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AUTHOR'S PREFAOE
Tms book is an attempt to convey to the reader some of the
experiences of a radio designer obtained over a number of years in
a large works laboratory.
It deals mainly with those problems which are closely Jinked
with the daily routine work of an engineer, both i~ the development
and testing of radio receiving apparatus of all types. Intimate
details of many aspects of receiver work are given rather than a
comprehensive treatment, general principles being adequately
dealt with in the existing excellent textbooks.
The real technique of experimental work starts where unexpected
complications occur, where a circuit behaves in a manner not
readily predicted from its circuit diagram. The technique of
design, on the other hand, consists in foreseeing complications and
in being able to work out on paper the electrical circuit and the
mechanical construction so that serious trouble is not likely to
occur. To develop qualities necessary for such work, i.e. a feeling
for the right order of magnitude, a quick grasp of essential facts
and common sense in approaching the problems, is the principal
aim of this book.
Calculations are always used as a means to an end and derivations of formulae are given mainly to illustrate simple methods
of computation. Complicated mathematics are avoided and
approximations suitable to the problem in hand have been made
whenever possible.
The author wishes to express his thanks to Mr. M. Morgan and
Dr. G. L. Grisdale, former colleagues at Marconi's Wireless Telegraph Company Ltd., for useful suggestions in the earlier stages
of this work, to Mr. R. H. Garner, Head of Engineering Department, Technical College, Shrewsbury, and Mr. S. W. Punnett of
University College, Southampton, for help in proof reading. A
particular debt of gratitude is owed to Professor A. M. Taylor,
University College, Southampton, for his interest, encouragement
and help during the past eighteen months that the author has been
working in his department.
E. E. Z.
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db.

arrow applied in drawings, usually indicating the path of the
alternating current rather than the direction
decibel, indicating a fractional step of approximately 26% in
power. It is nowadays often applied to response curves,
stage gain, etc., to indicate a voltage ratio of approximately
1: 1·12. In this case no reference to power is involved,
owing to the impedance not necessarily being the same for
different voltages. The latter method is not in accordance
with the original conception of the decibel scale ; it has
become popular because it has proved very convenient.
The following table gives the approximate relationship :
db.

1
3
6
10
20
40
60

Power ratio

1·26
2
4
10
100
10,000
1,000,000

Voltage ratio

1-12
1-41
2
3·16
10
100
1,000

The number n of decibels expressing a given voltage ratio A is
n = 20 log10 A

SOME USEFUL FORMULAE
Inductance of a One-layer Coil, Tubular or Pancake Form.
'

q

T
.D

D

1 l:f:j
_t_i

L (in microhenries) = kDn 2 x 10- 3 , where D is the average diameter and
l the winding length in centimetres, n the total number of turns, and
where k is to be taken from the graph I.
Inductance of a Multilayer Coil.
L (in microhenries) = DN 1 (k1 - k 2 ) x 10- 3; where Dis the mean diameter,

Tl1

D

11

~l--i
d the winding depth and l the thickness of the coil as indicated in the drawing, all in centimetres. N is the total number of turns, k1 and k 8 are to be
taken from the graph II.
If the coil is wave-wound the inductance is about 10% greater tha.n
given by the formula, owing to the increased wire length.
Inductance of a One-tum Loop. Oircular Loop.-L (in micro-

14·5 x I0- 3D (1og10~ + 0·138), where Dis the diameter of the
circle and d is the diameter of the wire in centimetres.
henries)

=

18·5 x 10- 3 l (1og10 ~ + 0·07),
where l is the side of the square and d is the diameter of the wire in centimetres.
Capacitance between Two Parallel Plates. 0 (in picofarads)
= A/11·3d, where A is the area of the plates in square centimetres and d
the distance in centimetres, and where d is supposed to be small compared
with the lateral dimensions of the plates.
Capacitance between Two Parallel Wires. O (in picofarads per
12 1
metre) =
" d, where d is the distance between the centres of the wires
log10 r
and r is the radius of the wires, both measured in the same units.
Capacitance of a Concentric Feeder. 0 (in picofarads per metre)
= 24 ' 2R, where R is the internal radius of the outer tube and r the external
log10
radius of the inner conductor, both measured in the same units. The dielectric
constant in this and the two previous cases is supposed to be unity.

Square Loop.-L (in microhenries)

r
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Inductance of Two Parallel Wires.

L (in microhenries per metre)
= 0·92 log10 <},_}
Inductance of a Concentric Feeder. r d and r in the same units.
L (in microhenries per metre)

=

0·46 log10 !!_

r

Inductance of a Single Wire.
L (in microhenries)

=

4·6x 10- 3 l (1og10~+0·276), where l is the length

and d is the diameter of the wire in centimetres.

Characteristic
Z 0 (in ohms) =

Impedance

. ;-·

V ~=

of

an

Open

Two-wire

Feeder .

d

276 log10

-:;.·

Characteristic Impedance of a Concentric Feeder.
Z 0 (in ohtns)

=

✓~ =

138 log 10 ~-

In these two formulae there is : L the inductance per metre in henries,
0 the capacitance per metre in farads, d, r and R as given above. The
feeder damping is supposed to be zero, in which case Z0 is resistive.
Z
- +.
Jta n2:nl
Input Impedance Zi of a Feeder.

Zi =

z

Zo
A , where l is
.Z t
2:nl
I +J- a n Z0
A
the feeder length, Z 0 the characteristic impedance, Z the terminating impedance and A the wave-length concerned. The feeder damping is neglected.
The following facts result almost immediately.
I. Z = Z 0 , i.e., the feeder is terminated with its characteristic impedance.
Z; = Z 0 , for any length of feeder.
A 3.1 5.1
2:nl
2. l = , , , etc., tan T = oo.
0

4 4 4

= 0 (short circuit at the end).
zi = oo.
Z = oo (open circuit at the end).
zi = o.

(a) Z
(b)

= R (terminating impedance is resistive).
zo2
b .
. t·
Z i = R'
i
emg resis ive.
A 2). 3.1
2:nl
3. l = ,
, , etc., tan T = 0.
(c) Z

z

2 2 2

(a) Z = 0, zi = 0.
(b) Z = oo, Zi = oo.
(c) Z = R, Zi = R.

This shows that such a feeder acts as a l : 1 transformer, the input impedance being equal to the terminating impedance.
4. l~A.
2:nl h .
.
d ance is
. ind uctive.
()
a Z = O, Z i = J·ztan T'
t e mput impe
(b) Z =

2:nl th .
.
d ance is
. capacitive.
. .
oo, Z i = - J·z;tan T'
e mput impe

CHAPTER 1

SOME FUNDAMENTAL THEORETICAL FACTS
To understand the results treated in this book the knowledge
of a series of fundamental laws and facts is required. Though they
may be found in any textbook, and though the reader is supposed
to be familiar with these subjects, they will be briefly reviewed
for reference. As mentioned in the introduction, practical application is given the first place. The results may not always be exact,
but they are sufficiently correct for the cases occurring in practice.
Ohm's and Kirchhoff's laws are the foundation on which all the
other laws are built. They can be used to derive any result desired.
But their application is often laborious where other means may
yield the immediate result. It seems necessary, however, to include
here a warning. Tempting and elegant as these other means appear,
they should be used with caution. Wherever there seems doubt
as to their applicability, it may be preferable to go back to the
fundamental derivation by Ohm's and Kirchhoff's laws. In paragraph 10 of this chapter an example is given where the seemingly
appropriate use of a simplifying circuit leads one astray when the
application of the fundamental laws leads easily to the desired
result.
1. Inductive and Capacitive Reactance. The reactance of
an inductance L for alternating current is jwL, w being 2n times
the current frequency f, and j indicating that the current I = . EL
:JW
lags behind the E.M.F. at the inductance terminals by 90°.
1
The reactance of a capacitance is .
= - jC' the current
:JW 0
W
leading the E.M.F. by 90°.
To obtain the reactance in ohms, L has to be expressed in henries,
C in farads. In radio the values 10- 6 henry= 1 microhenry (1 µH)
and 10- 12 farad = 1 micro-microfarad (1 µµF or 1 pF) are those
used most, and the ohmic values of reactances may be given in terms
of µHand pF.
wL (ohms) = 6·28 JL (L in µH, f in Mc/s)
1
wC (ohms)

=

0·159 X 10 6
•
•
JC
(C m pF, / m Mc/s).
1
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If the wave-length ;. is introduced instead of the frequency the
formulae become :
wL (ohms)

= l,s;oL, (L in µH, ;. in

m)

1 (oh ms ) = 530).
. p F , ,.1 mm).
•
wO
- , (O m

0

Example : Given a sinusoidal E.M.F., f = 300 Kc/s = 0·3 Mc/s,
value = 10 m V. What is the current if a capacitance of
300 pF is connected across the source of E.M.F. ?
..
. 0·159 x 106
s:
Thecapacitivereactance1s _ x
= 1,7650h ms,th ere.1ore

R.M.S.

03

300

the current is 5·66 microamps. The wave form of the current
is a sine curve.
If the E.M.F. is periodic but of a distorted wave form, it can be
divided into its sinusoidal components according to Fourier's analysis
and the current determined for each of these. The total current is
obtained by adding all the individual sine components. In this
case the wave forms of E.M.F. and current are the same for a purely
resistive load, they are different if the load possesses an inductive
or capacitive component. This follows immediately from the above
discussion.
If, on the other hand, a current with a distorted wave form is
known and the p.d. across a reactive load is to be found, a
corresponding method can be applied.
Its practical importance will be seen in Chapter 10, where the
problem of suppressing the harmonics of an oscillator is discussed.
2. Real and Wattless Power. Given an impedance Z and
a current I causing a p.d. E = l·Z across Z. The product
2

El = l 2Z = ~ is the power dissipated in Z.

If Z is ohmic, the

dissipated power is real and results in heating up the impedance.
If Z is imaginary, the product El is called the wattless power.
For any load :

Real power = E·I cos L:.. El.
Wattless power = E·I sin l:.. El.

To think in power, either real or wattless, has often the advantage
of quickly arriving at results which otherwise require an appreciable
amount of calculation. It is easy to see that two different loads
which, for a given E.M.F., absorb the same watts are interchangeable,
watts being used in the general sense as the sum of real and wattless
power. As the watts are the product El the statement just made
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seems self-evident, as it is only another expression for the identity
of two impedances. It will, notwithstanding, prove useful.
3. Two Impedances in Parallel. The parallel combination
Z of two impedances Z 1 and Z 2 is ZZiZza . This follows immediately
1+ 2
from a power consideration. With an applied E.M.F. E, the power
dissipated in Z 1 and Z 2 is
E2 E2
E2
E2 E2
Z1Z2
Z1+Za' therefore z = zl+z/ z = Z1+Z2'

The values ~'

~i' ~ are called the admittances, and it follows at
2

once that the parallel combination of several admittances is equal
to their sum. It will often prove advantageous to work with admittances when circuits with several impedances in parallel are to be
investigated.
To obtain the absolute value of an impedance, disregarding its
phase, the real and imaginary components have to be separated.
The absolute value is the square root of the sum of both squares,
according to the well-known rule I a+jb I =
a 2 +b 2 •
Example: Given an E.M.F. E 1 of 10 volts R.M.s., f = 1 Mc/s,
and a parallel combination of
L = 200 µH and O = IOQ pF, in
series with a resistance r = 2,000
ohms (Fig. 1). The magnitude and
r
phase of the currents through L, 0
and r are to be computed.

v

wL

= 1,256 ohms,

1
wO = 1,590

"-'Ei.

C

ohms, their parallel combination
Fro. I.
being 5,980 ohms inductive.
Total impedance (2,000+j5,980) ohms = 6,300 ohms in absolute
value.
Ir= 6 ½h· amp.= 1·59 mA.
E (across LO) = 1·59 x 10- 3 x 5,980 = 9·5 volts.
9·5
9·5
Therefore IL= - - :::= 7·6 mA, Ia=
~ 6 mA.
1,5 90
1, 256
Ia is in antiphase with IL and hence Ir = IL - Ia, according
to Kirchhoff's law.
.
5,980
The phase angle between E 1 and I r is arc tan 2,000 ~ 71·5°,
Ir lagging behind E 1 • IL is in phase with Ir, Ia is 180° out of phase

4

THE TECHNIQUE OF RADIO DESIGN

with IL and therefore leading E 1
by 108·5°. The vector diagram of
all the currents and voltages is
Er given in Fig. 2. It should not
------\""'---=--_.,----=- require any further explanation.
le

4. Equivalence of Series and
Parallel Combination. A series
combination of a resistance r and
an inductance L is equivalent to a

FIG. 2.

parallel combination of a resistance

R and an inductance L', the relations being :

[1+(w;)]
L' = £[1+(:L)]·

R = r

For capacitance and resistance the corresponding relations are :
O'

If r is small compared with wL or

:o

=

0
.
I+(rw0) 2

respectively (the usual case

in radio frequency), the equations become:
2
R = (wL)
L' = L and
r '
I

R=-(w0)2r'

0' =0.

If the parallel combination is given and the series combination
is to be found the formulae are:
R
L'
L=----wL')2'
I+ wL'
( R

r=~(~R)2'

and

1+ -

R
r = ---I+(Rw0')2'

and for R large compared with wL' or w~'
(wL') 2
R'

L=L'

I
(w0')2R'

0 =0'.

r=---

r

=
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The relations can be easily proved by writing down the expressions
for the series and parallel combination and equating the real and
imaginary parts, e.g.
r+ 'wL = RjwL' = RjwL'(R - jwL')
J
R+jwL'
R 2+(wL')2
R(wL') 2
R
L'
r = RZ+(wL')2 =
( R
l+ wL'

)2'

The reversed relations are best derived by working with admittances,

1

1

R+jwL'

viz.

1

= r+jwL' etc.

Using the previously mentioned fact that both combinations dissipate the same power naturally leads to the same results. It may
be applied in order to replace the series combination of r and L by
the parallel combination of Rand L'. If the applied voltage is E,
the p.d. across r becomes -\/ Er
and the power dissipated in r is
r2+w2L2
2
2
E r •~
The power dissipated in R being ER there follows
r2+w2L2·
E2
E 2r
1[ = r2+w2L2'
Equating in the same way the wattless powers gives

E2wL

r 2 +w 2L 2

= E2'
wL'

L'

= L[1+(wrL)2],

as shown before.
Example 1. A series combination L = 200 µHand r = 10 ohms
is to be replaced by an equivalent parallel combination of Rand L',
at frequencies 0·6 Mc/s and 1·5 Mc/s respectively.
At 0·6 Mc/s
R :!= 57,000 ohms, L' :!= 200 µH.
At 1·5 Mc/s
R :!= 355,000 ohms, L' :!= 200 µH.
Example 2. A parallel combination C' = 20 pF and R = 5,000
ohms is to be replaced by an equivalent series combination of r and
0 at a frequency f = 3 Mc/s.
r = 1,100 ohms, C = 25·6 pF.
5. Resonant Frequency, Tuning Problems. The impedance
ofa series combination of Land 0, both non-resistive, isj( wL -

de)-
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1
The frequency /o =Wo
-=
V1
2:re 2:rc LC
vLC
is called the resonant frequency of L and C. If L is expressed in
µH, C in pF, the resonant frequency is:

It becomes zero 1'f w

= w 0 = --:-- 1 _ ,

1 9

f (in Mc/s) = _}
vLC
A (in metres) = 1·88VLC.

and

The impedance of L and O lll parallel is

~

r

1

.{
1
J wL--

and

wC
this becomes infinite for w = w 0 •
The impedance of L, C and r in series becomes r for the resonant
frequency. Applying an E.M.F. of resonant frequency produces the
E
current I = -. The voltage across L and C becomes
r
E'

= ~woL = ~ - -·
1

r
r w 0C
If r is small compared with woL, E' constitutes a gain in amplitude
compared with the applied

E.M.F.

The factor EE'= woL = - IC
(
r
W0 r

is called the magnification factor Q of the circuit, and w~

= rw 0C

is called the circuit damping d.
According to paragraph 4 the series resistance r is in practice
2

equivalent to a resistance R = (woL) in parallel to either L or C.
r
In this case there is :
I
R
Q = - = - - = Rw 0C.
d
woL
For any frequency !!!__ the current through L, C and r in series is
2:rc

E

E

r+jwL+. IC

r+jwoL(~ -

JW

Wo

Wo)

,

W

• ca11e d y, t h e equation
·
b ecomes
- 1s
If. -w - Wo
Wo

W

E
I
I = - - - . , or I 11
r I +JJ!
d

w 0 b.
e1ng . 1 I_ .

vLC

SOME FUNDAMENTAL THEORETICAL FACTS

7

The latter equation represents the resonance curve of the tuned
circuit, i.e. its ability to distinguish between E.M.F.s of different
frequency. The current is a maximum for y = 0 (ro = ro 0 ) and
falls off with increasing y, y being a measure of mistuning. For
frequencies differing from ro 0 by only a few per cent y is approximately
2(ro - ro 0 ) _ 2 x percentage mistuning
lOo
100
as in this case
ro
lOlOo
lOo
For larger differences the phrase percentage mistuning should be
used with caution, as the amplitude of the current is different for
positive or negative mistuning. The deciding factor is y, and the
above formula shows that the amplitude for, say, twice the resonant
frequency is the same as for half the resonant frequency.
1
The resonance curve is best plotted in terms of
, the ratio
1max.
lOo

being

v-~·-.
1 +(yQ)2

This form is quite general and very handy.

The following table gives the connection between y and the
percentage mistuning, showing clearly that up to about 10% mis2 perc. mist.
tuning it will be permissible to use for y simply
100
y

Mistuning in %

~ > 1, y > 0
w,

1
2
3
4
5
6
7
8
9
10

0·02
0·04
0·059
0·078
0·098
0·117
0·135
0·154
0·173
0·191

~ < 1, y < 0
Wo

0·02
0·04
0·061
0·082
0·103
0·~24
0·145
0·167
0·189
0·21

Fig. 3 shows the resonance curve of one circuit, derived from
the formula given above, abscissa and ordinate being drawn in
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..
I
l
d
For 1arger percent age m1stunmg - - = ~Q' an
1max.
Y
the curve becomes linear in the
~ 0 ·,..'-'""""r--,;.....;=---,-----','-,--,-+--'-r'o- double logarithmic scale. This
~ 2
has the advantage that in tak(} 4
{i
ing
measurements any faults or
6
" 8
errors will show up immediately.
~
~,o
The curves for two or more non..., 12
coupled circuits are obtained by
addition of the ordinates.
Fm. 3.-Response Curve of One Tuned
Circuit.
Example. A circuit is tuned
to I Mc/s, d = 1·2%. Find the
1ogarit h mic sea1e.

.

I

rat10 - - for ± 140 Kc/s mistuning.
1max.
For +140 Kc/s mistuning, i.e. for f

~ = yQ =

d

-

21·7,

I

]max.

=

=

1·14 Mc/s, y ~ 0·26,

l

- - -2 = 0·046

Vl +21·7

'

corresponding to a drop of nearly 27 db.
For - 140 Kc/s mistuning, i.e. for f = 0·86 Mc/s, y = 0·303,
'!/_

d

=

_!__ =

25,

0·04,

]max

corresponding to a drop of 28 db.
A quick and fairly rough estimate would proceed on the following
lines applying to either case: mistuning 14%, hence y = 28%,
y
I
.
d = l ·2%, d- = 23·3,
= 0·043, showmg an error ofless than 10%.

r--

max.

Usually in receiver technique it is not the current that is of
interest but the voltage across Lor 0. In the first case the formula
w
changes to E 2 I=EQ V
J

Wo

1 +(yQ)2

•

The perfect symmetry which holds

for the current exists no longer. As long as frequencies within a few
per cent mistuning are concerned the difference is negligible, but
above, say, 10%, its influence begins to show. For y = ± l ·5,
i.e. frequencies twice or half the resonant frequency, the difference
is already 1 : 4. Whereas for low frequencies the volts across L are
approaching zero they become E for infinitely high frequencies.
In the old days, when the selectivity of receivers was based on one
circuit only, this fact used to be of importance. With modern
receivers it will prove serious only in exceptional cases, e.g. with
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reception in the immediate neighbourhood of a strong transmitter
and the consequent danger of cross-modulation at the first valve.

E

I

The formula I = . Q' given at the beginning of this
r 1 +JY
chapter, reveals another feature
c
not yet mentioned. For y = 0,
-----.
i.e. at resonant frequency, I is
in phase with E. At other frequencies there is a phase shift cp,
tan cp being yQ. For frequencies
higher than lo I is lagging, for
Fm. 4.
frequencies lower than lo I is
leading. A case where phase consideration is of first importance
will be shown in paragraph 7 of this chapter.
The impedance of a parallel combination of L and 0, with a
resistance r in series to L (Fig. 4), is

r
L
"'(]+ O
Z _
JW = _Jw
_ __
- r +·JW L+ - 1 r+jwoLy
jwO
. £) 1
(r+Jw
"'(]

Usually in the neighbourhood of the resonant frequency the
term

g

is large compared with j;O and the impedance of the cir-

cuit becomes Wo~QQ; the resonance impedance w 0LQ is called the
l+JY
Z 0 of the circuit. Using this term in the above formula the circuit
impedance is - Z~ Q' *
I+JY
In the vicinity of the resonant frequency a slight change of
frequency produces only a small change in amplitude but a large
change in phase. For yQ = I, which corresponds to a frequency
change bf = {

;J'

the impedance becomes

value, whereas the change in phase is 45°.

J2

of the maximum

The fact will be found

* The frequency at which the circuit impedance is purely resistive is
I

f = 2n v LC

V

I

+ (-½)

2 ;:,::::

f o· This value

is only of theoretical interest,

1
as there is always series and parallel damping in R.F. circuits.
the discussion on phase in paragraph 7 of this chapter.

Compare
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of importance when discussing the possibilities of feedback in
Chapter 9.
If, for the resonant frequency, r is replaced by an equivalent
parallel resistance R, then R is, according to paragraph 4, equal to
Wo2£2

-r- = woLQ = Z 0 • This result is obvious as for resonance the

parallel combination of Land C becomes infinite and only R remains.
The above formula for the impedance of the parallel tuned circuit
contains the same expression in the denominator as that for the
current in the series-tuned circuit shown above. If, therefore,
a constant current I is flowing into the parallel circuit, the p.d.
across the circuit obeys the same law with respect to frequency as
does the current for a series combination of L, C and r, and it thus
provides the same selectivity features.*
For frequencies far off resonance there is an asymmetry, similar
to that shown for the series circuit ; it is due to the influence
of

j;C

in comparison with ~-

For high frequencies the p.d. across

the circuit tends to zero, for low frequencies it can never fall below Ir.
If the circuit contains parallel damping R only, the symmetry in

R_ Q" (The influence
1 +JY
of r and R varying with frequency is neglected.)
The effect of asymmetrical resonance curves in receiver design
will be shown later on several occasions.
6. Damping of a More Complicated Circuit. If a tuned
circuit contains several resistances, parallel or series, the total
damping can be computed as the sum of each single damping.
Thus, if there is a series resistance rand a parallel resistance R, and
y is perfect, the circuit impedance being

if

:L =

d 1 and

w: = d
1,

the total damping is d1 +d2.

The relation between the corresponding Q values is not quite
so simp le.

If Q1

1
= di'

Q

2

1 h
l . Q.
= dz'
t e resu tmg 1s

Q1Q2
Q +Q
1

•

D

ue

2

to these facts, working with d will often be more convenient, and
d is, therefore, frequently given preference in this book.
If a tuned circuit consists of more than one inductance and one
capacitance the damping can always be computed by using the
* Constant current implies a generator having an impedance large compared with that of the parallel circuit at any frequency ; a pentode can
usually be considered a constant current device.
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formulae given under paragraph 4 and realising, on the other hand,
that for L and O the total resultant values have to be applied.
Example. (Fig. 5.) L1 = 500 µH, L 1 = 100 µH, 0 1 = 150 pF,
0 1 = 600 pF, r 1 = 50 ohms, r 1 = 3 ohms, R = 10,000 ohms. The
resonant frequency and the circuit damping are to be determined.
· d uct ance 1s
. LiLiLi
.
The t ot a I m
+Li = 83·3 µ H , t he tota1 capac10101
+c. = 120 pF.
01
1·6 Mc/s (paragraph 5).

tance

Consequently the resonant frequency is

2L 2
r 1 can be replaced by a parallel resistance ~ ~ 0·5 MD,
r1

hence d 1 = 0·166% * ; r 1 is equivalent
to about 0·33 MD parallel resistance,
giving a d 1 = 0·25o/o. The damping
influence of R is that of a series
resistance of 2·77 ohms, resulting in
d 3 = 0·334o/o.
Therefore the total
damping is d 1 +d 1 +d 1 = 0·75% and
Q

=

R
Fm. 5.

133.

A general formulation for the circuit damping can be given al'!
the ratio of real dissipated power to wattless power, i.e.

i:!2
or

!

2

•

1:f;w:

The truth of this statement is apparent when a circuit,

Ew OL
by the above procedure, has been reduced to r, L and O in series
or R, L and O in parallel. In the latter case the dissipated power
E•
E2
is R, the wattless power is waL or E 2waC,

. E2
E2
d bemg R -:- waL

waL

= R"

7. Phase Conditions. The maximum current through a series
combination of r, L and O occurs for the frequency f =

1

_ ,

2nVLC
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the current being in phase with the E.M.F. (paragraph 5). If the
series resistance is replaced by a resistance in parallel with the coil
or the condenser, the conditions are different, though for a small
damping the difference is negligible. For a large damping the
frequency at which the current is a maximum is no longer the
same as that at which E and J are in phase. This fact, can be of
importance in direction finding or directional reception where often
the tuned aerial is heavily damped in order to obtain a fairly constant phase for a given frequency band. The subject is somewhat
outside the scope of this book. It seems, however, of sufficiently
wide application to justify its
C
being included in the introductory
chapter. The conditions may be
studied
for two cases.
R
Example I. (Fig. 6.) Under
what conditions will an E.M.F. be
Fm. 6.
induced in £ 1 90° out of phase
with E 1 ?
The required phase condition is fulfilled for the resonant frequency f O =

J-,

2n L 1C

as can be seen from the following equation :

RjwL 1
E _ E
R +jwL1
E1
_
1
1
RjwL 1 _ j_ _ _ I_R+jwL/
1
R +jwL 1 wC
wC RwL 1
E1R
E1R M
which becomes - --:---y- for w = w 0 ; hence E 2 = - ~ -L . In
I

JWou1

JWou1

1

practice the frequency w will be given and the capacitance C has
to be adjusted to give correct phase. The above equation shows
1
that the phase is correct when C = - - , independently of the
Wo2L1

amount of damping. Therefore it would be possible to gang the
circuit with the rest of the receiver in the usual way.
If the circuit tuning is separate, a mistake might easily occur
by tuning the circuit to maximum signal strength and assuming
the phase condition to be automatically correct. To find the value
of C for maximum reception, E 2 must be expressed in absolute
value as a function of E 1 •
I E2I

=

✓(1 -

ar

E1

1

ro 2

1

'

+R 2~

02

2
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Differentiating the term under the root with respect to G and
equating to zero gives
2 ( 1 - w21 0)
1
G =

_1_+£1

=

x (w2;1 02) - R2:2cs = o,
2
_1_[1+(WL1) ] = _l_(l+d2).

R2
w2L1
R
w2L1
For a damping of approximately 30%, a not unusually high value
for the tuned aerial in directional reception, tuning the aerial to
maximum input would result in a tuning 5% different from that
required, with a phase error of 18°. The correct method would
be either to replace R by a
series resistance or otherwise to
tune first without R to maximum input and then to add R
afterwards. In order to obtain
the correct amplitude the mutual
inductance M between the two
Fm. 7.
coils £ 1 and £ 2 may be varied.
Example 2. (Fig. 7.) Under what conditions will E 2 be 90° out
of phase with E 1 ?
A simple calculation shows that the phase condition is fulfilled
1
for O1 +0 2 = :L , independent of r 1 • On the other hand, if r 1
,
W
1
W01
the amplitude of E 2 will not be affected by Oi, and a maximum
w2L1

•

1

E 2 is obtained by adjusting 0 2 to ~L, resulting in an obvious phase
W

1

error for E 2 •
If r 1 is replaced by a resistance R parallel to O 2 , a variation of
0 2 tunes to maximum E 2 and to correct phase condition simultaneously. If Z is the impedance of £ 1 , 0 2 and R in parallel,
E, becomes
E 1Z M -EM
jwG1
1
_I_ £ 1 £1 •
•
1
1'
Z+ . O
;w01 +;w02+--;--L +RJW 1
JW 1
showing immediately that the same value of O 2 gives maximum
E 2 and the desired phase relation at the same time.
8. Anti-Resonance. Selectivity is usually achieved by providing maximum gain for the desired frequency. Another means,
often used in addition, consists in providing maximum loss for the
non-desired frequency. The maximum loss may be achieved in
many ways: inserting in the current path an impedance which is
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a maximum for the undesired frequency (rejector circuit), by-passing
the load with an impedance which is a minimum for the undesired
frequency (acceptor circuit) or using couplings which are variable
with frequency and become a minimum for the undesired frequency
(all kinds of bridge circuits). The frequencies of maximum loss
are often called the anti-resonance points of the circuit employed.
Anti-resonance points may be used to produce selectivity curves
with extremely steep sides (Fig. 8), or they may serve to give pro-

Fxo. 9.

Fro. 8.

tection against a strong signal of very different frequency (Fig. 9).
Examples of the type Fig. 9 will be given in Chapter 5; a detailed
discussion of the type Fig. 8 is beyond the scope of this book.
9. Thevenin's Theorem. For the problems treated in the
following paragraphs Thevenin's theorem will be found a most useful
instrument for simplifying complex conditions. It reads as follows :
"The current in any impedance Z, connected to two terminals
of a network, is the same as if Z were connected to a simple generator,
of which the generated voltage is the open-circuited voltage at the
terminals in question and of which the impedance is the impedance
of the network looking back from the terminals, when all generators
are replaced by impedances equal to the internal impedances of the
generators."
The meaning of the theorem may be explained by a simple case.
In the circuit Fig. 10a the impedance in question may be r+jwL,
~Ci

A

·;-·-i

C2
L E2
..___ _ _B~ _____

"\.,£J

l

Fro. 10a.

I

c!+c2

A

"\., E1 _fi_
Cj+Cz

-~----f
L

E2

I

....___ _ _ _ _ -__ !
Fro. 10b.

the terminals being A and B. The open-circuited voltage across
A and B is E 10 1 , the impedance when looking into AB from
1+ 0 2
the right is that of C 1 and C 2 in parallel. Fig. 10a, therefore,

°
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simplifies to Fig. 10b, from which the voltage E 2 across L follows
immediately
Ea= E1_0_
r+jwL
01+01 +· L+
I
r JW
• G G
JW( 1 + z)
This equation shows that G1 is part of the tuning in the same
way as if the E.M.F. were inserted in series with L. The maximum
E 2 occurs for
w2

=

I
,
L(G1 +Ga)

IE
B(maz.)

I= IE

_0_ r+jwLI ~E1 QG1
101
+o.
r
01 +Ga

10. Equivalent Circuit of a Transformer.

(Fig. Ila.)

A transformer has two inductances L 1 and L 1 , the coupling fac-

tor between L 1 and L 1 being unity and the transformer resistance
regarded as negligible. Looking into the transformer from one side,
s:i.y L 2 , the network between the terminals of L 1 ca11 be replaced

FIG. llb.

FIG. Ila.

by another similar network across L 2 where all the original impedances are multiplied by the ratio ~: and all the E.M.F.s by the
ratio

J"€..

Using this principle, Fig. Ila simplifies to Fig. llb,

As the coupling factor is supposed to be unity, the ratio ~: can
2

be replaced by (::)

,

n 1 and n 1 being the corresponding numbers

of turns.
If the coupling factor between L 1 and La is k, k
1, L 1 can be
divided into two parts, L 1k 2 and L 1(1 - k 2), L 1k 2 playing the part
of L 1 in Fig. Ila and L 1 (I - k 2 ) being outside. This leaves, as
can be readily seen, the mutual inductance and the primary load
unchanged. The new circuit can be treated according to Figs. I la
and llb, thus leading to the three equivalent circuits Figs. 12a,
12b and 12c, which are generally applicable.

<
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It would, of course, be possible instead to divide L 2 into two
parts, L 2k 2 and Lil - k 2 ), and leave L 1 whole, thus arriving at
another equally valid transformer circuit. (Compare the circuit
Fig. 47, which gives the view from the source.)
The equivalent transformer circuit given in Fig. 12c is extremely
useful and enables one to understand easily the working of a transformer and to arrive quickly at the desired results. It seems, for
the problems treated in this book, more suitable than the many
other equivalent circuits, and has, therefore, been preferred. It has,
of course, its limitations. If the effect of capacitance between
primary and secondary is to be investigated the substitution by an
equivalent II section will prove the appropriate procedure: In cases

Fm. 12a.

Fm. 12b.

C, L1Kz
1

Lz

Fm. 12c.

where there exists the slightest doubt as to the validity of the
equivalent transformer circuit, it is preferable to derive the required
result by using Ohm's and Kirchhoff's laws. An example may
prove useful.
Example: An inductance L 0 is coupled to two inductances
L 1 and L 2 with the coupling coefficients k 1 and ks, the coupling
factor between L 1 and Ls being zero. The case occurs in practice,
L 0 being the search coil, L 1 and L 2 the field coils of a goniometer.
What is the inductance of L 0 , if L 1 and L 2 are shorted ?
If, rather rashly, the equivalent circuit Fig. 12c is used,
the effect of the shorted inductances seems equivalent to two
1 - k 2
1 - k 2
inductances L 0 k 2 1 and L 0 k 2 2 in parallel to L 0 , reducing
1

1 - k1 2 - k 2 2+k 1 2k 2 2
Lo to Lo--i - k12k22
.

2
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Applying the general method gives: (Fig. 13.)
Eo = lojwL 0 +l1jwM1 +l2jwM 2
IijwL 1 +l0 jwM 1 = o
I 2jwL 2 +l0 jwM 2 = O.
From these equations it follows that

E 0 = lo(jwLo - f:jwM 1 - !:jwM 2 ) = lofwLo (1 - ki2 - kl),
differing from the above result.
The mistake in using the equivalent transformer circuit is due
to the fact that each of the two inductances
L 1 and L 2 affects L 0 and, therefore, invalidates
the equivalent circuit for the other coil.
The correct result shows, by the way,
that the inductance of the goniometer search
coil does not change when rotating. If k is
the maximum coupling between search coil
and field coil and IX the angle between L 0
and L 1, k 1 is k cos IX and k 2 = k sin IX, L 0
becoming L 0 (l - k 2 cos 21X - k 2 sin 21X) =
Fm. 13,
L 0 (l - k 2), independent of IX.
11. Matchin~ Problems. Given an E.M.F. Ei, a source resistance ri, in series with a load resistance r 1 , the voltage across

r 2 becomes E 1 r+s

and the power dissipated in r2 is E 1 2( ra )2 •
r1 r2
r1 +r2
This value is a maximum when r 2 = ri, the power dissipated in
.
E12
.
r 2 b ecommg
- . The vaIue E12
represents t h e maximum
power
4r1
4r1
which can be derived from a source having the voltage E 1 and
the impedance r 1 •

J~

~ r1,

an ideal transformer with the turns ratio nz =
n1
r1
gives perfect matching conditions. As the power dissipated in
If r 1

r 1 becomes

12

E
4 r1

the voltage E 1 across r 2 is found as follows:

,
2

E1 =
r1

E/',
4r1

E2 =

E1Jf; =
2

r1

E1_n2.
2 n1

The phrase ideal transformer assumes infinite transformer inductance with no resistance and 100% coupling.
If there is not perfect matching between r 1 and r 2 , i.e. if the
turns ratio primary to secondary is t' instead of the optimum
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value t, Ti looks into a resist~nce T1
pated in

T2

becomes Ei\Ti:T'i

= ri

t , and the power dissi(t')2

The voltage across

T2

is found

from simple considerations of power :
2
E
T
_ 2 =E12 _ __
T2
(Ti +T') 2 '
1

1

1
~

T2,

J~,

E 2 = Ei VT T2 = EiJ~
2
Ti+T'
2
Ti J~+ ✓~T1
r'
as shown above, is the maximum voltage possible across

and :'_ indicates the amount of mismatching.
Ti

If we set

2
E 2opt.
E 2 b ecomes EiJra
~ -- =
2

The term

~

T1

A+.!_
A

2

--•

A+_!_
A

is of general validity and applies to all cases where

A+A
energy transfer from one resistance to another takes place. The
term shows that for a given mismatching the loss is the same
whether the source resistance looks into a smaller or larger resistance. (As regards the matching of tuned circuits, see page 30.)
Example: An E.M.F. with the source resistance 10,000 ohms is
connected to a transformer with the step-up ratio 1 : 4. Across
the secondary is a resistance of 50,000 ohms. (1) What is the
mismatching ? (2) What is the E.M.F. across the secondary ?
(3) What other transformer ratio would give the same E.M.F. across
the secondary ?
.
50,000 = 3,120 oh ms, t h e m1smatc
.
h.mg
(1) The source 1ook s mto

16

. b.
rat10 emg

(2) The

T'

ri =

A2

E.M.F.

= 31_2.
across the secondary is

Ei ✓50,000
2

10,000

2

__

,v 3.2 +J__!_

=

0 _95Ei.

3·2

(3) E 2 is unchanged if A = V3·2, i.e. if the source looks into
32,000 ohms. The corresponding transformer ratio is I : l ·25.
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The advantage of using the above formula expressing E 2 in terms
of the maximum obtainable voltage lies in the fact that it gives
immediately the loss due to mismatching and shows how far the
result can be improved. A mismatching of, say, I : 2 results in
a loss of only 6% for E 2 and is usually not serious.
So far, no account has been taken of the finite inductance of
the transformer, its winding resistance or its leakage inductance.
All these factors affect the performance, as can be readily seen
from Fig. 12c. Their practical application is shown in Chapter 3
(The A.F. Transformer Stage).
The problem of energy transfer from a resistance r to a tuned
circuit is easily understood by considering the circuit as a parallel
combination of L, C and R, where R is equal to the impedance Z 0
of the tuned circuit (paragraph 4). The impedance of the transformer is infinite for the resonant frequency, and the ratio
.
·
becomes, und er mate h mg
cond'1t1ons,

!:

.
2l ✓Zo
r' The d ampmg
0f

the circuit, i.e. the factor governing the shape of the response curve,
is naturally affected by the source resistance, the relation being
d = d 0 (l +A 2 ) ; d 0 is the natural circuit damping and d the damping
with the coupling resistance r included. The truth of this follows
from the facts dealt with in the paragraphs 5, 10 and 11. For
A = 1, which is the matching condition, the re1:sistance reflected
from the source across the tuned circuit is equal to Z 0 • The circuit
impedance is halved and the circuit damping doubled. For A = 3,
i.e. if the number of turns across r is approximately three times
the number required for matching, the reflected resistance is ~ 0 ,
increasing the circuit damping in the ratio 1 : 10. Usually A > 1
is called the overcoupled condition, A < 1 the undercoupled condition, though the coupling factor itself may not change at all.
In cases where the selectivity of the tuned circuit is important one
should work with A about½- The voltage in the secondary circuit
becomes 0·8 of the optimum value, and the circuit damping is only
l ·25 times the natural value.
A transformer coupling of less than unity results in a leakage
inductance in series with the source resistance r (paragraph 10).
If its impedance is small compared with r it can be neglected. If
it is large there results a mistuning of the circuit as well as an
additional damping. The conditions become more complicated and
are, in principle, identical with those of a source consisting of a

20
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resistance in series with an inductance the reactance of which is
large compared with the resistance. This case is treated extensively
in Chapter 2.
The matching conditions can be obtained by tapping the coil
instead of using a primary transformer winding if ..r < Z 0 , the coil
working as an auto-transformer. The coil is to be tapped at such
a point that the ratio of turns of total coil to tapping is approximately
~ ; the rule is valid particularly for tubular coils, toroid
coils and coils with an iron-dust core. The turns ratio is thus the
same as that used with a transformer of coupling factor unity,
which fact is made plausible by the following considerations (Fig. 14).
The magnetic field along the tubular coil is fairly constant and
therefore the ratio of the voltages is identical with the ratio of
turns, as is the case with an ideal transformer. In contrast to the
transformer, the winding connected to
r has an inductance which is a larger
proportion of that of the total coil
than results from the squares of the
numbers of turns. But, owing to the
coupling factor being less than unity,
the mutual inductance between the
two is nearly that obtained with an
ideal transformer. The mutual inFm. 14.
ductance determines the matching,
the coupling factor influences only the leakage inductance.
Example: A tubular coil of 60 turns is of diameter 4 cm. and
length 6 cm. (Fig. 14). The tapping is at 20 turns from the earthed
side. If Li is the inductance of the first 20 turns, L 2 that of
the next 40 turns, and La that of the total coil, the values found
from well-known formulae are :

Li = 16·6 microhenries.
La= 43·1
,,
La = 73
,,
The coupling k between Li and La follows from the fact that
£3

= Li+L 2 +2kVLiLs; hence 73 = 16·6+43·1+2kV16·6 x 43·1
:. k = 0·248.

The coupling factor k' between Li and the total inductance La
is found by realising that a current I through Li induces in La a
voltage which can be expressed either as Ijwk' V LiLa, or as
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I(jmL 1 +jmkv'L 1L 2 ). Equating the two expressions and substituting the numerical values gives k' = 0·668.
The coupling part of L 1 is k' 2L 1 = 7·4 microhenries, whereas
for an ideal transformer the inductance of ½ tap would be
\3 = 8· l microhenries.
The mismatching factor is A 2

=

!:1 =

0·91 ; the leakage part

of Li, 9·2 microhenries, can be neglected as its reactance is certainly
small compared with ~

0
•

Taking, in this way, the results of various tappings for the above
coil, Fig. 15 is obtained showing that for a wide range of tappings
the matching properties of the coil are nearly those which would
exist if all the turns were 100% linked with each other. It is

°!~j'·::~
~~
II

-4

·7.

';:

0·2

0-4

0·6

0·8

!·O

Tapping ratio

FIQ. 16.

Fm. 15.

obvious that for the half and full tapping the matching would be
correct. The loss in secondary voltage as compared with optimum
coupling is quite negligible for the whole of the curve.
Optimum energy transfer from a resistance to a tuned circuit
can be obtained by other means than a transformer. Fig. 16 gives
an example of a capacitive coupling. Using Thevenin's theorem
.
1
01
1
and assummg that r 1 4;,_ moOi' E 2 = E 101 +o d' d being the
2

total damping of the circuit due to r 1 and r 2 • Using the equivalent circuit, paragraph 4, we replace r 1 by a parallel resistance
I
.
h d
.
mo2012r1
Th
1d
.
.
causmg t e ampmg
(0 O
e tota ampmg IS
2 2

mo 01

and

ri'

Wo

1

+ r
2
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If L and w 0 are given, 0 1+0 2 has a fixed value, and hence the
2)
.
r1
optimum
value of E2
Ei results when r 2 (01+0
~ +( +
becomes
01 02
a minimum,
~)

~ = F;,
✓ Ti

i.e. when

01+02

Ea is now

E1

1

1

j~.

1

r 1 Wo(0 1+0 2).2r 2

l ✓Z

1

= 2 Vr1r2 w 0 (01+02) = 2
2

w L

.

2

r:'
1

I

Z 0 bemg woLQ = -0 - = - ~
---r2
Wo 2(01 +02) 2 r 2'
The result is identical with that previously obtained
the coil at the optimum point. If r 1 is larger than Z 0 ,
by means of capacitive coupling is not possible.
12. Two Tuned Circuits Coupled Inductively
Other. Two tuned circuits, coupled inductively
other, are still the most popular means of obtaining

by tapping
a matching

with Each
with each
the desired

Fm. 17b.

Fm. 17a.

response curve, since they strike a happy compromise between cost
and performance. According to their importance they may be
treated more broadly.
Using the equivalent transformer circuit and replacing L 1 (l - k 2 )
by L 1 , which is permissible for the coupling factors occurring in
practice (k < 10%), Fig. 17a changes to Fig. 17b.
To understand the behaviour of two coupled circuits it may
first be assumed that r 1 and r 2 are zero and that L 10 1 = L 20 2 • In
. comb'mat10n
. of O k2L1
.
dance
th at case t he series
L and L2
lei has an 1mpe
1

2

jwL 2

k2 - Cj

(.() 1

L2
k 2L

1

h
1
= jwoL2Y(
~ w ere w 0 = . 1 _
V

L101

)

,
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which is plotted in terms of y in Fig. 18 as a straight line. The
1
.
d ance of L I and OI m
. para11eI 1s
· Ls ~
·
1mpe
= - jrooLs
- - and 1s
O 2JWo,iJ2Y
Y
represented by a hyperbola. It is inductive when the series combination is capacitive, and vice versa. Hence, if the resistances
are zero, the current l in Fig. 17b becomes infinite when

woLaY

~

=

This takes place for a value of y
in Fig. 18.

woLa

y.

= ± k,

at the points P and P'

FIG. 18.

It follows that the response curve of two inductively coupled
circuits having the same resonant frequency and zero damping has
two humps, one on either side of the resonance. When the coupling
factor is below, say, IO%, the humps are symmetrical with respect
to the resonant frequency, the fractional mistunings being

~ ='!f_ = ±~lo 2
2
If there is damping the conditions are changed, the resistances
affecting the impedances in close proximity to the resonant frequency. The calculation may be given as an example of the method
employed on such occasions. In Fig. 17a, if the total impedances
in each circuit are Z 1 and Z 2 and if the mutual inductance is M,
the equations are :

l 1Z 1 +lJwM = E 1
l 1Z 1 +l1 jwM = o.
Za
Substituting in the first equation the value - 1 2 • M for 1 1 there

JOJ

follows
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Assuming the two circuits to be identical and tuned to the same
frequency, there follows
EijwM
Ia = - z2+w2M2
(Z +jwM)(Z - jwM)

M

7J

and

Ea = - E\z - jwM)(Z+jwM)

This shows that the response curve is identical with that of two
single circuits tuned to two different frequencies f 1 and f 2 ,
1
1
fu
/ 1 being
2nv'(L - M)C
2nv'LC(I - k)
v'l- k'

J

2

fo
Vl +k·

being

In case of zero damping there are two peaks at v' fo
and . / 0
;
1 - k
v l+k
this result is naturally identical with that derived above for couplings
below about 103/o. If, for example,

f =

fo

~~

v'l - k

k - (1 - k)- = k.

, then y = - -1~ - v. ;1-k === 1 +v'I - k

2

2

To derive the conditions under which peaks occur when the
damping is not zero, the equation for E 2 has to be changed by
substituting for Z the proper values. As done previously, the
expression jwoLy is substituted for jwL resonant frequency

J

0

and y

j0 ,

;~ being the

= -W - Wo
-.
Wo

W

Hence E 2 becomes

- E1

M/C
Z2+w2M2

= - E1

M/C
(r+jwoLy)2+w2k2£2

- E,w,'L'[(d:;:i,+~'t,J - - E,;d;j;)~+ ::,;,
To obtain a manageable result this equation requires further simplification. In practice nearly all R.F. or I.F. response curves have
a width of only a few per cent of the resonant frequency. Within
this range~ can be regarded as equal to 1.

