optimum coupling is exceeded (at 
optimum coupling it is only one-half the maximum possible), it is 
better from a practical point of view to use optimum coupling. 
It is in any case essential if it is desired to terminate the feeder 
correctly with its characteristic impedance. 

An important feature of the R.F. valve at ultra high frequencies 
is its grid input admittance. This limits the transfer voltage ratio 
(see Section 3.4.2, Part I) from aerial feeder to the grid of the 
R.F. valve, and also the selectivity of the first tuned circuit. 
Degenerative voltage feedback from the cathode into the grid 
circuit through the grid-cathode interelectrode capacitance is mainly 
responsible for high input admittance (see Section 2.8.3, Part I). 
The degenerative voltage is developed in the inductance of the 
cathode-earth lead. Electron transit time also contributes to give 
a high grid input admittance. Special methods have been developed 
for reducing the degenerative effect of the grid-cathode capacitance 
by neutralizing the lead inductance. This is achieved by inserting 
a parallel combination of resistance and capacitance in series with 
the cathode earth lead and it is discussed in Sections 2.8.3 and 
4.10.3, Part I. In the analysis which follows we shall assume that 
no special precautions are taken. In Section 2.8.3, Part I, a simpli
fied formula for the conductance component of the input admittance 
is shown to be 

G0 = YmOJ 20gkLk , 15.1 

where Ym = mutual conductance of the valve 
0

0
k = grid-cathode interelectrode capacitance 

Lk = inductance of the cathode-earth lead. 

Taking gm= 8 mA/volt, 00k = 3·5 µµF, Lk = O·I µH and 
L 
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f = 45 Mc/s, the conductance is 224 µmhos, which is equivalent to 
an input parallel resistance of 4,460 Q; an average value for this 
type of valve is 3,000 Q, including electron transit time. If the 
valve is connected across the whole of the tuned circuit, and optimum 
coupling is used to the aerial feeder, the maximum possible value 

f . d f h d . . . 3,000 n o resonant 1mpe ance o t e tune circuit 1s -
2
- or 1,500 .:.,:. 

Assuming a tuning capacitance of 30 µµF (valve and stray wiring 
capacitances preclude a much lower value being used), the tuning 
inductance value at 45 Mc/sis 0·416 µHand the maximum effective 
magnification of the tuned circuit is 

Q =Rn= 1,500 
wL 2n X 45 X 106 X 0·416 X 10-e 

= 12·75. 

The pass-band width, i.e., twice the off-tune frequency at which 
the response of the tuned circuit falls to 0·707 of its maximum value, 
is given by 

2Jf = ~ = 45 
- = 3·53 Mc/s. 

Q 12·75 

Such a circuit could therefore be used to accept transmissions 
covering a range approximately from 43 to 47 Mc/a when tuned to 
45 Mc/a, and it is clear that signal tuning would confer little advan
tage over this range, which can accommodate twenty high-fidelity 
F.M. transmissions having frequency deviations not exceeding 
± 100 kc/s. This wide pass-band range, together with the restricted 
range of ultra high frequency transmission, favours preset tuning 
of the R.F. stage to the centre of the desired range, discrimination 
against adjacent transmissions being achieved in the I.F. amplifier, 
and variable tuning by oscillator frequency adjustment. When 
signal circuit tuning is employed, selectivity can be improved, at 
the expense usually of sensitivity and signal-to-noise ratio, by 
tapping the valve grid into a portion only of the tuning coil. For 
example, if the grid of the valve is tapped halfway down the coil 
the equivalent parallel damping resistance across the whole tuning 
coil is increased to 12,000 Q from the valve. This is reduced to 
6,000 Q by optimum coupling to the aerial feeder so that maximum 
possible Q is increased to 51 and the band width reduced to 0·88 Mc/a. 
Reduced aerial feeder coupling could be employed to raise Q still 
further, and it is interesting to note that in order to produce a pass-

band of 0·2 Mc/s, Q would need to be raised to :~ = 225. As 
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a general rule an overall Q much higher than 50 would not be practic
able in the first tuned circuit. 

Adjustment of signal tuning may be by variation of capacitance 
or inductance. The disadvantage of variable capacitance tuning is 
that it increases the minimum tuning capacitance, reduces the 
already small value of tuning inductance, and also reduces the 

resonant impedance [o~] of the tuned circuit. The latter is a more 

serious disadvantage in the anode circuit of the R.F. valve. Induct
ance tuning is usually accomplished by screwing a metal plunger 
in or out of the coil. The plunger, which' acts as a short-circuited 
turn to reduce the inductance, must be of high-conductivity material 
( copper or brass) if it is not to reduce the Q of the coil to a very low 
value. This form of eddy current tuning has two disadvantages. 
Losses are introduced into the coil and the Q of the coil falls 
(rapidly at first) as the plunger or " slug "is inserted. The frequency 
range, which can be obtained, is limited due to the difficulty of 
designing a simple mechanical arrangement which will permit a high 
degree of coupling between coil and plunger. Stray wiring induct
ance, which has an effect similar to stray capacitance in the capaci
tively tuned circuit, also reduces the frequency range. A frequency 
range variation 14 of l ·5 to l is realizable practically, and the ratio 
change of Q over the same range of frequency is of the order of 
0·4 to l for a copper plunger, and 0·3 to l for brass. Maximum 
Q is obtained at the low-frequency end of the range. The reduction 
in Q at the high-frequency end of the range is due to the reduction 
of effective inductance, the increase in the coil resistance and the 
resistance reflected into the coil from the plunger. Owing to this 
reduction in Q as tuning frequency increases, the resonant impedance 
is greatest at the low-frequency end of the range, and its variation 
over the range is generally greater than with capacitance tuning. 
Plotting tuning frequency against plunger position relative to the 
coil gives an S-shaped curve,1' frequency change being less as the 
edge of the plunger is just entering the coil, being greatest when the 
edge is passing through the centre of the coil, and then reducing 
again as the edge of the plunger approaches the other end of the 
coil. Eccentricity of the plunger with respect to the coil appears 
to have very little effect on L and Q. 

In the layout of the R.F. stage the usual precautions appropriate 
to ultra high frequency operation must be taken ; leads should be 
as short as possible, all earth connections taken to the same point 
on the chassis, and there should be adequate decoupling, by mica 
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capacitors, of electrodes normally carrying only n.c. or A.O. supply 
voltages (screens, cathodes, heaters, etc.). A typical aerial and 
R.F. amplifier stage with preset signal tuning is illustrated in 
Fig. 15.5, which is drawn to emphasize the points enumerated above. 
Capacitors 0 3, 0,, 0 6 , O, and 0 8 (mica 0·001 µF) are for by-passing 
radio frequencies to earth. The tuning capacitances in the grid 
and anode circuits are made up of the low value variable air 
capacitors 0 2 and 0 5 and the stray capacitances, consisting of the 
valve, wiring and coil self-capacitances, which are shown dotted as 
0 z' and O /. Alternatively the additional capacitors may be 
omitted and the inductance " trimmed " by using eddy current 
tuning with a plunger. The two capacitors 0 1 are inserted in each 
feeder line to neutralize the inductance of Li, which would normally 

,--------OH.T.+ 

To FC. 
Grid 

1..'.::::::jc=:=::=:gL.T. 
L __ b==c:~~~~~~::::::::::::__ __ L_--0H.T.-

Fig. 15.5.-The Aerial and R.F. Amplifier Stage for a F.M. Receiver 

[The coil in the anode of V1 is L3.] 

mean a reactive as well as resistive termination for the feeder. 
They are not essential if maximum possible sensitivity and signal-to
noise ratio (with optimum coupling) are not required. The series 
screen resistance R, should be about 50,000 D, and if there is any 
tendency to parasitic oscillation a resistance of 50 D may be inserted 
between the screen pin and the junction of R, and O ,. The anode 
decoupling resistance R 5 is 1,000 D. A.G.c. bias can be applied to 
this stage, but is not desirable (and rarely necessary since the I.F. 

stages can provide the required control) because change of bias 
decreases grid input conductance and capacitance, so detuning the 
first tuned circuit and reducing its pass-band range. A self-bias 
resistance R 6 of 150 D is suitable. 

Assuming the R.F. stage to be preset tuned to 45 Mc/s with an 
overall pass-band of 4 Mc/s, the details of the aerial input circuit 
are as follows : 
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Radiation resistance of dipole aerial = 80 Q 
Characteristic impedance of the aerial 

feeder = 80 Q 
Total inductance of the centre-tapped 

primary coil L 1 (any suitable value 
can be chosen. It should preferably 
be less than L 1, and, if C 1 is not used, 
should be as small as possible con
sistent with obtaining the required 
value of M 1 with L 2) = 0·28 µH 

Capacitance 0 1 (~
1 tunes L 1 to 45 Mc/s) = 89 µµF 

Two capacitors of 100 µµF would prob-
ably give satisfactory results. 

Assumed total capacitance across second
ary coil L 2, made up of 15 µµF from 
valve interelectrode and electronic 
capacitance and 15 µµF from wiring 
and coil self-capacitance = 30 µµF 

Total inductance of secondary coil L 1 = 0·416 µH 
Assumed undamped Q of secondary cir-

cuit, Q0 = 150 
Resonant impedance of the undamped 
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secondary circuit = Q0wL1 = 17,630 Q 
Grid input resistance, Rg1, of the R.F. 

valve at 45 Mc/s = 3,000 Q 

Owing to the inclusion of C 1 the aerial feeder-to-grid transformer 
has a tuned primary and secondary, and the Q of both these circuits 
influence the pass-band response. However, the Q of the primary 
(owing to the feeder connection) is so low that the pass-band is 
almost entirely determined by the Q of the secondary coil, and we 
need only consider the design of the grid-tuned circuit as far as 
pass-band characteristics are concerned. Hence, treating the aerial
grid transformer as a single tuned circuit and allowing a loss of 
- 1·5 db. at the extremes of the pass range, 43 and 47 Mc/s, we 
find from Fig. 4.3, Part I, that QF = 0·642, or the Q of the grid-

d 
. . . . d b Q,, 0·642/m 0·642 x 45 7 23 tune crrcmt 1s require to e o = 2,1/ = 4 = · · 

This includes the damping due to the aerial feeder coupling, which 
is optimum and therefore halves the uncoupled Q value, so that the 
required Q in the absence of aerial feeder coupling is 

Qo' = 14·46 
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and this is equivalent to a resonant impedance of 

Rn'= Qo'wL2 = 1,700 D. 

[CHAPTER 15 

The resonant impedance of the coil when damped by the valve 
. 17,630 x 3,000 2 0 n th ddi . l d . . 1s 

17 630 3 000 
= •,56 .:,4, so at an a t1ona ampmg resist-

' +' 
ance (R8 in Fig. 15.5) of 5,060 Dis needed across the tuned circuit. 

The mutual inductance between Li and L 2 for optimum coupling 
(see expression on 3.21, Part I) is 

M1=Za1JRa' 
W Rai 

where Za1 = total impedance of the primary circuit 

= VRa12+xa12 

where Ra1 = series resistance of primary circuit and is approximately 
the characteristic impedance of the feeder 

2 
Xa1 = wLi - - 0 = 0 

(J) i 

R1' = effective series resistance of the secondary circuit, 
including the valve and additiona.l damping 

wL, n 
= Q! = 8·12 .:,4 

Mi= V Ra'Rai = V8·12 X 80 = O·OO µH. 
w 6·28 X 45 X 106 

It will be noted that the impedance reflected across the feeder 

. 1 . . . d 1 t w 
2 
Mi 

2 
80 n termma s 1s res1st1ve an equa o R; = .:,4. 

If the coils Li and L 2 are wound on a ½-in. diameter former 
with 16 s.w.G. copper at 10 turns per inch, the required number of 
turns is approximately 4 and 6 respectively. 

The formula for transfer voltage ratio from the feeder to the 
grid of V 1 is from expression 3.20c, Part I. 

1 
TR (optimum coupling) = 2wO 

2 
V Ra

1
R

2
' 

But R , (wL2)2 1 
2 = Rn' = (w02)2Rn'' 

l✓R' TR (optimum coupling) = 2 Rn • 
al 

15.2 

= !Jl,700 
2 80 

= 2·31. 
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We can now check the assumption made above that the double
tuned feeder-to-tuned circuit transformer has a frequency response 
almost the same as that for a single-tuned circuit of half the Q of 
the secondary tuned circuit, i.e., ½Qo'. From expression 7.2b, 
Part I, the modulus of the transfer impedance for two dissimilar 
circuits tuned to the same frequency is 

Rn1Q2kJf:;_ 

I Zp I = v'[l +Q1Q2(k2 - F2)]2+(Q1 +Q2)2F2 
and the ratio frequency response is 

I Zp IF..,o 1 +Q1Q2k 2 

I Zp IF=O - V[l +Q1Q2(k 2 - F 2)]2+(Q1 +Q2) 2F 2 

2 

for optimum coupling when Q1Q2k2 = I. 
Writing the above in terms of a decibel loss 

L (db ) 1 I Zp IF=O 
oss . = - 20 og10 I Z I 

T F,/,0 

= - 10 log10 L2 - Q1Q2F2)2+(Q1 +Q2)2p2 
4 

. 15.3a 

. 15.3b. 

In the single tuned circuit we assumed a loss of - l ·5 db., which 
gives the expression 

or 

Q' -° F = 0·642. 
2 

Qo'F = Q2F = 1·284. 

Qi = roL1 = 6·28 x 45 X 0·28 = 0_99_ 
Ra1 80 

Hence Q1F = 0·088, and Q1Q2F 2 = 0·1131, so that 
(3·55 + l ·88) 

loss (db.) = - 10 log10 4 
= - 10 log10 1·358 

= - 1·32 db. 

The actual frequency response is therefore slightly better than 
that obtained on the assumption that the feeder double-tuned 
transformer is equivalent to a single-tuned circuit of half the 
secondary circuit Q value. The difference is, however, so slight as to 
be almost insignificant. It is interesting to note that the generalized 
selectivity curves of Fig. 7.7, Part I, can be applied to double-tuned 



312 RADIO RECEIVER DESIGN [CHAI'TER 15 

coupled circuits of dissimilar characteristics 17 but tuned to the same 
frequency. 

The formula for thermal noise R.M.S. voltage in the first tuned 
circuit is (expression 4.50, Part I) 

E,. = 1·25 X 10-10 v'Rn(f1 - f2), 

where Rn is the final resonant impedance of the secondary 
tuned circuit when damping from the feeder is taken into considera
tion, i.e., it equals ½R' n, and (f1 - f 2) is the overall pass-band of 
the receiver. 

Thus 
R' 

Rn= : = 850 Q, 

andf1 - f 2 = 200 kc/s for high fidelity F.M. transmission of ±75 kc/s 
frequency deviation. The noise in the R.F. valve is usually expressed 
in the form of a resistance, and when this is known it may be added 
to the resonant impedance of the tuned circuit in order to calculate 
the total effective noise voltage at the grid of the first valve. An 
average value for the type of valve used is 1,500 Q, so that the 
total equivalent noise resistance is 2,350 Q and the noise voltage 
at the grid is 

En = 1·25 X 10-10 v2,350 X 200 X 108 

= 2·71 µV 
2·71 

=p= 1·172µV 
R 

noise output at the feeder. If it is assumed that high fidelity trans
mission requires a signal-to-noise ratio not less than 20 db., the 
receiver fulfils this requirement for all carrier voltages exceeding 
11. 72 ft V at the feeder output. The decision not to exceed optimum 
coupling between feeder and first tuned circuit is seen to be justified 
because the valve noise resistance is greater than that of the circuit. 
Increased coupling reduces Rn, and hence the noise voltage at the 
grid of V 1 , but the resulting reduction in transfer voltage ratio 
offsets this and increases the effective noise voltage at the output 
of the feeder, so reducing the overall signal-to-noise ratio. Since 
the reactance of L 1 is neutralized by ½O 1 , no reactance component 
is reflected from the feeder into the tuned circuit, and tuning of 
the latter is unaffected by the coupling. 

Should continuous capacitance tuning be required over the range 
40 to 50 Mc/s (a ratio change of l ·25), a change of capacitance of 
l ·563 is needed. This can be achieved by a tuning capacitor of 
25 µµF maximum and 5 µµF minimum value. 
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Alternatively, a larger capacitor may be used with a series pad
ding capacitor inserted to reduce its range factor. The secondary 
inductance L 2 must be reduced to 0·287 µH so as to resonate 
at 40 Mc/s with 55 µµF (0 2 +0e(max.)). To make variable 
tuning of value, the damping across the tuned circuit from the 
valve must be reduced, and we shall assume that the valve is tapped 
across one-third of the coil. Optimum coupling between feeder 
and coil must still be retained in order to terminate the feeder in 
80 Q. The capacitors 0 1, neutralizing the reactance of Li, are 
omitted because it is not convenient to vary them in step with O 2 , 

and unless this is done a large reactive component is reflected into 
the secondary circuit as the secondary tuning frequency is changed 
from the resonant frequency of the primary. The unneutralized 
reactance of L 1 itself reflects a reactive component into the secondary, 
but it is shown later to be almost equivalent to a constant negative 
capacitance over the frequency range, and can be compensated by 
adding a capacitor in parallel with O 2• 

For L 2 = 0·287 µH, Q0 = 150, f = 45 Mc/s, and the valve 
tapped across one-third of the coil, the equivalent valve damping 
resistance across the secondary tuned circuit (Ru1 = 3,000 Q) is 
27,000 D 

Qo' = Q0 .27,000 = 150 _27,000 = 103.3_ 
Q0wL2 +27,000 39,190 

Rn'=Qo'wL2 =103·3 x 81·3 = 8,420!J,andRz' = ~~,
2 

= 0·788Q. 

Assuming L1 = 0· 14 µH-it is deliberately reduced to improve 
feeder matching-Xa1 = 39·6 Q, and 

Zal = v'Ra1 2 +Xa1 2 = v'80 2 +39·6 2 = 89·2 Q. 

The value of M 1 for optimum coupling is 

M = Zal {JI; = 89·2 J0·788 = 0_0313 H. 1 w ✓ Jf;;i 6·28 X 45 X 106 80 µ 

The final Q o" of the secondary circuit is halved by the feeder 
connection to 51·65 so that the pass-band width is 

45 
2iJf = 51_65 = 0·87 Mc/s. 

The pass-band is much larger than is required, but it must be 
remembered that this does not include the selectivity of the anode
tuned circuit of the R.F. amplifier, and the overall pass-band width 
would be about one-half this value, i.e., 0·435 Mc/s. 
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The overall resonant impedance of the tuned circuit is 

Rn"= wL2Qo" = 81·3 x 51·65 = 4,200 Q 

and this is reduced to R{' across the grid of V1 • Hence the total 

equivalent noise resistance in the grid circuit is 1,500 (valve) 
+466 (circuit) = 1,966 Q and the noise voltage is 

En= 1·25 X 10-10 -vl,966 X 200 X 103 

= 2·475 µV. 
The transfer voltage ratio from feeder to tuned circuit is 

'lJ _ .1JRn' _ ½✓8,420 
R - 2 Ra1 - 80 · 

= 5·12. 

The transfer voltage ratio to the grid of V 1 is one-third of this, viz., 
l ·706, so that the equivalent noise voltage at the output of the 

. 2·475 
feeder 1s 

1 
_
706 

= l ·45 µ V ; hence there is some reduction in signal-

to-noise ratio and also in sensitivity due to tapping down as 
compared with wide-band preset tuning at 45 Mc/s. 

The reactive component reflected into the secondary from the 
unneutralized reactance of L 1 is such as to increase the required 
value of tuning capacitance 0 2 (see expression 3.23b, Part I) to 

O _ O,o 
2- 2M2X l _ W 1 al 

wL2 \ Za1 \2 

where 0 20 = the initial tuning capacitance with no aerial feeder 
coupling. 

w2M12Xa1 £ d 
The values of 0 20, wL

2 
I Zail 2 , 0 2 and 0 2 - 0 20 or 40, 45 an 

50 Mc/s are tabulated below: 

J, o,. w•M,•X.1 o, o, - o .. 
wL,IZail' 

40 Mc/s 55 µµF 0·00397 55·22 µµF 0·22 µµF 
45 

" 
43·5 

" 
0·00481 43·71 

" 
0·21 

" 50 
" 

35·2 
" 

0·00566 35·4 0·21 
" 

The reflected reactive component is equivalent to an almost constant 
negative capacitance of 0·21 µµF over the frequency range 40 to 
50 Mc/s, and can therefore be neutralized by the addition of 0·21 µµF 
across Oz. 
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The preset signal circuit between the R.F. and the frequency 
changer valves may be inserted in the anode of the former and con
nected by capacitance to the grid of the latter. This has the advan
tage of simplicity and, generally, highest stage gain from the grid of 
V 1 to the grid of V 2 , and it is quite satisfactory when preset tuning 
is employed. Its disadvantage, when continuously variable tuning 
is used, is that of high stray capacitance; the capacitances of both 
valves V 1 and V 2 are across the tuned circuit, and either transformer 
coupling must be used-this removes the anode-earth capacitance of 
V 1 from the tuned circuit--or the minimum capacitance in the aerial 
tuned circuit must. be increased, if signal circuit ganging is to be 
achieved. We shall assume, therefore, that the anode tuning 
capacitor of Fig. 15.5 is 40 µµF, the extra 10 µµF above that 
of C 2 being due to the anode-earth capacitance of V 1 ; hence L 3 is 
0·312 µH. The resistance R7 is the grid leak for the frequency 
changer valve and also the damping resistance for widening the 
overall pass-band range to 4 Mc/s. The required final Q of the 
tuned circuit for a loss of - 1·5 db. over the range 45±2 Mc/sis 
the same as for the aerial circuit, i.e., 7·23. The coupling capacitance 
0 9 (500 µµF) is chosen to have negligible reactance in comparison 
with the resistance R 7 , the value of which depends on the type of 
frequency changer used. A hexode frequency changer has a low 
positive grid input resistance component, R02 , of the same order as 
that of the R.F. valve, whereas a heptode valve may present a high 
positive or even a negative resistance component (Section 5.8.3, 
Part I). For the purposes of calculation a hexode frequency 
changer of input resistance equal to 3,000 D is assumed. Taking 
the initial Q0 of the tuned circuit as 150, the total damping resistance 
to produce a final Q o" of 7 .23 is 

R = wL3Q0Qo" = 88·2 x 150 X 7·23 = 670 D. 
T Q0 - Qo" 142·77 

• R - Rg2•RT 862 r, 
• • 7 - Rg2 - RT = ::.4. 

The overall resonant impedance of the tuned circuit is 
wL3Qo" = 637 D, which gives an amplification of 5·1 from the grid 
of V 1 to the grid of V 2 when the mutual conductance of V 1 is 
8 mA/volt. 

15.6. The Frequency Changer and Oscillator Stages. The 
frequency changer and oscillator stages are considered as one unit 
because they are interdependent. A hexode, heptode, pentode, or 
diode frequency changer may be employed, but the former is most 
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popular, and a typical circuit diagram of a hexode valve with 
a separate triode oscillator is shown in Fig. 15.6. If a pentode 
valve is used as a frequency changer, the oscillator voltage is usually 
applied to the suppressor grid. Cathode 9 application has been tried, 
but is normally less satisfactory because the cathode-grid inter
electrode capacitance coupling between oscillator voltage source and 
signal circuit causes an appreciable oscillator voltage to appear in 
the signal circuit and also disturbs oscillator tuning. 

R.F. 

[nput 

~-------------------oH.T.+ 

o--_.i,_--~~=-------------=~=------>---+---0/f.T.
FIG. 15.6.-The Frequency Changer and Oscillator Stages of a F.lll. Receiver. 

The input to the frequency changer in Fig. 15.6 is the output 
across R 7 in Fig. 15.5, and the resistance and capacitance numbers 
lead on from the latter figure. Capacitors 0 10, On, 0 13, Ou and 0 15 

(0·001 µF mica) by-pass radio frequencies to earth. Resistance 
Rs (25,000 .Q) is the voltage-dropping resistance for the screen, 
R 9 (1,000 .Q) is a decoupling resistance and R 11 (250 .Q) is the self
bias resistance. Coils L,, L 5 and capacitors 0 12 and 0 11 are the 
tuning elements of the I.F. transformer, details of which are given 
in the next section, 15.7. The resistances R 10 and R 12 are damping 
resistances giving the required band width to the I.F. transformer. 

The oscillator is a key point in the ultra high frequency super
heterodyne receiver, and a high degree of frequency stability is 
essential for a satisfactory receiver performance. Frequency error 
of the oscillator has an effect on frequency modulated reception 
different from that on amplitude modulation. In the latter case, 
unless the error is large, detuning results mainly in attenuation 
(frequency) distortion of the A.F. output with accentuated high
frequency A.F. components producing high-pitched shrill repro
duction. With frequency modulated reception, oscillator error 
limits the maximum permissible frequency deviation of the I.F. 

carrier, because it off-centres the latter with respect to the frequency-
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amplitude converter. Harmonic (amplitude) distortion of the audio 
output-flattening of the top or bottom half of the wave shape
therefore occurs at high modulation levels (large frequency devia
tion). The action of the limiter removes the amplitude modulation 
due to off-centring, and the attentuation distortion, noted with 
amplitude modulation, is absent. Rapid variation of the oscillator 
frequency due to hum or interference voltages has no effect in an 
A.M. receiver because the detector is not responsive to frequency 
variation but only to amplitude changes. In the F.M. receiver these 
rapid variations are serious since the frequency-amplitude converter 
changes them into amplitude variation, and undesired hum or noise 
interference audio outputs are obtained. We see, therefore, that 
oscillator long- and short-period frequency stability is of much 
greater importance in a F .M. system. 

The causes of, and remedies for, variations of oscillator frequency 
are considered in detail in Sections 6.6, 6.7, 6.8 and 6.9, Part I, but 
for the sake of completeness a brief resume is given in this chapter. 
Dealing with the long-period effects, slow drift of oscillator frequency 
is due mainly to temperature and humidity changes. The tuning 
inductance and capacitance tend to increase their values with 
increase of temperature, and heating of the valve changes the 
operating conditions with consequent change of oscillator frequency. 
It is generally more difficult to produce a variable capacitor with 
a low temperature coefficient than a variable inductance, so that 
inductance tuning is preferable. Inductance variations with tem
perature result from an increase in radius and length, the first in
creasing and the second decreasing inductance. Reduced variation 
is therefore possible by suitably proportioning the coefficients of 
radial and axial expansion (the radial expansion coefficient should 
be about half that of the axial). This can be achieved by winding 
the coil turns loosely on the coil former and fixing the ends firmly 
so that radial expansion is determined by the conductor, and axial 
by the coil former. An alternative is to reduce both axial and radial 
expansion by shrinking the coil on to a former having a low coefficient 
of expansion, e.g., ceramic material has a coefficient of about 
7 x 10-s as compared with 17 x 10-5 per degree centigrade for 
copper, so that the dimensional change of such a coil construction 
is only about one-third of that of the coil without the coil former. 

Capacitance temperature changes are due to expansion and 
insulation dielectric variation. Expansion effects can be reduced 
by accurate centring of the rotor plates of a variable capacitor or 
by the use of silvered mica plates in fixed capacitors. Changes of 
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dielectric constants are reduced by using ceramic material. Certain 
types of capacitors can be constructed to give a negative temperature 
coefficient, i.e., capacitance falls as temperature rises, and they 
may be used to compensate for the positive temperature coefficient 
of the tu~ng inductance or main tuning capacitance. Compensation 
is, however, only complete at one particular setting of the main 
tuning capacitance, and the temperature of the corrector capacitor 
together with its rate of correction must follow that of the com
ponent it is intended to compensate. Hence it is essential to aim 
at the highest possible stability before applying correction. 

Connecting leads should be short, securely fixed and not in 
tension. Preliminary cyclical heating is often an aid to frequency 
stability. Humidity effects are rendered less serious by the use of 
non-hygroscopic insulation material. 

Valve temperature effects are due chiefly to interelectrode 
dimensional changes (a capacitance variation of the order of 0·02 to 
0·04 µµFis obtained from the initial to final operating temperature), 
and they can be reduced by employing loose coupling between 
active electrodes and the tuned circuit. In a capacitance-tuned 
oscillator, frequency changing with a harmonic of the oscillator 
reduces frequency drift from capacitance variations in inverse ratio 
to the harmonic employed, e.g., using the second harmonic of the 
oscillator as the active frequency tends to halve the capacitance
frequency drift. There are disadvantages with oscillator harmonic 
operation because signals separated by approximately the I.F. from 
the fundamental and other harmonics will produce spurious 
responses. Improved frequency stability may be realized by operat
ing the oscillator at a frequency lower than the signal by an amount 
equal to the I.F., and this confers no disadvantages when the signal 
circuits have preset tuning. Supply voltage changes may cause 
slow or rapid changes of frequency. Heater voltage change is 
comparatively slow in action, affecting valve temperature, cathode 
emission and cathode heater resistance and capacitance. A pallia
tive is loose coupling to the tuned circuit. Variation of H.T. supply 
controls frequency through its influence on the ffm and Ra of the 
oscillator valve, and it is largely responsible for interference fre
quency modulation troubles. Adequate decoupling and smoothing 
is an essential to stability, and feedback from the A.F. amplifier is 
lessened by using a push-pull output stage to the loudspeaker or 
even a separate H.T. supply. 

The great difficulty with ultra high-frequency oscillators is to 
obtain sufficient amplitude of oscillation without squeggering or 
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dead spots in the tuning range. A separate triode-valve oscillator 
should be used rather than the triode section incorporated in the 
frequency changer, because the former generally has a higher gm, 
is more stable and maintains oscillation over a frequency range 
more satisfactorily. The modified Colpitts circuit (see Section 6.10, 
Part I)-the anode-cathode and grid-cathode interelectrode capaci
tances act as the capacitance splitter-is often favoured as it requires 
no separate reaction coil. Tuned-anode or tuned-grid oscillators 
are not so satisfactory, because it is not easy to obtain adequate 
coupling between tuned and reaction coils with a reasonable size of 
reaction coil. An alternative circuit is the electron-coupled oscil
lator, and this is the type shown in Fig. 15.6. It possesses three 
advantages : oscillation is not difficult to maintain over a range of 
frequencies, negative feedback due to the impedance of that part 
of the tuning coil between cathode and earth, assists amplitude and 
frequency stability, and one side of the tuning capacitance 0 20 is 
earthed. The inductance of the tuning coil L 6 is 0·416 µH, and the 
cathode tapping on this six-turn coil (½-in. diam. 16 s.w.o. at 
10 turns per inch) occurs at approximately two turns up from the 
earthed end. The tuning capacitance is made up of the grid-earth 
capacitance of the triode section of V 2 and Va (about 17 µµF), 
wiring and coil self-capacitance (about 5 µµF), the fixed capacitor 
018 (7 µµF), and the series combination of 01u and 0 20 • 019 is a fixed 
capacitor of 30 µµF restricting the effective range factor of C 20, a 
variable air dielectric capacitor with ceramic insulating supports and 
minimum and maximum values of 5 and 20 µµF respectively. The 
oscillator frequency-in order to obtain greatest frequency stability 
-is selected to be lower than the signal frequency, and variation of 
0 20 changes the oscillator frequency from 38·5 to 42·5 Mc/s (the 
I.F. = 4·5 Mc/s). The oscillator is coupled to the oscillation 
electrode of the frequency changer via the capacitance 0 11 and self
bias is provided by the resistance R13 (50,000 !J). The value of 
0 17 must not be made too large, otherwise the comparatively high 
input conductance of the oscillation grid of the frequency changer 
will appreciably reduce or even stop oscillation completely ; about 
10 µµF often gives maximum voltage at the frequency changer 
electrode. The unused anode of the triode part of the triode hexode 
is returned to cathode. Constant H.T. supply to the oscillator 
anode is an essential requirement for frequency stability, and two 
decoupling capacitors are shown in Fig. 15.6 from the anode of 
V8 to earth. 0 24 (0·001 µF mica) by-passes radio frequencies and 
0 15 (16 µF electrolytic) any audio or hum voltages in the H.T. 
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supply. Better H.T. regulation and smoothing can be obtained 
with a gas-filled device such as a neon tube in parallel with O 24 ; 

0 25 then becomes unnecessary. R15 must be reduced from 30,000 Q 
to 10,000 Q when the neon tube is included. 

15.7. The Intermediate Frequency Amplifier. The actual 
value of the intermediate frequency for high fidelity F .M. trans
missions ( ±75 kc/s frequency deviation) must be much higher 
than for high fidelity A.M. transmissions. The required pass-band 
(200 kc/s) limits the minimum I.F. to 2 Mc/s. A low value has 
the advantages of greater amplification and selectivity with stability, 
but the possibility of spurious responses from the frequency changer 
is greater. These responses (see Section 5.4, Part I) are, in order 
of importance : 

1. The image frequency on the side of the oscillator frequency 
opposite to the real signal and separated from the latter by twice 
the intermediate frequency. When image response is only likely 
from undesired signals in the receiver tuning range, it can be avoided 
by making the I.F. half this range, e.g., for a receiver covering a range 
40 to 50 Mc /s, an I.F. of 5 Mc /s or greater prevents image interference 
from transmissions in this band. 

2. Oscillator harmonic response. 
3. Signal harmonic response. 
4. Signal and oscillator harmonic combinations. 
5. I.F. harmonic response due to the desired signal being close 

in frequency to an I.F. harmonic. 
6. Direct I.F. response, due to an undesired signal at the funda

mental or submultiple of the I.F., the latter being converted to the 
I.F. by the non-linear action of the frequency changer. 

7. Interaction between undesired signals separated by a fre
quency difference equal to the I.F. 

8. Cross-modulation. 
A high value of I.F. assists in reducing interference from 1, 2, 3, 

4 and 7 by removing the interfering signal further from the desired, 
and allowing R.F. selectivity to be more effective. Interference 
from 5 and 6 is, however, increased, though that from 5 can 
generally be made very small by adequate I.F. decoupling of the 
limiter valve, the detector-A.F. amplifier connection and the A.G.c. 
line. It is not likely to be serious in this instance since the maximum 
probable value of I.F. is about 10 Mc/sand fourth harmonic feedback 
is needed to cause interference in the 40 to 50 Mc/s range. Cross
modulation is rarely a serious problem and Wheeler 11 states that 
it is negligible in F.M. reception. There are other methods of 
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reducing unwanted responses ; for example, the prevention of over
loading of the frequency changer by applying A.G.c. to the R.F. 

stage, and increased R.F. selectivity decrease effects from 3 and 4, 
whilst the reduction of oscillator voltage to the lowest amplitude 
consistent with satisfactory frequency changing decreases responses 
from 2 and 4. 

The limiter stage requires a certain minimum input voltage 
(about 2 volts) in order to remove amplitude variation, and overall 
I.F. amplification must be such as to bring the weakest probable 
signal up to the limiter input minimum. The intermediate fre
quency must therefore be fixed at a value which will give the 
required overall gain without instability or mutilation of the fre
quency response curve. A value between 4 and 5 Mc/sis a reason
able compromise and subsequent calculations are made on the basis 
of an I.F. of 4·5 Mc/s. 

The problem to be solved in the design of the I.F. amplifier is 
to obtain highest overall amplification with a frequency response 
having a level pass-band, little affected by bias changes on the 
valves, and having rapid attenuation outside the pass range. The 
level pass-band is a more stringent condition than freedom from 
instability. Sources of feedback are coupling between input and 
output, common I.F. impedances in valve electrode leads normally 
carrying only n.c. or mains A.O. currents (anode H.T. supply, screen, 
grid bias, cathode and heaters) and grid-anode interelectrode· 
capacitance. The first two can be reduced to negligible proportions 
by suitable shielding and decoupling. Decoupling capacitors should 
be connected to earth by the shortest possible leads, and when used 
to decouple tuned circuits should be included inside the screening 
cans enclosing the tuning elements. Common impedance coupling 
can largely be eliminated by connecting decoupling capacitors for 
each stage to a common earth point, as was done for the R.F. and 
frequency changer stages. Thus we come to the basic fact that 
the limit to maximum overall amplification is set by feedback 
through the anode-grid capacitance. This effect is discussed in 
detail in Section 7.8, Part I, where it is shown that feedback is 
negative when the anode circuit is capacitive, and positive when 
the anode circuit is inductive. The parallel-tuned circuit has 
a capacitive reactance at frequencies above resonance and an 
inductive reactance at frequencies below resonance, so that feedback 
from such an anode circuit is degenerative at the higher frequencies 
and regenerative at the lower frequencies. Its effect on overall 
frequency response is to produce a lop-sided curve with greater 
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amplification at frequencies below resonance. The degree of 
degeneration or regeneration is best expressed in the form of 
a positive or negative input resistance (see expression 7 .23a, Part I) 

Ru= (Ga+Go)2+Bo2 . 15.4a 
gmBgaBo 

1 
where Ga = R = anode slope conductance 

a 

G0 = conductance of external anode circuit 
B 0 = susceptance of external anode circuit 
gm = mutual conductance of valve 

Bua = susceptance of anode-grid capacitance 
= wOga• 

This resistance component has a minimum value and the condition 
for this is found by differentiating 15.4a with respect to B 0 and 
equating to zero. B 0 is treated as the variable because it changes 
rapidly in the region of resonance, from a high negative value 
below, through zero at resonance, to a high positive value above. 
G0 over the same range is practically constant and equal to the 

reciprocal of the resonant impedance, i.e., ;D or wlQ· The condi

tion for minimum Ru is found to be 

Bo = ±(Ga+Go) 

and Rg(min.) = ± 2(GB+Go) . 15.4b. 
gm ga 

In the particular case we are considering Ga~ G0 and 

Rg(min.) :::= ± 2Go = ± 2 . 15.4c. 
gmBga YmBgaRD 

If instead of a single-tuned circuit there is a double-tuned transformer 
in the anode circuit, calculation may be based on the assumption 
that coupling will be in the region of the critical value, and under 
these conditions one circuit reflects into the other a resistance equal 
to its initial resistance, i.e., the actual resonant impedance is half 
that of one tuned circuit alone and expression 15.4c becomes 

Ru(min.) = B t4 
. 15.4d. 

ga Dgm 
If it is desired to obtain a more accurate value of Ru(min.) reference 
should be made to Section 7 .8, Part I, but expression 15.4d will be 
found to be satisfactory for all practical purposes. 

In order that frequency response may be almost unaffected by 
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feedback, the mini
mum resistance com
ponent should be at 
least ten times the 
effective resonant 
impedance of the 
grid circuit, and this 
condition necessitates 
the use of a special 
buffer stage in the 
I.F. amplifier. 

To obtain a fl.at 
frequency response 
over a given pass 
range it is necessary 
to combine single- and 
double -tuned over
coupled circuits, the 
peak of the single
tuned circuit filling in 
the trough of the two 
overcoupled circuits. 
Much the same effect 
can be obtained by 
the combination of a 
pair of overcoupled 
with a pair of under
coupled circuits of 
single - peaked re
sponse, and we shall 
use these principles 
in the design of the 
I.F. amplifier, the 
diagram of which is 
shown in Fig. 15. 7. 
The fr e q u en c y 
changer anode I.F. 

transformer of Fig. 
15.6 is repeated in 
Fig. 15. 7 ; in its anode 
circuit is a pair of 
critically coupled 

323 
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supply. Better H.T. regulation and smoothing can be obtained 
with a gas-filled device such as a neon tube in parallel with O 24 ; 

0 25 then becomes unnecessary. R15 must be reduced from 30,000 Q 
to 10,000 Q when the neon tube is included. 

15.7. The Intermediate Frequency Amplifier. The actual 
value of the intermediate frequency for high fidelity F .M. trans
missions (1±75 kc/s frequency deviation) must be much higher 
than for high fidelity A.M. transmissions. The required pass-band 
(200 kc/s) limits the minimum I.F. to 2 Mc/s. A low value has 
the advantages of greater amplification and selectivity with stability, 
but the possibility of spurious responses from the frequency changer 
is greater. These responses (see Section 5.4, Part I) are, in order 
of importance : 

I. The image frequency on the side of the oscillator frequency 
opposite to the real signal and separated from the latter by twice 
the intermediate frequency. When image response is only likely 
from undesired signals in the receiver tuning range, it can be avoided 
by making the I.F. half this range, e.g., for a receiver covering a range 
40 to 50 Mc /s, an I.F. of 5 Mc /s or greater prevents image interference 
from transmissions in this band. 

2. Oscillator harmonic response. 
3. Signal harmonic response. 
4. Signal and oscillator harmonic combinations. 
5. I.F. harmonic response due to the desired signal being close 

in frequency to an I.F. harmonic. 
6. Direct I.F. response, due to an undesired signal at the funda

mental or submultiple of the I.F., the latter being converted to the 
I.F. by the non-linear action of the frequency changer. 

7. Interaction between undesired signals separated by a fre
quency difference equal to the I.F. 

8. Cross-modulation. 
A high value of I.F. assists in reducing interference from I, 2, 3, 

4 and 7 by removing the interfering signal further from the desired, 
and allowing R.F. selectivity to be more effective. Interference 
from 5 and 6 is, however, increased, though that from 5 can 
generally be made very small by adequate I.F. decoupling of the 
limiter valve, the detector-A.F. amplifier connection and the A.G.C. 
line. It is not likely to be serious in this instance since the maximum 
probable value of I.F. is about 10 Mc/sand fourth harmonic feedback 
is needed to cause interference in the 40 to 50 Mc/s range. Cross
modulation is rarely a serious problem and Wheeler 11 states that 
it is negligible in F.M. reception. There are other methods of 



15.7] FREQUENCY MODULATED RECEPTION 321 

reducing unwanted responses ; for example, the prevention of over
loading of the frequency changer by applying A.G.c. to the R.F. 

stage, and increased R.F. selectivity decrease effects from 3 and 4, 
whilst the reduction of oscillator voltage to the lowest amplitude 
consistent with satisfactory frequency changing decreases responses 
from 2 and 4. 

The limiter stage requires a certain minimum input voltage 
(about 2 volts) in order to remove amplitude variation, and overall 
I.F. amplification must be such as to bring the weakest probable 
signal up to the limiter input minimum. The intermediate fre
quency must therefore be fixed at a value which will give the 
required overall gain without instability or mutilation of the fre
quency response curve. A value between 4 and 5 Mc/sis a reason
able compromise and subsequent calculations are made on the basis 
of an I.F. of 4·5 Mc/s. 