As, on the other hand,

Wo

the coupling factors used are rarely above 5%, the second term in
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the denominator becomes for large mistunings much smaller than
the first one, so that even in this case it is permissible to set~

=

1.

<.Oo

k

As it will be found presently that k =

~

this formula is of general application.

It gives the shape of the

is the critical coupling,

k

response curve as a function of k i n terms of yQ, i.e. in terms of
crit.

. 2 x fractional mistuning
the ra10
t ---------.
kcru.
Differentiation with respect to yQ gives the maxima or minima
of the curve ; for differentiation only the term under the root
need be considered.
2[1 - (yQ)2+(kQ) 2 ] [ - 2yQ] +ByQ = 0,
whence
- 4yQ[l - (yQ) 2 +(kQ) 2 - 2) = 0.
First solution : yQ = 0.
To know whether for y = 0, i.e. at the resonant frequency, the
curve has a maximum or minimum, a second differentiation with
respect to yQ is necessary. This gives
- 4[1 - (yQ)2+(kQ) 2 - 2) - 4yQ( - 2yQ), which for y = 0 becomes 4(1 - k 2Q 2 ).
This expression becomes negative for kQ > 1, positive for
kQ < 1, indicating a minimum in the first, a maximum in the
second case. The differentiated function being in the denominator,
IE 2 I becomes a minimum for kQ > 1, a maximum for kQ < 1.
Second solution: 1 - (yQ) 2 +(kQ) 2 - 2 = 0
yQ =

±

v(kQ) 2

-

1.

The above equation has 2 more solutions if kQ
in two maxima for E 2 •
k =

>

1, resulting

J

is called the critical coupling factor of the two circuits ;

the above result has the following interpretation.
The resonance curve of two coupled circuits shows a maximum
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for the resonant frequency, when the coupling factor is critical or
less than critical. For a coupling factor larger than critical the
resonance curve has a minimum for the resonant frequency and
two maxima, symmetrically on either side of the resonant frequency,
for

y

= ± ~V(kQ) 2

±Jk J
fo = ± ½Jk J
-

I =

2

For most practical

2•

-

cases it is accurate enough to say that the maxima occur for a
fractional mistuning

2

-

2

when k is large compared with ~• for

(see paragraph 5) or,

fo = ± ;.

The resonance curves of a single and a double circuit are given
in Fig. 19, with yQ as abscissa and kQ

=

k k as parameter for the
crit.

double circuit.
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Fro. 19.-Response Curves for a Pair of Coupled Circuits.

which makes the curves linear for large mistunings. Only one side of
the curves is given, as they are practically symmetrical in y. For large
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mistunings, say more than 20%, it may be realised that interaction
between the two circuits becomes negligible and E 2 is approximately
k

- Ei-2 , in accordance with the behaviour of two single circuits.
y

If the two circuits are connected to the anode of an
(Fig. 20) the symmetry in y is no
longer perfect. Using Thevenin's
theorem, the conditions become
practically those of Fig. 17a, but
1
E 1 = Ia. , introducing the factor
JW 0

! in the final equation for E

OJ

2•

R.F.

pentode

This

asymmetry is unimportant within
Fm. 20.
the range of the usual response curve
and need only be considered for large mistunings or under conditions discussed at the end of this chapter.
Two examples may illustrate the use of Fig. 19.
(1) lo= 1 Mc/s, Q = 100, k = 3%,
The maxima occur for yQ =

± v' 8,

y =

±

2·83
=
100

±

0·028,

i.e. for approximately ± 1·4% = ± 14 Kc/s mistuning.
(2) lo = 0·3 Mc/s. An amplifier employs 3 circuits altogether.
Find the resonance curve with not more than 6 db. drop for ± 5 Kc/s
and a drop of at least 40 db. for ± 20 Kc/s mistuning.
With 3 single circuits, the first condition requires a drop of 2 db.
per circuit for ± 5 Kc/s mistuning. According to Fig. 19 a
decrease of 2 db. for a single circuit occurs at yQ = 0·75; as 5 Kc/s
mistuning corresponds to y = 0·0333, the Q of each circuit has to be
0·75
_
0 0333

=

22·5.

In this case the response curve falls by 10 db. per

circuit for 20 Kc/s mistuning, since yQ ~ 3; the total drop becomes
30 db. altogether, far below the requirement.
The result desired can be obtained, employing the circuits under
the following conditions.
One single circuit, Q = 83.
One pair of coupled circuits, Q = 83, k = 3·6%, corresponding
to the curve with the parameter k = 3 kcrit. in Fig. 19.
For ± 5 Kc/s, (yQ = 2·77).
The single circuit causes a decrease of 9·4 db., the coupled pair
an increase of 4·5 db., so that the total curve falls by about 5 db.
For ± 20 Kc/s, then yQ = 11.
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There is for the single circuit a decrease of 20·8 db.; for the
coupled pair the drop is
25·5 - 4·5

= 21 db.

the total decrease = 41·8 db., fulfilling the requirement.
In this and similar cases care has to be taken that the resultant
curve does not possess, within the passband required, points where
the loss is larger than is allowed for at the two ends ; this refers in
the above case to the band within ± 5 Kc/s mistuning. It is easy
to see that in the example given there is no such danger, the curve
being fairly flat for the band required.
If a wide and very flat response curve with a sharp cut off on both
sides is desired, and if the radio frequency used is relatively low, say,
75 Kc/s, the simplified form of the equation given for E 2 is no
longer applicable. Taking the circuit Fig. 20 and assuming the
valve impedance to be large compared with the circuit impedance,
.
~
E2.
t he accurate express10n 1or Ei 1s

I;; I- Ym.,~QJ[

I -

(yQ):(£';kQ

)T +4(yQ),'

as follows from Thevenin's theorem.
The response curve is unsymmetrical for three reasons.

First,

due to the factor _!_ before the fraction; secondly, owing to the
w

factor

!!!.. in the denominator, and thirdly, because symmetry is
Wo

required for an arithmetical mistuning in frequency, positive or
negative, and not for a geometrical one as is represented by y.
The following example will show how far these factors may count
in practice.
Example: A response curve of ± 10 Kc/s width is aimed at with
not more than 2 db. loss at the ends, and a sharp cut-off beyond
10 Kc/s mistuning. The resonant frequency is 75 Kc/s, and three
pairs of coupled circuits are to be employed. According to the
curves in Fig. 19, critical coupling for one pair and 1 : 2 overcoupling
for two pairs should fulfil the requirement, if the two humps of the
overcoupled pair are approximately at ± 10 Kc/s off resonance.
The circuit Q is equal for all three pairs. How is the symmetry
at 65 Kc/s and 85 Ko/s?
The humps for a 1 : 2 overcoupled pair of circuits lie at approxi-
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mately yQ = ± 1·8. For 65 Kc/s y is - 0·286 and for 85 Kc/s
it is 0·251 ; taking an average y of 0·268 there follows the necessary
Q =

1·8
_
=== 6·7, and kcrit. === 15%,
0 268

In order to compare with each other the two points of the resonance curve at 65 Kc/s and 85 Kc/s only the term

need be considered.
At 65 Kc/s:

Its numerical value is for critical coupling :

2n65 x 10 3 -V(l - (0·286 X 6·7)2+0·866 2]ll+4(0·286 x 6·7) 2
=== 2n X 10 3 X 278.

At 85 Kc/s:
2n85

X

For k

10 3 -V(l - (0·251 X 6·7) 2 +1·133 2]2+4(0·251
=== 2n x 10 3 x 290.

X

6·7) 2

= 2 kcrit. the value for E 2 is proportional to

At 65 Kc/s:
2n65

X

10 3 -V[l - (0·286 X 6•7)ll+4
= 2n10 3 X 250.

X

0·866 2]2+4(0·286

X

6·7)~

X

1·133 2]2+4(0·251

X

6·7)ll

At 85 Kc/s:
2n85

X

10 3 -V(l - (0·251 X 6•7) 2+4
= 2nl0 3 X 400.

With all three pairs the resonance curve at 85 Kc/swill therefore
be lower than at 65 Kc/s by the
250)2 278

.

factor (
, or approxi400 290
mately 0·38 : I.
This asymmetry can be eliminated, in the example given, by
employing for two pairs of circuits
Fm. 21.
an inductive coupling as shown
in Fig. 21 which has the coupling coil in the capacitive branch of

(!:) = l ·7,
1

one circuit.

The influence for one pair is proportional to

as follows immediately from the formula used. Applying, therefore,
this form of coupling for two pairs would approximately restore
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symmetry for ± 10 Kc/s mistuning. It seems more suitable than
staggering the circuits, as the latter requires a more complicated
procedure in the test department.
A change of r with frequency has been neglected, since it would
make the equation too complicated. In fact, the damping consists
of parallel and series damping and the change of r with frequency
can hardly be predicted.
The stage gain obtained with two coupled circuits follows
immediately from the equation given on page 28. At the resonant
frequency y = 0 and hence
E2 I
1
kQ
gmZo
2 = ~+ 1'
E1.
=
gmw
CQl
+
(kQ)
0
I
A
k
where A = kQ = - . The maximum possible stage gain 1s
kcrit.

obtained for k = k k

and is equal to ½gmZ0 •

For other coupling

crit.

factors the stage gain decreases according to the same function as
is given on page 18 for matching two resistances. The curves
Fig. 19 can be used directly to give the stage gain for various
frequencies and modes of coupling, the zero point on the y-axis
being approximately }gmZ0 •

CHAPTER 2

TRANSFER OF ENERGY FROM THE AERIAL
The receiver aerial can be regarded as a source of E.M.F.,
possessing an impedance which may be resistive, reactive, or a combination of both. Disregarding at first any practical considerations
such as site noise, ganging problems, etc., the obvious task seems
to produce as high a potential as possible at the grid of the first
receiver valve. The means to achieve this object may vary with
the aerial impedance.
If the aerial is purely resistive it will be advantageous to have a
tuned circuit across the grid-cathode path of the valve with as high
a Z 0 as possible. According to Chapter 1, the maximum input ratio
possible is

½✓~0 ,

r being the internal resistance of the aerial,

Z 0 the circuit impedance. As has also been shown in Chapter 1,
the proper matching condition is realised in the easiest way by
using a coil tap so that the ratio of the turns across the aerial to
the total turns is

J"f

O.

If the aerial is reactive, e.g. a pure capacitance, the obvious
procedure seems to tune it with a series inductance of as high a Q

c,

~
'vE,

8-f C,

c, Li

r,·

1z

K•l

Lz

l

L2
l.z r, L1

e2

---r
Ez

__ J

_J

Fro. 22a.

r-z

Fro. 22b.

as possible, the input ratio being in this case Q. The question
whether it is possible to increase this value by using a step-up
transformer from the tuning coil to the grid, leads to a better understanding of the problem and shows the limitations caused by the
practical conditions. Both the tuning coil and the grid-cathode
path of the valve possess capacitance and contribute to the tuning
of the circuit in the same way as does the aerial, thus influencing
the value of the tuning inductance. The general solution can be
31
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obtained from Fig. 22a. For simplicity's sake the coupling is supposed to be unity as the result is mainly of theoretical interest.
The primary and secondary may have identical damping independently of their respective values.
Using Thevenin's theorem in the equivalent circuit (Fig. 22b),

E
E• becomes ✓L2

01
Q',
L1 01+02L2
L1

i

Q' being the magnification factor of the whole circuit.
Replacing the two resistances in the capacitive branches by one
resistance R in series with L 2 , then according to Chapter 1,

Lio 1 2+ T20 2 2
T1L

R =

L
2·
( 01L:+02)
2

Correspondingly

E2 = E1

/La

✓ Li

_ l+ 02 L2
E 2 = E 1 QJL2
01 L1
1
L 1 +(0 2 L 2)
01 L1

2

2

E 2 = Qx(l+ax ), where 02 = a, JL2 = x.
E1
l+a 2x 4
01
L1
Differentiation with respect to x leads to an equation of 3rd degree
with the solution

X

=

E2

1

va'
.

E (opt1mum) =
1

Q
va

=

fc.i

Q✓

~-

The result seems feasible as it amounts to matching the two capacitances 0 1 and 0 2 • Assuming, in the above case, an aerial capacitance
of 200 pF, a secondary capacitance of 20 pF and a Q of 100,
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Ez becomes 316, the total tuning capacitance being 40 pF. Since 1
E1
without elaborate precautions, the Q for 40 pF is considerably less
than for, say, 100 pF, the gain by matching the capacitances will
be less than the formula suggests.
For medium and long waves, where the aerial can be regarded
as a pure capacitance, the optimum energy transfer from the aerial
is of secondary importance and rarely sought. As receivers have to
cover a large wave range, and easy operation is mostly of first-rate
importance, the aerial coupling is dictated by ganging considerations. A loss in reception is rarely experienced as, with an aerial
of appreciable height, site noise is the determining factor, and the
use of optimum coupling will not improve the signal to noise ratio.
For short waves where the site noise is less and often below
receiver noise the use of optimum coupling is of great importance
for good reception. In case of single frequency reception a tuned
aerial is used, connected to the receiver either directly or through
a feeder, in either case representing to the receiver an ohmic resistance, a problem dealt with at the beginning of this chapter. If
reception over a wider wave range is required the task becomes
difficult due to the varying impedance of the aerial and the danger
of misganging. The problem will be treated later.
Aerial Coupling determined by Ganging Conditions.
Medium and Long Waves. The aerial can be regarded as
a capacitance with a series resistance. As mentioned above, an
attempt at optimum coupling is not necessary, owing to site noise.
Ganging considerations are the overriding factor and the coupling
is always kept so loose that the aerial resistance is negligible and
the aerial can be treated as a pure capacitance. According to the
coupling used, the mistuning influence of the aerial can be that of
a parallel capacitance or a parallel inductance in series with a
capacitance.
Reflected Aerial as a Parallel Capacitance. There is no
danger of destroying the ganging. The reflected capacitance has
to be kept small enough so as to enable the first circuit to cover the
required wave range. The usual methods are shown in Figs. 23,
24 and 25. Figs. 24 and 25 will fall into this category only if the
leakage part of the coupling inductance is small in impedance
compared with that of the aerial capacitance. This holds good for
Fig. 24, as the coupling of one part of the coil with the whole coil
is usually close and, correspondingly, the leakage inductance small.
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It holds good for Fig. 25 if the natural frequency of the aerial circuit
is well above the frequency range employed.

Fm. 24.

Fm. 23.

01

The input ratio in Fig. 23 is, according to Chapter 1, Qol +02'
where 0 1 is the series combination of Ga and 0 1• The mistuning
influence of the aerial is that of a
parallel capacitance 0 1 • As the minimum capacitance of the ganged circuit
is generally between 50 and 100 pF,
0 1 has to be of the order of 10-20 pF.
Rod aerials, 1-2 m. long, usually do
not require tracking.
Fm. 25.
The input ratio in Fig. 24 is,
according to Chapter 1, approximately

n 1 and n 2 being the number of turns across Ga and 0 2 respectively,
and the leakage inductance being neglected compared with Ga.
The reflected capacitance is

oa(::)2-

A comparison between

Figs. 23 and 24 shows that, while permitting the same amount of
reflected capacitance 0 1 , Fig. 24 gives a superiority in input ratio

J0

~ or, if ni is so chosen as to give the same input
01
n2
ratio as in Fig. 23, the reflected capacitance is much smaller,

by the factor

being expressed

by the approximate relation O' -

O,~'

(~:)2 is in practice small compared with unity, so that

al+

O'

(a

r

_l

a.

~0

g~.

1

The derivation is left to the reader.
Example: The capacitance of the aerial is 200 pF, the capacitance
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transferred from the aerial across the first circuit must not exceed
The circuit Q = 100, 0 2 = 100 pF. Find the input ratio
in the two cases shown in Figs. 23 and 24.
In Fig. 23 the necessary tracker is 22 pF; the input ratio is
20 pF.

100 X

20
::: 16·6.
120

In Fig. 24 the ratio ofaerial tapping to total coil =
The input ratio is _

1
_ ; ~ ::: 52·6.
1
3·16

J2~~

= 3 .~ 6.

2

If, otherwise, the aerial tapping is chosen so as to give an input
ratio of only 16·6, by choosing a tap ratio of about 1\ , the reflected
aerial capacitance is 1·4 pF, the total tuning capacitance being
101·4 pF. The small value of reflected capacitance is an advantage,
as it allows a smaller minimum capacitance and, possibly, a larger
range.
As mentioned above, the greater efficiency of Fig. 24 is of little
importance, because the site noise is usually the determining factor.
There are cases, however, where Fig. 24 will prove of real advantage.
One is when, for reasons of economy, the permissible number of
valves is small and the necessary overall gain such that it is essential
to achieve the highest input ratio which is compatible with ganging
requirements. In this case Fig. 24 will, it is true, not give an
improved signal to noise ratio, but may yield the required output,
while Fig. 23 proves just not satisfactory.
A second case may occur when reception is required with an
aerial of high capacitance but very low effective height, as is the
case in some types of armoured cars, submarines, etc. Under these
circumstances the picked-up site noise will, due to the inefficiency of
the aerial, be below the receiver noise, and any increase in input
ratio will increase the signal to noise ratio equally.
The circuit Fig. 24 has, however, disadvantages which make
its utilisation inadvisable in many cases. Usually a receiver leaves
the test-department ganged for an average of, say, 200 pF aerial
capacitance. In the above case readjustment of the first circuit
would be necessary whenever the receiver is used on an aerial of
considerably different capacitance. In Fig. 24 a change in aerial
capacitance of, say, 20%, will cause a 20% change in the reflected
capacitance, whereas in Fig. 23 it will be considerably less and will
depend on the ratio of aerial capacitance to tracking capacitance.
When the receiver is used for waves of approximately four times
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the aerial length the aerial becomes a very low impedance. The
result in Fig. 24 is a complete mistuning of the ganged circuit, in
Fig. 23 an almost negligible mistuning effect.
If several receivers are to be used on the same aerial the coupling
of Fig. 23 is by far superior, resulting in only slight interference,
whereas in Fig. 24 the receiver tuned to shorter waves will short
circuit the aerial for long waves.
The conclusion drawn is that the method of Fig. 24 has certain
possibilities superior to that of Fig. 23, but there are only few
special cases where its full exploitation is permissible and really
advantageous.
Common to both couplings is the fact that the input ratio varies
considerably over a frequency range. For a constant value of Q
it is proportional to the square of the frequency, as follows from the
above formulae. For reception this fact has no serious disadvantage, as the gain control, manual or automatic, adjusts the receiver
to any given signal strength. Only if a receiver is supposed to
give a rough indication of the incoming signal strength (so called
S-meter) is a fairly constant overall gain desirable.
Reflected Aerial as a Series Combination of L and C.
A constant input ratio is obtained by tuning the aerial to a frequency considerably below the required frequency range and using
a comparatively loose coupling (Fig. 26a). Under these conditions

Fm. 26b.

Fm. 26c.

the aerial represents an inductance, the inductive impedance being
decreased by the- series capacitance of the aerial. Consequently
the effect of the aerial upon the tuning is that of a variable parallel
inductance which has its smallest value at the low-frequency end
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of the range. The combination of C1 , L 1 and k is dictated by
ganging requirements. In practice the reflected aerial inductance
is large compared with the tuning inductance and the additional
damping of the aerial can therefore be neglected. Under these
conditions the equivalent circuit may be used (Fig. 26c). Applying
again Thevenin's theorem :

E 2 = QJ L2
wL2
E1
L 1k 2 L 2 + L 2 1 - k 2
w
w
k2
w 02

where

= QkJL;
l_ L2

L1

__

wC 1 L 1k 2

=L

1

l _

(wo)
w

2

,

1
•
101

The formula is valid only for values of Wo well below unity, when
w

neglecting the primary resistance is permissible.
inductance is
inductance 1s

i:[
bL2

L;

1 - k2

0

-

(:

)2] and the fractional change in

k2
1 - (

The reflected

:0r ·

The implications of the for-

mulae given will be seen from the following.
Example: The frequency range is 0·55 - l ·5 Mc /s, L 2 = 180 µH,
C1 = 200 pF, L 1 = l,130µH, corresponding to a natural aerial
frequency of 335 Kc/s, k = 20%.
At 1·5 Mc/s: the fractional change in inductance is
- 0·0 4
0·95

= - 0·042

'

increasing the resonant frequency by 2· l %At 0·55 Mc/s: the fractional change in inductance 1s
0·04
- -= 0·63

0·0635

'

increasing the resonant frequency by about 3·2%,
The influence of the aerial must cause misgauging of the first
circuit. If the effect is not greater than that shown in the example,
readjusting the circuit at the two ends of the range by means of the
inductance and capacitance trimmer will prove sufficient. If the
effect is greater, special means are necessary to restore ganging.
One is to use for the R.F. stages a transformer coupling similar to
that used for the aerial (dealt with in Chapter 3), the other is to
insert in the other R.F. circuits a series condenser such that the
fractional decrease in tuning capacitance is larger at the low-
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frequency end than at the high-frequency end by the same amount
as is the fractional decrease in tuning inductance in the first circuit.
In a superhet receiver the " padding " condenser of the first oscillator
(page 114) has to be decreased correspondingly.
With a circuit Q of 100 in the above example, the input ratio
becomes 8·4 at 1·5 Mc/s and 12·7 at 0·55 Mc/s. It would be
easy to design the circuit so that the Q drops at the low-frequency
end, still further equalising the input ratio. This would have the
additional theoretical advantage of obtaining, for a straight receiver,
a fairly constant band-width, and for a superhet, where the bandwidth is determined by the I.F., a fairly constant image protection.
As, however, it is easier to obtain a good Q at the low-frequency
end of a range, this equalising process consists merely in worsening
input ratio and selectivity at the low-frequency end down to the
level of those at the high-frequency end. A coupling capacitance
between L 1 and L 2 would serve this purpose better, its influence
being larger at the high-frequency end. For details, compare the
corresponding subject in Chapter 3.
If the first circuit is ganged for an aerial of 200 pF and then
used on an aerial with considerably less capacitance, the conditions
at the low-frequency end become serious. For 100 pF aerial capacitance the reflected parallel inductance drops to 1,000 µH, causing
a mistuning of 8·5% in frequency as compared with 3·2% for the
200-pF aerial. To reduce this danger the coupling should be looser.
For a k of, say, 15%, the mistuning effect is almost halved, the loss
in input ratio only about 3 db. (Alternatively a series capacitance
of a few hundred pF may be connected in the aerial lead.)
The possibility of using several receivers on the same aerial is
ruled out, as the receiver with the higher frequency range will
completely upset the aerial tuning for the other receiver. Another
drawback consists in the fact that strong interfering stations tuned
to the aerial frequency may come through and cause crossmodulation, especially as the R.F. transformer primaries are usually
tuned to the same frequency (Chapter 3). The latter difficulty can
be overcome by using resistance wire for the aerial coil. It can
be easily seen from Fig. 26c that, as the reflected inductance is
about 20 times L,, any aerial resistance will contribute with 4 hof its value to the total damping. There would only remain the
fact that resistance wire is less easy to handle than copper wire,
not a serious price to pay.
Summing up, it can be said that each of the methods, Figs. 2326a, has its advantages and disadvantages, and it will be partly
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a matter of opinion, partly a question of circumstances, which will
be chosen. It 'may be added that Fig. 26a facilitates, due to the
lack of reflected capacitance, the possibility of a large frequency
sweep, a point which is slightly in its favour. At present Fig. 26a
is the most popular circuit.
Short Waves. Random Aerial. At short waves where the
aerial impedance varies greatly with frequency and may be anything between 40 ohms and several thousand ohms, which may be
resistive, inductive or capacitive, the aerial coupling has to be very
loose to avoid misganging. On the other hand, the site noise is
usually small and well below receiver noise. Contrary to the conditions prevailing at medium and long waves, any loss in input
ratio may result in loss of efficiency. A compromise between ease
of handling and performance is to use a somewhat tighter coupling
and provide the first circuit with a knob for tuning correction.
The use of a variable aerial coupling, in addition, will give facilities

Fm. 27a.

Fm. 27b.

for obtaining the best possible input ratio without unduly complicating the handling. The other alternative, to use the variable
coupling without tuning correction, is worth recommendation, as
it will, when adjusted to optimum input, automatically correct the
tuning near to its required value.
Variable inductive coupling will be, for a receiver with many
ranges, mechanically difficult to achieve. A capacitive input
potentiometer has been found very useful (Fig. 27a).
The sum 0 1 plus 0 2 of the two capacitances of the rotor to
the stators is constant. For an aerial impedance small compared
with the capacitive impedances the circuit looks into a constant
capacitance. Any of the methods, Figs. 23-26a, may be used in
connection with this variometer. Used together with a tuning
correction the input ratios obtained are in most cases very near the
theoretical optimum. Even without tuning correction the results
are quite satisfactory and usually within 6 db. of the optimum
value, the potentiometer functioning as a tuning corrector.
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The efficiency of the capacitive potentiometer may be shown
with the help of Fig. 27a, assuming three different aerial impedances
of 36 ohms

G

aerial), 500 ohms (feeder) and 4,000 ohms

G

aerial).

The case of the aerial being a combination of resistance and reactance can be treated in the same way as indicated below. The
constants in Fig. 27a may be: 0 1 +0 2 = constant ;= 100 pF,
0 3 = 80 pF, the Q of the tuned circuit is 100, aerial tapping is at
one-third, f = 15 Mc/s. The equivalent circuit is given in Fig. 27b,
the corresponding values are: Ci' +C/ = 11 ·l pF, the aerial impedances = 324, 4,500 and 36,000 ohms respectively, the E.M.F. = 3E1 •
The easiest way of assessing the matching conditions and the input
ratio is to calculate the additional damping of the circuit caused
by the aerial (see page 19).
I. The Aerial Impedance is 36 Ohms Resistive. The best position of the potentiometer is when 0 1 = 49 pF, 0 2 = 51 pF, as will
be understood from the following results. The equivalent values
in Fig. 27b become: R 1 = 324 ohms, Ci'= 5·45 pF, C/ = 5·65 pF.
The damping influence of the aerial is equal to a resistance
5 45
324 ( · _ )
91 1

2

=

· series
· wit
· h r (page 11 ).
1·16 oh ms m

The 1a tt er 1s
.

1·16 ohms, which results from the fact that the tuning capacitance
is 91·1 pF, the frequency is 15 Mc/s and the Q is 100. The
matching is perfect, and there is no mistuning.
2. The Aerial Impedance is 500 Ohms Resistive. The best position of the potentiometer is when 0 1 = 17 pF, 0 2 = 83 pF, the
equivalent values in Fig. 27b being: R 1 = 4,500 ohms, Ci' = 1·9 pF,
C/ = 9·2 pF. The matching is perfect (see page 11). The mistuning is about 0·75 pF, due to the fact that the series combination
of l ·9 pF and 4,500 ohms is equivalent to a parallel combination
of approximately 1·15 pF and 11,600 ohms. A smaller value of 0 1
leaves the tuning practically unchanged, the loss from mismatching
being negligible.
3. The Aerial Impedance is 4,000 Ohms Resistive. R 1 in Fig. 27b
is 36,000 ohms. The value of Oi' hardly affects the additional

1

damping, since

, is always small compared with 36,000 ohms.
01
The aerial therefore acts like a pure parallel resistance causing
a damping of 0·32%, The aerial is I: 1·77 undercoupled, the mis2
matching is 0·32, the input ratio = ~~~~~ = 0·86 of the
{J)

0·565 +__!_6
0·5 5
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theoretical optimum. The mistuning might be anything between
O and 11 pF, according to the position of the potentiometer. When
no tuning correction is employed optimum reception is obtained
for the approximate values Ci' = 1 pF, C/ = 10 pF, the mistuning
being less than 1 pF.
Care must be taken to keep the leads from the coil to the
potentiometer as short as possible. Otherwise these leads will
resonate with C 2 , thus altering the resonant frequency of the
circuit.
A method of aerial coupling, used frequently in modern communication receivers, provides the choice of two different aerial
coils. One coil, earthed at one side and loosely coupled with the
secondary circuit, is designed for use on a random aerial ; the
other coil which is not earthed provides matching for a generator
resistance of 100 to 200 ohms, a value applying either to a feeder
or a dipole. The circuit yields optimum conditions only for spot
wave reception and seems therefore inferior to the method described
above.
Use of a Feeder between Aerial and Receiver. The use
of an aerial some distance away from the receiver has become the
popular means of cutting out local
~ -- - _l!~t;,e_,!"!: - - - - disturbances. A feeder as link
c,
between aerial and receiver inc._-.F__
volves considerable loss unless used
in connection with appropriate
transformers. The effect of such
~------ ________ -· a feeder on reception, with and
without transformers, may be seen
Fm. 28.
from the following example.
Example: A receiver the input of which is that of Fig. 26a is
to be connected to the aerial through a feeder of 20 m. length and
of 50 pF capacitance per metre. Reception is to be obtained for
the two ranges 150-300 Kc/s and 0·55-1·5 Mc/s. The aerial
coupling inductance L 1 is 1,130 µH for the range 0·55-1·5 Mc/s,
and 16,000 µH for the range 150-300 Kc/s; k = 0·2 and
C 1 = 200 pF for both ranges.
If the receiver and the aerial are connected directly through the
feeder the circuit can be represented by Fig. 28. The shortness
of the feeder permits its being treated as a lumped capacitance C1•
Applying Thevenin's theorem, L 1 looks into a generator having
200
El
.
an E.M.F. equal to E
=
and a capacitance of 1,200 pF.

C..

L,h
__._--'-(.KL:J

111200

6
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Taking into account the change of the resonant frequency of the
primary circuit from 335 Kc/s to 137 Kc/s, we obtain the drop
in input ratio owing to the feeder with the help of the formula on
page 37.
At 0·55 Mc/s:
2

l _ (137)
550
6 1 - (335) 2
550

At 1·5 Mc/s:

= 9 : 1.

)2
6
( 335 )2 =6·25: 1.
1- - 137
1 - ( 1,500

1,500

It is assumed in this case that the secondary circuit has been retuned to offset the effect of the changed resonant frequency of the
primary circuit. The results at 150 Kc/s and 300 Kc/s are very
similar.

t

E,

r-----------------

fr 1---L"__CJ-_
K~

4:1

+

____._,L'

t-t1

zjK~
7:4

D L ,c,

:

L----------·•----•~·.Rece1·ver

FIG. 29a.

r.~:,! IL'~~•, i IDe,
L"

r - -- - • - - • - - - • - - - •• - .

I

~-----------------Rece/ver
FIG. 29b.

Fig. 29a shows the use of two transformers, one inserted between
aerial and feeder and one between feeder and receiver. The data
for the two identical transformers are taken from a manufactured
type; they are as follows: L' = 5,000 µH, L" = 294 µH, k = 0·97,
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which for radio frequencies is an unusually high value. The very
tight coupling is achieved by using an iron-dust core and closely
interlinking the two windings. The behaviour of the input circuit
can be seen from the equivalent circuit Fig. 29b. Under the given
circumstances the various values are: L'{l - k 2) = 300 µH,

L'k 2

= 4,700

µH,

L"

C1k 2 L, =

C

~ = 62·5 pF.
1

The effect of the

feeder has been reduced to that of a parallel capacitance of 62·5 pF
as compared with 1,000 pF in Fig. 28. At frequencies where the
influence of the transformer inductances can be neglected the
attenuation due to the feeder is now below 3 db. The two inductances L'k 2 in parallel will cause a loss at lower frequencies when
2
1
wL'k
. h wC
I t 1s
. easy to see t h at
- - b ecomes smaII compared wit
•
2
1
at 150 Kc/s this effect is not yet serious, the loss caused by it
being of the order of 3 db.
At higher frequencies a serious drop in input ratio is to be
expected when the leakage inductance L'{l - k 2 ) in series with 0 1
has a reactance large compared with that of 62·5 pF. The reasons
for this are evident from the above discussion of the circuit Fig. 28.
At 1·5 Mc/s the loss will be small as follows from the reactance
values of 62·5 pF {1,700 ohms) and 300 µH (.2,800 ohms). The
importance of an extremely high coupling factor is clearly indicated.
Naturally the secondary circuit is mistuned owing to the changed
conditions in the primary circuit. The extent of this mistuning
can be assessed with the help of the formula on page 37, without
using any of the complicated expressions resulting from a more
general solution. The method to be adopted may be seen from
the following.
Example : The mistuning influence of the primary circuit in
Fig. 29b is to be compared with that in Fig. 26a, at a frequency
of 0·55 Mc/s. Values of the various quantities as given above.
1. Without feeder (Fig. 26a). The resonant frequency of the
primary circuit is 335 Kc/s, as previously stated. Its mistuning
influence on the secondary circuit is an increase in resonant frequency of 3·2%.
2. With feeder (Fig. 29b). The series combination of 0 1 and
L'(l.- k 2 ) is equivalent to a capacitance of approximately 690 pF,
1

as calculated from the two impedances, viz.
OJ

wL'(l - k 2 )

=

1
1,030 ohms, --- - wL'(l - k 2 )
w01

01

=

= 1,450 ohms,

420 ohms capaci-
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. ; h ence t h e eqmva
. Ient capacitance
.
. 200· 1,450 p F = 690 p F .
t1ve
1s
420

In a similar way the parallel combination of 62·5 pF and
where

k 2L'
- 2

k 2 L'
2

,

= 2,350 µH,

is found to be equivalent to a capacitance of 27 pF, and thus

L 1 looks into a series combination of 300 µH and 717 pF, equivalent to an inductance of 182 µH. The effect of the primary circuit
therefore consists in a reduction of L 2 by 3·5%, increasing the
resonant frequency by 1·753/o. A change of 1·45% in resonant
frequency will take place when changing over from the circuit
Fig. 26a to Fig. 29b. The influence of this mistuning on the input
ratio naturally depends on the Q of the secondary circuit.
On the range 150-300 Kc/s the largest mistuning occurs at
about 200 Kc/s, this being the resonant frequency of the primary
circuit [2,350 µH and 16,000 µH in parallel, resonating with
(200+62·5) pF, leakage inductances being neglected]. The effec2 , 35 o
.
· ·
· O· 2
t1ve
coup1·mg b etween t h e two mrcmts
1s
=== 7·2°1
10,
18 350

the Q factors can be expected to be low because of the' band-width
required. Hence the mistuning is not excessive and does not
seriously affect the input ratio.
Measurements with the above transformer and a feeder of
1,000 pF capacitance were carried out on a receiver having between
L 1 and L 2 a coupling factor of 0· 15. The receiver input circuit was
left correctly tuned for reception without feeder. The losses caused
by the feeder were below 8 db. over the whole of the two frequency
ranges discussed.
The Aerial as an Inductance. The case of the aerial
being an inductance occurs in directional reception. The following treatment applies equally to the rotating frame and to the
Bellini Tosi system. Whereas in the old days the frame was directly
tuned, modern receivers frequently employ, for purposes of easy
handling, the untuned frame with tightly coupled input transformer
leading to the first tuned circuit (Fig. 30a). To obtain formulae
suitable for use it is assumed that the damping of the frame is the
same as that of the primary and secondary transformer coil, which
is realised in practice. The result, in addition, will show that
deviation in damping does not seriously affect the choice of the
primary coil.
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The equivalent circuit

is given in Fig. 30b.

FIG. 30a.

FIG. 30b.

The tuning inductance is

L et]. =

L2

l+m(l - k2)

L 2 - -2 - k m
_ L2
I +m
- k2m
------~- -----.
L +L l+m(l - k 2 )
I+m
2

X

k2m

2

2
.
r 1 (l +m)L 2 •
•
• h L I +m(l - k )
T h e resistance
k2 L
m series wit
k2
can
2
m 1
.m
.
w 2L 1L 2[l +m(l - k 2 )] 2
be replaced by a parallel resistance R1 =
(l
)k
•
r 1 +m 2m
.
r2
wLetJ
The total dampmg becomes d, = - L +-R·
W

et].

1

2

I+m
+____!i_
k m
=dl+m+k 2m
2
2
wL 2 I+m - k m wL 1 I+m - k m
I+m - k 2m'

=~
where

d

r1
- wL 1

-

ri'
r2
wLi' - wL 2

1

-

Q.

E 2 = ! {L; k 2m 1 +m - k 2mQ
E1
k✓ mLi_ I+m I+m+k 2m .
Leu. is determined by the variable condenser and the frequency
range and is supposed to be kept constant with variations of m
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by a corresponding change of L 2 •
is substituted for L 2 ,

;~

If L,f! which is known in advance

becomes:

E 2 = Q r:t:;. k ✓~m_+_m_2 _--k2m-2
l
.
E1
✓
l+m
l+m+k2m
The result may be discussed for 2 different values of k.

£i

(1) k

=

I:

JL;.J1n
T;

E 2 _Q
E1 ✓

The function

J :m

I

I+m 1+2m·

) m is plotted in Fig. 31, showing
1 2
a very flat maximum for m = 0·4. The optimum input ratio is
1

about 0·3QJ1~·.
~0·3

,.....----___

..... ':;:I

...... 0·2
1

(IC=I)

~
IC=0·707

~0·1
OO

0·2

0·4 0·6 0·8

-m

T·O

0·2 0·4 0-6 0·8

-m

Fm. 31.

l·O

Fm. 32.

(2) k = 0·707: (The value is chosen for convenience of calculation)

E 2 ~ 0 _707 QJLeu.Jm+0·5m
1
.
E1
L1
l+m
1+1·5m
The function of m is given in Fig. 32. It has a fl.at maximum
2

form= 0·5, the input ratio becoming 0·26

QJ~:·.

A comparison

with Fig. 31 shows that there is no need to strive after an extremely
large coupling factor.
The assumptions leading to the above results are not in full
accordance with practical conditions, the discrepancies being :
(1) The damping of the loop circuit will not be the same as
that of the tuned circuit.
(2) The damping of the tuned circuit is caused by parallel
resistance as well as by series resistance.
Both factors influence the optimum value of m. The flatness
of the curves in Figs. 31 and 32 suggests, however, that disregard
of these factors will not be of great importance. Actually the
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figures of input ratios obtained in practice agree with those calculated from the above formulae within 1 or 2 db. over a large part
of the frequency band.
The influence of the damping of the loop circuit on the input
ratio can be derived from the above formula giving the total damping of the input system. The damping factor contributed by the
2

loop.circuit is d 11 k m kZ , that contributed by the tuned circuit
+m- m

+~+_~2m. Allowing for k = 0·707 and m = 0·4, as indi1
cated by Fig. 32, and d 1 = d 1 , the first term is only one-seventh
of the second. Hence to cause the input ratio to be 6 db. below
that given by the above formula, d 1 has to be about nine times as
large as d 1 • At medium and short waves d 1 and d 1 are of the same
order and the values of input ratio and optimum m derived above
agree with practical results. It is only at long waves above, say,
2,000 m., where the damping factor of the one-turn loop becomes
excessive; Q values of 10-20 are about normal, and the input ratios
may be up to 6 db. below the calculated values. In such cases the
choice of an m well below the optimum given by the formula is
indicated. Furthermore, a low m means only a slight reduction
of the secondary inductance which may prove advantageous when
the winding space is limited.
The number of turns used for the frame has little effect on its
efficiency at medium and short waves. The effective height is
proportional to the number of turns, but the inductance is nearly
proportional to the square of the number of turns, so that the
loss in step-up ratio offsets the gain in the induced voltage. For
mechanical reasons a one-turn loop, made of metallic tube, will
usually be the best. The diameter of the tube should not be below
2 cm., to keep the frame losses down. Short and thick connecting
leads between the loop and the transformer primary, good switch
contacts, etc., are essential. At long waves, as mentioned above,
the Q of a one-turn frame becomes bad in any case. If, therefore,
reception is required only on long waves it pays to employ a frame
of about ten turns wound of litzendraht. The size of a loop naturally
affects its efficiency. The effective height is proportional to the
loop area, and the inductance follows approximately the same law.
Thus the efficiency is almost proportional to the square root of
the area employed.
The mistuning effect due to the frame does not cause any ganging difficulties as it can be remedied by a corresponding increase
is d.
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in the tuning-coil. Towards shorter waves, however, where the
capacitance of the loop can no longer be neglected, the ganging
becomes difficult; this fact favours the choice of a one-turn loop
and a low m.
Occasionally it is necessary to mount the frame same distance
away from the receiver. In this case the inductance of the connecting leads may become appreciable and cannot be neglected.
The factor m is to be chosen for a loop inductance which is larger
than the real value by the inductance of the connecting leads. The
loss in reception is proportional to the ratio

✓--~ loop inductance
·
loop inductance+lead inductance·
A large loop inductance, i.e. a frame made of several turns, is
advantageous and should be employed if there is no risk of trouble
from the resonance of the loop circuit. The use of a lowinductance cable is recommended.
A comparison between the tuned and the untuned loop can
only be made if the Q values are known. As a rough approximation it may be assumed that these values are identical for the two
differerrt loop circuits and for the secondary circuit. The input
ratio of the tuned frame is, in the case of critical coupling, equal
to

~✓1:*,

about 6 db. above the optimum value obtained in

Fig. 32. As the frame efficiency is almost independent of the frame
inductance the tuned frame can be expected to yield results which
are about 6 db. above those obtained with the untuned frame.
The site noise is assumed to be negligible, as is the case for stations
situated in the open country. Thus the tuned frame seems the
correct solution for ground stations working on spot frequencies
or on limited frequency ranges. The untuned frame, particularly
the one-turn loop, seems the adequate solution for portable sets,
where ease of handling and quick frequency change are more
important than maximum efficiency. Two numerical examples
follow, taken from actual practice.
Example 1. A receiver is tuned to 1,000 m. with a capacitance
of 200 pF. The inductance of the untuned loop is 4 µH, the transformer coupling = 70·7% (Fig. 30a), the Q of the primary and
secondary circuit is 70.
(1) What is the optimum input ratio?
(2) What is the correct value of L 2 ?

* This

follows from the facts discussed in Chapter 1, paragraph 11.
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(1) The effective tuning inductance is 1,400 ftH, hence
E
.
E
(opt.) = 0·26 Jl,400
- -70 = 340, m bemg 0·5.
2

4

1

(2) L 2

l+m

+m _ k m =

= l,400 1

2

1,680 µH.

Example 2. A receiver is tuned to 30 m. with a capacitance
of 100 pF. The inductance of the untuned loop is 1 µH, the transformer coupling = 70·7%, the Q of the primary and secondary
circuit is 100.
(1) What is the optimum input ratio ?
(2) What is the secondary inductance?
(3) What is the mistuning caused by an inductance of 2 µff
inserted between frame and transformer ?
(4) What is the input ratio in (3) after the secondary has
been altered for correct tuning ?
(5) Case (1). What is the mistuning effect of 30 pF parallel
to the frame ?
(1) 41·5, using a transformer primary of 0·5 µH.
(2) 3·05 µH.
(3) The effective tuning inductance increases from 2·54 to
2·83 µH.
(4) m becomes 0·167, L 1 = 3 µH. The input ratio is 20·5.
(5) The effect of 30 pF is equivalent to an increase of the frame
inductance from 1 µH to 1·136 µH, causing an apparent m of 0·44
and increasing the effective tuning inductance by 1·5%.

CHAPTER 3

THE AMPLIFIER STAGE
According to special requirements the performance of an amplifier stage may be expressed in various terms, the most frequent
being:
1. The ratio of voltage delivered to the grid of the next valve
to the voltage at the grid of the amplifier valve, irrespective of
absolute magnitude.
2. The maximum power delivered from a valve, irrespective of
the voltage needed at the grid.
There are other factors besides, often of great importance, such
as maximum power for minimum grid voltage or for a minimum
driving power, maximum power for a given battery voltage, etc.,
which will be dealt with in the later part of this chapter. The
two factors summed up under (1) and (2) are, however, the most
important criteria for an amplifier stage, and other requirements
can be regarded as special cases. According to the frequency range
involved the means employed will vary appreciably. In dealing
with this subject the scope of this chapter has been limited to the
problems occurring in the normal receiver design.
The Voltage Amplifier Stage. The expression used for this
heading implies that the voltage rather than the power delivered
to the next valve is the measure of performance. If the anode load
is given, the voltage and power delivered are closely linked, but
if the anode load can be chosen, the output voltage may be found
to rise as the power delivered decreases.
Audio Frequency Amplifier. The problem is to obtain an
amplification, as constant as possible, over a frequency range which
varies, according to circumstances, between about 200 an<l 2,500 c/s
or between 30 and I0,000 c/s. There exist two diiferent ways of
achieving this end.
The Resistance and the Choke Coupled Amplifier. Triodu.
In Fig. 33a the basic circuit of a resistance coupled amplifier is
shown. R 1 serves as anode load, 0 is inserted to keep H.T. away
from the following grid,- R 2 is the grid leak resistance of the next
valve and should be large compared with R1 • To understand the
behaviour of amplifier stages, two different equivalent circuits,
shown in Figs. 33b and 33c, are useful. In Fig. 33b the valve is
50
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considered as the source of an E.M.F. - µE 1 and the source resistance p, where p is the valve impedance, µ the amplification factor
of the valve and E 1 the voltage applied to the grid. In Fig. 33c
the valve is considered as a source of a current I = - flmEi flowing into a load consisting of the parallel combination of the valve
impedance and the actual anode load, flm being the mutual conductance of the valve. The negative sign indicates that, for
a resistive load, anode voltage and grid voltage are 180° out of
phase. The present chapter is concerned mainly with amplitudes
and the negative sign will therefore be omitted when the phase is
not considered. The circuits Figs. 33b and 33c are interchangeable,

Fro. 33b.
Fro. 33a.

rEa

.
P R1

=f:Cp

L -_....____·

C

R2

---1
Ez
_J

---.J-

Fro. 33c.

as can easily be verified. According to circumstances, the use of
one or the other will prove advantageous. If p is small compared
with Ri, the case of a triode resistance coupled amplifier, the use
of the circuit Fig. 33b is preferable, as it shows immediately that
the maximum gain attainable is µ. If R 1 is small compared with p,
the case of the tuned radio frequency stage, the circuit Fig. 33c is
to be recommended, as it shows immediately that the gain from
grid to anode is approximately flmR 1 • For this reason flm is the
principal factor of interest in connection with radio frequency
pentodes or tetrodes, whereas for triodes designed for voltage
amplification µ is the factor of first importance.
The circuit Fig. 33a may be discussed for a simple example,
the equivalent circuit Fig. 33b being used to obtain the result.
Example : A triode with the amplification factor µ = 20 and
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the impedance

p

=

R1 = 50,000 ohms,
. t he stage gam
. Ei from
D enve

10,000 ohms is used.

C = 5,000 p F , R 2 = 0·5 mego hm.

E2

the grid of V 1 to the grid of V 2 , ( 1} for intermediate frequencies,
(2) for low frequencies.
1
R 12
(1) When wC ~ R 2 , E 2 becomes µE 1Ru+p' R 11 being the
parallel combination of R 1 and R 2 •

As R 11 is
6
50,000 X 0·5 X 10
_ x
= 45,500 ohms,
106
0 55
E 2 • 20 x 45,500
E 1 IS
55,500
16·4.

=

(2) For lower frequencies E 2 decreases, owing to the increasing
influence of C. Its exact effect is best seen by replacing Fig. 33b,

'"'-'11

pE,R~;p

L . . - ._

Q----1fi1--R2-,p,
_

_

__ __
,_ _

_1

FIG. 34.

according to Thevenin's theorem, by Fig. 34.

As the E.M.F. in
1
Fig. 34 is independent of frequency, E 2 decreases when wC becomes
Rip
comparable with Ri +p +R 2 •

The condition for a loss of 30% is

R 1p +R _- _l_ (see Chapter 1). Since R~
Rip is usually small
2
R 1+P
wC
i+P
compared with R 2 , the condition for 30% drop in gain becomes

simply

:c

= R 2•

This takes place in the example when

1
2nf. 5,000 X 10- 12 = 0·5 X 106, :.

f

= 63 c/s.

The shape of the frequency curve is derived from Fig. 34,
the parallel combination of p and Ri being neglected in comparison
with R 2 • Whence

E21

R1
R2
2 +X 2 c
E1
=
µR1+PvR
2
I
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J1+(;:r·

Convenient points to choose when plotting the curve can be seen
from the following table :
E, at low frequencies
-E, at intermediate frequencies

Xe

R

0·5
I

2
4

I
nCR 2
I
-2nCR2
I
-4nCR 2
I
-8nCR 2

--

0·895
0·707
0·447
0·242

-

Towards higher frequencies a decrease in E 2 occurs as a result
of the capacitance in parallel to R1 which is caused by the leads
and the valves. The value of this capacitance in an ordinary stage
is of the order of 25 pF. Its effect can best be seen from Fig. 330,
the parallel capacitance OP being shown by dotted lines.
At the high frequencies the reactance of the coupling condenser
is small compared with R 2 , and hence E 2 becomes
1

R.wO
E2 = gmE1 J v,
1

R+-a--0
JW

P

where R is the parallel combination of p, R 1 and R 2 • The frequency
curve can be evaluated as before, remembering that for the interI
w0 p

mediate range -

• R.

Hence

E 2 at high frequencies

1

E 2 at intermediate frequencies
V 1 +(Rw0µ)2
similar to the formula giving the curve at the low-frequency end.
1
A loss of 30% in gain occurs when ~
= R = 8,200 ohms in the
w 0 ,,
above example, whence

- - -1- - 2nf 25 X 10- 12

=

:. f =

8,200,
780 Kc/s.
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This frequency is much higher than is needed for the audio
frequency band, and when amplification is extended as far as this,
there is risk of radio frequency feedback through the audio frequency amplifier (Chapter 9). Therefore R 1 is frequently by-passed
with a condenser chosen so that the audio frequency curve is flat
at the high-frequency end only so far as necessary.
If an extension at the low-frequency end is desired far beyond
the range given by the above example the coupling capacitance
has to be increased. In so doing care has to be exercised in the
choice of the condenser employed. An increase in capacitance
usually involves a decrease in leakage resistance, and thus there
is the possibility of positive voltage being applied to the grid of
the next valve. The leakage resistance is likely to change with
temperature, etc., and the positive voltage cannot be compensated
simply by an increased bias. The leakage resistance can be considered to be inversely proportional to the capacitance for condensers of identical type. For capacitances up to 10,000 pF mica
is usually employed as dielectric, and for higher values impregnated
paper. The leakage resistance of mica condensers is rarely below
a few hundred megohms, which is sufficiently high for keeping
away the anode voltage from the next grid. The leakage resistance
of paper condensers depends on the impregnating material. In
case of wax impregnation, still the most frequent type, the leakage resistance of a condem;er of O· l µF capacitance may be anything between 5 and 50 megohms, which makes the type unsuitable as a coupling condenser in conjunction with high grid leaks.
Specially developed impregnants enable one to manufacture condensers up to I µF and more with leakage resistances far in excess
of 1,000 megohms. Such types are the appropriate coupling
condensers when amplification down to very low frequencies is
required.
Increase of the grid leak resistance is limited, apart from the
risk of anode voltage being applied to the grid, for reasons connected with the working of the valves. Owing to the presence of
positive ions, or because of normal emission of the grid which may
become heated from the cathode, a valve tends to produce a current flowing in the grid lead from grid to cathode. If a high grid
leak resistance is used the positive voltage thus applied may become
appreciable and lead to destruction of the valve. The maximum
grid leak permissible varies between several megohms for ordinary
small current valves and about O· l megohm for power valves.
In Fig. 33a there is a second effect tending to cause loss in
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gain at the low-frequency end. The parallel combination of Re
and Cc is a source of negative feedback, as is explained in Chapter 9.
If R 2
R 1 the anode current of the first valve becomes

•

I
h
I
p
I a= E lgm l I+Zgm''
w ere Ym = YmRi+P+z'
and

Exampk 1 (Fig. 33a). Re= 500 ohms; Cc= 1 µF; Ym' = 1 m.A/V,
independent of frequency since Z ~ p+R1 • Determine Ia as a
function of frequency.
Ia is inversely proportional to 1 +Zgm', therefore only this term
need be discussed.
I
'R
1 +Zg = 1 + Ym
= l + gm 'Rc2 2 _ j
Ym c
m
l
.
l+Rc2w C
l
1

R c +;wCc

~

l

+

0·5
5 2
l+IO- 'f

.

cW

0·5
10- 3/+
l
3·14 X 10- 3/

-;----------

3·14

X

Rcwcc+R C

C

=A

C

·B

-J '

The ensuing curve can be obtained from the following table :
·--

0·5

A

1,000
500
200
100

o/s

1·045
1-143
1·358

c/s

o/s
o/s

= l + l + 10-•p

I

1-45

0·5

B=
3• 14

X

10-•l + 3• 14

0·145
0·23
0·22
0·143

i-X

10-'l

---

v'X•+B*

1·055
1-166
1·37
1-45

For higher frequencies A 2 +B 2 becomes unity, so the last
column gives directly the loss in gain due to negative feedback.
At 100 c/s the influence of Cc is almost negligible and the gain
1
1
· approximate
·
1y +gm' R c = _ of'its normal va1ue.
1s
15
1
If R 1 is not purely resistive, g,n' becomes complex and depends
on frequency. The effect on the frequency curve can be seen from
an example in which R 1 is supposed to be the primary of an interstage transformer.
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Example 2. In Fig. 33a the anode load is an inductance of which
the reactance equals the valve impedance at 100 c/s, gm = 1 mA/V,
Re and Cc as in Example 1.

H ence gm , =
1

+gmjf

, an

d

100

I = E1gm
a
1+ jf

1

X

100

1+ ~;1...i... jf

' 100

X

1 1
-+jwC
Re
c
1

/
gm "( f
)
Re - lOOwCc+J lOORc +wCc

1+ I

The second term shows the influence of feedback, since la without

. E1gm
£eedb ac k 1s ~+ jf .
100
Developing the expression in the same way as is done for
a resistive load we obtain the following table :
la without feedback
la with feedback

1,000
500
200
100

c/s
c/s
c/s
c/s

0·98
0·96
1
1·22

At 500 c/s and 1,000 c/s a slight positive feedback takes place,
because both the anode load and the cathode capacitance cause
a phase shift of nearly 90° in the same direction.
In summarising the properties of the circuit Fig. 33a as an
audio frequency amplifier, the following can be said:
The amplification is of the order of 15-30 and depends mair.ly
on the µ of the valve employed.
The shape of the frequency curve is determined, at the highfrequency end: by the ratio of capacitive reactance between anode
and cathode to the total resistance between anode and cathode ;
at the low-frequency end : approximately by the ratio of the
reactance of coupling condenser to the grid resistance.
It is easy to maintain the amplification up to the highest frequencies required, but the maintenance at the low-frequency end
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for a high fidelity amplifier necessitates care in choosing the
coupling condenser and the grid resistance.
The magnitude of the anode resistance is not critical so long
as it is not less than five times the valve impedance. An increase
of R 1 decreases the voltage at the anode of the valve and thus
increases the valve impedance, leaving the ratio

RRi substantially

p+

1

the same. Negative feedback is more easily avoided when R 1 is
large; gm' is lowered whereas, owing to the by-passing condenser
Cc, the coupling cathode impedance remains the same. The condenser Cc may be omitted which involves a loss in gain usually not
serious. A ratio of anode resistance to valve impedance lying
between 5 and 10 is usual.
If R 1 in Fig. 33a is replaced by an inductance the circuit is
called a choke coupled amplifier. In contrast to the resistance
coupled amplifier the main features of this type are as follows:
In the choke coupled amplifier the voltage at the valve anode
is nearly the battery voltage and, therefore, higher output can be
obtained.
The choke is an impedance varying with frequency ; thus
a new factor is added tending to decrease the gain at the lowfrequency end. A 30% decrease in gain, caused by the choke
impedance only, 6ccurs when wL = resistance between anode and
cathode. Neglecting the grid resistance, we derive the frequency
curve for the anode voltage from Fig. 33b, iEa I being approximately
1

[E1[µ------;:::::==·

J1+;:2

Taking into account the influence of C and R 2 , there follows
E 2 at low frequencies
_,.,_
I
E 2 at intermediate frequencies

Pentode Valves. Radio frequency pentodes employed in resistance or choke coupled amplifiers give a much higher stage gain
than is possible with triodes. The method of calculating the gain
is identical with that shown for triodes. The anode resistances
vary between 0· l and 0·5 megohm. The anode current must be
very small to avoid the voltage at the anode being too low. For
a satisfactory working the voltage should be about half the battery
voltage or slightly less. The drop in anode current is best effected
by low screen grid voltage. The gain obtained is of the order
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of 100. Because of the high resistance anode-cathode it is necessary to keep the parallel capacitance small. Thus for a resistance
of 0·2 megohm between anode and cathode a parallel capacitance
of 70 pF causes a loss of IO% at 5,000 c/s. The "Miller effect "
of the following valve has to be taken into account (see page 210).
The Transformer Coupled Amplifier. The advantages of
the transformer coupled stages, as compared with resistance coupled
stages, are .
The maximum A.c. voltage that can be applied to the next
grid is higher, which fact makes them the appropriate means of
driving power output valves.
The n.c. resistance in the following grid circuit is low; this
avoids the disadvantages associated with the resistance coupled
stage.
The frequency curve can be delimited very sharply at the
high-frequency end.
The disadvantages are :
The greater cost.
The increased weight and space ; this is of importance in small
portable receivers.
Their susceptibility to picking up hum.

FIG. 35a.

FIG. 35b.

With the help of Fig. 33b of this chapter and the equivalent
transformer circuit Fig. lib in Chapter 1, the transformer stage
Fig. 35a can be replaced by the equivalent circuit Fig. 35b. The
n. 1s
. t he
resistances of the two windings have been neglecte d ; _::
~
n1
turns ratio secondary to primary, Ls = L 2(1 - k 2 ) is the leakage
inductance. The coupling of audio frequency transformers is
always so near unity that it is permissible to set L 2 - L 8 = L 2
and to consider the turns ratio to be n 2 even after deducting L 8 •
n1
n2
C1n1 2
The turns ratio - is of the order of 4, and therefore --£- can
n1
n2
be neglected in comparison with Ci,
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Fig. 35b shows that the amplification is n 2µ so long as C I can
n1
be neglected and wL 1

• n1na~ (which is the same as wL • p).
1

The

resonance of L 1 with C 1 , which lies usually between 500 and
1,000 c/s, does not appear as the amplitude across L 2 cannot
become more than n 2µE 1 •

This is another way of saying that the

n1

Q factor of the tuned circuit is less than unity.

The resonance of 0 1 with Ls, however, can have a very
marked effect and is deliberately used to improve the curve at
the high-frequency end. This resonance occurs at a frequency

• nan1 "ii' and L
2

where wL 2

1

can therefore be omitted in Fig. 35b

140

120
100

20
0,01-...1-..1-1~so,,.u-.i.i,i_,1()(}~...J.-~5QO~u.!()(J()~_.___.__-':-=:~!-==:=-

-

c/s

Fm. 36.

when calculating the effect of Ls and C 1 •

The circuit becomes

then a simple series-tuned circuit containing the resistance
the inductance Ls and the capacitance C 1 •
for

!:

are shown in Fig. 36, assuming p

n•~,

n1

The resulting curves

= 10,000 ohms, µ = 20,

na = 4 Ca= 100 pF, La = 500 henries. Three different values of
n1
'
coupling are given as parameter, k = 0·99, 0·995 and 1, the corresponding values of L 8 = La(I - k 2 ) are 10 henries, 5 henries and
zero.
It can be seen from the curves that a finite value of L 8 is desirable, both for extending the curve up to a desired frequency and
for achieving a steep fall beyond the cut-off frequency. The latter
is approximately determined by the product LP 1 , and the shape
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of the curve at this end by the ratio of "!__!_,JJ to wL8 • Both factors
n1
can be chosen within certain limits in order to obtain the desired
curve. As the minimum possible value of C 2 is more or less fixed,
a large turns ratio is incompatible with a curve extending to very
high frequencies. Owing to the importance of C 2 , a knowledge
of the stage following the transformer is essential. If the voltage
amplification from grid to anode of the next valve is p, the grid-anode
capacitance, multiplied by p + 1, is transferred across grid-cathode
(see " Miller effect ", page 210). The grid-anode capacitance of a
normal triode is of the order of 4 pF; the transferred capacitance
may therefore easily be between 50 and 100 pF, which is a large
percentage of the total capacitance. If the valve following is a
pentode, the " Miller effect " is small and can be neglected.
Wide Band Amplification. In special cases it is necessary to
extend the amplification over a much wider band than that which
is needed for an audio frequency amplifier. In a resistance coupled
stage the cut-off at the high-frequency end is bound to be at a point
where the reactance of the parallel capacitance is comparable with
the total resistance anode-cathode. To make such a stage work
over a large frequency range two factors are essential :
(1) The total parallel capacitance must be as ]ow as possible.
(2) The total anode resistance must be as low as is compatible with the required gain.
(1) requires short leads, and in the valves following the :..mplifier stage low grid-anode capacitance.
(2) requires valves with very high mutual conductance, so that
it is possible to employ a low anode resistance. Television pentodes,
having a 'lm of about 10 mA/V, are obviously the appropriate valves.
Example: A pentode valve has a mutual conductance of
10 mA/V, and an anode-cathode capacitance of 11 pF. It is used
as resistance coupled amplifier, and the circuit is that of Fig. 33a.
The next valve is of the same type, with a grid-cathode capacitance
of 14 pF. The additional capacitance of the leads is 9 pF. The
frequency curve is to be extended to 6 Mc/s, allowing for a loss
of 1 db. at 6 Mc/s. What is the stage gain attainable ?
The total capacitance is 34 pF == 780 ohms at 6 Mc/s. The
ratio
amplification at 6 Mc/s
_
1
amplification at lower frequencies - ✓
R2 ·

l+xa•

JI+

THE AMPLIFIER STAGE

61

1

- -_ - 0·89, where Xe - 780 ohms and R is the anode
R2
Xa2
resistance to be found.
:. R = 400 ohms.

Hence

The stage gain is 4.
An improvement on the circuit of Fig. 33a can be achieved by
adding an inductance to< tune with the parallel capacitance at the
high-frequency end (Fig. 37). A simple calculation shows that the
best curve can be obtained when L tunes with C at a frequency
where X 0 = 0·707 R. The curve is then flat up to a frequency
0·707 times the resonant frequency and the loss at the resonant
frequency is only 1 db. Hence the following directions are
pertinent.
(a) If an absolutely flat curve is desired up to a given frequency le,

,----

'I
I

I

.t.
C ·rt

I
I

I

-~-- +
Fm. 37.

choose the anode resistance so that it is at this frequency equal
to the reactance of the (unavoidable) capacitance. Then choose
an inductance the impedance of which is at the frequency le half
the anode resistance, thus L resonates with C at a frequency
lo= 1·41 lc•
(b) If a drop of 1 db. per stage is considered permissible at the
given frequency, choose the anode resistance so that it is equal
to l ·4 times the capacitive reactance and choose L so that it tunes
with C at the given frequency. The gain per stage in the second
case is naturally l ·4 times that in the first case.
The proof of the above statements is easy ; it may be given
for the case of the perfectly flat curve. At the resonant frequency
of Land 0,
1
woL = - = 0·707 R.
Wo 0
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It then follows that the anode impedance for an arbitrary w

L

1

o-7iff

0·5 - j0•707Wo
=R
w
I+j0·707y
W

where y = -

Wo

jR

(woL) 2 - jRw 0 Lw 0
w
-------R(I +j0·707y)
R+jwoLy

(R+jwL).
Z =
JW 0
1
R+jwL+.
JW 0

:.JZ!=R

j

2

0•25+0·5(Wo)
w
I+0·5y 2

'

Wo

- -.
W

IZ I

is equal to R at frequencies small compared with the
resonant frequency of L and O and for w = 0·707w 0 , and rises
to about l ·03 R for w = 0·5w 0 • The phase relations can be
derived from the formula given for the anode impedance, whence
tan ef, = 0·707[:
0

+(:)

3
],

the voltage across Z lagging behind

the current at all frequencies.
For w = 0·707w0 , where the absolute value of the anode impedance
is R, if, is 37°. If the amplifier is
designed for visual reproduction
(cathode ray tube) the phase is
naturally of importance, in contrast
to aural reception. The curves
obtained for various values of L are
+
similar to those given in Fig. 36;
their
derivation may be left to the
Fm. 38.
reader.
An extension of the frequency curve at the low-frequency end
beyond the limit given for the audio frequency amplifier can be
obtained by means of a circuit shown in Fig. 38. The grid choke L
is chosen to tune with the coupling condenser at the required
frequency. To avoid the resonance peak rising above the flat part
of the curve L has to be chosen so that it tunes with O at a frequency at which

:a=

R, where R is the parallel combination of

the valve impedance and the anode load. As the D.c. resistance
in the grid circuit is comparatively small, 0 can be made larger
than usual even with cheap types of condensers, so that it is not
necessary to employ an unduly large inductance.
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Example: In Fig. 38 a triode with a µ of 40 and an impedance
of 40,000 ohms is employed; the anode resistance is 0·2 megohm.
Find O and L for a frequency curve flat down to 30 c/s.
The condition is wL = wlG = 33,000 ohms at 30 c/s, L = 175
henries, 0 = 0·16 pl!', the stage gain is about 33.
As a choke introduces an appreciable parallel capacitance the
gain at the low-frequency end will necessarily cause a loss at the
high-frequency end. This method is therefore applicable only in
cases where the major aim is to obtain a curve extending to very
low frequencies.
A D.C. amplifier is needed if amplification down to lowest frequencies is required and if a perfect reproduction of phase as well as
of amplitude relations is essential. This is the case with te]egraphio

+
-=-200V

Fm. 39.

recorders, when slow pulses of, say, one second duration are to be
amp1ified. R.C. amplifier stages are not practicable here because
of the size of the coupling condenser required. In normal receiver
technique D.C. amplifiers are very rare, and an extensive description
of the various circuits employed is therefore omitted. One type
which is fairly flexible is given in Fig. 39.
The advantage of the circuit is that it requires only one additional
battery, even if several stages are employed. Numerical values are
given in order to show how the grids obtain the required bias;
for this purpose the grid resistances have to be variable. In
Fig. 39 the grid resistance of the second valve has to be adjusted
to 228,000 ohms to produce a grid bias of - 3 volts. The stage
gain will be of the order of 15. Small percentage changes in the
batteries cause serious alteration of the grid bias. The amplifier
requires, therefore, continuous supervision, as is the case with all
D.c. amplifiers. The dimensions given in Fig. 39 are a compromise
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such as to give a reasonable stage gain and to minimise the danger
of slow drift. An increase of the grid resistances increases the stage
gain but requires a higher voltage grid battery and increases the
danger of slow drift. The impedance of all the batteries has to be
very low to avoid feedback; for this reason dry batteries cannot
be used.
A further means of widening the frequency range of the response
curve is the introduction of ne,gative feedback. The price to be
paid in this case is a loss in gain, the loss being largest at frequencies
where the gain is greatest. The principle of negative feedback may
be seen from Fig. 40. The amplifier shown has a gain of A if no
negative feedback is applied. If now a percentage {JAEi, of the
output AE 1 , is fed back in antiphase across the input terminals, the
input must be increased to E 1 (l +A{J) to maintain the previous
output.

The gain becomes now

of A ; but if A{J

?>

1:A{J'

increasing with increase

I the gain tends towards

~

independent of A.

+
FIG. 40.

Fm. 41.

In case of negative feedback over several stages there arises, however, the danger of positive feedback for frequencies outside the
desired frequency band. In the region of the cut-off frequencies
there usually occurs an appreciable change in phase before an
appreciable loss in gain takes place, involving the danger just
described.
Not every kind of negative feedback improves the frequency
curve. The negative feedback shown in Fig. 33a harms rather
than improves the response curve for low frequencies. Even if
the capacitance Cc is removed the negative feedback does not
involve any widening of the response curve. The loss in gain due
to the coupling condenser is not affected and the loss at high frequencies because of parallel capacitance is likely to be increased.
Since it is the voltage at the next grid that is to be kept constant,
a circuit on the lines of Fig. 41 is obviously the appropriate means,
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if negative feedback over one stage is to be applied.

fl

The factor

in the above formula for negative feedback is R RiR . If V1 is
l

+

3

preceded by another stage similar to that shown the character of
the negative feedback is altered. The impedance between grid
and cathode of V 1 is then determined by the anode resistance and
the impedance of the preceding valve, rather than by R 1 • The
factor fl would increase towards lower frequencies, partly upsetting
the effect intended. The influence of negative feedback may be
shown in one example, in which the phase change is also taken
into account.
Example: In Fig. 41 the conditions are as follows:
V1 is a triode valve with an impedance p of 12,000 ohms, and
an amplification factor µ
of 30. R 1 = 0·5 megohm,
25
R 2 = 50,000 ohms, Ra = 5
20
megohms, R 4 = 0·5 meg- ~
""- 15
ohm, 0 = 5,000 pF. Give ~
the ratio of E 2 at the grid
10
With neg. f'eedhack
of V 2 to E 1 at the grid
5
of V1 for the low-frequency
200
OO 20 40 60 80 JOO ,1,
C;S
end, with and without R 3 •
The change of grid resistFIG. 42.
ance caused by R3 and
the influence of the biasing resistance of V 1 may be neglected.
2
.
RR4
h
R' = -pRa
Without
Ra, Ea= E 1µ .----~-~-----.
, were
-.
p+Ra R' +R _ _L
p+Ra
'
wG
Inserting values and neglecting R' in comparison with R,, we obtain

E2

50,000
5
E1 = 30 X 62,000 X 5 X 106 -

X

10 6

24·2

j

2:n;f-5,000 X 10- 12

. IEa I
..

E1

- 1 - j63:J
f

Ji+(6~7r ·
24·2

=

With R2,
24·2
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The drop in gain is about 1 : 3 ; a drop of 3 db. within the response
curve occurs at about 20 c/s, whereas without R 3 it occurs at
63·7 c/s. The two curves may be seen in Fig. 42.
Radio Frequency Amplifier. The Resistance or Choke-coupled
Stage. The use of a resistance or choke-coupled amplifier stage is
very rare in normal receiver design. Its principles are contained
in the early part of this chapter so that further details are not
necessary.
The Untuned Transformer-coupled Stage. What has been said
for the resistance-coupled stage also holds good for the transformercoupled stage, and its principles are indicated in the discussion of
the corresponding part of the audio frequency amplifier. The
coupling obtained is usually much less than for an audio frequency amplifier, a k of 0·9 being a fairly good value for radio
frequency. Consequently the effect of leakage inductance is
more pronounced and the width of the frequency band is usually
much less in proportion than for audio frequency.
The Tuned Amplifier. The tuned amplifier is the type most
frequently used at radio frequency and requires therefore full discussion. It combines amplification with selectivity, the amplification possible being much higher than for the two preceding types.
A tuned circuit acts as a resistance at its resonant frequency,
the value of the resistance being Z 0 = wof.,Q (Chapter 1). The
stage gain possible is

iJ~

0

as can be seen from Fig. 33b

,

and from the result derived in paragraph 11, Chapter 1. In the
beginning of radio, triodes were employt!d for radio frequency
amplification and matching between the valve and the circuit was
provided by means of a transformer. A normal low impedance
triode with p = 3,000 ohms andµ = 10 is capable of giving a stage
gain between 20 and 35 for the medium wave band, reckoning
with circuit impedances of 50,000-150,000 ohms. To avoid feedback through the grid anode capacitance of the valve (Chapter 9)
the circuit requires neutralisation. To-day radio frequency amplification is almost entirely carried out with tetrode or pentode valves.
The small grid-anode capacitance makes neutralisation superfluous
if the stage gain is kept within reasonable limits. The stage gain
theoretically possible is

iJ~
0

,

the same as with a triode.

With

a modern R.F. pentode (gm = 2 mA/V, p = 0·5 x 10 6 ohms,
µ = 1,000) and a circuit impedance of 50,000 ohms, its value is
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J

~ = 158. To obtain this stage gain it would be necessary
1
to match the circuit to the valve with a transformer stepping
down VlO: 1 from valve to circuit. In practice such a procedure
is not applied for the following reasons :
(a) The capacitance transferred from the valve across the tuned
circuit would be ten times the primary capacitance, i.e. of the
order of 100 pF, upsetting the tuning intended.
500

I

L

+

+

Fro. 43.

Fro, 44.

(b) Tuning of the primary capacitance with the leakage inductance might cause trouble, if the coupling factor is not very high.
(c) The selectivity would fall because the Q is halved.
(d) The- valve would oscillate, for the gain from grid to anode
is 500 (see Chapter 9 and Figs. 46a-46c).
For these reasons the coupling
used between the valve and the
circuit is chosen so that the valve
does not look into an impedance
larger than the circuit impedance.
Figs. 43-45 show various methods
of coupling, which are similar in
performance but differ from a
practical point of view.
Fro. 45.
In Figs. 43 and 44 the coils
may be provided with tappings (shown with a dotted line) which
would enable constant gain to be obtained when switching
over from one frequency range to the next. Fig. 43 shows the
cheapest method of the three, but it is liable to audio frequency
modulation from the anode supply (see pages 232 and 244). It
is rarely seen nowadays. Fig. 44 avoids this trouble and is
therefore preferable to Fig, 43 in most cases. If used for a
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very large frequency range difficulties are incurred because of
the various modes of oscillation possible with a large choke (see
page 267). Fig. 45 is free from both drawbacks and is used
in the majority of cases. When in Fig. 45 the transformer
coupling is large and the primary inductance not excessive, the
leakage inductance can be neglected. In this case the curve giving
the stage gain as a function of frequency shows the same characteristic in the three circuits Figs. 43-45, the gain being proportional
to the circuit impedance.
As shown in Chapter I, page 20, the coil tapping works approximately in the manner of an ideal transformer, the impedance
transferred to the primary being

z (::)2,
0

and n 1 and n 2 being the

numbers of turns from tapping to earth and of the total coil respectively. The same holds good for Fig. 45 when the coupling is fairly
large (above, say, 60%), and the magnetic flux of the secondary
passes wholly through the primary. For example, this is the case
when tubular coils are employed, when the diameter of the primary
coil is only slightly larger than that of the secondary, and when the
primary windings do not extend beyond the winding space covered
by the secondary.
The gain from grid to anode is then

(n

voltage at the anode _
'Z
1)
vo1tage at t he gri"d - gm o -n 2

2

,

and the stage gain from grid to grid is
gm

'Z n1

O"-,

n2

W

h

,
ere g,n = gm

P

+z ( n1) 2
p
O -

na

is the dynamic mutual conductance. Usually, the valve impedance
is large compared with the transferred circuit impedance, and gm'
can be replaced by gm.
In the circuit of Fig. 45, when the coupling factor k is small, as is
the case for two-wave wound coils mounted beside each other,
the turns ratio no longer gives the required information, and a more
accurate formula must be applied. In the case of radio frequency
amplification it is important not only to know the actual stage gain,
but also the voltage at the anode ; this last is desirable in order
that feedback may be assessed. An equivalent transformer circuit
is therefore given in Figs. 46a-46c, which applies when looking at
the circuit from the source, i.e. in this case from the valve. After
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the procedure shown in Chapter 1, Figs. 12a-12c, its derivation
needs no further comment. Neglecting the leakage inductance and
the capacitance from anode to cathode it follows that the anode
L1(l-1C 2)

1j

,--1

_J._

C, "T"

a:

--~-..
Fm. 46b.

9c

+

I

''

:' Ca

-··•·

r
Fm. 46c.

L1K

2

Lz

+

circuit in Fig. 4& tunes to the same frequency as the grid circuit
2

22
1
· F"Ig. 46a ; I"ts Impe
·
d ance IS
· Wo L
Li = Z 0k~
· the
m
- k 2L
L-' Z 0 b emg
r
2
2
impedance of the tuned circuit in Fig. 46a. Under this assumption
it follows that :

m'z/ L1_

voltage at the anode =
voltage at the grid (E 1 )
<J
:. Stage gain=

l! I
2

i

2

L2

= <Jm'Zok {L;_' where <Jm' =-= <Jm __P
__

✓ La

p+Zok2L1

La

can usually be replaced by <Jm•
The neglect of L 1 (1 - k 2 ) is usually permissible when L 1 is not
much larger than L 2 (see later). The capacitance Ga from anode
to cathode is, however, part of the tuning circuit, as follows from
Fig. 46c; its mistuning influence is equal to a parallel capacitance
. .
Th"1s J.act
C
•
•
t ant w h en
0 L1k2 across t h e second ary crrcmt.
IS
Impor

a--r;

a certain frequency range is to be covered and the influence of the
various capacitances must be considered.
The influence of the valve impedance on the circuit Q follows
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from Fig. 46c, the additional damping being

2
woL/c . This is
p

equivalent to the effect of a parallel resistance {;;; connected
1

across the secondary circuit.
2

_r_+ wo£ 1k =

woL2

p

The actual circuit damping is thus

_r_(1 + w L L k
0

2

WoLs

1

2

2
)

= _r_ (p+Zok

pr

is the natural circuit damping = _Ql.

r

WoL2

i:);

2

p

Hence

WoL 2

Q (with valve damping included) _
p
_ Ym
natural circuit Q
p +Zok 2L1
Ym'

L2
as can be seen from a comparison with the expression given for
Ym . (An additional damping caused by the primary winding itself
is often experienced when the wire used for the primary is too thick.
The effect is due to eddy currents and is avoided by the use of
thin wire or litzendraht. The ohmic resistance of the thin wire is
harmless, as may be seen from the equivalent transformer circuit
Fig. 46c, where this resistance would be outside the coil and not
part of the tuned circuit.)
Two examples may be included to give an idea as to the importance of the various effects involved.
Example 1. An amplifier stage of the circuit Fig. 45 is employed,
the coupling factor between primary and secondary is practically
1003/o. The ratio of primary to secondary turns is l : 3. The
frequency range to be covered is 0·52-1·58 Mc/s, the variation in
capacitance being 50-460 pF. The Q factor of the tuned circuit
is 100 at 0·55 Mc/s and 1·5 Mc/s. The valve used is a pentode
with a mutual conductance Ym = l ·5 mA/V and an impedance of
0·5 megohm. The capacitance between anode and cathode is 18 pF
and is due to the valve, the leads, the switch and the primary coil.
What is the stage gain at 0·55 and 1·5 Mc/s?
What is the resultant Q at the two frequencies ?
What is the mistuning effect of the primary ?
At0·55Mc/s: Thetuningcapacitanceis460 x
The circuit impedance is w~Q

(~:!!)2 =

410pF.

= 70,500 ohms. The impedance

t rans fierred t o th e pnmary
·
· 7- 0, 5-00 = approx. 7,800 oh ms. Th"1s
1s
9
value is small compared with the valve impedance and can be
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h t
. .
70,500
H ence t es age gam 1s 1·5 x 10- 3 - ~ :e: 35.

The

3

· re d uce d m
· t h e rat·10 of 500,000 , which can b e ignore
.
d . The
Q 1s
507 800
'
mistuning effect of the primary is equivalent
to a parallel capacitance
18
of
= 2 pF.

9

At 1·5 Mc/s: The tuning capacitance is 55 pF, the circuit
impedance is 193,000 and the circuit impedance transferred is
approx. 21,000 ohms. Hence gm' = 0·96 Ym, and the stage gain is
. 96 and t he
1·5 x 10- 3 x 0·96 x 193,000 = 92. The actual Q 1s
3

mistuning effect of the primary is that of a parallel capacitance
of 2 pF, the same as for 0·55 Mc/s.
Example 2. Data as for example 1 with the exception that
the transformer coupling is 25%, Find the value of the primary
Li necessary to give the same stage gain, and find the mistuning
effect caused by this primary.
To obtain the same stage gain as under (1) it seems feasible

to choose the primary inductance Li such that
0·0625 Li=

L1

Zk{i = ~
0

0
•

Hence

a
•

9
:. Li = 1·78L1 = 365 microhenries.
This is, however, correct only if the reactance of the leakage in-

ductance can be neglected in comparison with that of the capacitance
p

I, K2

~~-~------1
r~

Ea

L1K

2

lcL½:z

~ - ~ - - - - - - - - ' - - - 1___

E"

1

FIG. 47.

anode-cathode. How far this can be done may be seen by replacing
the circuit Fig. 46a, in accordance with Thevenin's theorem, by
the circuit Fig. 47, in which the effect of p may be neglected.
At 1·5 Mc/s:

wL 1(l - k 2 )

is approx. 3,200 ohms,
W

=

1
0a

5,900 ohms, so that the effect of L 1 (l - k 2 ) in Fig. 47 consists in
5,900

increasing Ca in the ratio

2

,foo· The stage gain rises correspond-
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ingly and is 200 (Chapter 1, paragraph 9). The mistuning effect
from the anode capacitance is equal to a capacitance of 4·4 pF
across the tuned circuit.
At 0·55 Mc/s: the influence of the leakage inductance is almost
negligible. The difference in gain between the high- and lowfrequency end, already present with large coupling, is greatly
increased. Resonance of Ca and L 1 (l - k 2 ) inside the frequency
range covered must be avoided under all circumstances.
Constant Stage Gain. The circuit Fig. 45 may be used to
achieve a stage gain fairly constant over any particular frequency
range. This is done by using a small coupling factor of about
10% or 15% and a primary inductance which tunes with the
primary capacitance to a frequency well below the range covered.
The circuit Fig. 47 is in that case equivalent to that of Figs. 26a-26c,
the only difference being that in Fig. 47 the E.M.F. is inversely
proportional to the frequency. E" is a fictitious value ; it is the
voltage that would be obtained across the primary, if the leakage
part L 1 (l - k 2) could be separated and if the residual L 1k 2 were
100% coupled with L 2 • Hence the voltage E 2 across the secondary
circuit is equal to E',

Jf:J,

2

;

applying Thevenin's theorem one

obtains

E _ E

2

1
1(/mjwCa . •

2 -

JW

jwL 1k
L k2+. L (1
k2)
JW

1

E2\ gmQkJL
\ = wOa Li

where :

E1

0

1_

-

--Q

h

QJLa
L1k2'

a

W

(:0)2' w ere
1

2

:.

1

j

_
Wo -

1

vL 0:'
1

is the frequency of the received carrier, and where Q

refers to the whole circuit, including the damping effect from p.
The same result follows almost immediately from the formula on
page 37, as can be easily verified.
to

!:

The ratio;~, which corresponds

in Fig. 26c, increases about 1 : l ·5 towards the low-frequency

end for a frequency range 0·5-1·55 Mc/s if;~~ 0·34 Mc/s; as
E' is proportional to _!__, the stage gain at 0·55 Mc/s is about 4·5
w
times that at 1·5 Mc/s.
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This variation in gain which exhibits the opposite tendency
to that discussed above is eliminated by adding a capacitive coupling
between L 1 and L 2 (Ge in Fig. 46a); its effect is to increase the
transfer ratio from primary to secondary more at the high-frequency
than at the low-frequency end. For the values of coupling chosen
in practice the voltage at the primary is hardly affected by this
fairly small capacitance nor by the secondary circuit ; it is therefore permissible to deal separately with this capacitive coupling
and then to add its effect to that from the inductive coupling.
The voltage across Li in Fig. 46a (or Ea in Fig. 47) is, under
this assumption,
. L 1
JW i.W0
1
1
Ea = Ei(Jm
J a = Eigm---c-(
.
1
JW 0 a
Wo
JWLi+-.-1 - JW0a
W
and the voltage applied to the next grid through the coupling
capacitance is approximately

)a'

E , _ E Q Ge _ E
1
2
a Oe+O i(JmjwOa 1

-(::r

Q Ge

1

X

Oe+O

(the reactance of Ge is assumed to be large compared with the
impedance of Li and Ga in parallel). The total voltage at the
next grid, due to inductive and capacitive coupling, is therefore

IE I =E [g
2

i

_1_JL2
mwoa

Lil _

(:or +

(:or

1 QOe
1
gmwoa oe+o l _

kQ

]

and the stage gain
E
~ ::; g -1Q - -1- - ( k ✓L2+ Ge)
mwOa 1 _
Li O '

IEi

I

(:or

since Ge~ 0. The winding senses of Li and L 2 have to be opposite
(compare page 78).
The expression before the bracket is at 0·55 Mc/s about 4·5
times as large as at 1·5 Mc/s under the conditions already stated.
The coupling condenser has therefore to be chosen so that the
expression inside the bracket shows the opposite tendency. The
calculation of Ge can be seen from the following example:
Example: In the circuit Fig. 46a the data are L 1 = 14,000
microhenries, L 2 = 212 microhenries, 0 = 410 pF at 0·55 Mc/s
and 55 pFat 1·5Mc/s, k = 0·15, Ga= 20pF, Q = 100,gm = 1 mA/V.
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(a) Add a coupling condenser Cc so that the stage gain is the
same at 0·55 and 1·5 Mc/s.
(b) What is the stage gain at these two frequencies and at
0·9 Mc/s midway between the two, if the Q in the latter case is
100? What is the gain from grid to anode?

=

L1

14,000 microhenries and Ca

=

20 pF, therefore

J = ;;
0

= 0·3 Mc/s. The expression before the bracket is approximately
3·7 times larger at 0·55 Mc/s than at 1·5 Mc/s.
Hence
k

{L.+

Cc

✓ Li C(at 1·5 Mc/s)
0·15
8·1

= 3·7(k✓L2+

Cc
)
L 1 C(at 0·55 Mc/s)

+cc= 3·7(0·15 + cc)
55

8·1

410

:. Cc = 5·4 pF.
At 0·55 Mc/s:

St,age Gain.

E 2 = 10- 3
E1

+

=

5·4)
65 _
8·1 410
10- 3 X 14,400
The gain from grid to anode is
_ _
= 20·6.
1
03
At 1·5 Mc/s:

E2
E1

10- 3
-

X 14,400 X 100(0·15

1 - 0·3

5,300 X 100(0·15 + 5·4)
1 - 0·04
8· l
55

X

=65 _

. from gn'd to anode 1s
. 10- 3 x 5,300
The gam
_ _
= 5·5.
1

At 0·9 Mc/s:
E 2 = 10- 3
E1

0 04

8,800 X 100(0·15
1 - 0·11
8·1

X

+5·4) = 53 _
153

In order to show the error resulting from the neglect of L 1 and
Ca in parallel, in comparison with Cc, the influence of the parallel
combination may now be calculated. At 0·55 Mc/s it is equal to
14 pF and at 1·5 Mc/s equal to 19·2 pF. If Thevenin's theorem
is applied to obtain the voltage transferred through Cc, the parallel
combination of L 1 and Ca is in series with Cc. The actual stage
gain is therefore below the calculated values, the difference being
most pronounced at the high-frequency end. If in the formula
the modified values for Cc are inserted, the stage gain becomes
about 57 at 0·55 Mc/s and 53 at 1·5 Mc/s. This shows that the
gain is still almost constant throughout the range.
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In practice the Q factor cannot be expected to be constant over
the whole range.* It usually is highest in the middle and lowest
at the high-frequency end, a fact to be taken into account. The
coupling capacitance is made adjustable ; it is either a small trimmer
or, more frequently, consists of a tum of insulated wire fixed in a
position to be found by the test department.
In general, the instructions to be given for such an amplifier
stage are as follows. Choose the primary capacitance and inductance so that their natural frequency is not more than about 0·6
times the lowest frequency of the range covered, and use a coupling
factor between IO% and 15%.

Determine the factor

°'•') for the highest and lowest

( Q
w I -w2

frequency of the range (for the standardised broadcast bands the
Q values of the ordinary circuits are known and the factor sought

might be determined on paper).

If

(

Q

°'•') is A times Ia.rger

w l-w2

at the low-frequency end, the coupling condenser has to be approximately Cc=

k(A - I) JL•
A
Li' where Ch and C1 are the values of
1

Ch - Cl
the tuning capacitance C at the highest and lowest frequency.
The mistuning due to the primary follows from Fig. 47 ; it has
been fully discussed for the corresponding case of aerial coupling
on page 37. In the above example the influence of the primary is :
At 0·55 Mc/s : The secondary inductance is reduced by 3·2%.
At 1·5 Mc/s: The secondary inductance is reduced by 2·34%.
It has been mentioned already in Chapter 2 that this mistuning
influence limits the coupling permissible for a given natural frequency of the primary circuit, because the mistuning varies over
the range and requires correction in the oscillator circuit of a
superhet. Ganging with the aerial circuit does not cause difficulty
if the type of coupling used is of a similar nature (page 37). Differences in the magnitude of the mistuning of one or two per cent
are usually not serious, since they can be corrected by means of
the variable inductance and capacitance of the circuits.
• If Q is dimensioned so as to give constant band-width, the stage gain
is almost constant without an additional coupling condenser (compare
page 132).
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In the above example the coupling factor between £ 1 and £ 2 can
be increased without undue disturbance if at the same time £ 1 or
Ca is made larger. The resulting stage gain and the mistuning
can be calculated with the help of the formulae given ; this may
be left to the reader. The stage should be designed so that
a coupling capacitance of only a few pF is necessary, as the latter
contributes appreciably to the minimum capacitance.
The stage gain calculated in the above example may be compared with that attained if the tuned circuit were connected directly
or by means of a 1 : 1 transformer in the anode lead of the amplifier
valve. In this case the stage gain is simply gm'Z 0 , which would
be 162 at 1·5 Mc/s and 66 at 0·55 Mc/s, for a valve impedance of
1 M.Q. The method of tuning the transformer primary to a frequency below the range to be covered therefore levels the gain to
a value similar to that obtainable at the low-frequency end with
the tuned anode as shown in Figs. 43 and 44. This loss in gain
is usually unimportant. Apart from the constancy of gain achieved
with the circuit of Fig. 46a the great advantage of this method
is that the impedance transferred from the anode is essentially
inductive. Thus the frequency range covered by means of a
variable condenser is not decreased by the anode capacitance (see
page 69).
The stage gain for other frequency ranges follows immediately
from the formula given. It may be assumed that the variable
capacitance, the circuit Q, the anode capacitance and the ratio
resonant frequency of the anode circuit
h
d In that
. h"m t h e range covered are unc ange .
lowest frequency wit
case, the stage gain is inversely proportional to the frequency for
constant condenser setting. For a frequency range 5·5-15 Mc/s
the stage gain to be expected will be of the order of 6.
To obtain a good stage gain at very high frequencies with a
given valve, a high circuit Q and a small tuning capacitance are
essential. The two points may be discussed separately,
Circuit Q. As mentioned in Chapter 1, the circuit Q may be
expressed as the ratio woL where L is the inductance of the circuit
r

and r the series resistance. In point of fact the circuit losses are
never due entirely to a series resistance, but are caused by various
factors such as dielectric losses, parallel resistances, losses in the
valves, in the screening, etc. In analysing these experimentally it
is practicable to think in terms of circuit damping rather than of
Q (page 10). An example shows its usefulness.
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Example: The damping measurements carried out with an
circuit show the following typical results:

R.F.

I. Coil (unscreened) and condenser on deck
2. As 1, but with the coil in its screening box
3. As 2, the coil and the condensers connected through
the appropriate switch
4. As 3, mounted correctly on the receiver chassis
5. As 4, connected to the valve grid .

Damping

Q

0·8%
0·95%

125

1-05%
1·05%
1·2%

95
95

105

83

Such a table is revealing. It shows how a number of small
effects add together to increase the natural coil damping by 50%.
Usually little can be done to improve the result without an appreciable increase in cost. A number of points may be mentioned which
are of importance for the highest frequency ranges.
1. Keep the leads between the coil and the variable condenser
as short as possible. Such leads add to the series resistance
without contributing much to the inductance.
2. Mount decoupling condensers, if they are part of the actual
circuit, so that they fit in the run of the leads.*
3. Mount the coil switch so that it fits well in the leads.
4. Use thick wire (about 1 mm. diameter) for the connecting
leads mentioned under 1.
5. Space the turns of tubular coils by about half the diameter
of the wire. This avoids dielectric losses from capacitance
between neighbouring turns.
6. If spacing is impossible, owing to lack of room, use wire
with double cotton cover, in preference to silk cover, even
if the diameter of the copper part of the wire has to be
correspondingly thinner. The influence of dielectric losses
in the wire insulation is very marked at frequencies of
about 10 Mc/s or higher and usually greater than that
for slight differences in the thickness of the copper.
7. At frequencies above about 10 Mc/s air cored coils are better
than those with iron dust cores. The use of iron dust
cores for achieving the necessary variation in inductance
is permissible.
8. The space allotted to the tuning coils is of importance.
The larger the space the better the Q attainable.
9. A radio frequency circuit should be designed for the highest
frequency range, as all the above factors carry the more

* Sometimes it is advantageous to apply grid bias by means of a grid
leak resistance, thus avoiding a decoupling condenser in the actual resonance
circuit. The parallel damping is harmless if only short waves are concerned.
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weight the higher the frequency. Usually it pays to carry
out beforehand experiments with various wire types.
A table as given here is useful as it gives information
as to what improvement can be expected from a redesign
of the coil.
Amplifiers where Two Coupled Circuits form the Anode
Load. The behaviour of coupled circuits, such as are used for
normal intermediate frequency amplification, can be seen from Chapter 1, and does not involve any particular difficulty. If a pentode
is used with an impedance large compared with the impedance of

the cfrcuit,, the ,tage gain is Ym (

z,

)' where A

1
A+-

~ / _(page 30).
crit.