The problem to be solved in the design of the I.F. amplifier is 
to obtain highest overall amplification with a frequency response 
having a level pass-band, little affected by bias changes on the 
valves, and having rapid attenuation outside the pass range. The 
level pass-band is a more stringent condition than freedom from 
instability. Sources of feedback are coupling between input and 
output, common I.F. impedances in valve electrode leads normally 
carrying only n.c. or mains A.C. currents (anode H.T. supply, screen, 
grid bias, cathode and heaters) and grid-anode interelectrode 
capacitance. The first two can be reduced to negligible proportions 
by suitable shielding and decoupling. Decoupling capacitors should 
be connected to earth by the shortest possible leads, and when used 
to decouple tuned circuits should be included inside the screening 
cans enclosing the tuning elements. Common impedance coupling 
can largely be eliminated by connecting decoupling capacitors for 
each stage to a common earth point, as was done for the R.F. and 
frequency changer stages. Thus we come to the basic fact that 
the limit to maximum overall amplification is set by feedback 
through the anode-grid capacitance. This effect is discussed in 
detail in Section 7.8, Part I, where it is shown that feedback is 
negative when the anode circuit is capacitive, and positive when 
the anode circuit is inductive. The parallel-tuned circuit has 
a capacitive reactance at frequencies above resonance and an 
inductive reactance at frequencies below resonance, so that feedback 
from such an anode circuit is degenerative at the higher frequencies 
and regenerative at the lower frequencies. Its effect on overall 
frequency response is to produce a lop-sided curve with greater 
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amplification at frequencies below resonance. The degree of 
degeneration or regeneration is best expressed in the form of 
a positive or negative input resistance (see expression 7 .23a, Part I) 

Rg = (Ga+Go)2+Bo2 . 15.4a 
gmBgaBo 

1 
where G = - = anode slope conductance 

a Ra 

G0 = conductance of external anode circuit 
B 0 = susceptance of external anode circuit 
gm = mutual conductance of valve 

Bua = susceptance of anode-grid capacitance 
= wOga• 

This resistance component has a minimum value and the condition 
for this is found by differentiating 15.4a with respect to B 0 and 
equatiilg to zero. B 0 is treated as the variable because it changes 
rapidly in the region of resonance, from a high negative value 
below, through zero at resonance, to a high positive value above. 
G0 over the same range is practically constant and equal to the 

reciprocal of the resonant impedance, i.e., ;D or wlQ· The condi

tion for minimum Ru is found to be 

Bo= ±(Ga+Go) 

and Rg(min.) = ± 2(GB+Go) . 15.4b. 
gm ga 

In the particular case we are considering Ga~ G0 and 

Rg(min.) :::!= ±2Go = ±2 . 15.4c. 
gmBga flmBgaRD 

H instead of a single-tuned circuit there is a double-tuned transformer 
in the anode circuit, calculation may be based on the assumption 
that coupling will be in the region of the critical value, and under 
these conditions one circuit reflects into the other a resistance equal 
to its initial resistance, i.e., the actual resonant impedance is half 
that of one tuned circuit alone and expression 15.4c becomes 

Rg(min.) = B ~
4 

. 15.4d. 
ga Dgm 

If it is desired to obtain a more accurate value of Rg(min.) reference 
should be made to Section 7.8, Part I, but expression 15.4d will be 
found to be satisfactory for all practical purposes. 

In order that frequency response may be almost unaffected by 
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feedback, the mini
mum resistance com
ponent should be at 
least ten times the 
effective resonant 
impedance of the 
grid circuit, and this 
condition necessitates 
the use of a special 
buffer stage in the 
I.F. amplifier. 

To obtain a flat 
frequency response 
over a given pass 
range it is necessary 
to combine single- and 
double -tuned over
coupled circuits, the 
peak of the single
tuned circuit filling in 
the trough of the two 
overcoupled circuits. 
Much the same effect 
can be obtained by 
the combination of a 
pair of overcoupled 
with a pair of under
coupled circuits of 
single - peaked re
sponse, and we shall 
use these principles 
in the design of the 
I.F. amplifier, the 
diagram of which is 
shown in Fig. 15. 7. 
The fr e q u e n c y 
changer anode I.F. 

transformer of Fig. 
15.6 is repeated in 
Fig.15.7; initsanode 
circuit is a pair of 
critically coupled 
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tuned circuits. The first and third I.F. amplifier valves V, and Ve 
each contain a pair of overcoupled circuits, and the second I.F. 

valve V 6 has a single-tuned circuit. This stage is also acting as 
a buffer or isolator to reduce anode-grid capacitance feedback to 
a negligible value. By using the generalized curves of Figs. 4.3, 
and 7. 7, Part I, for the frequency response of single- and double
tuned circuits (the primary of each transformer has constants 
identical with the secondary}, and assuming that transformers 
T 2 and T 4 are identical, we find that an almost flat pass-band 
response is obtained by making T 2 and T, overcoupled circuits of 
constant Q/c2 = Q,k, = 2, T 1 a pair of critically coupled circuits of 
Q1k1 = 1, and suitably choosing Q3 of the single-tuned circuit in 

the anode of V5 • k is the coupling coefficient, e.g., . 1M
2 = f 2 

V L4L5 4 

for T 1 , and Q is the magnification of primary or secondary circuit 
when the other is not coupled to it. The overcoupled circuits 

. Q22,1/ 
T2 and T, have maximum response at 7:- = ±1·8 (see the curve 

for Qk = 2, Fig. 7.7, Part I), where ,1/ is the frequency off-tune 
from fr, the resonant or trough frequency, and the trough-to-peak 
ratio is - 2 db. By selecting Q2 to satisfy the above expression 
when ,1/ = ±100 kc/s (the maximum required semi-band width), 
we have 

Q = 1·8/r = 1·8 X 4·5 = 40.5 2 2,1/ 0·2 . 

This fixes the position of the frequency scale on Fig. 7.7, and the 
combined frequency response of the two transformers is shown as 
the dotted curve 1 in Fig. 15.8. The single-peaked frequency 
response of transformer T 1 and tuned circuit L9Ga1 have losses of 

1 and 3 db. respectively at Q;:f and if Q is selected to make this 

expression unity when ,1/ = ±100 kc/s, i.e., 

Qi = Qs = ~f = 22·5 

the loss in these two circuits at 100 kc/s exactly counterbalances 
the gain due to T 2 and T,. Curves 2 and 3 in Fig. 15.8 give the 
frequency responses for T 1 and T 3 respectively. There is not exact 
compensation at all frequencies in the pass-band, but the variation 
in the overall curve 4 does not exceed 0·7 db. 

Having determined the Q values for all the circuits, we now 
have to select Land O values to give maximum overall amplification 
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and also a grid input resistance component for each valve not less 
than ten times the effective resonant impedance of its associated 
grid circuit. In designing the amplifier we shall assume that valves 
V ,, V 5 and V 6 are identical and have the following constants : 
fJm = 2 mA/volt, 0 0a = 0·02 µµF and a slope resistance Ra much 

, 
' I 
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FIG. 15.8.-The Individual and Overall Frequency Responses of the I.F. Amplifier 
Stages of Fig. 15.7. 

greater than the resonant impedance of any anode circuit. Maxi
mum amplification in any stage is obtained by making the effective 

dynamic impedance Rn = Qw,.L = QO as large as possible, i.e., 
<.Or 

the tuning capacitance O should be as small as possible. A suitable 
minimum value is 50 µµF so that starting at the last I.F. amplifier 
with the overcoupled circuits, we have for fr = 4·5 Mc/s 

Ou= 0,7 = 50 µµF 
Lio = Lu = 25 µH 
Q, = 40·5 

Q,k, = 2 or k, = 0·0494 
M, = k,L10 = 1·235 µH. 

The resonant impedance of either tuned circuit when not coupled 
to the other is 

* R = __!b_ = 40·5 X 1012 = 28 700 Q 
D4 wrO 43 6·28 X 4·5 X 106 X 50 ' 

* Rm is the resonant impedance of either primary or secondary alone of 
the transformer T 4, i.e., the numeral suffix 4 denotes the transforruer number 
in Fig. 15.7. Similarly, RD3 and Rn2 apply to transformers T 3 and T 2• 

The numeral suffix of Q also denotes the transformer number. 
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and maximum amplification at the peaks (fr±l00 kc/s) of the 
frequency response of curve 1 in Fig. 15.8 is (see the expression 
derived from 7 .3f, Part I) 

*A,= gmRD4 = 28·7. 
2 

The damping resistances R33 and R35 for an initial coil Q0 of 150 are 
given by 

Ras= wL10Q0Q, = 706 X 150 X 40·5 = 39,200 D. 
Qo - Q, 150 - 40·5 

and R35 has the same value if the succeeding limiter stage does not 
damp the circuit. In the next section a typical limiter stage is 
shown to have appreciable damping on the L 110 47 circuit and R 35 

has to have a higher value than R33 • 

The minimum input resistance component at the grid of V 8 is 
from expression 15.4d 

Ru6(min.)=-. 04 R - 4 X 1012 ··- --~ 
flmW ga D4 2 X 10- 3 X 6·28 X 4·5 X 106 X 0·02 X 28,700 

= 12a,200 n. 
The resonant impedance of tuned circuit T 3, consisting of L 9 and 
Oa7, must not therefore exceed 12,320 D if the overall frequency 
response is not to be seriously affected by feedback. But 
Q3 == 22·5 

Qs 22·5 X 1012 

0 37 = w~D3 = 6·28 X 4·5 X 106 X 12,320µµF 

= 64·5 µµF. 
Lu= 19·4 µH. 

If Q0 == 150 and 0 39 (500 µµF) has negligible reactance compared 
with R 28 , then 

Rss = w~ 0Q0Q3 = 549 X 150 X 22·5 
Qo - Qs 127·5 

= 14,550 n. 
Maximum amplification at fr= 4·5 Mc/s is, for the single-tuned 
circuit, 

* The numeral suffix to Amplification A and minimum grid input resistance 
Rg(min.) defines the number of the valve in Fig. 15.7, with which it is 
associated. Thus A 8 is the amplification from the grid of V 6 to its output 
across the secondary of T,, and Rg6(min.) is the minimum grid input resistance 
of valve V8• 
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The minimum grid input resistance 

R05(min.) = ; R = 143,500 Q. 
gmw oa D3 

The effective resonant impedance of transformer T 2, which is 

identical with T,, is R:2 = R:4 = 14,350 Q, and this fulfils the 

condition that it should be not greater than / 0 R05 • All the circuit 
constants for T 2 are identical with those of T,, i.e., 

029 = Csa = 50 µµF 
L1 = L 8 = 25 µH 
Q2 = 40·5 

Ms= 1·235 µH 
A,= 28·7 at the peaks Ur±lO0) kc/s 

R04(min.) = 123,200 Q. 

Transformer T 1 must therefore have an effective resonant impedance 
not exceeding 12,320 Q, i.e., RDl ::I> 24,640 Q. The maximum value 
of RDl is, however, fixed because Q1 = 22·5 µµF and 0 18 is not less 
than 50 µµF. 

R ( ) Q1 22·5 X 1012 

D1 max. = wrC10 = 6·28 X 4·5 X 106 X 50 

= 15,900 Q. 

This value cannot be exceeded without reducing C 10, but as it is 
less than the maximum permitted by feedback considerations it 
simply means that feedback has even less effect. The constants 
for T 1 are therefore 

C 12 = C 10 = 50 µµF 
L, = L 5 = 25 µH 
Qi= 22·5 

Q1k1 = 1 or k1 = 0·0445 
M2 = k1L, = 1·11 µH. 

Maximum amplification at the peak of response Ur) for the 
frequency changer valve V 2 is 

RDl 
A2 =gc2 

where g0 = conversion conductance of the frequency changer valve 

V2 .A probable value is 0·3 mA/volt. 
15·9 

Hence A 2 = 0·3 x 2 = 2·385. 

Feedback of I.F. voltage into the grid circuit of V 2 through the 
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anode-grid capacitance can generally be neglected because the grid 
circuit is tuned to a much higher frequency. 

The values of Rio and R12 a.re 
ro.,L4Q0Qi 706 X 150 X 22·5 Rio = R12 = --=---~- = --------- ------
Q0 - Qi 127·5 

= 18,700 D. 
The overall amplification from the grid of V 2 to the output of 

V 6 , i.e., to the limiter, is 

2·385 X 28·7 X 24·64 X 28·7 X 0·63 = 30,500. 

The factor 0·63 is included because of the 4-db. peak-to-trough loss 
in V, and V 6 • 

The total amplification from the grid of the R.F. valve Vi to the 
output of V 6 is 30,500 x 5·1 = 155,500, and assuming a signal-to
noise ratio of 20 db., the minimum acceptable signal is 27·1 µV, 
which produces an output voltage from V 6 of 27 · l x 0· 156 
= 4·22 volts. This is adequate for operating the limiter stage, the 
minimum required input voltage for which is usually about 2 volts. 

Suitable values for the numbered resistances and capacitances 
in Fig. 15.7, which have not so far been specified, are tabulated 
below: 

Capacitances. 

0 28 = 0·001 µF 0 38 = 0·l µF 
0 27 = 0·l µF 0 39 = 0·0005µF 
0 28 = 0·l µF 0 40 = 0·001 µF 
0 30 = 0·l µF 0 41 = 0·l µF 
0 31 = 0·01 µF 0 42 = 0·l µF 
0 32 = 0·01 µF 0 44 = 0·l µF 
0 34 = 0·001 µF Ot5 = 0·01 µF 
0 35 = 0·l µF 0 46 = 0·01 µF 
0 36 = 0·l µF 

Resistances. 
R 16 = 30,000 Q 
R 17 = 20,000 [J 
Ris = 0·l MQ 
R 19 = 1,000 fJ 
R 21 = 300 fJ 
R 23 = 0·l M!J 
R 24 = 30,000 Q 
R 26 = 20,000 fJ 

R 26 = 1,000 fJ 
R 21 = 300 fJ 
R 29 = 0·l M!J 
R 3o = 30,000 [J 
R 31 = 20,000 fJ 
R 32 = 1,000 fJ 
R 34 = 300 fJ 

The A.G.c. capacitance-resistance filters (026Ris, 0 34R 23 and 
0 40R29 ) have smaller values than their counterparts in the A.M. 

receiver because undesired amplitude change of the F.M. carrier, 
when fed back along the A.G.c. line, tends to cancel the amplitude 
variation of the carrier. It is a form of negative feedback. The 
A.G.c. voltage is often derived from the limiter stage grid circuit 
and the method of obtaining it is described in the next section. 

15.8. The Amplitude Limiter. 
15.8.1. Introduction. In order to take full advantage of 

F.M. transmissions, some circuit must be included in the receiver 
to reduce to negligible proportions any amplitude modulation of 
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the carrier due to noise or to variation in the overall frequency 
response of the pass-band. This is essential because the A.F. 

content of the F .M. signal is extracted by means of an amplitude 
detector, such as a diode, after its frequency variation has been 
converted to an amplitude modulation; an initial A.F. amplitude 
variation of the F.M. carrier is detected at the same time and produces 
an undesired audio output. 

There are five possible types of amplitude limiter : 
(I) A saturated amplifier, having an amplification factor inversely 

proportional to the amplitude of the input signal. 
(2) A controlled local oscillator, locked by the frequency of the 

F.M. input but having an output voltage independent of 
the amplitude of the controlling signal. This type is 
discussed in Section 15.10.4 as it primarily acts as a fre
quency deviation reducer. 

(3) An integrating device, having an output voltage dependent 
upon the frequency of the input signal but independent 
of its amplitude. This form of limiter is also a frequency
to-amplitude converter and is described in Sections 15.9.4 
and 15.9.5. 

(4) A negative feedback system which detects the amplitude 
modulation of the F.M. signal and uses it to supply A.G.C. 

bias to the I.F. valves to reduce envelope as well as carrier 
variations. 

(5) A neutralizing device which detects the amplitude modulation 
and supplies it in reversed phase to the F.M. audio output 
so as to cancel the initial undesired amplitude variation. 

15.8.2. The Saturated Amplifier Limiter. The saturated 
amplifier is the most common form of limiter and will be considered 
first. A typical circuit is shown in Fig. 15.9. The carrier input is 
detected by the IuEu characteristic of the valve and automatic bias 
is produced across R 36• A change in carrier amplitude causes a 
corresponding change in bias, i.e., increase of amplitude increases 
the negative bias across R 36• Provided the overall amplification 
to the carrier fundamental frequency is inversely proportional to 
the grid bias, and the bias voltage is a faithful reproduction of the 
amplitude modulated envelope, there is no amplitude modulation 
at the output. This condition can be approached by operating the 
valve as a Class C amplifier with an IaEu curve having a low bias 
voltage cut-off (Ia = 0) and a saturated characteristic for positive 
bias voltages. Hence the valve V 7 has low screen and anode voltages 
(about 40 volts). The negative (low Ia) half of the output current 
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wave shape is limited by the cut-off bias point, which is fixed by 
the screen voltage. The positive (high I a) half is limited by anode 
current saturation, which is determined by the anode voltage, and, 
to a less extent, by damping of the input voltage peak by grid 
current. A low anode voltage causes the load line to operate into 
the "knee" of the tetrode IaEa characteristics and a saturated 
IaEu curve is therefore produced. The resemblance of this type 
of limiter to the "leaky grid" detector may be noted; it is, in 
fact, this form of detector, working under saturated anode current 
conditions, with an anode circuit tuned to the carrier funda
mental instead of an aperiodic circuit accepting audio frequencies. 
In the "leaky grid" detector the time constant of the self-bias 
circuit must allow the bias change to follow exactly the modu-

r----oH.T.+ 

FIG. 15.9.-The Saturated Amplifier Limiter Stage. 

lation envelope, and this also applies to the limiter. A suitable 
time constant is 10 to 20 microsecs. with R 38 = 0· l M.Q and 
C,8 = 100 µµF. If the time constant is too large, the bias is not 
proportional to the amplitude modulation, and if it is too small, 
the bias change is reduced and amplification control compensation 
is inadequate. Typical limiter input-output curves are shown in 
Fig. 15.10; curve 1 represents optimum limiting conditions with a 
screen and anode voltage of approximately 40 volts; output volt
age falls slightly as the input voltage is increased. If anode voltage 
is increased, output voltage increases (curve 2), but the general 
shape of the curve remains unchanged unless anode voltage is con
siderably increased, when output voltage often falls slightly after 
the first maximum and then rises as the iuput voltage is increased. 
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An increase in screen voltage (curve 3) moves the limiting point 
to a higher input voltage, roughly in proportion to the increase in 
E8 , and also tends to greater variation in output voltage. R38 

affects the rate of fall of output voltage with increase of input, 
a high value exaggerating the tendency to a decrease in output 
voltage (curve 4). 

Variations in the frequency response over the pass range of 
tuned circuits following the limiter cause amplitude modulation of 
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Fro. 15.10.-Input-Output Voltage Curves for the Saturated Amplifier Limiter. 
Curve 1.-E. = E,""' 40 volts. 
Curve 2.-E. > 40 volts, E,""' 40 volts. 
Curve 3.-E0 ""' 40 volts, E, > 40 volts. 
Curve 4.-E0 = E,""' 40 volts, R., = l Mn. 

the F.M. signal, which results in harmonic distortion of the A.F. 

output when the frequency deviation of the signal is large. It is 
essential that these circuits should have least possible variation over 
their pass range, whilst offering appreciable attenuation to the 
harmonics of the F.M. signal produced by the limiting action. If 
the loss of response is symmetrical on either side of the tuning 
points, the A.F. distortion of the output consists mainly of odd 
harmonics (third, fifth, etc.). Variations in the frequency response 
of circuits preceding the limiter are compensated by its action. 
A suitable value for the Q of the anode circuit of the limiter is 4·5 if 
it is a single-tuned circuit or 14·2 if it consists of a pair of critically 
coupled tuned circuits. The single circuit gives a loss of approxi
mately - 0·15 db. (representing 1·9% change of amplitude) at 
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4·5±0·1 Mc/sand a loss of - 16·7 db. (representing an amplitude 
reduction to 14·65%) at the I.F. second harmonic, 9 Mc/s. Owing 
to the large off-tune-to-resonant frequency ratio, the loss is calculated 

from expression 4.8c, Part I, using F = (!!!__ - ror). The corre-
ror ro 

sponding values for a loss of - 0·15 db. at 4·5 ± 0·l Mc/s with 
a pair of critically coupled circuits is Q = 14·2 and the loss at 
9 Mc/s = - 47·1 db. (an amplitude reduction to 0·44%). The 
coupled circuits are clearly very much better than the single circuit. 
The frequency-amplitude converter, which follows the limiter, can, 
with advantage, constitute the anode load of the latter, but it may 
be preceded by a separate valve amplifier. Grid current, taken by 
the limiter valve V7, has a damping effect on the tuned circuit 
L 11C,1, and it is equivalent approximately to a resistance of ½Ras 
(see Section 8.2.5, Part I). Hence R 35 must be such as to give a total 
resistance of 39,200 Q when paralleled by 50,000 !J, i.e., 

R = 39,200 X 50,000 = 181 500 Q. 
35 50,000 - 39,200 ' 

The required low value of 40 volts for screen and anode voltage is 
obtained from the 250 volts H.T. supply by means of the potential 
divider made up of Ras and R39 , 40,000 and 10,000 Q respectively. 
The decoupling capacitors 0 50 and 0 51 , 0·l µF and 8 µF (electro
lytic) respectively, by-pass R.F. and A.F., the latter being produced 
by the limiter action. C 50 is required in addition to C 51 because the 
latter may not be non-inductive. 

Since across Ras in Fig. 15.9 there is a negative voltage pro
portional to carrier amplitude, it forms a convenient source of 
A.G.C. voltage for the I.F. stages of the receiver. There are dis
advantages as well as advantages to controlling the R.F. valve as 
well. The disadvantages are that bias changes on the latter alter 
its input admittance and affect appreciably the damping and tuning 
of the aerial circuit. On the other hand, reduced output from the 
R.F. valve helps to prevent overloading of the frequency changer 
with increase of input voltage, and so reduces the possibility of 
spurious responses. 

15.8.3. The Negative Feedback A.G.C. Limiter. The nega
tive feedback A.G.C. limiter * principle could be applied to reinforce 
the action of the saturated amplifier limiter. It only involves 
modification of the A.G.C. filter, so as to allow the A.F. components 

* Patent. R. C. A., P. F. G. Holst and L. R. Kirkwood (U.S. Applica
tion No. 441,254). 
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across the load resistance Ra 6 in the saturated amplifier grid circuit 
to be passed back to the controlled valves with practically no phase 
shift or attenuation up to frequencies of about 5 kc/s. Decoupling 
capacitors 0 26 , 0 34 and 0,0 in Fig. 15.7 must be decreased to about 
50 µµF, which means a maximum phase shift of 9° and attenuation 
oi - 0·l db. at 5 kc/s. Attentuation at 4·5 Mc/s is 43·0 db. 
Should any tendency to I.F. instability appear, the decoupling 
capacitor 0 26 should be increased first, as this has the greatest 
amplification after it. Any tendency to instability can often be 
prevented by placing 0 26 and R 18 inside the screening can of their 
associated I.F. transformer. R.F. chokes may be used in place of 
the filter resistances to give more R.F. attenuation, but care must 
be exercised to see that they are properly shielded from hum, noise 
or R.F. pick-up. When this form of limiting is used alone, the 
A.G.C. voltage must be derived prior to the last I.F. stage, which is 
itself supplied with A.G.C. bias. If there is no controlled I.F. stage 
after the A.G.c. detector, amplitude limiting cannot be fully effective 
because the final output voltage supplies the A.G.C. bias, which 
must increase with increase of input voltage. Control of an I.F. 

amplifier following the A.G.C. detector enables a flat or falling 
output-input voltage characteristic to be obtained by suitably 
proportioning the A.G.C. bias applied to this stage. 

15.8.4. The A.F. Neutralizing Limiter. The neutralizing 
limiter* applies the audio output from the F.M. receiver detector 
to the grid of a frequency changer or modulator valve such as the 
hexode shown in Fig. 15.11. This output consists of the desired 
A.F. content of the F.M. signal, amplitude modulated by noise, 
interference, or the selectivity characteristic of the I.F. amplifier 
tuned circuits. The initial undesired amplitude variation of the 
F.M. signal is separately detected and applied to the other grid in 
reverse phase to that of the undesired amplitude modulation of the 
desired audio output. The amplitude of the undesired audio input 
to the hexode grid is adjusted to neutralize or demodulate the 
undesired A.M. of the desired audio input. The output of the 
hexode valve V 1 now contains the desired audio output (free from 
undesired amplitude modulation) and also the undesired audio 
output. The latter is removed by applying the hexode output to 
the grid of one valve (V2 ) of a pair with push-pull input and parallel 
output circuits. To the other valve (Va) grid is applied a proportion 
of the undesired audio signal, which is just sufficient to cancel the 
undesired signal appearing in the parallel anode circuit from V 2 • 

* Patent. R. C. A. and M. G. Crosby (British Application No. 360/43). 
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Fm. 15.11.-The A.F. Neutralizing Limiter. 

15.9. The Frequency-Amplitude Converter. 
15.9 .1. Introduction. The chief difference between frequency 

and amplitude modulated reception lies in the method of making 
intelligible the A.F. signal conveyed in the modulation. There are 
two basic principles underlying methods of detecting frequency 
modulation, the more common system converts the frequency 
deviation into an amplitude change of carrier, and the resulting 
amplitude and frequency modulated signal is applied to an amplitude 
detector such as a diode. The latter is not responsive to the 
frequency variation and ignores it. The second method involves 
the use of an integrating device such as a valve charging or dis
charging a capacitor. The valve circuit may be of the super
regenerator, multivibrator or squegging oscillator type, and it is 
"triggered" by the I.F. input voltage. The duration (it must be 
much shorter than the period of the maximum I.F. frequency) and 
magnitude of the resulting pulse of current is determined solely by 
the valve and its associated circuit, i.e., it is practically independent 
of the amplitude of the " triggering " voltage. The number of 
pulses per second is, however, dependent on the intermediate 
frequency, and the mean current taken by the valve is there
fore proportional to the I.F. The result at the output is an 
amplitude modulated signal, which is proportional to the original 
frequency modulation, and which can be detected by the normal 
methods. 

We shall deal first with the frequency-amplitude converter type. 
The conversion must be accomplished in a linear manner, i.e., the 
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amplitude change is directly proportional to the frequency change, 
and it must be performed efficiently so that the resultant amplitude 
modulation is large. Many of the advantages of frequency modula
tion disappear if the frequency-amplitude conversion efficiency is low. 

15.9.2. The Amplitude Discriminator Converter. One of 
the earliest methods 1 of frequency-to-amplitude conversion was to 
apply the F.M. signal to a circuit off-tuned from the carrier unmodu
lated value. For example, a parallel-tuned circuit, connected in the 
anode of a tetrode or pentode valve, produces an output voltage
frequency curve as shown in Fig. 15.12, when a constant-amplitude 
variable-frequency input voltage is applied. If this circuit is 

Amplitude 
Amplitude 

- ~----------~~;:~·· 

--~ ----------
' -........::_ -

FIG. 15.12.-Frequency to Amplitude Conversion using the Selectivity Characteristics 
of a Parallel Tuned Circuit. 

detuned (above or below) from the unmodulated carrier frequency, 
frequency modulation results in an output voltage of amplitude 
proportional to the frequency deviation of the carrier. It is, how
ever, only linearly proportional if the carrier frequency deviation is 
confined to the approximately linear part AB of the curve, the centre 
of which occurs at a frequency, off-tune from the resonant frequency, 

of ,1f = 0·375 ~- By applying the output voltage to an amplitude 

detector, such as a diode, an A.F. signal, corresponding to the 
original signal modulating the carrier, is obtained. Although varia
tion of frequency is occurring simultaneously with change of ampli
tude, only the latter is detected by the diode. Hence it is possible 
to receive and detect a F.M. transmission on an A.M. receiver provided 
the latter is off-tuned from the F.M. carrier unmodulated value. 
This method of detection is very inefficient, partly because it is 
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dependent on the slope of the output voltage-frequency curve, 
which for practical circuits is not very high, but mainly because the 
tuned circuit is operated in the detuned condition with consequent 
reduced overall amplification. Furthermore, full advantage cannot 
be taken of increased frequency deviation of the carrier, for the 
circuit must be damped (see the dotted curve in Fig. 15.12) to 
increase the linear part of the curve, and conversion efficiency is 
reduced. 

A second method of frequency-amplitude conversion suppresses 
one set of sidebands. In Chapter I, Part I, a frequency modulated 
wave was shown to consist of a carrier vector ( of frequency equal to 
the unmodulated value) and pairs of sidebands spaced ±f mod. ±2f mod. 
etc., from the carrier, the odd numbered sideband pairs combining 
into a resultant vector at 90° to the carrier and the even pairs into 

:fc 
~ A 

Frequency 
~Modulation~ 
~ Carrier f 

' I \ I 

\ / 
\ I 

\ / 
\ / 

p -~ I Si:, '\\ ,,,' 
:rc:.rm ,, 

B } Amplituda 
Modulation 

Fm. 15.13.-Frequency to Amplitude Conversion by Suppression of One of 
a Pair of Sidebands. 

a resultant in line with the carrier. The addition of the first pair 
of sidebands (fc±fmoaJ to the carrier gives the frequency (and ampli
tude) modulated carrier of Fig. 15.13, and taking this as a basis we 
see that suppression of one of the sidebands results in the mainly 
amplitude modulated carrier vector, whose locus of operation is the 
circle ABO. The amplitude modulation is not directly proportional 
to the original modulation even when all sideband pairs are con
sidered, and detection of the A.M. resultant by a diode produces 
a distorted .A.F. output containing mostly second harmonic. The 
suppression of one-half of the sidebands is clearly inefficient since 
the transmitted energy in these is not being used. Both disadvan
tages may be overcome by applying the F.M. wave to two channels, 4 

one having a filter suppressing the upper frequency sidebands and 
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the other a filter suppressing the lower frequency ones. The 
schematic diagram is shown in Fig. 15.14. The diode detector 
outputs are connected in opposition so that an unmodulated carrier 
produces zero volts across AO. The amplitude variations of the 
carrier at the outputs of the two filters are in phase opposition
the upper sideband in Fig. 15.13 is subtracting from the carrier 
when the lower is adding-and frequency modulation causing the 
voltage to rise across AB reduces the voltage across BO. Thus 
there is a double increase in A.F. output voltage change across AO. 
The phase-opposing connection of the detected output also leads 

0-...---1 Carrier andi---....-t 
F.M.Input Upper 

n---+--1 Side-bands 

Carrier and 
Lower 

Side -hands 1----+--1 

FIG. 15.14.-Frequency to Amplitude Conversion by Detection of the Carrier 
and Upper Sidebands, and Carrier and Lower Sidebands. 

to cancellation of the second harmonic distortion in the amplitude 
variation, and the resultant voltage across AO is therefore a repro
duction of the A.F. signal modulating the transmitter. 

The third type of frequency-amplitude converter employs a fre
quency discriminator similar to the one used to translate frequency 
error into a D.c. biasing voltage for automatic frequency correction 
of the oscillator of a superheterodyne receiver. Either amplitude 
or phase discriminator (Section 13.4.2) is suitable, but the latter is 
almost always used in F.M. receivers because it presents fewer 
practical difficulties (stray capacitance coupling occurs between the 
two distuned circuits of the amplitude discriminator), a symmetrical 
characteristic can be more easily obtained, and it has a high 
frequency-to-amplitude conversion efficiency. 

Linearity of discriminator output voltage-frequency character
istic is most important if an undistorted A.F. output is to be obtained 
from the F .M. signal, and this is achieved in the amplitude dis
criminator by satisfying the condition. 

Q !1 1 = 2,1f 5.5 

where f1 = resonant frequency of one of the off-tuned circuits 
iJf = fm - f1 = ±100 kc/s 

M 
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and f m = the mid frequency of the discriminator at which the 
n.c. output voltage is zero, i.e., it is the intermediate frequency. 

Condition 15.5 is also that which gives maximum slope to the 
discriminator when LJ/ is fixed, and curve ABODE in Fig. 13.6a is 
therefore applicable to the frequency-amplitude converter. It is 
only necessary to change the frequency scale from 465 kc/s at 
0 to 4·5 Mc/s, and 463 and 467 kc/s to 4·4 and 4·6 Mc/s to get the 
characteristic of a suitable frequency-amplitude converter for 

+0·6 r---._ / 
\+0·5 I ~ ..... 
~ 
11>+0·4 V 
~ 

' ~ 
~+0·3 I -~ 
~+D-2 I ~ 

+0·1 4 (Mc'/s} F, eque, 

43 4·4 
J 

·5 4·6 4· 

-0·1 

7 

I -0·2 

I -0·3 ·---
I 

' -0·4 

~ I -0·5 

I'--V 
-n-s 

Fm. 15.15.-The Amplitude Discriminator Characteristic for 
Frequency-to-Amplitude Conversion. 

LJJ = 100 kc/s. This is done in Fig. 15.15. Calculation of the 
component values for the frequency-amplitude converter discrimina
tor shown in Fig. 15.16 follows the lines set out in Section 13.4.2. 
The required average value of Q for the tuned circuits 1 and 2 is 

4·5 
Q = 0·2 = 22·5. 

The maximum value of the resonant impedance of either circuit 
is limited by the anode-to-anode capacitance, Oa12, of the two 
diodes D 1 and D 2 , which forms a coupling between the two circuits. 
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Coupling is caused between the primaries by the anode-earth 
capacitance OaE of the amplifier valve, and this sets a limit on the 
voltage transfer efficiency from primaries to secondaries. Assuming 
an anode-to-anode capacitance for the diodes of l µµF, we have 
a coupling reactance between the circuits of 35,400 D, so that we 
cannot allow the resonant impedance of either tuned circuit to 
exceed about 10,000 Q. In calculating the component values for 

F.M. 

,------------------oH.T.+ 

' I 
I 

:~:CaF, 

A.-F. 

Output 

Input 
I 
I 
I 
I 
I 

o-------+--------------nH.T.• 
Fm. 15.16.-The Amplitude Discriminator as a Frequency-to-Amplitude 

Converter. 

the circuits we shall take the mean frequency of 4·5 Mc/s and 
assume that the circuits are identical except for the values of O 1 and 
0 2, which are adjustable for resonance at 4·4 and 4·6 Mc/s. Calcula
tion of the damping resistances R 1 and R 2 is made on the assumption 
that the frequency is f m- The error introduced is not very large 
and has little practical significance. Thus 

L = L
1 

= L
2 

= Rn = 10,000 x 10
6 

wmQ 6·28 X 4·5 X 106 X 22·5 
= 15·7 µH. 

0 1 = 83·2 µµF (!1 = 4·4 Mc/s) 
0 2 = 76·0 µµF (!2 = 4·6 Mc/s). 

If the anode load resistances are O·l MD, the damping due to 
conduction current is 50,000 D, so that the resonant impedance of 
the tuned circuit of initial Q = 150 and excluding R1 is 

Rn'= Q0wmL.50,000 = 66,500 X 50,000 = 28,600 Q. 
Q0 wmL+50,000 ll6,500 

Hence R = 28,600 X 10,000 = 15 350 Q. 
1 18,600 ' 

The reactance of an anode-earth capacitance of 15 µµF on the 



340 RADIO RECEIVER DESIGN [CHAPTER 15 

primary side is 2,360 Q at 4·5 Mc/s. The reflected resonant imped

ance across the primary is Rn( f) 2

, and this must be much less 

than 2,360 Q ; let us take a value of 500 Q. Thus 
M -
- = vo-05 = 0-2235 
L 

and M = 3·51 µH. 

A possible coupling coefficient k = . 1M = 0·35 is attainable, so 
vLPL 

that 
LP= 6·41 µH. 

The resonant frequency of CaE (15 µµF) with the sum of the 
primary coil inductances, 2Lp, is 11·48 Mc/s, which is sufficiently 
far away from the I.F. and the second and third harmonics of the I.F. 

The slope of the frequency-amplitude conversion characteristic 
at the centre point O (Fig. 15.15) is given by twice expression 13.2 as 

S(max.) = 8 · (
22

·5)
2100 = 0·00707. 

{4·5 X 103) 22~ 
The slope of the characteristic O in volts per kc /s per 1 volt 

peak input is for Ym = 2 mA/volt and 'Y/a = 0·85. 
M 

S = 0·00707gmRn L 'Y/a 

= 0·00707 X 2 X 10- 3 X 104 X 0·2235 X 0·85 
= 0·0269 volts/ kc/s off-tune/ 1 volt peak input. 

The stray capacitance coupling between the circuits can be 
neutralized by providing mutual inductance coupling between the 
coils. Cancellation is achieved by making 

M' 0 8 • M' 0 8 -= = -=, I.e., - = -, 
VL1L2 vC1C2 L C1 

where 0 8 is the total equivalent stray capacitance on the secondary 
side between the two tuned circuits. For cancellation M' should 
be in a positive direction (see Section 3.4.2, Part I) ; in a negative 
direction it adds to the coupling due to 08 • 

15.9.3. The Phase Discriminator Converter. 18 Since the 
phase discriminator functions in a manner similar to the amplitude 
discriminator, converting a frequency into an amplitude change, it 
may be used as a frequency-to-amplitude converter in a F.M. receiver. 
The general behaviour of this discriminator has already been 
examined in Section 13.4.2, and the circuit diagram of Fig. 15.17 is 
very similar to that of Fig. 13.10. The valve feeding the dis-
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criminator is assumed to be the limiter valve V7 • Resistances 
R37 and R 40 are added across the primary and secondary of the 
phase discriminator in order to obtain the required pass-band width 
of ± 100 kc/s. The primary voltage is coupled to the centre-tap 
of the secondary through C 62 , its voltage appearing across Ru and 
R42 , which are in parallel to the I.F. voltage. R.F. choke coupling 
(La in Fig. 13.10) is not used because the extra damping due to 
Ru and R42 being in parallel with the primary is still insufficient to 
give the band width, and an additional resistance R37 is required. 

H.T.+ 

X 

Css 

F.M. 

Input 

o---li---.1---------------4-------· ff.T.-
Fm. 15.17.-The Phase Discriminator as a Frequency-to-Amplitude 

Converter. 

The characteristics required from the phase discriminator when 
it is to function as a converter are not exactly the same as those 
needed for A.F.C. purposes. Linearity of output voltage with change 
of frequency is all important, and maximum slope (the requirement 
for A.F.c.) must be sacrificed for this. To determine the shape of 
the characteristic and estimate the conditions for linearity of con
version over the desired pass-band range, we must turn to the 
fundamental equations for primary and secondary voltages set out 
in Section 13.4.2. These are, for the primary, 

1+jQ2F 
E1 = gmEuRnyf. +jQ~F)(T+jQ2F)+Q---;Q2'c2. 15.6 

and for the secondary _ 

-jQ2kJL2 

E2 = gmEuRm(l+jQ---;F)(l+jQaF~~Qll~k2. 15.7. 
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The total voltage applied to one diode is E_,4_x = E 1 - ½E2 and 
to the other EBx' = E1 +½E2, and the output voltage of the dis
criminator is the numerical difference between the amplitudes of 
E Ax and E BX' multiplied by the detection efficiency of the diodes, i.e., 

Exx· = 1'/a,( I EAX I - I EBx' I) 
= 1]a{ I E1 - ½Ea I - I E1 +½E2 I ) . 15.8. 

The secondary voltage can be rewritten in terms of E 1 as 

-jQ2kJL2 
E 2 = E 1 Li_ 15.9 

(I+jQ2F) 
so that 

or . .15.10 

and 

The vector relationship represented by expression 15.9 is shown 

in Fig. 13.11, and the variation in the length of IF ~I I can be 

measured from this figure for different values of Q2F and selected 
values of ix, or alternatively it may be calculated from expres-

sion 15.lla. If_;;; I can be found in a similar manner, and sub-

tracting it from I ~ ri I gives the relative voltage output from the 

discriminator if I E 1 I has a constant amplitude. The relative 
voltage output is plotted in Fig. 15.18a over a range of Q2F from 
0 to +2 (the other half of the curve from Q2F = 0 to - 2 is the 

same shape inverted) for!: = 1, 2, 3, 4 and 6. The most noticeable 
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Fro. 15.18a.-The Variation of Phase Discriminator Output Voltage Against 
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assumed constant. 
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effect is that maximum output occurs at a large value of Q2F as 

!: is increased, and none of the curves is truly linear. A second 

set of curves is drawn in Fig. 15.18b to show the departure from 
linearity, which is expressed in the form of ten times the ratio of 
the relative voltage output at a particular Q2F to the voltage 
output at Q2F = O· l multiplied by the particular value of Q2F 
being considered. We see from Fig. 15.18b that the general tendency 

is for the curve to become more linear as ; : is increased, though 

r Ea there is not much difference between the curve J.Or E 
1 

= 4 and 

E2 
that for Ei = 6. 

The divergence of these curves from the required straight line 
characteristic can be offset if E 1 can be made to increase with 
increase of Q2F, and this is possible by a suitable choice of coupling 
between the secondary and primary. If we assume that Q1 = Q2 

a series of curves of the ratio increase of E 1 upon its value atfm(F = 0) 
can be plotted against QF for different values of the coupling factor 
Qk. The problem is greatly complicated if Q1 and Q2 are not equal, 
because a separate set of curves must be drawn for each value of 
Q1 and Q2 , and there is seldom any practical advantage to be gained 
by making them unequal. The ratio increase of E 1 with increase 
of QF is, from expression 15.6, 

I E1 I [ Vl+(QF)2][l+Q 2k 2
] 

- --;========== I E1 IF= O V[l +Q 2(k 2 
- F 2)]2+4Q 2F 2 

. 15.12 

and it is plotted in Fig. 15.19 as a series of curves for selected values 
of Qk. To find the most suitable value of Qk for compensating the 
ratio decrease of Fig. 15.18b, the curves of Fig. 15.19 should be 
drawn on transparent paper and placed on top of those of Fig. 15.18b. 
Any two curves which then coincide will give the conditions for 
a linear char&cteristic over the range of QF for which they are 
coincident. Greatest range of QF over which a linear characteristic 

is obtained is from Oto 1 with!: = 2 and Qk = 2. The resultant 

characteristic is linear up to QF = 0·8 and falls away slightly at 
QF = 1 where the output is about 2% low. A slightly lower 
value of Qk could be chosen with some reduction of the linear 
range of QF, and this has the advantage of giving a higher frequency-
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Fm. 15.19.-The Ratio Increase of Primary Voltage against Off-tune Frequency 

for the Phase Discriminator. 

to-amplitude conversion efficiency. Thus for Qk = 1·5, !: = 2, the 

linear range of QF is reduced to approximately QF = 0 to 0·8, but 
conversion efficiency (expression 15.13) is increased in the ratio 

l+(Qk)2 = _5_ = 1·535 
1+(Q1k1 ) 2 3·25 ' 

provided Rm is unchanged. The relative voltage output-QF char
acteristics for the two values of Qk, l ·5 and 2, are shown in Fig. 15.20. 
The peak of the characteristic for Qk = 1·5 occurs at a much lower 
value of QF (1·5) than that (1·9) for Qk = 2, and this, coupled with 
its higher frequency-amplitude conversion efficiency, suggests the 
smaller value of Qk to be the better practical proposition, in spite 
of the reduced linear range of QF. It is interesting to note that 
Qk = 2 gives the maximum possible correction over the useful 
range of QF, and a linear characteristic cannot be obtained for 

values of !:, which correspond to curves on Fig. 15.18b, having 

a greater reduction than the correction produced by the curve for 
Qk = 2 of Fig. 15.19. Thus a linear characteristic is unobtainable 

for values of!:< 2. Correction is possible for higher values of 

!: than 2; lower values of Qk are required and the linear range of 

QF is reduced, e.g., !: = 3 requires Qk to be 1·25 and a linear 

range is obtained from QF = 0 to 0·85. 
M* 
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Fm. 15.20.-The Relative Voltage Output-QF Characteristic of a Phase 

Discriminator for !: = 2 and Qk = 1·5 and 2. 

To illustrate design features the following constants are assumed : 

fm = 4·5 Mc/s, carrier frequency deviation= ±75 kc/s, 
E2 
Ei = 2, Qk = 1·5, 

hence L2 
Li= 1·77. 