A
For critical coupling the amplification is half that for a single
circuit ; everything else can be learned from the curves Fig. 19
in Chapter 1.
Serious trouble may be experienced in production if due attention is not paid to the influence of capacitive coupling. For normal
I.F. filters with a tuning capacitance of 200 pF, a capacitance
of 2 pF between the two circuits constitutes a coupling factor of
1%, which is of the same order as the intended inductive coupling.
The two couplings are additive if the two coils have opposite winding
senses, subtractive if the winding senses are equal. Thus it may
happen in production that large variations occur from set to set
unless instructions are given as to the way in which the coils are
to be mounted. It must be realised that the winding sense of a
pancake or wave-wound coil is not defined even though instructions
may be given where to connect the inner and the outer end. To
avoid this either the winding sense has to be defined or the filter
designed so that the capacitive coupling becomes negligible. The
latter way is preferable (see Chapter l4 on measuring coupling
factors).
The Power Amplifier Stage. When designing a power
amplifier stage, several points ought to be clarified before starting.
They may be enumerated in the order of their importance.
1. The power required.
2. The distortion regarded as permissible.
3. The cost.
The third point depends on the two preceding ones and requires
closer specification. It contains such things as the number and
types of valves, the driving power required, the power taken from
the power supply, etc. Thus the final choice may depend on
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a weighing up of all these factors and hence will be largely a matter
of personal judgment.
The subject itself has been extensively dealt with in various
textbooks,* to which the reader is referred for more detailed information. Usually the optimum conditions for power valves are given
in valve books edited by the manufacturing firms, and the purpose
of the following discussion is to convey a clear understanding of
the subject and to evolve the basic principles leading up to the
final conditions. The treatment is limited to audio frequency
amplifiers.
A short summary of the various working conditions may be
added to make the reader familiar with the usual technical terms.
01,ass Al operation. The valve is operated only on the linear
part of the characteristic ; the grid voltage is always negative.
Ql,ass ABl operation. The valve is operated down to anode
currents below the linear part, and the anode current may be cut
off for part of the cycle. The grid voltage is always negative.
Cl,ass Bl operation. The valve is operated almost at the point
of cut-off, the grid voltage is always negative.
The index 2 instead of 1 indicates that the grid voltage is not
restricted to the negative region and that grid current flows during
at least part of the cycle. Classes A2, ABl, AB2, Bl and B2 are
used only in push-pull as, with a single valve, they would lead to
undue distortion. (Class C operation is ruled out in any case.)
Triode in Class Al Operation. If, as a first rough
approach, the valve characteristic is supposed to be a straight line,
Fig. 48 contains the series of IaEu
la
curves with Ea as parameter.
The valve impedance p under
these conditions is the ratio

~a
a

for any point on the y-a~is, where
E 0 is zero. For given values of
Ea and E 0 , the anode current Ia is

~,,+µE 0 , whereµ is the amplifiP

cation factor of the valve.
FIG. 48.
The valve load is supposed to
have no D.c. resistance, as is approximately the case with transformer coupling. The anode voltage is Ea. The A.C. resistance
• F. E. Terman, Radio Engineering, 2nd edition, 1937, pp. 276-345;
Radio Designer's Handbook, edited by F. L. Smith.
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R of the anode load and the grid bias E O necessary are to be

found for maximum power output.
The working point evidently lies on the line having the parameter Ea. For any arbitrary value of R the slope of the load line
is gm' = tan /J = gm p ~ R = tan IX p ~ R"

The condition that the

anode current is not to be cut off and that no grid current is to
flow at any period, limits the working point to the part of the load
line between the Ia and E 0 axis. The lines I, II and III represent
three load lines for the same anode load, but different grid bias ;
the working points being P 1 , P, P 2 • It is easy to see that among
all the lines possible that which will give the highest power output is divided by the working point into equal parts, i.e. for
which AP= PB. In Fig. 48 this is assumed to be the case for
the line II; for line I the swing is limited to P 1B 1 , for line III to
A 2P 2 , both of which are smaller than AP = PB.
The anode current I O at P is found from the following considerations :
1 0 =½BC;
E 0 = Ea - R/ 0 , where E 0 is the anode voltage at the point B ;
hence Ea - Rio= 21 0 ,
p

I

0

Ea

= R+2p'

The power output becomes in this case,
1/ 2R "2" o

-

Ea2R 2(R+ 2 ) 2 P

i

Ea2

l.
2

4 2·
R

R+4p+ L

The anode efficiency, i.e. the ratio of power output to power taken
from the H.T. supply, is
1

To obtain the value of R which produces the maximum power
output possible the denominator of the above expression is to be
differentiated with respect to R, whence
I - 4p2 = 0

R2

:. R

=

2p.

.
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R = 2p is thus the optimum value of anode load under the given
conditions, and the output is
E 2
Prnax.

= l;p°

The grid bias necessary to obtain the required current is found as
follows:

Io=-~ =Ea -µEu
R+2p
p
E =Ea R+p
u
µ R+2p·
E
For R = 2p there follows Eg = ! _!!_
µ
The power taken from the

H.T.

supply is loEa =

E

2

; , and hence
4

the anode efficiency is 25%.
The curve giving the possible output as a function of R has
a fairly flat maximum and is symmetrical as regards mismatching.
An anode load twice the
optimum value has the same
output as a load half this
value, the output being about
11 % below the optimum.
The above results are not
accurate, as the valve characteristics are not straight
lines ; for this reason a new
assumption is made which is "BJ
much nearer the real conditions (Fig. 49). This assumption is as follows :
The characteristics are supposed to be straight lines down to
a current le, below which the valve cannot be used because of
distortion. The characteristics are identical in shape.
In Fig. 49 a horizontal line may be drawn cutting off the nonlinear part of the characteristics. Then the part above this line
can be dealt with in the same way as has been done in Fig. 48.
In Fig. 49 let Ee be the anode voltage for which the IaEu curve
cuts the y-axis at the point Ia = le. It becomes obvious then that
the characteristic for an anode voltage equal to Ee in Fig. 49 corresponds with the characteristic for an anode voltage equal to zero
in Fig. 48 ; the parameter of anode voltage for the other curves
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decreases correspondingly by Ee. The valid formulae are thus
obtained by replacing in the above results the value Ea by Ea - Ee.
The corrected formulae are
Rapt. = 2p, as before.
p
= (Ea - Ec) 2
max.

16P

,

The working anode current is

=

I
0

I +Ea -Ee
C
4p
'

and hence the anode efficiency
power output
power supplied

(Ea - E~) 2
l. h .
h
o;
4Ea(4plc+Ea - Ee)' w nc is 1ess t an 25 ;o•

The formulae for the power output possible and the grid bias
necessary as a function of anode load are correspondingly

p = ½(Ea - Ec)2

(1)

4p2

R+4p+R

(2)

The power output will be limited by various factors : by the
anode voltage available, by the anode dissipation of the valve, or
by the maximum voltage permissible at the anode. In the absence
of a signal the whole power taken from the H.T. supply is dissipated
inside the valve and heats the anode. The anode dissipation of
a valve is the maximum power that can be dissipated at the anode
without leading to a destruction of the valve, and every power
valve has a rated value of anode dissipation, which is published
by the manufacturers.
If H.T. voltage available is such that, with an anode current
appropriate for R = 2p, the anode dissipation does not exceed the
rated value of the valve, R = 2p in fact should represent approximately the optimum value. In Fig. 49 this assumption is fulfilled
for the load line drawn, which agrees with an H.T. available of
240 V.
When going through the data published by the manufacturers
of valves it will be found that the values of R recommended as
optimum anode load are usually larger than 2p, even when the
anode dissipation plays no part in it. The reason is that the valve
characteristics are not as given in Fig. 49. There is no clearly
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defined minimum current permissible, and the lower bend is less
sharp but extends to larger anode currents with increasing bias
(Fig. 50). Furthermore, the minimum anode current permissible
for a given percentage distortion is smaller for a larger anode load,
as will be readily understood. This explains why it is that frequently an anode load three to four times the valve impedance is
published as the optimum value, when one would expect only 2p.
In the following it may be assumed that the curves in Fig. 49
are the true characteristics of a valve and that for this valve 340 V
anode voltage is available. For maximum power output, an anode
load equal to twice the valve impedance may be chosen ; the bias
becomes, according to equation (2), E 0

= Ea - EcRR+ P = 41 V,

µ
+2p
and the anode current is approximately 30 mA. The anode dissipation is in this case 340 X 30 X 10- 3
la,,in mA
= 10·2 watts, whereas the rated
28
value is only 6 watts, as indicated in
Fig. 49. Therefore the above working conditions are not permissible.
The correct procedure would be in
this case to choose first the grid bias
which produces an anode dissipation
of 6 watts, and then to calculate the
appropriate optimum anode load 32
from equation (2). The correct bias
is about 48 V, and the corresponding
anode load is found from the following formula resulting from (2) :
R

=

p[Ea -

l -l] .

Ee - 1

(3)

µEu

In the above case R = 6·4p :!= 20,000 ohms.
The power output, according to equation (1), is about 1·3 watts.
The anode efficiency is 21·7%.
In practice the procedure almost exclusively employed for
deriving the optimum working conditions is the graphical method
which is based upon the IaEa characteristics of the valve. An
example may be given in Fig. 51, which, in a series of curves, shows
the anode current as a function of the anode voltage with the grid
voltage as parameter. The approximate data of the valve can be
read from Fig. 51; they are, at Ea = 100 V, E 0 = 0: Ym = 6 mA/V,
µ = 5 and p = 830 ohms.
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The slope of a load line for any given value of R is determined
by the fact that for a change of Ma in anode current there results
a change of - RMa in anode voltage. Thus, a line connecting
the point 200 V on the x-axis with the point 20 mA on the y-axis
has the same slope as the load line with 10,000 ohms anode load,
a change of 20 mA causing a change of 200 V at the anode.
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The distortion for triodes in Al amplification is usually expressed
. t
f th
t· amplitude of 2nd harmonic Thi·s value .s
1
m erms o
e ra 10 amp11.tu d e of fund ament a .

1

determined by the ratio of positive to negative peak in anode
current for an applied sinusoidal grid voltage. From a mathematical
analysis it follows that the ratio of 2nd harmonic to fundamental is
/max. +lmin. - 2/o
2(/max. - Jm~n.) ·

This expression can be transformed to

]max. - lo_ 1
lmax. - lo - (/o - ]min.) _ Jo - Im
2(/max. - lo+Io - Imin.) -

2

lmax. - lo +

1

'

lo - /min.
where lmax. - 1 0 is the positive
and I O - I min. the negative peak of the anode current.
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If A is the ratio of positive peak to negative peak, it follows
amplitude of 2nd harmonic
A - 1
that--==--,-----,------=-..---.--------:---.- = 12 - amplitude of fundamental
A+ 1·
If, on the other hand, this ratio is fixed and called p, the permissible
value of A is given by
A= 1+2p.
1 - 2p
A second harmonic equal to 5% of the fundamental (p = 0·05)
is the usual value on which are based power data published by the
valve manufacturers. For this figure the ratio A of positive
current peak to negative current peak follows from the last formula

A=~= 1·22.

0·9
The graphical procedure of deriving the optimum working conditions and the maximum power output of a valve represented by
the IaEa characteristics in Fig. 51 is as follows :
1. Plot in Fig. 51 the curve of maximum anode dissipation and
the line of maximum n.c. voltage permissible at the anode.
If BG is the curve of maximum anode dissipation, corresponding
to 15 watts, and if GD is the line of maximum D.C. voltage permissible at the anode, coITesponding to 300 volts, it is evident
that the working point must be inside the area OBGD.
2. Try the point G as working point. Draw the IaEa curve for
a grid bias twice that of G ( - 84 volts in Fig. 51), and draw various
load lines through 0. Make sure that in each case the ratio of the
two sections of the load line between G and the two IaEa curves
having the parameters E 0 = 0 and E 0 = twice the bias at G, is
1 2
not larger than ~ , , where p is the permissible ratio of 2nd
1
harmonic to fundamental.
3. Try other points in the neighbourhood in the same way.
Of all the load lines choose that for which the power output

I
- I mm.
. )(Emax. - E mm._
. ) is a maximum.
is greatest, viz. ( max.
8
In the following, approximate figures are given of three trials
carried out from Fig. 51.
1st trial: The working point is G, the load line KOL. The
ratio

~f =

1·11, hence the 2nd harmonic content is 2·6%.

The

power output is 2·4 watts, the anode load 7,000 ohms= 8·8p.
The anode efficiency is 16%.
2nd trial: The working point is G, the load line MCX The
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ratio ~;

= 1·18, hence the 2nd harmonic content is 4·1 %- The

power output is 3·15 watts, the anode load 4,,500 ohms~ 5·4p.
The anode efficiency is 21 %3rd trial: The working point is P, the load line GPH. The
ratio

~~ =

1·22, hence the 2nd harmonic content is 5%.

The

power output is 2·6 watts, the anode load 4,600 ohms~ 5·5p.
The anode efficiency is 24·5%.
The trials show that the point O as working point is superior
to P, as is to be expected. The value published for the valve is
3·5 watts, which agrees with the result obtained in the second trial,
since the value of 3·5 watts refers to a 2nd harmonic content of 5%.
If the equations (1), (2) and (3) are used to arrive at the
required results the difficulty becomes apparent. Ee may be anything between 30 and 60 volts. Though the difference seems small,
its influence on the choice of R is considerable. Inserting in (3) the
numerical values
Ea = 300 V, E 0 = 42 V, we obtain
for Ee = 30 V : R = 2,000 ohms ;
for Ee = 60 V : R = 4,800 ohms.

The graphical method therefore seems the only practicable way.
The conclusions to be drawn for the use of a triode in class Al
amplification are :
If the H.T. voltage is limited so that the anode dissipation of
the valve does not come into consideration, a valve with the lowest
impedance will give the highest power output. To possess a low
impedance the valve must have a large mutual conductance and
a low amplification factor. Correspondingly, the required driving
voltage is large. The optimum anode load lies between 2p and 4p.
If the anode voltage is not limited the valve with the highest
anode dissipation gives the largest power output, the latter being
of the order of 25% of the anode dissipation. A valve with a large
permissible n.c. anode voltage is advantageous as the effect of
bottom bend is proportionally smaller the higher the n.c. voltage.
The anode efficiency becomes higher and approaches the value
1
P, as given on page 80 for straight-line characteristics.
For
4

2+R
Ea = 400 - 500 volts the anode efficiency will be found to be
about 0·8 of this theoretical value. The optimum anode load
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is found by the graphical method described with the help of
Fig. 51.
Changes of anode current due to rectification have been disregarded as their effect on the result is only slight.
Pentode in Class Al Amplification. The pentode is fundamentally different from the triode since the anode current is, within
wide limits, independent of the anode voltage. At first the discussion of power output may be based upon a hypothetical pentode,
i.e. upon an laEg characteristic which is perfectly straight and
independent of the anode voltage. In this case the dynamic and
the static laEg curves are identical, and the laEa curves are horizontal lines. The grid bias has to be chosen so that the anode
current at the working point is half that at zero bias and the anode
load has to be such that for the peak of the anode current the anode
voltage is zero.
Hence R

=

fa (Fig. 52).

The output is

½ Ealo

and the anode efficiency 50%.

$. =O

~1-:::::-----------

l

E =0
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✓,~C'o-;:;:-oq,,,.✓,. eel'

J,

,:Ea

,,,.,,'9

Anode voltage
Fm. 52.

Fm. 53.

The practical conditions differ from these ideal assumptions as
follows.
1. The laEg curves are not straight lines.
2. The anode current is not independent of the anode voltage.
3. The power supplied is larger than l 0Ea because of the
additional screen current.
(1) limits the grid swing towards small currents in the same
way as is the case in Figs. 49 and 50.
(2) affects the shape of the resultant A.O. anode current and
thus the choice of grid bias and anode load.
(3) decreases the anode efficiency.
Owing to the smaU influence of Ea on la the laEu curves are
quite unsuitable for discussion. In Fig. 53 a set of Eala curves
is given, for a fixed screen grid voltage and with Eu as parameter.
The optimum working conditions are found by graphical
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methods, in the same way as for a triode. Again the load line is
limited on the one side by grid current, i.e. by the IaEa curve with
the parameter Eg = 0, on the other side by the bottom bend. If
the anode load is chosen so that the anode voltage never falls so
low that Ia is largely affected by Ea, as is the case for the load
line APB, the positive peak is larger than the negative because
of the increase of mutual conductance with increasing current.
This type of distortion is similar to that of a triode, but its effect
is greater. This is because the anode load has no influence upon
the dynamic characteristic, as it has in the case of the triode ; for
the latter valve the anode load is larger than the valve impedance,
for the pentode it is very much smaller.
For this reason the anode load is frequently chosen so that the
anode voltage falls so much that it has a decreasing effect on the
anode current (load line CPD). For OP = PD the positive and
the negative peaks become equal and even harmonics disappear.
The odd harmonics, however, become strong, particularly the third,
owing to Ym being highest at P. Taking an anode load larger than
that corresponding to the load line CDP leads to a large increase
in screen grid current and may lead to destruction of the valve.
The optimum working conditions are not so clearly defined as
for a triode. The possibility of removing the 2nd harmonic at the
cost of intensifying the 3rd harmonic indicates that the choice of
anode load is, to a certain extent, a matter of compromise and
personal judgment. The data recommended by the manufacturers
.
positive peak
.
result in a ratio of
t·
k anywhere between 1·4 and umty.
nega 1ve pea
Two formulae recommended for practical use when mainly
2nd and 3rd harmonic are expected are as follows :
2nd harmonic
A - I
- A+I+I·4IA"(A'+I)
fundamental
3rd harmonic
A +I - I·4IA"(A' +I)
fundamental
A+I+I·4IA"(A' +I)
A, A' and A" are the ratios of instantaneous values of A.c. currents,
viz.,
A = pos. current pea~
neg. current peak
A' = value of IA.C. at 0·293E 0
value of JA.c. at 1·707E0
A" = value of IA.c. at 1·707E0
value of h.c. at 2E 0
and
E O = the standing bias.
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The three ratios can be read directly in relative measure on the
load lines; the laEa ourves for E 0 = 0·293E 0 , 1·707E0 and 2E0
must be drawn beforehand.
The formula for the 2nd harmonic will be found to give results
differing only slightly from those obtained by the use of the formula
on page 84.
The working point for maximum power output is usually determined by the data for maximum anode dissipation and maximum
D.C. voltage permissible. These are published by the manufacturers.
The standing current is approximately 0·4 of the current for .EO = 0 ;
this holds good also when an anode voJtage is used which is less
than the maximum permissible value.
An attempt to obtain a larger output by a decrease in grid bias
and correspondingly an increase of anode current, irrespective of
anode dissipation, would not be successful, as is evident from the
set of laEa curves. This is in contrast to the case of a triode.
The power output is approximately
(Emax. - EminJ(lmax. - ]min.)
8

The anode efficiency usually lies between 30% and 35% when
the screen current is taken into account, and between 35 % and
40% when the screen current is disregarded.
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A set of I aEa curves of a pentode and the load line for optimum
operation in class Al operation may serve as an example from
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which to learn the method of calculating power output, efficiency
and distortion (Fig. 54). The following figures can be read directly
from the graph. Anode load: 2,300 ohms, power output: approx.
7·6 watts. For the calculation of distortion the values needed are

A = 15cP = 1·36 A' = p 2 p = 1·31 A"= PP a = 0·8
PP4
'
PP a
'
PP4
'
hence
2nd harmonic
0·36
= 7·43/c.
fundamental
2•:l6+1·41 x 0·8 x 2·31
°
(The formula, page 85, gives 7·6 %-)
3rd harmonic
2·36 - l ·41 x 0·8 x 2·31
- 0·25 = 501.
4·95
/O
fundamental
2·36+1·41 x 0·8 x 2·31
(The negative sign merely indicates the phase.)
Comparison between Triode and Pentode in Class Al
Amplification. The main features may be summarised as follows :
In favour of pentodes : The anode efficiency is at least l ·5 times
as high as that of triodes. The amplification factor is large and
therefore the required driving voltage is small.
In favour of triodes : The distortion is small and consists mainly
of even harmonics; it can therefore be eliminated by push-pull
amplification. Loud-speaker resonances are less pronounced with
triodes than with pentodes ; this is due to the damping influence
of the low impedance triode.
The influence of negative feedback will be briefly discussed at
the end of the chapter.
The Push-pull Amplifier. Two valves are arranged in a way
indicated in Fig. 55. The cathodes are at the same potential and
the grids are excited with
voltages of equal amplitude
and opposite phase. The
two anode currents in the
output transformer produce
opposing magnetic fluxes
and the resulting flux is at
any moment the difference
of the two.
Fm. 55.
Thus a resultant static
characteristic can be obtained by plotting the two individual characteristics in the way shown in Fig. 56 for a common grid bias.
The dotted line is the difference of the two currents and represents
the effective current in the output transformer as a function of

[
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voltage induced in the input transformer for zero anode load. It
is evident that for two identical valves the effective transformer
current is zero at the working point. Fig. 56 can be understood
by realising that the grid voltage of one valve increases when that
of the other valve decreases, and vice versa. It shows that the
bottom bend disappears in the resultant curve and that therefore
the valves can be operated down to zero current without undue
distortion. Thus class AB and class B amplification are possible,
both of which are ruled out for single valves because of distortion.
The various types of amplification may be discussed separately.
Triodes in Class Al Amplification. The advantages to be
derived from the use of triodes in class Al amplification as compared
with a single valve are as follows :
Low distortion.
No n.c. saturation of the output transformer.
No A.c. current delivered into the supply
and hence less danger of feedback.
No hum picked up from the supply.
The power output is twice that of a
single valve, but the anode efficiency is
unaltered. Thus there is no advantage from
the energy point of view compared with the
single valve operation. Both valves work
for the whole of the time and hence the
valve impedances can be considered as connected in series. The output transformer is
Fm. 56.
to be designed so that the load reflected
between anode-anode is twice that required for a single valve (see
page 15).
The push-pull stage with triodes in class Al amplification represents, as far as distortion is concerned, the highest standard possible.
Owing to its low anode efficiency it is rarely used.
Triodes in Class Bl Amplification. The exact analysis of two
valves working in class B push-pull is difficult. In the following
all complicating features have been omitted for the sake of clarity.
The results obtained in practice differ little from what is to be
expected on the simple theory. The valves are biased almost to
cut off, and the anode current of each individual valve is zero for
nearly half the cycle. In spite of this fact the distortion is not
large as one valve starts working when the other ceases to do so.
Drawing the two IaEa characteristics in the same way as in Fig. 56
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shows immediately that in the resulting static characteristic the
bottom bend disappears (Fig. 57). But a certain amount of nonlinearity still exists owing to the increase in mutual conductance
with increasing current. If the two valves are identical this effect
cannot produce even harmonics and is, therefore, not so serious.
The efficiency of the amplifier stage is very high owing to the
small standing current in each individual valve. The anode
efficiency may be calculated with the assumption that the valve
characteristics are straight lines, that the working point is the
cut-off point (Fig. 58), and that each valve is active during half
a cycle and inactive during the other half. Then only one valve
need be considered.

FIG. 57.

°FIG. 58.

E 0 is supposed to be a sine wave ; its amplitude may be limited
by considerations of grid current, i.e. by the y-axis in Fig. 58. The
anode current is the half of a sine wave and the instantaneous
anode voltage is E = Ea - JR, where J signifies the instantaneous
anode current and R the anode load. If JP is the anode current
for Eu = 0, the relation must be
J _ Ea - IPR
p-

The

D.C.

p

'

IP= Ea .
p+R
current caused by the half wave is
I D.C. -- w
2n

J~I . - n
O p

sm wt dt - IP

and the total power supplied is given by the product
E I
- Eaip Ea2
a D,C. n(p+R)"

n -
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The power output is

¼JP2R = ¼Ea2

RR)2•

(p+
The anode dissipation is the difference of power supplied and power
output, hence
. .
•
Ea2
lE 2 R
ano d e d1ss1pat10n = ~p+R) - 4 a (p+R) 2•
.
. h
. power output
n R
The anod e effi c1ency 1s t e ratio
r
d = 4
R"
power supp ie
p+
For a given H.T. voltage, disregarding the anode dissipation,
the anode load for maximum output is obtained by differentiating
the above equation with respect to R, resulting in Rapt. = p. This
is evident in these circumstances since the grid amplitude is fixed.
The power output becomes in this case :;;.
The anode efficiency=

i = approx. 39%.

If, on the other hand, there were no limit set to the anode
voltage and if only the anode dissipation had to be considered,
it would be advantageous to choose the H.T. voltage as large as
possible. R is then determined by the anode dissipation and will
be large compared with p. Thus the power output becomes approxiE2
n
mately
and the anode efficiency =
= approx. 78·5%.
4

R

4

Triodes in Cln.ss B2 Amplification. In actual fact the anode
voltage necessary to achieve this high efficiency is greater than is
permiss10le or convenient, and the large output possible is obtained
by driving the valves into grid current. Distortion is kept low on
the one hand by the push-pull arrangement, on the other hand
by methods described on page 257.
When the valves are driven into positive grid current the load
resistance and the grid swing are determined by the following
factors:
1. The anode voltage must not fall below a minimum value, as
otherwise grid current becomes excessive.
2. The anode dissipation must keep within the rated value.
3. The power required at the grid for maximum positive grid
voltage must not exceed the value that can be obtained from the
previous stage.
4. The distortion due to the flow of grid current must keep
within permissible limits.

94

THE TECHNIQUE OF RADIO DESIGN

The resultant curve of grid voltage at the output valve is found
by drawing the load line for the preceding valve. The slope of
this load line increases as soon as grid current flows in the output
valve, corresponding to a smaller anode load. The variation of
grid voltage at the output valve, as a function of grid voltage at
the previous valve, thus becomes smaller to an extent easily read
from the graph (Fig. 59).
Fig. 60, showing the grid current for two different grid volts
as a function of anode voltage, makes it clear why the latter must
not be allowed to fall below a certain value ; an excessive rise of
grid current would otherwise result.
The anode load reflected between anode-anode has to be four
times the load required for a single valve. This follows from the
fact that only one valve is working at a time and that hence the

0

Fm. 59.

50

100

Ea.

Fm. 60.

output transformer has to be designed so that each valve looks
into its proper load. The basic difference in this respect between
class A and class B amplification may be learned from Fig. 61.
The line APB is the correct load line if a single valve is used
in class A amplification. If, now, a second valve is added for
push-pull operation and the transformer changed by doubling the
number of primary turns and leaving the number of secondary turns
unaltered, each valve still looks into the same anode load. The
load line of valve I, however, is altered, as for the same change
in anode current the change in anode voltage is twice as much,
owing to the additional effect of the second valve II. Instead of
working on the load line A'P' B' as should be the case, the valves
would work on A"P' B". Therefore the output transformer for
push-pull class A amplification must be designed so that each
valve looks into a load half the correct value for the single valve,
i.e. the load reflected between anode-anode is twice the value
necessary for the single valve.
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In class B amplification the idle valve does not influence the
anode voltage of the working valve and the latter must look into
a load which is correct without consideration of the other valve.
Class B amplification requires a high degree of equality between
the two valves to avoid distortion. The H.T. supply must have
a low n.c. resistance in order to avoid fluctuations of the D.C. voltage
as a result of the variations in n.c. current of the push-pull valves.
A self-biasing arrangement is ruled out for obvious reasons.
Triorles in Class AB Amplification. Class AB amplification
stands somewhat in the middle between class A and class B amplification. The valves are driven so that the anode current falls

Valve II

FIG. 61.

to zero or may even be cut off for a short part of the cycle. The
arrangement does not demand such a high degree of equality
between the two valves as does class B amplification ; still, the
power output is appreciably more tha~ twice that of a single valve
in class A amplification. The load anode-anode is approximately
5-6 times the valve impedance, i.e. each valve looks into a load
resistance slightly higher than the valve impedance. The possibility of driving the valves into grid current exists in the same way
as for class B amplification. The correct anode load is determined
graphically, by consideration of the various factors mentioned for
class A and class B amplification. Class AB amplification in pushpull arrangement is the method most frequently used for obtaining
high output.
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The following table may be taken as a rough guide. The figures
are given in relative measure, the output of a single triode being
assumed as 1.
TRIODES

Power Output

A"angement
Single valve in class• Al .
Push-pull in class ABl
,, • ,, in class AB2 .

1

3-4
6-9

Pentodes. When pentodes are operated in push-pull the
advantages are the same as those which have been explained for
triode valves, and need not be repeated here. The ratio of power
output of two pentodes in push-pull to power output of a single
valve is about half that with triodes because of the greater efficiency
of the single pentode. The anode load should be chosen so that
with a single valve there would be mainly 2nd harmonic and little
3rd. This is evident since odd harmonics are not eliminated by
the push-pull arrangement.
Blocking
condenser
Ea."v

.______.--iR

-

f--~ ii

J
+

Fm. 63.

Fm. 62.

The possibility of negative feedback for the power stage has
been disregarded. Its effect consists mainly in decreasing the distortion, at the cost of an equal drop in gain. Its application seems
appropriate for tetrodes and pentodes, if the quality is to be of
a standard similar to triodes. Negative feedback, if correctly used,
also decreases the valve impedance and thus makes loud-speaker
resonances less dangerous. The effect of negative feedback on the
valve impedance may be discussed for two cases.
1. Current feedback (Fig. 62). An E.M.F. at the anode causes
a current Ia, which in its turn produces an opposing E.M.F. IaR at
the grid. Hence
Ia = Ea - µIaR_
p

Ia = P:;R' i.e. the valve impedance is increased in the ratio
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The decrease in gain and in distortion is in the ratio of

where

ff.m'

is the dynamic mutual conductance.

2. Voltage feedback (Fig. 63). The fraction flEa of the anode
voltage is fed back to the grid. An E.M.F. Ea at the anode produces a voltage flEa of the same phase at the grid. Hence the
anode cui:rent is Ia= Ea(l+µfl), equivalent to a drop of valve
p

impedance in the ratio

1

~ µfl"

The decrease in gain and in distortion

:{JA' where A is the stage gain.
1
It is evident that of the two circuits Figs. 62 and 63 the latter
is the suitable method.
is in the ratio of

CHAPTER 4

PROBLEMS OF DETECTION AND FREQUENCY
CHANGING

The Diode.
I. The Unmodulated Carrier. The action required from
a diode valve is based upon its rectifying features and may be
discussed with the aid of Fig. 64. The detector valve D is considered as a short circuit in one direction and as an infinite resistance in the other. For a sinusoidal voltage E 1 the current through
R is the half of a sine curve, the peak value being El(Reak>.

The

average n.c. value of this current is

~ Ei <veak>J : sin wt dt = !._ E,< peak>,

2n

R

nR

O

and hence the n.c. voltage across R becomes

E1

<veak>. In actual

n

fact the diode resistance is not zero; its influence can, however,
be neglected when it is small comD
pared
with R.
,----+-ti
As a result of the curvature of the
R diode characteristic, the resistance Rd
of the diode has not a constant valuebut depends on the working point.
Fro. 64.
The relations between JD.c. and E 0 _0 _
are determined by the well-known formula 10 _0 _ = KE0 _0 _~; for an
average diode K is of the order of 0·5 x 10-3, i.e. a n.c. voltage
of 4 volts causes a current of 4 mA. For an applied sinusoidal
voltage of 4 volts the average diode resistance is of the order of a
few thousand ohms, which is small compared with R in the cases
occurring in practice.
The efficiency of the diode can be expressed by the ratio of
n.c.
across
. approx1ma
. tely -1 £or the
- - -voltage
---~
- -the
- -load
- - ; 1·t 1s
Peak voltage of the A.C. source
n
circuit of Fig. 64. The efficiency can be increased by connecting
across R a condenser of a value such that during the negative
cycle of E 1 the discharge of the condenser through R can be neglected. Under the same assumption as above, viz. that the diode
resistance is zero, the condenser is charged to t.he peak value of
98
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E 1 during the positive cycle and remains approximq,tely at this
value all the time. The efficiency of the circuit Fig. 65 is hence
about :n times as high as that of Fig. 64, which explains why it is
used in the majority of cases (compare page 273).
Owing to the fact that the resistance of the diode is not zero
during half the cycle, the condenser O is charged to a D.c. voltage
below the peak value of E 1 • The short pulses flowing through the
diode when the instantaneous value of E 1 is above the D.c. value
of O replace the loss of charge during the rest of the cycle. Because
of the short duration of these pulses, the resistance of the diode
has a far greater influence on the D.C. voltage developed across 0
than might be expected (compare Chapter 13). It can be shown
that for a ratio of~ = 100, the D.c. voltage developed is 90% of
the peak value of E 1 , and for a ratio

:a =

IO it is about 60%;

+
Fro. 65.

Fro. 66.

this is only an approximation, no allowance being made for the
variation of diode resistance with amplitude. Due to this variation the loss in efficiency with decreasing load is less than suggested by the two numerical examples, as can be seen from the graph
on page 101. In the following it will be assumed that Ra can be
neglected in comparison with Rand that the D.c. voltage developed
is equal to the peak value of E 1 •
Circuits on the lines of Fig. 65 are utilised in receiver design
for obtaining the D.C. vdtage necessary for automatic volume
control and automatic frequency control (see Chapters 7, 11, and later
in this chapter). In cases where the applied E.M.F. contains a D.c.
component as well, as in tuned anode circuits, the circuit Fig. 66
is to be used, which blocks the D.c. voltage from the diode.
The process of charging O is identical with that described with
the aid of Fig. 65. The two circuits differ, however, in the power
taken from the source. In Fig. 65 there is across R a pure D.c.
voltage equal to E 1 (pwk). and hence the power dissipated in R is
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E ~eak>, equal to that dissipated in a resistance { connected directly
in parallel to E 1 • In Fig. 66 the voltage across R is the sum of a
D.C. voltage equal to E 1 (peak> plus the A.c. voltage E 1 , therefore the
3 2
total power dissipated in R is :~ , equal to that dissipated in a
resistance

~

connected in parallel to E 1 •

In practice the damping

effect in Fig. 66 may be even worse, as the radio frequency resistance is often considerably below the rated D.C. value (see chart
Fig. 245, Chapter 14).
Example: In Fig. 66 the data of the anode circuit are
C0 = 150 pF, L 0 = 800 microhenries, Q = 115. Find the Q with
the diode circuit included, for R = 1 MD, using the chart just
mentioned.
For a radio frequency amplitude having the peak value Ev
across the tuned circuit the power dissipated in R is
D.C.:

EP 2

A.O.:

Ev\.25

X 10-s
X 10-s

2

since the A.c. resistance at 460 Kc/s is about 0·8 M.Q. The total
power is EP 21·62 x 10- 6, equal to that dissipated in a parallel resistance of 0·31 M.Q. The damping factor d due to this resistance is

o-3t;

10 6

-

o-3!·~~os =

0 74
· %-

The natural damping is~= 0·87%, hence the total damping is
1·61 %, corresponding to a Q of 62. Without the use of the
resistance chart the Q would turn out to be 64.
II. The Modulated Carrier. Let us assume now that the
amplitude of E 1 is slowly increased and decreased. The D.c.
voltage across the load varies correspondingly, provided the time
constant of C and R is not too great. As shown in Chapter 11, the
constant CR can always be chosen so that the D.c. voltage across
C (or R) follows the audio frequency variations of a modulated
carrier, and hence the diode can be used to produce audio frequency
which is a very close reproduction of the carrier envelope. The
fact that the diode resistance is not zero and that this resistance
varies with voltage is one of the causes preventing a perfect reproduction of carrier modulation. The diode efficiency, i.e. the ratio
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n.c. voltage to the R.F. peak, is less than unity and depends on
the carrier amplitude. To derive this D.c. value as a function of
the diode load and of the carrier strength a graphical method is
employed similar to that used in Fig. 51, Chapter 3, for the derivation
of the valve load lines. The corresponding series of diode characteristics is shown in Fig. 67 in a form in which they are usually
published by the manufacturers.

30

20

10

O.C.negative bias, in volts

0(,

Fm. 67.

These characteristics are, however, different from the corresponding curves of the triode. They give the D.c. current as a
function of anode voltage, under the influence of a source of A.C.
voltage. The latter is given as parameter, the anode load being
zero. Such curves can be obtained experimentally as shown in
Fig. 68, employing 50 c/s as A.C. source. They may also be derived
graphically if the D.O. characteristic of the diode is known, but
the latter method is fairly laborious. The decreasing steepness of 'v
the curves for larger A.O. voltages
is explained by the shorter duration of current flow. Fig. 67
can be used to derive for circuits
Fm. 68.
Fig. 65 or Fig. 66 the D.o. voltage
across the condenser for any given A.O. voltage and any load
resistance. Let us take an arbitrary point P on one of the curves
in Fig. 67. This point indicates that with an A.c. voltage of
12 volts R.M.s. and a negative anode voltage of 13·5 volts, a n.o.
current of 67 µA is obtained in the circuit Fig. 68. Hence in
Figs. 65 and 66 an A.O. voltage of 12 volts will produce the
same D.O. of 67 µA in R when the magnitude of R is such that
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67 µA produce an JR drop of 13·5 volts ; this leads to 0·2 M.Q as
the correct resistance value. It follows from this that to find the
D.c. current through a resistance R (or the D.c. voltage across R)
in circuits like Figs. 65 and 66, a straight line is to be drawn in
Fig. 67 from the intersection of the x and y-axis ; the angle rx has
1
to be such that -t- = R. The intersection of this line with any
anrx
of the curves indicates the n.c. voltage obtained on applying the
A.C. voltage marked on this curve.
On modulating the amplitude of the A.C. voltage, the working point of the diode moves
along the load line having the slope tan oc

= ;,

and the instan-

taneous D.c. voltages across C or R can be read from the graph,
as it is the x-co-ordinate of the working point. Fig. 67 is thus
closely correlated with Fig. 51 in Chapter 3, the load line giving in
both cases information as to the distortion encountered. An
example may be added.
Example: The diode of which the behaviour is represented by
the series of curves in Fig. 67 is connected as shown in Fig. 65.
The load resistance is 0·2 megohm, the influence of the time constant
CR may be disregarded. E 1 is a modulated radio frequency carrier
of 12 volts R.M.S. Find the second harmonic contents for 50%
and 100% modulation.
Using the formula given on page 85, and taking the ratios
A = ~:; and ~:;, in Fig. 67, we arrive at:
M adulation Factor
50%
100%

2nd Harmonic Content

2%
5·5%

The result shows that the distortion of the diode as deduced from
the load line is of the same order as that of power output valves.
The distortion rises with modulation as the diode works in the
curved part for minimum carrier amplitude. The larger the unmodulated carrier the less the distortion, as will be readily understood from Fig. 67. For this reason the carrier amplitude at the
diode should not be less than about 10 volts peak. As to further
more serious causes of distortion with diodes, see Chapter 11.
Metal oxide rectifiers have features similar to those of a diode.
Their back resistance is not infinite, which slightly lessens their
efficiency. At audio frequency and often up to 100 Kc/s they
work satisfactorily. Used at higher frequencies they often cause

DETECTION AND FREQUENCY CHANGING

103

serious losses. Some types, when used in the circuit of Fig. 65 with
R = 0· l megohm, gave the following results :
at 100 Kc/§: the parallel damping is that of 30,000 ohms,
at 600 Kc/s: the parallel damping is that of 10,000 ohms.
Information about the properties of such a rectifier should therefore be obtained before considering its use. Measuring the Q of
a tuned circuit with and without the influence of the rectifier is the
appropriate procedure.
Grid Detection. The grid-cathode path of a triode or pentode
valve can be looked upon as a diode. If connected to a source of
radio frequency on the lines of Fig. 65 or 66, a negative D.c. voltage
is generated between grid and cathode, causing the anode current
to decrease. A modulated radio frequency carrier correspondingly
produces audio frequency between grid and cathode and this is
amplified by the valve. If the audio frequency is measured at the
la

D ··--

C - - - . ~--""'-~-""-~ - -

A

B

A. C. at the grid
Fm. 69.

Fm. 70.

grid as well as at the anode of the valve the following is found.
The voltage at the grid rises constantly with the carrier in the same
way as for a diode, whereas the voltage at the anode only
rises for a carrier strength up to one or two volts and then
indicates overloading. The reason for this behaviour may be understood from Figs. 69 and 70. In Fig. 69 the anode current of a grid
leak detector is plotted as a function of the amplitude of the radio
frequency carrier at the grid. Initially the anode current drops
owing to the increase in negative grid bias, showing the same type
of curve as might be derived in Fig. 67 for a load equal to the grid
leak resistance. For a carrier strength of a few volts, however, the
anode current becomes almost independent of the carrier strength.
This fact is explained from Fig. 70. The working point of the
valve moves towards the lower bend because of grid detection and
hence a second form of rectification takes place at the anode of
the valve. This effect, which is called anode bend detection, tends
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to increase the anode current and counteracts the grid leak detection.

Thus a modulated carrier of the amplitude AB in Fig. 69 may
become almost inaudible if its modulation factor is not above 50% ;
the amplitude of the audio frequency current in the anode would
0
be approximately ~. For a larger modulation factor the audio
frequency amplitude would increase suddenly, but violent distortion
would take place. To avoid the effect of additional anode bend
detection when the modulation factor just reaches 100%, the carrier
strength at the grid must be such that the unmodulated carrier
produces a grid bias not more than one-fourth of Eu in Fig. 70.
In this case the maximum carrier amplitude reaches Eu during the
negative cycle, the working bias being approximately

~u

at this

moment. Consequently grid leak detection mostly works with
small grid voltages when the audio frequency amplitude is proportional to the square of the amplitude of the radio frequency carrier.
This naturally involves appreciable distortion. The D.c. voltage
obtained from a small carrier is only a fraction of the carrier peak.
For a 100% modulated carrier of 50 millivolts one may expect
about 5 millivolts audio frequency at the grid, the grid leak resistance
being I megohm. Hence additional damping due to the power
dissipated in this resistance becomes negligible if the circuit Fig. 65
is used. Grid current flows during the whole of the cycle and
determines the damping effect. The latter is equivalent to a resistance of the order of 0·1-0·2 megohm for indirectly heated valves.
The use of grid leak detection has become comparatively rare.
It is still found in small receivers, often in connection with regeneration. Its application may be explained by the cheapness
of the circuit, the valve working as a detector, audio frequency
amplifier and, in case of regeneration, as a means of providing
variable selectivity and oscillations.
Power grid detection is in principle not different from normal
grid detection. The valve is merely working with very high anode
voltage to give a larger margin before anode bend detection starts.
This permits working on the linear part of the grid detector curve
and yields good quality ; the grid leak is in this case decreased to
about 0·2 megohm to prevent distortion at higher frequencies
(page 260). Lowµ valves naturally allow a larger grid swing than
valves with a high µ. An increase in audio frequency output does
not result from the use of a lowµ valve if resistance or choke coupling
is employed in the anode circuit. Only the use of transformer
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coupling makes possible a larger output with the low µ valve, since
a transformer with a greater step-up ratio can be used in this case
(Chapter 3).
Anode Bend Detection. To obtain anode bend detection the
valve is biased to a point near cut-off and the laEu characteristic
utilised for rectification. For small inputs the valve is very insensitive because of the small rate of curvature at the lower bend;
the distortion is appreciable owing to the square law detection.
The most suitable grid amplitude is of the order of 2 volts ; the
maximum grid amplitude permissible is determined by the fact that
grid current must be avoided. If the valve characterised by Fig. 70
is employed for anode bend detection and the standing bias is Eu,
a maximum voltage

~u

of the unmodulated carrier is permissible

when the modulation factor is 100%, Satisfactory working is thus
limited to a very restricted range of
carrier amplitude, and anode bend detection requires, therefore, a very efficient
A.v.c. system.
If auto bias is applied, the cathode ,.,_,£1
resistance R in Fig. 71 has to be of the
R
+
order of 20,000-50,000 ohms, because of
the small current employed. The method
has the advantage of closely limiting the
Fm. 71.
anode current for different ;valves, but, due
to the negative feedback, it involves loss of gain. To by-pass R with
a condenser, the reactance of which is small for audio frequency,
would be a serious mistake. It would result in distortion similar
to that described on page 261. In both casas the cause of distortion
is the difference of load line for n.c. and A.c. Hence one has to
put up with the loss from negative feedback, or alternatively one
has to apply a fixed bias. Average values are: RL = 0·2 megohm,
0 1 = 0 1 = 100 pF. To calculate the efficiency of the valve it is
best to replace the signal E 1 by an E.M.F. µE 1 in the anode and then
to treat the valve like a normal diode. For ideal rectification and
a 100% modulated carrier the ratio of audio frequency voltage at
the anode to radio frequency voltage at the grid is µ, if R is replaced
by a fixed bias. Due to the fact that the valve impedance is larger
than that of a diode and cannot be naglected in comparison with
RL, one may reckon with a ratio of I!..
2

Negative feedback from R

may reduce the gain to about one-fifth of this value.
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A pentode can be used as an anode bend detector in the same
way. The anode load RL is usually small compared with the valve
impedance ; with ideal rectification, the anode current is the

half of a sine curve. The n.c. anode current becomes

1
~ gmEu and
n

~ gmE~v where Eu is the peak value of E 1 • The
n
ratio of audio frequency voltage at the anode to radio frequency
the anode voltage

voltage at the grid for a 1003/o modulated carrier is hence

.!__ gmRL.

:rr:

Frequency Conversion. The basic principles of the superhet
receiver consist in producing a new frequency by mixing the
receiver signal with a local oscillator signal in a non-linear device.
The process is closely related to the action of a detector valve,
and actually any of the above devices might be used for purposes of
frequency conversion. A few introductory remarks on the principle
of a superhet receiver, its advantages and disadvantages, may be
inserted.
The signal of frequency J1 , and the local oscillation of frequency
/ 1 , are applied to the frequency converter valve.
This valve produces the frequencies J1 , J2 , / 1 ± J2 and various other combination
frequencies. The amplifier after the mixer valve is tuned to a
frequency Ji which is called the intermediate frequency. Signals
are received when they are of such a frequency that they produce
the intermediate frequency Ji by combination with the local oscillator.
If the oscillator frequency is J2 > Ji there are two signal frequencies
/ 1 and Ji' producing with J2 the intermediate frequency, viz.,
/ 1 = J2 - Ji and Ji' = J2+fi•
The mixer valve is not capable of
discriminating between these two frequencies, and means of separating them must be provided before the mixer valve by circuits
tuned to one of the two frequencies. Modern superhet receivers
are tuned to stations by simultaneously altering the frequency of
the local oscillator and of the radio frequency circuits before the
mixer valve. The means of ganging the oscillator circuit with the
radio frequency circuits are described later. The advantages of a
superhet receiver over a straight receiver are mainly these :
1. The gain and the selectivity obtained from the intermediate
frequency amplifier do not depend on the frequency of the signal.
2. The intermediate frequency can be made lower than the signal
frequency, resulting in a higher stage gain and a narrower response
curve than is possible at the signal frequency. Even with an
intermediate frequency higher than the signal frequency there
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exists the possibility of obtaining a narrow response curve by the
use of a crystal (Chapter 5).
3. The intermediate frequency circuits are cheaper and take
less space than the signal frequency circuits, as there is no need
for ganged variable condensers.
4. Owing to the absence of the variable condensers there is less
risk of undesired feedback within the intermediate frequency
amplifier, and screening is easier.
5. The total radio frequency gain is distributed over two frequencies so that overall-feedback is less dangerous.
As disadvantages may be considered the existence of spurious
responses (Chapter 5) and a tendency to increased receiver noise.
Both drawbacks can, however, be minimised so that they carry
little weight in comparison with the great advantages.

The Usual Methods of Frequency Conversion in a Superhet. The two methods used almost exclusively for deriving the
intermediate frequency are as follows :
I. The u8e of a radio frequency pentode as frequency converter.
The signal and the
local oscillator voltage are
simultaneously applied between grid and cathode of
a radio-frequency pentode.
The pentode works as an
anode bend detector near
its cut-off point and the
anode is tuned to the
+
intermediate frequency
Fm. 72.
(Fig. 72). If auto bias is
employed the cathode resistance is to be chosen so that the
pentode works near the cut-off when the oscillator amplitude is
injected. The latter should be of a magnitude such that the
positive peaks drive the pentode into a region of high mutual
conductance, well above the bottom bend. The anode load is small
and the valve works similarly to a short-circuited diode. The
anode current, in the case of ideal rectification, is the half of a sine

1

.
g,,,Eu
va1ue b emg
equal to --~.
n
vers10n conductance, i.e. the ratio

.
curve, its

D.C.