Taking QF = 1 at LJ/ = 100 kc/s allows the carrier frequency 
deviation of ± 7 5 kc /s to be accommodated on the linear part of 
the characteristic ; and this gives 
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Q = fm = 4•5 = 22•5 
2,1f 0·2 

1·5 
k = Q = 0·067. 

347 

In Section 13.4.2, expression 13.8 for the slope of the character
istic at O (Fig. 15.15), or the sensitivity of frequency-amplitude 
conversion at f m(F = 0), is 

Q22kJf2 

s(F=O) = 2gmRmrJaEul 1 
• 15.13 

fm(I+Q1Q2k 2
)( l+ Q2

:~
2y 

2 X 22·5 X 2 
= gmRmrJaEgl V2 

4·5 X 103 X 3·25 X 

= 4·35 X 10- 3gmRmrJaEu1 volts per kc/s. 

Maximum sensitivity is clearly obtained when Rm is as large as 
possible, and this means the highest possible value of L 1 , which in 
turn is limited by the maximum practicable value of L 2• The latter 
is determined by the minimum permissible value of secondary 
tuning capacitance, which we shall assume to be 50 µµF. Thus 
referring to Fig. 15 .17 

0 53 = 50 µµF, L 13 = 25 µH 

Lia 
Lu = 

1
.77 = 14·1 µH and 0 49 = 88·5 µµF. 

The higher value of primary capacitance, 0 49, is an advantage 
because the stray capacitance, e.g., across Ru and R 42 , is greater 
than across the secondary. 

Rm = wmL12Q = 6·28 X 4·5 X 14· l X 22·5 
= 9,000 Q. 

If gm = 2 mA/volt and 1Ja = 0·85, the sensitivity of frequency· 
amplitude conversion is 

S(F=O) = 4·35 X 10- 3 X 2 X 10- 3 X 9,000 X 0·85 X 1 
= 0·0665 volts per kc/s per 1 volt input at the grid of V7 • 

The output voltage (Exx,)-frequency characteristic of the discrimina
tor is obtained by multiplying the vertical scale of Fig. 15.20 by 
4·75, i.e., using the left-hand scale, and converting the QF scale to 
a. frequency scale by noting that f = 4·5 Mc/s at QF = 0 and 
4·4 and 4·6 Mc/sat QF = -1 and +1 respectively. 

The damping resistances Ra1 and R,0 in Fig. 15.17 have next to 
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be calculated. If the diode load resistances Ru and R,2 are 0·l MD, 
the primary circuit is damped by these two in parallel (0·05 MD) 
and also by the two diode conduction currents, which are equivalent 
to two 0·05 MD in parallel, i.e., 0·025 MD. Hence the total damping 
resistance across the primary, apart from R 37 , is equal to 0·05 MD 
in parallel with 0·025 MD, viz., 16,666 D. If the initial Q 0 of the 
coil is 150, the total damping resistance necessary to reduce this 
to 22·5 is 

R _ wmL12QoQ _ 6·28 X 4·5 X 14·1 X 150 X 22·5 
tp - Q

0 
- Q - 127·5 

= 10,600 D 

so that Ra1 = 16,666 X 10,600 = 29,200 D. 
6,066 

For the secondary side 

R
18 

= '!!mLJ?_oQ = 18 800 D 
Qo -Q ' 

of which the damping resistance due to detection is that from the 
conduction resistances in series, i.e., 0·l MD. Hence 

R = 100,000 X 18,800 = 23 lO0 D. 
'
0 81,200 ' 

The coupling capacitor Ou in Fig. 15.17 is 100 µµF, the R.F. by-pass 
capacitor 0 54 is 50 µµF and in the R.F. filter before the A.F. amplifier 
Ru = 0·2 MD and O 55 = 100 µµF. The mutual inductance coupling 
M 5 between £ 12 and £ 13 is kVL11L 13 = 1·255 µH (k = 0·067). 

Correct tuning and adjustment of the phase discriminator is 
best carried out in the manner described in Section 13.4.2. The 
primary and secondary, with Ou disconnected and coupling less 
than critical (Qk < 1), are tuned for maximum voltage across either 
one of the diode load resistances, Ru and R 0 , when the input 
frequency is 4·5 Mc/s. 0 52 is now connected and the primary 
re-tuned for equal positive and negative D.C. voltage peaks across 
the two load resistances (points XX' in Fig. 15.17) at approximately 
equal off-tune frequencies from 4·5 Mc/s. The secondary is next 
tuned ·i,o produce zero D.C. voltage across XX' at 4·5 Mc/s. Finally, 
the mutual inductance coupling M 5 is increased until the equal 
positive and negative n.c. voltage peaks occur at 4·65 and 4·35 Mc/s. 
(QF = 1·5 from Fig. 15.20.) The required linear characteristic 
should then be obtained. 

The effect of primary and secondary mistuning on the dis
criminator characteristic has already been discussed in Section 13.4.2. 
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Variations of M 5, i.e., Qk, cause the characteristic to pass through 
the phases illustrated by curves 1, 2 and 3 in Fig. 15.21. Curve 1 is 
obtained when M 6 is too small, the linear range of QF is restricted 
and the peaks are close to off-tune frequencies corresponding to 
QF = 1. Curve 2 illustrates the case for the correct value of M 6, 

i.e., Qk = 1·5, while curve 3 shows how linearity is lost by increasing 
M 6 beyond its optimum value, a double S-shaped characteristic 

+ 

---

Frequency -
Increasing 

Fm. 15.21.-The Effect of increasing Mutual Inductance between Primary 
and Secondary of the Phase Discriminator. 

Curve 1: M too small. 
Curve 2 : M correct for maximum linearity. 
Curve 3 : M too large. 

being obtained. As M 6 is increased the positive and negative 
peaks continue to increase in amplitude. 

15.9.4. The Integrating Converter. The integrating fre
quency-amplitude converter, which also acts as a limiter, may 
consist of a regenerative amplifier, a multivibrator, or a squegger 
oscillator, the operation of which is controlled or triggered by the 
intermediate frequency. All these circuits tend to produce short 
sharp pulses of current, the duration and amplitude of which are 
dependent on the circuit constants and are practically independent 
of the amplitude of the triggeringvoltage. Thenumberofpulsespro
duced are controlled by, and are directly proportional to, the frequency 
of the latter. The mean current value of these pulses is proportional 
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to the intermediate frequency so that the mean current amplitude 
varies in accordance with the frequency deviation of the I.F. carrier 
and reproduces the A.F. content of the latter. 

An example of the regenerative* type is shown in Fig. 15.22. 
Two pentode valves (hexodes may equally well be employed) are 
used in push-pull, and regeneration is applied to one grid from the 
anode of the opposite valve by means of the potential divider 
resistances R 2 and R 3 • 0 1 is a coupling capacitance of fairly high 
value (0·001 µF) for isolating the D.c. voltage. Regeneration is 
critically adjusted so that the stage is very susceptible to small 
changes of voltage on the suppressor grids. A slight positive 
increase in voltage causes one valve to take a high value of anode 

I~ 
ln~ 

,-----------oHT.+ 

A.F 
Output 

~------------------0/i.T.-
FIG. 15.22.-A Regenerator Type of Integrating Frequency-to-Amplitude 

Converter. 

current and the other to take a small value. A large pulse of 
current therefore flows through the primary of the centre-tapped 
transformer connected to the anodes of the valves. The rate of rise 
and fall of anode current is very rapid and is determined solely by 
the regenerative circuit (the natural frequency of the primary 
inductance and stray capacitance is much higher than the highest 
intermediate frequency), so that the wave form (width and ampli
tude) of the current pulse is independent of the I.F. The number of 
pulses per second is, however, proportional to the I.F., occurring 
twice per cycle of the I.F. Provided the amplitude of the I.F. signal 
exceeds a certain minimum value, variation of amplitude has no 
effect, and the stage acts as an amplitude limiter. Resistances R 1 in 
the input grid circuit help in attaining this condition by " squaring " 
the tops of the I.F. signal with the aid of grid current. A double-

* Patent. R. C. A. and C. W. Hansell (British Application No. 8324/42). 
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diode full-wave detector is used across the secondary of the trans
former in order to abstract the mean voltage variations from the 
A.O. voltage pulses appearing across the secondary. The mean 
variation of the pulse from each valve cannot be transferred through 
the transformer, but must be abstracted by subsequent detection. 
The detector must not be allowed to operate with a reservoir 
capacitance across its load resistance, as for an amplitude modulated 
signal, otherwise the capacitance fills in the gaps between the pulses 
(see Section 8.2.1, Part I) and there is no mean voltage variation. 
A resistance load is satisfactory without the reservoir capacitance 
as the half-wave voltage pulses appearing across it are of sub
stantially the same shape as the section of the applied voltage wave 
which is producing them. Half-wave detection could be employed 
using the whole of the secondary as a voltage source, but it is no more 
efficient as regards A.F. output from a given I.F. deviation, and has 
the disadvantage of a large R.F. fundamental component (twice that 
for full-wave). This is different from the case of amplitude modula
tion for which half-wave detection normally gives an A.F. voltage 
output approximately twice that for full-wave. R5 and 0 2 form an 
R.F. filter between the load resistance R4 and the first A.F. valve. 

The regenerator of Fig. 15.22 may be replaced by a multivibrator, 
or a squegger oscillator. The squegger or blocking oscillator, 
shown in Fig. 15.23, has very tight coupling between its regenerator 

I~ 

U1::!J 
Fm. 15.23.-The Blocking Oscillator Integrator Converter. 

oil and tuned circuit. Oscillation, when it occurs, is so violent that 
a very large pulse of grid current results and charges the capacitance 
0 1 to a negative voltage many times greater than the cut-off bias 
voltage. Oscillation ceases and only recommences after 0 2 has dis
charged itself through R 2 to a negative voltage sufficiently small to 
allow oscillations to begin again. If the tuned anode is sufficiently 
damped-this is the function of R 1 in series with the tuning capaci
tance 0 1-oscillations in the tuned circuit die away rapidly and 
there is only a single anode current pulse of short duration. The 



352 RADIO RECEIVER DESIGN [CHAPTER 15 

actual period of the pulse is usually rather less than half a cycle of 
the normal oscillation frequency of L 10 1 , and is much less than the 
period of the maximum frequency of the triggering voltage. On 
the other hand, the time constant of the circuit R 2G 2 must be greater 
than the period of the minimum I.F., so that the latter can trigger 
the valve satisfactorily. The amplitude and duration of the anode 
current pulse depends on the circuit constants, and above a certain 
value of triggering voltage is independent of the amplitude of the 
latter. The mean anode current taken by the oscillator is pro
portional to the number of pulses, which in turn is proportional 
to the intermediate frequency, and the A.F. content of the I.F. 

signal could be obtained across a resistance placed between the 
tuned circuit L 10 1 and H.T. positive. A capacitance of about 
100 µµF would be required across the resistance to by-pass radio 
frequencies. Alternatively the mean value can be abstracted from 
the pulses by means of the diode as shown in Fig. 15.23. 

Another method of producing pulses of almost constant duration 
and amplitude, but of number proportional to the I.F., is by means 
of a hexode valve, to the control and oscillator grids of which 
antiphase (180°) voltages are applied. The bias on the grids is 
adjusted so that anode current flows when there is no I.F. signal, 
but is quickly cut off by a differential change of voltage on the grids. 
Hence a short pulse of anode current occurs every half-cycle of the 
I.F. as the instantaneous amplitude approaches and passes through 
zero. There is a change in pulse width with change in I.F. amplitude 
and this type is less satisfactory as an amplitude limiter. 

15.9.5. The Counter Type of F.M. Detector. Detection of 
a F .M. signal can be accomplished by using the " counter " type 
of detector * shown in Fig. 15.24. For the " counter " action to 
be satisfactory, the I.F. must have a comparatively low value, about 
200 kc/sis usually chosen so that the lowest modulation frequency 
components (125 kc/s) are sufficiently far removed from the A.F. 

range of frequencies. This low I.F. necessitates double frequency 
changing in order to avoid image and undesired responses. The 
last I.F. amplifier following the limiter stage has a resistance, Ri, 
instead of a tuned circuit in its anode. It is biased by grid current 
and has low anode and screen voltages in order to " square " the 
top and bottom of the F.M. output signal. Capacitance O 1 , initially 
charged by D 1 to the maximum positive square top voltage, dis
charges to the minimum squared voltage through R 1 and R 2, pro-

* Patent. R. C. A. and W. Van B. Roberts (British Application 
No. 4019/42). 
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ducing across the latter a negative pulse, the duration of which is 
adjusted to be much less than the period of the maximum F.M. 

signal frequency. The number of these pulses and their mean value 
are proportional to the F.M. signal frequency and therefore to its 
modulation content. Hence a mean voltage variation proportional 
to the frequency deviation of the I.F. appears across diode D 2 and 
is passed on to the A.F. amplifier. Ra forms with diode D 2 a positive 

~---------------oH.T.+ 

A.F. 
Output 

o-j 
I.F. 

Input 

Fm. 15.24.-The Counter Type Frequency-to-Amplitude Converter. 

pulse suppressor, which prevents the positive charging voltage pulse 
across D 1 being passed on to the A.F. amplifier. 

15.9.6. The Hexode Frequency-to-Amplitude Converter. 
The property of electron collection possessed by the signal grid of 
the hexode valve (see Section 5.8.2, Part I), as the frequency of the 
oscillator voltage is increased, has been suggested * as a means of 
converting F.M. into an A.F. signal. The F.M. signal is applied to the 
oscillator grid, and a grid leak resistance (0·5 M.Q) and capacitance 
(50 µµF) are connected in parallel between control grid and cathode. 
A resistance anode load (R.F. is by-passed by a capacitance of about 
50 µµF) is used. It is found that under suitable conditions a linear 
variation of grid voltage of about 0·8 volts is obtained when the 
signal frequency is varied from 15 to 25 Mc/s. This grid voltage 
variation is amplified by the valve, and the resultant A.F. appearing 
across the anode circuit resistance is passed on to the A.F. amplifier. 
The chief disadvantage of the method is the high input signal 
frequency required and the low conversion efficiency. 

15.10. Methods of Frequency Modulation Compression in 
the Receiver. 

15.10.1. Introduction. The use of wide-band frequency 
modulation has certain disadvantages from the point of view of 
receiver design. It is not possible to use the same I.F. transformers 
for high fidelity amplitude modulation-the wide pass-band admits 

* Patent. R. C. A. and F. B. Stone (British Application No. 12097 /42). 
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undesired noise components from outside the required pass range, 
and selectivity is inadequate-so that a receiver designed for dual 
operation must have two separate sets of I.F. transformer. If, 
however, the original frequency deviation of the F.M. signal could 
be compressed in the receiver from ±75 kc/s to ±15 kc/s, con
version to amplitude modulated reception would only involve 
a simple switching operation at the detector stage, the same trans
formers and I.F. amplifier circuits being used for both types of 
modulation. The phase discriminator stage is converted for A.M. 

detection by connecting tp.e cathodes of the diodes together and 
taking the output for the A.F. amplifier from the centre point of the 
diode load resistances as shown in Fig. 15.25. The band width 
cannot be reduced below about ±15 kc/s, otherwise both frequency 
and amplitude modulation suffer from attenuation distortion of the 
upper audio frequencies, and high fidelity is not possible. Advan
tages other than that of dual operation are gained by compressing 
the frequency-modulated deviation; the lower value of I.F. that is 
possible gives greater gain per stage and is more stable ; the method 
of compression generally has a limiting action on any amplitude 
modulation so that a separate limiter stage (with, usually, loss of 
amplification) is not necessary. The reduction in modulation due 
to compression is largely offset by the increased sensitivity of the 
frequency-amplitude converter discriminator made possible by the 
reduced band width required. 

There are various methods of compressing the frequency devia
tion. One uses a variable reactance valve, operated from the A.F. 

output signal from the receiver, to frequency-modulate the local 
oscillator and cause its frequency to follow the frequency deviations 
of the input signal. For example, suppose the input carrier is 
frequency modulated ±75 kc/s, ranging from 45·075 to 44·925 Mc/s, 
the local oscillator frequency is frequency modulated to vary from 
45·525 to 45·405 Mc/s (or 44·595 to 44·475) so that the resultant 
I.F. carrier is 465 kc/s, frequency modulated ±15 kc/s. Another 
method uses a frequency divider to produce the I.F. carrier and at 
the same time reduce the frequency deviation. A third system 
employs an oscillator operating at a submultiple of the input signal 
and locked by it. The original frequency deviation is reduced in 
the ratio of the submultiple to the input frequency. 

15.10.2. Compression by Frequency Modulation of the 
Local Oscillator.5• 6• 15 A block schematic diagram of the appara
tus is shown in Fig. 15.25. The variable reactance valve may be 
used to correct for slow as well as rapid changes of frequency by 
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applying to it D.C. bias as well as A.F. voltage from the output of 
the discriminator; the resistance R 2 and capacitance 0 2 (O·l M.Q 
and 50 µµF) in the diagram form a R.F. filter. This is an important 
point because harmonic distortion of the A.F. output tends to occur 
at high output levels if the frequency deviation is not centred 
correctly in the frequency-amplitude converter discriminator char
acteristic. Amplitude limiting results because the magnitude of 
the reactance variation of the reactance valve is dependent on the 
amplitude as well as the frequency of the input signal to the dis
criminator. Thus an initial amplitude variation of the input signal 
to the latter is applied to the reactance valve to frequency-modulate 
the local oscillator and produce an A.F. output at the discriminator 

FIG. 15.25.-Frequency Deviation Compression by Frequency Modulation of 
the Receiver Oscillator. 

180° out of phase with the A.F. output due to the initial amplitude 
modulation. The overall performance of the apparatus as regards 
signal-to-noise ratio is comparable with that of the wide-band 
amplifier with a saturated amplifier limiter. This type of com
pressor, which is an example of the negative feedback principle, 
possesses the advantage of reducing distortion, hum and interference 
produced in the I.F. amplifier. 

For conversion to amplitude-modulated reception the switch 
is moved to position A.M. and the variable reactance valve is 
disconnected. 

15.10.3. The Frequency Divider Compressor. The prin
ciple of frequency division* can be applied in the F.M. receiver to 
compress the frequency deviation, and a circuit diagram is shown 
in Fig. 15.26. The input frequency, 13 Mc/s, modulated ±75 kc/s, 
is obtained from an I.F. amplifier following the first frequency 
changer. This initial change of frequency is essential since a fair 

* Patent. R. C. A. and M. G. Crosby (U.S. Application No. 430,348). 
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degree of selectivity is necessary before the frequency divider stage, 
which has less adjacent channel selectivity than the normal frequency 
changer stage. The 13 Mc/s input is applied to two frequency 
changer valves. The first ( V 1 ) has an anode circuit tuned to the 
required I.F., e.g., 4·5 Mc/s, and its output is applied to the second 
I.F. amplifier and to the second frequency changer valve V 2. The 
anode circuit of V 2 is tuned to the sum frequency of the two inter
mediate frequencies, i.e., 13+4·5 = 17·5 Mc/s, and the output from 
this is connected to the other grid of the valve V1 , in which it reacts 
with the original 13 Mc/s to produce a difference frequency of 

13±0·075 
Mc/s 

,--------------0/-1.T.+ 

4-5± 0·075 Mc/s 

I.F. 
Output 

Fro. 15.26.-An Example of the Frequency Divider F.M. Compressor. 

4·5 Mc/s. The extent of F.M. compression of the 4·5 Mc/s output 
depends on the relative selectivities of the 4·5 and 17·5 Mc/s tuned 
anode circuits. Equal selectivities divide the frequency deviation 
in equal proportions between the two frequencies, i.e., 4·5±0·0375 
and 17·5 ±0·0375 Mc/s, and the degree of compression is conveniently 
controlled by varying the selectivity of the 17·5 Mc/s circuit. 
Thus, if that of the latter is reduced to one-quarter of the 4·5 Mc/s 
circuit, the output frequency is 4·5 Mc/s modulated ±15 kc/s. It 
is interesting to note that the 4·5 and 17·5 Mc/s frequencies are 
only generated when there is an input signal, and they disappear 
when it is zero. The reason for this is that the slightest shock 
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excitation of the 4·5 Mc/s and 17·5 Mc/s anode circuits, due to 
noise or switching on the 13 Mc/s signal, causes voltage components 
of these frequencies to appear in the circuits, and the process is 
self-sustaining as long as there is an input signal. The frequency 
divider stage has less adjacent channel selectivity than the normal 
frequency changer because the lower selectivity of the 17·5 Mc/s 
tuned circuit permits the sum frequency to be self-adjusting to 
a fairly wide range of input frequencies. Thus a 12 Mc/s input 
frequency shock-excites the 4·5 Mc/s circuit to produce a sum 
frequency in the anode circuit of Va of 16·5 Mc/s so that the second 
I.F. amplifier offers no selectivity against this undesired frequency. 
This type of compressor also acts as a limiter and is capable of 
smoothing out wide variations of input signal amplitude. 

15.10.4. Frequency Compression by Submultiple Locked 
Oscillator. A method of compressing frequency modulation by 
means of a locked oscillator operating at a submultiple * of the 
I.F. has been developed, e.g., an I.F. of 4·5 Mc/s modulated ±75 kc/s 
can be used to lock a submultiple oscillator of 0·9 Mc/s, the frequency 
modulation of which is reduced in the ratio of the fundamental 
frequency reduction of t to ±15 kc/s. A circuit diagram of the 

~--------oH.T.+ 

o----...1-.,_ ____ ---+-___ -otf.T.-

Fm. 15.27.-Compression of Frequency Deviation using a Submultiple 
Locked Oscillator. 

apparatus is shown in Fig. 15.27. A frequency-changer type of 
valve is employed with the I.F. signal applied to the control grid, 
and the submultiple oscillation is generated by feedback from its 
tuned anode circuit to the oscillator grid. The regenerator circuit 
in the oscillator grid has a natural frequency greater than the sub
multiple frequency ; its inductance is t or ¼ of the anode inductance 
L 1, and its capacitance C 2 is approximately three times that of the 
anode-tuning capacitance 0 1 • 

* Patent. R. C. A. and G. L. Beers (British Application No. 2310/43). 
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The locking range of the submultiple oscillator is governed by 

the ~: ratio and also by the damping of the anode circuits. A large 

~ ratio and heavy damping tend to increase the locking range. 

By a suitable choice of coupling between L 1 and L 2, and of supply 
voltages, the system can be made to function as a satisfactory 
limiter. Grid leak self-bias may be employed on the I.F. signal 
grid to aid limiting and provide A.G.c. voltage. The circuit is 
stated to possess particular advantages in reducing noise and 
adjacent channel interference because of its restricted locking range. 
Frequencies outside the selected range, which is limited to a little 
more than that required for the desired signal, are unable to lock 
and their effect is largely eliminated from the output. 
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CHAPTER 16 

TELEVISION RECEPTION 

16.1. lntroduction.18• 34• 35 To obtain a clear idea of the 
problems involved in the reception of television signals and their 
conversion into an image of the original viewed object, a short 
description of the method of converting light, reflected from an 
object, into electrical impulses is necessary. Since the transmitter 
is, in effect, a single-channel system, it is quite incapable of conveying 
instantaneously the whole picture ; to do so would require a large 
number of links each transmitting an electrical impulse proportional 
to the instantaneous light intensity from a small area of the object. 
The actual number of transmissions would depend on the detail 
required from the reproduced image, fine detail necessitating the 
selection of light from a very small area of the object and a very 
large number of transmitters. Owing to its property of persistence 
of vision, the eye is capable of seeing a composite image even when 
the light components are being interrupted, provided the rate of 
interruption exceeds about sixteen times per second. Hence a satis
factory picture can be obtained without each transmitter being in 
continuous operation, as long as the electrical pulses, proportional 
to the light from the particular area, are transmitted at least sixteen 
times per second. The brightness of reproduction would be reduced 
in proportion to the reduced time of transmission, and flicker would 
be evident, but the picture would be reproduced as a whole. Since 
continuous transmitter operation is not essential, it is clear that the 
separate transmitters could be replaced by a single transmitter 
successively modulated by the electrical impulses derived from the 
light areas originally associated with individual transmitters, and 
this is the principle involved in television. The loss of brightness 
due to successive transmission can be overcome by increased 
efficiency of the light to electrical impulse (and vice versa) conversion 
at transmitter and receiver, and flicker can be removed by increasing 
the rate of pick-up of light from a given area. 

Conversion of the light to electrical impulses and successive 
pick-up are normally achieved by means of a special type of cathode
ray tube, known as the iconoscope, having a mosaic screen of photo
active material, which acts like a series of minute insulated photo
electric cells. The screen consists of a thin mica plate, on one side 

360 
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of which is deposited the photo-active material, and on the other 
a conductive coating of colloidal graphite. The image of the object 
to be viewed is focused on to the screen, and the coating and photo
cell elements act as a series of capacitances, which are charged to 
voltages proportional partly to the brightness of the light falling on 
the cell element and partly to the time during which the cell is 
activated. These minute capacitors are discharged by the action 
of the cathode-ray beam, which is caused to scan the sensitive side 
of the mica plate in a series of almost horizontal lines one below 
the other. The beam is eventually returned to its starting-point 
and the whole image is repeatedly scanned. Discharge of the 
photo-electric capacitance elements causes a series of voltage pulses 
across a resistance connected between the mica conductive coating 
and a similar colloidal graphite coating round the inside of the neck 
of the tube. These voltage pulses are actually produced by 
secondary electrons, released by the cathode ray beam as it passes 
over the photo-electric elements and collected by the tube coating, 
which is at the same potential as the last anode. After suitable 
amplification the pulses are used to modulate the transmitter. 

Interlaced scanning 1 is employed because it reduces flicker and 
gives better definition for a given pulse-frequency spectrum. 
Successive line scans are spaced a line width apart, so that half the 
image is scanned at a time, and the gaps between the lines of one 
vertical scan are filled in by the lines of the next vertical scan. It 
is achieved automatically in the iconoscope by using an odd number 
of lines per complete picture, alternate vertical scans starting half 
a line later. The number of vertical scans, or frames, is twice the 
number of complete pictures and, as far as flicker is concerned, it 
is equivalent to doubling the number of pictures transmitted. The 
number of frames per second must bear an integral or fractional 
relationship to the mains supply frequency, otherwise flicker is 
produced by small A.O. voltage components from the H.T. or heater 
supplies, which modulate the receiver light reproducer and cause 
alternate bands of light and shade to wander across the picture. 
Hence fifty frames are transmitted per second in England and sixty 
in America. 

To achieve a high degree of definition the number of horizontal 
scanning lines must be large, and to remove flicker the number of 
complete pictures must not be less than 25 (50 frames). 1 This 
entails a large number of equivalent picture elements and, for 
sharp contrast, a high maximum modulating frequency. The limit 
of the latter is half the number of picture elements scanned per 



362 RADIO RECEIVER DESIGN [CHAPTER 16 

second (a sine wave has a positive and negative half), which is 
determined by the number of horizontal lines per complete picture 
and the aspect ratio (width to height) of the latter. Taking the 
pre-war English standard of 405 lines per picture, 25 pictures per 
second, and an aspect of ratio of 5 to 4, the total number of elements 

. . 1 "d . 40 d . h . t 1 405 x 5 h m a vertica SI e Is 5 an m a orizon a 
4 

= 506, so t at 

the maximum modulating frequency is 

405 x 506 x 25 = 2·56 Mc/s. 
2 

An important feature of television transmission is therefore the 
large frequency spectrum occupied by the modulation sidebands. 
It is probable that development will be in the direction of even higher 
lines per picture, with consequent increase in sideband spectrum. 
In America. a standard of 525 lines has already been adopted. Such 
a large modulation frequency spectrum can only be accommodated 
by using an ultra short-wave carrier frequency, such as 45 Mc/s 
or greater. 

It is found in practice that the maximum modulating frequency, 
as calculated above, is actually higher 12 than is necessary because 
vertical resolution is less than horizontal and the number of active 
picture elements is less than the maximum. For· example, it is 
possible that alternate vertical picture elements of black and white 
equal to one line width may be positioned such that half of each 
is scanned by a line. In this case the resultant pulse is equivalent 
to light halfway between black and white, and vertical definition 
is lost. It has been estimated 34 that only 65% of the total picture 
elements are fully effective, so that the maximum modulating 
frequency could be reduced from 2·56 to 1·66 Mc/s without impairing 
picture definition to any great extent. 

In a television transmission channel, correct synthesis of the 
image at the receiver output is dependent on the light spot at the 
reproducer keeping step with the scanning spot at the transmitter, 
and some form of synchronizing signal must be incorporated in 
order to trigger the frame- and line-deflecting circuits at the correct 
time instants. The light signal must therefore be regularly inter
rupted to allow the transmission of a synchronizing signal at the 
end of each horizontal line and vertical frame scan. This is 
achieved by applying a synchronizing signal of opposite polarity 
to the light signal to modulate the carrier. The pre-war English 15 

standard method of transmission is illustrated in Fig. 16.1. The 
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unmodulated carrier amplitude, corre
sponding to a black signal, is 30% of 
its maximum white amplitude, and 
modulation by the light signal always 
increases the mean carrier value. 
Hence average, as well as contrast 
brightness of picture is transmitted 
i.e., it contains the D.C. and A.C. 

components of the light signal. The 
synchronizing signals are transmitted 
by reducing carrier amplitude below 
its unmodulated or black value, and 
they have a rectangular shape. The 
line synchronizing pulse, which has a 
fundamental frequency of 405 x 25 = 
10,125 c.p.s., occupies IO% of the 
total line period, but the carrier level 
is maintained at black for a further 
5% to allow 15% "fl.yback" time for 
the horizontal deflecting circuits. The 
light signal is therefore transmitted for 
85% of the total line time. At the 
end of a vertical (frame) scan, the 
vision signals are suppressed for about 
10 lines, and during part of this time 
the frame synchronizing pulse is 
transmitted. It consists of a series of 
rectangular pulses similar to the line 
pulses but four times as long, i.e., two 
are transmitted for every line period. 
During the / 0th line period interval 
between the pulses, the carrier is 
restored to its unmodulated black 
value. The number of frame pulses 
are usually eight, and for the rest of 
the IO-line suppression period the 
line-synchronizing signals are con
tinued with carrier amplitude at 30% 
maximum for the intervening 1\ths 
line periods. The synchronizing signal 
for odd-numbered frames occurs in 
the middle of a line period and for 
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even-numbered frames at the end of a line period as shown by 
positions A and B in Fig. 16.1. The type of light modulation 
shown in this figure is known as positive modulation, and that for 
the synchronizing signal as negative modulation. The American 
system is the reverse of this, the picture modulation being negative 
with maximum brightness for minimum carrier, and the synchron
izing modulation being positive. It is the mirror image of the 
English type of modulation envelope. The two systems also differ 
in two other respects ; double sideband transmission with the 
associated audio* programme at a frequency 3·5 Mc/s below the 
television carrier, and vertical polarization of the radiated television 
signal are used in England, whilst vestigial sideband (the upper with 
750 kc/s of the lower) transmission with the audio carrier 4·5 Mc/s 
above the television carrier, and horizontal polarization are standard
ized in America. No fundamental modifications are, however, 
necessary to convert the receiver from one system to the other. 

Having established the form of signal broadcast by a television 
transmitter, we are now able to consider the essential features of 
a receiver for reproducing correctly an image of the object being 
televised. 

16.2. The Essential Features of a Television Receiver. 
A block diagram showing the essential parts of a superheterodyne 
television receiver 10, 13 is given in Fig. 16.2. The dipole aerial, 
placed vertically if vertical polarization is used, or horizontally for 
horizontal polarization, has a length corresponding to half-wave 
resonance at approximately the centre of the frequency range 
covered by the vision channel. There is some attenuation of the 
audio signal, but little attenuation distortion because the audio 
sidebands cover such a small frequency range. Both signals are 
amplified together as far as the output of the frequency changer, 
the same local oscillator being used to provide the vision and audio 
intermediate frequencies. The anode of the frequency changer 
contains a special filter separating the two intermediate frequencies, 
but extra rejection of the audio I.F. may be required in the vision 
frequency I.F. amplifier in addition to the attenuation provided by 
the I.F. circuits. Single sideband vision reception is generally 
employed because a higher amplification per stage, and a more 
level frequency response can be obtained in the I.F. amplifier when 
the required band width is reduced. Proper reproduction of the 

* The prefix " audio " before " programme ", " carrier " or " intermediate 
frequency " means the carrier or intermediate frequency which carries the 
audio frequency programme as sidebands. 
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vision signal can only be secured when the v1s10n carrier is 
correctly tuned to the edge of the pass-band, and this is achieved 
by using the sound 
signal as a tuning 
indication. The I.F. 

amplifier for the audio 
signal usually has a 
pass-range about 
100 kc/s wide (to allow 
for frequency drift of 
the oscillator), and 
correct tuning of the 
audio signal, within this 
pass-range, by varia
tion of oscillator fre
quency, automatically 
involves correct tuning 
for the vision signal if 
the two I.F. channels 
are correctly aligned in 
the first place. The 
vision intermediate fre
quency must be care
fully chosen to give an 
adequate pass-band 
without serious attenua
tion or phase distortion, 
and to avoid spurious 
responses, which pro
duce chequerboard or 
wavy line patterns 
across the reproduced 
picture. 

When only a single 
transinission is to be 
received, the amplifier 
before the vision fre-
quency detector may 
be of the fixed tuned 

1 
rn 

R.F. type.6 It has advantages over the superheterodyne that 
tuning is not dependent on a local oscillator, the frequency of which 
may drift appreciably during the first half-hour after switching on, 
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that a fl.at pass-band can be more easily obtained at the higher 
frequency and that it does not produce spurious interfering fre
quencies. Its disadvantage is that more difficulty is experienced 
in removing the audio signal from the vision output, because the 
tuned circuits in the R.F. stages cannot normally provide sufficient 
attenuation unless the pass-band of the vision signal is severely 
restricted. With this type of receiver it is usual to divide the 
feeder line from the aerial into two channels, and to insert a filter 
in the vision channel to reject the audio transmission, and a vision 
frequency filter in the audio channel. Additional filters may be 
included in the vision R.F. amplifier so as to bring about an overall 
attenuation of the audio signal of 40 db. It will be noticed that 
by this system the audio and vision signals are separated at the 
aerial, and common amplification of the two is not employed. Some
times the first stage in the vision R.F. amplifier is used to amplify 
both audio and vision, special narrow pass-band rejection cir
cuits being inserted to provide sufficient overall attenuation of 
the audio signal in the remaining stages. Another possibility 
with double sideband transmission is to use single sideband recep
tion, the sideband on the opposite side of the carrier to the audio 
signal being accepted ; the chief difficulty with this method is that 
satisfactory operation depends on the R.F. circuits being, and 
remaining, correctly tuned. 

The vision frequency detector is generally a diode, but a triode, 
functioning as an anode bend detector, may be used. The diode 
load resistance must be low, about 5,000 D, in order to prevent 
attenuation of the higher vision frequencies by the stray capacitance 
across it. The same is true of the anode load resistance of the vision 
frequency amplifier after the detector, and in this part of the 
apparatus special methods are adopted to neutralize the reactance 
of the stray capacitance. The v.F. amplifier is not usually a n.c. 
amplifier, and a diode or similar device is used to restore the D.c. 
component at the output. 

The v.F. amplifier is connected to the voltage-light converter. 
The latter function is successfully performed by the cathode-ray 
tube, the beam of which is capable of intensity modulation by the 
application of a voltage to its grid (or gun electrode, as it is some
times called). The grid voltage varies the density of the electrons 
in the beam and hence the brightness of the spot formed on the 
screen, a positiv-e direction of voltage increasing brightness. The 
area, or focus, of the spot on the screen can be controlled by varying 
the n.c. current in a coil round the neck of the tube (magnetic 
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focusing)-a permanent magnet with a variable shunt may also be 
used-or by varying the voltage applied to an intermediate anode 
between the grid and final anode (electrostatic focusing). The 
diameter of the screen on which the image is formed is generally 
9 or 12 inches; the useful picture area with the 12-inch diameter 
cathode-ray tube is 10 inches by 8 inches. The colour of the light 
depends on the screen material ; the most popular colour is a bluish 
white obtained with a screen material of zinc sulphide or cadmium 
tungstate with zinc silicate. 

A deflecting system is necessary to synthesize the light impulses 
into an intelligible picture, and arrangements must be made to 
deflect the beam horizontally and vertically in an identical manner 
to, and in step with, the scanning beam in the iconoscope. This 
can be achieved either by applying voltages of saw-tooth shape to 
deflecting plates mutually at right angles inside the C.R. tube, 
between the final anode and screen (electrostatic deflection), or by 
means of currents of saw-tooth shape in coils external to the C.R. 

tube (magnetic deflection). Magnetic deflection has the great 
advantage that it allows a much shorter tube to be used and a more 
compact receiver is therefore possible. The saw-tooth voltage or 
current generator consists usually of a resistance-capacitance 
charge circuit operating in conjunction with a triggering charge or 
discharge device, such as a blocking oscillator. The " free " fre
quency of the triggering action is set to a value slightly below the 
fundamental of the frame or line saw-tooth, and is pulled into step 
by means of the synchronizing pulses sent out by the transmitter. 
These pulses are separated from the vision signals by means of 
a special synchronizing separator stage, which usually incorporates 
a limiting action to prevent loss of synchronism due to noise or 
interference. A filter is employed to separate line pulses from the 
frame synchronizing pulse used to lock the frame-scanning generator. 

The order of importance of the four types of distortion, harmonic, 
attenuation (frequency), phase and transient, in television reception 
is different from that for audio reception. Harmonic distortion has 
relatively little effect, but both attenuation and phase have a large 
influence on the picture. High-frequency cut-off attenuation dis
tortion leads to a picture with blurred outlines giving the appearance 
of being out of focus, whilst high-frequency intensification in the 
video frequency amplifier, if carried too far (the increase should not 
exceed 1 db. above the average level), may result in transient 
distortion, i.e., damped oscillations producing a rippled effect 
following the trailing edge of a white or black vertical line. Low-
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frequency cut-off in the v.F. amplifier causes uneven reproduction 
of large surfaces. 

Phase distortion leads to a plastic relief type of image, a white 
or black vertical line being preceded by a black or white margin 
respectively, or, if it is excessive, multiple images may be formed. 
Phase distortion is zero if the time delay is constant for all the 
frequency components of the signal passing through the amplifier. 
This means that the phase angle shift between the output and 
input must be proportional to frequency. For example, suppose 
there is a constant time delay of 1 microsecond at all frequencies ; 
this represents 1 cycle or 2n radians at 1,000 kc/s, ½-cycle or n radians 

at 500 kc/s, / 0 -cycle or i radians at 100 kc/s, and so on. 

Attenuation and phase distortion can occur in all stages of the 
receiver, but are generally greatest in the R.F. and I.F. stages, partly 
because there are more of them than of v.F. amplification. For 
a given pass-band width coupled or band-pass circuits can be 
designed to give less of both types of distortion than a single-tuned 
circuit. 

We shall now examine the separate stages in the receiver, with 
particular reference to the English type of transmission, i.e., the 
vision signal is assumed to be double sideband transmission on 
a carrier of 45 Mc/s, with an audio programme on a carrier of 
41·5 Mc/s. The required band width for adequate definition is 
assumed to be 78% of the maximum possible number of picture 
elements, i.e., ±2·56 x 0·78 = ±2 Mc/s. Signal-to-noise ratio on 
full modulation (white) is to be not less than 30 db. for an input of 
50 µ V at the aerial. The overall amplification of the receiver is to 
be capable of giving 25 volts swing, peak-to-peak, at the grid of the 
cathode-ray tube for a fully modulated input of 50 µVat the aerial. 

16.3. The Aerial Circuit.14 Owing to the high modulation 
frequencies involved in television reception it is most important 
that reflected signals, 9 delayed in time with respect to the real 
signal, should be prevented from reaching the aerial input of the 
receiver at a strength comparable with the real signal. These 
delayed signals may be caused by reflections from large buildings, 
metal objects (aeroplane), changes in earth conductivity, or incor
rectly terminated aerial feeder lines, particularly coaxial or parallel 
open wire lines, which have a much lower attenuation loss per unit 
length than twisted wire feeders. The latter have an attenuation 
loss of about 1 to 2 db. per wavelength as compared with O·l db. 
per wavelength for open wire lines and coaxial feeders. Particular 
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care must also be taken with parallel open wire lines to see that 
they are balanced with respect to earth for, unlike the coaxial cable 
with an earthed outer, they can pick up an appreciable signal voltage, 
which may be comparable with that picked up by the aerial itself. 
The signal voltages in each side of the parallel wires cancel at the 
receiver if the receiver input is centre-tapped to earth and the wires 
themselves are balanced to earth. The effect of the delayed signal 
depends largely on the time lag between it and the real signal ; if 
the delay is large a "ghost" image, displaced from the real image, 
is produced, but, if it is small, blurring or a change in the light 
distribution of the image may result. For example, owing to 
a redistribution of the amplitude and phase of the side-bands of 
real and reflected signals, cancellation or intensification may change 
a vertical white line into black or vice versa. To gain some idea of 
the importance of the time delay effect, let us consider a receiver 
having a 12-inch diameter cathode-ray tube giving a picture area 
of 10 ins. by 8 ins. The speed at which the spot travels across the 
picture is 405 x 25 x 10 x 2·54-;- 0·85 (lines per picture x com
plete pictures per second x length of line -;- conversion factor 
allowing 15% flyback time) = 3·02 x 105 cms./sec. The rate 
of-travel of the television signal in free space is 3 x 1010 cms./sec., 
i.e., 0·994 x 105 times faster than the C.R. tube spot. Hence, if 
there are two signal paths from the transmitter to the receiver, 
one 276 yards (252 metres) longer than the other, the longer path 
signal produces a second image displaced by 1~-in. from the real 
image on the C.R. tube screen. Normally the best position for the 
aerial is vertical for vertically polarized transmission, and horizontal, 
one end pointing towards the transmitter, for horizontally polarized 
transmission, but particular site conditions-congested areas with 
intervening high buildings-may call for special orientation in order 
to reduce reflected signal interference. 

The most suitable type of aerial is the dipole or V dipole. The 
latter has the advantage (see Sections 3.3.5 and 3.5.3, Part I) over 
the former of having a lower characteristic impedance and hence 
less variation of terminal impedance over a given frequency range. 
This means less transition loss at the junction of aerial and feeder. 
The length of the dipole is not very critical and it is usual to select 
a value giving resonance at the centre of the frequency range, thus 
the length of a dipole to resonate at 45 Mc /s is 

A 
2·1 

3 X 1010 

------ = 318 ems. = 10 ft. 5 ins. 
45 X 106 X 2·1 

N 
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The factor 2· l instead of 2 is used because, owing to end effects, 
the electrical length of an aerial of brass, copper or aluminium is 
approximately 5% greater than its physical length. For steel-rod 
aerials the correction factor is about 2·2. A reflector may be used 
behind the aerial to increase the pick-up from the transmitter and 
reduce interference, such as that from motor-car ignition systems, 
from directions on the opposite side of the aerial to the transmitter. 
The reflector is usually spaced from ¼1i. to ¾1i. away from the aerial, 
and its length may be made greater than that of the latter so as to 
give a broad double-humped overall frequency response. The 
dimensions of one such type 28 are : a main aerial 10 ft. 1 in. long 
with a reflector 11 ft. 1 in. long, separated by a spacing of 4 ft. 4 ins. 