Consequently the con-

anode current of intermediate frequency
grid voltage of signal frequency

108

THE TECHNIQUE OF RADIO DESIGN

is at best ! of the mutual conductance ; in practice it will be found
:n;

about equal to

g; for an injected oscillator voltage lying between

one and two volts R.M.S. Negative feedback from the cathode
resistance is avoided by a shunting condenser Ge, the impedance
of which is small for the frequencies concerned. The danger of
distortion, described for anode bend detection, does not arise
as the signal is small and hence the variation in grid amplitude
negligible.
The circuit of Fig. 72 works satisfactorily on medium and long
waves when the percentage difference between the oscillator and
the signal frequency is fairly large, say above IOo/o. When this
value becomes small and when the oscillator frequency is higher
than the signal frequency two main problems arise:
1. The signal coil resonates
with the grid-earth capacitance
T(0 in Fig. 72) to a frequency
higher than the signal frequency,
because the total capacitance of
the signal circuit includes the gridcathode capacitance. The impedance between grid and earth is
~c,Jlator
therefore high at the oscillator
frequency and only a small part
Fm. 73.
of the oscillator amplitude induced
in L' is applied between grid
and cathode This results in a considerable loss of conversion
conductance.
2. Interaction between the signal circuit and the oscillator
circuit becomes troublesome.
The two effects can be overcome by neutralisation, as shown in
Fig. 73.
If the voltage induced in the cathode lead is E 1 , that in the
neutralising coil E 2 , it can be shown by elementary calculation
that the voltage applied between grid and cathode is equal to E 1 ,

1_

independently of Z, when ;-2 =
1

gge,n

E 2 being in antiphase to E 1

with respect to earth ; the reactances of the coils in series with
Oge and with 0,. have been neglected in comparison with those
of Oge antl On. The fact that the applied voltage is independent of
Z shows that signal circuit and oscillator circuit are decoupled so
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that the danger of (2) is removed as well. The neutralising coil is
best designed so that E 2 = E 1 and consequently Cn = CucThe method works satisfactorily up to frequencies of about
6 Mc /s and can be recommended for receivers with one frequency
range. If applied for several ranges the switching of the neutralising coil and the cathode coil together with the tuning and the
reaction coil makes the design almost unmanageable.
At frequencies above 6 Mc/s the method of cathode injection
offers considerable difficulties even for one-range receivers. The
length of lead between cathode and earth and hence the unavoidable
inductance in series with the grid-cathode capacitance increases
the apparent Cuc and makes it a function of frequency, thus aggravating the ganging problems.
All the difficulties described
are
considerably increased
when the pentode is used as an
l.F.
circuit
oscillator as well (Fig. 74), and
only the experienced engineer
can afford to use this circuit.
Above, say, 6 Mc/s the circuit
Fig. 74 cannot be expected to
work. Three main difficulties
may be mentioned.
1. There is a strong tendency to oscillate at fre+
quencies other than the oscilFIG. 74.
lator frequency, since there
exists a great number of parasitic resonances (Chapter 12).
2. The lead from the oscillator circuit to the anode through the
I.F. circuit is naturally very long and has appreciable capacitance
and inductance. Thus a large capacitance, varying with frequency,
is in parallel to the oscillator circuit or to part of it. Once again
the ganging problem is aggravated.
3. Reliable oscillation cannot be expected.
If battery valves are used the cathode coupling coil best consists
of two interwoven coils, one in each filament lead. This naturally
adds to the difficulties.
II. The use of multi-grid valves (mixer valves).
The difficulties encountered when using a pentode as a frequency
converter do not exist with mixer valves. For this reason the mixer
valve is usually employed, unless special conditions, such as the
need for restriction in the number of valve types, enforce the use
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of the pentode. There are two basic types of mixer valves, the
heptode and the hexode type.
Hepwde (Fig. 75). The oscillator signal is injected at the
grid nearest the cathode and thus modulates the total current.
The signal is injected at the grid No. 4 and influences the distribution
of the current between screen grid and anode. Thus the anode
current contains a term sin 2nf1t x sin 2nf2t, whe-re f 1 and f I are
the frequencies of the oscillator and the signal respectively. This
term is equal to Hcos 2n(f1 - f 2 )t - cos 2n(f1 +f2 )t], which shows
that the valve can be used as a frequency converter. Due to
the valve curvature combination frequencies of harmonics, i.e.
nf1 ± mf2 , are present to some extent and may cause spurious
responses (Chapter 5). The heptode is usually employed to generate
oscillations as well, the oscillation taking place at the two grids
nearest the cathode.
The conversion conductance of a heptode is of the order of
500 micromhos (0·5 mA/V) for
optimum oscillator amplitude.
+
The oscillator amplitude should
be between 5 and 10 V. Below
5 V the COI\Version conductance
drops; above 10 V the conversion conductance remains fairly
constant, but the tendency to
produce undesired combination
Fro. 75.
frequencies increases.
When the oscillator and signal frequency differ by only a few
per cent, a difficulty arises which is typical of heptodes. The space
charge at the signal grid depends on the strength of the cathode
current and is modulated with the rhythm of the oscillator frequency. When the alternating voltage at the oscillator grid is
positive the cathode current is large and so is the space charge at
the signal grid. The detector circuit between signal grid and cathode
being capacitive at the oscillator frequency, there is induced at the
signal grid a voltage in antiphase with the oscillator voltage at the
oscillator grid. Owing to this effect the anode current drops and
the conversion conductance may become one-half or even onefourth of its normal value.
The effect can be neutralised by inserting a capacitance between
signal grid and oscillator grid. The size of_ this capacitance is
approximately I pF. At very high frequencies a time lag arises
between the oscillator voltage and the movement of the space charge
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at the signal grid, the time lag being caused by the inertia of the
electrons. The correct neutralising method consists, therefore, in
connecting a resistance in series with the neutralising capacitance,
the resistance being of the order of 1,000 ohms. Above about
20 Mc/s most heptodes cease to work satisfactorily.
Hexode. The principle of a hexode may be seen from Fig. 76.
In contrast to the heptode the signal controls the emission current
and the oscillator voltage controls the distribution between anode
and screen grid. Hence the oscillator voltage does not affect the
space charge at the signal grid and the valve works satisfactorily
even for small percentage difference between the signal and the
oscillator frequency.
In a triode hexode the oscillator and the mixer valve are placed
together in one bulb, with common cathode but separate electron
paths for the two systems. Such valves are usually satisfactory, at least up to frequencies of
30 Mc/s.
r--Oscillam-For hexodes and heptodes the
yo/ta,ge
problem of undesired coupling Signal
between the signal circuit and grid
the oscillator circuit is of major
importance. Such coupling may
exist inside or outside the valve.
With modern mixer valves the
FIG. 76.
capacitance between the signal and
the oscillator grid is about 0·2 pF. As a result of this the oscillator
frequency is found to vary by 1,000-2,000 c/s at 20 Mc/s, when
the signal circuit is tuned through the oscillator frequency. Naturally the effect depends on the tuning capacitances of both circuits
and on the Q of the signal circuit. Often the effect is masked by
direct coupling owing to the common condenser spindle (Chapter 9).
Such coupling is particularly troublesome at high frequencies when
the two circuits are only a few per cent apart. The following
detrimental effects may arise (this naturally applies to heptodes
as well) :
1. Change of oscillator frequency with gain control, i.e. with
signal strength in the case of A.v.c. This effect is very serious in
the case of c.w. reception with beat frequency oscillation and
crystal filter.
2. Change of oscillator frequency with variations of the aerial
circuit. Such variations may be caused by wind or by movements
of the operator. The effect can be explained by assuming additional
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coupling between the aerial circuit and the detector circuit. Such
coupling is always existent to a larger or smaller extent because
of the common condenser spindle.
3. Incorrect adjustment of the oscillator circuit. Such wrong
adjustment is known to occur fairly frequently and a more detailed
discussion seems for this reason necessary. Let us assume the first
oscillator of a superhet is to be adjusted to the correct frequency
range and then to be ganged. For this purpose the signal generator
is first connected to the grid of the mixer valve and the oscillator
circuit adjusted to cover the required frequency range. The correct
procedure for this adjustment may be briefly described. The conventional means available are a variation of inductance and of
minimum capacitance (condenser trimmer). The order of adjustments should be as follows :
I. Adjust the circuit at the low-frequency end by means of the
coil, the position of the condenser trimmer being of secondary
importance.
2. Adjust the circuit at the high-frequency end by means of
the condenser trimmer.
3 and 4. Repeat the procedure of (1) and (2) in the same order.
The reason for this is easy to see and needs no explanation.
On ranges where the percentage difference between the signal frequency and the oscillator frequency is small, one should never forget
to make sure that the oscillator is not adjusted for reception of
the image frequency.
The oscillator being correctly adjusted, the signal generator is
applied to the grid of the previous valve, or, if no radio frequency
valve exists, to the aerial input terminals. Now the detector

Res f'requenc.!I of the

detector circuit

Sign
freq

Osc
freq

Fm. 77.

circuit is adjusted to maximum reception in the same way. In the
case of Rtrong coupling between the oscillator and the detector circuit
a large mistuning of the oscillator frequency takes place when the
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detector circuit is being tuned within a few per cent of the oscillator
frequency. If the mistuning is more than half the band-width of
the intermediate frequency a loss in sensitivity takes place. Hence
the output as a function of detector circuit tuning often has a shape
as indicated in Fig. 77, instead of the dotted curve for zero coupling.
The correct adjustment of the detector circuit becomes indistinct and the testing engineer may adjust the detector circuit
to the frequency fa• There are two simple ways of avoiding incorrect adjustment even for strong coupling, viz.
1. The tuning of the detector circuit, carried out with the
individual adjustments of either coil or capacitance, is altered in
small steps and the oscillator frequency corrected after each step
with the main tuning knob. Thus a set of curves giving the output
as a function of the main tuning
Parameter: resonant rreruencg
is obtained, the setting of the
or detector circuit
detector circuit being the parameter (Fig. 78). The curve ~
.shaving the highest peak indi- c:S
cates the correct setting of the
detector circuit.
2. The signal used for gangMain tunin9
ing purposes is of the nature of
Fm. 78.
valve noise, containing all frequencies. A buzzer or a noise-producing motor may be employed.
If there is sufficient amplification before the mixer valve the noise
of the first receiver valve can be used.
The First Oscillator. The first oscillator is one of the most
important parts in a superhet receiver. Its correct design offers
considerable difficulties when the receiver has to cover a large
frequency band employing many ranges. The following problems
are likely to be encountered in the course of various developments.
1. Ganging.
2. Stable oscillation.
3. Squegging.
4. Frequency constancy, automatic frequency control.
I. Ganging. The frequency difference between the oscillator
and the radio frequency circuits must be equal to the intermediate
frequency. For one knob control this difference is to be made as
constant as possible throughout the frequency range covered. A
radio frequency circuit is supposed to cover a frequency range
f 1 to f 2 with a given variable condenser. To alter this circuit so
that it covers a frequency rangef1 +Ji tof2 +fi with the same variable

;M\
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condenser, so that for equal positions of the condenser the new
frequency is larger by approximately the frequency Ji, the following
changes are necessary :
The inductance has to be decreased.
A "padding " condenser has to be put in series with the variable
condenser.
A capacitance (trimmer) has to be put in parallel with the
inductance or with the variable condenser.
These changes are in fact carried out on the oscillator circuit.
The new frequency curve obtained does not quite fulfil the demand,
but can be made sufficiently near for practical requirements.
Owing to the usually overriding influence of the selectivity of
the intermediate frequency amplifier, the receiver is automatically
tuned so that the oscillator frequency is larger than the frequency
of the required signal by the intermediate frequency. Hence a
misganging causes the radio frequency circuits to be mistuned from
the signal frequency. The loss in
c,l
amplification and "image protection"
B 01irc ,is
(Chapter 5) can be calculated.
4 f ,,re
As to the best curve attainable,
there exist various opinions. In
Fig. 79 the dotted line would be the
ideal frequency curve of the oscillator ;
the curve AB, having three positions
Mam tuntng control
of absolutely correct tracking, gives
FIG. 79.
an indication of what is possible. In
Fig. 79 the three points of correct
tracking are chosen so that the four maximum deviations at
P 1 , P 2 , P 3 and P 4 are equal. It is also possible to place two
of the correct tracking points at the ends, in which case the
maximum deviations are bound to be larger than in Fig. 79.
It is for- this reason that a curve like AB in Fig. 79 is usually
recommended. It seems, however, doubtful whether this curve
really represents the possible optimum. If, for instance, the
frequency range is one to three, and if, as is usually the citse, the
Q of the radio frequently circuits is largest at the low-frequency
end, it is obvious that at high frequencies the deviation permissible
is more than three times that at low frequencies. Hence it seems
more feasible to use a curve resulting in a frequency deviation
largest at the high-frequency end. The only point that might be
made against this is that the image protection is least at the highfrequency end and that therefore at the latter any loss in selectivity

p~'
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due to misgauging i-;hould be avoided. The purpose of this discussion is to show that the best theoretical curve is a result of the
circumstances rather than a foregone conclusion.
The formulae for correct tracking usually given in textbooks
are fairly complicated and involve a large amount of calculation.
For this reason a formula * may be given here which has proved
satisfactory in practice.
The values for the padder and the capacitance trimmer depend
on where the two are inserted. The formula given in the following

rl i
Padder

+Tr,mm,r

'
Ce=:=

-~- ~--~--i

FIG. 80.

FIG. 81.

is based upon the assumption that the padder is connected in series
with the total capacitance of the circuit (Fig. 80).
In actual fact there is always some capacitance not tracked,
but by choosing the correct circuit the untracked capacitance can
be made so small that its influence is negligible. Figs. 81-83 show
three different attempts at achieving the desired result. The
crosses in these figures indicate the points where range switching
occurs. In the following GP is the padder, 0 1 the trimmer, C the
variable condenser, Cs the self capacitance of the coil, i.e. the

,--)(1:tr9
,ltcs ±cer=

Ce=~:
_L

Fm. 82.

:;:

ctJ_ .1
T

I
Cp

-----

-

--=
FIG. 83.

capacitance between the turns, Ce the capacitance between earth
on the one side and the coil and the attached leads on the other
and Ca,. the grid-cathode capacitance of the valve. It is obviou~
that G\ cannot be tracked. The conditions in Figs. 81-83 are:
Fig. 81. Ce, cs and c{IC are not tracked;
Fig. 82. Ce and Cs are not tracked;
Fig. 83. C8 is not tracked ;
showing that Fig. 83 best fulfils the conditions assumed in Fig. 80.
Let us suppose now, as is the usual practical case, that there are
* For this I am indebted

tu

::Hr. l\I. Morgan.
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given : the frequency range and the capacitance variation of the
radio frequency circuits, the intermediate frequency Ji and the
three signal frequenciesf 1 ,j2 ,Ja, at which perfect tracking is desired.
The three capacitances of the radio frequency circuits at these
three frequencies are O,, 0 2 and O3 , 0 1 being the smallest. The
three oscillator frequencies are Ji' = !1 +J;, J/ = f 2+J;, Js' =fa+Ji,
where f,' > J/ > fa'.
Then the expressions for the trimmer and the padder are as
follows:
01

= Oa(oc - 1) - 0 1 (n -

1)

n-oc
n-oc
(n - 1)(1 - p 1 )

-1

where
1 - P1
1 - P2

oc= - -

Oa - O,
n = 02 - ol•

Example: The frequency range is 0·55-1·65 Mc/s, the variation
in capacitance being 50-450 pF. The intermediate frequency
is 0·46 Mc/s, perfect tracking is to be obtained at 0·6 Mc/s, 1 Mc/s
and 1·5 Mc/s.

Hence:

Ji' =
01

=

P1

=

oc

1·96 Mc/s, J/ = 1·46 Mc/s, fa' = 1·06 Mc/s.
60·5 pF, 0 2 = 136 pF, 0 3 = 378 pF.
0·292, P2 = 0·555

= 1 - 0·292 = 1·59
1 - 0·555

317·5
75·5

n = O
I

O
P

= 4·2

= 378 x 0·59 - 60·5 x 3·2 = 223 - 193·5 = 11·3 F.
2·61

= 60·5+ll·3
2·61
-1
3·2 X 0·708

2·61

p

= 473 pF.

Deviations from the theoretical curve caused by the self-

DETECTION AND FREQUENCY CHANGING

117

capacitance 0 8 of the coil can easily be removed by the ai:,propriate
corrections at the coil and the trimmer. There is no need to make
the padder adjustable.
The circuits Figs. 82 and 83 may give rise to one trouble in
particular. It is usual to short circuit some or all idle coils in
order to prevent parasitic resonances (Chapter 12). If the idle
coil units are shorted between the cross and earth, there still exists
a parasitic resonance determined mainly by the coil and the padder.
Capacitive coupling through the switch would be harmless since
the idle contact is earthed, but inductive coupling between the coils
would be serious. In contrast to the usual case the parasitic resonance causing the trouble would be that of the smaller coils, as will
be readily understood.
2. Stable Oscillation. The problem of producing stable oscillations throughout the whole frequency range, with sufficient safety
to allow for the weaker valves, becomes most marked at the highest
frequencies, usually above 10 Mc/s. In
Ia.
designing the oscillator it must be realised
that tolerances are given for any valve
type, and that the mutual conductance of
valves varies approximately in the ratio
I : l ·5. Thus, if an oscillator works satisfactorily with one or even several valves of
the same type, this is no proof that it will
+
do so in mass production. It is always
FIG. 84.
useful to possess, of the valve types employed, specimens with the lowest and highest mutual conductance,
and to test the receiver with both.
The amplitude condition for the existence of constant oscillations
may be derived for the circuit Fig. 84. Oscillations at the frequency

= _!_ v'l f =~
2n
2n LO

will exist when the anode current la produce,;

a grid voltage which in its turn is capable of maintaining the current
I,, (see Chapter 9). In Fig. 84 the anode load can be neglected in
comparisoh with the valve impedance and hence there follows :
I" = g111 Eg inducing the voltage lajwM = Eg(J,,,jwM in L.
There is produced at the grid the voltage Er,' = Egg,,,wMQ, where
Q is the magnification factor of the circuit. The condition for stahle
oscillations is Er,' = Err
I

i ..llf/ -wgrnQ"
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Substituting kV LaL for M and w 20 for L, we obtain

La = k__ !!__Q (La in henries, 0 in farads, gm in amps/volt,
2gm 2 2
or La in µH, 0 in pF, gm in mA/V).
Comparing different frequency ranges and assuming k and Q to
be fairly constant, one can see from the formula that the reaction
coil La has to have constant value for a given capacitance. In
actual fact the circuit Q drops towards lower frequencies because
of the parallel damping by Rand by the grid current; but it is fairly
constant above 6 Mc/s. With typical values O = 300pF, Q = 70,
k = 0·6, and gm = 0·7 mA/V for the oscillation part of a mixer valve,
La becomes 0·35 microhenry.
Naturally one has to allow for the decrease of gm with increasing
amplitude and for variations between different valves. Experience
shows that a reaction coil of about three times the inductance
calculated gives sufficient margin of safety. From this there
follows in the example : La <I:: l ·05 microhenries. As long as L is
much larger than this value, the impedance transferred from the
anode has little effect on the tuned circuit (see page 16). At very
high frequencies, however, the problem becomes serious, as may be
seen from the following.
Example: An oscillator on the lines of Fig. 84 is to work for the
frequency range 13·4 - 30 Mc/s; 0 = 60 - 300 pF, circuit Q = 70
at 13·6 Mc/s, L = 0·47 µH, coupling factor between Land La= 0·6,
capacitance anode-cathode = 12 pF, Ln = 1·05 µH, according to
the previous calculation.
The equivalent transformer circuit, page 16, shows that the
impedance transferred from the anode in parallel to the tuned
circuit is a series combination of about 9·5 pF and 0·84 µH. At
13·6 Mc/s the influence of the inductance of 0·84 µH can be neglected
as compared with the capacitance of 9·5 pF. At 30 Mc/s the
reactance of 9·5 pF is 560 ohms, that of 0·84 µHis about 160 ohms,
hence both in series have a capacitive reactance of 400 ohms,
corresponding to a capacitance of 13·3 pF. The effect of the
impedance transferred from the anode is thus :
1. A serious increase in minimum capacitance which may make
it impossible to cover the frequency range intended.
2. A capacitance transferred which varies with frequency and
therefore makes the ganging difficult or even impossible. This
problem is aggravated by inductance in the anode leads or between
Land 0.
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From these considerations various points arise which it is
important to bear in mind for very high frequencies.
l. Try to make the minimum capacitance of the tuned circuit
as small as possible. Every pF saved tells strongly. It increases
L and decreases La Thus the capacitance transferred from the
anode becomes smaller, which again permits raising L.
2. Make the circuit as good as possible, as a large Q allows
the use of a smaller reaction coil.
3. Use a mixer valve of which the oscillator portion has a fairly
large gm, not below 0·7 m.A/V.
4. Make all the leads as short as possible. The directions given
in Chapter 3, page 77, for the design of the radio frequency amplifier
stage, apply here to an even larger extent.
3. Squegging. By squegging of an oscillator is understood a
state of unstable oscillation, where the oscillator amplitude varies
in audio frequency or supersonic rhythm. A brief description of
the conditions leading to squegging may be given. An ordinary
oscillator, as shown in Fig. 84, starts oscillating with approximately
zero grid bias. With increasing amplitude the bias increases
because of the n.o. voltage built up by the grid current across the
grid leak condenser. This backing off of the valve decreases the
average mutual conduction and usually leads to stable oscillation.
In case of large feedback the valve is backed off well beyond cut-off,
and the angle of current fl.ow is below 180°. The position at which
stability is reached is determined by the amplification from grid
to anode and by the amount of feedback. The factor Ym in the
above formula is now an average value deduced from the ratio of
R.F. voltage at the anode to R.F. voltage at the grid. With the
valve working well beyond cut-off, the average Ym depends greatly
on the amplitude; it increases when the amplitude increases and
decreases when the amplitude decreases. Thus with fixed bias a
state of stable oscillation would be impossible, the oscillation would
either increase or die down. Stability of oscillation at the stage
reached is made possible by virtue of the grid leak resistance and
condenser. When the amplitude tends to increase, the grid bias
increases as well and thus immediately lessens the average Ym;
when the amplitude tends to decrease, the reverse process takes
place. In both cases the valve is pulled back to its former state
of oscillation.
If, however, the time constant of the grid resistance and condenser is fairly large, a decrease in amplitude is not immediately
followed by a drop in bias. The average gm decreases rapidly and
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the oscillation dies down ; it starts again after the negative voltage
on the grid condenser has leaked away. A corresponding instability
leading to a rise in amplitude is less likely, as the time constant
for charging the condenser is much smaller than the time of discharge (see page 181). It would lead the discussion too far
to describe the various factors which all determine whether,
in spite of the lagging grid bias, stable oscillation can exist. The
valve characteristic, the degree of reaction, the grid leak resistance
and condenser, and the oscillation frequency, are all of importance.
The larger the grid leak resistance and condenser, the greater the
tendency to squegg. In addition, this tendency is largest at the
highest frequencies, which is understandable from the fact that
the rate of decrease in amplitude with time is proportional to the
frequency, if the damping is constant.
If an oscillator is to be designed for a frequency range of, say,
15-30 Mc/s, it is easy to guard against squegging. A grid condenser of 50-100 pF and a grid leak of 10,000-20,000 ohms is
sufficient safeguard. If, however, a large frequency range is to
be covered by the oscillator, difficulties arise. Values like 50 pF
and 10,000 ohms cannot be used at longer waves without detrimental effects. The phase shift between the tuned circuit and
the grid makes the oscillating frequency dependent on the supply
voltage to a degree that might even affect the ganging. There
are various possible ways of overcoming these difficulties ; two may
be mentioned.
1. Compromise values are to be found for grid condenser and
grid resistance. These values must be low enough to prevent
squegging at the highest frequencies and large enough to prevent
serious phase change between tuned circuit and grid at low frequencies. Values like 100-200 pF and 30,000-50,000 ohms may
prove adequate.
2. The grid constants are changed by the range switch. Usually
it is sufficient to change the grid resistance, using a value of about
0· l M.Q at the longer waves.
Method (1) involves a great deal of practical work. Since there
seems no way of calculating the possibility of squegging, it is necessary to try out as many valves as possible, to vary the anode voltage
and the amount of regeneration. It may be found, for instance,
that the oscillator works satisfactorily at the low-frequency end
of a range but squeggs at the high-frequency end. Reducing the
regeneration often cures the squegging but makes the oscillation
too weak for large tuning capacitance. Instead of weakening the
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regeneration a resistance may be connected in parallel with the
circuit, the additional damping being largest for small tuning
capacitance. At frequencies of about 30 Mc/s a resistance of
100 ohms before the grid may be better still; it damps at the
high-frequency end without affecting the low-frequency end (see
page 11). In addition it prevents parasitic oscillation.
If the frequency of squegging is within the audible band it
shows itself by a corresponding note in the output. In the case
of its being supersonic the receiver is usually very noisy. When
the second oscillator is switched on and the first oscillator squeggs,
an unmodulated carrier is received with a series of whistles on
tuning through the carrier frequency. This is due to the fact that
the wave form of squegging is very distorted ; the oscillator possesses
many sidebands each of which is capable of generating intermediate
frequency in conjunction with the received carrier.
4. Frequency Constancy. Automatic Frequency Control. To
obtain a high degree of frequency constancy for the oscillator,
a number of basic requirements have to be fulfilled, the main points
being these :
I. The frequency of oscillation must be as little as possible
affected by temperature.
2. The frequency of oscillation must be as little as possible
affected by variations of supply voltages, change of valves, etc.
The correct method of fulfilling the requirement (2) consists in
coupling the tuned circuit loosely to the valve and in avoiding
phase shift of the voltage fed back to the grid. In this case the
frequency of oscillation coincides with the resonant frequency of
the tuned circuit. At the highest frequencies, where the need for
frequency constancy is most urgent, loose reaction is, however,
not compatible with stable oscillations, as previously mentioned.
Hence in the course of ordinary receiver design little can be done
about this except to avoid undesired coupling with the detector
circuit (page 111 ). To fulfil (1) great care is necessary in the
choice of the circuit components, of the insulating material, etc.
At least some temperature tests should be carried out, as otherwise unpleasant surprises are in store. Not only may large temperature coefficients be found, but also great permanent changes
after every variation of temperature. The ordinary type of receiver
has a temperature coefficient of about 10- 4 in frequency per degree
centigrade.
When a receiver has been switched on, a rapid variation in
frequency is observed for the first twenty minutes, after that a
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state of some stability is reached. This effect is due to the increase
in temperature causing expansion of the coils and condensers.
Hence this initial drift is always towards lower frequencies. The
design should be such that the oscillator circuit is exposed as little
as possible to the heating effect from other valves.
Automatic tuning control (A.T.c.), at first designed to facilitate
the normal tuning and to make push-button tuning possible, is,
at the same time, a good preventive of drift. Its principle is
similar to that of automatic volume control and may first be
explained by means of the block diagram, Fig. 85.
A signal is received which together with the oscillator produces
the correct intermediate frequency. In this case no D.c. voltage
is produced in the discriminator and the oscillator frequency is not
influenced. Now let us assume that the oscillator frequency is
changed by of. Consequently the intermediate frequency varies
Signal

Intermediate
-fre .am liner

Mixer

0sci'JIator :, Control
valve

D.C. voltage
Fm. 85.

by the same amount and produces a D.c. voltage proportional to
positive or negative according to the sense of the frequency
drift. The D.c. voltage, by means of a special valve, tends to pull
the oscillator frequency back to its original value.
Quantitative data are obtained as follows :
A variation of in the oscillator frequency produces a voltage
E in the discriminator when this voltage is not fed back to the
oscillator. On the other hand a voltage E fed into the oscillator
unit, causes a variation - Aof in the oscillator. On these assumptions when the A.T.C. is working, a change of of in the oscillator
frequency without A.T.c. will result in a change of'< of with A.T.c.
The value of of' is found as follows. The D.c. voltage produced

of,

in the discriminator is

E%',

- Aoj' in the oscillator.

which effects a frequency variation

Hence
of - Aof' = of'

{Jj' =

3L.
I+A
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The equation shows that A has to be large compared with unity
in order to produce an appreciable improvement.
Two methods for the derivation of D.C. voltage are in use nowadays. The circuit shown in Fig. 86 is called the Round-Travis
circuit. I and II are two tuned circuits, one slightly below, the
other slightly above the intermediate frequency. For correct tuning
the R.F. voltages across the two circuits are equal, therefore no n.c.
voltage is fed to the control valve. When the oscillator drifts, the
voltage across one circuit is greater than that across the other, so
that the n.c. fed to the oscillator circuit is either positive or negative.
The variable-µ control valve V1 to which this D.C. voltage is
fed is connected in parallel to the oscillator circuit, and a portion
of the voltage E across the oscillator circuit is fed to the grid of V1 •

Lasteu------

I.Fvalve

Vi

(Control valve)

/Ji.scr, inator
~
¼

+

Fm. 86.

The potential divider consisting of R 1 and 0 1 is designed so that
the voltage at the grid is lagging behind Eby nearly 90°, and hence
the anode current of V 1 lags behind E by the same amount. Thus
the valve V1 behaves like an inductance; the method of calculating
its magnitude may be seen from the following.
Example 1. The frequency of oscillation is 10 Mc/s, L = 5 micro1
henries, R 1 = 10,000 ohms, 0 1 = 15 pF,
being 1,060 ohms.
W01
The mutual conductance of V1 is 1 mA/V.
For an R.F. voltage E across the oscillator circuit a voltage
approximately

{o is applied to the grid of Vi, causing an anode

current E x O· l mA. Hence the valve is equivalent to an inductance of 160 microhenries, since the reactance of 160 microhenries
is 10,000 ohms at 10 Mc/s. The valve decreases the inductance
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of the oscillator circuit by 3· l %, increasing the frequency by about
150 Kc/s. The n.c. voltage applied either to the grid or to the
suppressor grid of V1 varies its mutual conductance and thus its
mistuning influence. It is evident that for a drift in oscillator
frequency towards lower frequencies a positive voltage must be
applied from the discriminator to the valve V 1 • The following
example serves to give a quantitative aspect of the behaviour of A.T.C.
Example 2 (Fig. 86). In receiving a signal at 10 Mc/s, 2 volts
D.C. are produced across both R 2 and Ra in case of correct tuning.
The intermediate frequency is 460 Kc/s, circuit I is tuned to
455 Kc/s, circuit II to 465 Kc/s. The Q of the two circuits is 130,
interaction with previous I.F. circuits is avoided by loose coupling. The values are L = 5 microhenries, gm of V1 = 1 mA/V,
R 1 = 10,000 ohms, 0 1 = 15 pF, as in the previous example.
A variation of 1 volt in the grid voltage of V 1 alters the mutual
conductance in the ratio 1: 1·25. Find the influence of the A.T.C.
on the frequency constancy of the oscillator.
It is necessary to know first the change of amplitude across
the circuits I and II as a function of frequency. According to
the formula on page 7, the amplitude across the two circuits is
proportional to

vf-t;yQ)

2

•

For correct intermediate frequency

there follows for either of the two circuits
1

y ~ 2·17°/4, yQ = 2·82 and vl+(yQ) 2 =

¼,

For a change of, say, 500 c/s in intermediate frequency the
factory for one circuit goes up to 2·38°/4, for the other circuit down
1
1
1
to 1 ·95 %, the values for
being
and
respectively.
2 .72
3 .26
1 +(yQ)2
Hence, when the A.T.c. is switched off, the n.c. voltages across
R 2 and Ra become 1·84 and 2·21 volts, and the difference of 0·37 volt
would be the voltage applied to the grid of V 1 • According to
the assumption made before, 0·37 volt varies the mutual conductance of V 1 and hence also the magnitude of the equivalent
inductance by 9°/4. The mistuning effect due to V1 which has
been said to be 150 Kc/s also varies by 9°/4, i.e. by 13·5 Kc/s.

v

The value A of the formula previously given is

~~~ =

5

27, and

hence the A.T.c. reduces the influence of oscillator drift in the
ratio 28: 1.
The effect of A.T.C. varies over a frequency range. Let us
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assume that in the above example the effect of A.T.c. is to be studied
at another frequency of the range, viz., for an oscillator frequency
of 5 Mc/s. Tuning is supposed to be carried out by the conventional
use of a variable condenser, so that the circuit inductance is unaltered. For the same voltage across the oscillator circuit the
voltage applied to the grid of V 1 becomes approximately twice as
high as it is at 10 Mc/s, because the reactance of 0 1 is twice as
large. The current flowing through V 1 becomes twice as large, and
since w has decreased to half its value the valve is equivalent to
the same inductance, i.e. to 160 microhenries. The percentage
mistuning is unaltered, the mistuning in frequency half of what
it is at 10 Mc/s. The value of A is 13·5, and hence the correcting
influence of the A.T.C. is to reduce the frequency drift in the ratio
14·5: 1.

The influence of the A.T.C. should not depend largely on the
strength of the signal. It, therefore, is to be used in conjunction
with a very efficient A.v.c. system. Both A.v.c. and A.T.C. must
be designed so that they work for the weakest signal for which
reception is required.
If the A.T.C. does not work satisfactorily, the procedure for
finding the fault is similar to that given in Chapter 7 for A.V.C.
The corresponding tests here would be :
1. Break the connection from the discriminator to the valve
V 1 and apply the normal bias to the latter.
2. Measure, best by inserting a microammeter, the n.c. voltage
developed across R 2 and Ra as a function of the signal frequency.
The test can also be carried out with intermediate frequency only.
3. Vary the bias of the grid connected to the discriminator by
means of a D.C. battery and find its influence on the frequency of
oscillation.
In the second of these tests the absence of a n.c. voltage across
R 2 and Ra indicates
(a) a fault in V 2 due either to the individual valve, or to a
break in an external lead, such as cathode or filament; or (b) a
fault in the preceding stage or in the coupling to the preceding
stage.
Testing the circuits I and II for intermediate frequency voltage
with a valve voltmeter or an auxiliary receiver (see Chapter 9)
will usually prove conclusive as to whether (a) or (b) is responsible.
n.c. voltage across only one of the resistances R 2 and R, shows
that the fault is to be found with the individual circuit or its coupling
link.
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In the third test, if the frequency of oscillation is not influenced
by a variation of the bias of the control valve, this may be
due to
(a) a faulty valve ;
or (b) a fault in R 1 or 0 1 •
Measurement of the anode current of V 1 as a function of bias,
and further measurement of the oscillator voltage across the grid
of V 1 , are the obvious means to be applied. The general directions
for fault finding, given in Chapter 15, are to be borne in mind for
any such procedure.
Care has to be taken that the n.c. voltage applied to the control
valve has the right sense, as otherwise the receiver pulls out instead
of pulling in. Thus in Fig. 86 circuit I must be tuned to the higher,
circuit II to the lower frequency. Variations in the course of time
C C'

+
A

+

To the •
control
valve

-----1-'VVvv-

J
D' IJ

FIG. 87.

Fm. 88.

of the resonant frequencies of I and II must be allowed for. The
further apart the two circuits are tuned, the less will changes
affect the A.T.c. For this reason the two resonant frequencies
should not be less than ± I% off the intermediate frequency.
Fig. 87 shows the second method used for the A.T.c. discriminator ; it is called the Foster-Seeley circuit. It is based upon
the fact that in two coupled circuits, which are tuned to the same
frequency, the currents produced by a signal of resonant frequency
are 90° out of phase, and that the phase angle varies with change
of frequency.
When the live side of the first circuit is connected to the centre
point of the second, the points C and D have potentials of opposite
sign with respect to B . These potentials are shown by vectors
in Fig. 88. The point A being at earth potential, the vectors
AC a.nd AD represent the potentials between earth and the points
C and D. For the resonant frequency of the two circuits the
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two vectors are equal. For a frequency off resonance, however,
the phase difference between the two currents is no longer 90°, and
hence the two potentials from O and D to earth are different
(AO' and AD' in Fig. 88). According to the sense of the frequency
change one or the other vector becomes larger. The two voltages
AO' and AD' are applied to two diodes in a way similar to that
shown in Fig. 86. The need for keeping the H.T. from the two
diodes makes the circuit Fig. 66 of this chapter the appropriate one.
The action of the control valve is the same as in Fig. 86 and needs
no further explanation.
Quantitative results are obtained as easily as for Fig. 86.
•
. .10
c
11ows t h at l z = jwM wh ere
From t h e equat10ns
on page 23 1t
11

Z

= r+jwL+.

/ 2

1

JOJ 0

is

--z--,

, showing that the phase angle between 1 1 and

i for the resonant frequency.

For frequencies off resonance

the phase angle is determined by Z. The amplitudes of the
voltages AB and BO can be considered constant for small frequency changes, i.e. BO'= BD' =BC= BD. If, in Fig. 88,
AB = Ei, BO = E 2 , BD = E 3 , AO' = E,, AD' = E 6 , it follows
that E, = v'E 1 2 +E 22 - 2E 1E 2cos ex, where ex is the phase angle
between AB and BO'. Correspondingly

Ea = vE 1 2 +E 1 2 +2E 1E 2 oos ex.
The total D.C. voltage set up between P and Q in Fig. 87 is
proportional to I E 4 I - I E 6 I . If ex = 90° +</> then for only small
values of cf,, it follows that I E 4 I - I Ea I

.,.,_,
1E +E z2
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~
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_

Ji _

1E 2
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E 2E
2
E 2 sin
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2E1E2</>

vE1 2 +E2 2 •
Example: The two circuits in Fig. 87 are tuned to 460 Kc/s,
the Q of each is 130. For a carrier of resonant frequency, the
voltage across the first circuit is IO volts, that across whole of
the second circuit 8 volts R.M.S.; 14 volts n.c. are produced across
each of the two diode resistances. What is the voltage applied
to the control valve for a carrier 500 c /s off resonance ?
The voltage set up across one resistance at resonant frequency
is proportional to v E 12 +E 1 2 , i.e. proportional to Vll6. The
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voltage EJ' across both resistances for 500 c/s off resonance is
2E1E 2</,
proportional to --o====
Hence
VE12+E22·

Ex
14

and

as

tan r/>

~ r/>

2E1E2</,

80

E~-+E 2 2 = U6
2 X 500

'P

= yQ = 460 x 103 130 = 0·282

(page

9),

Ex= 2·7 volts.*
A.T.c. in no way makes the need of frequency constancy superfluous. Its limitation (in that direction) may be seen from the
following considerations. If a receiver has been tuned to a station
for some time and the oscillator itself has drifted away so that
the station is held only by virtue of the A.T.C., a short break in the
signal may be sufficient to lose the station permanently. This
may happen when the oscillator has drifted away more than half
the width of the response curve, so that the carrier will not be
received with sufficient strength to pull the set in tune. Even
if the drift has been less the receiver may, during the short break
in the signal, come within the range of a neighbouring station
and be pulled in by the latter. The problem arising in case of
strong fading or in reception of telegraphy hence requires considerable frequency stability. In expensive communication receivers
a mechanical form of A.T.c. is used. The pulling in of the oscillator
is done through a motor-driven device which remains in any set
position unless activated by a signal.
The Beat Frequency Oscillator. The beat frequency oscillator is necessary only when reception of telegraphy is concerned.
It oscillates usually at a frequency 1 Kc/s off the intermediate
frequency. The 1 Kc/s audio frequency beat is obtained in the
same diode which serves for demodulation of modulated carriers.
In the design several points must be considered.
I. The amplitude of the beat frequency oscillator at the diode
should not be less than the signal. Otherwise the output is proportional to the oscillator amplitude and the signal to noise ratio
decreases ; it becomes that of a modulated carrier of modulation
factor equal to the ratio of oscillator amplitude to signal amplitude.
2. The oscillator should be well screened to prevent spurious
beats.
* It will be readily understood that the circuits of either Figs. 86 or 87
can be used for demodulation of a frequency modulated carrier ; the voltage
used above for A.T.C. would be directly the audio frequency.
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3. The oscillator must not operate the A.v.c. or A.T.C.
4. The oscillator must be proof against locking.
For the first and third point compare page 182; considerations
of A.T.C. do not bring in any new features. Point (2) is being dealt
with on pages 247-250.
(4) Locking occurs when a strong signal of approximately
oscillator frequency is applied across the oscillator, forcing it to
oscillate at this frequency. The tendency to lock is the larger the
smaller the frequency difference, and therefore the effect appears
usually in the following form. When tuning in a station the beat
is heard as long as it is high-pitched and breaks off at some lower
frequency instead of continuously approaching zero. Among the
various methods of avoiding the effect two may be mentioned.
1. The beat frequency oscillator is designed to oscillate strongly,
so that the coupling between the oscillator and the diode circuit
can be made small. The method involves the risk of spurious
beats as the harmonics of the beat frequency oscillator are strong.

2. The use of electronic coupling between oscillator and diode.
The principle may be briefly discussed.
Oscillation occurs between grid and screen grid of a tetrode or
pentode, and the voltage produced at the anode is used for heterodyning. Coupling between the diode circuit and the oscillator is
now due only to the capacitance between anode and screen grid.
In many cases this capacitance will prove small enough for practical
requirements. Otherwise its influence can be eliminated, as may
be seen from Figs. 89 and 90. In Fig. 89 a neutralising condenser
is connected between anode and grid. In Fig. 90 the screen grid
is at chassis potential so that the capacitance anode-screen grid
is made harmless. Capacitance between anode on the one hand
and grid or cathode on the other would cause coupling. Hence
a pentode of which the suppressor grid is connected internally to
cathode is not suitable for the circuit Fig. 90.
The beat frequency between second oscillator and signal is
obtained by mixing at the diode which in this case works as a
frequency converter. Further problems of the second oscillator are
discussed in Chapter 7.

CHAPTER 5

SELECTIVITY
A brief definition of selectivity is difficult and partly a matter
of opinion. Speaking in the most general terms, it may be expressed
as the sum of all those features which enable a set to receive the
desired station without interference from others. The ways in
which the other stations may interfere are numerous, and correspondingly the selectivity of a receiver will be based upon quite
a number of different facts.
According to the conditions under which the receiver is used
the various aspects of selectivity carry different weight and the
means applied must necessarily depend largely on these conditions.
The usual case is that of a broadcast receiver dealing with stations
of which the field strength may vary within a range of, say, one
to ten thousand, the nearest station being at least one mile away.
Under these conditions the behaviour of a receiver is sufficiently
represented by its selectivity curve and, in case of a superhet
receiver, by some additional data on spurious responses and crossmodulation.
In the case of a receiver working in the immediate vicinity
of a strong transmitter (duplex, etc.), various other aspects are
of first importance, e.g. overloading of the first valve, pick-up
through channels other than the aerial and, connected with this,
an increased danger of spurious responses. In the following an
attempt is made to summarise these different features and discuss
them according to their importance and frequency of occurrence.
I. The possibility of interference is wholly expressed by the
selectivity curve of the receiver, the interfering station being
relatively near in frequency to the desired station. This case
applies equally to a straight or superhet receiver.
II. The interference is due to spurious responses of the receiver,
irrespective of the selectivity curve. The interfering station may
differ widely in frequency from the desired station.
III. The interference occurs only in the presence of the desired
carrier and is due to cross-modulation.
IV. Additional problems, when reception is carried out in the
neighbourhood of a strong transmitter.
1. The interfering carrier enters the receiver through the aerial.
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2. The interfering carrier enters through other leads.
3. Disturbances for which the receiver is not responsible.
I. Adjacent Channel Selectivity. The case most frequently
occurring in practice is that in which the selectivity curve of the
receiver completely describes its behaviour. The feature involved
is called the adjacent channel selectivity of the receiver and is
one of the most important parts of the receiver performance. The
selectivity curve of the receiver is usually obtained by injecting
an unmodulated signal from a generator and changing the frequency over the range in the immediate vicinity of the frequency
to which the receiver is tuned; the D.C. current from the detector
diode may be used as indicator. The input needed to maintain
the rectified diode current at a constant value is a measure of
the response. For this test the automatic volume control has to be
out of action. With the A.v.c. working the current of one of the
controlled valves may be used as indicator ; the measurement is,
however, less accurate. Instead of measuring the rectified diode
current in the first case the input may be modulated and the audio
frequency output used for indication. In this case there is risk
of a wrong result, when the band-width to be measured is not
large compared with the modulation frequency. For the usual
response curves of at least 6 Kc /s width this method is good enough,
if the modulation frequency is 400 c/s or less.
The aim of the designer should be to obtain a selectivity curve
of rectangular shape, just wide enough to admit the required
carrier and its sidebands, but rejecting all other frequencies. Such
an ideal curve can only be approached but not realised. The
degree of realisation will depend partly on the skill of the designer,
partly on the means employed and will be, in any case, a matter
of compromise between price and performance.
The width of the curve is determined by considerations both
of quality and of interfering stations. On medium waves broadcast
stations are spaced every 9 Kc/s, and a curve wider than ±4·5 Kc/s
is actually harmful, if the field strength of the unwanted station
is larger than that of the station required. If the latter is much
stronger than the stations neighbouring in frequency it may be
desirable to have a response curve wider than ±4·5 Kc/s. For
this reason it is becoming customary to provide receivers with
a choice of various band-widths, according to prevailing conditfons.
In some cases a sharp dip at 9 Kc/s is provided in the audio frequency curve in order to eliminate whistles from neighbouring
carriers.
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It is naturally much easier and cheaper to obtain a given
band-width on a fixed frequency than over whole frequency bands;
for this reason the superhet receiver has nowadays almost completely superseded the straight receiver. Occasionally, however,
there appear on the market straight receivers with a remarkably
good performance, and therefore it seems appropriate to discuss
the problem of providing constant band-width and amplification
for circuits of variable tuning.
The band-width of a single circuit is proportional to~, where
is the resonant frequency, Q = w~ the amplification factor of
r
the circuit. To possess constant band-width throughout a frequency range, the circuit must have a Q proportional to the
frequency. To obtain with such a circuit an amplification constant
over the frequency range two methods are suitable and both have
been employed.
1. For a transformer coupled circuit of which the tuning is
varied by a change of capacitance, the stage gain is approximately

/ 0

proportional to

J

if the transformer coupling is purely inductive

and the resonant frequency of the primary well below the range
covered (page 72). If, therefore, the Q of the circuit is made
proportional to the frequency the stage gain is fairly constant
over the frequency range. The circuit damping must be provided
by a constant series resistance if Q = !!!._oi, is to be proportional
r
to the frequency.
2. If a transformer coupling is used and the frequency of the
primary is much higher than that of the secondary (page 68) the
stage gain is proportional to Z 0 = w 0 LQ. To obtain a constant Z 0 ,
the variation of frequency must be achieved by varying L only,
and to obtain a Q proportional to the frequency the circuit damping
must be provided by a constant parallel resistance. The inductance
is best varied by using a movable iron-dust core. The difficulties
encountered are due to various factors, the main points being :
(a) In case of variable condenser tuning the circuit Q tends to
be smallest at the high-frequency end, and to obtain here a large Q,
extreme care in the design is necessary. Ample use of ceramic
as insulating material will be found essential for very high frequencies.
(b) High perfection in the alignment of the circuits and correspondingly good " ganging stability " is necessary.
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(c) If filter circuits are used to give a more rectangular shape
to the response curve the coupling has to vary over the range,
according to the variation in Q.
All these points are far less critical in the case of a superhet
receiver, which explains why attempts at solving the problem of
selectivity with a straight receiver have remained comparatively
rare. At frequencies above, say, 1·5 Mc/s narrow response curves
cannot be obtained with straight receivers.
Constant Band-width. The use of a great number of single
circuits leads to a steep-sided response curve but, on the other
hand, makes the top rather pointed and thus attenuates the side
bands. The usual and probably the simplest way of achieving a
square top is to combine single circuits or pairs of coupled circuits
having a coupling factor not larger than critical, with pairs of overcoupled circuits, or with pairs of circuits with " staggered tuning ".
The methods to be employed and corresponding examples have
been fully given in Chapter 1, so that there is no need to add
here further details. The curves in Fig. 19 of Chapter 1 are
sufficiently accurate for the usual conditions and only require
correction in exceptional cases as shown on page 28. If overcoupled circuits are employed the correct adjustment is best
achieved by heavily damping one circuit while tuning the other.
Disconnecting the condenser of one circuit when tuning the other
is equally possible, the choice depending on personal taste. This
procedure is applicable to any of the circuits shown in Figs. 98-100,
which follows from their being interchangeable.
Variable Band-width. Theoretically there are numerous ways
of achieving a variation in band-width, but only a few of them
have proved practicable. The principal methods may be discussed
as to their merits and difficulties.
1. Variation in Q. Regeneration.
2. Staggering of the circuit tunings.
3. Variation of coupling factor, with or without simultaneous
change of Q.
1. Variation in Q. The Use of Regeneration and of Crystals.
The widening of the response curve by additional damping of one
or several circuits has three drawbacks :
(a) The gain decreases markedly with increased band-width.
(b) The adjacent channel selectivity at large band-width is
appreciably less than can be obtained when the response
curve is widened by more elegant methods.
(c) The response curve is by no means flat for the pass band.
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About ten years ago the application of variable Q was a usual
feature in straight receivers. The means of obtaining this object
was regeneration, which is a cheap way of increasing both selectivity
and amplification. The results that can be achieved are surprisingly
good if only moderate quality is needed. This explains why the
method has been so popular for many years. It requires, however,
great skill in handling if full use is to be made of its possibilities,
and for this reason the method is rarely seen in the large type
of broadcast receiver. In straight receivers, particularly in communication receivers of the small portable type, regeneration is
still frequently applied, either continuously variable or adjustable
to a pre-set value by means of a switch. In the latter case no
skill in handling is required, but the result is not impressive. This
is understandable, as a high degree of regeneration cannot be
applied because of variations among valves, and hence the risk of
oscillation.
In Fig. 91 a circuit is
1---·· given enabling the use of
larger degree of regeneration than is usually permissible. The regenerating
valve is a grid leak detector
+
working on intermediate
frequency. The cathode
resistance R provides negaFIG. 91.
tive feedback with the
effect that for a voltage E across the tuned circuit only ~ R is
I+gm
applied between grid and cathode (see page 172). Thus the anode
current becomes fairly independent of gm, so that differences in
valves do not affect the degree of regeneration. The choke L in
parallel to R prevents bias being applied to the grid and also eliminates negative feedback on audio frequency. The reactance wL has
to be large compared with R at intermediate frequency.
As the variation of Q is applied to only one circuit, the bandwidth can be made extremely small without apparently harming
the intelligibility. A band-width of a few hundred cycles has been
found to permit speech to be satisfactorily understood. The
same band-width achieved with band-pass filters would not be
permissible as the frequencies outside the pass band are far more
attenuated.
The use of a crystal for achieving a variable band-width provides
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features similar to those just described. But in contrast to regeneration the gain can be made almost independent of the band-width.
The conditions are stable and the curves constant over almost
any period of time. For this reason the method has become very
popular during the last few years.
The principle applied can be seen from Fig. 92. The two
circuits I and II are tuned to the resonant frequency of the
crystal. For an understanding it is necessary to know that the
behaviour of a crystal is that of a series-tuned circuit in parallel
with the capacitance of the crystal holder. The capacitance On
neutralises the effect of the capacitance of the holder, so that
the circuits I and II in Fig. 92 are coupled only through a
series-tuned circuit. The equivalent L and C of a crystal depend
on the mechanical dimensions, the Q is of the order of 10,000.
Let us assume that in Fig. 92 the frequency used is 460 Kc/s, that
the crystal is equivalent to a series-tuned circuit with the constants L = 50 henries, C = 2·4 x 10- 3 pF, R = 14,000 ohms,

r~-·
L

C

R

Zz'

"vlaZ1
I

Fm. 92.

Fm. 93.

yielding a Q of approximately 10,000. Let the circuits I and
II be tuned with 170 pF and have a Q of 100, their impedance
thus being about 200,000 ohms at resonant frequency. Within
about ±1 Kc/s off resonance this value can be considered as
constant, and hence the circuit Fig. 92 can be replaced by that
of Fig. 93 for this frequency range, where Z 2 is the impedance of
the second circuit and Z' 1 =~ 1 if the coil of the circuit I is
4

centre tapped. The Q of the tuned circuit in Fig. 93 is determined by its constants L = 50 henries, O = 2·4 x 10- 3 pF,
R,otal = 14,000+50,000+200,000 = 264,000 ohms, and is approximately 550. The band-width is 840 c/s for 3 db. drop.
The width of the response curve can be decreased in various
ways, e.g. by additionally damping the circuits I and II,
or connecting the crystal to lower circuit tappings, etc. One
method found very convenient consists in mistuning the circuits
I and II simultaneously, one to a higher, the other to a
lower frequency. The amount of mistuning necessary is of the
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order of I% and is best found experimentally. The gain remains
fairly constant and drops by not more than 6 db. for a decrease
in band-width from I Kc/s to O·l Kc/s.
At resonant frequency the circuit II is practically in parallel
to the half of circuit I, since the crystal resistance is small compared with the impedance of the second circuit. If the first
circuit is coupled to the anode of a pentode with a I : I transformer of unity coupling (Fig. 94), the stage gain may be calculated,
assuming a mutual conductance of 2 mA/V, and a valve impedance
of 1 megohm.

+

Fm. 94.

The anode load is the impedance of the first circuit in parallel
with the transferred series combination of the crystal resistance
and the impedance of the second circuit ; it is therefore
200,000 x 856,000 = 162 ,000 ohms.
1,056,000
Half the voltage produced across the circuit I is delivered to
circuit II through the crystal. The dynamic mutual conI

ductance of the valve is 2 X 10-3i _1 === l ·72 x 10- 3 amps/volt
6

and the gain from grid to grid becomes
1·72

X

10-s

X

1·62

X

2

105

2 X 105
2·14 X 10 6

=

130.

The capacitance of the crystal holder and of the neutralising
condenser mistune the circuits I and II (Fig. 94); this mistuning may be calculated for the case of the first circuit being
centre tapped, i.e. when C"' = Cc.
Circuit I. An E.M.F. induced in I does not transfer
energy to the circuit II through Cc and On in case of perfect
neutralisation. The point B can therefore be considered as being
at earth potential and the mistuning capacitance is

~c

+~., = ~c.
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Circuit II. The same consideration leads to the points A
and A' being at earth potential for an E.M.F. applied across II
and the mistuning capacitance is 20c. The facts must be taken
into account when the circuit Fig. 94 is designed.
If the neutralising condenser in Fig. 92 or Fig. 94 is omitted
the crystal is no longer represented by a pure series circuit because
of the parallel capacitance of the holder. The equivalent circuit
is that of Fig. 93, but with an additional capacitance in parallel
to the crystal. _The response curve of the crystal becomes in
this case as shown in Fig. 95.
The absorption occurs when the crystal becomes an inductance,
the reactance of which is equal to that of the capacitance of the
holder. The smaller this capacitance the farther away lies the
absorption point. By varying the neutralising condenser the
absorption point changes its position, which fact can be used to
suppress an undesired carrier. As, however, the width of the
response curve increases considerably in
the unneutralised state, and since the
correct handling is not easy, the method
has of late lost in popularity. When
using a crystal, circuits are preferred
with the crystal capacitance neutralised,
resulting in a perfectly symmetrical
Fm. 95 _
response curve.
2. St,aggered Tuning. A mistuning of various circuits may be
used for widening the response curve. To keep the curve symmetrical an equal number of circuits should be mistuned to either
side of the desired frequency, and the Q factors of the circuits
concerned should be the same. The equation on page 24 shows
that staggering the tuning of two such circuits provides a response
curve of the same shape as that obtained from two inductively
coupled circuits. The amount of staggering necessary may be
seen from the following.
Example : Two identical circuits are tuned to 460 Kc /s. Their
Q is 100, the coupling factor is 3 x kcrit. = 3%, The same response
curve is now to be obtained with the help of staggered tuning.
(a) The two circuits to which staggered tuning is applied are
zero coupled.
According to the equation on page 24 a coupling
factor of 3% is equivalent to a change in the two inductances of ±M = ±0·03L. The mistuning necessary is
hence ±1·5% in frequency, equal to ±6·9 Kc/s.
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(b) The two circuits to which staggered tuning is applied are
critically coupled, i.e., k = I%If ± c>L is the change in inductance in the two circuits,
the denominator of the equation referred to becomes
(Z+jwc>L)(Z - jwc>L)+w 2M 22, where M 2 is the mutual
inductance for k = 1°/4. Equating this with the corresponding expression in the case of k = 3% when no
staggering is applied, one obtains :
z2+w2(c>L2+M22) = z2+w2M12,
where M 1 is the mutual inductance for k = 3°/4.

:. c>L = L-Vk 1 2

k 2 2 = 2·83 x 10- 2L.
Thus a staggered tuning of ±6·5 Kc/s off resonant
frequency gives the desired response.
Care has to be taken that the means for achieving staggered
tuning do not introduce undesired coupling between the circuits.
For this reason the simple circuit Fig. 96 can only be recommended

Fm. 96.

-

Fm. 97.

if there is no amplification between the circuits. The method
indicated in Fig. 97 involves less risk. It should work for intermediate frequency even when the two circuits are separated by
one stage (see Chapter 9, page 222). The shorting coils can be
mounted near the earth side of the circuits so that capacitive
coupling is avoided. The mistuning effect of the shorted coils is
equivalent to reducing the tuning coils to L' = L(l - k 2).
The loss in gain with increasing band-width is larger than results
from a variation in coupling. This can be seen from the equation
on page 24. The denominator varies equally in both cases, but
the numerator is constant for staggered tuning. Thus there is a
loss of 4·4 db. for the resonant frequency when the .coupling factor
is varied from kcru. to 3kcrit. (Fig. 19, Chapter 1); if the circuits are
staggered instead to obtain an equal response curve the loss is 14 db.
Adjusting an intermediate frequency amplifier in case of staggered
circuits involves tuning the signal generator to at least three
different frequencies and seems rather laborious compared with the
simple procedure in case of overcoupling (see page 133 and the next
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paragraphs). Nowadays the cathode-ray tube is frequently used for
tuning an amplifier. On the one hand this makes the task easier,
on the other it demands a trained observer. At ultra-high frequencies the conditions are different. The inductance of the
resonance circuits is small and the design of an adequate coupling
is likely to cause difficulty ; the stage gain is small, so that a large
number of amplifier stages is required ; finally, the desired bandwidth is often (television) an appreciable proportion of the carrier
frequency, so that symmetry of the response curve is not easy to
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achieve (see page 28). All these facts tend to make at these
frequencies single circuits in connection with staggered tuning the
adequate means for obtaining large band-widths.
3. Variation of Coupling Factor. Among the various methods
of altering the coupling factor between two tuned circuits only a
few are practicable. Varying the mutual inductance of the coils
by moving one or both of them leaves the mid-frequency of the
response curve unaltered. The two maxima arising in the case
of k > kcru. appear, as is desired, symmetrically on both sides of
the resonant frequency (page 25).

Fro. 100.

i ::

To examine the behaviour of the two circuits, should other
means of coupling be applied, the three equivalent combinations
Figs. 98-100 may be compared. The winding sense in Fig. 98 is
assumed to be such that an E.M.F. between AB induces across BG
a voltage in phase with the E.M.F. ; otherwise Li' and L/ must be
replaced by capacitances. The relations between the circuits
Figs. 98 and 99 are best arrived at by stating the following two
conditions.
1. For all three circuits the impedance between A and B must
be the same when BC is open.
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2. For all three circuits an E.M.F. between A and B must produce
the same potential difference between B and 0,
L = L1+Li'

whence

Ek= EL/
:. L 1

=

L 1+Li'
L(l - k),

Li'= kL.
In a similar way the relations between the circuits Figs. 98 and
100 are found to be
L 1 = L(l+k)
1 -k 2
L
La' = L-k- = approx. Jc"

From this it can be seen that in Figs. 99 and 100 the addition
of Li' or La' alters the mid-frequency by approximately
. Li'
. ly.
wh ere k 18
T or La
La' respective

~f = =i= f

0: ,

I n case of overcoupIing one

maximum thus remains at resonant frequency, the other maximum
moves to a frequency (1 =i= k) times the resonant frequency. The same

l

T

Fm. 101.

consideration applies if L 1 ' and La' are replaced by capacitances,
the only difference being that in Fig. 99 a coupling capacitance
increases, in Fig. 100 decreases the mid-frequency.
The exceptional behaviour of the circuit Fig. 98 can be understood from the fact that a variation in coupling changes the leakage
inductance by an amount equal and opposite to the change in
coupling inductance, thus leaving the sum of the two constant.
A constant mid-frequency can naturally be achieved with the
circuits Figs. 99 and 100 if the coupling factor is to be varied in
steps. It would be necessary to change the two inductances
L 1 or L 2 simultaneously with Li' or La'. But such a procedure is
laborious and can hardly be recommended.
The method indicated in Fig. 101 is a good compromise. Though
the total inductance of the first circuit is altered with variation of
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coupling, the change of resonant frequency is so small that it can
be neglected in the majority of cases. This may be seen from the
following.
Example: In Fig. 101 a maximum coupling factor of 4% is to
be obtained between the two circuits. The coupling factor between
L' and £ 2 may be assumed to be 70%. There follows:
0·7VL'L2

=

0·04V(L1+.L')L~

Lz
L1
.·. L' = 306'

~

=

0·04L2.

L •·

The risk of undesired capacitive coupling (page 78) does not
arise as the whole of L' is almost at earth potential.
Inductive coupling through an untuned loop as indicated in
Fig. 102 is in principle that of the circuit Fig. 100. This is evident
when the equivalent transformer circuit Fig. 12c in Chapter 1 is
considered. The coupling obtained corresponds approximately to
2

a direct coupling factor k = \

•

For an effective coupling factor

of 2% between the two tuned circuits k' has to be 20%.

L

L

L'

]

L'

L

r

L

K'~,-----®--.,c'L
FIG.

102.

When faced with the problem of variable band-width the designer
often has to decide on the following two points :
1. Is the variation of band-width to be continuous or are a
few steps sufficient ?
2. Is the total amplification to be kept constant ?
The answer to these questions is naturally a matter of opinion
and the following discussion should be looked upon in this light.
1. Experience shows that the advantage of a continuously
variable band-width over a band-width varied in steps is small and
is hardly sufficient to justify its inclusion in the design if this involves
considerable cost. Steps in band-width of, say, 1 : 3 are good enough
for most practical cases. By combining a crystal circuit as shown
in Fig. 94 with the technique of overcoupling, a range of bandwidth between 100 c/s and 10 Kc/s can be easily achieved.
2. The receiver gain usually decreases for wide band-widths,
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unless means of avoiding this are provided. If the gain is kept
constant there will be a great increase in noise output, a point to
be borne in mind. Furthermore, the use of a wide response curve
is indicated only if the conditions for reception are good, i.e. for
strong stations. Both facts suggest that there seems no need to
keep the gain constant, and that it is probably more suitable to
arrange the gain so that the output noise is constant.
II. Spurious Responses. Spurious responses almost exclusively concern superhet receivers, though straight receivers are not
necessarily free from them. A case applying equally to a straight
and superhet receiver has been mentioned on page 38. Another
case, theoretically possible though not met with in the author's
experience, might be caused by involuntary reception of ultrashort waves of a frequency equal to that of the parasitic resonances
of the receiver circuits (see page 264).
The main possibilities, applying to superhet receivers only, are
enumerated as follows :
1. The image frequency.
2. The intermediate frequency.
3. The frequency half-way between signal frequency and the
frequency of the first oscillator.
4. All those frequencies which may produce the intermediate
frequency by combination of any of their harmonics
with harmonics of the local oscillator.
1. This is the best known case of the group and easy to understand. Let f 1 be the frequency to be received, f 2 the oscillator
frequency, fa the intermediate frequency, fs being equal to / 2 - J1 •
There is, besides J1 , always another frequency Ji' = f 2 +fa which
in conjunction with J2 gives rise to the intermediate frequency fa,
since f 2 +la - J2 = f 3. The frequency Ji' is called the image frequency. The protection against it is determined only by the radio
frequency part ; the efficiency of the mixer valve is the same for
the image frequency as for the wanted signal. The fractional mistuning between the wanted signal and the image frequency is

]is ;

this will be smaller the higher the signal frequency. The image
protection can therefore be expected to be least at the high-frequency end of the receiver, unless the intermediate frequency is
changed at higher frequency ranges. An example may give an idea
of the figures involved.
Example : A receiver is designed for the frequency range
3-30 Mc/s, the intermediate frequency used is 460 Kc/s. Two
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radio frequency circuits are employed before the mixer valve, their
Q being 80 over the whole range. Find the image protection at
3 and 30 Mc/s.
3 Mc/s: The image frequency is
3·92
3
3·92 Mc/s, y = _ _ - _ = 0·54, yQ = 43·2.
3
3 92
Hence the total image protection is approximately
43·2 2 = 1,860 = 65·4 db.
30 Mc/s : The image frequency is 30·92 Mc/s, yQ = 4·83, and
the image protection is approximately 23 : 1 = 27 db.
The result at 3 Mc/s will be found to deviate in practice by a
few decibels from the correct value if a circuit like Fig. 10a in
Chapter 1 or Fig. 46a in Chapter 3 is employed. This is because
Ia

(I)

L2
'------+----->a Mz

Fm. 103.

no allowance has been made for the resonances of the transformer
primary or a term containing w (page 8). The difference in image
protection between the low-frequency end of a range tends to be
even larger than has been calculated above, owing to the Q being
lowest at the highest frequencies.
If the designer is confronted with the problem of building a
receiver of which the image protection is never to fall below a certain
value, he will have to turn his attention immediately to the highest
frequency required. The means of obtaining the desired protection
consists either in employing a sufficiently large number of radio
frequency circuits or in using some elaborate circuit giving minimum
energy transfer for the image frequency, approximately throughout
the whole frequency range required. Such an image suppression
circuit naturally complicates the wiring and the switch action and
is usually employed only on the medium wave broadcast band
where the need is greatest. Fig. 103 shows a circuit which, in
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contrast to others, involves little loss for the desired frequency.

It requires however, two tuned radio frequency circuits between
the aerial and the first valve. The calculation of L 0 , 0 0 and M 3
is comparatively easy if the influence of the resistances is neglected.
This is permissible when the image frequency differs from the signal
frequency by IO% or more. For smaller mistunings the resistance
1
of the first circuit is not small compared with wL 1 and thus•
W0 2
prevents perfect image suppression. By correct choice of M 3 and
the resonant frequency of L 00 0 , maximum suppression can be
provided at two frequencies within the range; at the other frequencies the results are satifsactory.
In the following f 1 and / 2 are the two-signal frequencies
at which maximum image suppression is desired, / 1 being < / 2 ;
Ji' and J/ are the two corresponding image frequencies and / 0 the
resonant frequency of L 00 0 • Interaction at image frequency
between the various circuits can be disregarded for obvious reasons,
hence it is only necessary to compare the two voltages induced in
L 3 • Let Ia be the aerial current of an arbitrary frequency f, then
the current through L 0 is
I
jwOo

I

1

a.

-

1

JWLo+~a
JW o
The current through L 2 becomes
I

jwM1
a.
JW L 2

where

+

1
--

jw02

-(ir·

= I M1
a

L2 1

1
-

(is)2'
f
-

Js = - .1

~" will be the frequency of the desired signal.
2nv'L 20 2

To obtain maximum image suppression at two signal frequencies
and f 2, the first condition is that the ratio of the two currents
caused in L 0 and L 2 by an input of image frequency is equal at
f 1 and J2 • Using the expressions derived for the two currents:

f1
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The expression on the right is known from the design of the receiver.
If this expression is called A, there follows

lo =

j/J/

(li')2.

A - J/
A -1

The necessary coupling factor k 3 between L 0 and La depends, apart
from the frequencies involved, on M 1 , M 2 , and L 0 ; there are, of
course, infinitely many combinations of L 0 and ka fulfilling the
requirements. Equating, for the frequency Ji', the two voltages
induced in La, we obtain

I.:,, -(1:(f,'M, ~ \
1

-(f)'2nf,'k,VL.L,.

Substituting k1 v'L 1L 2 for M 1 and k 2 v'L 2L 3 for M 2

k,

~ k,k,J1: ~~

~n-

:

Example: The frequency range is 0·55 - l ·5 Mc/s, the interme.diate frequency is 0· 15 Mc/s. Image suppression is to be a maximum at 0·75 and 1·5 Mc/s.
The two image frequencies are 1·05 and 1·8 Mc/s, hence
l _ (0·75)
1·05

A =

2

(1·5)2 = 1·6

1- 1·8

lo = 1·8✓ 1 ~ 6 -

34 =

2·61 Mc/s.
0·6
ka will be of the order of 1% for the usual values of k 1 , k 2 and L 0 •
Image suppression circuits are comparatively rare. The average
receiver relies for . •election on two radio frequency circuits,
but the use of three circuits is nowadays seen more frequently
and may eventually become the standard design. Increasingly
great emphasis is placed on obtaining a large Q at the higher frequencies, for reasons clear from the preceding discussion. The
use of ceramic as insulating material, at all essential points, is
advisable, for parallel damping due to dielectric losses is the dominant
factor when the circuits are tuned with a small capacitance.
0·
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The image protection of a receiver is easily measured by tuning
the signal generator first to the desired frequency and then to the
image frequency, and adjusting the receiver input for equal output in both cases. The ratio of the two inputs gives directly the
image protection at that frequency.
2. This effect hardly needs any explanation. In contrast to
(1) the interfering carrier of intermediate frequency causes receiver
output even when the local oscillator is quiescent. The receiver
protection consists, as under (1), in the selectivity of the radio
frequency part only. The risk may be greater than that in (1) as
insufficient protection would spoil a whole range. The almost
standardised use of an intermediate frequency of about 460 Kc/s
may be understood from this fact, as strong transmitters in the

Cr

Cs=~=

Ls(:'!.

IC

FIG. 104.

neighbourhood of this frequency are rare. There are endeavours
to bar transmission in this frequency region, and thus to reserve
it for the intermediate frequency of receivers.
There is always the possibility of using a rejector or acceptor
circuit tuned to the intermediate frequency. Their effect on an
interfering station of intermediate frequency and on the desired
station may be discussed by means of an example (Fig. 104).
Example: The frequency range is 0·55-1·5 Mc/s, the aerial
capacitance Ca= 200 pF, La= 1,100 µH, L 2 = 180 µH, k = 153/o.
A carrier of frequency 460 Kc/s is to be weakened by 20 db. by
means of a rejector or acceptor circuit. The influence of this upon
the desired frequency is to be discussed.
(a) Rejector Circuit. A parallel tuned circuit C,.L, is inserted
between Ca and La. The secondary circuit always differs greatly
in frequency from 460 Kc/s, and any interaction between primary
and secondary can be disregarded when calculating the effect for
460 Kc/s. The current through La, in the absence of a rejector
circuit, is

Ei . , wLa - ~ being approximately l,500ohms.
jwLa - JC
w a
OJ

a
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The impedance of the rejector circuit must therefore be about
15,000 ohms. If the Q of the rejector circuit is 100, there follows

wLr =

·~cr =

150 ohms, Lr= 52 microhenries, Cr= 2,300 pF.

W

The impedance of the rejector circuit is capacitive between
0·55 Mc/s and 1·5 Meis, being equivalent to 690 pF at 0·55 Mc/s
and to 2,100 pF at 1·5 Mc/s. The effect, both on the input ratio
and on the ganging, can be deduced by means of Fig. 26c, Chapter 2,
and the formulre connected with it. At 0·55 Mc/s the resonant
frequency of the secondary circuit is increased by about 0·4%;
the change in input ratio is negligible. At 1·55 Mc/s both influences
can be neglected.
(b) Acceptor Circuit. A series-tuned circuit is to be connected
between aerial and earth, equivalent to a pure resistance at 460 Kc/s.
In the absence of the acceptor circuit the voltage across La is about
2E1 for a signal of 460 Kc/s, as the reactance of La is 3,180 ohms
and that of Ca= 1,720 ohms. The series-tuned circuit must reduce
the voltage across La to

i,

in order to attenuate the current through

La to one-tenth of the value without the acceptor circuit. A resistance of about 340 ohms will have the desired effect. If the Q of the
acceptor circuit is equal to 100, it follows that wL8

= CI = 34,000
w

8

ohms, L = 11,800 µH, C = 10·2 pF.
At 0·55 Mc/s the impedance of the acceptor circuit is 12,300
ohms, and is inductive. Looking from La towards the aerial, the
influence of the series circuit at 0·55 Mc/sis equivalent to a reduction
of Ca from 200 pF to 177 pF. This is better than in the case of the
200 X 690
rejector circuit where Ca is reduced to
+ = 155 pF.
200 690
On the other hand, it is hardly possible to design a series-tuned
circuit with 10·2 pF capacitance and a Q of 100, as half the capacitance
will be in the coil, involving considerable dielectric losses, Hence
one would have to use a tuning capacitance of, say, 20 pF. The
input ratio at 0·55 Mc/s is slightly improved as follows from
Thevenin's theorem, the voltage across the open circuited acceptor
circuit being larger than E 1 • Under the given circumstances the
acceptor circuit is probably the slightly better solution.
3. The frequency to be received may be / 1 , the intermediate
frequem,y f 3 and the oscillator frequency f 2 = J1 +fs• There is a
frequency

f1

+{ which by mixing

with the oscillator gives rise to
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~ and

its harmonics, the second harmonic being the intermediate

frequency.

As the mistuning of the interfering station is only

Ji,

i.e. only one-fourth of that of the image frequency, the effect may
become dangerous, though the mixing efficiency might be poor.
4. The number of possibilities under this heading is theoretically
unlimited; there are, however, only a few cases which have proved
troublesome in actual practice.
The receiver is tuned to a station of frequency j 1 , where f 1 is
within, say, IO% of twice the intermediate frequency f 3 • If JJ is
the difference between f 1 and 2f3 , there follows

f1 =

3f3 ±JJ

2fa±<Jf,
being the frequency of the first oscillator.

An interfering station of frequency

2f

3

±f,

i.e. midway between

2f3 and the desired station, may give rise to intermediate frequency
by mixture of its second harmonic with the fundamental frequency
of the local oscillator. Similar effects, though less dangerous, may
occur in the neighbourhood of 3f3 , 4f3 , etc. If the I.F. selectivity
is not very high, these effects are not noticeable, for the output
from the interfering station caused by the insufficient I.F. selectivity
is the dominating factor. Experience shows that this kind of
spurious response is less marked in multigrid valves than in pentodes working with anode bend rectificati9n. It is understandable
that the latter method having automatically strong harmonics lends
itself more to troubles of this kind than the multigrid valve which,
in the ideal case of pure multiplication, does not produce harmonics
(Chapter 4).

III. Interference noticeable only in the Presence of the
Desired Carrier (Cross-modulation). An undesired signal
which is much stronger than the desired signal, but sufficiently far
off in frequency to be rejected by the selectivity of the intermediate
frequency amplifier, can cause trouble in the earlier stages of the
receiver. This may show when both the desired and the undesired
carrier are received, the modulation of the undesired carrier being
transferred to the desired carrier. The phenomenon is called crossmodulation. Frequencies for which the stage gain of the radio
frequency stages is larger than unity are particularly liable to the
effect, cross-modulation taking place mainly at the last radio
frequency valve or at the mixer. The test which measures the
susceptibility of the receiver to this kind of interference is called
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the two-signal test. Its description contributes to the understanding of the effect and may therefore be included in this chapter,
rather than in Chapter 14.
The Two-Signal Test. In Fig. 105, A and Bare two signal
generators, A producing the desired, B the undesired carrier. The
transformer for A is necessary because of the earth points of A
and B being the same. The order of tests should be as follows :
Test 1. Modulate B 30% with 400 c/s and determine the
receiver input necessary for a given output.
Test 2. Switch off B and carry out the same test with A.
Owing to the transformer the value obtained will be different and
will indicate the correct calibration for A with the transformer
included.
Test 3. Adjust the carrier from A for an output of, say, 50 mW,
and then remove its modulation. Add the modulated carrier from
Band subsequently mistune it in steps of, say, 10 Kc/s. For each
Receiver
Artif'ici'al
aerial

.B
Fm. 105.

of these frequencies determine the amplitude necessary to produce
an output of 0·5 mW. In case of cross-modulation this output is
caused by the modulation of B being transferred to A ; it must
disappear when either the modulation of B or the carrier of A is
switched off. Output not affected by the presence of the carrier
of A indicates interference of the ordinary kind, i.e. due to insufficient
I.F. selectivity. Output remaining when the modulation of B is
switched off indicates a direct beat between the carriers of A and B
and should disappear on removing either of the two. Owing to
the latter effect the two-signal test is usually not carried out for
less than 10 Kc/s frequency difference between A and B.
Taking these figures for various receiver sensitivities, we obtain
a series of curves. The strength of the interfering signal is
shown as a function of mistuning and the values recorded which
give an output l % in power of that of the desired signal. The
results show another aspect of the receiver selectivity and form a
valuable addition to the normal selectivity curves.
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The extent of cross-modulation depends not only on the selectivity before the valve concerned, but also on the type of valve,
and on the conditions under which it is worked. Let us take a
case which is not covered by the two-signal test as described above.
The interfering station is a continuous wave telegraphy transmitter.
Its frequency is such that the beat with the desired station is not
troublesome ; it produces, however, 2 volts R.M.S. at the grid of
one of the R.F. or I.F. valves, e.g. at the grid of V, in Fig. 188. If
this valve is working with 3 volts grid bias and has a fairly linear
characteristic down to minus 6 volts, it will show little effect. In
contrast, if working with one volt bias and decreasing in mutual
conductance with increasing bias, the valve would be backed off
by the flow of grid current and the desired signal would be attenuated at the rhythm of the interfering telegraphy station. A small
value of R 2 prevents a large increase in bias but may cause considerable additional damping as soon as grid current flows (page 100).
Such damping is proportional to the impedance of the grid circuit
and is therefore not too serious for short-wave circuits. A large
time constant R 2C2 might cause decreased sensitivity for a period
considerably longer than that of the signal and must be avoided.
Values like 10,000 ohms and 0·l µF for short wave circuits and
100,000 ohms and 0·01 µFin the I.F. amplifier seem a fair compromise.
Similar effects may be produced in the audio frequency part,
if R.C. coupled amplifier stages are employed. Large grid leak
resistances and large time constants should therefore be avoided
as far as possible. This applies especially to communication receivers when reception may be required under very difficult conditions. Thus in the case of the desired and the undesired station
both sending telegraphy a wrong design may cause the receiver
to be silenced at the rhythm of the unwanted station and make
reception impossible. The correct design may result in strong
and unavoidable output from the interfering station, but still enable
an experienced operator to pick out the wanted station (compare
Chapter 7, page 181).
IV. Reception in the Vicinity of a Strong Transmitter.
If reception is carried out in the immediate vicinity of a strong
transmitter, a number of new problems arise in addition to those
dealt with under I-III.
l. If the voltage induced in the receiver aerial by the local
transmitter is several hundred volts-a case often met at medium
and long waves on board a ship-the danger of overloading the
first receiver valve exists even for large mistunings. Under such

SELECTIVITY

151

conditions the behaviour of a receiver evidently cannot be deduced
from its selectivity curves and the two-signal test applies equally
to a straight or a superhet receiver. Cross modulation or complete
disappearance of the desired station may take place owing to
excessive amplitude at the first grid. A high degree of selectivity
between the aerial and the first valve is necessary ; if the local
transmitter works on a fixed frequency, a rejector circuit may be
tried out. Conditions have been experienced where it was necessary
to have four tuned circuits between the aerial and the first valve
in order to receive stations 10% mistuned from the local transmitter.
If the local transmitter is of ultra high frequency and the receiver
used a superhet for medium waves, the danger arises of the transmitter carrier mixing with high harmonics of the oscillator frequency. The interfering transmitter may in this case be heard at
small intervals throughout the whole of the receiver range. Filters
designed against ultra high frequency will sometimes prove successful between the aerial and the first receiver valve.
2. The possibility of interference through leads other than the
aerial is most pronounced when the local transmitter is of a very
high frequency. First, the unwanted carrier may reach the mixer
valve directly, thus by-passing the radio frequency selectivity;
secondly, it may be transferred directly to the detector valve without
having to pass through either the radio frequency or the intermediate frequency amplifier. Good screening of the receiver and
filtering of all leads entering the receiver may be found necessary.
The principles discussed in Chapter 8 have to be borne in mind.
3. The existence of a strong transmitter near by may cause
troubles which can only be cured outside the receiver. If, for
instance, the transmitter is keyed and the envelope caused by the
keying is practically rectangular, side-bands are caused up to
100 Kc/s in width or more. Thus, though the receiver selectivity
may be sufficient protection against the transmitter carrier, the
side-band frequencies caused by keying come through on the receiver
frequency. The effect is most pronounced on medium and long
waves, where interference may take place on frequencies 10% or
20% off the frequency of the transmitter carrier. The effect has
to be cured at the transmitter by introducing " key click " filters.
Another serious disturbance may be caused by currents induced
by the transmitter in surrounding wires, metal bars, etc. If, in
the path of these induced currents, there are bad contacts, e.g.
caused by two wires touching each other, sparks will be caused at
these points. Such sparks act as sources of disturbances covering
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the whole range of radio frequencies. Cases are known where a
receiver station on board a new ship worked perfectly in the presence
of a strong transmitter. After a few months, however, all the stay
connections, the railings, etc., became loose and sparking noise was
so strong that reception became impossible while the transmitter
was working.

CHAPTER 6

RECEIVER NOISE
Receiver noise may be described as any unwanted disturbance
which is present when signals are being received, apart from interference from other transmitters or radio equipment. In the early
days of wireless reception, radio frequency amplification had not
been developed, so that the minimum signal strength that could
be received was determined by the efficiency of the aerial and the
low frequency amplification possible. To-day it is possible to
construct radio frequency amplifiers to meet all practical requirements in the matter of gain. The limiting factor is now the ratio
of wanted signal to unwanted noise.
The causes of noise are grouped under six headings, starting
with noise introduced at the output end of the receiver and working
back to the aerial.
Acoustic Noise. Acoustic noise is any acoustic disturbance
reaching the ears of the listener from sources other than the loud
speaker or telephones supplying the signal. Important examples
occur in aeroplanes and tanks, in which the extraneous noise can
be so great as to overload the ear and make it incapable of hearing
the wanted signal.
To combat such noise steps must be taken to keep the unwanted
noise from the ear, and to make the wanted signal as loud as possible.
Telephones covered with sound-proof material and made to fit
closely over the ears have been developed for such purposes.
The quality or intelligibility of reception is governed by the
ratio of signal sound intensity to noise sound intensity entering
the ears. A sensitive ear is no better than an insensitive ear. This
is an example of the rule that amplification after the noise has been
introduced does not produce any change in the signal to noise ratio,
the noise being amplified as much as the signal. In the case of
acoustic noise, any amplification in the receiver will be useful, so
long as the sound output has not reached the overload point of the
ear; 10 to 20 milliwatts in telephones is as much as the ear can
stand. The output stage of the receiver must be capable of supplying this amount if acoustic noise is troublesome.
Microphonic Effects. If a receiver is shaken or struck by
sound waves, the components vibrate and the vibrations are
153

154

THE TECHNIQUE O.F RADIO DESIGN

transformed into electrical disturbances. These pass through the
receiver and manifest themselves as noise at the output of the
receiver. Such output is known as microphonic noise.
Valves are the most frequent cause of this noise. When the
filament or grid vibrates the relative position of the electrodes
changes and the anode current fluctuates. The mechanical resonant
frequencies of these electrodes often lie within the band of frequencies amplified by the audio frequency amplifier. The acoustic
feedback between the loud speaker and the microphonic component
may be sufficient to cause oscillation (Chapter 9). In the case of
radio frequency amplifiers the impinging disturbances cause low
frequency modulation of the carrier wave that is being received;
demodulation takes place at the detector and audio frequency noise
is produced. Microphonic effect in the radio frequency ampJifier
is less likely to occur than that due to audio frequency valves,
especially triode and multi-electrode detectors.
A particular case occurs in superheterodyne receivers. If tbe
plates of the tuning condenser of the oscillator vibrate in any way
the oscillator frequency will vary, and if a signal is being received
the frequency of the intermediate frequency signal will vary as the
oscillator frequency varies. The slope of the selectivity curve of
the intermediate frequency amplifier resolves this frequency modulation into amplitude modulation also, and so causes noise at the
output. This microphony of the oscillator condenser becomes
worse as the oscillator frequency and the selectivity of the I.F.
amplifier are increased. The effect will only take place if a carrier
is being received. (Compare Chapter 9, acoustic feedback.)
When the microphonic effect occurs in the audio frequency
amplifier or detector, the amplification before the microphonic valve
must be increased, so as to increase the signal at the point at which
noise is introduced. This will improve the signal to noise ratio.
If this increase of amplification produces too large an output, the
low frequency gain must be reduced. In all cases the audio frequency gain must be decreased until the microphonic noise is reduced
to a permissible level, or until the required signal to noise ratio is
obtained with the signal output at the desired level.
If a grid leak detector is used and the audio frequency gain
is reduced, there will be danger of detector overloading before the
required output is obtained (Chapter 4). In such a case the method
of detection must be changed or other methods of combating the
microphonic effect must be employed. Such methods are the use
of non-microphonic valves and the mounting of receiver or valve
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bases on rubber. Indirectly heated valves are usually less microphonic than directly heated types, the vibration of the filament in
the latter being the principal cause of the trouble. Rigid construction, especially of the filament and grid, is important.
Mains Hum, Bad Contacts, Batteries, etc. The question
of mains hum introduced through the mains lead is treated in
Chapter 10. Noise caused by bad contacts in the wiring, dry
joints in the soldering, old batteries, corroded terminals and faulty
components (particularly resistors) is usually easy to find and
eradicate (see Chapter 15).
Shot Noise. The anode current of a valve is not absolutely
uniform but consists of a direct current component on which is
superimposed a random fluctuating current. These fluctuations
in the anode current cause noise voltages to be set up across the
anode impedance which, after amplification, manifest themselves
as noise at the output of the receiver. This is known as shot noise.
The noise is distributed uniformly over the whole spectrum used
for radio communication, so that the noise energy in any band of
frequencies depends only upon the width of the band. Shot noise
also extends to the audio frequency band, but the gain in the
audio frequency amplifier of a receiver is not normally sufficient to
make the noise audible. The shot noise that limits the sensitivity
of radio receivers is generated by the radio frequency and intermediate frequency valves.
Random effects cannot be added arithmetically ; thus two
similar noise voltages (or noise currents) of values A and B result
in a combined noise
A 2 +B 2 • From this it follows that noise,
if measured in volts, will be proportional to the square root of the
band-width, and shot noise will be proportional also to the square
root of the anode current of the valve causing it.
Radio frequency noise is measured by comparison with a known
standard of radio frequency, such as a signal generator. The noise
generated never exceeds a few microvolts for normal band-widths,
so that it is to be amplified by the radio frequency and intermediate
frequency stages before being measured. Radio frequency noise
may be measured (a) by rectifying the noise voltages and measuring
the direct current output of the rectifier, and (b) by applying an
outside carrier and passing the carrier and the high-frequency noise
to a detector and measuring the audio frequency output, usually
after audio frequency amplification. Either of these methods may
be used for receiver measurements and both give substantially the
same results, but the second is more usual, as it is only necessary
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to connect an output meter to the output terminals of the receiver,
no disturbance of the receiver wiring being necessary. The measurement of noise is treated in more detail in the chapter on " Routine
Measurements ".
Shot noise may be expressed as a high-frequency noise component In of the direct anode current Id in the following relationship

In = kvid X bf,
where bf is the band-width of the receiver in c/s, and Id and In
are in amperes; k should theoretically be a constant and have the
same value for all valves, but in practice it varies within the limits
one to three. For typical modern directly and indirectly heated
tetrodes antl pentodes k is of the order 0·4 x 10- 9 • This means
that for such a valve, the anode load being small compared with p,
the noise current measured over a band of 1 Kc and with the anode
current at 1 mA will be 0·4 x 10- 8 mA. With an anode load of
10,000 ohms a voltage of 4 µV will be produced at the anode of
such a valve.
For a signal voltage E.8 at the grid, the signal anode current is
gmE8 • Thus the ratio of signal anode current to noise anode current
is kJmEs . The signal to noise ratio is independent of the anode
Id xbf
load, but will be better for a valve having a high ratio of Ym to
4•
It can be seen from the above expression that the shot noise can
be expressed as equivalent noise at the grid of the valve, that is,
the noise that would have to be applied at the grid of the valve to
produce the same noise at the anode as the shot noise. This equivalent shot noise is

vI

En= kvid

X bf volts.
Ym
As an example, a valve may have a mutual conductance of l ·5 mA/V
when taking an anode current of 4 mA. For a 6 Kc/s band-width
the equivalent noise at the grid will be 1·3 µV, k taken as 0·4 x 10- 9 _
This means that in the absence of any noise a carrier of 1·3 µV at
the grid would produce the same direct current at the detector of
the receiver as the noise alone ; alternatively a 100% modulated
carrier of 1·3 µV would produce the same low frequency output,
in absence of noise, as the noise combined with the 1·3 µV unmodulated carrier.
To obtain the best signal to noise ratio for a given band-width,
a valve with a high ratio of Ym to vid should be used. For a
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variable-mu valve the optimum ratio is obtained with a low value
of grid bias (Chapter 7, Fig. 111); increasing the bias for purposes
of gain control decreases the signal to noise ratio for a given signal
at the grid, since the mutual conductance falls more rapidly than v'Id•
The aerial circuit must be designed to give a high signal voltage
at the grid, as far as other factors allow. (See Chapter 2.)
Beam valves avoiding the additional noise due to disturbances
at the screen grid have a signal to noise ratio about twice as good
as the normal pentodes. The k given in the above formula is in
this case of the order of 0·2 x 10- 9 , equalling the k of triodes.
Multi-electrode mixer valves have a higher shot noise output
than ordinary radio frequency amplifiers. This is mainly due to
the low mutual (or conversion) conductance of such valves for a
given anode current. In addition to this, a mixer has a higher
noise constant k. A receiver starting with a mixer valve will have
a lower signal to noise ratio than a receiver with one or more radio
frequency stages, because the noise of the first valve usually predominates over the noise introduced by subsequent stages. Thus
the signal to noise ratio at the first valve is often that of the set
as a whole. If the mixer is preceded by sufficient radio frequency
gain, the amplified noise of the first valve will drown that of the
mixer and the set will have as good a signal to noise ratio as a straight
receiver. In the early days of the superheterodyne this type of
receiver had a reputation for being noisy. This was because radio
frequency amplification was often omitted.
Example : A superheterodyne receiver has a single radio frequency stage giving a minimum stage gain of 15 in the band covered.
The radio frequency valve has an equivalent shot noise of 1 microvolt at the grid, and the mixer valve has 6 microvolts noise at its
grid, measured with the band-width of the receiver. How much
does the mixer noise contribute to the signal to noise ratio of the
receiver?
The 1 microvolt noise at the H.F. valve grid is amplified to
become 15 microvolts at the mixer grid.
Noise of mixer valve referred to its own grid = 6 microvolts.
Total noise at mixer grid= Vl5 2 -f-6 2 = 16·15 microvolts.
The mixer has therefore increased the noise at its grid from
15 microvolts to 16·15 microvolts, or by 7·4%.
Although the ratio between the noise amplitudes is 6 to 15,
the way in which they add makes the mixer noise less important
than this ratio would suggest. The gain of 15 is more than sufficient
to make the mixer noise negligible. In general, a high frequency
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stage gain of 10 is considered necessary to make the first valve noise
predominate. At frequencies above 10 Mc/s or so, two stages of
amplification are necessary with average valves to obtain this gain
(see pages 169-171).
The designer will find it useful to have available, for reference,
figures of the shot noise generated by the various valves he uses.
Thermal Agitation. The free electrons in a conductor move
about at random and set up in the conductor noise voltages similar
to the shot noise of valves. The energy content of the movement
is proportional to the absolute temperature of the conduct.or, so
that the noise voltages are reduced if the temperature is lowered.
For normal temperatures the noise produced in a resistance R ohms
and measured for a band-width <Jf c/s is given by

E = 12·6 x 10- 11 x VR<Jj volts.
This is the voltage appearing at the ends of an open-circuited
resistance; the voltage must be regarded as an E.M.F. in series
with the resistance, so that the terminal voltage is reduced if a
reactance is connected across the resistance. It must be noted
that the noise is produced in the series resistance of any impedance ;
the reactive part of the impedance does not contribute to the noise.
If a resistance is connected across grid-cathode of a valve, the gridcathode capacitance is in series with the resistance and the noise
voltage at the grid is
E
E = E.
Xe
u

vR2+xc2

where Xe is the reactance of the grid-cathode capacitance at the
mid-frequency of the band considered.
In the case of a tuned circuit the noise may be regarded as
generated in the series resistance of the circuit, and the noise appearing across the tuned circuit near the resonant frequency is determined by the magnification Q of the circuit. The noise across the
circuit becomes
EP = 12·6 x 10- 11 x QVr<Jf

= 12·6

VZ 0<Jj
where Z 0 is the parallel impedance of the circuit at resonant frequency. The band-width over which the noise is measured is
assumed to be small compared with the band-width determined by
the tuned circuit alone. The circuit behaves like a resistive impedance equal to the parallel impedance of the circuit. If the circuit
X 10- 11 X
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is connected across the grid-cathode circuit of a valve there is no
drop of voltage due to the grid-cathode capacitance, since the latter
is included in the tuning capacitance of the circuit.
Example 1. A receiver with a band-width of 6 Kc/sand tuned
to a frequency of 1 Mc /s has a resistance of O· l megohm connected
between grid and cathode of a radio frequency amplifier valve.
What is the noise produced at the grid of the valve due to thermal
agitation in the resistance, the grid filament capacitance being
10 pF?
Reactance of grid-cathode capacitance at 1 Mc/s : Xe = 15,900
ohms. Noise generated in resistance, measured over 6 Kc/s bandwidth,
= 12·6 X 10- 11 X Vl0 6 X 6,000 volts
= 3·1 microvolts.
Noise appearing at the grid
3·1

microvolt

0·49 microvolt.

Example 2. What will be the thermal agitation noise when the
above grid resistance is replaced by a tuned circuit of Q = 120
and inductance L = 200 µH, tuned to 1 Mc/s? Reactance of
the inductance= 2n x 200 = 1,256 ohms. Impedance of the
parallel tuned circuit = 1,256 x 120 = 151,000 ohms. Noise voltage generated = 12·6 x 10- 11 v'l51,000 x 6,000 volts
= 3·8 µV.
Example 3. A valve has a mutual conductance of 2·8 mA/V
when the anode current is 9 mA. Assuming that the shot noise
constant of the valve is 0·4 x 10- 9 , what will be the impedance
of a tuned circuit connected to the grid-cathode circuit which will
produce noise equal to the shot noise of the valve ? (It is not
necessary to know the band-width for this problem.)
Equivalent shot noise at the grid

= kv'T;jj
(/m

-

0·4 X 10- 9 y'9 X 10~ 3 IJf
2·8 X 10- 3

= 1·35 x 10-sv';,J- volts.
Let Z 0 be the impedance of the grid circuit to generate noise equal
to the above shot noise.
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Thermal agitation noise= 12·6 x 10- 11 v'Z 0c5/ volts.
Whence

1·35 X 10-s )

Zo = ( 12·6

X

10-11

2

ohms.

Z 0 = 11,500 ohms.

From the above example it can be seen that with tuned grid
circuits having parallel impedances of the order of 10,000 to 20,000
ohms, the shot noise will be of the same order as the thermal agitation noise of the circuit. With grid circuits of higher impedance
the thermal agitation noise will predominate over the valve noise.
At long wave-lengths the circuit impedances are high and the
thermal agitation noise is always greater than the shot noise, but
at frequencies above 5 Mc/s the shot noise is usually greater. The
actual frequency at which the two are equal varies gre11;tly according
to the circuits and valves used, and may be calculated as above.
If, in the absence of site noise
(page 163), the dominating receiver
noise is due to shot effect in the
r
first valve and if the aerial im~K
pedance is resistive, optimum signal
to noise ratio is obtained by matching the aerial to the receiver input
FIG. 106.
circuit. If the noise of the input
circuit is far in excess of the shot
noise, optimum signal to noise ratio may be obtained for a coupling
larger than that required for matching.
An example will best explain the conditions (Fig. 106).
Exarnple. The aerial has an impedance of 38 ohms, and an
E.M.F. of magnitude E 1 is to be transferred to the grid of the valve.
The equivalent shot noise of the valve is 1 µV, the noise of the
tuned circuit is 6 µV. Find the condition for the best signal
to noise ratio.
The impedance between grid and cathode is ~ .
where A is
l+A 2
the ratio .!!_ (page 19).

✓~

The circuit noise is proportional to

kovt.

and therefore the total receiver noise is proportional to

✓ 1+A
36
2 +1.

The transfer ratio for the signal from the aerial to
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I

the first grid is proportional to - -1 and hence the conditions for

A+A

optimum signal to noise ratio are obtained as follows:1

A+!_
A

J

36
1+A2+1

l
37
...42+3s+ ...42

.

= maximum,

the solution of which is

A 2 = V37 = 6·1, A = 2·47,
equivalent to a coupling approximately 2·5 times the value for
perfect matching.
The gain in signal to noise ratio as compared with optimum
coupling is only 1·23: 1, but the above equation shows that in such
cases undercoupling might easily lead to a loss of 3 or 4 db. in the
ratio signal to noise.
Sharpness of Bearing of a D.F. Receiver. When a receiver
for direction finding is to be designed it is possible to compute its
performance from knowledge of the receiver noise, provided the site
noise can be neglected. This is usually the case, first, due to the
small effective height of a frame, and secondly owing to the fact
that D.F. receivers are used on sites relatively free from outside
noise.
The performance of a D.F. receiver is judged by the sharpness
of bearing obtained for a given input, i.e. twice the angle by which
the frame must be rotated from the position of minimum reception
to make the signal distinguishable from the receiver noise. If the
receiver output is measured with an output meter, the band-width
of the receiver is of first importance, as will be readily understood.
If the width of bearing is taken by aural discrimination, experience
shows that the band-width of the receiver is practically without
influence, the ear working in this case as a note filter. When a
receiver of 6 Kc/s band-width is used, it has been found that the
average ear is just able to distinguish between noise and signal
when an output meter shows no discrimination whatever. For the
same signal it is necessary to reduce the band-width of the receiver
to 100 c/s, e.g., by means of a note filter, before the output meter
indicates equality between signal and noise. The figures for receiver
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noise as given in this chapter and the figures for the input ratio
of an untuned loop as given in Chapter 2 are used in the following
example to show the method of computing the performance of
a D.F. receiver.
Exarnple (Fig. 107) : A receiver for direction finding employs
a rotating one turn frame of 0·5 sq. m. area. At 3 Mc/s the input
__ circuit has a capacitance of
80 pF, the Q of the tuned circuit and of the loop circuit
being 100. The first receiver
valve is a pentode having an
equivalent noise of l ·4 µ V for
6 Kc/s band-width. The inducFm. 107.
tance of the frame is 2·3 µH.
Find the sharpness of bearing for an unmodulated carrier of 10 µ V /m
field strength, the bearing being taken by aural discrimination.
The input ratio to be expected for a transformer coupling of
70% is found from page 46 to be 0·26Q

J'!ii:,

where L 1 is the

inductance of the loop and Let!. the effective tuning inductance
of the input circuit. Since f = 3 Mc/s and O = 80 pF, L,f! is
35
= 101.
2·3
The effective Q of the input circuit is found from page 45 to be
70, and the impedance between grid and cathode is therefore 46,000
35 µH, and hence the input ratio is 0·26

ohms.

x 100J

The noise of the input circuit is, for a band-width of 6 Kc/s,

equivalent to 2·1 1N and the total receiver noise V2·l2+1·4 2 µV
~ 2·5 µV.
For a band-width of 100 c/s (see above) this reduces
to 0·32 µV.
The signal delivered to the first valve must now be calculated.
The effective height of a loop aerial is ~A, n being the number

of turns, A the area of the frame in sq. m. and .?. the wave length
in metres. In this example n = 1, A = 0·5, and.?. = 100 m., and
therefore the effective height is approximately 0·031 m. The
voltage induced in the loop by a signal of 10 µV /m field strength
is therefore 0·31 µV for a frame position of maximum reception,
and the voltage delivered to the first grid is 0·31 x 101 ~ 31 µV.
If a is the angle between the frame and the position of minimum
reception, the voltage induced in the frame is 0·31 x sin a, and it
only remains to find the angle a for which the signal delivered to
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the first grid equals lihe receiver noise for 100 c/s band-width, i.e.
0·31 sin a x 101 = 0·32.
This gives a = 0·58°, the sharpness of bearing being ±0·58°.
Site Noise. Radiated interference such as atmospheric disturbances and man-made static exists at practically every location.
Such disturbances cover the whole band of radio frequencies and
are known as site noise.
Very little can be done at the receiver to guard against site
noise. The most effective method of treatment is the use of special
aerial systems which are designed to make the receiver signal as
strong as possible compared with the noise picked up.
The level of interference is often very high in the vicinity of
buildings because much of the man-made static is conducted along
and radiated by mains leads. Filters must be placed in the mains
lead before it enters the receiver or power supply unit. Much can
be done by the use of aerial systems with screened feeders ; an
aerial is erected some distance from the receiver, at a place where
the site is low (compare Chapter 8, page 201). The aerial is coupled
to the screened feeder by means of a transformer or matching
network ; the feeder should be matched to the first circuit of
the receiver at the other end. Parallel wire or concentric tube
feeders may be used, the latter being the more efficient. The aerial
and feeder system must be designed to work best at the frequency
most used. A design to operate over a wide range of frequencies
is fairly complex (see Chapter 2).
Ordinary screened feeder aerial systems offer no protection
against atmospheric disturbances, which are of constant intensity
over wide areas. Directional aerials such as frames and beam
aerials can be so ::>riented as to receive a loud signal from the required
station and so improve the signal to noise ratio. If the site noise
comes from a particular direction, a not unusual case, the aerial
can be arranged to have a minimum of pick-up in that direction.
Interference from ignition systems and some types of atmospheric consist of short pulses of large amplitude. This noise may
be reduced by the use of a noise suppressor or limiter in the receiver ;
this is a circuit which mutes the receiver for the short duration of
the noise pulse. It is found that such muting for short periods
does not impair reception of the desired signal. Usually the
noise suppressor circuit is fed from the last intermediate frequency
stage and acts on the first low frequency amplifier of the receiver.
Much of the loss of intelligibility caused by these pulses is due to
the low-frequency valve grids becoming negatively charged with the
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grid current caused by the pulse ; the receiver may remain muted
some time after the pulse has passed, due to the time constant of the
grid circuit. If a quick acting suppression circuit is used, this
grid current is avoided and the set is silent only so long as the
pulse lasts (compare pages 150, 180-182).

CHAPTER 7

GAIN CONTROL
Variation of receiver gain is usually obtained by a change of
grid bias of one or several radio frequency valves. The use of
variable-µ valves gives a smooth and uniform control owing to the
exponential character of the IaEu curves and permits a relatively
large grid swing at lowered sensitivities without undue distortion.
If a constant-µ pentode is used and the screen grid voltage derived
from a high anode voltage by means of a series resistance, the Ia.8lu
curve has a shape similar to that of a variable-µ valve. This is
due to the fact that the screen grid voltage rises steeply with a
decrease of valve current and thus counteracts partly the effect
of the increasing grid bias (Fig. 108, curve 2). From this it is
often deduced that a constant-µ
valve under these conditions is
equivalent to a variable-µ valve.
This is, however, a fallacy.
The screen grid voltage, when a
radio frequency voltage is applied
to the signal grid, remains constant
independent of its behaviour towards
C'hanges of D.C. Thus the dynamic
characteristic at any given point (A)
of the curve 2 in Fig. 108 is almost
Frn. 108.
identical with the static characteristic 1 at the same anode current (A'). (The influence of the anode
load can usually be neglected, as it is small compared with the
valve impedance.) Hence the risk of distortion is in no way
diminished.
If, however, the condenser earthing the screen grid is designed only for radio frequencies, the dynamic characteristic for an
audio frequency voltage at the signal grid will be identical with
curve 2 at any point. Thus the possibility of the radio frequency
carrier being modulated by audio frequency is reduced (see page 232).
The grid bias necessary for a certain variation in gain is about
twice as much for curve 2 as for 1. Such difference exists to the
same extent for a variable-µ valve and has to be borne in mind
when manual or automatic volume control is designed. The gain
165
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of a variable-µ pentode varies by about 4 db. per volt grid bias
if the screen grid voltage is derived directly from a battery, and
2 db. per volt if it is derived by means of a series resistance from
a source about twice the voltage required. With the usual potential
divider one may reckon with 3 db. per volt.
Occasionally volume control is obtained by variation of the
screen grid voltage. This method is quite satisfactory, its only

Fm. 109.

disadvantage being the danger of distortion for large grid swings.
It should therefore be applied only to valves where the R.F. voltage
at the grid is not above, say, 0·5 volt.
In Figs. 109 and 110 two different types of volume control are
shown, the regulation in each case being obtained by a change of
grid bias.

Fm. llO.

In Fig. 109 the cathode potential is raised towards positive
voltages so that the screen grid and anode voltages are lowered
by the amount of the grid bias. The additional effect on the gain
is negligible. The maximum output obtainable is slightly lowered,
a factor to be taken into account for the last I.F. valve (see later
under 1). To avoid coupling through the common cathode leads,
decoupling elements R 1 and R 2 must be inserted when several
valves are controlled. The decoupling resistances are to be chosen

GAIN CONTROL

167

so that with the slider at earth potential the bias caused by the
individual valve current has the required value.
Fig. llO shows a circuit which is equally applicable for directly
and indirectly heated valves. To guard against undesired feedback, such as modulation of the received carrier by audio frequency,
R should be by-passed with a condenser C of approximately 50 µF.
The current through R and hence the bias for the non-controlled
valves varies when the R.F. valves are controlled; this problem
is discussed under (4) of this chapter. When several receivers are
working on the same supply it is preferable to connect a battery
in parallel to R. This maintains the total bias at a constant value
and minimises interaction between the receivers (Chapter 13).
The design of gain control, manual or automatic, has to allow
for a certain number of features essential for a satisfactory working.
The main requirements are :
A.

For manual control :
I. To work over a desired range of input without undue distortion.
2. To maintain the best signal to noise ratio possible, so long
as this ratio is below a sufficiently high value.
3. To leave the tuning of the R.F. and I.F. circuits unchanged.
4. To affect the non-controlled valves not more than is permissible for a satisfactory working.
5. To maintain the best protection possible against cross modulation, when such protection is needed.
6. To work without noise.

B.

For automatic control :
1-5. As above.
6. To maintain the requisite constancy of output for a given
range of input.
7. To have a time constant enabling the receiver
(a) to follow quick fadings,
(b) to regain its normal sensitivity which has been lowered
by a strong interfering signal or noise, immediately
the interference is over.
8. To have a time constant which leaves the audio frequency
curve unaffected (in case of telephony reception) or which
does not allow the noise to rise between signals (in case
of telegraphy reception).
(9-ll applying to telegraphy only.)
9. To prevent the first signals, after a pause in the transmission,
from being unduly loud.

168

THE TECHNIQUE OF RADIO DESIGN
10. To prevent an interfering signal or noise which otherwise
may not be perceptible from working the A.v.c.
11. To prevent the second oscillator from working the A.V.C.

A. Manual Control.
1. Required Range of Control. The danger of distortion is
greatest at the last

R.F.

or

I.F.

valve, where the amplitude is largest.

The best way of approaching the problem is to be seen in the following
example.

Example: A receiver employs four valves before the diode ;
the sensitivity of the receiver is such that, for an input of 5 µ V,
20 volts are delivered to the diode circuit. The gain control is to
work between 5 µ V and 0· l V input, the first four valves being
controlled by a change of grid bias ; the standing bias is 3 volts.
the gain from the last I.F. grid to the diode circuit is 26 db.
With 5 µ V input and the receiver working with full gain the
amplitude at the last I.F. grid is 1 volt, which is assumed to be
permissible. With 0-1 volt input the receiver gain must be reduced
by 86 db. to maintain a constant output. It may be assumed at
first that all four valves are equally controlled, and that the decrease
in gain is 3 db. per valve for 1 volt increase in grid bias. Under
these conditions the gain of each valve is decreased by 21 ·5 db.,
leaving a gain of 4·5 db., i.e. 1·68 for the last stage. The amplitude

~ = 11 ·9 V ; the negative grid bias
1·68
becomes approximately (3+7·2) volts = 10·2 V. The valve works
therefore with appreciable grid current and distortion. Even if
grid current should not be caused, the amplitude necessary at the
last grid may be found larger than permissible. Curves giving the
"signal handling capacity" may be consulted for the requisite
information. These curves show, as a function of grid bias, the
maximum grid amplitude which is consistent with the maintenance
of distortion below a given value.
In the above case it would be necessary to stagger the gain
control, i.e. to deliver only part of the total grid bias to the last
grid. If, for instance, only half the grid bias is applied to the
fourth valve the conditions work out as follows :
The total bias applied to the first three valves is x, to the last
at the last grid becomes

valve

i;

the resultant gain control in decibels, 9x+l·5x, must

equal 86,

:. x = 8·2 volts.
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The additional bias applied to the last valve being - 4·1 V,
the grid bias becomes - 7· l V ; the stage gain decreases by
12·3 db. from 26 db. to 13·7 db., i.e., to a gain of 4·84, requiring an I.F. amplitude of 4· 14 V at the last grid ; this is regarded
as permissible.
If the valves were controlled by screen voltage, leaving the grid
bias at - 3 V, a staggering l : 2 of the last valve would not
be enough, as it would still lead to grid current ; a staggering
of l : 4 might be correct, leaving just over 2 V amplitude at
the grid. (This figure is to be treated with care, as the amplitude
permissible at the grid hardly increases with decreased gain.
One would do well, in the above case, not to control the last
valve at all, if the gain control is effected through the screen
voltage.)
2. Signal to Noise Ratio. As pointed out in Chapter 6, noise
in the receiver output may be due to various reasons, the most
important being valve noise, circuit noise and site noise. According
to the conditions prevailing the receiver gain control will require
careful designing, unless it is to have a detrimental effect on the
equivalent receiver noise.
If the site noise is far in excess of the receiver noise (the usual
case with broadcast reception on medium waves in towns), the
receiver. noise is of no importance. Under such conditions the
question of noise need not be taken into consideration in the design
of the gain control.
If the site noise is not dominant, the case at short waves with
high-class communication receivers, and if within a certain range
of input the best possible signal to noise ratio is to be obtained,
the design of the gain control becomes of importance. The conditions can best be seen from an example.
Example: Receiver with two R.F. stages before the mixer valve ;
controlled are the two R.F. valves, the mixer and one I.F. valve.
In Fig. 111 the equivalent noise as a function of grid bias is shown
for an R.F. pentode and for two different types of mixer valve.
The impedance of the input circuit is supposed to be such that
circuit noise is negligible (the usual case at very high frequencies).
(1) Conditions for Mixer Valve Type 1. The equivalent receiver
noise, referred to the first grid, is composed of three parts contributed by the three first valves The stage gain is supposed to be
4, then the noise of the second valve is to be divided by 4 and that
of the mixer valve by 16 ; hence the noise referred to the first grid
is 1·2 µV from the first valve, 0·3 µV from the second valve, and
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0·275 µV from the mixer if the grid bias is - 3 volts. The total
noise is the square root of the sum of the squares, i.e.,
Equiv. Rec. Noise = 1·27 µV.
The sensitivity of the receiver is supposed to be so high, that a
signal of 1·27 µV at the first grid produces full output, so that
for stronger signals the gain has to be decreased correspondingly.
On receiving a signal of 127 µV the total gain is decreased by
40 db., and the R.F. stage gain drops by 10 db. from 4 to 1·27.

-

i\

\~.
,.,._

--

\;

A-7_·

\~