The aerial-to-feeder connection is generally to the centre of the 
dipole, though the feeder may be connected to one end of the dipole 
by using a special ¼1i. matching section,6 made by two parallel wires 
¼1i. long, separated by l½ to 2 ins. One of these wires forms an 
extension to the ½1i. dipole and the ends of both are joined to the 
twin wire feeder. For twin wire shielded feeder or low impedance 
(80 .Q), the dipole is cut at the centre and each feeder wire goes to 
the end of one half-section. The distance between the two cut ends 
should be as small as possible compatible with satisfactory insulation; 
about 1 inch separation is generally adequate. Parallel wire feeders 
of high impedance (500 .Q) can also be connected to the centre of 
the aerial, but in this case the latter is not cut into two half-sections. 
The feeder ends are fanned out in triangular manner from their 
normal separation of about 2 ins. to a separation of 26 ins. in 
a distance of 40 ins. (0·151i.). 30 The mouth of the isosceles triangular 
shape of fl.are is connected to be symmetrically disposed about the 
centre of the dipole. Coaxial feeder may also be connected to the 
centre of a split dipole, the outer and inner conductors being joined 
to the near ends of the two half-sections. This is not the most 
efficient method, and a standing wave is produced on the outer 
conductor between the points where it joins the aerial and where 
it is earthed. A better system is to use a transformer with a 
balanced primary centre-tapped to earth, and a secondary, one end 
of which is connected to the inner and the other to the earthed 
outer. An electrostatic screen is desirable to prevent capacitive 
coupling from the primary to the secondary, causing unbalance of 
the primary. 

The dipole aerial should oe self-supporting, or alternatively 
stay wires must be broken up by insulators into lengths not equal 
to ½1i. or multiples of it. The feeder should be taken away at right 
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angles to a vertical dipole for a distance of about 20 ins. before 
turning it downwards. A shorter distance (but not less than 
10 ins. 25) may be used from aerial to the turn when necessary. 

16.4. The R.F. Amplifier .23 The design of the feeder-to-first 
tuned circuit connection of the receiver follows the lines set out in 
Section 15.5. The performance of the first R.F. valve has an 
influence on the design of the first tuned circuit. Maximum ampli
fication requires the tuning capacitance of all tuned circuits to be 
as small as possible, so that valve grid input and anode output 
capacitances should be as small as possible. The input resistance 
of the valve at 45 Mc/s is less important than in the case of the 
frequency modulation receiver, because the pass-band width is 
very much greater and calls for heavy damping of the first tuned 
circuit. Mutual conductance must be as high as possible and, for 
minimum shot-noise resistance, total cathode current at minimum 
bias must be as small as possible. This means that alignment of 
grid and screen wires (this reduces screen current), and anode 
current cut-off at a comparatively low grid bias are required. The 
valve cannot, therefore, have a very good variable-mu characteristic 
and, although harmonic distortion is not so serious with a television 
as with an audio signal, control of amplification by grid bias variation 
is unlikely to be satisfactory. Another disadvantage of grid control 
of amplification is that it tends to vary the grid input resistance and 
capacitance of the valve ; this effect can be reduced by the use of 
an unby-passed resistance in the cathode lead as discussed in 
Section 4.10.3, Part I. For design purposes we shall consider the 
R.F. valve to have characteristics similar (except for grid input 
resistance which is taken as 8,000 D) to those of the valve in 
Section 15.5, viz., fJm of 8 mA/volt, input and output capacitances 
of approximately 10 and 8 µµF, and an equivalent shot-noise 
resistance of 1,500 D. Values as high as 14,000 Q28 for input 
resistance at 45 Mc/s can be obtained with special valve designs, 
but as long as it is greater than a certain value the chief advantage 
of a high resistance is that any variation from valve to valve, or 
due to control of amplification, has less effect when the majority of 
the damping is provided by a fixed resistance. A typical circuit 
showing the feeder to first tuned circuit coupling, and the R.F. 

amplifier valve is that of Fig. 16.3. The feeder is assumed to have 
a characteristic impedance of 80 D, optimum coupling is employed 
between the feeder coupling coil L 1 and the secondary coil L 2, the 
inductive reactance of L 1 is cancelled by the capacitive reactance 
of Oi, the tuning capacitance 0 2 (consisting only of valve, wiring 
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and coil self-capacitances) is assumed to be 15 µµF. This low value 
of 0 2 can be realized by very careful layout. We must now decide 
the permissible attenuation loss at the maximum off-tune frequencies 
of ±2 Mc/s. For a single-tuned circuit, phase and attenuation 
distortion are closely related and increase of the latter increases the 
former. It would therefore appeaT that the circuit should be 
designed to give minimum attenuation loss ; the advantages of 
doing this are that a lower Q value is required so that the valve grid 
input resistance becomes of less consequence and the noise voltage 
at the grid of the first R.F. valve is reduced. On the other hand, 
transfer voltage ratio is decreased to a greater extent than the 
decrease of noise voltage and a larger signal output is required from 
the feeder to obtain the same signal-to-noise ratio. This feature 

Output 
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Fm. 16.3.-The Aerial and R.F. Amplifier Stage for a Television Receiver. 

is illustrated later in the section. The reduction in transfer voltage 
ratio has practically no effect on the overall amplification of the 
receiver because the more constant frequency response over the 
pass-band range calls for less compensation in the tuned transformer 
stages, i.e., the coupling coefficient can be brought closer to its 
critical coupling value, the peak-to-trough ratio decreased and the 
gain of each transformer coupled stage therefore increased. The 
chief advantage of adopting a higher attenuation loss in the first 
tuned circuit (apart from greater overall sensitivity for a given 
signal-to-noise ratio) is that phase distortion in transformer stages 
giving a double-humped frequency response is in the opposite 
direction to that in the first tuned circuit, and it is reduced as the 
double-humped response is made more pronounced, i.e., coupling 
coefficient is increased, so that a closer approach to cancellation can 
be made. Usually about four transformer stages are employed and 
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there is therefore a tendency to obtain overcorrection of the phase 
distortion if the first tuned circuit has too small attenuation loss 
and phase distortion. 

In order to estimate the effect of phase distortion, the phase 
angle shift and attenuation loss of a single-tuned circuit at different 
values of QF, i.e., different off-tune frequencies, are tabulated below. 
For zero phase distortion, the phase angle should be proportional 
to the off-tune frequency, LJJ, i.e., to QF, and in the fourth row of 
Table 16.1, the difference between the required phase angle (pro
portional to LJJ, and calculated by multiplying the phase angle at 
QF = 0· l by the ratio of the particular value of QF being considered 
to 0· l) and the actual phase angle is indicated. 

TABLE 16.1 

QF + 0·l + 0·2 + 0·3 + 0·4 + 0·5 
Attenuation Loss 

(db.) - 0·043 - 0·17 - 0·37 - 0·64 - 0·97 
Phase Angle - 5° 43' - 11° 19' - 16° 42' - 21° 48' - 26° 34' 
Phase Angle Error 0 + 5' + 29' + 1° 7' + 2° 5' 
QF + 0·6 + 0·7 + 0·8 + 0·9 + l·0 
Attenuation Loss 

(db.) - 1·335 - 1·73 - 2·15 - 2·58 - 3·01 
Phase Angle - 30° 58' - 34° 59' - 38° 40' - 41° 59' - 45° 
Phase Angle Error + 3° 25' + 5° 8' + 7° 10' + 9° 35' + 12° 18' 

The time delay is greatest for the largest value of QF, and if 
QF = 1 for LJJ = 2 Mc/s, the error in time delay is 

12° 18' 1 
360 

x 
2 

X 
106 

seconds = 0·0171 µ secs. 

In Section 16.3 we showed that the spot on a typical C.R. tube 
for television signals travels at 3·02 x 105 cms./sec., so that 
0·0171 µ secs. corresponds to a displacement of 0·0516 mm., which 
will give negligible blurring of the picture. As far as the first 
tuned circuit is concerned we can allow an attenuation loss of 
- 3 db. at the maximum off-tune frequency of 2 Mc/s. A point 
to be watched is that compensation for this loss by doubled-humped 
response in subsequent stages does not introduce excessive overall 
phase distortion. 

The final Q/ of the secondary circuit including damping intro
duced by optimum coupling to the feeder of characteristic impedance 
80 Q is, for a loss of - 3 db. at LJJ = ±2 Mc/s, given by 

Q
, fm 45 

a = 2,1/ = 4 = 11 ·25 
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or the Q of the secondary circuit when not coupled to L 1 is 
Qa = 2Qa' = 22·5 

and its resonant impedance is 

RD2 = __!h_ = 22·5 X 106 = 5,300 Q. 
wmOa 6·28 X 45 X 15 

If the initial Q0 of the coil La is 150, the total damping resistance 
required across L 2 is 

Rp2 = QRD2QQ0 = 6,240 Q. 
0 - 2 

The input resistance of the valve provides 8,000 Q of this so that 

R = 6,240 X 8,000 = 28 350 Q. 
3 1,760 ' 

The transfer voltage ratio is (see expression 15.2) 

TR = !JRD2 = !J5,300 = 4·07 
2 Ral 2 80 

if the feeder characteristic impedance is 80 Q. 
. . v R R v'~8-o_x_10---45 

For optimum couplmg M1 = al a=----- = 0·102 µH 
Wm 6·28 X 45 

where R 2 = wQ~a = effective series resistance of the secondary 

circuit. 
1 

C2 = 15µµF, L 2 = ~O = 0·832 µH 
Wm a 

L 1 = 0·416 µH, 0 1 = 30 µµF 

Q1 = wmL1 = 1·47. 
80 

Using expression 15.3b and noting that Q2F = 2 and Q1F = 0·1305, 
we find that the actual loss at off-tune frequencies of ±2 Mc/s is 
approximately - 2·8 db. If L 1 is made equal La, Q1 is doubled 
and the loss at ±2 Mc/s is reduced to - 2·6 db. 

The equivalent total noise resistance is the sum of the overall 
resonant impedance of the first tuned circuit, including damping 
from the feeder side, and the shot-noise resistance of the valve, 
i.e., it equals 2,650+1,500 = 4,150 Q, so that the R.M.s. noise 
voltage at the grid of the first valve is 

-------
En = 1·25 X 10-10 • V 4,150 X 4 X 106 

= 16·1 µV 
16·1 = 
4

_
07 

= 3·96 µV on the feeder side. 
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For satisfactory performance, signal-to-noise ratio should be of the 
order of 30 db., i.e., 31·6 to 1, so that the minimum acceptable 
signal output from the feeder is 125 µV. 

If the permissible loss at 45 Mc/s is reduced to - 1 db., 
Q/F = 0·5, Q/ = 5·62 for ,1/ = 2 Mc/s, RD2 = 2,650 Q, and 

1✓2,650 
TR=2 8()=2·88 

En= 1·25 X 10-10 -v'(l,325+1,500) X 4 X 106 

= 13·3 µV 
= 4·62 µ V on the feeder side. 

Hence the minimum acceptable signal output from the feeder is 
146 µV. We see, therefore, that sensitivity (for a given signal
to-noise ratio) is approximately 20% better in the case of the 
- 3 db. attenuation loss than the - 1 db. loss. 

Referring to Fig. 16.3, it will be seen that control of amplification 
is obtained mainly by suppressor grid bias variation, the variation 
of control grid bias being only approximately 3% of the suppressor 
grid change. The reason for this dual control is that it reduces 
the variation of grid input resistance and capacitance with change 
of amplification. The same result may be realized by the use of 
an unby-passed resistance in the cathode circuit (see Section 4.10.3) 
and by variation of screen voltage 28 to obtain amplification control. 
When screen voltage is varied cathode self-bias is not used, but 
fixed bias is obtained for the controlled valves from a resistance in 
the main H.T. supply lead. The values of the resistances in 
Fig. 16.3 are 

R, = 100,000 Q, R 5 = 3,000 Q, Rs = 50,000 Q, 
Re = 150 Q, R 10 = 20,000 (max.) variable. 

The decoupling capacitors, 0 3 , 0,, 0 5 , and 0 7 are of mica and have 
values of 0·001 µF. 

Before considering details of the tuned transformer in the anode 
circuit of the valve in Fig. 16.3, it is advantageous to obtain 
generalized phase-angle error curves against QF for different values 
of Qlc in order that overall phase distortion can be estimated. 

In Section 7 .3, Part I, the phase angle at the output of a tuned 
transformer with reference to the grid input voltage for any off-tune 
frequency is given by rationalizing expression 7.2a, i.e., 

<p = tan-1 - (1 +Q1Q2(k2 - F2)) 16.1 
- (Q1+Q2)F 
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<f, therefore varies from 270° to 90° as QF varies from O to + oo 
(LJJ changes from Oto + oo). 

As far as phase distortion is concerned, it is better to consider 
QF = 0 as the reference point, and to call the phase angle at this 
value 0°. To do this expression 16.1 must be inverted and given 
a negative sign. 

<f,' = tan-1 - (Q1 +Q2)F 
1 +Q1Q2(k 2 - F 2) 

. 16.2a. 

The negative sign is necessary because expression 16.1 shows that 
the phase angle is reduced as QF increases positively. 

If the primary and secondary circuits are identical 

,I,.' - ta -1 - 2QF 
'I' - n 1+Q2(k2 - F2) . 16.2b. 

The phase-angle error is calculated in the same way as that for the 
single-tuned circuit, viz., the correct phase angle is calculated by 
multiplying the phase angle at QF = O· l by the ratio of the particular 
value of QF being considered to O· l ; the correct phase angle is 
subtracted from the actual phase angle to give the phase-angle 
error. A positive sign to the latter indicates that the required phase 
angle is negative and numerically less than the actual phase angle, 
i.e., it represents a time advance, or alternatively the time delay 
is less than it should be. Conversely, a negative sign means that 
the time delay is greater than it should be. 

A series of phase-angle error curves is plotted in Fig. 16.4 against 
QF for different values of Qk. For reference purposes the error 
curve for a single-tuned circuit is also included, and is the dashed 
curve in the figure. An interesting point to note is that over the 
range from QF = 0 to 1 the error is positive for couplings corre
sponding to Qk < 0·7. When Qk = 0·7 the error is very small, and 
for Qk > 0·7 the error becomes negative and reaches a maximum 
at about Qk = I. For Qk > 1, the error decreases, slowly at first
there is little difference between Qk = 1 and 1·5. 

From these curves the overall phase error for any combination 
of single-tuned circuits and tuned transformers can be estimated. 

For example, by combining a single-tuned circuit of Q = f ;
1 

with 

two tuned transformers of the same Q as the tuned circuit and 
Qk = l ·5, phase distortion is almost zero over the range QF = 0 to 1. 
The maximum phase-angle error is 0° 42' at QF = 0·6. Figs. 4.3 
and 7.7, Part I, show that there is some attenuation distortion with 
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this combination, the frequency response falling by I db. from 
QF =Oto I. 

16.5. The Fixed Tuned R.F. Television Receiver. Let us 
now consider the design of the R.F. stages of a fixed tuned R.F. 

receiver to provide a detector input peak voltage of 5 volts. The 
overall amplification to produce this from a feeder output signal of 
125 µVis 40,000, or 9,850 from the grid of the first valve (TR for 
this feeder voltage = 4·07). A possible gain for each R.F. stage is 
10, so that four stages are required. Examination of Fig. 16.4 sug
gests the use of four stages of coupling coefficient corresponding to 
Qk = 2 and the same Q value as the first tuned circuit, if phase 
distortion is to be reduced to negligible proportions. On the other 
hand, this combination results in a lower overall amplification and 
a wider pass-band than is required (less discrimination is therefore 
obtained against the audio signal), and a better compromise is 

N* 
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obtained by using four stages of coupling coefficient corresponding 
to Qk = l ·5 and the same Q value as the first tuned circuit. Overall 
phase distortion is increased, but is still small enough to be 
negligible, and the overall frequency response variation over the 
frequency range corresponding to QF = 0 to 1 is not greater than 
1 db. It actually rises from QF = 0 to 1 by 1 db., and at QF = 1·5 
and 1·75 (this corresponds to the frequency of the audio carrier), 
there is a loss of - 5 and - 8 db. (add to the curve in Fig. 4.3, 
four times the curve for Qk = 1·5 in Fig. 7.7, Part I), compared to 
the value at QF = 0. The overall loss of - 8 db. at the audio 
carrier frequency is quite inadequate and extra filtering is necessary 
to increase the loss at this off-tune frequency of - 3·5 Mc/s, i.e., 
the audio carrier frequency of 41·5 Mc/s, to about - 40 db. 
Methods of achieving this are discussed at the end of the section. 
The rise of 1 db. in the frequency response at the edges of the pass
band is an advantage because both detector and vision frequency 
amplifier stages tend to have reduced amplification at the higher 
modulating frequencies. The overall phase-angle error is obtained 
by adding four times the curve for Qk = 1·5 in Fig. 16.4 to the 
dashed curve for the single-tuned circuit, and it is tabulated below 
from QF = 0 to 1. 

TABLE 16.2 

QF 0 0·l 0·2 0·3 0·4 0·5 
Overall Phase Angle 

Error. 0 0 - l' - 9' - 30' - 1° 3' 
QF 0·6 0·7 0·8 0·9 l·0 
Overall Phase Angle 

Error . - 2° 4' - 3° 38' - 4° 56' - 90 - 13° 2' 

Time-delay error is maximum at QF = 1, i.e., an off-tune frequency 
of 2 Mc/s, and corresponds to a displacement of 0·0546 mm. for the 
same speed of spot as is assumed for the single-tuned circuit calcula
tion given earlier. Hence phase distortion is negligible. 

Details of the transformer in the anode circuit of the valve in 
Fig. 16.3 are therefore: 

Qk = 1·5, Q = f;;
1 

= 4: = 11·25 (this is the Q of both primary 

and secondary circuits when n.ot coupled together). No extra tuning 
capacitance is employed, it being made up of the valve, wiring and 
coil self-capacitances, viz., 15 µµF. Tuning is carried out by 
variation of the inductances either by means of an adjustable iron 
core or by eddy current (slug) tuning. L, is divided into two 
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sections, one of which is directly coupled to La to provide the required 
coupling coefficient. 
Thus La = L, = 0·832 µH 

k = 
1
; = 0·1333 

M2 = kLa = 0·111 µH. 

Assuming a coupling coefficient of 0·3 between the section L/ 
of the secondary and the primary La, 

0·3 = v' Ma or L,' = 0·165 µH. 
L/ X 0·832 

The resonant impedances of primary and secondary circuits are 
Q 11·25 X 106 

Rna = Rn4 = -
0 

= ------ = 2,650 Q. 
Wm s 6·28 X 45 X 15 

Amplification from the grid of V1 to the output terminals of the 
RD3 

secondary = gm2 X 0·89 = 9·45 when Ym = 8 mA/volt. The factor 

0·89 allows for the 1-db. fall from peak to trough. The required 
value of overall amplification is not reached in this design, and either 
an extra stage is needed or two of the overcoupled circuits must 
be replaced by two critically coupled stages. 

If the initial Q0 of La and L, is 150, the total additional damping 
resistance required across the primary and secondary is 

Rn3Q0 _ 2,650 X 150 _ 2 870 n H R _ 2 870 n 

Q Q 
- - , .,,: . ence 8 - , .,,: • 

0 - 1 138·75 

Across L, the second R.F. valve already provides 8,000 [2 so that 

R = 2,870 X 8,000 = 4 460 Q. 
11 5,130 ' 

Finally, we must make certain that feedback through the anode
grid interelectrode capacitance has negligible effect. From expres
sion 15.4d, Section 15.7, the minimum value of grid input resistance 
due to anode-grid capacitance for a valve having a tuned transformer 
in its anode circuit is 

Rq(min.) = B±t 
Ym ga D3 

±4 X 106 

-----------------8·0 X 10- 3 X 6·28 X 45 X 0·02 X 2,650 
= ±33,400 [2 

where Cua= 0·02 µµF. 
Hence feedback through the anode-grid capacitance has negligible 
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effect on the grid circuit, the resonant impedance of which is 
only 2,650 D. 

Thus a typical fixed tuned R.F. receiver consists of four stages of 
amplification with overcoupled (Qk = 1·5) tuned transformers in 
the anode circuits in association with an input tuned circuit of the 
same Q value. All circuits are identical except for the last secondary 
circuit, the damping resistance for which is adjusted to suit the 
detector conduction damping resistance. Estimation of this resist
ance is left until Section 16. 7, which deals specifically with detectors 
for television signals. 

Earlier in this section it was shown that the overall attenuation 
at the audio signal carrier is only - 8 db., and a loss at this 
frequency of - 40 db. is required. The most convenient way of 
increasing the loss at this frequency is by the insertion of a parallel 
circuit, tuned to the audio carrier frequency, in the feeder line from 
the aerial to the first tuned circuit. If a coaxial feeder is employed 
only one tuned circuit is needed, but if a twin wire feeder is used, 
balance must be maintained by using a tuned circuit, of half the 
resonant impedance in each line. These circuits may be inserted 
at some convenient point in the feeder as shown by the dotted 
½Land 20 circuits in Fig. 16.3. To obtain a loss of 40 db. the sum 
of the resonant impedances of both tuned circuits (at 41·5 Mc/s) 
must be 100 times the characteristic impedance of the feeder, i.e., 
wLQ = 8,000, or if Q = 150 (it should be as high as possible so 
as to reduce the loss at the vision carrier frequency, 45 Mc/s) 
L = 0·2045 µH and O = 71·8 µµF. The impedance of. these 
circuits at 45 Mc/s is from expression 4.8b, Part I: 

RD 8,000 8,000 = _ "316 
1 +jQF l + .150 _7_ 1 +j25·3 J . 

J X 41·5 

Hence there is a ratio loss at 45 Mc/s due to the introduction of the 
filter of 

80 
= _l_ = - 12·2 db. 

V802+(316)2 4·08 
so that the net reduction of the audio carrier is 8 + 40-12·2 =35· 8 db. 

The impedance of the tuned circuits at the maximum negative 
off-tune frequency of the vision signal, viz., 43 Mc/s is 

8,000 8,000 _ j735, 
l + .150_3_ 1 +j10·85 

J 41·5 

so that there is a ratio loss of V 80 = - 19·32 db. 
so2 +735 2 
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This means that the audio signal rejector has caused attenuation 
and phase distortion over the pass range, the frequency response 
falling by - 7 · 12 db. from 45 to 43 Mc /s. This fall may be partially 
offset by the fact that the generalized selectivity curves of Fig. 7. 7 
ignore a frequency factor which tends to give higher amplification 
of the sidebands lower in frequency than the carrier, and also by the 
fact that the sidebands higher in frequency than the carrier are 
attenuated to a decreasing extent by the filter as the off-tune 
frequency increases. Phase distortion can be checked by finding 
the phase angle shift due to the filter over the range 43 to 47 Mc/s. 
Phase-angle error is calculated by comparing the actual phase angle 
against the phase angle, which should have been obtained had the 
change been proportional to the change from 45 to 45· l or 44·9 
to 45 Mc/s. Selected values are given in the table below. 

TABLE 16.3 

f (Mc/s) 43 44·9 45 45·1 47 
LJJ, Mc/s (relative to 

45 Mc/s) . -2 - O·l 0 + O·l +2 
Phase Angle - 84° 42' - 87° 41' - 87° 44½' - 87° 48' - 88° 34' 
Phase Angle Shift 

relative to 45 Mc/s + 3° 2½' + 3½' 0 - 3½' - 49½' 
Phase Angle Error - 1° 52½' 0 0 0 + 20½' 

It is clear from the above table that phase distortion due to the 
filter has negligible effect on the picture. 

Another method of rejecting the audio signal, besides that of 
single sideband reception of the sidebands on the opposite side of 
the vision carrier to the audio carrier, is to use cathode feedback. 
A parallel circuit, tuned to the audio carrier, is included in the 
cathode lead of the first (or first two) R.F. valves as described in 
Section 7.9, Part I. 

16.6. The Superheterodyne Television Receiver. 
16.6.1. Introduction. The chief advantage of the super

heterodyne over the tuned R.F. receiver is that it can more con
veniently select any one of a number of different carrier frequency 
transmissions. This is more important in America where there are 
five television bands covering a range from 44 to 90 Mc/s. The 
disadvantages of the superheterodyne are poor signal-to-noise 27 

ratio (particularly when no R.F. stage precedes the frequency 
changer), a tuning stability dependent on the frequency stability 
of a local oscillator, and the production of spurious frequencies, 
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which may be fed back to the input of the receiver to cause inter
ference with the picture. 

Signal-to-noise ratio in a superheterodyne having no R.F. 

amplifying stages is low because the frequency changer generally 
produces more noise and gives less amplification to the signal than 
a R.F. amplifier. The local oscillator, too, adds its own quota to 
the total noise. The special types of frequency changer, such as 
the hexode or heptode, take a much larger cathode current than a 
R.F. amplifier valve and their equivalent shot-noise resistance is 
consequently very high (of the order of 0·25 M.Q). Hence they are 
not very suitable for use in receivers employing no R.F. stage. 
American practice, which often omits the R.F. stages, uses a pentode 
frequency changer with the local oscillator voltage applied to the 
grid-cathode circuit. This is the most efficient method of frequency 
changing for a given total cathode current, and the equivalent noise 
resistance can be reduced to quite a low value (about 10,000 .Q) 
when a high gm pentode is used. A still lower equivalent noise 
resistance (about 7,000 .Q) can be obtained by using a triode valve 
as a frequency changer, but its conversion gain is low-it may be 
less than unity-so that higher amplification is needed from the 
I.F. stages to achieve a given sensitivity. 

In the superheterodyne receiver it is normal to accept audio and 
vision signals up to the frequency changer output and to provide 
two separate I.F. channels. Frequency stability of the local 
oscillator is therefore more important from the point of view of the 
audio than of the vision signal, because the tuned circuits in the 
audio I.F. amplifier have much sharper selectivity. They may, 
however, be given a wider pass-band (±50 to ±100 kc/s) than that 
( ±20 kc/s) normally required for high fidelity amplitude modulated 
reception. There is usually a slight reduction in signal-to-noise 
ratio with the wider pass-band. Discrimination against the audio 
signal is carried out in the vision I.F. amplifier by means of special 
rejection circuits. 

Full discussion of the types of interference frequencies produced 
by the frequency changer is found in Section 5.4, Part I, and 
Section 15.7. The chief cause of interference with the television 
signal is I.F. harmonic feedback into the signal circuits. These 
I.F. harmonics can be produced in the I.F. amplifier and are normally 
present across the detector load resistance in the form of a R.F. 

ripple. If these fall within the television signal pass-band and are 
fed back into the signal circuits, they may cause chequerboard 
patterns or alternate streaks of light and shade to appear across 
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the picture. The effect can be reduced to negligible proportions by 
careful shielding of components likely to produce I.F. harmonics, 
decoupling of all circuits (frequency changer, I.F. amplifier, detector 
to V.F. amplifier connection, and the v.F. amplifier) so as to prevent 
I.F. harmonics from entering the H.T. supply. Careful selection of 
the intermediate frequency and reduction of the I.F. amplifier 
pass-band by employing single sideband reception are also important. 

Single sideband I.F. reception is almost a necessity in the super
heterodyne, if adequate amplification and selectivity are to be 
obtained with a level frequency response over the pass-band range. 
This calls for careful tuning, otherwise there may be serious phase 
distortion producing a picture in relief, or attenuation distortion 
with loss of definition. Generally the best tuning position is with 
the carrier tuned outside the pass range to a point where amplifica
tion is one-half maximum. There can never be an abrupt cut-off 
outside the pass range, and double sideband reception of the lower 
modulation frequencies nearest the carrier occurs. Unless the 
carrier is detuned to about one-half amplitude, this double sideband 
reception results at the detector output in an accentuated low
frequency response with an apparent lack of definition. The 
English system of double sideband transmission allows selection of 
either sideband to be made ; since the sound signal is lower in 
frequency than the vision, better discrimination against it can be 
realized in the vision I.F. amplifier by using the upper vision side band. 
Vestigial sideband transmission (the upper vision sideband with 
750 kc/s of the lower sideband) has been adopted in America and 
the vision I.F. carrier is tuned outside the level part of the I.F. pass 
range to one-half amplitude. The vision and audio I.F. amplifiers 
are lined up together so that when the audio signal is correctly 
tuned, the vision carrier is correctly located on the side of the 
I.F. response curve, i.e., the output from the audio receiver acts 
as a tuning indication. Vestigial sideband transmission is used in 
preference to single sideband because it is difficult to achieve 
a sharp cut-off of all sidebands below the carrier frequency without 
appreciable phase distortion of those above the carrier. 

To demonstrate the design features of a super heterodyne receiver, 
we shall consider the American system of television transmissions, 
each in different, sometimes adjacent, frequency bands, because it 
leads to a more complex receiver than does the single English 
transmission. Each frequency band is 6 Mc/s wide, the vision 
carrier is 1·25 Mc/s from the lowest frequency of the 6 Mc/s pass
band, e.g., the carrier frequency for the band 44 to 50 Mc/s, is 
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45·25 Mc/s. Vestigial sideband transmission provides for 750 kc/s 
of the lower vision sideband and 4 Mc/s of the upper. The associated 
audio carrier is 4·5 Mc/s above the vision carrier, viz., 49·75 Mc/s 
for the band specified, and 0·25 Mc/s from the upper edge of the 
6 Mc/s band. There are four other television bands, 50 to 56, 
66 to 72, 78 to 84, and 84 to 90 Mc/s, and it will be seen that first 
and last pairs are adjacent. This means that :filters must be 
included in the vision I.F. amplifier to discriminate not only against 
the associated audio carrier but also against the audio carrier of 
the adjacent lower frequency band, for this carrier is only 1·5 Mc/s 
below the vision carrier. 

16.6.2. The Frequency Changer Stage. The design of a R.F. 

stage preceding the frequency changer of a superheterodyne receiver 
is identical with that of a R.F. stage in a tuned R.F. receiver, and no 
further discussion is needed. Whether or not the frequency changer 
is preceded by a R.F. stage (or stages) depends on the type of 
frequency changer. If it is a heptode or hexode, a R.F. stage is 
essential. On the other hand, if a pentode of high Ym is used with 
oscillator application to the grid-cathode circuit, the equivalent 
noise voltage is not so much greater than that of the tuned R.F. 

receiver in Section 16.4. In order to make comparison between 
the relative noise voltages at the grid of the first valve in the two 
types of receiver, we shall consider the same total pass-band width 
as in Section 16.4, viz., 4 Mc/s. If the R.F. valve cited in that 
section is used as a frequency changer, it will have a conversion 
conductance approximately equal to tYm, i.e., 2 mA per volt; its 
shot-noise resistance as a frequency changer is therefore four times 
its resistance as an amplifier, i.e., 6,000 Q. Allowing for an equiva
lent shot-noise resistance of 2,000 Q for the oscillator valve, we 
have a total shot-noise resistance of 8,000 Q for the valve as a fre
quency changer. If the feeder-first tuned circuit coupling is the 
same as that in Section 16.4 having a loss of 3 db., the noise voltage 
at the grid of the frequency changer is 

En = 1·25 X 10-10 v{8,000+2,650) X 4 X 106 

= 25·8 µV, 

which is 1·6 times greater than that of the valve as a R.F. amplifier. 
This is not a large increase and it could be tolerated except for 
receivers operating at the edge of the service area of a transmitter. 
It should, however, be noted that as Ye is only tYm, greater I.F. 

amplification is needed for the same overall gain as the tuned 
R.F. receiver. Since the pass-band width and minimum tuning 



16.6.2] TELEVISION RECEPTION 385 

capacitance are the same for both types of receiver, the amplification 
of each I.F. stage cannot exceed that of a R.F. stage, so that an extra 
stage is needed in the superheterodyne receiver. 

A heptode or hexode frequency changer has an equivalent 
shot-noise resistance of about 0·25 M.Q, hence the noise voltage at 
the grid of this type of valve is 

En = 1·25 X 10-io X V(250,000+2,650) X 4 X 106 

= 125·6 µV, 
which is 7·8 times greater than for the R.F. amplifier. The need 
for a R.F. amplifier in this case is obvious. Suppose we include the 
first R.F. stage of Section 16.5 before the frequency changer. The 
equivalent noise resistance in the frequency changer grid is 251,325 .Q 

(note that the resonant impedance of the secondary of the tuned 

transformer of Fig. 16.3 is ~ = 1,325 .Q), and 

En= 1·25 X 10-10 \/251,325 X 4 X 106 = 125·3 µV. 

The additional equivalent noise voltage at the grid of the R.F. valve is 
this voltage divided by the gain (9·45) of the R.F. stage, i.e., 13·28 µV. 
The total equivalent noise voltage at the grid of the R.F. valve, 
including that due to R.F. valve and first tuned circuit, is 

En= v(l6·1) 2 +(13·28) 2 = 20·85 µV, 

which is half-way between that of the R.F. valve used as an amplifier 
and that of the same valve used as a frequency changer. The use 
of two R.F. stages before the frequency changer reduces the equivalent 
frequency changer noise voltage at the grid of the first R.F. valve 
to l ·405, which makes practically no difference to the total noise 
voltage. 

Another method of calculating the overall effect of noise in the 
frequency changer valve is to refer the total equivalent noise 
resistance in its grid circuit to the grid circuit of the R.F. valve by 
dividing the resistance by the square of the gain of the R.F. stage. 
The gain must be squared because noise resistance is proportional 
to the square of the noise voltage. Thus the equivalent frequency 
changer noise resistance at the grid of the R.F. valve is 2,810, 
giving a total resistance of 4,150+2,810 = 6,960 or 

En = 1·25 x 10-10 y6,960 X 4 X 10 6 = 20·85 µV. 

For two R.F. stages the frequency changer equivalent shot-noise 
resistance falls to 31·6 .Q. 

Turning now to the design of the frequency changer stage, 
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a circuit typical of American practice is shown in Fig. 16.5, for 
two of the five television bands. The dipole aerial is coupled 
through a transformer with a centre-tapped primary to a coaxial 
feeder ; an electrostatic screen is included between primary and 
secondary. The coaxial feeder has the advantage of simplifying 
the push-button switching because one side is earthed. The 
receiver end of the feeder is connected through push-button switches 
(PBl for band 1 and PB2 for band 2, etc.) to a primary coil L1 

coupled to two tuned circuits L 20 2 and L 30 3 • The first tuned 
circuit increases selectivity against the image and other undesired 
signal frequencies, and also acts as an isolator to reduce the possi
bility of re-radiation of the local oscillator. Compared with the 
single coupling between feeder and grid-tuned circuit of Section 16.4, 
this double-tuned circuit coupling gives much sharper selectivity 
outside the pass-band for the same fall in response at the edges of 
the band; transfer voltage ratio is, however, usually reduced by 
inserting the circuit L 20 2• Optimum coupling is employed between 
L 1 and L 2 and often between L 2 and L 3 , and for a given pass-band 
response the value of L 2 can be varied without affecting the overall 
transfer voltage ratio of the filter. This may be proved as follows : 

The transfer voltage ratio from feeder to O 2 is 

16.3 

where RD2 = resonant impedance of L 20 2 when coupled to, and 
including the damping from L 30 3 • 

and Ra1 = characteristic impedance of the feeder. 

In order to make use of tuned transformer theory as developed 
in Chapter 7, Part I, we must imagine that the voltage E 2 is being 
produced by a constant current generator supplying the parallel 
circuit formed by L 20 2 • Assuming that optimum coupling is 
employed between L 1 and L 2 , the resonant impedance of L 2C 2 

(including the damping effects from L 1 and L 30 3 ) is ½RD2. Hence 
the current from the fictitious constant current generator is 

I=_!!.:_ 16.4. 
-}RD2 

The transfer impedance from L 2C 2 to L 30 3 from.the current generator 
is (expression 7.3a, Part I) at fm 

Rn2QakJLs 
z _ L 2 = VRD2Rm 

T - 2 2 
16.5. 
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The voltage across O 3 is 

Replacing I by 16.4 

and E 2 from 16.3 

Ea =lZT =1-VRmRm 
2 

E -EJRm 
a - 2 Rn2 

[CHAPTER 16 

Ea _ lJRm . 16.6 
E1 - 2 Ra1 

which is independent of Rn2. Now Q2 and Qa determine the overall 
selectivity, and for constant selectivity (constant pass-band range) 
the product Q2Q3 must be constant, which means that Q1 must be 
constant when L 2 only is varied. But 

L 2 = RQn2 ex: Rnz when Q2 is constant, 
W 2 

so that variation of L 2 has no effect on transfer voltage when 
pass-band response is fixed. 

Let us now compare a double coupling filter having a loss of 
- 3 db. at the edge of the pass-band with the single coupling of 
Section 16.4. Taking Q2 = Q3 (this is generally the most economical 
condition) and referring to Fig. 7.7, Part I, we see that for - 3 db. 
loss at optimum coupling (Qk = l curve), QF === 1·4, so that for 
,1f = 2 Mc/s 

Q = 1·4 X 45 = 15_75_ 
4 

If 0 3 = 15 µµF, Rm = 3,700 Q, L 3 = 0·832µH, and overall transfer 

voltage ratio is ~J3,;io = 3·4, which is less than that (4·07) for 

the single coupling of Section 16.4. On the other hand, the loss 
at (for example) 11·3 Mc/s off-tune (QF = 7·9) is - 30 db. as 
compared with - 18 db. (Fig. 4.3, Part I) for the single circuit. 

If L 2 = ½,L3 = 0·416 µH, and Q2 = Q3 = 15·75, the mutual 
inductance coupling between L 2 and La is determined from 

1 1 
k = Q = 

15
_
719 

= 0·0635, i.e., M 2 = k-v'L2L 3 = 0·0374 µH. The 

w2M 2 
value of M 1 is obtained from the resistance T (see expres-

a1 

sion :.US, Part I, when Ra1 • Xa1), which, in association with 
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wL2 , must give a Q of 15·75 (neglecting losses in L 2). Thus, when 
wL1 ~ Ra1 , wL2/w2M 12/Ra1 = 15·75 gives M 1 = 0·063 µH. In 
order to satisfy the condition that wL1 ~ Ra1, L 1 should be as small 
as possible ; it is fixed by the maximum possible coupling coefficient, 
which may be taken as 0·4. Thus 

k = 0·4 = Mi 
v'L1L2 

or L 1 = 0·1085 µH 
and wL1 = 30·7 D. 

The chief effect of L 1 is to introduce a reactive as well as resistive 
component into the L 20 2 circuit, but this may be compensated by 
retuning L 20 2• In the above example the circuit L 20 2 is assumed 
to be tuned to 45 Mc/sin order to facilitate comparison with previous 
calculations based on the English transmission. For the American 
system the circuit is capacitance-tuned to the centre of each band, 
e.g., 47 Mc/s for the 44 to 50 Mc/s band. The grid coil La must 
be made as large as possible in order to obtain maximum transfer 
voltage ratio, and no tuning capacitance other than the wiring 
and valve capacitance, shown dotted as Oa, is used. Tuning of 
this circuit is accomplished by eddy current tuning of La, The 
plunger is inserted at the end of La opposite to L 2, so that variation 
of La has practically no effect on L 2 or the mutual inductance 
coupling M 2 between La and L 2 • The coils Li, L 2 and La are usually 
all wound on the same former, M 1 being adjusted for optimum 
coupling between L 1 and L 2 , and M 2 for the correct pass-band 
width of 4·5 Mc/s, which covers both vision and audio sidebands. 
The push-button switching is arranged so that all but the coils 
associated with the particular band are disconnected. 

The grid input resistance of the frequency changer will be com -
parable with its resistance as an amplifier, and its value will 
determine the value of resistance R 1 in parallel with L 3 • It is quite 
common American practice to apply A.G.C. to the television receiver, 
and when the frequency-changer valve is controlled it is important 
that its input resistance and capacitance should not vary appreciably 
with change of bias, otherwise the grid circuit is off-tuned and its 
pass-band reduced as bias is increased. Accordingly an unby-passed 
resistance R 6 (about 50 D) is included in the cathode lead as 
described in Section 4.10.3. This resistance introduces negative 
feedback, and reduces the conversion gain of the frequency changer 
to about 65% of its value without the resistor. It increases input 
resistance, which means that R 1 must be decreased, and changes 
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of input resistance therefore have less effect. Mutual inductance 
or capacitance coupling is employed between the oscillator and grid
tuned circuit to produce an oscillator peak voltage of 3 volts between 
grid and cathode of the frequency changer. The latter may have 
cathode self-bias as in Fig. 16.5, or when A.o.c. is not applied it 
may be biased by grid current. The extra damping due to grid 
conduction current is negligible compared with the input resistance 
of the valve if a comparatively high grid leak, Ra (0·5 M.Q) is 
employed. 

The values of the other components in the frequency changer 
section of Fig. 16.5 are 

Ra = 50,000 Q, R, = 1,000 Q, Rs = 50 Q, 
R1 = 300 .Q, Rs= 0·5 M.Q. 

0 2 = 30 µµF (max.), C, = 50 µµF, C, = 0·001 µF, 
0 0 = 0·001 µF, Gs = 0·001 µF, 09 = 0·01 µF. 

The heater leads are not shown in the diagram, but they are decoupled 
to earth by 0·001 µF mica capacitors. 

16.6.3. The Oscillator. A separator oscillator valve is almost 
an essential requirement for the high frequencies involved in tele
vision reception, because it is not possible to obtain a high enough 
Ym and low enough Ra for satisfactory operation from a triode and 
frequency changer combined in the same bulb. The types of 
oscillator circuit most often used are the Hartley or Colpitts, or 
modified forms of these. In most cases fine tuning is carried out 
by means of a small trimmer capacitance, 0 14(2 - 5 µµF) in 
Fig. 16.5, across a part of the coil from anode or grid to earth. 
With the modified Hartley circuit of Fig. 15.6, the trimmer is placed 
across the whole coil. 

Frequency stability is all important and care should be taken 
to carry out the principles laid down in Section 6.9, Part I, and 
Section 15.6. A negative temperature coefficient capacitor may 
finally be connected across a whole or part of the coil to compensate 
for the fall in frequency, which is associated with the normal increase 
in inductance and capacitance as the temperature rises. From the 
point of view of stability, oscillator frequency should be less than 
the signal frequency, but in American receivers it is generally 
greater than the signal frequency because this gives a lower I.F. for 
the sound signal. The disadvantage of the lower oscillator frequency 
is that the image frequency falls in a short wave range normally 
occupied by a large number of transmissions. 

Change of range of oscillator frequency is usually accomplished 
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by switching coils in parallel with a part of the main tuning coil 
by push-button switches as shown in Fig. 16.5. Coupling to the 
frequency changer is by capacitance 0 13 (about 2 to 5 µµF) or by 
mutual inductance from the oscillator to signal circuit. This is 
possible because correct adjustment of oscillator amplitude can be 
made for each television band since the signal circuits are preset 
tuned. Typical values for the remaining components of the 
oscillator circuit are 

R10 = 50,000 Q, R 11 = 5,000 Q, R 12 = 15,000 Q. 
0 15 = 0 16 = 20 µµF, 017 = 0·001 µF (mica), 01s = 2 µF (paper). 

The capacitance 0 18 is intended to decouple the oscillator from any 
low-frequency components present in the H.T. source. 