~~~ 1/q/,,_, 2

_e

-8

-7

\ ,_.
\

\
'
,f "7.Pe/7t-oa'e

-6

-5

-4

-.3

-2

-7

6r1"d bias
Fm. 111.

The three noise components are in this case (the grid bias being
6·3 volts if, as assumed before, an increase of 1 Vin bias decreases
the gain of one valve by 3 db.):
First valve: 1·9 rtV
Second valve:
Mixer valve:
Total noise

1·9
. = 1·5 µV
1 27
16
1·6

= 10 µV
= 10·3 µV

The resulting signal to noise ratio is only 22 db. instead of 40 db.,
due to the growth of the equivalent receiver noise with decreased
gain.
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Equivalent receiver noise with full

✓1·2 2 +(\2)2 +( 176)2 =

E.R.N.

=

E.R.N.

with the gain down by 40 db. :

✓1•9 2 +(~)
1·27

2

+(

75
")
1·6

1·31 µV.

2

= 5.3 µV,

the deterioration being 12 db.
The increase in equivalent receiver noise could be prevented
by controlling mainly the I.F. part; this involves, however, dangers
treated later in this chapter.
3. Mistuning of the R.F. and I.F. Circuits. Mistuning of
the R.F. and I.F. circuits results in the first place from a change of
grid-cathode capacitance due to
la.
change in space charge. The
variation in O is of the order
I
of 1 to 2 pF, its importance
depends on the circuit capaciI
e
tance and on the circuit Q.
Adequate cure can be provided
by inserting a resistance R between cathode and earth, as
FIG. 112.
shown in Fig. 112.* Its effect
may be calculated as follows. If there exists a voltage E between
grid and earth, if I is the current flowing through the grid-cathode
capacitance, if I a is the anode current, and if the anode load 1s
small compared with the valve impedance, there follows :
1

I -;-- +(1 +la)R = E.
JW 0
As Ia = Eu.gm = Ij~Ogm> the equation becomes
1C~o+R+j~cflmR) = E.
It shows that the effect of inserting R is
1. A resistance R connected in series with 0
2. A capacitance OR connected in series with 0, reducing
gm
C
the capacitance between grid and earth to ( 1
R).
+gm

* Freeman, "Use of Feedback to Compensate for Vacuum Tube Input
Capacitance Variations," Proc. I.R.E., Vol. 26, Nov. 1938.
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The effect 2 can be used to prevent a mistuning of the circuit
as a result of O being increased by space charge. If O is the gridcathode capacitance of the non-conducting valve and ~O the increase
due to space charge, R has to be chosen so that
c+~c _ 0
I+gmR '

~c

R=Cgm·

The apparent insertion of a capacitance

OR in series with 0
gm
ea.uses a loss in gain, as the whole of E is no longer applied between

grid and cathode.

When R is neglected in comparison with co~' the

1
voltage between grid and cathode is I.
= 1 E R and conseJru0
+gm
1
quently the loss in gain is
R' as is the case with an audio
1 +gm
frequency Stage using negative feedback (Chapter 9).
This loss in gain can be avoided by connecting the circuit according to Fig. 113,
where the total tuning capacitance is between
grid and cathode. The resistance R' has to
be chosen so that it compensates the now small
percentage change of capacitance between
grid and cathode, hence R'

=

(C :~i)gm·

The principle of Fig. 113 cannot be carried
out for a circuit with variable capacitance
as it would correct only for one position of the variable condenser.
Example: A circuit is tuned with 150 pF to 460 Kc/s. The gridcathode capacitance is 4 pF when the valve is non-conducting and
5·5 pF when the valve is conducting. The mutual conductance
of the valve is 1 mA/V. Determine the value of R in Fig. 112
and of R' in Fig. 113 and the loss in gain in both cases.
Fm. 113.

R =

R' =

4

xl·:o-s

150

= 375 ohms. The gain drops in the ratio of 1_:75 .

~\ _ 3
0

=

10 ohms.

The gain drops in the ratio of l-~l.

The effect 1 constitutes an additional circuit damping, its
seriousness depending on the frequency and the tuning capacitance.
If C is the grid-cathode capacitance, 0 1 the total tuning capacitance,
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and f the frequen()y, the additional damping is for the circuit shown
in Fig. 112.
d (added)

=

!(~,r

(see Chapter 1, page 11), and for the

circuit Fig. 113

R'

d' (added) = wL.

R' being equal to Rg,, there follows d' = di

1
,

which shows that in

Fig. 113 the additional damping is much greater than in Fig. 112.
In the example given above d (added) works out to be 1·15 X 10- 4 ,
a quite negligible quantity ;
d' (added)

= 1·15

150

x 10-c

4

=

0·43%,

which is serious as the natural circuit damping is only of the order
of 1 %- At short waves the method Fig. 113 is for this reason
hardly applicable, the additional damping becoming much higher
than in this example.
Change in grid-cathode capacitance may also be due to Miller
effect (Chapter 9, page 210). It is usually smaller than the effect
caused by space charge and can also be compensated by a cathode
resistance. If, with a resistive anode load, the amplification from
grid to anode is 50 and if the grid-anode capacitance is 5 x 10- 3 pF,
the variation in grid-cathode capacitance is 0·25 pF, i.e. only one
fifth of the average change caused by space charge.
4. Effect on Other Valves. The change in total feed, when
several valves are controlled, may cause a variation in H.T. and thus
affect the working conditions of the non-controlled valves. For
receivers with many valves and a power output stage the danger
is small as the feed of the controlled valves is a comparatively low
percentage of the total feed ; sometimes a bleeder resistance is used
to obtain a high constancy of H.T. under all conditions.
For receivers designed for a small output the feed of the
controlled valves may easily be half the total feed. If the grid
bias is taken from a common resistance in the H.T. lead, means
are needed to keep the general bias constant. A simple device as
given in Fig. 114 may prove useful. The resistances R 1 and R 2
are chosen so that the total grid bias has the desired value for
two appropriate positions of the slider, while the resistance R 3
prevents the grid bias from becoming zero.
Example : The total feed with the slider at A is 40 mA ; the
feed of the controlled valves is 20 mA, the bias of the controlled
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valves being - 1 V. The total current of the controlled valves
for Eu =
IO V is 6 mA, for Eu = - 20 V about 2mA, in accordance with the exponential
character of the laEu
,---.....JV'\N\f'-----To the cathodes
A
(or /'/laments if
curves
for
variable-µ
directly heated)
valves. R 1 and R 2 are to
be chosen so that the total
>oiE------..--· ., .r._ . ._. .,. __lo the
R. 1
.. •·• • , controlled
bias between B and the
C ..l_ grids
cathodes is 20 V both
when
the slider is at A
B .,___ _,
(total current 40 mA) and
when the slider is at B
FIG. 114.
(total current 22 mA).
R 3 is 25 ohms if the bias of the controlled valves is to
be - 1 V with the slider at A. The equations for R 1 and R 2
R1R2
R1R2
b ecome R R x 40 x 10-a = 19; R R = 475 ohms, and

I

1+ 2

1+ 2

R1
R1

=

X

22

X

10- 3 = 19

864 ohms, R 2

=

1,055 ohms.

Checking the other positions will show that the total bias
deviates from 20 V nowhere by more than 5%.
5. Cross Modulation. Even if any mistuning treated under 3
is avoided the figures determining the receiver selectivity may be
changed by gain control. A change in the selectivity curve, due
to a variation of valve damping or feedback, may be disregarded
here, as it can be avoided. Susceptibility to cross modulation,
however, may vary appreciably, as can be seen from the following.
Example: A receiver, when adjusted to 1 ,uV sensitivity, leads
to cross modulation from an interfering signal 1% mistuned and
a thousand times the amplitude of the desired signal. If the
receiver gain is controlled for an input of 100 ,uV and, for reasons
of signal to noise ratio, the control takes place in the I.F. part only,
cross modulation can still be expected for 1,000 µV undesired input,
i.e. a carrier only ten times the strength of the desired station.
The effect can be avoided by controlling the R.F. valves; this has,
however, a detrimental effect on the signal to noise ratio. For
the average receiver no great care is taken to avoid one thing or
the other. For high-class communication receivers, however, it
may prove useful to leave to the operator the choice of valves to
be controlled. If, in receiving a fairly strong station, another still
stronger station causes trouble at the mixer grid, the R.F. valves
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should have preference of control; if the receiver noise is the disturbing factor in reception of a weak signal, control should take
place in the I.F. part.
6. Noisy Gain Control. Variable resistances, if used for gain
control, often cause noise. Similar to the brushes of a motor the
points of contact can be regarded as an R.F. generator, with frequencies spreading over the whole R.F. range. Interference is
caused mainly by energy transfer through leads, the first receiver
stage being the most vulnerable point. Placing the gain control
away from the R.F. circuits and earthing the contact through a
0· l µF condenser is usually sufficient to stop the effect. Sometimes
an additional resistance R of about 5,000 ohms may prove necessary
(r and C in Fig. 114). In principle the same measures might be
applied as for the screening of any R.F. source.
The A.F. gain control is rarely the source of noise as it is not in
direct connection with the sensitive part of the receiver and no
D.C. current flows through the variable contact.

B.

Automatic Gain Control.
1-5. The requirements are the same as those discussed for
manual control.
6. Constancy of Output with Varying Input. The shape
of the A.v.c. curve depends mainly on three factors: the number
of controlled valves, the characteristics of the controlled valves and
the delay voltage. The various possibilities are best treated in one
example which will prove a fairly good guide.
Example: Three amplifier valves and the mixer valve are controlled. The gain of an amplifier valve varies with grid bias
by 3 db. per volt, the gain of the mixer valve by 2 db. per volt.
The output is to vary by not more than 6 db. for 60 db. input ratio,
taken between 5 µ V and 5 m V. If the detector valve is supposed
to work linearly, the above condition means that the amplitude
applied to the detector valve is allowed to vary by 6 db. for a change
of 60 db. in input voltage.
To obtain an increase of only 6 db. in the amplitude applied
to the detector for 60 db. increase in input, the receiver gain has
to fall by 54 db. The increase in grid bias necessary to achieve this
fall is called x, then x is found as follows :
The gain of one amplifier valve drops by (3 x) db.
,,
,, . ,, three ,,
valves drops by (9 x) db.
,,
,,
,, the mixer valve drops by (2 x) db.
Hence 11 x = 54, or x = 4·9 V.
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The value of x determines the choice of the delay volts (Fig. 115).
It may be assumed as an approximation, t,hat the D.C. voltage
developed across R 1 is equal to the R.F; peak between A and B
if no delay voltage is applied, and equal to the difference peak minus
delay voltage if the latter has a finite value. If a delay of 4·9 V
is applied, A.v.c. starts working for a carrier of 4·9 V peak between
A and Band an A.v.c. voltage of 4·9 Vis developed when the carrier
rises by 6 db. The above requirement for a constancy of 6 db.
in output with 60 db. change in input is, therefore, fulfilled in this
case by applying a delay voltage of 4·9 V to the A.v.o. diode.
If the A.F. detector valve works not linearly but according to
a quadratic law, the amplitude between A and B has to be constant
within 3 db. to maintain a 6 db. constancy of output. This necessitates a drop of 57 db. in receiver gain for 60 db. input rise, correTo the

controlled,..-.'=---.MJw.r--,
grids
:J;c2

A

r--______,-

"'
B

i---

-L-----+--'Vo.NY>.__-+--ww-- +H. T.

sponding to an increase of t I = 5·2 V in grid bias. The delay
voltage is thus to be chosen so that an increase in carrier amplitude between A and B by 3 db. above the value E 0 for which A.v.c.
starts, produces 5·2 volts D.c. across R 1 • Hence there follows:
0·41E0 = 5·2
E 0 = 12·7 V,
where E 0 is the delay voltage required.
If a receiver proves to be unsatisfactory in its A.v.c. action the
following tests should clarify the situation.
1. Break the connection from the A.V.C. diode to the controlled
valves and apply instead negative bias by manual control. Measure
the volts applied and inject a variable E.M.F. from a signal generator,
always keeping the output constant. Assume the curve obtained
is as shown in Fig. 116.
2. Receiver as under (1). Inject a variable E.M.F. and measure
the A.v.c. volts developed (but not utilised for gain control in this
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case) as a function of the input for various grid biases. Unless the
design is at fault, e.g. by controlling too strongly the last I.F. valve,
the grid bias should not affect the shape of this curve.
In Fig. 117 three such curves are given, showing the n.c. voltage
obtained for three different delay voltages. The receiver is assumed
~
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to work with full gain. The injected signal is modulated, so that
there is audio frequency output at the same time. This output
is recorded as well in Fig. 117.
From Figs. 116 and 117 the A.V.C. action to be expected can be
easily derived. The calculation necessary is carried out below for
a delay voltage of 10 volts.

16
~
8 .....

~

4 .!:,
2

....
.a.
~

1 ~

0-5
0·25

From Fig. 117 there follows : when the output is 0·5 watt the
A.v.c. just begins to work. The receiver is working with full gain,
so that the input necessary for 0·5 watt is 5 µV. When the output
is 1 watt the A.v.c. voltage developed is 4 V. J!'rom Fig. 116 there
follows that with - 4 V appliecl to the controlled valves the gain
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drops by 18 db. Hence the input necessary for an output of 1 watt is
7 µV (input necessary with full gain) x lO~g = 55·5 µV.
If one or two more points are thus found the whole A.v.c. curve
can be plotted ; it records the receiver output for any given input
at the frequency where the measurements have been taken. Variations in gain over the frequency band would merely affect the point
where the A.V.C. action starts, otherwise the curves are bound to
be almost identical.
If the A.v.c. curve derived in the above way differs appreciably
from that obtained in actual fact, it must be due to the A.v.c. voltage
not reaching the grids of the controlled valves. Measurement of
the anode currents of the controlled valves for different outputs,

10
1

0·1

-~

~

.a~

"

O·O!J

"G"m,

ll8.

both when the A.v.c. is in action and when the grid bias is applied
by manual control, will show that the valves are not sufficiently
backed off in the case of A.v.c. A break in the A.v.c. lead, a short
circuit or leakage resistance, say, from P 1 in Fig. 115 to earth, or
something similar is indicated. Some difference between the curve
in Fig. 116 and a curve based only upon valve characteristics may
be expected if the controlled valves derive their standing bias from
a cathode resistance. The voltage across this resistance naturally
disappears when the valves are backed off. Thus the additional
negative grid voltage actually coming into effect is smaller than
the applied voltage by the initial bias of the valves. The fact
explains the flatness of the curve Fig. 116 between O and - 4 V;
usually the effect is of little importance.
The influence of the delay voltage may be seen from Fig. 118,
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where four different A.v.c. curves are drawn, based upon the delay
voltages given in Fig. 117. They should not require any further
comment. The diode efficiency is assumed to be approximately
100%, so that doubling the diode input at which the A.v.c. starts
working produces a n.c. voltage equal to the delay voltage.
The advantage of a large delay consists in leaving the receiver
sensitivity undiminished for small inputs and in keeping the output
very constant once the A.v.c. action takes place. It naturally
requires a large amplitude at the A.v.c. diode,, which may lead to
distortion in the last I.F. valve ; for this reason a special I.F. valve
is sometimes used in which distortion is of no importance (Fig. 119).
The disadvantage of no delay is obvious; it either decreases
the receiver sensitivity even for small inputs or its efficiency is not
satisfactory. A.v.c. without delay voltage is rare nowadays and
used only in cheap receivers.

Aud/o
f'requency

diode

1--Tothe
A.V.C.

diode

Fm. 119.

If there is D.c. amplification of the voltage caused by the A.c.v.
diode, the delay voltage, if employed at the diode, can be divided
by the D.C. amplification factor in order to achieve the action
previously described; thus for a D.C. amplification of 5, a delay
voltage of 2 V at the diode gives the same constancy of output
as 10 V without n.c. amplification.
In designing the A.F. part care has to be taken that the full
output required can be obtained for any given input. The A.F.
manual control has to allow, therefore, for the natural variation
in A.F. gain due to differences between individual valves and for
the limitations in I.F. amplitude at the diode in accordance with
the A.v.c. curve. If the A.v.c. curve is more or less flat (Fig. 118,
curve 3), the range of the A.F. manual control need hardly be more
than 1 : 3 in gain; if the A.v.c. characteristic is as indicated by
curve (2) or (4), the variation in A.F. gain has to be at least 1: 10
to prevent overloading for the strongest and insufficient output
for the weakest inputs.
For high-class receivers the A.V.C. should be designed so that
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it starts for all inputs strong enough to be workable. As the
magnitude of this input depends on the receiver noise and the site
noise, it may vary quite appreciably with frequency or even from
one day to the next. It may occur that the A.v.c. action is started
by noise ; this should not seriously affect the receiver performance
unless the design is at fault, causing an effect dealt with under (9)
of this chapter.
When taking the A.v.c. curve with a modulated input one
should measure the receiver noise simultaneously by taking the
output with and without modulation. The receiver output without
modulation, i.e. the receiver noise, is given in Fig. 118 for 10 V
delay (curve 5). For smalJ inputs the noise rises because of the
addition of the carrier, the latter not yet working the A.v.c. For
stronger inputs the noise falls, due to the decreased receiver sensitivity. The ratio of curve l to curve 5 is the signal to noise ratio ;
it should be proportional to the input, but for reasons explained
before, it increases more slowly and finally becomes almost constant,
owing to some residual noise not affected by the A.v.c. The receiver
noise may actually rise again with a very strong input due to
modulation hum of one of the controlled valves (Chapter 10). If
the hum thus introduced is below a level affecting the reception,
no steps need be taken to eliminate it.

7. Quick Fadings, Strong Interfering Pulses.
8. Shape of the Audio Frequency Curve, Noise between
Signals. The receiver should be able to follow quick fadings, i.e.
it should be able to change its sensitivity without time delay
according to the strength of the incoming carrier. If, during
reception, there is interference either from a strong signal or from
noise, the sensitivity is bound to decrease during the time of interference. This state of lowered sensitivity should disappear, however, as soon as the interference. Both requirements given under
(7) demand a very short time constant.
There is a limit to the decrease of the time constant dictated
by the requirements expressed under (8), since they demand the
time constant to be above a certain value. The actual time constant
chosen will be a compromise between these various requirements ;
the conditions are :
(a) For Telephony. The A.v.c. voltage must not be able to
follow the change in amplitude actuated by the modulation, as
otherwise the modulation would disappear in the output or be
considerably weakened. The danger is naturally greatest for the
low notes and, correspondingly, the value of time constant will
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depend on the required audio frequency curve. A time constant
of 0·l-0·2 sec. is the usual compromise for the average receiver.
(b) For Telegraphy. The sensitivity of the receiver must not
increase appreciably between signals, as otherwise the noise would
rise and make reception very tiring for the operator. This possibility is characteristic of telegraphy, for the carrier is intermittent,
whereas it is continuous in telephony. The requirement for silence
between signals demands a longer time constant than is necessary
for telephony ; a value of 1 sec. is frequently used. In high-class
communication receivers various time constants are provided, and
it is left to the operator to choose the one most suitable under the
prevailing conditions.
In the case of quick Morse, sudden fadings or strong atmospherics,
a shorter time constant may prove advantageous ; in other cases,
e.g. when the noise between signals is the most troublesome factor,
a time constant of several seconds is feasible.
9. Time required for desensitising the Receiver. The
time necessary to desensitise the receiver should be as short as
prn,sible in order to prevent the beginning of the received signal
from being unduly loud, whereas a longer time of maintained insensitivity is desired to prevent the noise from rising during intervals.
This difference in time constant can be obtained in the circuit of
Fig. 115 by a correct choice of the various resistance and capacitance
values. Usually in broadcast receivers the time constant R 2 0 2 is
much larger than R 1 0 1 , so that the time of charging 0 2 is identical
with the time of discharge. If, however, 0 1 is large, and if the
time constant R 2 0 2 is so short that the potential at P 2 follows
almost instantaneously that of P 1 , the charging time is determined
by G'i and the diode resistance, the time of discharge by 0 1 and R 1 •
The latter is much larger than the resistance of the conducting
diode, so that the two time constants are quite different, a ratio
of 20 : 1 being fairly normal.
10. The Problem of ensuring that A.V.C. is not worked
by Undesired Stations or by Noise. Frequently a high-class
A.F. filter is used to separate stations, perhaps only 100 c/s apart,
when the R.F. selectivity is not sufficient. In applying A.v.c. in
the normal way the possibility arises that, though the undesired
station is not audible, it causes trouble by working the A.V.C.,
making the receiver insensitive either for the whole of the time
or for successive intervals. The effect cannot occur if the A.V.C.
i1-1 taken after the A.F. filter. A similar problem exists with regard
to noise. The A.F. filter may prevent a recording device being
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worked by some intermittent noise as the power output of noise
is proportional to the receiver band-width. The noise may, however, work the A.v.c. and thus disturb the required reception. This
again is not possible if the A.v.c. is taken after the A.F. selectivity.
It seems safe to say that the selectivity for the A.v.c. action should
be of the same order as that used for the A.F. output. With modern
means of crystal selectivity in the I.F. the danger just mentioned
does not exist.
11. The A.V.C. being worked by the 2nd Oscillator. The
2nd oscillator must not work the A.v.c., as it might seriously affect
- - - - - - 1 - - - - 1 L______,.__

Second

~oscillator

--T
A.V.C. voltage

_j_

FIG. 120.

the receiver sensitivity even for small inputs. On the other hand,
the oscillator amplitude at the A.F. diode should be stronger than
the signal in order to obtain the best signal-to-noise ratio possible.
Among various circuits fulfilling both requirements Fig. 120
shows a simple solution. To work satisfactorily, the coupling
between the two circuits has to be well below the critical value.
For a coupling of, say, k = ¼ kcru. the signal at the A.F. diode is
only one-third of that at the anode of V, the reverse being the case
for the oscillator. Thus the oscillator amplitude at the A.F. diode
may be well above the signal without danger of its working the
A.V.C.

CHAPTER 8

THE PRINCIPLES OF SCREENING
Knowledge of the principles of screening is an indispensable
part of radio frequency technique, practical applications being
emphasised in the chapter on undesired feedback. The problem
of screening consists in confining electric energy within a limited
region round its source, which is done by barring all possible ways
of propagation. Electric energy can be transferred in three different
ways:
1. By means of an electric field.
2. By means of a magnetic field.
3. Through leads conveying an electric current which, in its
turn, may produce electric and magnetic fields.
The three means of transferring energy will be treated separately.
1. The Electric Field. In Fig. 121 the two spheres A and
B may be cha.rged by a n.c. source to the potential difference E,
I
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where A is the negative pole. From the dipole AB there originate
electric lines of force producing at D a potential which bears some
relation to the potentials of A and B. Arbitrarily calling the
potential of A zero, that of Bis E and that of Dis E

°
1

, 0 1 and

0 1+ 0 2

0 1 being the capacitances from D to A and B; the result represents
only a special case of Ohm's Law, as may be seen by considering
the source of n.c. to be replaced by one of A.c.
A and B may be surrounded now by a metal box (Fig. 122).
The effect of this box on the electric field is determined by the fact
that no potential difference can exist between two points of the
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box ; otherwise an electric current would flow, levelling out the
potential difference. For this reason the electric field caused by
the dipole AB produces electric charges on the box which, in their
turn, produce a secondary electric field such as to make the sum
of initial and secondary fields zero over the whole area of the walls.
The field external to the box is consequently zero. As the inner
surface of the box is an equipotential surface, points inside the
metal are not affected by the field, from which it follows that the
electric charges exist on the inner surface only.
The electric lines of force must be orthogonal to the inner surface, as shown in Fig. 122. As no lines of force run outside (they
can only exist between two points of different potential) the box
is a perfect sc,een, independently of whether it is connected to A,
to B, or to neither of them.
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If the box contains holes or slots, or even if it is only a construction of wire netting, the screening effect is still almost complete;
such a box is known as a Faraday cage.
The preceding is equally true, if E is an alternating voltage,
either A.F. or R.F., provided that the resistivity of the metal is very
Rmall. Over the whole of the frequency range this is practically
the case for metals like copper, aluminium, etc.
In radio technique one of the two points A and B representing
the source of E.M.F. is usually the screening container itself; the
problem of screening consists in preventing the spreading of the
electrostatic field either outside the container or to certain points
inside, thus preventing them from obtaining a potential different
from that of the chassis. Ifin Fig. 123 the chassis potential is called
zero, the point B will assume a potential E'

= E C 1 , C 1 and C 2

0 1 +0 2
being the capacitances from B to A and to chassis respectively.
A sheet of metal placed between A and B, but not connected
with chassis, has no screening effect (Fig. 124). The metal sheet
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will obtain a potential E -- CaC , if 0 3 and 0 4 are the capacitances
0 a+ 4
from the sheet to A and to the chassis. The metal plate, in its
. 1 E;;---C."~ x - ~
C 5 - C bemg
. t he
t urn, prod uces on B t he potentia
Oa+G\ 0 5 +0/ 5
capacitance from the plate to B. The potential thus induced on
B may, in fact, be larger than without sheet, particularly when
the sheet extends in a direction from A to B.
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If the metal plate is connected with the chassis, it assumes
chassis potential and nearly all lines of force extending from A
towards B will be diverted to the sheet, which, therefore, represents
an almost perfect electrostatic screen (Fig. 125). Even if the metal
plate is not placed between A and B, but arranged as shown in
Fig. 126, it will have an appreciable screening effect, drawing
towards it most of the lines of force which otherwise would go to B.
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This fact is utilised in some signal generators where the output
is varied, by sliding inside a metal cylinder at zero potential a disc
capacitively coupled to a stationary disc inside the same cylinder
(Fig. 127) ; the moving disc is connected to earth through a capacitance of about 100 pF so that the voltage induced is independent
of frequency over a large band. The field from the fixed disc falls
off rapidly, due to the influence of the surrounding cylinder ; the
scale is nearly logarithmic and therefore convenient for calibration.
(As to the influence of the metallic connection between the cylinder
and chassis, compare Fig. 145.)
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If, in Figs. 123-6, the receiver chassis like a Faraday cage surrounds A and B, it makes no difference whether the chassis is
connected with real earth or not. As this is the normal case, the
chassis is frequently spoken of as earth, signifying it to be the
zero point of reference.
If the receiver chassis is open, or if some leads not at zero
potential go outside the chassis, the existence of other earthed
surfaces may have an effect. This will be seen from Fig. 128,

Fm. 128.

FIG, 129.

If the chassis is not earthed the potential difference between
chassis and earth becomes E

G1 , producing between B and the
0 1+ 0 8

~
x
~ ,, which will disappear as soon
01 03 01 0
as the chassis is connected with earth. Receiver instability which
disappears on connecting the chassis with earth indicates either poor
screening or the existence of leads leaving the receiver (supply leads,
telephone leads, etc.), which are not
at chassis potential and are elements
1
of
coupling because of their capacity
A 9'----1 1----· ·---f~----oB
I
to earth. A correctly designed re£ "I,
ceiver is stable without earth conn~~7,;7,;,mm~;,m7,1;,:;;,m777r✓'/ nection.
The screening effect of a metal
Fm. 130.
sheet is not affected by small holes
or long narrow slots. Thus an arrangement of parallel wires or
strips of tin foil, insulated from each other and connected at
one side only (Fig. 129), will be as effective as a solid plate. In
cases where screening from an electric field is required but eddy
currents within the screen are to be avoided, such an arrangement
of wires or narrow metal strips is used; it is called a static screen,
indicating that no magnetic screening is involved.
At very high frequencies the impedance of the screen or its
earthing lead may become comparable with that of its capacitance
chassis the voltage E
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to the point A. In that case the screen potential will no longer·
be zero, and the screening effect is not perfect. The conditions are
represented by Fig. 130 ; the effect on the efficiency of screen grids
is treated in Chapter 9.
2. Magnetic Field. A constant magnetic field does not produce any E.M.F. ; it is therefore not influenced by metals such as
copper,. aluminium, etc., whose permeability is unity. An alternating magnetic field, however, produces a circular electric field
surrounding the magnetic field and proportional to the rate of
change of the magnetic flux. If a sheet of metal of approximately
infinite conductivity intercepts magnetic flux, then the circular
electric field must be zero, and consequently no magnetic flux can
pass through the sheet. The primary magnetic flux causes the
flow of circular currents which produce a secondary field of such
a strength as to make the total flux zero. Thus a flux cannot pass
even through holes in the metal so long as the wave-length of the
oscillation is very much larger than the diameter of the holes.

~~t1')f'#~41
Fro. 131.

t

½'MW'~ ~ , 0 ' 4
Fro. 132.