16.6.4. The I.F. Amplifier. The most serious form of inter
ference in television superheterodyne reception is that from inter
mediate frequency harmonics, and not, as in sound broadcast 
reception on medium and short waves, that from oscillator harmonic 
and image signal responses. Provided the oscillator frequency is 
greater than the signal frequency, image signal response presents 
hardly any problem, though it may become more important as 
more use is made of the ultra high-frequency band. With the 
English system of audio signal lower than the vision, the lower 
oscillator frequency has the advantage of giving an audio I.F. lower 
than the vision I.F. 

Referring to the English system of audio and vision carriers at 
41·5 and 45 Mc/s, it is clear that an I.F. equal to the difference 
(or a multiple of this) between the two carriers, viz., 3·5, 7, 10·5, 
14 Mc/s, etc., should be avoided. Since feedback of I.F. harmonics 
is the greatest source of interference, a submultiple frequency of the 
vision carrier, 22·5, 15, 11·25, 9 and 7·5 Mc/s, must not be employed 
for the vision I.F. carrier. The width of the vision sidebands, 
2 Mc/s, precludes the use of a low I.F., and too high a value is 
unsatisfactory because it is then more difficult to discriminate 
against the associated audio signal, and also to I.F. harmonics, 
which happen to fall in the I.F. range. On the other hand, image 
signal response is reduced by a high I.F. From the point of view 
of overall amplification it does not matter what value of I.F. is 
chosen when the pass-band width and minimum tuning capacitance 
are fixed, because the resonant impedances of any tuned circuits 
are then independent of fm, e.g., 

Q 
Rn= wO 
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and for a fixed pass-band width QF = constant, A, 

hence Q = Af m. 
2iJJ 

Therefore R Afm B 1 t t 
D = 2nf m2iJJC = iJJC ex: iJJC = cons an 

when iJ/ and O are constant. 
For a vision frequency band from 43 to 47 Mc/s, we find I.F. har
monic interference is possible over the followµig frequency ranges, 
8·6 to 9·4, 10·75 to 11·75, 14·33 to 15·66, 21·5 to 23·5 Mc/s-we 
need not consider lower than the 5th submultiple-with clear 
reception from 9·4 to 10·75 (1·35), 11·75 to 14·33 (2·58), and 15·66 
to 21·5 (4·83) Mc/s. Assuming single sideband1.F. reception (2 Mc/s 
total pass-band) with the upper sideband, a vision I.F. carrier of 
about 12 Mc/sis the lowest possible value; the I.F. audio carrier 
would be 8·5 Mc/s. Actually a lower I.F. (4·25 Mc/s with audio 
at 750 kc/s) has been successfully employed with narrowed sideband 
response. However, the general trend of television development is 
towards greater picture detail so that an I.F. of the order of 12 Mc/s 
is a better proposition. In America the vision I.F. carrier has been 
standardized at 12·75 Mc/s with 8·25 Mc/s for its associated audio 
carrier. 

The circuits employed in the I.F. amplifier may consist of single
tuned circuits, having staggered resonant frequencies to cover the 
wide pass-band, coupled tuned circuits, or band-pass filters of the 
derived type with rejection frequencies for the associated audio 
programme and any other transmission likely to cause interference. 
The objection to single-tuned circuits with staggered resonant 
frequencies is that overall amplification is lower than for coupled 
circuits of the same pass-band width, and there is a danger of over
loading the last stage in the amplifier unless the last tuned circuit 
has a flat frequency response over the pass range. Band-pass 
filters 10 generally require a low terminating impedance to give 
a practical value of capacitance element, and therefore stage gain 
tends to be low. Coupled tuned circuits 29 are the most popular 
type. 

Coupled tuned circuits provide two possible methods of obtaining 
a flat overall frequency response ; either each pair can be designed 
for a substantially flat response, or a combination of single- and 
double-peaked responses may be used. The former involves heavy 
damping and low Q values with consequent low amplification per 
stage; a combination of single- and double-peak responses is 
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therefore preferable because greater amplification can be realized. 
Overall phase distortion can also be reduced by suitably combining 
single- and double-peaked circuits, the distortion in single-peaked 
circuits often being in the opposite direction to that in double
peaked circuits. Excessive double-peaked response must be avoided, 
otherwise phase distortion (see Table 16.4) may become excessive; 
for best compensation of attenuation distortion the value of QF at 
which the peak occurs should correspond to the edge of the pass-band, 
i.e., LJJ remains the same as the peak moves farther from the mid
frequency, and Q must be increased to satisfy the higher value of QF. 
Mutual inductance or capacitance coupling may be provided between 
the tuned circuits ; the advantages of capacitance coupling are that 
inductance tuning can be carried out without affecting the coupling, 
and adjustment of one side only of the response curve with respect 
to the mid-frequency is possible. However, mutual inductance 
coupling can be made almost independent of inductance tuning if 
the mutual inductance is obtained by coupling a part only of one 
coil to the other, and adjustment of one side only of the response 
curve is possible by variation of the resonant frequency of either 
circuit, i.e., by varying coil inductance. If the stray capacitances 
across primary and secondary coils can be controlled within as good 
a limit as the inductances, tuning may be dispensed with ; alterna
tively one circuit only may have variable tuning and be made to 
compensate for variations in the other one. If capacitance tuning 
is used in the latter case, it is better included on the secondary side 
because the input capacitance of a valve is generally higher than its 
output capacitance. The trimmer capacitance has a certain 
minimum value and the ratio increase in tuning capacitance is less, 
and therefore the ratio decrease in amplification less, by adding the 
trimmer to the higher initial capacitance circuit. Lower stage 
gain is, of course, inevitable with capacitance tuning. 

To estimate the overall amplification required of the I.F. stages, 
let us imagine that the aerial circuit and frequency changer valve 
are as in Section 16.6.2, and that an output of 5 volts peak is required 
at the detector. The equivalent noise voltage at the grid of the 
frequency changer is 25·8 µV, so that a signal-to-noise ratio of 
30 db. fixes the minimum input signal at 817 µV, and the total 
amplification required from the grid of the frequency changer to 

5 X 106 

the detector is 
817 

= 6,130. Allowing a frequency changer 

conversion gain¼ that of an I.F. stage and an I.F. stage gain of 13, 
we need three stages ofI.F. amplification after the frequency changer, 
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and four pairs of I.F. coupled circuits. The pass-band of the R.F. 

tuned circuit before the frequency changer is wider than the I.F. 

pass-band (it has to include the audio signal as well), and we shall 
therefore neglect its effect on the overall frequency response in and 
around the I.F. pass range. 

The design of the I.F. amplifier, which is detailed below, is con
sidered with respect to the American form of multichannel vestigial 
sideband transmission, so that the vision I.F. carrier has to be tuned 
to a point on the side of the overall selectivity curve where the 
frequency response is one-half that of the average response over the 
pass-band. As 750 kc/s of the lower sideband is transmitted, it 
means that the flat pass-band response should begin about 500 kc/s 
above the vision I.F. carrier, the upper limit of the sidebands is 
4 Mc/s, giving an effective overall pass-band of 3·5 Mc/s. Taking 
the band 50 to 56 Mc/s, for which the vision carrier is 51·25 Mc/s, 
the maximum upper sideband frequency, 55·25 Mc/s, and the 
associated audio carrier frequency, 55·75 Mc/s, an oscillator fre
quency of 64 Mc/s gives an I.F. vision carrier of 12·75 Mc/s, and a 
vision pass range from 12·25 to 8·75 Mc/s with a mid-frequency 
of 10·5 Mc/s. The associated audio carrier is 8·25 Mc/s and there 
is also the audio carrier (49·75 Mc/s) of the adjacent transmission 
producing an I.F. of 14·25 Mc/s. Special discrimination is needed 
against both these frequencies, and the filter circuits needed to 
suppress them may have considerable influence on the frequency 
response of the vision pass-band, particularly at the edges; the 
I.F. coupled circuits should therefore be designed in association with 
the filters. This, however, tends to mask some of the properties of 
the coupled circuits, and in this section we shall consider the 
performance of the latter only, leaving to the next section an 
examination of the I.F. amplifier with special filters, but noting that 
an overall response peaked at the edges of the pass-band will be 
an advantage in compensating for the attenuation caused by the 
filters. 

When selecting the desired response of each pair of coupled 
circuits, we cannot afford to have single-peaked couplings less than 
critical because this entails loss of stage gain (maximum transfer 

RD1Q2kj¥-, 
impedance for couplings less than critical equals 

1 
+Q

1
Q

2
k

2 

1
). 

However, the overall reduction of amplification is usually less than 
the stage gain reduction due to using under-coupled circuits, since 
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a level pass-band response calls for increased coupling in the double
peaked circuits and also a higher Q value, which therefore tends to 
give a higher trough stage gain at the mid-frequency, fm• For the 
four pairs of coupled circuits, let us select three of Qk = l ·5, each 
having a peak-to-trough ratio of 0·7 db. with the peaks at QF = ± l · 12 
(see Section 7 .3, Part I), and one of Qk = 1 with a fall of - l ·8 db. 
at QF = ±1·2. If Q is chosen to satisfy the values of QF quoted 
above at Llf = ±1·75 (the total required pass-band is 3·5 Mc/s), 
there is a rise in the frequency response curve from the mid-frequency 
(10·5 Mc/s) to the edges of the pass-band. Maximum response of 
+0·9 db. occurs at Llf = ±1·45 Mc/sand at ilf = ±1·75 Mc/s the 
response is +0·3 db. with respect to, that at the mid-frequency. 
As stated above, this increase is an aid when the sound signal filters 
are incorporated. Component values for the coupled circuits are 
as follows: taking first the overcoupled circuits (Qk = 1·5), 
QF = 1·12 at ilf = 1·75 Mc/s gives 

Q = 1·12/m = 1·12 X 10·5 = 3_36_ 
2ilf 3·5 

For maximum stage gain the tuning capacitance must be a minimum 
and this may be taken as 15 µµF. Referring to the typical I.F. 

amplifier circuit of Fig. 16.6 (valve V, stage), G84 = G35 = 15 µµF, 

1·5 
L 17 = L 18 = 15·3 µH, k = Q = 0·446, M 6 = 0·446 x 15·3 = 6·82 µH 

and 

R = _!L = 3·36 X 106 = 3,400 Q. 
D wG34 6·28 X 10·5 X 15 

If the Ym of the I.F. valve is 8 mA/volt, the stage gain at the peaks 

f h f . 1 R - 8 X 3,400 - 13·6 t o t e requency response IS 2 gm D -
2 

X 
103 

- , or a 

10·5 Mc/s is 13·6 X 0·923 = 12·55 (the factor 0·923 takes into 
account the trough to peak ratio of - 0·7 db.). The damping 
resistances R 25 and R 28 are calculated, using the method applied 
for the R.F. amplifier in Section 16.5; the valve input resistances 
are much higher, approximately in proportion to the reciprocal of 
the square of the frequency ratio, i.e., about 100,000 Q. If grid
bias control of the I.F. valve is employed some method of stabilizing 
grid input capacitance is necessary, and in Fig. 16.6 negative 
feedback stabilization with the unby-passed resistances R 17 and 
R 28 (about 50 Q) is shown. The values of the anode decoupling 
resistances (R16 and R 24 ) are 1,000 Q, the screen potential dividers, 
R14R15 and R 22R 28 , consist of 30,000 and 20,000 Q resistances, the 
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bias resistances R 18 and R27 are 150 D, and decoupling capacitances 
0 20, Cm 0 22 , etc., are 0·01 µF (mica). The A.G.c. filter for the 
valve V3 stage is made up of 0 19 (O·l to 0·5 µF) and R 13 (0·5 MD). 

For the critically coupled stage QF = 1·2, Q = 3·6, and 
Rn = 3,640 Q (07 and 0 18 in Fig. 16.5 are 15 µµF), which gives 
a stage gain for the frequency changer of 3·64 if gc = 2 mA/volt. 
The total overall amplification is therefore 7,200 times, which more 
than satisfies the requirement originally postulated. This calculated 
gain ignores the reduction in amplification due to the negative 
feedback caused by resistances R 17 and R 20 in Fig. 16.6. Stage 
gain may be reduced to 75% of its normal value by the inclusion 
of these resistances, and when they are used an extra I.F. stage will 
be needed to reach the desired overall amplification of 6,130 times. 

Since the gains of the I.F. amplifier stages are comparable with 
those of the tuned R.F. amplifier, and the mid-frequency is only 
one-quarter of the signal frequency, it follows that anode-grid 
interelectrode capacitance feedback, which was very small in the 
case of the R.F. amplifier, will be negligible in the I.F. amplifier. 

Phase distortion can be checked in the manner described in 
Section 16.4. Since single sideband reception is being used the 
reference point is no longer the mid-frequency 10·5 Mc/s, but the 
vision carrier frequency 12·75 Mc/s and the curves in Fig. 16.4 
are not applicable. The phase angles, derived from expression 16.2b, 
are tabulated on page 398 against QF for the two values of coupling 
Qk = 1 and 1·5. The modulation frequency corresponding to each 
QF value, and the phase angle error are also listed. The correct 
angle for zero distortion is calculated for the circuits of Qk = l ·5 
by subtracting from 68° 24' the phase angle difference between 
QF = + l ·45 and + l ·4 multiplied by 20 times the difference between 
the particular value of QF being considered and QF = l ·45. The 
latter value does not quite correspond to the vision I.F. carrier 
frequency (12·75 Mc/s), which gives QF = 1·44, but is sufficiently 
close for all practical purposes. Similarly, for the critically coupled 
circuit of Qk = 1, QF = l ·55 is taken as the reference point though 
QF = 1·545 actually gives the vision carrier frequency. 

The overall phase angle error is obtained by multiplying the 
error for Qk = l ·5 by 3, and adding to it the error for Qk = I. 
Thus at modulation frequencies of 3 and 4 Mc/s the overall e:crors 
are - 87° (- 106°+19°) and - 104° (- 133°+29°), and these 
correspond to time delays of 0·0805 and 0·0723 µ secs. respectively, 
which are satisfactory. Maximum time delay occurs at a modulation 
frequency at 3 Mc/s. 
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TABLE 16.4 

QF. fmorl. <II (actual). Phase Angle fmod. <II (actual). Phase Angle 
(Mc/s). Error. (Mc/s). Error. 

+ 1·55 0 - 97° 24' - - - -
+ 1·5 0·07 - 94° 46' 0 - - -
+ 1·45 - - - 0 - 68° 24' -
+ 1·4 0·21 - 89° 11' + 0° 19' 0·06 - 65° 16' 0 
+ 1·3 0·35 - 83° 12' + 10 2' 0·22 - 59° 2' - oo 2' 
+ 1·2 0·5 - 76° 52' + 20 6' 0·375 - 52' 59' - 0° 15' 
+ l·l 0·65 - 70° 15' + 3° 27' 0·53 - 47° 10' - 0° 42' 
+ l·0 0·8 - 63° 26' + 50 0·70 - 41° 38' - 1° 26' 
+ 0,8 1-1 - 49° 38' + 8° 16' 1·0 - 31° 29' - 3° 49' 
+ 0·6 1·375 - 36° 12' + 11° 10' 1·31 - 22° 33' - 7° 25' 
+ 0·4 1·73 - 23° 30' + 13° 20' 1·625 - 14° 31' - 11° 55' 
+ 0·2 1·96 - 11° 32' + 14° 46' 1·94 - 70 6' - 17° 2' 

0 2·25 0 + 15° 46' 2·25 0 - 22° 28' 
-0·2 2·54 + 11° 32' + 16° 46' 2·56 + 70 6' - 27° 54' 
- 0·4 2·83 + 23° 30' + 18° 12' 2·875 + 14° 31' - 33° l' 
- 0·6 3·125 + 36° 12' + 20° 22' 3·19 + 22° 33' - 37° 31' 
- 0·8 3·365 + 49° 38' + 23° 16' 3·5 + 31° 29' - 41° 7' 
- l·0 3·71 + 63° 26' + 26° 32' 3·81 + 41° 38' - 43° 30' 
-1-1 3·85 + 70° 15' + 28° 5' 3·98 + 47° 10' - 44° 14' 
- 1·2 4·0 + 76° 52' + 29° 26' 4·125 + 52° 59' - 44° 41' 

Qk 1 1 1 1·5 1·5 1·5 

Expression 7 .2c, Part I, enables the attenuation at the two 
audio carrier frequencies of 8·25 and 14·25 Mc/s to be calculated, 
and they are tabulated below. The reference point for O db. is 
taken as the value of I ZT I at fm and not the maximum value as is 
done in Section 7.4, Part I. Thus for three circuits of Qk = l ·5 
and one of Qk = 1, the following results are obtained. 

TABLE 16.5 

Audio Carrier .df Attenuation Total 
QF Qk Attenuation Frequency (Mc/s). (Mc/s). per stage (db.). (db.). 

8·25 - 2·25 - 1·44 1·5 + 0·4 - 2·66 
- 1·545 l·0 - 3·86 

14·25 + 3·75 + 2·4 Hi - 4.44 -24-12 
+ 2·58 l·0 - 10·8 - 24·12 

A positive sign in the above represents a gain and a negative sign 
a loss. A point to be noted is that the vision carrier frequency loss 
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is the same as that at the lower audio carrier, viz., - 2·66 db., 
and it is not sufficient to reduce the carrier to half amplitude 
(- 6 db.); however, the trap circuits for 14·25 Mc/s will intro
duce a loss at this frequency and the total loss at 12·75 Mc/s will 
be greater than that shown for 8·75 Mc/s in the table. 

It is clear from the above that the attenuation at 8·25 and 
14·25 Mc/s is insufficient, and we shall now consider the types of 
filter for rejecting these frequencies. 

16.6.5. Audio Signal I.F. Filter Circuits. 24 Special care 
has to be exercised in the design of filter circuits required for sup
pressing undesired audio transmissions, otherwise the vision signal 
pass-band response may be seriously affected by the addition of 
the filter or trap circuit. It is better to employ a number of filters, 
each having equal attenuation at the rejection frequency rather 
than a single filter of the same total attenuation, because a series of 
filters produces a much sharper attenuation characteristic with less 
attenuation and phase distortion at the edges of the vision pass-band. 
To avoid cross-modulation the filters should be incorporated in the 
early stages of the 1.F. amplifier. 

The filter generally consists of a series or parallel circuit, tuned 
to the frequency it is desired to reject, and examples of some of 
the methods employed are shown in Figs. 16.5 and 16.6. In 
Fig. 16.5, L.010 is a resonant circuit coupled to the primary of the 
first pair of coupled circuits and acting as an absorber and also 
pick-up circuit for the associated audio signal. L 70 11 is a parallel 
resonant circuit which forms with the secondary tuning capacitance, 
0 12, a potential divider. A series resonant circuit, L 130 23 in Fig. 16.6 
may be included in parallel with the primary or secondary to act 
as a shunt to the rejection frequency, and yet another type is the 
series parallel circuit, 0 31 and L 180 32 , of Fig. 16 . .6. The parallel 
section L 180 32 is tuned to the mid-frequency of the vision pass-band, 
and O 31 is adjusted for resonance with the inductive reactance of 
L160 32 at the lower audio carrier; it can only be used to reject 
frequencies lower than the vision frequencies, and if it is desired to 
reject higher frequencies O 31 must be replaced by an inductance. 
Combined inductance and capacitance coupling may also be used 
to provide a rejection frequency; in Fig. 16.6 M. and 0 26 form 
a series resonant circuit, which reduces the coupling to zero at 
the resonant frequency. The sign of M must be positive (see 
Section 3.4.2, Part I). 

Let us now examine in detail the absorber type of filter, L.010 

in Fig. 16.5, assuming that it is coupled only to L 4 , and therefore 
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has negligible effect on the L 80 12 circuit. This is not difficult to 
achieve in practice, particularly when L 8 is split into a coupling 
and main section, with the latter separate from the former as shown 
in Fig. 16.5. The filtering action of the L.010 circuit is accomplished 
by virtue of the impedance it reflects into the L 40 7 circuit ; this 
impedance has resistive and reactive components (see Section 7 .6, 

w2M 4
2 , w2M4 2Xs . , . 

Part I) of R' 2 X 2R sand - R' 2 X 2 respectively, where R. is 
s+. 5+5 

the series resistance component of L 5 and 0 10, and X 5 is the series 

reactance component, i.e., wL5 - -
0
1 

. It will be seen that the 
W 10 

reflected reactive component is negative (capacitive) when X 6 is 
inductive, a condition occurring when the applied frequency is 
greater than the resonant frequency of L.0 10• The reverse is true 
when the frequency is less than the resonant frequency of L 60 10 • 

This reflected impedance from L 60 10 modifies the transfer imped
ance formula of expression 7 .2a, Part I, to 

where 

and 

-jRmQ2kJ1: 

Zp = [l +A +j(Q1F +B)][l +jQ2F] +Q1Q2k 2 

A= w2M42R'. 

(R'&2+xs2)Ri' 

B = - w2M42x. 
(R'.2+xs2)Ri' 

. 16.7a 

where Ri' is the equivalent series resistance of the primary of the 
transformer and is associated with Q1 • 

Section 7 .6, Part I, shows that the reflected impedance from L 50 10 

effectively is in series with L,, and the sign given to B in expression 
16.7a is positive if the resonant frequency of L 50 10 is above the 
mid-frequency of the coupled circuits and negative if it is below. 
Assuming identical coupled circuits as for Section 16.6.4, expres
sion 16.7a reduces to 

V[I+Q 2(k 2-F2)+A-BQF]2+[2QF+AQF+B] 2 
. 16.7b. 

It should be noted that L 50 10 has the same effect whether it 1s 
coupled to L, or L,, when these two circuits are identical. 
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The ratio loss introduced by filter at any frequency is therefore 

[ ZT !+filter -J (l+Q2(k2 - F 2)]2+[2QFJ 2 

I ZT I - [l+Q 2(k 2 - F 2)+A - BQFJ2+[2QF+AQF+BJ 2 

I I I ZT I db oss = - 20 og10 I Z I . 
T +filter 

or 

=- l0l [l+Q 2(k 2 -F2)+A-BQF]2+[2QF+AQF+BJ 2

16_8_ 
og10 [l+Q2(k2-F2)]2+[2QF]2 

If the coupled circuits L,O 7 and L 6O12 are the critically coupled 
pair of the previous section, Qk = 1, the value of QF corresponding 
to the frequency, 8·25 Mc/s, to which L 5O10 is tuned, is - 1·545. 
Replacing Qk and QF in expression 16.8 by these numerical values 
and noting that B = 0, for Xs is zero when LsO10 is resonant, 

if 

Loss = _ 10 lo [ - 0·390+A0]2+[ - (2+A 0)1·545] 2 

glO [ - 0•390]2+[3•09] 2 

= _ l0 lo 9·712+8·78A 0 +3·39A 0
2 

glO 9•712 

= - 10 log10 
1•

541
"3 = - 22 db. 

9·712 

w2M,2 
A 0 = 20 = Rs'Ri'° 

This is a satisfactory value for the attenuation of a single filter 
circuit provided the effect on the vision pass-band is small. This 
can be checked as follows : at a frequency above the resonant 
frequency of LsO10, the series impedance of this circuit can be 

written Zs = Rs(l +iQsF'), where F' = 
2J;', Af' is the frequency 

off-tune from the resonant frequency Is of LsO10 and Qs = ro:5
; 

it is convenient to neglect the variation of roM, over the frequency 
range considered-the error is not large and in any case the principle 
is applied in calculating ZT and Z 5 • Hence the value of A in 
expression 16.8 at frequencies above Is is 

A Ao 
= l+(QsF') 2 

and 

As an example, let us calculate the additional filter loss at the edge 
0 
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of the vision pass-band, 8·75 Mc/s, for Q5 = 120, / 5 = 8·25 Mc/s, 
+2 X 0·5 , 20 

F' = 
8

_
25 

= +0-1212, Q,,F = +14·58, A = 213 = 0·094, 

- 1·545 X 1·75 
B = AQ5F' = - 1·37, QF = --- = - 1·2. 

2·25 
Loss 

[0·56+0·094-1·37 X 1·2]2+[ -2·4-0·094 X 1·2-1·37] 2 

= -10 log1u-------------'-------6--0-6_4 _________ _ 

16 = -10 log10 
6

_
064 

= - 4·2 db. 

This procedure can be repeated for other frequencies and other 
values of Q5 • The additional attenuation at selected frequencies 
for two values of Q5, 120 and 200 is tabulated below for the pair 
of overcoupled circuits (Qk = 1·5) as well as the critically coupled 
circuits. A 0 is constant at 20, so that the additional attenuation 
at the rejection frequency 8·25 Mc/s is practically constant at 
- 22 db. A positive sign before the attenuation value indicates 
a gain and a negative a loss. 

TABLE 16.6 

Coupled Overall Response 
/(Mo/s). Additional Attenuation (db.) due to Filter. Circuits Coupled Circuits 

only. plue Filter. 

10·5 - 0·08 - 0·06 - 0·02 negligible 0 - 0·06 0 
9·25 - 1·46 - 0·12 - 0·74 - 0·4 + 0·52 + 0·40 + 0·48 
8·75 - 4·2 - 1·93 - 2·52 - 0·8 + 0·7 - 1·23 - O·l 
8·25 - 22 - 21·76 - 22 - 21·76 +0·4 - 21·36 -21-36 
Qk 1 1·5 1 1·5 1·5 1·5 1·5 

Q5 120 120 200 200 120 200 

The need for the highest possible value for Q5 is plainly shown by 
the table, but an almost more important feature is the reduced 
attenuation at the edge of the vision pass-band brought about by 
using overcoupled circuits. The response of the overcoupled circuits 
of Qk = l ·5 is set out in the sixth column, and in the seventh and 
eighth the overall frequency response of overcoupled circuits and 
filter is shown. An almost flat response is obtained for Q5 = 200, 
but the more likely practical value of Q5 is 120, and this produces 
a maximum variation of 1·63 db. over the range from 10·5 to 
8·75 Mc/s. A slight reduction and better distribution of the 
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frequency response variation can be obtained by combining the 
frequency response of the absorber and coupled circuits with that 
of another pair of coupled circuits of Qk = I ·5 ; the combined 
response (Q5 = 120) then varies from +0·92 db. at 9·25 to - 0·53 db. 
at 8·75 Mc/s. If a more level frequency response is desired over 
the pass-band the attenuation at the rejection frequency must be 
reduced; for example, if A 0 is reduced to 10, the following results 
are obtained with the overcoupled circuits: 

TABLE 16.7 
Qk = 1·5, QF = - 1·12 at L'1f = - 1·75 Mc/s,fm = 10·5 Mc/s, A 0 = 10, 

Q5 = 120 

J(Mo/e). 

10·5 
9·25 
8·75 
8·25 

Attenuation (db.). 

0 
0·15 
0·68 

- 16·3 

Coupled Circuits plus Filter. 

0 
+ 0·37 
+ 0·02 
-15·9 

The advantage of using more filters (three would be required instead 
of two for an overall attenuation of not less than - 40 db.), to 
obtain a given attenuation is clearly shown. 

Since the overcoupled circuits of Qk = l ·5 produce a better 
pass-band frequency response than the critically coupled circuits, 
it is necessary to see if greater couplings might with advantage be 
employed. Thus the frequency response for a coupling of Qk = 2 
has a peak of + l ·95 db. at QF = ± 1 ·732 compared with the 
trough value at QF = 0, and letting this value of QF correspond 
to LJ/ = - 1·75 (/ = 8·75 Mc/s), the following results are obtained 
for A 0 = 20. 

TABLE 16.8 
Qk = 2, QF = - 1·732 at L'1f = - 1·75 Mc/s,f m = 10·5 Mc/s, A 0 = 20 

f(Mo/s). Attenuation (db.). Coupled 
Circuits only. 

Overall Response Coupled 
Circuits plus Filter. 

10·5 Very small Very small 0 0 0 
9·25 + 0·24 + 0·25 + 1·4 + 1·64 + 1·65 
8·75 - 1·9 - 0·75 + 1·95 - 0·05 + 1·20 
8·25 - 21·5 - 21·5 + 1 - 20·5 - 20·5 

Q5 120 200 120 200 
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Comparing the above with Table 16.6, when Q6 = 120, there is 
little to choose between the two values of coupling as far as overall 
frequency response variation is concerned, but the smaller value 
(Qk = 1·5) is preferable because it is possible in combination with 
another pair of coupled circuits to achieve a better frequency 
response distribution relative to 10·5 Mc/s. Overall frequency 
response for Q6 = 200 is less satisfactory when Qk = 2. 

A point which has to be considered is the frequency response 
variation for the half pass-band above 10·5 Mc/s. If filters are 
included to suppress the adjacent audio signal of 14·25 Mc/s, they 
can be made to correct the effect of the 8·25 Mc/s filter on the 
frequency response of the upper half pass-band. Alternatively, if 
no upper frequency filters are required, the mid-frequency of the 
pairs of coupled circuits not associated with the 8·25 Mc/s filters 
can be reduced in order to correct for the rise in response from 
the overcoupled circuits to which the filters are connected. If 
a. 14·25 Mc/s absorber filter is required, expression 16.8 can be 
used for calculating its attenuation, because B and QF have the 
same sign-it is positive instead of negative--over the range 14·25 
to 10·5 Mc/s, and the numerator is unaffected when the signs of 
both are changed. The attenuation at selected frequencies for 
Qk = 1·5, Q6 = 120 and 200, A 0 = 70 is tabulated below : 

TABLE 16.9 
Qk = 1·5, QF = + 1-12 at L1f = + 1-75 Mc/s,fm = 10·5 Mc/s, A 0 = 70 

f (Mo/s). Attenuation (db.). Coupled Coupled Circuits plus Filter. Circuits only. 

10·5 - 0·51 - 0·2 0 - 0·51 - 0·2 
11-75 - 1·25 - 0·34 + 0·52 - 0·73 + 0·18 
12·25 - 3·3 - 1·5 + 0·7 - 2·6 - 0·8 
12·75 - 6·25 - 3·7 + 0·4 - 5·85 - 3·3 
14·25 - 30·7 - 30·7 - 4·4 - 35·1 - 35·1 

Q5 120 200 120 200 

The combined frequency response of coupled circuit and filter 
causes a too rapid fall in frequency response when Q5 = 120-the 
overall response at the vision carrier frequency, 12·75 Mc/s, must 
not be more than 6 db. below the average response-and satisfactory 
performance could only be obtained at Q5 = 200 if two filters are 
used. If more filters are possible, e.g., three, the value of A 0 can 
be reduced to 30, which gives a maximum attenuation of - 18·0 db. 
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and a satisfactory frequency response for Q, = 120, as shown in 
Table 16.10. 

TABLE 16.10 
Qk = 1·5, QF = + 1-12 at Af = + 1-75 Mc/s,fm = 10·5 Mc/s, A 0 = 30, 

Q5 = 120 

/(Mc/s). 

10·5 
11-75 
12·25 
12·75 
14·25 

Attenuation (db.). 

0·1 
0·18 
0·88 
2·52 

- 23·56 

Coupled Circuits plus Filter. 

O·l 
+ 0·34 

0·18 
2·12 

- 27·96 

If we assume that three of the four pairs of coupled circuits in 
the I.F. amplifier have absorber filters with attenuation character
istics as set out in Tables 16.7 and 16.10, the overall frequency 
response of the three circuits is that given in the second column 
of Table 16.11. If the fourth pair of coupled circuits has a coup
ling corresponding to Qk = 1·355, fm = 10·75 Mc/s, QF = 0·91 at 
11/ = 2 Mc/s, it has the attenuation characteristic shown in the 
third column. Overall I.F. frequency response of the four pairs is 
shown in the fourth column. 

TABLE 16.11 

f (Mo/s). Attenuation (db.), Attenuation of Overall 
Special Circuit. Attenuation. 

8·25 - 47·7 + 0·26 - 47·44 
8·75 + 0·06 + 0·4 + 0·46 
9·25 + 1-11 + 0·3 + 1·41 

10·5 - 0·3 + 0·05 + 0·25 
11·75 + 1-02 + 0·14 + 1·16 
12·25 - 0·54 + 0·3 - 0·24 
12·75 - 6·36 + 0·4 - 5·96 
14·25 - 83·88 - 1·05 - 84·93 

The overall I.F. amplifier frequency response has a variation of 
about ±1 db. over the pass range, with a response at the vision 
carrier frequency of almost e;x:actly that required, viz., - 6 db. 
Attenuation is more than that specified at 8·25 Mc/s, and at 
14·25 Mc/s. 

To show the method of calculating the component values for 
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the absorber filters we shall assume that the primaries and secondaries 
of the three pairs of coupled circuits are identical, i.e., in Figs. 16.5 
and 16.6, 0 7 = 0 12 = 0 25 = 0 28 = 0 3, = 0 35 = 15 µµF, the induc
tances L,, L 6 , etc., are equal to 15·3 µH, Qk = 1·5, QF = ±1·12 at 
'1/ = ±1·75 Mc/s, fm = 10·5 Mc/s, Q = 3·36. 

(a) 8·25 Mc/s Filter. 

Let 0 10 = 15 µµF, Qs = 120. 
10-6 

Ls = (6·28 x 8·25) 2 x 15 = 24"8 µH. 

R ' - l 
106 = 10·7 D. 5 

- Q5ro60 10 - 120 X 6·28 X 8·25 X 15 

*R'=_l_ = 106 
=300D. 1 Qwm0 7 3·36 X 6·28 X 10·5 X 15 

W52M,2 

A 0 = 10 = Ri' R/. 

M, = 10- 6 vlO x 10·7 x 300 = 3_46 µH. 
6·28 X 8·25 

3·46 k - M, 
' - ~ - Vl5·3 x 24·8 = 0

·
177

· 

(b) 14·25 Mc/s. 

If 010 = 15 µµF, L, = 8·35 µH, Q, = 120, R/ = 6·2 D 

Ao= 30 

M = 10- 6 y30 X 6·2 X 300 = 2_63 H 
4 6·28 X 14·25 µ . 

2·63 
k, = vi5~fxs-f5 = 

0
·
233

· 

As described in Section 16.6.4, phase distortion can be derived 
from the phase angle, 

-t. t _1 [ 2QF+AQF+B ] 
'Y = an - l+Q2(k 2 - F 2)+A - BQF . 

The second type of filter is the parallel resonant circuit-capaci
tance potential divider formed by L 70 11 and 0 12 in Fig. 16.6. 
Actually 0 12 is not the total tuning capacitance of the L 60 12 circuit, 

* Note that Ri' is the equivalent series resistance of the L,07R 6 circuit 
in Fig. 16.5, and the value of Q used is that calculated in Section 16.6.4 for 
the overcoupled circuits of Qk = l ·5. 
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but is the wmng and valve input capacitance and so will have 
a value of about 10 µµF. For rejection at 14·25 Mc/s, the resonant 
impedance Rm of L 70 11 at this frequency must be approximately 
10 times the reactance O a, or 

1 106 

Rm = 10 -- = 10------ = 11,150 !J. 
w 70 11 6·28 X 14·25 X 10 

The impedance of the L 70 11 circuit at any frequency is 
1 
:fQ

7
F 

and it can be resolved into a resistance and reactive component of 
Rm -RmQ 7F . 

Rs= l+(Q
7
F) 2 and X8 = l+(Q

7
F)z' where Q7 1s the Q of the 

circuit, F = ~: and 11/ = frequency off-tune from the resonant 

frequency, / 7 (in this case 14·25 Mc/s). The attenuation due to 
1 

wGu 
this type of filter is 20 log10 J ( 1 ) 2, and when 

Rs2+ Xs---
wGu 

1 
Q7 is large it reduces to 20 log10 X 

O 
_ 

1 
for all frequencies 

sW 12 

except those close to series resonance of L 70 11 with 0 12• Table 16.12 
gives the attenuation at the selected frequencies for Q7 = 120 
and 200. 

TABLE 16.12 
Rn1 = 11,150 D. J,. = 14·25 Mc/s. 

f (Mo/s). 
I 

Xs 
wOu 

db. Xs. db. 

10·5 1,512 + 176·5 + 1·08 + 106 + 0·64 
11-75 1,352 + 265 + 1·9 + 159 + 1·08 
12·25 1,298 + 331 + 2·54 + 199 + 1·44 
12·75 1,245 + 442 + 3·8 + 265 + 2·1 
14·25 1,115 0 - 20·04 0 - 20·04 

Q7 120 120 200 200 

The chief point of interest is that over the pass range there is a gain 
instead ofloss; this is due to the fact that the L 70 11 circuit appears 
as an inductive reactance at frequencies below resonance, and 
eventually it forms with O 12 a series resonant circuit. This series 
resonance occurs at about Q1F = - 9·5, and there is a peak in the 
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filter response at this frequency, 13·68 Mc/s for Q1 = 120. Between 
13·7 and 14·25 Mc/s the response falls away sharply to a maximum 
loss of - 20·04 db. The rise in response over the pass-band can 
be used to compensate for any fall in response due to the coupled 
circuits. The filter circuit is a part of the tuning of the secondary 
and it reduces the capacitive reactance of O 12 over the pass-band 
range. This means that the factor (1 +jQ2F) in the denominator 
of the transfer impedance expression is increased to (1 +j(Q2F +x)) 
and ZT is therefore reduced, an effect which tends to offset the 
increase in frequency response due to the filter itself. Again, it can 
be observed that the filter has least influence on the pass range 
when Q1 is large. If this type of filter is used for rejecting 8·25 Mc/s, 
X 8 is negative, the range 10·5 to 8·75 shows a fall in response, and 
there is no series resonance peak. The results for Rm = 19,250 !1, 
fr = 8·25 Mc/s, Q 1 = 120 are : 

TABLE 16.13 

J (Mc/s). 
l 

wOu 
Xs db. 

10·5 1,512 - 295 - 1·54 
9·25 1,715 - 663 - 2·84 
8·75 1,815 - 1,325 - 4·56 
8·25 1,925 0 - 20·04 

In this case the filter reduces the factor (1 +jQ2F) in the denominator 
of ZT to (1 +j(Q2F - x)) and thus tends to offset the fall in response 
due to the filter. 

The values of L 1 and 0 11 are calculated from Rm and Q1 ; thus 
for 14·25 Mc/s 

L = Rm = 11,150- x 10-0 = 1·035 H 
7 w 7Q7 6·28 X 14·25 X 120 µ 

011 = 120 µµF 

and for 8·25 Mc/s 

L = 19,250 x 10-s = 3_09 H 
7 6·28 X 8·25 X 120 µ 

0 11 = 120 µµF. 

The series resonant circuit filter, exemplified by L 130 23 in 
Fig. 16.6, acts as a shunt in parallel with the primary impedance, 
and the attenuation it produces may be calculated from the ratio 
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of its impedance to the sum of its impedance and the primary 
impedance. The latter, from expression 7.7d, Part I, is 

z = Rm(l +if:?!J __ 
P 1 +Q 2(k 2 - F 2)+2jQF 

and taking the previous component values for the Qk = l ·5 coupled 
circuits, the primary impedance at 8·25 Mc/s is 

z = 3,400(1 - 1·44j)(l·l7 +2·88j) 
p (1·17) 2 +(2·88) 2 

3.400 . 
= 9·67 (5·32+1·193J) 

= l,870+420j. 

For Q13 = 120,023 = 7·5 µµF, L 13 = 49·5 µH, the additional attenua-

tion at 8·25 Mc/s is 20 log10 V 21
'
4 = - 39·12 db. 

(1,891 ·4) 2 + ( 420) 2 

forR'13 = wQ13L 13 
= 21·4 Q. Atother frequenciesthe impedance of 

13 

the series circuit is R'13{l+jQ13F') where F' = 2

1
LJf, so that at 
!3 

10·5 Mc/s it is 21 ·4(1 +65·5j) ~ l,400j. Hence there is a loss of 
1,400 

20 log10 -:::======= = - 8·4 db. at the centre of the pass v (3,400) 2 +(1,400) 2 

range. It is only possible to reduce this loss by increasing Lu 
because the impedance at 10·5 Mc/s is approximately equal to 
jR' 13Q13F' = jw13L 13F'. Such a large value of loss could hardly be 
tolerated and the series parallel filter L 18O32 and 0 31 in Fig. 16.6 is 
preferable. The parallel section is resonant at 10·5 Mc/s and has 
therefore an inductive reactance at 8·25 Mc/s. Series resonance is 
obtained by this inductive reactance in combination with 0 81 • 

Let us assume that the resonant impedance Rn16 of L 180 32 at 
10·5 Mc/s is 170,000 fl-this involves a loss of - 0·16 db.-and 
that Q16 is 120; we therefore find that 

L = 170,000 x 10- 6 = 21 .5 H 
18 120 X 6·28 X 10·5 µ 

and 0 32 = 10·7 µµF. 
The reactance of this circuit at 8·25 Mc/s (Q 16F' = - 51·4) is 

- . RD16Q1aF' = + ·3 310 Q 
Jl+(Q18F') 2 J ' . 

and the capacitance value for 0 31 is 
106 

0 31 = -------- = 5·84 µµF. 
6·28 X 8·25 X 3,310 

o* 
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The series impedance of the filter at 8·25 Mc/s is the resistance 
component of the impedance of L 160 32 , i.e., 

Rm6 = 170,000 = 64_5 Q 
I +(Q16F') 2 2,640 

which causes an attenuation of 

64·5 64·5 
20 log10 ~--~ = 20 log10 -----;c====== = - 29·72 db. 

1 zj} + 64·5 I v(l,934·5r'+(420) 2 

This type of filter is less satisfactory for suppressing frequencies 
above the vision pass-band because the reactance of L 160 32 is 
capacitive and series resonance can only be obtained at a higher 
frequency by replacing C 31 by an inductance, the performance of 
which is considerably modified by its inherent self capacitance. 

It is worth noting that the effect of the series or series-parallel 
filter circuit is the same whether it is connected across primary or 
secondary provided the latter are identical. 

The rejection circuit formed by a resonant coupling between the 
primary and secondary is illustrated by M 5 in combination with 
0 28 in Fig. 16.6. The performance of the resonant coupling can 

(M5--2

1 
) 

w 028 
be calculated by replacing k in Zp by _ ;L L and 02 8 is 

V U• 15 

chosen to satisfy the expression 
1 f = 14·25 or 8·25 = --_-_-_-_. 

2nVM5028 
Appreciable values of attenuation can be obtained by this method 
because M 5 has no resistance component and the resistance of the 
resonant coupling is determined only by the losses in 0 28 • On the 
other hand, the frequency response at the edges of the pass-band 
may be considerably affected. 

Cathode feedback (Section 7 .9, Part I) may also be used for 
suppression purposes, but to be fully effective the valve to which 
it is applied must not have grid-bias control. 

16.7. The Detector Stage. The vision frequency detector 
stage is a modified form of the audio frequency detector, the modi
fications being rendered necessary by the much larger range of 
modulation frequencies (2 to 4 Mc/s as compared with 18 kc/s for 
audio signals). Both reservoir capacitance and load resistance must 
be small, otherwise the higher modulation frequencies are severely 
attenuated. Consequently detection efficiency is low ; it is of the 
order of 50% for a single diode half-wave detector, provided that 
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the diode is designed to have a low anode-cathode capacitance and 
a low conduction resistance. The anode-cathode capacitance in 
conjunction with the low value of reservoir capacitance acts as 
a potential divider to reduce the effective R.F. voltage applied to 
the diode. A small value of anode-cathode capacitance calls for 
a large anode-cathode spacing, but this increases the diode conduc
tion resistance, so that a compromise is necessary. Typical values 
for the anode-cathode capacitance and conduction resistance of 
a television diode detector are 1·5 to 2 µµF and 1,000 Q respectively. 
Both R.F. and superheterodyne receivers need special filters 
between the diode output and the vision frequency amplifier, 
though the need for filtering is less urgent in the R.F. than in the 
superheterodyne receiver, because feedback of I.F. harmonics into 
the signal circuits, which leads to serious interference with the 
picture, does not arise. Feedback of R.F. carrier is undesirable, but 
can only cause regeneration or degeneration, apart from harmonic 
distortion when large peak signals are applied to the v.F. amplifier. 
Regeneration can, of course, become serious if the receiver is brought 
near the point of oscillation (it may cause appreciable attenuation 
distortion), but such a situation rarely arises if normal precautions 
are taken. 

Of the three types of diode detector circuit, the half-wave, the 
full-wave and voltage doubler, the former is the most popular on 
account of simplicity and, compared with the full-wave detector, 
less loss of amplification from input to output. The chief merit of 
the full-wave detector is that the vision carrier fundamental is 
cancelled, and only its harmonics have to be filtered from the output 
of the V.F. amplifier. The input voltage applied to each diode of 
the full-wave detector is halved by the centre tap, but detection 
efficiency (rJd) is higher at about 70%. Thus the overall output-to
input voltage ratio is about 0·35 compared with 0·5 for the half-wave 
detector. Another disadvantage of the full-wave detector is that 
the centre-tapped output coil must be electrically balanced to earth, 
otherwise cancellation of the carrier fundamental is not realized. 
The voltage doubling type of detector is more useful when it is 
desired to operate the C.R. tube direct from the detector. For ex
amples of this see Fig. 11.4c, and the alternative form provided by 
V1 and V2 in Fig. 11.12; the latter type is better than the former 
because there is less R.F. ripple across the reservoir capacitance 0 1 • 

Conduction current damping is twice that of the half-wave detector 
so that the equivalent damping resistance is approximately one-half 
the load resistance (see below). 
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An example of the half-wave detector is shown in Fig. 16.7. 
Damping of the tuned circuit feeding the detector is very much 
greater than in the case of the A.F. detector because of the low load 
resistance, 5,000 D, but this is not a serious disadvantage as the 
tuned circuit must be heavily damped to secure the wide pass-band. 
Since the detection efficiency is 50%, the conduction current damping 
resistance may be taken as equal to the load resistance (Section 8.2.5, 
Part I), and any additional damping resistance must be calculated 
with this in mind. The direction of the diode connections depends 
on the type of modulation and the number of V.F. amplifier stages. 
The circuit of Fig. 16.7 is suitable for detecting the English system 
of positive modulation with direct connection from detector to C.R. 

tube, or with an even number of v.F. stages between detector and 
C.R. tube. The same circuit can be used for the American system 
of negative modulation if an odd number of v.F. stages is employed ; 

Synchronising 
.----- and/ or 

A.G.C. Stages 

' ' • .I.. 
-T'-
1!..c ,2 

V.F.Output 
0 

Fm. 16.7.-The Vision Signal Detector of a Television Receiver. 

the anode-cathode connections of the diode must be reversed if 
direct connection or an even number ofv.F. stages is desired between 
detector and C.R. tube. A two-stage low-pass filter is shown between 
the detector and its v.F. output, and the values of Land O may be 
calculated from the normal filter formuloo for constant k structures. 
Thus 

L = Ro and O = _l_ 
nfc nfaRo 

where le = the cut-off frequency 
and R 0 = the characteristic and terminating resistance of the filter. 
Generally the value of the reservoir capacitance, which is the 
capacitance ½O of the shunt arm of the n section filter, shown in 
Fig. 16.7, is fixed by stray capacitance at not less than 10 µµF, and 
this in turn limits the maximum value of R0 and le• From the 
point of view of detection efficiency R 0 should be as large as possible ; 
small attenuation distortion over the pass-range calls for a high 
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value of le, though it must not be so high as to cause insufficient 
filtering of the I.F. A suitable compromise for 2 Mc/s pass-band is 
R0 = 5,000 Q and le = 3· 18 Mc/s, i.e., approximately one and a half 
times the maximum vision frequency of 2 Mc/s, with O = 20 µµF 
and L = 500 µH. For the higher definition 4 Mc/s pass-band, 
R0 must be reduced to 3,000 Q, thereby increasing le to 5·3 Mc/s 
with O = 20 µµF and L = 180 µH. 

Attenuation and phase distortion for a low-pass filter have been 
examined in considerable detail elsewhere, 31• 32 and it is not proposed 
to do more than state the formulae involved and the probable 
performance of a suitable filter. The attenuation in decibels of 
a correctly terminated single section constant k low-pass filter 

(R0 = JID is 

16.9 

and the phase angle 

j part of (N,+ J 4~ )
2 

fJ = tan-1 2 s 
real part of above 

. 16.10 

where Z1 = impedance of a full series arm = wL 

and 
. 1 z 2 = impedance of a full shunt arm = wo· 

Thus if L contains no resistive component 

Z1 _ jwL __ w2LO __ (1) 2 

4Z
2 

-

4 
1 - -4- - Jc 

jwO 
1 

for le = . fr7'i" On the other hand, if L has a resistive com
nv LO 

ponent R, 

Z1 = (R+jwL)jwO = - w
2
LO(~ +l) = (£) 2 [j_ _ 1] 

4Z2 4 4 JWL le Q 

. 16.11. 



414 RADIO RECEIVER DESIGN [CHAPTER 16 

To illustrate the use of the formulae 16.9 and 16.10, we shall take 
two cases: 

(1) 
4
~

2 
=1/180° -1, and (2) ;

2 
=1·2/150°= -l·04+0·6j. 

(1) Zzi = 1 /180°. This corresponds to cut-off frequency and 
4 2 --

zero resistance in the L and O arms. 

(R, + J?i) 2 

=(v-=i)2= -1=1/tan-1(-1)=1/180°. 

Therefore oc = 20 log10 1 = 0 db. 
{3 = tan- 1 ( - 1) = 180°. 

(2) ~
2 

= 1·2 /150° = - l·04+0·6j. This corresponds to a 

frequency greater than cut-off with Q = * = - cot cf, = l ·732 

(✓l+ Zi +Jz1
)

2 

= (V- 0·04+0·6j+V- l·04+0·6j)2 
4Z2 4Z2 

= - l·08+1·2j+2v - 0·3184 - 0·648j * 
= - l·08+1·2j - 0·898+1·444j 
= 3·31 /125° 48' 

i.e., oc = - 10·4 db., {3 = 125° 48'. 

Phase and attenuation distortion is affected by the Q of the coil 
L of the series arm, and Q is not easy to assess because it varies 
from a low value at the low-frequency end of the pass-band to a 
comparatively high value at the high-frequency end, e.g., 2 to 3 at 
1 kc/s to 100 at 4 Mc/s. However, provided the maximum vision 
frequency does not exceed about 0·75/c, attenuation distortion is 
usually negligible for normal Q values. Suppose Q at 4 Mc/s = 100, 
and fc = 5·3 Mc/s, then 

Z 1 (f) 2✓-l / _ 1 1 4Z2 = fc Q2+1 tan -Q 

= (/
3
)2 Vl +(0·01) 2 /tan- 1 - 0·01 

= 0·57 /179° 25'. 

* Note V - 0·3184 - 0·648j = V V(0·3184)2+ (0·648)~ /½ tan-I -
0

"
648 

- 0·3184 
= 0·85 /121 ° 56' 

= - 0·449 + 0·722j 
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The above value of 
4
~/ when replaced in expression 16.9, gives 

a loss of - 0·2 db. at 4 Mc/s, which is negligible. 
At the vision I.F. carrier 12·75 Mc/s if Q is unchanged, 

~ = (L) 2 
;119° 25' = 5·8 ;119° 25' 

4Z2 fc 

and the loss for this value of 
4
~

2 

is found to be - 26·6 db. 

For the two-section filter of Fig. 16.7, the loss at the vision I.F. 

carrier is twice this. There can be large variations in phase angle 

of {i-
2 

with practically no effect on the attenuation in the cut-off 

region. 
Greatest variation of frequency response over the pass-band is 

caused by reflection losses due to the mismatch between the filter 
input image impedance and the equivalent A.O. impedance of the 
diode, consisting of its slope resistance and anode-cathode inter
electrode capacitance in parallel. The diode slope resistance Rd' is 
generally about 1,500 Q, and the anode-cathode capacitance of 
2 µµF has only a very small effect because its reactance (19,950 Q at 
4 Mc/s) is very small compared with 1,500 Q. The input image 
impedance Z' of the n section filter varies over the pass-band in 
accordance with the formula 

Z' = Ro 

J1 -(£)2 . 16.12 

and the reflection loss due to mismatch is 

loss= - 20 log10 J.!:__ db. 
Z' 2 -

Rd' 

l+!j:__ 
R' 

. 16.13 

and it is tabulated on page 416 for Rd' = 1,500 Q, R0 = 3,000 D, 
and Jc = 5·3 Mc/s. 

Reflection mismatch loss increases as the V.F. frequency increases 
because the input impedance of the n section increases. A T -
section filter would have advantages in this respect because its 
input impedance falls over the pass-band from 3,000 Q to zero at 
f = fc• This will cause the loss to decrease with increase of fre
quency until Z' falls _below Rd', and the v.F. response will thus tend 
to increase. The T-section filter cannot, however, be used because 
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j(Mc/s) 
Z' (ohms). 
Loss (db.). 
Loss (db.) 

referred 
tof = 0 
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TABLE 16.14 

[CHAPTER 16 

0 0·53 1·06 1·59 2·12 2·65 3·18 3.71 4·24 4·77 
3,000 3,020 3,060 3,145 3,275 3,465 3,750 4,200 5,000 6,880 
-0·5 -0·51 -0·52 -0·58 -0·64 -0·74 -0·86 -1·08 -1·48 -2·32 

0 -0·011-0·021-0·08 -0·14 -0·24 -0·36 -0·58 -0·98 -1·82 

the stray capacitance ½O across the output of the diode and input 
of the filter cannot be eliminated. There is no phase shift due to 
the mismatch if the reactive component of the diode A.C. impedance 
is negligible, i.e., if the diode anode-cathode capacitive reactance 
is large compared with Rd'. 

Phase distortion in the filter itself can be estimated by noting 
the departure of the phase angle (expression 16.10) from a linear 
relationship to frequency. It will be found to be greatest when 
there is no resistive component in the shunt and series arms of the 
filter, so that we shall gain an idea of the likely phase distortion 

by studying this condition, for which 4i 2 
= (i) 2/180° = - (1) 11

, 

where jc < 1. Hence 

(J1+4i2+J4i) 2 

= (J1 -(ir+J-(irr 
= (J1 -(;)2+jf)2 
= 1 - 2(;) 2 +jf ✓ 1 - (;)

2

.16.14. 

From which the phase angle 

2JJ (1) 2 

fJ = tan-1 Tc 
1 

- le 
1 - 2(;) 2 

. 16.15. 

The phase angle and phase-angle error are given in Table 16.15 over 
the pass range of the filter for fc = 5·3 Mc/s. The correct phase 

angle is given by fJ = tan - 1 fc radians = 57° 18' tan - 1 t degrees. 
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J. 

f (Mc/s). 
Phase Angle 
Error 

f 

J. 

f (Mc/s). 
Phase Angle 
Error 
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TABLE 16.15 

0·l 0·2 0·3 

0·53 1·06 1·59 
11° 26' 23° 2' 34° 53' 

l' + 0° 8' + 0° 34' 

0·6 0·7 0·8 

3·18 3·71 4·24 
73° 46' 88° 51' 106° 14' 

+ 5° 11' + 8° 38' + 14° 39' 

417 

0·4 0·5 

2·12 2·65 
47° 9' 60° 

+ 1° 19' + 2° 42' 

0·9 l·0 

4·77 5·3 
128° 19' 180° 
+ 25° 17' + 65° 24' 

·-

The phase angle and phase-angle error is positive, so that there 
is a time delay amounting to approximately 

12 
360 

X 
4 

= 0·00833 µ secs. at 4 Mc/s. 

This is very small compared with that caused by the I.F. amplifier. 
In the example taken for high definition transmission, viz., 

maximum vision frequency 4 Mc/s, R 0 = 3,000 D, fc = 5·3 Mc/s, 
and a two-section filter, frequency response shows a loss of about 
2 X ( - 0·8 (mismatch) - 0·2 (filter, loss due to Q of coil)), i.e., 
- 2·0 db. from low to high frequencies and time delay amounts to 
0·01666 µ secs. at the highest vision frequency. 

The double value of shunt capacitance (20 µµF) required at the 
junction of the two sections of the filter makes this a suitable point 
for connecting other circuits, such as the synchronizing and A.G.o. 

stage, which use the detector output as their source of voltage. 
Care must be exercised to keep the stray and self-capacitances of 
the filter inductances L to a minimum, because the parallel resonant 
circuit so formed, though increasing discrimination against a narrow 
band of frequencies, offers less attenuation to frequencies higher 
than this band. Alternatively the resonant frequency may be 
controlled and used to increase the effectiveness of the filter at the 
vision I.F. carrier fundamental (or second harmonic in the case of 
full-wave detection). 

A.G.O. bias control, which may be derived from the detector 
output, is quite often employed in American receivers, but has not 
proved necessary with the single English transmission. The chief 
advantage of automatic gain control in television reception is for 
smoothing out variations in signal strength due to a swinging aerial 
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or lead-in (this is prevented by firm fixing), or to reflections from 
nearby moving objects, e.g., aeroplane flutter effect. It is also 
useful for stabilizing output when tuning from one transmission to 
another. The source of A.G.c. voltage must be the synchronizing 
pulse section of the carrier and not the vision signal section because 
the vision voltage varies between wide limits and depends on the 
average black or white content of the image. For the American 
system of negative modulation with synchronizing pulses applied 
at maximum carrier amplitude, A.G.c. voltage may be obtained by 
connecting a diode and its load resistance across the central capaci
tance O of the filter as shown in Fig. 16.8. The time constant of the 
load resistance R 1 and reservoir capacitance O 1 is sufficiently large 
to ensure that the A.G.c. diode acts as a peak voltage detector of the 
positive synchronizing pulses. The D.C. output voltage is positive 

I 
I 
I 
I 
I 

t½c 
1.F. Tunecf, 
Circuit : 

..--..---.-.--....--0 E 

H.T 

Fm. 16.8.-A Method of obtaining A.G.c. for the American Negative 
Modulation Transmission System. 

[For H.T. read H.T. -] 

and a phase-reversing valve must be used to change it to a negative 
voltage. The phase-reversing valve, which also acts as an amplifier, 
is connected between the earth line of the R.F. receiver and a source 
of negative voltage as shown in Fig. 16.8. If two stages of v.F. 
amplification are used the vision detector connections must be 
reversed for the American negative modulation, i.e., the cathode is 
connected to the R.F. voltage source and the anode to the vision 
detector filter. The synchronizing pulses are now negative and the 
A.G.c. diode connections must also be reversed. The D.C. voltage 
appearing across R 1 has the correct polarity for applying direct to 
the R.F. valves. Much the same principle may be applied to obtain 
A.G.C. from the English positive modulation system. 

It should be noted that the initial curvature of the vision detector 
characteristic reduces the synchronizing pulse of the English trans
mission and the white signal of the American. Vestigial and single 
sideband reception inevitably produce some harmonic distortion of 
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the vision frequency signal, but as explained previously, this type 
of distortion is much less important in television than in audio 
frequency reception. 

Anode bend detection may be used in order to gain some ampli
fication of the detected output voltage. Its chief disadvantage is 
its non-linear detection characteristic and restricted input signal 
handling capacity, though both effects can be mitigated by the use 
of negative feedback. Cathode self-bias cannot be employed 
because the average carrier level varies with the image brightness. 
A special compensating anode circuit is included to provide the 
required vision frequency response, and it is similar to those 
described in the next section. 

16.8. Vision Frequency Amplification. 2• 16 

16.8.1. Introduction. Cathode ray tubes reproducing tele
vision images require a peak-to-peak signal voltage of about 25 volts 
for reproducing the full range of brightness from black to white. 
It is not normally possible to obtain this voltage direct from 
a detector stage without overloading the last R.F. or I.F. stage of 
the receiver, since the synchronizing pulses increase the required 
detected output voltage amplitude by another 43% (30% carrier 
represents black) to 35·75 volts peak-to-peak. Hence, allowing for 
a detection efficiency of 50%, the R.F. or I.F. voltage needs to be 
71 ·5 volts. At least one stage of vision frequency amplification is 
needed between the detector and C.R. tube. The wide range of 
frequencies, from D.c. to 4 Mc/s, which are present in the vision 
frequency output from the detector, creates difficulties in the design 
of the v.F. amplifier. The D.c. component is essential for correct 
reproduction of the image as it provides the datum of average 
brightness, e.g., the average light content of the picture is reduced 
in passing from an outdoor to indoor scene, and this change can 
only be appreciated if the D.C. component is present at the grid of 
the C.R. tube reproducer. It would be possible to use a D.C. amplifier 
V.F. stage, but this generally leads to a more complicated power 
supply system, particularly if more than one stage of v.F. amplifica
tion is employed. Fortunately D.C. amplification is not essential 
because a diode connected across the output of the V.F. stage can 
be used to restore the D.c. component lost in the amplifier. Failure 
to restore this component also tends to make the flyback trace of 
the frame deflection visible across the image. 

Increase of the reactances of the coupling and self-bias capaci
tances in the v.F. amplifier cause loss of low-frequency response and 
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phase distortion, which results in a brightness variation in a vertical 
direction when a white or black square is being transmitted. High
frequency attenuation due to stray and valve capacitances leads to 
a loss of horizontal detail. Phase distortion is not often a serious 
problem at the high-frequency end of the range and is usually 
negligible in comparison with that introduced in the R.F. and I.F. 

stages, because the number of reactances and therefore the total 
phase shift is small. Although minimum attenuation and phase 
distortion are not necessarily achieved at the same time, a flat 
high-frequency response generally results in small-phase distortion. 
At low frequencies phase distortion is more serious because a phase
angle error of I O represents a time error of 55·5 µ secs. (16·78 ems. 
error on the C.R. tube screen) at 50 c.p.s., and it is preferable to aim 
at minimum phase rather than minimum attenuation distortion. 
A point always to be remembered when more than one v.F. stage 
is involved is that each stage should be compensated to give satis
factory phase and attenuation distortion independently of any 
other. It is most unwise to try and correct in one stage the 
deficiencies of several others. 

There is another form of distortion to which V.F. amplifiers are 
susceptible, and that is transient distortion. It is caused by 
a transient pulse setting up damped oscillations in the LC circuit 
formed by the inductance used for compensating high-frequency 
loss, and the stray capacitance with which it is associated. It is 
a function of high-frequency response, and is liable to be produced 
when there is a peak exceeding 1 db. in the response curve. It 
causes a rippled effect on the picture immediately following a sharp 
transition from black to white, or vice versa. For this reason the 

ratio 
0
~ 2 of the components used in a single stage v.F. amplifier 

should not exceed about 0·5. Since frequency response variations 

are additive it may be necessary to reduce the value of 
0
~

2 
if more 

stages than one are used. 
Tetrode or pentode valves (often of the power output type with 

normal operating anode current of 30 mA) are universally employed 
in the V.F. stages of a television receiver, partly because they give 
much greater amplification than triodes, but also because they have 
a low anode-grid interelectrode capacitance and therefore reflect 
a much smaller value of capacitance into their grid circuits. 
Harmonic distortion is relatively unimportant so that there is no 
advantage in using triodes. 
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We shall now consider the V.F. amplifier under three headings, 
viz., its performance at high frequencies, its performance at low 
frequencies, and the method of restoring the n.c. component to its 
output. It is convenient to starit at the high-frequency end of the 
v.F. range because this determines overall performance by limiting 
the maximum value of resistance in the anode circuit, which in 
turn fixes maximum amplification. 

16.8.2. High-Frequency Performance. Loss of high-fre
quency response in a V.F. amplifier is caused by wiring, valve input 
and output, and C.R. tube input capacitances, the values of which 

,----------oH.T.+ 

, ToC.R. 
I Tube 

:;: Cz 
I 
I 
I 

FIG. 16.9a.-A Typical v.F. Amplifier Circuit. 

are about 5, 10, 10, and 15 µµF respectively, making a total stray 
capacitance of 30 µµF across the anode circuit of the last V.F. 

amplifier valve. At high frequencies the reactance of this capaci
tance falls to a low value, e.g., at 3·5 Mc/s it is 1,515 Q, and this 

FIG. 16.9b.-The Equivalent Circuit for Fig. 16.9a. 

limits the maximum value of the anode load resistance R 0 to not 
more than 1,500 Q if - 3 db. loss is tolerable at this frequency. 
The circuit for this condition is that of Fig. 16.9a with L 0 = 0; 
its equivalent, assuming L0 = 0 and Ra to be much greater than 
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R 0 , is that of Fig. 16.9b. The amplification of the stage at any 
frequency, /, is therefore 

A = gmRo 16.16a 
l+jw0Jl 0 

where 0 8 = total stray capacitance of the anode circuit. 

= 01 02. 
1 

Let /o = R O , then 
2n o 8 

A = gmRo 16b . 16. . 

1+//0 
The amplification at any frequency compared with the maximum 
amplification Amax. at the lower middle frequencies is 

A 1 

Amax, - l+j[_ 
lo 

and the attenuation at any frequency is 

20log101:a~- = - 10 log10 ( 1 +(f) )· 
It is plotted in Fig. 16.l0a as the curve marked 

0
7t, 

2 
= 0. 

s 0 

The phase shift at any frequency is 

cf,= - tan- 1 w0Jl0 = - tan- 1 f . 16.17 

and the departure from the linear phase relationship is given by 

,1cf, = - tan- 1 [_ - (- 57° 18' l) 16.18 
fo fo 

and it is plotted in Fig. 16.l0b as the curve for 
O 

7t, 
2 

= 0. This 
8 0 

curve is actually identical with the dashed curve for the single-tuned 
circuit shown in Fig. 16.4. The attenuation curve is also the same. 

It may be noted that when f is small, cf, = - tan- 1 f ~ f oc f, 
so that if this relationship were continued for all frequencies cf, would 

equal !of radians or - 57° 18' lo· The required phase angle is greater 

than the actual phase angle for all frequencies, so that ,1cf, is positive, 
i.e., there is insufficient time delay of each frequency vector to 
maintain the linear relationship. If we take the highest vision 
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frequency as 3·5 Mc/s, and permit a loss of - 1 db. at this frequency, 

we have/0 = 7·0 Mc/s (see Fig. 16.lOa, i ~ 0·5 for - 1 db. loss), 

so that R cannot exceed 757 Q. If the gm of the valve is 10 mA/volt, 
overall gain is 7·57, which is low. Phase-angle error at f = ½Jo 

is from Fig. 16.lOb ( 0~ 02 = 0)+2° 5', corresponding to a time 

advance of 0·00166 µ secs., which is negligible. The most serious 
disadvantage of the uncompensated circuit is therefore its low 
maximum amplification. It is possible to increase maximum 
amplification, without increasing attenuation or phase distortion, 
by neutralizing the stray capacitive reactance with an inductance 
L 0 in series with R 0 as shown in Fig. 16.9a. From expression 4.4, 
Part I, the load imped-a.nee is 

. 16.19a 

If 

where 1 ✓-IX = _ Lo _ fo _ 1 
R 0--,, forfo - RO. 

0 s Jr 2:n: o s 

From the above, the attenuation at any frequency compared with 
the value at the lower middle frequencies is 

2olog IZ0 i = +IOlog l+[focJT
1
-(fr-~r 10 

Ro 
10 

[[l -(;)12+(;r~)12 

1+[ioc2J2[1 - (iocr - ~ r 
= + 10 log10 [[ 1 - (lo oc rr + [irr 16.2Oa 
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</> = +tan-1 la.[1 - (1)2 
- ~] 

fr fr a, 

16.20b 

and 

Attenuation and phase-angle error, LJ<f>, are plotted in Figs. 16.I0a 
and 16.I0b against the ratio of actual frequency to f 0, for various 

1 f 2[~] h -r - _I_ Th f f • d va ues o ix Os1f,
02 

, w ere Jo - 2nRo0
8

• e requency ~ 0 IS use 
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Fm. 16.lOa.-The Attenuation Characteristics of an Inductance Compensated 
v.F. Amplifier. 

as a parameter, rather than fr, because it allows direct comparison 
with the uncompensated case, and also L 0 is the essential variable. 

It will be noted that for the values of a. chosen and f < l ·8, the 

actual phase angle is negative and greater than the required, hence 
phase-angle error is negative, indicating too much delay on each 

frequency vector. The most suitable value of 
0

1:Jt
02 

as regards 

frequency response is 0·5, but phase distortion is less for 
0

1:Jt
02 

= 0·4. 

F £ Lo . 1 1 1 f requency response or Os1l,o 2 = 0·5 IS a most eve to lo = 1, so 
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that 3·5 Mc/s may be considered as corresponding to f = 1. Hence 

1 1012 

R0 = -- = -------- = 1,515 Q 
2nfo08 6·28 X 3·5 X 106 X 30 

L = 0_50 R 2 = 0·5 X 30 x (1,515) 2 = 34_5 H 
o s o 106 X 106 µ ' 

and the amplification of the compensated stage is double that of 
the uncompensated. Phase-angle error is - 8° 12', and corresponds 
to a time delay of 0·0065 µ secs. ; it is greater than that for the 
uncompensated circuit, but is still negligibly small. If a large 
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Fm. 16.lOb.-Phase Angle Error Curves for the Inductance Compensated 
v.F. Amplifier. 

number of v.F. stages is required and phase-angle error, which 

is additive from stage to stage, must be reduced, 
0 
~ 

2 
= 0·4 is 

8 0 

more suitable. For satisfactory frequency response, f = 0·6 should 

correspond to the highest vision frequency, and this reduces the 
maximum permissible value of R0 to 910 Q; overall amplification 
· l/ f Lo L 0 1s reduced to 60~0 o the value at 

O 
R 

2 
= 0·5. Values of 

O 
R 

2 
8 0 8 0 

greater than 0·5 are unlikely to be satisfactory as attenuation and 
phase distortion are increased. The rising frequency response 
characteristic tends also to introduce transient distortion. 
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Another type of compensated circuit is shown in Fig. 16.11 ; it 
is sometimes known as the series peaking circuit, the circuit of 

.-----------oH.r+ 

V.F. I I Output I 
I I 

Input :7:Ci C • .i.. 2-,-
I 

I I 
I I H.T.-

Fm. 16.11.-The Series Peaking Compensated v.F. Amplifier. 

Fig. 16.9a being called the shunt peaking circuit. The circuit 
functions as a low-pass filter and the ratio of output-to-input voltage 
is 

. 16.21a. 

. 16.21b. 

1 T> • 1 - 1 ✓2 R0 {m Hence 
01 

= Woi•ov 2m, 
02 

= woRo m and L 1 = Wo✓ 2 . Replac-

ing L 1, 0 1 and 0 2 in 16.21b by these expressions 

16.21c. 
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The most satisfactory overall performance is obtained for m = 2, 
when 

Eo=g R[-
2fJ[2

(
1 -j)-j(i- 3

~)]. 16.21d. 

Eu m o [2( 1 -122)r +[lo - 3~r 
The attenuation characteristic is obtained by plotting 

4/04 

/4 
10 log10[ ( /o2)] 2 [ f fo] 2 . 21-- +--3-

/2 fo f 

16.22 

against i as in Fig. 16.12a (curve 1). Over the pass range up to 

f = / 0 it is similar to the "shunt peaking" circuit for 
0

~
02 

= 0·5, 

+2 

NjR:)' O 
~ 
~ .._, -2 
~ 
~ -4 
~ 
<:: 
~ -6 
g 
<:: -8 
~ .... 

-- r-- --
~ ""1 .... , 
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\ "I:: -70 
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Fm. 16.12a.-Attenuation Characteristics of Compensated v.F. Amplifiers. 
1. Series Peaking Circuit. 
2. Combined Shunt and Series Peaking Circuit. 

but at frequencies above lo it has the advantage of more rapid 
attenuation. The phase angle 

-(1-i~) 
,f, = tan- 1 ~ fo f = - 57° 18' ~ I when I< lo 

2(1 -122) 2
lo 

and phase-angle error is 

( 
f 3f0

) 

LJ,f, = tan- 1 - To - f +57° 18' ~!_ 
2(1 -12) 

2
/o 

16.23 
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which is plotted against f in Fig. 16.12b (curve 1). Phase-angle 

error is very small over the pass range up to f = / 0 and is much less 

+20 
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6 Error 
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FIG. 16.12b.-Phase Angle Error Curves of Compensated v.F. Amplifiers. 
l. Series Peaking Circuit. 
2. Combined Shunt and Series Peaking Circuit. 

than that of the previous case. If 0 8 and/0 have the same values as 

those for the shunt peaking circuit, R0 = 
2 

1
0 

= 
2 

3
0 

= 2,270 Q ; 
Wo 1 Wo s 

hence amplification is l ·5 times as great as for the previous case. 

II. F. 
Input 

r-------------0 ff.T.+ 

I 
I 
I 

Cz:;: 
I 
I 
I o-------...._ ___ ___._~~H.T.-

FIG. 16.13.-The Combined Shunt and Series Peaking Compensated 
v.F. Amplifier. 

The net increase in amplification may not be as large as 1·5 because 
it may be necessary to add a trimmer capacitance to either 0 1 or 
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0 2 to obtain the required ratio of~: = 2, and this increases 0 8 and 

so reduces amplification. Values of m < 2 tend to give a more 
peaked frequency response, whilst values greater than 2 tend to 
cause a more rapid fall at high frequencies. The resistance com
ponent of £ 1 has little effect on performance provided it is not 

1 
more than 

20
wL1• 

Still greater amplification can be obtained by combining the 
shunt and series peaking circuits as in Fig. 16.13. The expression 
for the ratio of output-to-input voltage is found by replacing 
R 0 by R 0 +jwL0 in 16.21b, thus 

(Ro+ jruLo) 
Eo ru 20102 
Eu =gm . (. 1 1 ) 1 (. 1 ) .16.24a. 

(Ro+JmLo) JWL1+-;--o +-;--o +-;--o JWL1+-;--o 
JW 1 JW 2 JW 1 JW 2 

The following relationships betweenR0,L0, £ 1, 0 1and 0 2aresuggested 
as providing a satisfactory frequency and phase characteristic. 

1·8 0 
Ro=--, 0 8 = 0 1+02, 0 1 = _:, m = 2, 

w00 8 m 

1 1 
01 = --- ; 02 = ----. 

l·66ru0R 0 0·833ru0R0 
i.e., 

Lo= 0·120~02 = 0·216Ro 
Wo 

L1 = 0·520~02 = 0·937Ro_ 
Wo 

Inserting these values in 16.24a, we get 

Eo _ gmRol·387;2
2
(1+j0·216f) 

Eu - 1·387/
02 

+0·202..E_- 2·099+;·(2,5:b_ - 0·937£) r h 2 f h 
. 16.24b. 

The attenuation characteristic, curve 2 in Fig. 16.12a, is obtained 
by plotting 

1-92!
04

(1 +0·046712) 
J4 fo 2 

10 log10[ f 2 /2 ] 2 [ f f 2 
1·387~+0·202--2·099 + 2-5~-0-937-] 

/
2 /o2 f fo 

16.25 
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the phase angle is 

- 2-i0 +o•484L+o-0431!3 
rp = tan- ~--f-~_f_o ___ l_o3 

1·3871°
2 

- 1·559 
/2 

= 57° 18' X - l ·589 ~o when I<{ lo• 

Phase-angle error is 

[CHAPTER 16 

-2-2b + o-484l. +0-04371
3 

L1rf,-tan-1 I Jo lo
3 

+57° 18' X 1·589£ 16.26 
- 1·3871°

2 
- 1·559 lo 12 

and it is plotted in Fig. 16.12b as curve 2. For the particular 
component relationships chosen, neither attenuation nor phase 
characteristics are as good as those for the previous circuit. 

Allowing a loss of - 1 db., f = 0·9 for I= 3·5 Mc/s gives 

R = 1·8 X 0·9 X 106 = 2 455 D. 
0 6·28 X 3·5 X 30 ' 

Hence amplification is slightly higher for this combination of shunt 
and series peaking circuits. 

There are many other possible forms of compensated circuit, 
including varieties of the constant k low-pass filter prototype 
and m-derived structures, and reference should be made to 
Bibliography 26. 

The values of C 1 and C 2 can be measured by means of a circuit 
magnification or Q meter, or may be calculated by noting the 
frequency at which the amplification of the uncompensated amplifier 
falls to 0·707 of its maximum value, and by using the fact that 

R 0 = wlC at this frequency. 

Measurement of the amplification characteristic of a v .F. amplifier 
can be made, using the C.R. tube grid as a diode detector and noting 
the variation in amplifier input voltage necessary to preserve 
constant C.R. tube grid current. The phase shift characteristic 
can be noted by applying the input and output voltages of the 
amplifier to a horizontal and a vertical deflector plate of a C.R. tube. 
If the input and output voltages are adjusted to give equal ampli
tudes of deflection, 0°, 180°, 360°, etc., phase angles are denoted by a 
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straight line at 45° and 135°, and phase angles of 90°, 270°, etc., by 
a circle. Alternatively, a calibrated phase-shifting network consist
ing of a resistance and capacitance can be included in the input or 
output lines so as to recover the 0° straight line condition. 

16.8.3. Low Frequency Performance. Frequencies below 
10 kc /s contribute very little to the horizontal detail of the picture 
but do affect vertical detail. Poor low-frequency performance 
affects background intensity causing it to vary from top to bottom 
of the picture, e.g., a transmitted all-white screen is reproduced as 
a screen gradually shading from white to grey from top to bottom, 
or vice versa. Phase distortion, which is caused by the increasing 
reactance of coupling and self-bias capacitors as the frequency is 

(a,) (b) 

(C) (d) 

Fm. 16.14.-Examples of Phase and Attenuation Distortion of a Square 
Wave Input Signal. 

decreased, is much more serious than attenuation distortion. 
A coupling capacitance of 0· l µF and resistance of 0·5 M.Q in the 
grid circuit of a V.F. amplifier produce a frequenoy response at 
50 c.p.s. of 99·82% of the maximum, but the phase shift 1s 

3·18 . 
tan- 1 -- = 3° 38' which is equivalent to a time advance of 

50 ' 

3° 38' X 106 

360 
x 

50 
= 201·5 µ secs. The effect of phase distortion is more 

conveniently examined by applying an input voltage of square 
wave shape rather than a single-frequency voltage, and examples 
of types of distorted output wave shapes which may be obtained 
are shown in Figs. 16.14a, 16.14b, 16.14c and 16.14d. A square
shaped voltage wave applied to the coupling capacitance and resist-
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ance in the grid circuit of a V.F. amplifier produces across the 
resistance the wave shape shown in Fig. 16.14a, the trailing ends of 
the upper and lower parts of the original square wave being tilted 
towards the centre line. The distorted section is part of an expon-

-t 

ential curve EeR,a.. If the wave has a fundamental frequency of 
50 c.p.s. and Ge and R0 are 0·l µF and 0·5 M.Q, the percentage fall 

( -20) 
in voltage from leading to trailing edge is I - e too 100 % = 18· 2 % 

( note that t = 2 : 50 secs.) ; for a fundamental frequency of 

25 c.p.s., the percentage fall is 333/o. This voltage fall can be 
reduced either by increasing Ge or R0 , or by including a compensating 
circuit in the anode of the V.F. amplifier. The maximum value of 
R0 is limited to about 0·5 M.Q by considerations of valve life, so 
that only Ge can be increased. Making Ge = 0·5 µF reduces the fall 
to 3·92% at 50 c.p.s. and 7·69% at 25 c.p.s., which would generally 
be regarded as satisfactory. The increased bulk of Ge would tend 
to increase the input earth capacitance of the v.F. amplifier and so 
affect high-frequency response. 

It is possible to produce a compensating tilt in the opposite 
direction by means of a decoupling capacitance (Ga in Fig. 16.15) 

V.F. 
Input 

Fm. 16.15.-A Circuit for Improving the v.F. Amplifier Response to a Square 
Wave and for Restoring the D.o. Component of the Vision Signal. 

in the anode circuit of the V.F. amplifier. A square wave of input 
voltage at the grid is caused by G 8 in association with R0 to have 
the output voltage wave shape of Fig. 16.14b, and exact compensa
tion of grid circuit distortion can be achieved by a suitable choice 
of Ga provided R3 is much larger (about 10 times) than the reactance 
of 0 8 at the square wave fundamental frequency. Analysis of the 
circuit of Fig. 16.15 shows that amplification is 
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Eo = g (Ro+-1 )( R0 
) 

E0 m jpC3 R +-. I_ 
0 JPCc 

I 
when Ra • -0 , and R4 • R0 p a 

R __ I_ E0 _ R (R 1 ) g jpCc 
E - gm g o+~ ( 1 )2 

o JP a R 2+ _ 
g pCC 

433 

16.27a 

gmRg [R0R0
+_I_ - j_(Rg - Ro)] . 16.27b. 

Ry2+~~) 
2 

p
2
CaCc P Ca Cc 

Phase distortion is, therefore, completely cancelled by making the 
time constant of the grid circuit equal to that of the anode circuit, 
i.e., R

0
Cc = R 0G8, provided Ra can be neglected. The anode 

decoupling circuit is primarily a phase distortion compensator, and 
though it does tend to cancel attenuation distortion-it has a rising 
low-frequency response as frequency is decreased-it may not be 
sufficient to produce zero overall attenuation distortion. An 
example of the wave shape to be expected from a phase-corrected 
stage having a decreasing low-frequency response 8 is illustrated in 
Fig. 16.14c, and in Fig. 16.14d is shown the waveform resulting 
from a rising low-frequency response. 

When Ra is comparable with the reactance of C3-this occurs 
as the frequency approaches a very low value such as 5 c.p.s.
expression 16.27a is modified to 

!; = gm(Ro+I+j;~aR)(R :~) 
0 JPCc 

= (Ro+Ra+jpCsRaRo)( R0 ) 

gm I+jpC8R 3 R +-I-
o jpCC 

(

I+jpCaRsRo) 
Ro+Ra R0 jpCc 

= gm(Ro+Ra) I+jpCaRa (I+jpCcRu) . 16.27c. 

Exact phase compensation is no longer possible because rationaliza
tion of 16.27c produces a j term in the numerator of 

J·[1+P2CaRa2(C R - GR)] 
Ro+Ra s o c g 

p 
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and a real term of 

[ ( 
p

2
0 3

2
R 3

2
R 0) R 3 ] 

p OcRg 1 + Ro+Ra +OaRaRo+Ra . 

Hence the phase angle can neither be made constant nor proportional 
to p, i.e., to frequency. 

If OaRaRo = O~ expression 16.27c becomes 
Ra+Ro U' 

Eo _ gmRo 
Eu - l+--1_' 

jpOaRa 
i.e., phase and attenuation distortion is a function of 0 8 and Rs and 
is independent of the grid circuit. There is, therefore, little advan
tage in using C 8 and Ra for correcting grid circuit distortion unless 
the time constant of the decoupling capacitance and resistance can 
be made much greater than that of the grid circuit. Hence Ra 
should be given its highest possible value, and this is generally 
5,000 Q (a very high value cannot be considered because it reduces 
the D.c. anode voltage of the V.F. amplifier). If Ru = 0·5 MD, 
Ge= 0·l µF, R 0 = 2,500 Q and Ra = 5,000 Q 

Oa = Rgl'c(Ro+Ra) = 30 µF 
RoRa 

O3R 3 = 0·15 secs.= 30~u· 

Thus the use of the compensating decoupling circuit has reduced 
the frequency for a given loss and the phase shift to a third of its 
value for the uncompensated stage, i.e., a frequency of I>j- or 
16·66 c.p.s. now suffers a phase shift of 3° 38' and amplifier response 
at this same frequency is 99·82% of its maximum value. 

The bias voltage for the v.F. amplifier may be derived from 
a fixed voltage source; it may be provided by the anode current 
passing through a cathode resistance, or by grid current produced 
by the input signal. Fixed bias voltage has the advantage that 
a simple filter circuit (for hum voltages) can be designed to produce 
very small phase and attenuation distortion of the signal, but it 
does not compensate for H.T. supply voltage changes; the grid 
resistance Ru must therefore be limited to a lower value than with 
cathode self-bias. Cathode self-bias causes phase and attenuation 
distortion at low frequencies unless the shunt capacitor Ok in 
Fig. 16.15 is made very large, e.g., 200 to 1,000 µF. Low-frequency 
performance is improved by omitting Ok, but there is a large reduc
tion in amplification, and high-frequency performance is affected 
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because stray capacitance across Rk tends to reduce the degeneration 
at high frequencies. Grid current biasing from the signal voltage 
has the advantage of retaining the D.C. component of the signal in 
the v.F. anode current, but there is a danger of taking too large 
an anode current when the signal ceases. 

Phase and attenuation distortion from the cathode self-bias 
circuit can be compensated by a suitable choice of decoupling 
capacitance and resistance in the anode circuit. Since Ra• Z 0 

Eo _ YmZo 
Eu - l+gmZk 

where 

and 

In order that the decoupling circuit may exactly compensate for 
the self-bias circuit 

Eo = g Ro = gmZo 
Eu m l+gmZk 

i.e., (l+gmZk) = !: 
or l+ YmRk = l+ Ra 

1 +jpC~k Ro(l +jpCaRaf 
Hence equating imaginary and real terms 

CkRk = 0 3Ra 

R Ra 
Ym k = Ro 

or g Ro= Ra= ck 
m Rk Ca 

16.28. 

Typical values for Ck and Rk are 25 µF and 150 Q, so that for 
Ym = 10 mA/volt and R 0 = 2,500 D, 0 3 = 1 µF and Rs= 3,750 Q. 

The following is the normal procedure for cathode circuit correc
tion. CkRk and R 0 are given their specified values, 0 3 is made 
about 1 µF and Rs about 5,000 Q. A 10 ke/s input voltage is 
applied and the amplification noted-at this frequency the reactances 
of ck and Ca are negligibly small. ck and Ca are next removed 
and Rs adjusted to give the same overall amplification as previously. 

Ra is then measured and Ca calculated from 0 3 = c;::k. 

The screen circuit, like the cathode circuit, can also produce 
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attenuation and phase distortion and it may be compensated by 
the anode decoupling circuit. Exact compensation is obtained 
by equating expressions for B and for x in Sections 9.3.5 and 6, 

Rs _Os"_ Ro 
R

8
' - Os - R

80 
thus 

where Rs' = external resistance in the screen H.T. path 

Os" = screen decoupling capacitance 

R80 = slope resistance of the screen electrode = ~:8
• 

s 

It is clearly not possible to compensate for the grid, cathode 
and screen circuits in one stage, and it is usual when more than 
one stage is employed to use the decoupling circuit of one stage 
for grid circuit correction, one for cathode self-bias and one for 
screen circuit correction. Screen circuit components generally have 
less effect on attenuation and phase distortion than cathode self
bias components. When only one stage of v.F. amplification is 
employed, grid circuit correction may be used and the bias derived 
from a fixed voltage source, or the time constant of the grid circuit 
(R

0
0c) may be made as large as possible and cathode self-bias dis

tortion corrected in the anode circuit. Low-frequency performance 
will generally be found satisfactory if phase and attenuation is small 
down to a frequency of 25 c.p.s. 

Motor boating is sometimes a problem, more particularly with 
a large number of v.F. stages, and great care must be taken to 
ensure that the power supply has a low impedance, i.e., large smooth
ing capacitors are needed. In extreme cases it may be necessary 
to reduce the grid coupling capacitors so as to attenuate very low 
frequencies. 

16.8.4. Restoration of the D.C. Component. The need for 
restoring the n.c. component of the vision signal has been stressed 
in Section 16.8.1. If this component is absent, the vision output 
wave automatically centres itself so that "positive" and "nega
tive " areas are equal, as shown beneath the beam current-grid 
voltage curve of the C.R. tube in Fig. 16.16. The bias position is 
A and the combined V.F. and synchronizing input signal automatic
ally centres itself on the line AB. Thus position 1 corresponds 
to a maximum white line and position 2 to a black line. This 
means that the correct black position (line DF, the start of the 
synchronizing pulses) is variable in relation to the bias line AB and 
contrast is lost. The D.c. component can be restored if a variable 
positive bias just cancelling the difference in voltage, Ea, between 
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the correct black line HG and the vision signal black line D F is 
included in the grid circuit of the cathode ray tube. This can be 
accomplished by using a diode connected as shown in Fig. 16.15, 
to act as a peak voltage detector of the " negative " half of the 
vision .A.O. wave, i.e., on the synchronizing pulse side. If the time 
constant of the coupling capacitance O, and diode load resistance, 
R,, which is also the coupling resistance to the C.R. tube, is made 
sufficiently large, the bias produced across R 4 is nearly equal 
to the negative peak voltage, 
E 1 , of the input wave. By lbeam 
suitable location of the bias 
point A, DF can be made to 
coincide with G H as shown in 
position 3. The time constant 
must not, however, be so large 
that it makes the bias change 
sluggish to changes of picture 
background brightness. A time 
constant of O· l second is suit
able ; too low a value causes 
noticeable lack of contrast. 

The action of the diode bias 
also tends to restore the down
ward tilt of a square wave input 
(Fig. 16.14a) due to phase and 
attenuation distortion in the 
V.F. amplifier, the direction of 
the variable diode bias being 
opposite to the wave tilt. In 
order to obtain this correction, 
the time constant O ,R, must be 

t<--E1----J 
, rEd,~ 

I ' I 

1 

I :j 1 :pJ:1 ! 2 
:' I 

F'b,;·n 
! ! 3 

I 
, ,F 
IB:H 

FIG. 16.16.-A Diagram Illustrating the 
Need for Restoring the D.c. Compo
nent of the Vision Signal. 

not greater than that of circuit being corrected but must be much 
greater than the period of the line frequency. 

It is possible to use the last V.F. amplifier as a D.C. restorer if 
the cathode ray tube grid can be directly connected to the amplifier 
anode, i.e., the cathode of the C.R. tube cannot be at vision receiver 
earth potential but must be connected to a potential divider across 
the receiver H.T. supply. The amplifier valve is operated as 
a cumulative-grid detector with zero standing bias, and n.c. restora
tion occurs by grid current detection. There are three serious 
objections to the method : if the receiver rectifier heats up more 
quickly than the v.F. amplifier, positive bias is applied to the C.R. 
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tube grid, screen voltage tends to vary with changes of grid bias, 
and screen voltage must be reduced to prevent excessive anode 
dissipation in the absence of a signal, and this leads to a reduction 
in amplification. 

With positive modulation transmission a biased diode limiter 
(see Section 12.9) may be incorporated to suppress "snowflake" 
interference on the picture. The diode is non-conductive for normal 
signals but peaked interference voltages cause it to conduct and 
apply a negative pulse to the C.R. tube grid, thus blacking out on 
interference. With negative modulation, peaks of interference 
automatically black-out the picture at the spot where they occur. 

16.9. Synchronizin~ Pulse Separation. 
16.9.1. Introduction. Two actions are involved in synchron

izing pulse separation : the first, known as amplitude separation, 
divides the I.F. or V.F. signal into vision and pulse components and 
rejects the former ; the second, known as frequency separation, 
divides the synchronizing voltage into frame and line pulses, which 
are then used to lock the frame and line scanning generators 
employed for deflecting the C.R. tube spot across the screen. Syn
chronism can be established with the scanning generator "free" 
frequency fast or slow, but slow running is preferable because stable 
locking is possible over a wider range of frequencies than if the 
generator frequency is fast. Correct polarity of synchronizing pulse 
is essential, and this depends on the type of scanning generator 
and the point at which the pulse is applied. If it is injected into 
the grid circuit of a slow-running generator, it must usually be in 
a positive direction, the start of the pulse, where it joins the vision 
component, being negative. With the American system of negative 
modulation and the v.F. detector connected as in Fig. 16.7, an even 
number of phase reversals must be included between the detector 
output and the scanning generator. The English system of positive 
modulation calls for an odd number of phase reversals between the 
detector output (Fig. 16.7) and the scanning generators, because 
the initial synchronizing pulse is in a negative direction. 

For most satisfactory synchronization the free frequency of the 
scanning generator is set about half-way between the correct and 
"fall-out" frequency, so that the generator is held in synchronism 
when its free frequency varies in either direction. Variations of 
frequency are caused by supply voltage :fluctuations, and hum or 
noise voltages injected into the scanning generator circuits. An 
adequately smoothed H.T. supply is most necessary, and if iron-cored 
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coils are used in the generator circuit they must be carefully screened 
from sources of .A..C. mains magnetic field. Hum and noise voltages 
tend to affect interlacing, causing unequal spacing or weaving of 
interlacing lines. Limitation of pulse amplitude in a positive direc
tion is advisable in order to reduce the effect of peaked noise pulses 
of large amplitude and short duration. The advantage of this 
limiting is particularly marked at the edge of the service area of 
a television transmission, and a steady picture can often be obtained 
from a signal one-fifth to one-tenth of that which is required to 
provide a steady picture when no limiter is employed. The voltages 
required for synchronizing depend on the type of scanning generator 
employed. The blocking or squegger oscillator requires from 5 to 
15 volts, the multivibrator 0·5 to 2 volts, and about the same is 
needed for the gas-filled relay. 

The line and frame pulses must be filtered from each other, and 
feedback between the two scanning generators must be prevented, 
otherwise the frame is liable to be triggered by the line, and inter
lacing is erratic. 

16.9.2. Amplitude Separation of the Vision and Synchron
izing Components.4• 7 Separation of the synchronizing pulses 
from the vision component of the television signal can be accom
plished by using a detector type of valve, such as a diode, leaky grid 
or anode bend, and the principles involved are very similar to those 
of the amplitude limiter of the F.M. receiver. The input to the 

To V.F. 
Detector 

~-L • • Sym;nrontst ng 
Output 

~-......_ __ ...._ ___ ...._ __ ----''----1-----+-...._ __ ,.___-oH.T.-

Fro. 16.l 7a.-Separation of the Synchronizing Signals from the Vision Signal 
for the American Type of Negative Modulation Transmission, 

amplitude separator may be taken from the output of the last 
I.F. valve, the V.F. detector or a V.F. amplifier stage. An example 
of the diode separator operating from the I.F. output is shown in 
Fig. 16.17a, the circuit is only suitable for the American system in 
which the synchronizing pulses occur at maximum carrier. The 
time constant of the coupling capacitance 0 1 (0·05 to 0·l µF) and 
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resistance R 1 (0·5 to 1 M.Q) is large in order that the n.o. bias voltage 
across R 1 shall remain almost constant at a value slightly higher 
than the start of the synchronizing pulse. The latter causes the 
diode to conduct and produce across R 2 (3,000 .Q to 5,000 .Q) a voltage 
wave similar in shape to the synchronizing pulse. The by-pass 
capacitance 0 2 (100 µµF) is to assist in removing I.F. ripple and V.F. 

voltages from the output, and additional filtering is provided by 
R 3 (2,000 .Q) and Ca (100 µµF). The output voltage across Ca is 
directly connected to an amplifier valve biased almost to the anode 
current cut-off point, which is given a low negative value by using 
a low anode voltage 3 if the valve is a triode, or low screen voltage 
if a tetrode. A resistance R, (O· l M.Q) can be included in series 
with the grid of the amplifier valve to limit the pulse amplitude in 
a positive direction. The amplitude of the pulse and any inter
ference, which is superimposed on it or breaks through the vision 
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Fm. 16.l 7b.-An Anode Bend Type of Synchronizing Signal Separator for the 
English System of Positive Modulation 

signal, cannot greatly exceed the cut-off bias voltage because grid 
current in association with R, prevents the grid of the amplifier 
becoming appreciably positive. The synchronizing pulse is in 
a positive direction across R 2 and an additional phase reversal is 
necessary after V 1 to regain the positive direction. This is provided 
by including a second valve V 2. The latter can be omitted if the 
diode connections are reversed and the bias on V 1 adjusted to a value 
sufficient to prevent grid current fl.owing. Pulse amplitude limita
tion is then brought about by anode current cut-off. Fig. 16.17b 
shows the anode bend type of separator. It may be supplied from 
the v.F. detector output if the English system of positive trans
mission is being received and the detector is connected to give 
a positive vision signal. The valve is biased into cut-off and the 
vision component is cut off by the action of the grid series resistance 
Ra (O·l M.Q) and grid current. Screen voltage, which controls the 
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cut-off bias voltage, has a comparatively low value (30 to 40 volts), 
so that the pulse amplitude is limited, with consequent reduction 
in interference from noise. Not only is the vision component 
cut-off by the action of the grid circuit, but it may also be cut off 
by using a low anode voltage to produce a flat-topped IaEu character
istic at grid voltages near zero and in the positive bias region. 
A triode valve is not likely to be satisfactory in this type of separator 
because the vision component may be transferred from the grid to 
the anode circuit through the anode-grid capacitance. Phase 
reversal of the pulse direction occurs in valve V 1 , which therefore 
gives a positive pulse output. The leaky grid amplitude separator, 
shown in Fig. 16.17c, will function with a v.F. input voltage provided 
the synchronizing pulses are positive. Low anode and screen 
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Fm. 16.17c.-The Leaky Grid Synchronizing Signal Separator. 

voltages are employed to limit pulse amplitude and noise inter
ference. The time constant of the grid circuit is sufficiently high 
(about 0·05 seconds) to prevent rapid changes of bias voltage due 
to the vision components. In order to obtain at the separator 
output a satisfactory synchronizing pulse shape independent of the 
vision signal, the input synchronizing amplitude should exceed 
a voltage equal to the cut-off bias of the valve. The latter may be 
operated from the I.F. output when the television signal has negative 
modulation. An additional phase reversing stage is necessary to 
convert the pulse output to a positive direction. 

16.9.3. Frequency Separation of the Frame and Line 
Pulses. The frame and line synchronizing pulses must be separ
ated from each other, and interaction between the scanning genera
tors (particularly from line to frame) must be prevented, otherwise 
erratic interlacing occurs. Normal filter circuits do not provide 

P* 
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sufficient discrimination without severe mutilation of the pulse 
wave shape. Attenuation and phase distortion adversely affect the 
higher harmonic pulse components which control the slope of its 
leading edge. The latter should be as sharp as possible or synchron
ism becomes dependent on pulse amplitude and is liable to be 
affected by interference superimposed on the leading edge. The 
most satisfactory form of filter for selecting the line pulse has proved 
to be the differentiator type. This may consist either of a high 
resistance and an inductance, or a capacitance and a low resistance 
to which is applied a voltage of synchronizing pulse shape, the 
output voltage in the first case being that across the reactance and 
in the second that across the low resistance. The first is provided 
by a tetrode valve, which has an inductance in its anode circuit, 
and to the input of which is applied the rectangular synchronizing 
pulses. The tetrode, owing to its high slope resistance, produces 
an anode current wave identical in shape to the input voltage wave, 
and there appears across the inductance a voltage, the shape of 

which is a differential of the current wave (EL= LdJia). The 

actual voltage wave shape depends on the resistance component 
of the inductance, and if this is small it is a sharp pulse of much 
shorter duration than the rectangular synchronizing pulse, as shown 
in Fig. 16.18a. Increased resistance in the inductance causes 
a pulse of longer duration, slower rate of rise and smaller amplitude. 
There is a similar pulse in the opposite direction on the downstroke 
of the synchronizing pulse, but this has no effect on the scanning 
generator, being in the wrong direction for triggering it. For the 
second differentiator circuit the reactance of the capacitance at the 
fundamental frequency of the synchronizing pulse must be large 
compared with the output and generator resistance. Hence the 
valve supplying the voltage of synchronizing pulse shape must be 
a triode. The voltage appearing across the output resistance is a 
function of circulating current, which, if the total resistance is low, 
is a function of the differential of the applied voltage. These differ
entiator filters may also be considered from the angle of circuits 
having a frequency response proportional to frequency ; the funda
mental and lower harmonic components of the pulse have reduced 
amplification compared with the higher harmonics, thus tending to 
sharpen the leading edge of the pulse and reduce its duration. 
The inductance differentiator is more commonly used, and the line 
synchronizing output pulse may be obtained from a secondary coil 
connected to it. Phase reversal is then possible without an extra 
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valve stage. Line synchronizing is carried on during the frame 
synchronizing pulse in order that the first few visible lines at the 
beginning of a new frame may not be jumbled while the line scan
ning generator is being pulled into synchronism. 

~ 
I 

i 
====r= 

I 
I 

I 
I 

I 
I 

I 

=C 
I 

I 

~ 
: 
I 



444 RADIO RECEIVER DESIGN [CHAPTER 16 

The frame synchronizing pulse is separated from the line by 
using an integrator circuit, consisting of a parallel combination of 
resistance and capacitance, to which is applied through a high 
resistance a voltage of synchronizing pulse shape. The frame 
output voltage is taken across the RO combination, and is an 

integral function ( Ee = J I;t) of the current through the capaci

tance. The frequency response of this circuit is the opposite of 
the differentiator, attenuation of the higher harmonic components 
of the pulse occurring. The voltage wave shape across the integrator 
circuit is shown beneath the synchronizing input wave shape in 
Fig. 16.18c. The line pulses produce a voltage across the integrator, 
but it is small because the line pulse duration is only 10% of the 
total line time and is insufficient to synchronize the frame scanning 
generator. The frame pulse of much longer duration (40% of the 
line time) produces a large voltage component as shown by the 
section EF in Fig. 16.18c. Synchronism should take place on the 
first up-stroke at about the point G. 

A circuit diagram of a typical frequency separator is shown in 
Fig. 16.19. The inductance L 1 forms the differentiator for the line 
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Fm. 16.19.-A Circuit for Separating the Line from the Frame Pulse in the 

Synchronizing Signal. 

synchronizing pulses, which are taken from the secondary coil L 2 to 
the line scanning generator. A comparatively low resistance 
R 2 (3,000 to 5,000 Q) is connected across La to prevent damped 
oscillations occurring due to resonance of L 1 or La with the stray 
capacitance. The frame integrator circuit is provided by R 1 

(10,000 Q) in parallel with 0 1 and 0 2 in series. 0 1 is about one
tenth of 0 2 (0·025 µF) and there is therefore a reduction in pulse 
amplitude. The chief advantage of this capacitance divider is that 
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0 2 can also be the grid blocking capacitor of a blocking oscillator 
acting as the frame scanning generator : a negative direction of 
synchronizing pulse is required at the input to the valve in order 
to give the required positive direction to the frame output pulse. 
The transformer connection between L 1 and L 2 allows phase reversal 
of the line synchronizing pulse, so that either a positive or negative 
input pulse could be used if only line synchronizing has to be 
considered. 

Another form 28 of frequency separator is illustrated in Fig. 16.20. 
The valve, a peJ1tode, is supplied from the output of a V.F. amplifier 
giving a negative vision signal and positive synchronizing pulse, and 
it operates as a leaky-grid detector to separate vision from synchron
izing signals in the same manner as the circuit of Fig. 16.17c. The 
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Frn. 16.20.-A Circuit for Separating the Line from the Frame Pulse in the 
Synchronizing Signal. 

line and frame pulses at the output of the valve are therefore in 
a negative direction and they are taken from two separate electrodes, 
the anode and suppressor grid respectively ; hence the possibility 
of interaction between line and frame scanning generators is almost 
negligible. 

The suppressor grid external resistance R, (0·25 M.Q) is high, and 
this produces a saturated suppressor grid current-input grid voltage 
characteristic with a change from cut-off to the saturated current 
condition for 0·75 to 1 volts change of grid bias. Frame pulse 
amplitude is therefore limited in a positive as well as negative 
current direction. The resistance R, and capacitance 0 3 (0·0003 µF) 
form the integrator circuit, and the voltage pulses due to the line 
synchronizing (see section DE of the frame voltage integrated wave 
in Fig. 16.18c) are removed from the frame pulse by the biased diode 
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separator Di, the anode of which is slightly negative with respect 
to the cathode in the intervals between frame synchronizing pulses. 
Phase reversal of the frame output signal is obtained by the trans
former connection to the scanning generator coils. The line output 
pulse is not differentiated but appears in almost the original 
rectangular form across the anode load resistance Ra. which has 
a much lower value (5,000 D) than the suppressor grid resistance 
R4 , in order to prevent attenuation of the higher harmonic com
ponents. A diode D 2, connected in the opposite way to Di, acts 
as an amplitude limiter. As the line pulse amplitude is increasing, 
the anode voltage is decreasing and the voltage on the anode of 
diode D 2 eventually falls below that of the cathode, causing the 
diode current in the output resistance R 5 (5,000 D) to become zero. 
Any increase in line amplitude produces no further change of voltage 
across R 5• The line synclj.ronizing pulse is in a negative direction 
and the equivalent of a phase reversal is achieved by injecting it 
into the cathode instead of the grid circuit of the scanning generator. 
Component values for this type of amplitude separator are as follows : 

Component Ci 02 Ca C4 C5 
Value 0·001 µF 2 µF(elec.) 0·0003 µF 0·lµF 0·l µF 

Component Ri R2 Ra R4 
Value 5M.Q 5,000 .Q 15,000 Q 0·25 M.Q 

Component Ra R1 Ra Re 
Value 5,000 .Q 10,000 Q 5,000 .Q 70,000 .Q 

The H.T. voltage is between 300 and 350 volts. 

16.10. The Scanning Generator. 

Ca 
2 µF(elec.) 

R& 
5,000Q 

16.10.1. Introduction. The voltage or current needed to 
produce the electric or magnetic field for deflecting the C.R. tube 
beam is usually obtained from an amplifier to which is applied 
a voltage from a scanning generator. The shape of the output 
voltage required from the latter depends on the method of deflection 
employed; if it is electrostatic, by voltages of saw-tooth shape 
applied to deflector plates mutually perpendicular inside the C.R. 

tube, a voltage of saw-tooth shape is required from the scanning 
generator. On the other hand, electromagnetic deflection, by 
a current of saw-tooth shape in coils mutually perpendicular outside 
the C.R. tube, requires from the scanning generator an output voltage 
of pulse form or a combination of pulse and saw-tooth shape (see 
Section 16.11.1). The most important features required of the 
scanning generator are: (1) the frequency and amplitude of its 
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output voltage should be stable (little affected by supply voltage 
and temperature changes) and yet susceptible to manual control, 
(2) synchronism should be easy to establish and (3) the output 
wave shape should conform to that required by the deflection 
amplifier (in the case of electro-static deflection the saw-tooth output 
voltage should be linear, i.e., its instantaneous amplitude should be 
proportional to time). The scanning generator normally consists of 
a resistance-capacitance charge circuit, across which the saw-tooth 
voltage is developed, and a device for periodically discharging or 
charging the capacitance. The pulse-shaped voltage may be obtained 
from the discharge current of the capacitance or from some part 
of the discharge oscillator circuit. The discharge device may be 
a gas-filled relay valve, a multivibrator (relaxation oscillator), or 
a blocking oscillator. 

16.10.2. The Gas-Filled Relay Valve Scanning Generator. 
The gas-filled relay valve is not now used to any great extent in 
television scanning generators because it is more erratic in perform
ance-free running frequency and amplitude are affected by gas 
pressure, which is a function of temperature-has a shorter life and 
is more costly than the high vacuum valve multivibrator or blocking 
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FIG. 16.21.-The Circuit for a Gas-Filled Valve Scanning Generator. 

oscillator. Fig. 16.21 shows a circuit suitable for the gas-filled valve. 
The charge circuit consists of two resistances, R, and R 5, 2 M.Q and 
0·5 M.Q respectively, and the capacitance Ca. R, is variable, pro
viding means of controlling the rate of charge of Ca, and hence the 
frequency of the output voltage. The value of Ca is about 0·25 µF 
and 0·0005 µF respectively for the frame and line frequencies. The 
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voltage-time curve is exponential, but an almost linear saw-tooth 
shape can be obtained by having a discharge voltage of 10% or 
less of the H.T. voltage applied to the charge circuit. A character
istic of the gas-filled valve is that as soon as the gas is ionized it 
becomes practically a short circuit across O 3 , and to prevent destruc
tion of the cathode the maximum discharge current must be limited 
by including R 6 in the discharge circuit. The anode voltage at 
which the gas ionizes-it is known as the striking voltage-depends 
on the grid bias voltage, and it is increased by increasing the negative 
bias. Once ionization has taken place the grid is surrounded by 
a sheath of positive ions (gas atoms with a deficiency of electrons), 
and it has no further control. The positive ions cause grid current 
to flow, and to prevent overheating of the grid Ra (20,000 .Q) is 
inserted as a grid current limiter. The valve continues to take 
anode current until the anode voltage falls below the ionizing 
potential of the gas (approximately 15 volts for mercury vapour 
and argon), when current ceases. This voltage, known as the 
extinction voltage, should be as low as possible because it subtracts 
from the " linear " part of the exponential curve and reduces the 
maximum permissible saw-tooth amplitude. When conduction 
ceases, the grid loses its positive ion sheath and takes full control, 
preventing anode current until the striking voltage is once again 
reached. The ratio of the change in striking voltage to change of 
grid voltage producing it is known as the control ratio and is 
generally about 20. The anode current limiting resistance R 8 has 
a value from 100 to 500 .Q; it must not be increased unduly, 
otherwise the time of discharge (the flyback time) is prolonged and 
the output amplitude reduced by the voltage drop across R 6 • 

R 6 may be included between 0 3 and earth as shown dotted in 
Fig. 16.21, when a pulse voltage (developed across R/) or a com
bination of pulse and saw-tooth voltage (developed across 0 3 and 
Rs') is required for the input to the deflection amplifier. Control 
of output voltage amplitude is achieved by variation of the cathode 
bias provided by R 7 (5,000 .Q variable), which is paralleled by 
0 2 (25 /tF). Frequency is also varied, but R 7 is primarily an 
amplitude control, increase of R 7 increasing amplitude. The D.c. 
current component of the deflection amplifier can with advantage 
be diverted through R 7 so as to give a more constant biasing action. 
R 1 and R 2 are adjusted to suit synchronizing input requirements. 
The larger R 1 is made the less likelihood is there of feedback from 
one scanning generator to the other through the synchronizing 
separator stage. 
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16.10.3. The Multivibrator Scanning Generator. More 
stable operation is obtained from a high vacuum discharge device, 
and television scanning generators are almost entirely confined to 
the multivibrator or the blocking oscillator type of discharge unit. 
The chief advantage of the multivibrator is that, besides the valves, 
only resistance and capacitance elements are involved in the circuit. 
On the other hand, the output voltage wave shape is more easily 
controlled in the blocking oscillator, which does, however, require 
a more complicated and costly circuit because of the transformer 
oscillatory circuit. The absence of inductance (apart from that of 
the leads) gives the multivibrator low inertia and makes it susceptible 
to quite small synchronizing voltages (of the order of 0·l volts). 
This confers disadvantages as well as advantages, and special care 
is needed in layout in order to prevent electrostatic pick-up of 
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FIG. 16.22.-A Multivibrator Scanning Generator. 

unwanted impulses and interaction between line and frame 
generators, both of which tend to cause loss of synchronism. The 
blocking oscillator requires about 5 volts for synchronizing and is 
less affected by undesired impulses. An example of the multi
vibrator scanning generator is given in Fig. 16.22. Two triode 
valves ( V 1 and V 2 ) are used with a resistance in the common cathode 
circuit as the coupling unit. The second valve V2 acts as the dis
charge device across the capacitance 0 4 of the (R5 and R 6 ) 0 4 charge 
circuit. The action of the multivibrator is as follows : when the 
H.T. is initially applied to the circuit the anode voltage of V 1 rises 
more rapidly than that of V2 because the time constant of the 
decoupling circuit R 3O 2 is smaller than the time constant of the 
anode circuit of V 2 • A bias voltage is established across R 2, and 
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this prevents the flow of anode current in Va until the anode voltage 
reaches a certain value. As soon as Va starts to take current, the 
bias voltage across Ra is increased and the anode current of V 1 falls, 
thus causing its anode voltage to rise. A positive voltage pulse is 
therefore transmitted through O 3 to the grid of Va, and this further 
increases the current taken by V 2 • The action is cumulative and 
leads to a rapid discharge of O ,. The valves return to the condition 
obtaining initially because the falling anode voltage on V 2 reduces 
the rate of rise of anode current and eventually reverses it, causing 
the bias voltage across Ra to be reduced, the anode current of V 1 to 
be increased, its anode voltage to be reduced and a negative voltage 
pulse to be applied to V 2. The action is again cumulative and 
Va rapidly becomes non-conductive. Control of the multivibrator 
frequency within the limits required of a television scanning 
generator is achieved by varying the time constant of the grid 
circuit of V 8 (resistance R 8). Amplitude control is provided by 
varying the H.T. voltage applied to Va, or the charging resistance 
R5 ; since discharge results from a decrease in the anode current 
of V 1, a negative synchronizing pulse is required at the grid of this 
valve. Typical values for the circuit constants of a multivibrator 
scanning generator for frame and line are : 

Component. Ra Ra R, R5 
Frame 500 [J 50,000 [J 100,000 [J 2 MQ 
Line 500 [J 50,000 Q 50,000 [J 2 MQ 

Component. Ra R1 Rs Re 
Frame 0·5 MQ 0·5 MQ lMQ 5,000 Q 
Line 0·5 MQ 25,000 Q 50,000 !J 10,000 [J 

Component. Ci Ca Cs 04 
Frame lµF 2µF 0·01 µF 0·l µF 
Line 0·l µF 0·l µF 0·001 µF 0·0005µF 

A saw-tooth, pulse or combination of these voltages can be 
obtained at the output. When magnetic deflection is employed, 
R 9 is generally made variable in order to allow adjustment of the 
deflecting current for the nearest approach to linearity of deflection. 
The decoupling capacitance 0 2 for the anode circuit of the first 
valve can be taken to H.T. negative, but the cathode connection 11 

shown in Fig. 16.22 gives a more satisfactory performance because 
it prevents the anode current degenerative feedback caused when 
the A.c. component of the anode current of Vi is allowed to fl.ow 
through R 1• 



16.10.4] TELEVISION RECEPTION 451 

16.10.4. The Blocking Oscillator Scanning Generator. 
Any oscillator which derives its bias by grid current flowing in 
a resistance-capacitance combination, the time constant of which is 
much greater than the period of the normal oscillation, can be 
made to function as a blocking or squegger oscillator if very tight 
coupling is employed between the oscillator coils. The very large 
grid current pulse, caused by overcoupling, charges the grid bias 
capacitance to a negative voltage (with reference to the grid elec
trode) considerably greater than that required to cut off the anode 
current of the oscillator. Oscillation, therefore, ceases and cannot 
begin again until the capacitance has discharged through the grid 
leak resistance to a voltage low enough to permit anode current to 
flow. The cycle of operations, consisting of oscillation followed by 
a quiescent period, is then repeated. The length of time during 
which the valve anode current is cut off depends on the time con
stant of the grid self-biasing circuit and the degree of coupling, the 
greater either of these the longer is the quiescent period. When 
oscillation commences there may be one or a number of oscillation 
cycles, the actual number depending on the damping of the tuned 
circuit and its L/0 ratio, a large L/0 ratio and heavy damping 
tending to a single cycle of oscillation ; damping must not be made 
too large, otherwise it may prevent the blocked condition being 
realized. Single pulse oscillation is desired in the blocking oscillator 
scanning generator and the highest possible L/0 ratio is therefore 
required. Generally no tuning capacitance is employed other than 
that due to stray capacitance. The important advantages of this 
type of oscillator are that (1) the blocking frequency is relatively 
stable and only slightly affected by supply and temperature varia
tions, (2) synchronism is easily maintained by a positive synchron
izing voltage applied to the grid circuit, (3) pulse and saw-tooth 
voltages are generated and (4) the discharge or flyback time can 
be controlled by variation of the normal oscillation frequency of 
the tuned circuit. 

An example of the blocking oscillator is shown in Fig. 16.23a, 
and the shapes of the voltage waves occurring across the different 
parts of the circuit are shown in Fig. 16.23b. The pentode valve 
in Fig. 16.23a performs two roles: the control and screen grids act 
as the grid and anode of a blocking oscillator, and the anode-cathode 
circuit as the discharge device for the capacitance 0 3 , which is 
charged from the H.T. supply through the resistances R 3 and R,. 
The anode current is zero during the quiescent period of the oscillator 
and only flows when the positive oscillation pulse of the blocking 
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oscillator part renders the whole valve conductive. A saw-tooth 
voltage is developed across Os or a combination of pulse and saw
tooth if R5 is included. The synchronizing input voltage is applied 
through a coupling coil £ 3 connected to the oscillator coils. 
Fig. 16.23b shows the impulse nature of the voltages EL, and EL, 
across the grid and screen coils respectively-these voltages are, of 
course, 180° out-of-phase with each other. A large value of tuning 
capacitance produces the lightly damped train of oscillations shown 
by the dotted EL, curve and may result in a second current pulse 
in the anode circuit, causing a second saw-tooth voltage as shown 
by dotted Ea. curve in the figure. Linearity of saw-tooth voltage 
across Os requires the H.T. voltage to be at least ten times the 
amplitude (peak-to-peak) of the saw-tooth output voltage. Chang
ing the rate of charge of O 3 by varying R 3 controls the amplitude 
of the saw-tooth, frequency being governed entirely by the control 
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Fm. 16.23a.-A Blocking Oscillator Scanning Generator. 

grid circuit time constant, i.e., by variation of R 2 • It is seen from 
Fig. 16.23b that the exponential discharge curve of capacitance 0 2 

approximates to the saw-tooth voltage shape, and if this shape of 
output voltage is required the pentode discharge section and the 
charge circuit can be omitted, the output voltage being taken 
across 0 2 • The voltage wave shape will not be linear as long as 
the discharge voltage for 0 2 is zero, but the resistance R 2 can be 
returned to H.T. positive instead ofto zero with consequent improve
ment in linearity. The effect of connecting R 2 to a positive voltage 
Eis illustrated by the dashed curve on Fig. 16.23b, it is equivalent 
to increasing the H.T. voltage on the anode charge circuit of a gas
filled valve generator. 

Suitable component values for the circuit of Fig. 16.23a 
are: 



16.10.4] 

Component 
Frame 
Line 

Component 
Frame 
Line 

TELEVISION RECEPTION 
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FIG. 16.23b.-Voltage and Current Waveforms in a Blocking Oscillator. 

An alternative form 28 of blocking oscillator suitable as a line 
scanning generator producing a pulse output voltage is illustrated 
in Fig. 16.24. Synchronizing is effected by a negative pulse applied 
to the cathode circuit. The free frequency is controlled by variation 
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suitable for the Frame Scan. 

of the resistance R 2 in the cathode circuit. Component values are 
as follows: 

R 1 = 1,000 .Q, R 2 = 3,000 .Q, Ra = 0·15 M.Q, R, = 0·25 M.Q, 0 1 = 0·l µF, 
0 2 = 0·0005 µF, Ga = 0·002 µF, O, = 0·01 µF. 

The resonant frequency of the inductance of the anode or grid 
coil, whichever is the larger, of the coupling transformer, and the 
stray capacitance determines the flyback time of the output voltage 
wave shape, and it should be not less than ten times the fundamental 
saw-tooth frequency. The frequency must not be made too high 
otherwise the discharging capability of the generator is reduced, 
because the maximum current taken by a high vacuum valve is 
very much less than that of a gas-filled valve. A resonant frequency 
of about 1,000 c.p.s. is suitable for the frame scanning generator, 
and an intervalve or output transformer of 1 to 2 turns ratio will 
usually fulfil this role satisfactorily. The line scanning generator 
requires a resonant frequency of 150 to 200 kc/s. 

16.11. The Deflecting Circuits and Amplifiers. 

16.11.1. Introduction. Deflection of the c.R. tube beam may 
be accomplished electrostatically or electromagnetically. Whilst 
both methods have their advantages and disadvantages, magnetic 
deflection is generally to be preferred. The chief point in favour of 
electrostatic deflection is that it deflects not only the electrons, but 
also the negative ions (atoms of residual gas to which electrons have 
attached themselves) contained in the C.R. tube beam. The negative 
ions have much greater mass than the electrons, and if they are 
allowed continuously to bombard a small area of the screen they 
destroy its luminosity. A magnetic deflecting field has much less 
influence on the ions than on the electrons, so that the ionic beam 
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tends to remain at the centre of the screen and cause an " ionic 
burn" or dark spot. The disadvantages of electrostatic deflection 
are that a long C.R. tube is required, comparatively high deflecting 
voltages (about 850 volts peak-to-peak on each plate) are needed, 
and there is distortion of the spot at the edges of the picture due to 
the non-uniform electric lens action between the deflector plates. 
A long C.R. tube means a more bulky cabinet and increased tube 
and cabinet cost. High deflecting voltages call for a high voltage 
H.T. supply with valves and capacitance components suitable for 
high voltage operation. Push-pull deflection is essential to prevent 
trapezium distortion. A further disadvantage of electrostatic 
deflection is that the coupling capacitances from the deflection 
amplifier to the plates must be capable of withstanding about 
7,000 volts because the voltage between plates and earth is the same 
as from the C.R. tube anode to earth. 

The advantages of magnetic deflection are reduced size of 
C.R. tube, beam distortion or defocusing during deflection is small, 
and the deflection amplifier can be operated from a low voltage 
supply (300 volts). The disadvantages of magnetic deflection are the 
negative ion burn, the higher deflecting power required, and the high 
induced voltage caused by the flyback of the line deflection current. 

For electrostatic de-
flection a saw-tooth 
voltage must be applied 
to the deflector plates of 
the C.R. tube; electro
magnetic deflection. re
quires a saw-tooth current 
through the deflector coils. 
The actual shape of the 
input voltage to the 
magnetic deflection ampli
fier depends on the slope 
resistance of the amplifier 
valve. If it is a tetrode 
or pentode of high Ra, the 
input voltage shape should 
be saw-tooth because the 
current wave shape is in-
dependent of the external 
load. On the other hand, 
the input voltage shape to 

Voltage across Inductance I, 

(a) 

Voltage across Resistance R 

Total Voltage across R and L 

(c) 

Fm. 16.25.-The Voltage Waveform required 
across a Coil to give a Saw-tooth Current 
Waveform through the Coil. 
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a triode of low Ra needs to be a combination of pulse and saw-tooth 
shape. The actual voltage required across the inductive part, as 
distinct from the whole coil, including the resistive component, is 
of rectangular pulse shape as shown in Fig. 16.25a. Integration 

of this shape (1 = IJ dt) gives a saw-tooth current shape through 

the coil, and this saw-tooth current produces a saw-tooth voltage 
across the resistance component of the coil and the valve slope 
resistance (Figs. 16.25b). The input voltage shape must be equiva
lent to the sum of these two as shown by Fig. 16.25c, and it is 
obtained by adjusting a resistance in series with the charge capaci
tance as described in Section 16.10. 

16.11.2. Electrostatic Deflection. The distance through 
which the beam of a O.R. tube is deflected by a voltage applied to 
a fl.at plate parallel to the beam is directly proportional to the 
length of the plate, its distance from the screen and the deflecting 
voltage ; it is inversely proportional to the distance from the plate 
to the beam axis and to the voltage between the cathode and last 
anode of the o.R. tube. 

De.flection of the O.R. tube beam by a saw-tooth voltage applied 
to one deflecting plate results in a variation of the mean potential 
difference between the last anode and the deflecting plate. This 
varies the speed of the electrons in the beam, causing them to travel 
faster when the deflecting voltage is increasing positively and to 
travel slower when the latter is decreasing negatively. When the 
electrons are travelling faster, they are under the influence of 
a deflecting :field from a plate at right angles to the :first plate for 
a shorter time, and the beam deflection due to the second plate 
voltage is therefore becoming less when the first plate voltage is 
rising positively. This results in trapezium distortion of the picture. 
It can be overcome by using push-pull deflection to both pairs of 
plates ; the mean voltage between the plates and last anode is zero 
because a positive voltage on one is counterbalanced by a negative 
on the other. 

An example of a push-pull deflection amplifier is shown in 
Fig. 16.26. For a satisfactory linear saw-tooth with rapid flyback, 
the amplifiers should have small attenuation and phase distortion 
up to at least the 10th harmonic of the saw-tooth fundamental 
frequency; this is adequate for a 10% flyback time, but there 
is slight distortion of the last 10% of the forward stroke. If 
the frequency range is extended to the 15th harmonic, the saw
tooth voltage is practically linear. Reversal of phase of the 
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input voltage for the second valve V2 is obtained from the output 
voltage of V 1 , stepped down in the frame amplifier by the potential 

divider action of R 6 and R 7• The ratio R R 7R is approximately 
s+ 7 

equal to the stage gain of V 1 • A resistance potential divider is not 
satisfactory for the line deflection amplifier because the input 
capacitance of V 2 (including the Miller effect of anode-grid capaci
tance) has a comparatively low reactance. R 6 is therefore replaced 
by a variable capacitance, which forms a potential divider with the 
input capacitance of V2 • R 7 is fixed and has a value much greater 
than the grid input reactance of V 2 • Other possible methods of 
achieving phase reversal are discussed in Section 10.8.2. 

In the frame deflecting amplifier O 3 and O 5 are often omitted, 
because unless they are made very large they cause attenuation 

~------..--------oH.T.+ 

Fm. 16.26.-A Push-Pull Amplifier for Electrostatic Deflection of the 
Cathode Ray Beam. 

and phase distortion of the lower frequency components of the 
saw-tooth. A larger anode load resistance is permissible in the 
frame than in the line amplifier since the reactance of stray capaci
tance is much greater at the frame frequencies, and this helps to 
reduce the loss of amplification due to the unby-passed cathode bias 
resistances R 5 and R 10• If the valves V 1 and V I are accurately 
matched a common bias resistance can be employed and the 
degenerative cathode voltages then cancel each other. Some 
improvement in the wave shape (distorted by attenuation and phase 
shift of the higher frequency components due to stray capacitance) 
of the line deflecting voltage can be secured by applying a combina
tion of saw-tooth and pulse input voltage. This is achieved by 
inserting the resistance R 1 in series with the charge capacitance 0 1 • 

Typical component values for the frame and line amplifier are listed 
on page 458. 
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Component 01 0a 0a 04 o. 06 
Frame 0·5µF 0·25µF 0 0·l µF 0 0·l µF 
Line 0·003µF 0·01 µF 0·l µF 0·002µF 0·l µF 0·002 µF 

All capacitances except 0 3 and C 5 should be 1,000-volt working. 

Component R1 Ra Ra R, R5 Rs 
Frame 0 2M.Q 500.Q 0·2 M.Q 10,000 Q 4 M.Q 
Line . 400 Q lMQ 500 Q 0·lMQ 5,000 Q 

Component R1 Ra R9 Rio Ru 
Frame 1 MD (var.) 500 Q 0·2MQ 10,000 5M.Q 
Line . l M.Q (fixed) 500 .Q 0·l M.Q 5,000.Q 5 M.Q 

In the line deflecting amplifier R 6 is replaced by a variable capaci
tance of 10 µµF, and a resistance of 5 M.Q is included from the top 
deflecting plate to earth. The H.T. voltage required is 1,200 to 
1,500 volts. 

Step-up transformer coupling with a centre-tapped secondary 
may be used instead of push-pull R.C. coupling. The important 
point to observe is that the primary reactance of the frame trans
former must be large compared with the valve slope resistance, in 
order that reactance variation with frequency shall have little 
effect. Leakage inductance and stray capacitance are the chief 
factors in the line deflection transformer, and primary to secondary 
coupling must be high and stray capacitance low. 

16.11.3. Electromagnetic Deflection. Magnetic deflection of 
the C.R. tube beam is directly proportional to the length (in the beam 
axis direction) of the magnetic field, the distance from the coil to 
the screen and the flux density of the field ; it is inversely pro
portional to the square root of the voltage between the cathode 
and last anode of the C.R. tube. Two pairs of coils are used at right 
angles to each other on the neck of the tube. The coils, of saddle 
shape, are surrounded by a magnetic yoke of C type laminations as 
shown in Fig. 16.27. The saddle shape of coil gives a field of 
maximum intensity with uniform distribution at right angles to the 
coil. A non-uniform field leads to "barrel" or "pincushion" 
distortion 20 of the picture with convex or concave edges. The 
electron travels in a direction perpendicular to the magnetic field, 
and either convex or concave field shape is obtained according to 
the way in which the magnetic lines of force are bent : step-down 
transformer coupling is employed from the valve to the coils as 
this prevents permanent deflection of the beam by the valve anode 
current, and also allows the inductance of the line deflecting coil to 
be smaller, with consequent reduction of the induced voltage on 
the flyback. It is easier to insulate the primary of a transformer 
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against high voltages than a deflecting coil. A low inductance 
deflecting coil of larger gauge wire is also stronger mechanically 
than a coil of many turns of fine wire. For maximum deflection 
the coil should be as long as possible, but it must not be made so 
long that the beam strikes the neck of the O.R. tube before reaching 
the full extent of its travel on the screen. Beam cut-off is overcome 
by reducing the coil length from the cathode end of the tube, if 
the other end of the coil is touching the fl.are. An average value 
for coil length is l! ins. The line and frame coils, mounted one 
above the other, are surrounded by a yoke of magnetic material 
which concentrates and makes the field more uniform. The yoke, 
which may be circular 1 7 or square in section, consists of laminations 
held in a frame (this is omitted in Fig. 16.27). An air gap of ¼ in. 
to ¼ in. is often included between the two halves of a C-type core. 

,~1111tl11ttttttHl-- Frame 
Deflecting 

Coils 

line 
-7ttt!liJ~:::::::::=Deflectin9 .._ ___ ...._____ Coils 

Fm. 16.27.-Coil Shape for Electromagnetic Deflection of the Cathode 
Ray Beam. 

Each coil is wound on a special former 22 to give the saddle shape. 
Generally the separate layers are rectangular in shape and the turns 
decrease in size from the outside to the inside of the layer. The 
number of turns in each of the two line deflecting coils is of the order 
of 100 to 150 and in each of the frame coils 500 to 800. Adjacent 
ends of the line and frame deflecting coils are separated by about ! in. 

The deflection amplifier may have either a tetrode or a triode 
valve. The tetrode has the advantage of requiring a much smaller 
input voltage for a given output current change, but the triode gives 
less distortion ; however, distortion from the tetrode can be reduced 
by applying negative feedback. A triode valve (or tetrode with 
screen and anode joined) is often used in the frame amplifier, and 
a tetrode in the line amplifier. A typical line deflection amplifier 
is shown in Fig. 16.28. A combination of saw-tooth and pulse input 
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voltage is required to produce a saw-tooth current through the 
deflecting coils. The valve is a high gm tetrode having a normal 
D.C. dissipative power at the anode of 15 to 20 watts. A resistance 
R 2 (1,000 Q) is included close to the grid pin of the valve to act 
as a suppressor of parasitic oscillations, to which high gm valves 
are liable. The total H.T. voltage is about 320 volts, but the screen 
voltage is limited to a maximum of 250 volts by the resistance 
Ra (5,000 Q); the decoupling capacitance 0 3 is O·l µF. Decoupling 
of the amplifier from the H.T. supply is provided by R 4 (250 ,Q 

variable) and R 5 (500 Q) in series together with the capacitance 
0 2 (16 µF). The variable resistance R4 varies the screen and anode 
voltage of the tetrode, and so controls the amplitude of the line 
deflecting current, i.e., it varies the width of the picture. The self
bias circuit consists of R 6 (about 150 Q) and 0, (25 µF). The 

Picture Width 
Control 

Linearity Control 

H.T.-

Fm. 16.28.-A Typical Line Deflection Amplifier for Electromagnetic 
Deflection of the Cathode Ray Beam. 

output transformer has a step-down ratio of about 8 to 1, the 
primary inductance should be about ten times the reflected induct
ance due to the deflecting coils, in order that transformer volt
ampere efficiency may be high. Referred to the secondary side, 
this means that the ratio of secondary to deflecting coil inductance 
should be 10 to 1. Considerations of leakage inductance and 
winding capacitance (both are increased by using a large primary 
inductance, and cause loss of efficiency as well as distortion of the 
saw-tooth current) generally dictate a lower ratio, of the order of 
5 to 1. Across the secondary is included a special circuit to limit 
the inverse voltage induced by the rapid change of current during 
the flyback period. The component values of this absorber circuit 
are R 1 = 5,000 Q, 0 5 = 0·005 µF. Part of R 1 may be variable in 
order to assist linearization of the saw-tooth current as it approaches 
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the flyback point. Centring of the picture can be achieved by 
means of the centre-tapped potential divider R 8 (20 .Q) in the main 
H.T. supply to the deflecting amplifier. It is not absolutely essential 
with magnetic focusing because the picture can be centred by 
movement of the focus coil. 

The frame amplifier circuit may be similar to that shown in 
Fig. 16.28. Decoupling capacitances need to be much greater than 
those for the line amplifier, for example, 0 2 should be about 32 µF, 
Ca 16 µF and C, 100 µF. The 0 5R 7 absorber circuit is no longer 
required since the rate of change of current on the flyback is much 
slower than for the line, and the inverse induced voltage is therefore 
very much less. To prevent excessive peak currents in the valve 
due to the reduced load reactance at the frame frequency, the 
frame deflecting coils have a higher inductance than the line (about 
fifty times as large) and a higher step-down ratio (12 to 1) is 
employed. A valve having a higher anode D.c. dissipative power 
is generally necessary to accommodate the higher peak currents due 
to the lower load reactance. A triode or tetrode with screen and 
anode joined together may be used, but this introduces only minor 
changes in circuit detail, e.g., Ra and Ca are no longer required. 

16.12. Power Supplies and Focusing of the C.R. Tube.33 

16.12.1. Introduction.19 The H.T. supply to the vision 
receiver, scanning generators and deflection amplifier can be obtained 
from the same power unit. The latter needs no special comment 
since it has a comparatively low output voltage (about 400 volts 
across the reservoir capacitance), and its design follows the lines 
set out in Chapter 11. The rectifier and smoothing choke must be 
capable of handling a current of 150 to 200 mA, and great care 
must be exercised to ensure adequate smoothing and decoupling, 
because scanning generator and deflection amplifier current changes 
are large. These are liable to interact upon each other and the 
vision amplifier if decoupling is insufficient ; furthermore, hum 
voltages in the H.T. supply tend to cause erratic interlacing. 

The C.R. tube requires a high-voltage H.T. supply (5,000 volts), 
but the load current is small, being little more than that taken by 
the potential divider providing the various auxiliary anode voltages. 
Consequently a resistance-capacitance filter can be employed for 
smoothing purposes. The number of auxiliary anodes (other than 
the last) is governed by the type of focusing; electrostatic focusing 
generally needs two, whilst none is required with magnetic focusing. 

Electrostatic focusing has the advantage that temperature 
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changes have negligible effect and hardly any adjustment is entailed 
after the initial setting. On the other hand, it concentrates negative 
ions as well as electrons, causing ion burn unless electrostatic 
deflection is used. Extra decoupling capacitances and resistances 
are needed in the potential divider supplying the auxiliary anodes. 
Centring is only possible by means of a shift potential on the deflect
ing plates or a shift current through the deflecting coils. 

Magnetic focusing has the advantage of giving a much higher 
beam current with less negative ion concentration than electro
static focusing, and a much brighter picture results. Another 
advantage is that movement of the focus coil controls the centring 
of the picture and obviates the necessity for shift voltages or 
currents. Its chief disadvantages are that the focus coil takes 
power and that focus tends to drift from the cold to normal 
running condition due to a change in coil resistance. 

16.12.2. Electrostatic Focusing and the C.R. Tube Power 
Supply. An example of the C.R. tube power supply for an electro
statically focused tube is shown in Fig. 16.29. The A.C. supply 
voltage is obtained from a 4,000-volt (R.M.s.) secondary winding, 
and half-wave rectification is used because it is very suitable for 

Mai3 
lnp~ 

Fm. 16.29.-A Power Supply Circuit for a Cathode Ray Tube having 
Electrostatic Focusing and Deflection. 

high voltage low current n.c. outputs. The anode of the rectifier 
is connected to one side of the secondary winding, and the cathode 
to the H.T. positive lead of the n.c. supply; hence the maximum 
voltage between the heater winding to earth is the peak A.c. voltage 
output of the high voltage secondary winding. If the cathode of 
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the rectifier is connected to the high-voltage winding, both heater 
winding and heater end of the high-voltage winding must be 
capable of withstanding nearly twice the peak A.C. voltage to earth, 
viz., 11,000 volts, because on the negative half-cycle the maximum 
voltage from heater winding to earth is the sum of the peak A.C. 

voltage across the high-voltage secondary and the D.C. voltage 
across the reservoir capacitance 0 1 • The C.R. tube has three anodes, 
A 1 , A 2 and As, requiring approximately 400, 1,500 and 5,000 volts 
respectively to cathode. As is connected to the junction of R2 

and Ra, across which are connected the shift potential dividers, 
R 10 and Rn, for one of each pair of deflecting plates. The latter 
are connected to the push-pull deflection amplifier by capacitances, 
which must be capable of withstanding 7,000 volts. A resistance, 
Ru (O· l M.Q), is inserted between As and the supply to limit current 
in the event of a short circuit of As to earth. R 6 controls the 
voltage applied to A 2 and provides focus adjustment. Ru varies 
the cathode bias and so controls the average brightness of the 
picture. The vision input is applied between the C.R. tube grid 
and earth. 

The values of the resistances and capacitances (the voltages in 
brackets indicate the required working values for the capacitances) 
in the potential divider for the anode voltages are listed below ; the 
former are calculated on the assumption that the C.R. tube electrode 
currents are negligible. 

Component R1 R2 Ra R, R5 Ra R1 Ra 
Value (M.Q) 0·5 0·5 0·5 2 0·5 (var.) 0·25 0·25 0·01 

Component Ru Rio Ru Ru Ru Ru Rie R17 
Value (M.Q) 0·l (var.) 0·5 (var.) 0·5 (var.) 5 5 0·l 5 5 

Component 01 02 Os o, 05 Oa 
Value (µF) 0·l (7,000) I (500) I (2,500) I (1,500) I (500) 4 (250) 

When wiring the high voltage power supply, leads should be 
well spaced from each other and earth, and high voltage cable 
should be used for the output leads to A 2, A 3 and the deflector 
plates. It is advisable to include a safety switch attached to the 
back of the receiver so that O 1 is automatically short-circuited when 
the back is removed for inspection purposes. 

16.12.3. Magnetic Focusing and the C.R. Tube Power 
Supply. 21 The H.T. supply to the C.R. tube is greatly simplified 
by employing magnetic focusing. Only one anode (this may be 
provided by a graphite coating on the inside of the bulb) is required, 
or if two are used the first is at a low voltage (300 to 400 volts), 
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which can be obtained from the low voltage H.T. supply. A resist
ance shunt R 1 is shown across the reservoir capacitance O 1 in 
Fig. 16.30, as it provides cathode bias through R 2 and Ra for the 
tube, and also discharges 0 1 after the receiver has been,switched off. 
R 1 has a value of about 10 M.Q, R 2 20,000 .Q and Ra 0·25 M.Q, 0 1 is 
O·l µF (7,000-volt) and 0 2 is 4 µF (250-volt). A safety resistance 
R, (0· l M.Q) is inserted in series with the lead to the anode, which 
is formed by a conducting graphite coating inside the O.R. tube. 
Additional resistance-capacitance smoothing is not required, partly 
because the load current and the ripple voltage across 0 1 are so 
small, and partly because hum voltages on the last anode have 
much less effect than on intermediate anodes. If the shunt resist
ance R 1 is not included, cathode bias can be derived from the low 
voltage H.T. supply. The vision input is applied across R 6 • 

Ma~ns g Supply 

BPightness 
Control 

Def'lector 
Coils 

Fm. 16.30.-A Power Supply Circuit for a Cathode Ray Tube having 
Electromagnetic Focusing and Deflection. 

Magnetic focusing may be provided by a permanent magnet 
with a variable shunt or by a coil wrapped round the tube so that 
its axis coincides with that of the beam. The former is seldom 
used because it is more costly and less easy to adjust. The focus 
coil may have a low resistance and be placed in series with the low 
voltage supply, or it may have a high resistance and be placed 
across it. The former is preferable because it is easier to construct, 
is more robust, and is less liable to current change from the cold to 
normal operating condition. The coil is connected in series with the 
H.T. supply to the scanning generators and deflection amplifiers; the 
current from the vision receiver should not be included because it 
varies when gain adjustments are made. It is shunted by a fixed 
and variable resistance in series, the latter providing focus control. 
A soft iron shell with an air gap normally encloses the coil so as to 
produce a uniform concentrated magnetic field; Fig. 16.31 is an 
example of the type of construction. The soft-iron shell, made in 
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two halves which slide over the coil as shown, has an external 
diameter of about 4 ins. and is about I½ ins. deep. The air-gap is 
1 cm. (approximately 0·4 in.) long and about 600 ampere-turns are 
required for focusing. Centring of the picture can be achieved by 
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Fm. 16.31.-An Example of a Magnetic Focusing Coil. 

altering the position of the coil, which may be mounted on gimbals 
and provided with adjusting and locking screws. 

Magnetic fields from the mains transformer can affect C.R. tube 
and scanning generators, and the transformer must be located as far 
as possible from this part of the equipment, if necessary, being 
orientated so as to produce minimum field interference. For the 
same reason the flux density of the transformer core should not be 
allowed to exceed 50,000 lines per sq. in. Owing to the power 
supplied by the transformer and the rectifier units adequate ventila
tion is absolutely necessary. The actual voltage required of the 
high voltage secondary can be reduced by connecting its negative 
lead to the positive of the low voltage supply, cathode bias for the 
C.R. tube being obtained from the low voltage supply. 
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APPENDIX 3A * 

THEVENIN'S THEOREM 

A MOST important and useful theorem in the analysis of circuits is 
that enunciated by Thevenin. It states that if an impedance is 
connected between any two points in a network consisting of linear 
impedances, the resulting (steady state) current through the 
impedance is the ratio of the open circuit voltage across the two 
points (before the impedance is connected) to the sum of the 
connecting impedance and the impedance of the network looking 
in from the two points. Taking the valve equivalent circuit of 

Ra 

Fm. 3A.l.-A Valve Generator Circuit Fm. 3A.2.-The Thevenin Equivalunt of 
supplying a Resistance and Imped- Fig. 3A.l. 
ance in Parallel. 

Fig. 3A.l, it means that the equivalent generator has a generated 

voltage of ;Eyl; and an internal impedance of Ra and R 1 in parallel 
a+ 1 

as shown in Fig. 3A.2. 

Fm. 3A.3.-A more Complicated Valve Fm. 3A.4.-The Thevenin Equivalent of 
Generator Circuit. Fm. 3A.3. 

* Appendix lA and 2A appear in Part I. 
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468 RADIO RECEIVER DESIGN 

The proof is as follows : 

For Fig. 3A.l 

and for Fig. 3A.2 

µEgRl z 
E _ Ra+R1 ° µE0R1z0 

O - RaRl +zo - RaRl +Zo(Ra+R1) 
Ra+R1 

[ APPENDIX 3A 

which is identical with the result obtained from direct analysis. 
The same method may be used to show that the two circuits 

given in Figs. 3A.3 and 3A.4 produce the same result as far as the 
output voltage across, and current in, Z 0 are concerned. 
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A Class A amplification : 
, introduction, 56 

push-pull stage, 84 
single valve stage, 57 

A.c./n.c. conversion efficiency of 
power output valves : 

fixed A.c. input voltage, 57 
fixed n.c. anode voltage and cur

rent, 59 
fixed n.c. anode voltage, no limita

tions on n.c. anode current or 
A.c. input voltage, 58 

fixed n.c. dissipation loss, minimum 
anode voltage and current, 63 

fixed n.c. dissipation loss, no limi
tation on n.c. anode voltage, 62 

A.c./n.c. receiver power supply, and 
heater connections, 172 

Acoustic frequency response, 285, 289 
Acoustic measurements on receivers : 

frequency response, 289 
hum, 291 
output and distortion factor, 292 
sensitivity, 290 

A.c. receiver power supply, 133 
Acoustic tests on receivers : 

distortion factor, 292 
free space conditions and its 

approximation, 286 
frequency response, 285, 289 
hum, 291 
intensity level, 285 
loudness level, 285 
overall sensitivity, 286, 290 
total harmonic content, 286 

Additional apparatus for acoustic 
tests on receiver, 286 

Adjustments to receiver for overall 
performance tests, 269 

Aerial circuit of-
F .M. receiver: 

design of, 309 
noise in, 304 
television receiver: 

design of, 373 
dipole aerial and reflector for, 369 
noise in, 374 
reflections in, 369 

Aerial, dummy, see Standard 
Aerial, frame, pick-up coil for re

ceiver tests, 267 

469 

Aerial, standard, for receiver, 267 
Air gap inductance design : 

large A.c. flux density, 170 
small A.c. flux density, 170 

Amplification factor of a valve, 8 
Amplification at medium frequencies 

of A.F. amplifier, 8 
Amplification, loss of, due to

cathode self-bias circuit, 19 
coupling capacitance, 9 
stray capacitance, 10 

Amplitude compression and F.M., 300 
Amplitude discriminator for-

A.F.c. control : 
conditions of maximum sensi

tivity, 227 
curves for, 225, 228 
design of, 231 

frequency-to-amplitude conver-
sion: 

conditions for maximum linear
ity, 337, 344 

curves for, 338, 346 
design of, 339, 34 7 

Amplitude discriminator, types of: 
double tuned circuits, 226 
single tuned circuits, 234 

Amplitude limiter for F.M. receiver: 
A.M. neutralizing limiter, 333 
negative feedback limiter, 332 
saturated amplifier limiter, 329 

Analyser, harmonic, 269 
Anode decoupling circuit : 

compensation of cathode self-bias 
response by, 28 

frequency response due to, 27 
loss of amplification due to, 25 

Apparatus for receiver measurements 
of-

acoustic performance, 286 
electrical performance, 266 

Attenuation distortion : 
calculation of, in output trans-

former, 102 
definition of, 2 
effect on audio frequency response, 2 
effect on television reception, 367 

Audio frequency amplifiers : 
characteristics required of, 1 
distortion in : 

amplitude, 3 
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Audio frequency amplifiers-contd. 
distortion in-contd. 

attenuation, 2 
intermodulation, 79 
phase, 6 
transient, 6 

RO coupled type : 
high frequency response of, 13 
low frequency response of, 11 
medium frequency amplification 

of, 13 
R.C. transformer coupling, 38 
transformer coupled type : 

high frequency response of, 35 
low frequency response of, 33 
medium frequency amplification 

of, 33 
Audio signal I.F. rejector circuits for 

television receiver : 
attenuation characteristics of, 402 
types of: 

cathode feedback method, 410 
parallel resonant absorber, 399 
parallel resonant circuit--capaci-

tance potential divider, 406 
series-parallel resonant circuit, 

409 
series resonant circuit, 408 
series resonant coupling, 410 

vision pass-band, effect on, 402 
Automatic frequency correction : 

estimation of overall performance, 
260 

the error corrector or variable 
reactance device, 245 

the frequency discriminator or 
error detector, 224 

Automatic gain control : 
applied to F.M. reception, 332 
applied to television reception, 

417 
audio frequency : 

with decreasing amplification, 
compression, 208 

with increasing amplification, 
contrast expansion, 209 

principle of operation, 180 
radio frequency : 

amplified: 
anode bend amplified, 198 
combined R.F. and A.F. ampli

fied, 193 
o.c. amplified, 195 
R.F. amplified, 193 

distortion due to, 189 

Automatic gain control-contd. 
radio frequency-contd. 

filter for: 
distortion due to, 191 
parallel type, 200 
series type, 200 
time constant of, 201 

methods of obtaining bias volt
age, 181 

non-amplified: 
biased diode, 186 
unbiased diode, 182 

performance, calculation of, 184 
Automatic selectivity, measurement 

of, 274 
Automatic tuning control, see Auto

matic frequency correction 

B' Class B, push-pull : 
positive drive, 95 

quiescent, 92 
Balanced feedback : 

advantages of, 120 
methods of, 122 
principles of, 121 

Band elimination A.F. filter, 52 
Band-pass tone control, 50 
Beat frequency oscillator for re

ceiver measurements, 269 
Bessel coefficient amplitudes of F .M. 

carrier and sidebands, 295 
Bias, self, for A.F. amplifier, 19 
Blocking oscillator scanning genera

tor for television, 450 
Bridge H.T. rectifier, 143 
Bridge negative feedback : 

amplification with, 117 
equivalent generator impedance 

for, 117 

Capacitance coupling in A.F. ampli
fier, 6 

Capacitance coupling, anode-grid in 
R.F. amplifier, 305 

Capacitance stray, effect in
A.F. amplifier, 11 
R.F. amplifier, 315, 325 
v.F. television amplifier, 421 

Cathode follower stage : 
amplification of, 118 
characteristics of, 119 
driver for Class B positive drive, 96 
equivalent generator impedance of, 

118 
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Class A push-pull amplification, 84 
Class AB positive drive amplification, 

97 
Class B-

positive drive, 95 
quiescent push-pull, 94 

Colpitts oscillator for short waves, 
319 

Complex anode load impedance and 
distortion, 73 

Composite anode cun·ent-anode volt
age curves for-

Class A push-pull output stages, 
90 

Class B push-pull output stages, 
92 

Compression of frequency deviation 
in F .M. receiver : 

advantages of, 354 
methods of, 

F.M. of receiver oscillator, 354 
frequency division, 355 
submultiple locked oscillator, 357 

Contrast expansion, 209 
Control, automatic gain, see Auto-

matic gain control 
Counter type F.M. detector, 352 
Cross-modulation in F.M. receiver, 320 
Current distortion in output trans-

former, curves for different D.C. 

polarizing voltages, 108 
Current negative feedback : 

amplification of, 116 
characteristics of, 116 
equivalent generator impedance of, 

116 

D .c. component restoration in 
television reception, 436 

Decoupling circuit for A.F. amplifier 
in

anode, 25 
screen, 22 

De-emphasis in F.M. reception, 299 
Definition in television reception, 361 
Deflecting circuits of C.R. tube in 

television reception : 
electromagnetic : 

frame, 461 
line, 460 
output transformer for, 460 
type of coil for, 459 

electrostatic : 
frame, 457 
line, 457 

Deflecting circuits for c.R. tube in 
television reception-contd. 

electrostatic-contd. 
push-pull, 457 

Deflection methods for C.R. tube in 
television reception : 

distortion, barrel and pincushion, 
458 

electromagnetic, 455 
electrostatic : 

distortion, trapezium in, 456 
voltage wave shapes for, 456 

voltage and current wave shapes 
for, 455 

Demodulation of carrier, 272, 276 
Detection in television reception : 

efficiency of, 411 
types of, 411 

Detector stage in television: reception : 
filter circuit for : 

attenuation distortion in, 416 
design of, 412 
phase distortion in, 417 
reflection losses in, 415 

types of, 
anode bend, 419 
full wave, 411 
half wave, 411 
voltage doubler, 411 

Diode rectifier : 
calculation of performance : 

capacitive load, 146 
inductive load, 154 
resistance load, 145 

conduction current characteristic, 
147 

high vacuum type, 144 
inverse voltage of, 144 
mercury vapour type, 145 
rectification efficiency, 145 

Direct reading harmonic scales for
second harmonic, 69 
third harmonic, 72 

Discriminator for-
A.F .c.: 

amplitude, 225 
phase, 235 

frequency to amplitude converter 
in F.M. reception: 

amplitude, 337 
phase, 340 

Distortion factor, 286 
Distortion factor meter, 286 
Distortion, join-up in Class B ampli-

fiers, 94 
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Distortion, measurement of indivi
dual harmonic amplitudes, 77, 
269 

Distortion, measurements of, for 
receiver, 279 

Distortion in-
audio frequency amplifiers : 

attenuation, 2 
harmonic, 3 
phase, 6 
transient, 6 

direct reading scales for, 69, 72 
intermodulation, 79 
join-up distortion in Class B 

stages, 94 
measurement of, 76 
output transformer : 

core material distortion factor, 
108 

current distortion ratio, 108 
power output stages : 

calculation of : 
second harmonic, 68 
third harmonic, 71 
fourth harmonic, 71 

push-pull stages, 84 
television reception : 

attenuation, 367 
harmonic, 367 
phase, 368 
transient, 367, 420 

Divider compressor for F.M. recep-
tion, 355 

Doubler, voltage, rectifier, 144 
Double wave rectifier, see Full wave. 
Driver stage for Class B push-pull 

positive drive, 95 
Dummy aerial, see Standard aerial 

Eddy current tuning, 307 
Electrical measurements on a 

receiver, 269 
Electromagnetic deflection of C.R. 

tube in television reception : 
distortion, barrel and pincushion, 

458 
frame amplifier, 461 
line amplifier, 460 
type of coils for, 459 
voltage and current wave shape 

for, 455 
Electromagnetic focusing for tele

vision C.R. tube, 463 
Electron coupled oscillator, 319 

Electrostatic deflection of C.R. tube 
in television reception : 

distortion, trapezium, 456 
frame amplifier, 457 
line amplifier, 457 
voltage wave shape for, 455 

Electrostatic focusing for television 
C.R. tube, 462 

Equivalent valve load impedance in 
push-pull stages, 91 

Feedback: 
application to output stage, 

124 
curves for, 126 
negative: 

instability in negative feedback 
amplifiers, 122 

reduction of distortion by, 113 
reduction of gain by, 113 
reduction of noise by, 113 
two stage circuits, 128 
types of: 

balanced, 120 
bridge, 117 
current, 116 
voltage, 114 

Fidelity of receiver, 265 
Filter A.G.C. : 

parallel, 200 
series, 200 

Filter inductance with q,ir gap, 
design of, 164 

Filter, rectifier ripple: 
attenuation characteristics for 50 

c.p.s., 161 
tuned type, 162 

Flicker in television, 361 
Focusing of o.R. tube in television 

receiver: 
electromagnetic : 

advantages and disadvantages, 
462 

centring of picture by means of, 
465 

H.T. supply for, 464 
method of producing, 464 

electrostatic : 
advantages and disadvantages, 

461 
H.T. supply for, 462 
method of producing, 462 

Frame scanning generator for tele
vision reception, 447, 449, 453 
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Free space conditions for receiver 
measurement, 286 

Frequency-amplitude conversion in 
F .M. reception : 

amplitude discriminator, 335 
counter detector, 352 
hexode converter, 353 
integrator, 349 
phase discriminator, 340 

Frequency changer interference 
effects in-

F .M. reception, 320 
television reception, 391 

Frequency changer stage in
F .M. reception, 315 
television reception : 

design of aerial connection to, 
386 

input resistance of, 389 
signal-to-noise ratio for, 385 
types of frequency changer 

valve, 384 
Frequency correction, automatic : 

estimation of overall performance, 
260 

measurement of, 285 
Frequency deviation measurement in 

F.M. transmission, 295 
F.M. compression in receiver by

frequency division, 355 
frequency modulation of local 

oscillator, 354 
submultiple locked oscillator, 357 

F.M. detector, see Frequency-ampli
tude converter 

F.M. receiver, schematic diagram of, 
302 

F .M. reception : 
advantages and disadvantages, 296 
aerial input for, 303 
amplitude compression, 300 
amplitude limiter for, 328 
frequency-amplitude converter, 

334 
frequency changer for, 315 
intermediate frequency amplifica-

tion for, 320 
R.F. amplification for, 303 
service area, 301 
signal-to-noise ratio, 300 

Frequency response of-
A.F. amplifier : 

anode circuit, 6 
anode decoupling circuit, 25 
screen decoupling circuit, 22 

Frequency response of--contd. 
A.F. self bias, 19 
R.F. amplifier for-

F .M. reception, 311 
television reception, 371 

Full wave H.T. rectifier, 133 

Gain control, automatic : 
amplified: 

anode bend, 198 
combined R.F. and A.F. amplified, 

193 
n.c. amplified, 195 
R.F. amplified, 193 

audio frequency : 
with decreasing amplification, 

208 
with increasing amplification, 

209 
calculation of performance, 183 
dual, 202 
filter for, 198 
methods of obtaining bias voltage, 

181 
non-amplified: 

biased or delayed diode, 186 
distortion due to biased diode, 

189 
unbiased diode, 182 

principle of operation, 180 
quiet or noise suppressed, 202 
using A.F. detector, 191 

Gas-filled relay scanning generator 
for television, 44 7 

Generalised curves for-
A.F. amplifier : 

high frequency response, 13 
low frequency response, 11 
self bias, 22 
tone control, 46, 49, 54 

frequency and phase response in 
television-

R.F. amplifier, 377 
v.F. amplifier: 

high frequency end of range : 
combined shunt and series 

peaking circuit, 427, 428 
series peaking circuit, 427, 

428 
shunt peaking circuit, 424, 

425 
Grid bias supplies : 

potential divider type, 172 
self bias, I 72 
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Grid leak and its effect on the anode 
load of A.F. amplifier, 18 

Half wave rectifier: 
efficiency of, 149 

general performance of, 14 7 
maximum conduction current

D.c. current ratio, 153 
R.M.S. fundamental current-n.c. 

current ratio, 153 
Harmonic analyser, 77, 269 
Harmonic distortion in : 

A.F. amplifiers, 3 
television reception, 367 

Heater connections for A.c./n.c. 
receiver, 173 

Heterodyne whistle interference sup
pression, 52 

Hum: 
loudness level, 292 
measurements of, in receiver, 281, 

291 
modulation in

frequency changer, 173 
I.F. and R.F. valves, 173 
oscillator, 317 
rectifier of A.c./n.c. receiver, 174 

Iconoscope : 
description of, 361 

principles of, 361 
Image signal measurements, 283 
Impedance: 

complex anode load, and distor
tion, 73 

equivalent valve load, in push-pull 
stages, 91, 93 

linear, 5 
non-linear, 5 

Incremental permeability, 165 
Inductance tuning, 307 
Inductance with air gap, design of, 

164 
Input transformer for Class B positive 

drive, 96 
Input voltage, standard, for receiver, 

264 
Integrating F.M. detector: 

hexode, 352 
multivibrator, 349 
regenerator, 350 
squegger, 351 

Interchannel noise suppreli'Bion : 
biased A.F. amplifier, 205 
biased detector, 203 
variable capacitance across detec

tor load resistance, 204 
Interlaced scanning in television 

reception, 361 
Intermediate frequency amplifier 

for-
F.M. receiver : 

choice of frequency, 320 
design of, 323 
instability in, 322 
overall amplification of, 328 

television receiver : 
audio signal filter circuits, 399 
choice of frequency, 391 
coupling types, 392 
design of, 395 
overall amplification of, 397 
phase distortion in, 397 

Intermodulation in
A.F. amplifiers, 4 
power output stages, 

effect of, 82 
measurement of, 83 

Inverted A.F. output, 272 

Join-up distortion 
amplifiers, 94 

in Class B 

K, constant K filters in television 
amplifiers, 412 

L imiter: 
amplitude, in F.M. receiver, 

298, 328 
noise, 206 

Line scanning generator in television 
reception, 448, 450, 453 

Loudness level, 285 
Loudspeaker field coil as H.T. power 

supply filter, 134 
Loudspeaker speech coil impedance, 

74 
Low frequency attenuation tone 

control, 47 
Low frequency intensification tone 

control, 48 
Low frequency response in

A.F. amplifiers, 9 
v.F. amplifiers for television, 431 
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Mains transformer : 
design of, 135 

effect of leakage inductance, 140 
electrical stress in, 135 
equivalent circuit for, 134 
losses in, 138 
no-load and full-load conditions, 

139 
temperature rise on full-load, 141 
winding distribution, 136 

Maximum amplification of
tetrode A.F. amplifier, 14 
triode A.F. amplifier, 13 
v.F. stage in television, 423, 425, 

430 
Measurement of receiver overall per

formance, 264 
Modulation envelope distortion due 

to A.G.C., 180, 189 
Modulation hum, 173, 281 
Modulation index, 295 
Monkey chatter distortion, 272 
Motor-boating in A.F. amplifiers, 25 
Multivibrator scanning generator for 

television reception, 449 

N eedle scratch filter, 52 
Negative feedback: 

application to output stage, 124 
application to two stages, 128 
due to self bias, 19 
instability in, 122 
properties of, 113 
reduction of distortion by, 113 
reduction of noise by, 113 
types of: 

balanced, 120 
bridge, 117 
current, 116 
voltage, 114 

Noise in F.M. reception: 
impulse, 299 
phase modulation by, 298 
thermal and shot, 297 

Noise limiters, 206 
Noise measurements on a receiver, 

280 
Noise suppression, interchannel, see 

Interchannel noise suppression 
Noise, thermal and shot, calculation 

of, for
aerial, 312 
frequency changer, 384 
R.F. amplifier, 374 

Oscillator frequency drift meas
urements, 284 

Oscillator frequency variations
due to heater voltage, 318 
due to temperature, 317 
due to valve, 318 
reduction of, 317 
types of, 317 

Oscillator harmonic responses, 
measurements of, 284 

Oscillator stage of-
F.M. receiver: 

design of, 319 
stability of, 317 
undesirable modulation of, 317 

television receiver : 
design of, 391 
stability of, 390 
types of circuit for, 390 

Output meter, 268 
Output power, standard, for receiver 

measurements, 265 

Paraphase push-pull, 87 
Parasitic oscillation in Class B 

stages, 95 
Pass-band width for F.M. reception, 

302 
Permeability, incremental, 165 
Phase discriminator for-

A.F .C.: 
adjustment of, 244 
design of, 241 
optimum conditions for, 237 
vector diagram for, 238 

frequency-to-amplitude conversion 
in F .M. reception : 

adjustment of, 348 
characteristic curves for, 346 
design of, 34 7 
effect of mutual inductance, 349 
effect of primary and secondary 

mistuning, 348 
Phase distortion in : 

A.F. amplification, 6 
television reception : 

general effect of, 368 
in detector stage, 417 
in I.F. amplifier, 397 
in R.F. amplifier, 373 
in v.F. amplifier, 425, 427, 430 

Phon, unit of loudness, 285 
Positive drive, Class B, 95 
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Power handling capacity of output 
transformer, 111 

Power output : 
calculation of, 66 
conditions for maximum, 56 
measurement of, at-

mains frequency, 76 
400 c.p.s., 77 

Power output, maximum, grid cur
rent and distortion zero : 

fixed A.c. input voltage, 57 
fixed n.c. anode voltage and cur

rent, 59 
fixed n.c. anode voltage, no limi

tations on n.c. anode current or 
A.C. input voltage, 58 

fixed n.c. dissipation loss, fixed 
minimum anode voltage and 
current, 63 

fixed n.c. dissipation loss, no limit-
ations on n.c. anode voltage, 62 

Power output stages, 56 
Power sensitivity, 65 
Power supply for-

A.c. /n.c. receiver, 172 
A.c. receiver, 133 
television C.R. tube, 461 

Power supply from vibrator, 174 
Pre-emphasis in F .M. transmission, 

299 
Pull-in frequency in A.F.c., 225 
Push-button tuning by-

electrical rotation of tuning capa
citor, 215 

mechanical rotation of tuning capa
citor, 215 

preset tuned circuits, 217 
Push-pull input voltage, methods of 

obtaining, 86 
Push-pull operation: 

advantages of, 84 
driver stage for Class B positive 

drive, 95 
methods of producing, 86 
types of:. 

Class A, 89 
Class AB positive drive, 97 
Class B: 

positive drive, 94 
quiescent, 95 

Push-pull output transformer design, 
102 

Push-pull stages: 
cancellation of even harmonic dis

tortion, 85 

Push-pull stages-contd. 
cancellatic,n of hum and inter-

ference from H.T. supply, 85 
composite curves for, 90, 92, 93 
distortion in, 85 
equivalent load impedance for, 91 

Quadrupler voltage rectifier, 159 
Quality: 

good commercial, 84 
high, 84 
objectionable, 84 

Quality and-
harmonic distortion, 80 
restriction of frequency response, 7 9 

Quiescent push-pull, 94 

RO coupled A.F. amplifier, 6 
RO transformer coupled A.F. 

amplifier, 38 
Reactance control for A.F.C .• 

limited characteristic, 262 
types of: 

motor operated, 245 
polarized capacitor, 246 
polarized inductor, 247 
valve, 248 

unlimited characteristic, 262 
Reactance valve for A.F.C,: 

performance of, over
long wave range, 257 
medium wave range, 254 
short wave range, 257 

types of: 
capacitive, 253 
inductive, 253 

Receiver overall performance, meas
urements of : 

acoustical : 
distortion factor, 286 
free space conditions, 286 
frequency response, 285 
hum, 291 
intensity level, 285 
loudness level, 285 
overall sensitivity, 286 
total harmonic content, 286 

electrical : 
adjustments for, 269 
A.F.c. characteristics, 285 
A.G.c. characteristic, 282 
distortion, 279 
fidelity or frequency response, 278 
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Receiver overall performance, meas
urements of-contd. 

electrical-contd. 
frequency changer interference 

effects, 283 
hum, 281 
noise, 280 
oscillator frequency drift, 284 
oscillator harmonic response, 284 
selectivity, 272 
sensitivity, 269 
standard input voltage, 264 
standard output power, 265 

Rectifier diode : 
calculation of performance with

capacitive load, 146 
inductive load, 154 
resistive load, 145 

conduction current-anode voltage 
characteristic, 14 7 

inverse voltage of, 144 
rectification efficiency, 145 
types of: 

high vacuum, 144 
mercury vapour, 145 

Rectifier H.T. supply: 
load conditions : 

capacitive, 146 
inductive, 154 
resistive, 145 

types of: 
bridge, 143 
full wave, 133 
half wave, 142 
voltage doubler, 144 
voltage tripler, 159 
voltage quadrupler, 160 

Rectifier ripple filter : 
attenuation-LC characteristic for 

50 c.p.s., 161 
tuned type, 162 

Reflected signals in television recep
tion, 369 

Regeneration in A.F. amplifiers, 26 
Remote tuning : 

magnetic, 222 
pulse control using mains supply 

wiring, 219 
R.F. pulses from portable oscillator, 

222 
rotation of tuning capacitor, 219 
transfer of R.F. and frequency 

changer stages to remote point, 
222 

tuned lines, 223 

Reservoir capacitance, in H.T. supply, 
150 

Resistance, optimum load, of
push-pull stage, 91 
single valve stage, 57 

R.F. amplifier for-
F .M. receiver, 303 
television receiver : 

attenuation distortion in, 374 
audio signal rejection circuits for 

380 
design of, 374 
feedback in, 379 
phase angle error curves for, 377 
phase distortion in, 373 
signal-to-noise ratio for, 374 
time delay in, 373 

Ripple filter, rectifier, see Rectifier 
ripple filter 

Ripple neutralization, 162 

SCailllll1;g generators in television 
receivers: 

special features of, 446 
types of: 

blocking oscillator, 450 
gas-filled relay, 447 
multivibrator, 449 

Screen decoupling circuit : 
frequency response of, 24 
loss of amplification due to, 25 

Selectivity of receiver, measurement 
of, 272 

Self bias for A.F. amplifier : 
calculation of attenuation distor

tion, 21 
compensation by anode decoupling 

circuit, 28 
generalised frequency response 

curves for, 22 
loss of amplification due to, 21 
negative feedback due to, 19 

Sensitivity of receiver, measurement 
of, 269 

Series peaking circuit in v.F. ampli-
fier of television receiver : 

amplification of, 428 
attenuation distortion, 427 
phase distortion, 427 

Service area of F.M. signal, 301 
Shielded pick-up coil for frame aerial 

receiver measurements, 267 
Shock excitation in tone control cir

cuits, 42 
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Shunt peaking circuit in v.P. ampli-
fier of television receiver : 

amplification of, 425 
attenuation distortion, 424 
phase distortion, 425 

Sideband amplitudes in F.M. signal, 
295 

Sideband screech, 187 
Signal generator, standard, 266 
Signal-to-noise ratio in-

F.M. reception, 312 
television reception, 374, 384 

Slope resistance of valve, 8, 23 
Standard-

dummy aerial, 267 
input voltage, 264 
modulation frequency, 265 
modulation percentage, 265 
output power, 265 
signal generator, 266 

Submultiple locked oscillator for F.M. 
compression, 357 

Superheterodyne television receiver : 
choice of I.F., 391 
I.F., harmonic response and, 391 
signal-to-noise ratio of, 384 
vestigial sideband reception with, 

384 
Synchronizing signal separation in 

television reception : 
amplitude separation from vision 

signal, 439 
frequency separation of frame and 

line pulses : 
frame selector integrator cir

cuits, 444 
line selector differentiator cir

cuits, 442 
Synchronizing signals in television : 

frame, 363 
line, 363 

T elevision receiver : 
deflecting system, 454 

distortion in : 
attenuation, 367 
harmonic, 367 
phase, 368 
transient, 367 

electrical impulse to light conver-
ter, 366 

essential features of, 364 
power supplies and focusing, 461 
scanning genera,tors for, 446 

Television receiver-contd. 
stages of: 

aerial, 368 
detector, 410 
frequency changer, 384 
I.F. amplifier, 391 
oscillator, 390 
R.F. amplifier, 371 
v.F. amplifier, 419 

synchronizing pulse separation : 
frame from line, 441 
vision from synchronizing, 439 

types of: 
superheterodyne, 381 
tuned R.F., 377 

Television reception : 
active picture elements, 362 
conversion of iight to electrical 

impulse, 360 
definition in, 361 
double sideband transmission, 364 
frequency spectrum occupied, 362 
scanning in, 361 
successive transmission, 360 
synchronizing signals for, 362 
vestigial sideband transmission, 

364 
Tetrode A.F. amplifier: 

comparison with triode, 14 
effect of grid leak on performance, 

18 
maximum amplification of, 14 

Thevenin's theorem, 467 
Threshold area in F.M. reception, 299 
Throw-out frequen.cy in A.F.c., 225 
Time constants of A.v.c. filter cir-

cuits, 200 
Tone control circuits : 

shock excitation in, 42 
types of: 

combined volume and tone con-
trol, 54 

high frequency attenuation, 43 
high frequency intensification, 44 
low frequency attenuation, 47 
low frequency intensification, 48 
narrow band-pass filter, 50 
narrow band rejector filter, 52 

Transfer voltage ratio, aerial to first 
R.F. valve, in F.M. receiver, 310 

Transformer : 
input for Class B positive drive, 94 
mains: 

design of, 135 
effect of leakage inductance, 140 
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Transformer-contd. 
mains-contd. 

electrical stress in, 135 
equivalent circuit for, 134 
iron and copper losses, 138 
no-load and full-load conditions, 

139 
temperature rise on full-load, 141 
winding distribution, 136 

output: 
current distortion factor in, 106 
design of, 97 
distortion : 

attenuation, 102 
harmonic, 104 

effect of n.c. polarizing current 
in, 108 

for Class B operation, 95 
leakage inductance of, 102 
power handling capacity, 111 
push-pull, 104 
types of winding for, 102 

Transformer coupled A.F. amplifier : 
high frequency response of, 35 
leakage inductance in, 31 
low frequency response of, 33 
medium frequency amplification, 

32 
resonance in, 28 
secondary distributed capacitance, 

29 
Transient distortion in-

A.F. amplifiers, 6 
television reception, 367 

Trebler, voltage, rectifier, 159 
Triangular noise distribution in F.M. 

reception, 298 
Triode A.F. amplifier : 

comparison with tetrode, 14 
effect of grid leak on performance, 

18 
maximum amplification of, 13 

Tuning: 
automatic control of, 224 
push-button, 214 
remote, 219 

Two signal-
cross-talk interference test, 276 
selectivity test, 275 

V. ariable reactance control for 
A.F.C.: 

limited characteristic, 262 

Variable reacta.nce control for A.F.c. 
-contd. 

motor operated capacitor, 245 
polarized capacitor, 246 
polarized inductor, 24 7 
unlimited characteristic, 262 
valve, 248 

Variable reactance valve : 
performance of, over

long wave range, 257 
medium wave range, 254 
short wave range, 257 

types of: 
capacitive, 253 
inductive, 252 

Vibrator H.T. supply : 
action of, 176 
efficiency of, 178 
suppression of interference from, 

175 
types of, 174 

Vision frequency amplification in 
television : 

effect of attenuation and phase 
distortion in, 367, 420 

high frequency performance : 
characteristic of, 419 
compensation for stray capaci

tance: 
combination of series and 

shunt peaking circuits, 428 
series peaking circuit, 426 
shunt peaking circuit, 421 

distortion in : 
attenuation, 420 
phase, 420 

measurement of amplification 
and phase shift, 430 

low frequency performance : 
compensation for attenuation 

and phase delay due to
cathode self-bias circuit, 435 
grid leak and coupling, 432 
screen circuit, 436 

distortion in : 
attenuation, 420 
phase, 420 

motor boating, 436 
output voltage required, 419 
restoration of n.c. component by

diode, 437 
grid current in last valve, 437 

transient distortion in, 420 
types of valves for, 420 

Voltage doubler rectifier, 144 
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Voltage negative feedback, 
amplification with, ll5 
equivalent generator impedance, 

ll5 
Voltage quadrupler rectifier, 160 

Voltage tripler rectifier, 159 
Volume, combined volume and tone 

control, 54 
Volume compression, 207 
Volume expansion, 207 

THE END 