At radio frequencies the behaviour of copper, aluminium, etc.,
as screening materials is almost that of a perfect conductor, and
as a consequence there follow several facts, the knowledge of which
is ef3sential for the understanding of screening problems. They are:
l. All radio frequency currents flow on the surface only and
do not penetrate into the metal (Fig. 131).* A current inside the
metal would cause the existence of a surrounding magnetic field
which has just been pointed out as impossible.
2. The sum of all radio frequency currents flowing through
a hole in a metal plate must be zero, as a finite current would
cause the existence of a magnetic fie]d inside the metal. Therefore an R.F. current I in Fig. 132 will give rise to currents flowing
on the surface of the surrounding metal, their sum being equal
and opposite to I inside the hole.
3. The total magnetic flux through a hole in the metal plate
is zero, as otherwise it would result in an electric field inside the
metal.
• The arrows in the drawings are to indicate the current path; the
direction naturally varies.
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From these three facts a number of inferences can be drawn
which are of practical importance.
From 1 there follows : If a radio frequency oscillator with all
its supplies is surrounded by a solid metal box which has no
holes, no electric or magnetic field will be caused outside, no matter
whether the box is connected to one point of the oscillator or not.
Strong currents will flow on the
=wvaawvm~na212121wtamvz111a inner suface of the box, causing a
H
secondary magnetic field such as
to make the total field zero outside
Fm. 133.
the box.
From 3 there follows (the implications of 2 are given on pages
200-205): If the screening box has holes, magnetic lines can penetrate through these holes to the outside, though the total flux
through them will be zero (Fig. 133). The existence of a flux as
shown in Fig. 133 can easily be verified with a small test coil
attached to a receiver. There is reception with the coil in the

~
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Fm. 134.

position shown in Fig. 134a, but no reception in the case of Fig. 134b.
If the hole is small, the diameter being a few millimetres, the
magnetic flux penetrating to the outside is very small and only
perceptible with the test coil quite near the hole ; the screening
can still be regarded as perfect. Even rows of holes are not serious,
as the leakage flux will keep within their immediate neighbourhood.
Long slots, even if they
are quite narrow, can be very
~
dangerous, as can be seen
~

I

I

~~~~~?77'7"""""""~4«:(~~---:::::~::::~~=~-

from Fig. 135, if the magnetic lines of force are ff _ _ _ _1/_
"---"'::
FIG. 135.
parallel to the slot. If they
are at right angles to the
slot, the latter will hardly be more harmful than a row of holes.
Figs. 136a and 136b give two examples, showing the effect of
a slot in a metal cylinder surrounding a solenoid coil. In Fig. 136a
the slot is harmless, being at right angles to the magnetic lines of
force; in Fig. 136b it is serious, being parallel to them. It would
be equally correct to say that the difference between 136a and 136b
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is due to the fact that in 136a the currents induced on the inside
of the box can flow unimpeded, whereas they cannot do so in
Fig. 136b.
The problem of slots arises when boxes are mounted on a chassis,
or when a lid is fitted to a box, etc. Unless great care is taken,
the contacts along the edge are not reliable and will become worse
with time when the surface of the metal has become oxidised. If,
Slot

Slot

~~~\.....1~, \~. - \

,' - \--~ ...

1

l

1'11111 1

I

~~.l..J~1~.'.//:.'//_)
(a)

{b)
FIG. 136.

therefore, perfect screening is required without the design becoming
too bulky or too expensive, the preceding points might be kept in
mind when mounting the coil inside the screening can. In Fig. 137
imperfect contact between the can and the chassis is not of great
importance; in Fig. 138 it would be risky, due to the slots parallel
to the plane of the paper. The danger would be lessened by mounting the coil farther away from the chassis, provided the can is all
one piece, with no lid which would cause other slots.

/.

FIG. 137.

FIG. 138.

In case of boxes surrounding the whole oscillator circuit, including valves, etc., the magnetic flux cannot easily be predicted,
and it is necessary to avoid slots altogether, if perfect screening is
required. Lids have to be fitted so that good contacts are secured
at various points along the edge. Screws are reliable, but make the
removal of lids rather laborious. They are used for signal generators
and other devices where the removal of lids is required only in case
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of repairs. If quick accessibility is desirable, other means are
employed. As strong pressure is important, point contacts, at
a distance of perhaps 2 cm., are fairly popular. In any case it is
recommended that the coils be specially screened ; this provides
at least two magnetic screens, the result being the product of the
two screening effects. Usually it is cheaper to provide two moderately good screens than one very good one, the total effect being
the same.
This principle is applied when rooms are screened in which receiver
tests are to be carried out undisturbed by outside interference. To
admit light and fresh air the screening material is wire-netting.
If the wires are well connected with each other, eddy currents
caused in the meshes prevent a magnetic field from passing through
unimpeded. The efficiency of such wire-netting is naturally inferior
to that of a solid metal plate ; therefore two cages are used, one
enclosed in the other, with a distance of about 10 cm. between them.
The Effect of Resistance in the Screenin~ Material. Due
to the fact that the conductivity of metal is not infinite, the currents will not flow as previously assumed on the surface only, but
will penetrate into the metal according to an exponential law. The
depth at which the current becomes 10% of the surface current is

~

cm. for copper, / being the frequency in cycles per second.

It shows that for average radio frequency, say 0·5 Mc/s, the depth
of penetration is still small, the current decreasing to 10% of its
surface value at about 0·2 mm. to l % at 0·4 mm. depth. At audio
frequency, however, the depth of penetration is such that effective
screening is impossible within the practical limits. At 1,000 c/s
the thickness of a copper box would have to be about 1 cm. to
attenuate the current to 1% of its value on the inner surface of
the box. The depth of penetration being proportional to the square
root of the specific resistance, a screen of aluminium would have
to be l ·37 times thicker than one of copper.
Though at radio frequencies copper or aluminium can be regarded
as perfect screens in spite of their resistance, this resistance represents a loss of power, increasing the damping of screened coils. The
screening box can be considered as a shorted coil, with a damping
factor d and a coupling k between can and screened coil. The
equivalent transformer circuit treated in Chapter 1 shows that the
added damping is k 2d; this value does, however, not give the full
answer, as it takes no account of the change produced in the coil
damping by a box of even zero resistance, for more wire is necessary
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for the same L with the box than without it. The latter effect
depends on frequency and on peculiarities of the circuit. When
the circuit damping is mainly due to the coil resistance, it is increased
by the box ; when the damping is caused mainly by parallel
resistance, i.e. dielectric losses, etc., the box has little influence.
There are actually cases where screening decreases the coil damping ;
for instance, when the unscreened coil induces currents in the
surrounding chassis and the chassis is made of a high-resistivity
metal like iron. The increase in circuit damping caused by losses
in the screening box depends on the frequency and the coupling
between the coil and the box. The damping factor of the box
increases with decreasing frequency and the effect becomes most
marked on long waves. As a rough guide it may be said that for
frequencies above 0·5 Mc/s a reduction of IO% in L increases the
circuit damping by not more than 10%. On long waves, say above
4,000 m., the effect may easily be several times as large.
The method used for magnetic screening at audio frequencies
consists in surrounding a coil with a material of high µ, i.e. one
of high magnetic conductivity, causing the magnetic lines of force
to go almost entirely through the material. The iron cores of
A.F. transformers, apart from vastly increasing the inductance, act
as a very effective magnetic screen for the reasons just described.
In cases where this screening effect is not sufficient the transformers
are surrounded by a box of permalloy, mu-metal or other material
of high permeability.
To avoid eddy currents resulting in heavy losses the iron cores
are made up of laminations provided with a thin insulating skin
which leaves the permeability substantially unaltered. For radio
frequencies laminations are not sufficient to prevent losses, and the
cores are made up of a fine powder consisting of a mixture of iron
dust and an insulating compound. Due to the many air gaps
between the iron particles the permeability of this mixture is only
of the order of 12-15; the inductance is increased by such iron cores
approximately in the ratio of 3 : 1. It makes little difference to the
inductance whether such cores are provided only inside the coil,
or surround it completely, but an outside mantle provides an
additional magnetic screen of about 2 : 1 which makes it possible
to put the screening can nearer to the coil.
The Influence of Leads leaving the Screening Box. The
problem of screening is strongly aggravated by the fact that supply
leads are going away from the source of A.O. and thus transfer
energy to the outside, unless special means of decoupling are applied.
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The principle of employing filters may be assumed to be generally
known ; the purpose of the following discussion is to make the reader
familiar with the practical implications and the dangers involved.
Fig. 139 gives the theoretical diagram of an R.F. source, screened
with a single box; the two leads leaving the box are to convey
no radio frequency to the outside. The principle underlying
perfect screening, as far as the leads are concerned, can be expressed
as follows : Le,ads leaving the screening box must be at the same
potential as the outside of the box. The principle is obvious, as otherwise electric and magnetic fields would result outside the box.
In Fig. 139 the leads outside the box will by no means be at chassis
potential for the following reasons.
1. A large current flowing through C1 via FDE sets up an
E.M.F. between D and E; this E.M.F. exists outside between Hand
G or between H and the
box, the condenser C 3 acting in this case almost as
Lz
a short circuit.
2. Mu tu a 1 inductance
..____H between L 1 and L 2 may
G cause trouble.
3. Capacitance between
F and K is likely to be
L
harmful.
Fm. 139.
4. Currents flowing on
the inner surface of the box must be expected ; they will induce
an E.M.F. in L 2 or in the loop HKDELG.
The effects of 1, 2 and 3 may be seen from one example.
Example: The frequency of the source is 6 Mc /s, L 1 =L 2 = 130 µH,
C 1 = C 2 = Ca = 5,000 pF. The attenuation of one filter section
is about 1,000, so that the voltage between H and chassis should
be 10- 6 of that between F and E.
Effect 1. Suppose DE is one inch of wire corresponding to
about 0·02 µH, equivalent to 0·75 ohm at 6 Mc/s. The reactance of C 1 is 5·3 ohms capacitive, and hence the voltage between
0·75
E and D becomes _ -=-o-f =¼of the E.M.F. of the source, com53
5
pletely upsetting the intended effect of the decoupling elements.
Effect 2. The consequences are much less serious than those
of (1). The attenuation of one LC section being 1,000, a coupling
factor of 0·l % will cause an E.M.F. in series with the voltage set
up across C 2 and equal to it in amplitude. (By choosing the
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COITect winding sense the two voltages can be made to cancel each
other, an effect sometimes used if filtering on one fixed frequency
is required.) As the coupling factor between L 1 and L 2 may easily
be 1% unless they are separately screened, the effect is likely to
deteriorate the screening by at least 1 : 10.
Effect 3. A capacitance of 2 AO pF would set up a voltage
between K and D equal to that coming through the two filter
sections. Without proper precautions the capacitance may be of
the order of 0·l pF, diminishing the screening by 1: 20.
No numerical value can be given for the effect resulting from
(4). It can be expected to be of a magnitude similar to (2) and (3).
The dangers being known, the proper arrangement is merely
a problem of design and depends largely on special conditions.
In cases when very good screening is required a design like that
shown in Fig. 140 used to be employed; its efficiency is based upon
two facts: first, the magnetic lines of force have to penetrate
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I

I

Lid

Lid
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One point
connection

'

FIG. 140.

~

A
FIG. 141.

through two slots in succession, before they can do harm; secondly,
surface currents on the outside of the inner box will not flow on
the inside of the outer box, as only one connection exists between
them. Magnetic lines of force, however, penetrating through the
inner slot, produce currents on the inner surface of the outer box
in any case ; therefore the precautions seem exaggerated, and
experience shows that a design like Fig. 141 is practically as efficient,
provided there are no slots at A and B.
Fig. 142 gives another convenient alternative; the components
are sufficiently accessible, if those in the left-hand compartment
are mounted on the plate P and the plate fastened to the main
box, so that a number of good contacts are secured. Designs like
Figs. 140 and 141 easily give a screening effect of 108 and more,
provided the filters are correctly made.
The design of Fig. 142 may be regarded as inferior to those of
140 and 141, unless the partition between the two compartments
seals them very effidently from each other.
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Fig. 143 represents a design one stage less efficient than Fig. 142,
due to the fact that the slots 8 1 and 8 2 lead immediately to the
outside. It is difficult to give figures, but it may be assumed that
a screening effect of 106 can be expected, if the source of E.M.F.
is represented by a tuned circuit and the coil is unprovided with
a separate magnetic screen. A figure like 106 for the screening
Lid

Fm. 142.

......-----------.S1

Fm. 143.

effect may be understood to mean that the p.d. between the terminals
outside the box will become 10- 8 of the E.M.F. inside.
The attenuators attached to signal generators show what can
be done in a small space with a good design. The degree of
attenuation obtained with such devices is of the order of 10 4 to 10 5•
The arrangement is shown in principle in Fig. 144; in fact, the

Fro. 144.

various resistances are arranged within a circle, and the moving
Capacitances between the fixed contacts, particularly
the first and the last, or capacitance between the moving arm and
the fixed contacts, have to be avoided at all costs. Potential difference between the attenuator box and the main screening box
may upset the system of attenuation (Fig. 145). Due to the
capacitance from A to the screening box a current marked by
arrows will flow, causing a potential difference between B and C;
arm rotates.
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this exists in addition to that obtained at the output resistance,
whatever the position of the moving attenuator contact. The
effect will be most troublesome for small output and will increase
towards higher frequencies, the undesired output being approximately EXXec, where E is the p.d. between A and chassis; the
Cl

undesired output increases with the square of the frequency, for

Fm. 146.

Fm. 145.

BG is an inductance. Studs BG of half an inch length are likely
to make an attentuation of more than IO' impossible at frequencies
of 20 or 30 Mc /s, assuming G1 equals about 2 pF and BG has an
inductance of 2-10- 3 µH (3 or 4 studs in parallel).
An arrangement like that in Fig. 146 would do away with this
effect but still be bad, as surface currents, flowing in the large box,
induce a voltage in the output loop greater than the minimum
output required. Both disadvantages are avoided in Fig. 144.

'---=-Jnl\l\l---,1.,_ _ _ _ G+

_ _ _ _ _ _.B'-----F-

-

FIG. 147.

-

i
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Fig. 147 gives the theoretical diagram of a screened motor of
which the negative pole is connected to chassis. Unlike previous
circuits the negative lead is not omitted. This is in order to avoid
contacts in the path of an assumedly heavy D.C. current. A and
A' are the sparking brushes, the source of the disturbing E.M.F.
One point of the brush A' is connected to the outgoing lead, the
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other point to the motor winding which represents for radio frequency
a capacitance of a few hundred pF to the motor case. The latter is
connected to the screening box through the lead D'D". The negative brush causes an R.J<'. current marked by the arrows which
produces a potential difference between B and D and, therefore,
between F and the outside of the box. In addition, the current
is likely to induce an E.M.F. in L 2 which causes G to have a potential
different from that of the box. The safest way to avoid both effects
is to connect the negative brush immediately with the case and to
use the box as the output terminal ; the difficulty of contacts can
be overcome. (Compare page 228.)
If both motor leads have to be insulated from the chassis, filter
sections have to be inserted in the negative lead equal to those
used in Fig. 147 for the positive lead, thus bringing both outgoing

Fm. 148.

leads to chassis potential for radio frequency. The condensers
nearest to the brushes (0 1 in Fig. 147) should be connected to the
motor case to keep strong R.F. currents away from the main box.
Thus the motor frame is utilised as a first partial screening box.
It seems appropriate to say a few words about the so-called
one-point earthing. In the old days it used to be strongly advocated and is even to-day frequently claimed as absolutely essential.
The principle of the circuit may be seen from Fig. 148. The underlying idea is that currents flowing through the various condensers
are led to the same earth point and do not cause currents on the
inner surface of the chassis. This is, however, not the case as
currents do not flow through the partition, but on the surface back
through the same hole through which the conducting wire passes.
It is therefore unimportant to which point of the box the condensers are connected ; the nearest point is usually the best, the
condenser leads being as short as possible.
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Filter Components.
1. Condensers. Condenser leads should be made as short as
possible and the type of condenser chosen with care. A condenser
represents a series combination of capacitance and inductance, the
latter being determined by the leads inside the condenser rather
than the arrangement of the tinfoil. In Fig. 149 various types of
" non-inductive " condensers are shown with their respective
inductances.

C valves between
50 and StJ00 pr.

L approx. tNJ2µ/I

C valt1es between
0·01 and lµF.

L = 0·02-0·03µ.M

C=01µrormore.

L =0·03-0·04µ/f

FIG. 149.

The condenser impedance becomes a minimum when the capacitive and inductive impedances are equal, i.e. at the point of series
resonance. For 1 µF condensers of the type given in Fig. 149 this
occurs at about 1 Mc/s, for 0·l µF at 3 Mc/s. For frequencies
higher than the resonant frequency the condensers behave like an
inductance, for lower frequencies like a capacitance. In special

~T
1////j/,w.i/,l,/,l,/,J;,1,/,1,/$$,1,/,0'/,
{a)

,l///,/,w/,/r,l,/,W/,//4
(o)

1/,-1//$~/,w#/20
{C)

FIG. 150.

cases it may pay to make use of the resonance if filtering on one
frequency is desired, but the variations of L and O have to be taken
into account.
If long condenser leads cannot be avoided they should be wired
up as shown in Fig. 150a, where the length of lead is made harmless. Fig. 150b and even 150c is bad ; in the latter the mutual
inductance of the two wires is almost as dangerous as if it were
one wire.

198

THE TECHNIQUE OF RADIO DESIGN

2. Coils. In designing coils it is important:
I. To realise how far the self-capacitance may be detrimental
and how to keep it down if necessary.
2. To avoid, within the frequency range required, spots where
the coil impedance becomes very small.
Self-capacitance of the coil constitutes the limiting factor if
attempt is made to obtain efficient filtering by the use of extremely
large inductances. As an example a type of anode choke is given
in Fig. 151 which has been frequently in use in the past, having
an inductance of about 100,000 µH and a self-capacitance of
IO to 15 p F ; it is obvious that for frequencies above, say, 200 Kc/s
the coil has to be considered as a capacitance. The rather excessive
value of self-capacitance is due to the fact that the coil is wound
without system. "Wave wound" coils are very much better, the
corresponding coil having a self-capacitance of 3 to 5 pF. A thin
and deep winding as shown in Fig. 152 is particularly good and
may lead to something like 2 pF. Other attempts at small capaci-

Frn. 151.

Fm. 152.

tance consist in making the coil of several sections, thus putting
the capacitances of all the sections in series. The danger of
series resonance leading to low impedance at spot frequencies can
be overcome by correctly designing the different sections.*
The influence of coil capacitance and condenser inductance may
be seen from an example.
Example: A combination of inductance and capacitance is
designed for an attenuation of l : 1,000 for a frequency range
0·15-30 Mc/s. The attenuation being usually least at the lowfrequency end, L and O are chosen with 0·15 Mc/s in view. An
inductance of 10,000 µH and a capacitance of 0·l µF fulfils the
purpose. Allowing for a coil capacitance of 5 pF and a condenser
inductance of 0·025 ,uH, the attenuation at the highest frequency
is only 225.
In cases where a heavy direct current limits the inductance to
a few hundred microhenries, the capacitance is unlikely to play

* H. A. Wheeler, "Th<' Design of Radio-frequency Choke Coils,'' Proc.
I.R.E., June 1936.
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any part, the coil becoming capacitive at frequencies where the
attenuation is already much higher than required. The importance
of coil capacitance should not be overrated ; frequently a choice
of a smaller coil and the addition of another filter section instead
may prove the cheaper solution.
When using solenoid coils, spots of low-coil impedance and
therefore of imperfect filtering are found to occur when the wirelength becomes comparable with the wave-length. The effect can
be easily understood from Figs. 153a and 153b, the latter showing
a normal feeder of a le.v.gth equal to

).

2.

If such a feeder is shorted

at the end or terminated by a low impedance, it represents at the
input the same low impedance. In Fig. 153a the wires of the feeder
are replaced by solenoid coils ; due to the coupling of the coil turns
among themselves the equivalent wire-length is greater than the
A

I
IB

~
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I
I

A

B

Ch>
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Fm. 153.

geometrical length and a point of low impedance occurs for a wirelength of about

t

In filters one of the two leads is usually earth,

i.e. only one coil is employed, and the effect arises for a wire-length
of 2

i

or multiples of this.

allowed to be greater than

If, in this case, the wire-length is never

~

the design can be regarded as safe.

Multi-layer coils are found to be free from this effect.
A one-layer coil, wound on a normal A.F. lamination core, has
proved advantageous in a case where filtering for a large frequency
range was required and the n.c. current was several amperes. The
inductance is large for the lower frequencies where it has to be
large, the permeability of the iron having almost its normal effect
(at 15 Kc/s). At the highest radio frequencies, at 20 Mc/s, the coil
inductance becomes almost what it is without iron, which is, however, sufficient for these frequencies. The damping effect of the
iron at the high frequencies is such that the series resonance just
described does not arise.
Condensers of large capacitance, if designed for high voltage,
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are expensive and bulky, and the same holds good for large inductance coils if designed for heavy current; hence there follows the
obvious rule that, for high voltage and low current, filters with
small capacitances and large inductances should be employed, the
requirements being reversed for low voltage and high current.
The Screening of Aerials. The principles involved in the
screening of aerials can be best understood from Fig. 125 and from
the fact that all currents flowing through a hole surrounded by
metal must be zero (page 187). ]fig. 154 shows a receiver aerial,
supposed to be very long and extending through the roof of
a house. E is a source of radio
interference, usually the mains leads.
The aerial may pick up noise due to
the electric or magnetic field caused
~
I
I

Fro. 154.

by E.

Fro. 155.

Thevenin's theorem shows that the result of the electric

field is equivalent to an

E.M.F.

in the aerial of EC ~Ca' where Ca is

the capacitance of the aerial and C the capacitance between the
source E and the aerial. An earthed metal cylinder surrounding the
lower part of the aerial (Fig. 155) removes most of the detrimental
capacitance and, therefore, most of the electric interference.
A magnetic field caused by E and surrounding the aerial induces
in the metal cylinder an E.M.F. which would otherwise be induced
in the aerial wire directly. This E.M.F. causes surface currents to
flow on the cylinder as indicated by the arrows which, in their
turn, produce an aerial current, showing that the metal cylinder is

THE PRINCIPLES OF SCREENING

201

not a magnetic screen. The capacitance between the aerial and the
cylinder works like a lumped capacitance parallel to the primary
inductance and affects in the same way the pick-up of the signals
desired and that of the interference. If this capacitance is small
compared with the aerial capacitance, the effective height of the
Aerial with counterwei ht
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aerial is not affected by it, either for signals or for an interfering
magnetic field in the immediate neighbourhood. The success of
such a cylinder as a screen against interference will depend on the
nature of the interference ; it may succeed in one case and fail
in another. If the cylinder is extended to the top of the aerial
so that no aerial wire is outside the cylinder, E cannot cause any
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currents on the inside of the cylinder and every reception ceases,
for E as well as for the desired stations.
If there is to be protection against both the electric and the
magnetic field from E without doing away with the desired reception, a circuit on the lines of Fig. 156 is required (with or without
screening cable). Currents equal in magnitude and phase are caused
on both wires of the feeder, their effects on the secondary coil cancelling each other out in case of perfect symmetry. The normal
reception is not affected, as the receiving wire is that between the
aerial and the counterweight. A certain percentage of interference will naturally be picked up by the aerial system, but the latter
is supposed to be on the roof of a house, well away from the
interfering source.
The static screen between the aerial coil and the secondary
circuit prevents pick-up of the undesired E.M.F. due to capacitive
coupling between the aerial coil and the secondary circuit. The
effect could also be reduced by earthing the middle of the aerial
coil, but this increases the currents I and I', causing risk of undesired reception due to asymmetry of the middle point, unaffected
by the static screen. If the secondary circuit is made symmetrical
by using a push-pull stage, the static -screen is not needed, as will
be readily understood.
Given below is an instructive example from actual practice in
which quite a number of the preceding principles are involved.
The receiver Fig. 157 picks up noise from the mains, with aerial
and earth disconnected, the filter proving to have no effect.
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Fm. 157.

The cause of the interference will be understood, if it is pointed
out that the receiver is mounted entirely on the chassis, and that
the only connections between the chassis and the box are provided
by the screws with which the chassis is fixed to the box. An
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E.M.F. in the mains lead produces a current flowing into the hole,
through the filter condenser to the chassis, from there to the box,
back through the hole to the surface of the box, the earth capacitances of the mains and the box closing the circle. The chassis
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current flowing inside the box is the obvious source of interference.
From Figs. 158 and 159 two equally successful ways of protection
can be seen ; in both cases the chassis currents are restricted to
the little box containing the filter.
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The absence of any noise picked up when the aerial and earth
are disconnected may be deceptive. Even if there is through the
aerial no direct pick-up of interference from the mains, reception
will start as soon as the aerial is connected, with or without an
earth lead. From Fig. 160 it will be seen that the current caused
by an E.M.F. in the mains lead sets up a potential difference between
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A and B, producing in its turn an aerial current marked by the
double-winged arrows.
To check whether the receiver noise is due to this effect or due
to normal aerial reception, the aerial may be replaced by a lumped
capacitance, connected between aerial terminal and earth. As the
earth lead is the coupling impedance, the noise should gradually
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--=--

Fm. 161.

diminish by bringing the lumped capacitance nearer and nearer
to the earth terminal.
Several methods of avoiding the effect may be discussed.
1. Fig. 161. The filter has been inserted outside the receiver;
the method cannot be expected to be successful, as the earth lead
common to 0 1 and 0 2 represents a strong coupling between the two
condensers, introducing an E.M.F. into the lead entering the receiver.
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~-FIG. 162.

2. Fig. 162. A large choke at the beginning of the filter prevents
a strong current through the receiver earth lead. The method often
fails, due to capacitance between mains and aerial ; this capacitance can be a source of trouble when the mains are not earthed
through a condenser. The method will be found advantageous in
connection with a screened aerial (Fig. 155).
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3. Fig. 163. Putting the first filter condenser outside the
receiver and earthing it through a separate lead is preferable to
1 and 2 and should bring an appreciable improvement. It is, of
course, not a complete cure, as the current flowing through C gives

Fm. 163.

rise to an electrostatic and magnetic field, the strength of which
depends on the length of the earth lead. Using a roof aerial with
counterweight and symmetrical input, as shown in Fig. 156, will
always be the best (see Chapter 2 about the use of a feeder).

CHAPTER 9

UNDESIRED FEEDBACK
This chapter deals with those couplings which may lead to
(a) damping, regeneration or mistuning of circuits; (b) distortion
and self-oscillation (particularly the latter). A complete knowledge
of this subject seems indispensable for any engineer, whether he is
engaged on research, testing or service work. Without this knowledge he may find himself spending days on what should not take
him more than a few hours.
An exact calculation of the effects of feedback or a reliable prediction is not always possible, as in many cases not even the frequency may be known at which the receiver tends to oscillate.
Fortunately, such accuracy is rarely necessary in receiver technique,
the reason being that differences in screening have little effect on
the price if they are kept within certain limits. In applying means
of safeguard it is therefore customary to work with a factor of
safety sufficient to cover possible errors of 1 : 5 or more. What
really matters is a clear understanding of all the effects involved,
a correct feeling for the right magnitude and plenty of experience.
If the principles pointed out in Chapter 8 are kept in mind,
the cure of undesired feedback will prove the easier part once the
source of feedback has been found. This chapter deals, therefore,
mainly with the various sources of feedback occurring in practice
and the methods of tracing them.
The following consideration may be taken as a guide. If the
amplification between two points of an amplifier is A, oscillation
will start if¾ of the amplified

E.M.F.

is fed back and if the phase

of the E.M.F. fed back is identical with the initial voltage. One
could, in this case, envisage the feedback being removed and the
voltage fed back replaced by an external E.M.F. without anything
changed. The slightest difference in phase between the initial
voltage and the voltage fed back cannot lead to stable conditions,
as the phase difference would increase with every new cycle.
If the voltage fed back is larger than the initial E.M.F. the
amplitude will rise until, due to a decrease in mutual conductance,
due to grid current, or for some other reason, the amplification falls
and prevents a further increase, as is the case with every self206
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oscillating transmitter. The larger the amplification between the
two amplifier points the greater the danger. The screening and
decoupling have therefore to be more severe if the parts to be
decoupled are separated by several stages.
Phase conditions need not be taken into account in case of
feedback over several stages employing tuned circuits ; as pointed
out in Chapter 1, a slight change in frequency in the vicinity of the
resonant frequency results in an appreciable phase shift without
much effect on the amplitude. For this reason there will, in this
case, always be a frequency for which the phase condition is fulfilled,
the frequency being so near the resonant frequency that the amplification can be regarded equal to that for the resonant point. A
discussion of phase conditions will therefore be carried out only
if it is essential.
The problems for audio frequency and radio frequency are in
principle the same, but in practice the effects are so different that
it seems appropriate to treat them separately. The subject may be
discussed under the main headings :
A. Undesired feedback at audio frequencies.
B. Undesired feedback at radio frequencies.
G. Feedback leading to combined A.F. and R.F. oscillation.

A.

Undesired Feedback at Audio Frequencies.

The various sources of undesired feedback most usual in practice
can be summarised as follows :
1. Capacitive coupling outside the valves.
2. Capacitive coupling inside the valves (Miller effect).
3. Inductive coupling between transformers, chokes, etc.
4. Coupling through impedance in a common path, such as
batteries, etc.
5. Combination of capacitive and common impedance coupling.
6. Acoustic feedback.
The effects possible are to be discussed with the help of Fig. 164.
The circuit diagram shows two A.F. amplifier valves preceded by a
grid leak detector and one R.F. stage. Adequate means of decoupling are not provided. No connection is supposed to exist
between the filament battery and the rest of the receiver. Fig. 164
is hence to be considered merely as the skeleton of a battery receiver.
Let the amplification from the grid of the detector valve to the
grid of V, be 1,000, the dynamic slope of V, = 0·5 mA/V, the
transferred impedance of the loud-speaker 10,000 ohms, the gridbias resistance between A and G 500 ohms, and that between B
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and C 200 ohms. The impedance between detector grid and
cathode for A.F. is made up of three parallel parts: the grid-cathode
path of the valve, the I-megohm grid leak and the 200-pF capacitance. Owing to the grid current, the resistance of the grid-cathode

A ......,.wv.BVVI.I\Arc--il1•

E

'-----1111,,, ,111--+IJ"------.-----~--_-I,
-

H.T.

+

FIG. 164.

path may be anything between O·l and 0·4 megohm. The 200-pF
capacitance has an impedance of 0·8 megohm at 1 Kc/s. Thus it
seems reasonable to reckon with 0·2 megohms as a rough estimate
for 1 Kc/s.
1. Capacitive Feedback outside the Valves. As, under the
assumptions made, the amplification between the grid of V 2 and
the anode of V, is 5,000, any capacitance between output anode
and detector grid of a 1,000 megohms reactance will be sufficient
to cause oscillation. For I Kc/s a capacitance of ¼ pF will be
enough. At higher frequencies the tendency to oscillate may be
larger still. Above about 5 Kc/s the danger should become less,
as the gain will tend to fall off and the coupling no longer increases,
the grid-cathode impedance of the detector valve being determined
by the 200-pF condenser.
The phase cannot be predicted without knowing the winding
sense and the leakage inductance of the transformer and the various
stray capacitances. Changes in phase relation with a variation of
frequency will occur at the two ends of the A.F. curve, where the
amplification drops due to the influence of the different capacitive
and inductive reactances. If the phase condition is wrong for
the middle frequencies it will be correct for one of the cut-off
frequencies, where large changes in phase occur with little change
in amplification.
Capacitance between output anode and the grid of V 3 is far
less dangerous, as the gain and the grid-cathode impedance are
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lower. The latter is determined by the parallel combination of
O· l megohm and the impedance of V 2 , which is small compared
with the grid-leak resistance. The 5,000-pF condenser can be
regarded as a short circuit except at low frequencies, where the
capacitive feedback is harmless in any case.
2. Capacitive Feedback inside a Valve. The grid-anode
capacitance inside a valve rarely leads to oscillation at audio frequencies. One case from actual practice may be mentioned where
this effect took place. The treatment will be more detailed than
seems necessary, as the subject is of a general interest and applies to
R.F. as well (Fig. 165).
The grid is tuned to 1 Kc/s with 100 pF, and the preceding
anode coupled so loosely that the Q of the tuned circuit is 10. The
anode load is an inductance L 2 of about 10 henries, the valve
impedance 10,000 ohms, the gain from grid to anode 25 at 1 Kc/s,
the grid-anode capacitance 3·5 pF.

Fm. 165.

Fro. 166.

For a grid voltage E 0 the amplitude E' fed back can be computed from Fig. 166. Using Thevenin's theorem, the equivalent
valve circuit (Fig. 33b) and the expression for the parallel tuned
circuit on page 9, we obtain :
E' = _

E

µ

0

1

jwL2 • Zo
p +jwL 2 1 +jyQ

Z

0

1 +jyQ

Neglecting the parallel combination of

p

+-1- +pjwL 1
jwC 2

p +jwL 1

and L 2 as small compared

1

"h -;-----O and"
wit
s1mplif"
ymg :
JW 2

E' =
- ,p
W0 2

µE 0 ZowL2
.
L2)
- wL2Zo - -L2-yQ +J·( Pz o+YQ- 1 P+C
0
02
W,2
2

The phase will be correct when the imaginary terms disappear.
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Substituting for y its value ':'_ - Wo the equation in w becomes :
Wo

z

pQ
p O+
Wo 2
w2
Wo2 -

W

L2

pwoQ
W 2

-c - ~c +c
Q

WoCaZo+Q+ Wo

2

= 0, where

1

Wo

= .V IL1 C 1 .

L = 0·6 in the above case,
2

p

w = 775 c/s.
The amplitude condition can be easily assessed. For 775 c/s
the impedance of C 2 is 5·86 • 10 7 ohms, the impedance of the tuned
. .
Z0
l ·6 x 107
01rcmt V
=
V
= 3·05·X 10 6 oh ms, E a= 25E 0 , and
l+y.2Q 2
1+5·15 2
the voltage fed back becomes approximately :
3·05
E'

=

25E
_
058 6

=

1·3E0 ,

which is just sufficient for oscillation. The oscillation will rise
in amplitude until, due to an increase in p, the feedback factor
becomes 1. The final frequency will consequently be larger than
775 c/s, as follows from the above equation. The complete calculation, comprising p and w as variables, is fairly complicated and
is not to be included here.
The fact that oscillation starts at a frequency different from
the resonant frequency of the tuned circuit indicates another effect
caused by the feedback, viz. a capacitance transferred between grid
and cathode. This effect will show up, even if the feedback is
not sufficient to start oscillation. Assume L 1 in Fig. 165 to be
the secondary of a normal transformer ; then something like
0·2 megohm is reflected across L 1 from the preceding valve and
the stage does not oscillate. The approximate magnitude of the
capacitance transferred can be easily evaluated as follows.
For frequencies between 500 and 3,000 c/s, Ea is 25E0 and
nearly in antiphase with E 0 • A current will therefore flow from
grid to anode through the grid-anode capacitance, leading Eu by
90° and 26 times as great as if this capacitance were connected
across grid and cathode. Its influence is therefore in the above
case that of a parallel capacitance of 91 pF.
Feedback through the grid-anode capacitance of a valve (Miller
effect) may result in transferring across the grid-anode path a negative resistance, a positive resistance, a capacitance, or a mixture
of resistance and capacitance. Anode load, impedance and amplification factor of the valve are the determining factors.
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3. Inductive Coupling between Transformers. Inductive
coupling between transformers begins to become dangerous if they
are separated by more than one stage with a gain of a few hundred
between them. Keeping them well apart (say not less than 5 inches)
and placing them at right angles in a symmetrical position will
usually prove sufficient. In cases of excessive gain it may be
necessary to screen one or both of them with metal of low reluctance,
such as permalloy or something similar. Though it may be possible
to find a unique positioh of low coupling without employing magnetic screens, one should not rely on this effect for a receiver series,
as various transformers of the same type may behave quite
differently.
Any accurate prediction is impossible, as the coupling factor
between transformers can only be guessed within an error of 1 : 10.
The qualitative effect of inductive coupling may be discussed with
the help of Fig. 164.
Let Mi be the mutual inductance between L 3 and L 1 ; let M 1
be that between L 3 and L 2 and let p be the impedance of V 3 • Then
a current I through L 3 will induce in Li a voltage equal to ljwM 1
and in L 2 a voltage equal to IjwM 2 • For simplicity's sake the
current in the output secondary is neglected, as it does not affect
the principle to be derived. The voltage induced in Li produces

l , which, in its turn, induces in L

a current I • jw-!'f
P+Jw

2

the voltage

i

l ·jw VLiLa, the coupJing coefficient between L

I • jw-!'f
P+Jw

being unity.

E 2 -

since

and L 1

1

i

The total voltage in L 2 becomes :

1(JW. M

2

- jwM i • jw
p

vz-;t;.) -- rJWM

+JW
.L

i

2

p

P
+JW
.L

1

,

!: = ✓1:·

The negative sign inside the bracket follows from the fact that
E 2 must become zero when p = 0.
The above calculation does not take into account the resonance
of L 2 with its parallel capacitance, which usually lies somewhere
between 0·5 and I Kc/s. With Va in its place the tuning does
not show up, as L 8 is by-passed with a resistance much smaller
than wL2. The decrease in feedback due to the impedance of V 3
will therefore be much more than

PL
p +w 1

near the resonant fre-

212

THE TECHNIQUE OF RADIO DESIGN

quency of L 2 • The damping influence of V 3 will be a point to be
<>onsidered later when the source of feedback is being traced.
4. Coupling through Impedances in a Common Path.
The grid-bias resistance in Fig. 164 and the H.T. battery (if the
latter has any appreciable impedance) will be a source of serious
feedback. The A.F. anode current of the output valve, flowing
through the primary of the output transformer, the H.T. battery,
and the grid-bias resistance back to its cathode, produces the
following feedback effects :
(a) E.M.F. between E and O applied to the screen grid of V1 ,
(b) E.M.F. between B and O applied to the grid of V1 through
the R.F. circuit,
(c) E.M.F. between D and O applied to the grid of V2 through
the anode circuit of V1 and the grid-leak condenser,
(d) E.M.F. between B and O applied to the grid of V3 ,
(e) E.M.F. between D and O applied to the grid of V3 through
the anode resistance of V 2 ,
(f) E.M.F. between D and O causing a current through the transformer primary L 1 and inducing a voltage at the grid of V 4 ,
(g) E.M.F. between A and O applied to the grid of V,.
Feedback (a), (b) and (c) may cause trouble only if, as is the
case in Fig. 164, the R.F. anode is tuned and capacitively coupled
to the grid of V2 • Owing to this fact, V1 acts as an A.F. amplifier
as well, the anode load being determined by the parallel combination of the 5,000 ohms resistance and the 1 µF condenser. For
50 c/s this combination ha,; an impedance of approximately
2,500 ohms, resulting, for an assumed mutual conductance of
2 mA/V, in an amplification of 5 from grid to anode. As this
figure falls with increasing frequency and the transfer from the
anode of V 1 to the grid of V 2 rises accordingly, the A.F. " gain "
from the grid of V 1 to the grid of V 2 is fairly constant over a wide
range. For 50 c/s it is 0·06, i.e. -/6 of the voltage fed back to
the grid of V 1 will be delivered to the grid of V 2 (the reactance of
200 pF at 50 c/s is l ·66 x 10 7 ohms and the impedance of the gridcathode path of V 2 about 0·2 megohm according to the assumption made before). An E.M.F. E 1 at the grid of V1 produces a
voltage of l

,;;o

E 1 at the grid of V ,, hence an output current

l,:~ x 0·5 x 10- 3E 1 and a voltage fed back to the grid of V 1 of
1 000

-'J..ti

X

0·5 X 10- 3 X 200E 1

=

6·25E 1 ,
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which easily causes oscillation. The oscillating frequency may, of
course, be higher or lower than 50 c/s, according to the phase
conditions.
The danger of the other couplings can be assessed in a similar
way. Couplings (a), (b) and (c) disappear on using an R.F. transformer, the other couplings on applying adequate A.F. filters
(Fig. 170). Coupling (e) is the most usual among those enumerated
under (a)-(g) and is not always easy to cure, for the drop of n.c.
volts across the decoupling anode resistance prevents the latter
being made very large. The effect may be discussed with the
help of Fig. 167.
The impedance common to the anode circuits of V1 and Va
is the H.T. battery Z. If Z is negligibly small (the case of no
feedback) an E.M.F. E 1 at the grid of V1 will produce an output

11

+

Ii-----~
Fw. 167.

current I = E 1k 1k 2 , where k 1 is the gain from the first to the second
grid and k 2 is the product of the dynamic slope of V3 with the
gain from the second to the third grid.
When Z acts as the source of feedback, E 1 will produce an
output current 1' different from I. The voltage produced at
the second grid in the absence of feedback is E 2 = k1 E 1 ; with
feedback there will be an additional E.M.F. equal to l'Z, which
is in series with E 2 • Asp, the impedance of V1 , acts as a potential
divider in series with R, only the part I'Z · p~R of the voltage
across Z will be fed back to the grid of V 2 • The equation in the
case of feedback becomes, assuming that Z is small compared with
the total impedances in the anode circuits both of V 1 and V 3 :

I' = k 2 (E2+I'Z • _/J__ )

p+R

I' = __k_2_E_2_ _
1 - k2Z · __f__

P+R
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(The influence of C and R' can be neglected as unimportant over
most of the range.)
The output current caused by E 1 in presence of feedback differs
1

from that without feedback by the factor - - - - - , where
1 -k,z_P_

R+p
k 2 may be real, imaginary or complex, according to the phase of
the output current. If k 2 is real and positive and if Z is resistive,
which is the usual case with a two-stage resistance coupled amplifier,
the voltage fed back adds to E 2 (positive feedback), the relation being
Amplification with feedback
Amplification without feedback

-

1
p

1 -k 1Z - -

p+R

This formula sometimes appears in a different form, containing
the stage gain k 1 , the amplification factorµ of the first valve, and
the anode load R, giving a superficial reader the impression that
each of these values has
Cz
influence on the feedback.
The above formula seems
r- .. 1L-more suitable. It shows
' "
immediately why the cir''' ·./'v\".rcuit Fig. 167 may oscillate
without the valve V 1 but
be stable with it. As p is
Fm. 168.
usually not more than
one-fifth of R, the presence of V 1 may reduce the feedback to less
than one-sixth.
In Fig. 167 the impedance Z is the cause of other couplings
which, however, are weaker than the coupling just treated. The
anode current of V 2 feeds back voltage to its own grid through R,
as does the anode current of V3 • In both cases it is anti-feedback.
Due to the relatively small gain of one stage, its effect is slight
and can be disregarded in practice.
Another anti-feedback of a similar nature, but more important,
may be seen from Fig. 168. The resistance R 1 , used for selfbiasing purposes, acts at the same time as a source of anti-feedback.
(Its stabilising effect on the D.c. current with ageing or change of
valves can also be looked upon as negative feedback.) To insert
an RC filter between R 1 and R 1 (dotted in Fig. 168) would not help,
as the A.F. volts across R1 would still be applied to the output
grid through the parallel combination of V 1 and Ra in series with
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C 1 • The usual cure consists in by-passing R 1 with a condenser
large enough for the lowest frequencies required.
Example (Fig. 168). Let V 2 be a triode with the dynamic
mutual conductance 1·5 mA/V and R 1 be 1,000 ohms.
1. What is the loss in gain due to negative feedback ?
2. What by-passing condenser will restrict the loss to less
than 3 db. down to 50 c/s ?
1. The gain drops in the ratio of
1
1 +1·5 X 10- 3 X 1,000

2. A condenser of 4 µF will prove sufficient.
detailed treatment in Chapter 3.)

=

1
2·5·

(See the more

5. Combination of Capacitive and Common Impedance
Coupling. A coupling, which may be a combination of the types
1, 2 and 4, will occur in the circuit Fig. 164 due to the fact
that the filaments of the valves are not connected with cathode.
Assuming a leakage resistance of 5 megohms between
'
cathode and filament as an R,1
Zpr+'
average value, a capacit- (ti)
i
ance of 2 pF between both
grid and filament of V 2 and
anode and filament of V,,
FIG. 169.
then the circuit of Fig. 169
shows the resulting effect. The reactance of 2 pF being large compared with 5 megohms for the range considered, the voltage fed
back from the anode of V, to the grid of V 2 is approximately
w 2E 1 X 2 X 10-s.
The feedback factor becomes unity for w = 0·7 x 10', and rises
rapidly towards higher frequencies. Actually the feedback is
limited by the capacitances parallel to R 1 and R 2 • Taking the

,-------

Tz

lie

+

FIG. 170.
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former to be 200 pF (as is done in Fig. 164), the latter to be 100 pF,
the voltage fed back can never be more than E 1 and would, given
the values of Fig. 169, nowhere be sufficient to cause oscillation.
Fig. 170 shows a modification of Fig. 164, the changes being
made to avoid the dangers discussed. The grid-bias resistance may
be by-passed with a 50 µF electrolytic condenser. The need for
adding a filter in the grid lead of V 3 as well will depend on the
gain and the shape of the A.F. curve.

,,~
+

Fm. 171.

Fig. 171 gives an alternative which is usually employed in mainsoperated receivers but is not workable with directly heated valves.
The condensers parallel to the s.elf-biasing resistance need now only
be chosen to prevent negative feedback within one stage.
6. Acoustic Feedback. Oscillation due to acoustic feedback
is caused by sound waves from the loud-speaker striking an A.F.
valve and, owing to vibration of the electrodes, producing an A.F.
current which is amplified and feeds the loud-speaker. Indirectly
heated valves are less liable to the effect than directly heated
valves, as the filament is mechanically the least rigid element
inside the valve.
The means of prevention are, apart from keeping the gain
down, purely mechanical, such as placing the dangerous valve as
far away from the loud-speaker as possible, using sound-damping
material as cover, etc. Oscillation due to acoustic feedback should
be easily recognised by its hollow sound, its slow start, and its
swelling up and down (compare Chapter 6, page 154).
Methods of finding unknowrt A.F. Couplings. When dealing with an A.F. amplifier which oscillates from unknown feedback,
finding the source of feedback as quickly as possible is the major
problem. Ample experience is, of course, the foremost requirement. In what follows, a systematic line of attack is given which
should be, even to the less experienced engineer, of appreciable
help.
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The following considerations are based upon Fig. 170. The
circuit is supposed to oscillate at an audio frequency ; the cause
is to be found. The following tests are recommended :
Remove V 1 . If the oscillation still continues
Remove V 2 • ,, ,,
,,
,,
,,
Remove Va.
If the oscillation still continues, it is plainly feedback over one
stage. Having ascertained that the valve is correctly wired up and
not perhaps working as a dynatron due to H.T. at the grid, there
remain practically only two possible sources of feedback :
(a) magnetic coupling between T 1 and T 2 ,
(b) capacitance from anode to grid.
The effect of both couplings being vastly increased by removing
V 8 , it is appropriate to by-pass the primary of T 1 with a resistance
about equal to the impedance of Va. It will be found that the
oscillation stops, indicating that V, in itself does not oscillate in
presence of the damping added by Va. Trying out larger resistances as by-passes for the primary will indicate the factor of safety
and show whether it is necessary to place T 1 and T 2 farther apart
or to look for excessive grid-anode capacitance.
The last stage being safe, Va is put back. If oscillation starts
again, there are two possibilities :
(a) Voltage is fed back in some way to the grid of Va.
(b) There is anode supply coupling which causes a current
through the primary of T 1 ; this current cannot flow
with V 3 removed.
Shorting the grid of Va will give some indication. If the oscillation continues it can only be due to (b).* If the oscillation stops
it indicates possibility (a), and the next step will be to trace the
way in which the voltage fed back reaches the grid of Va. There
are now three possibilities :
(a) Capacitive coupling.
(b) Anode supply coupling which may cause positive feedback,
if the winding sense of T 1 is appropriate.
(c) Coupling through the grid-bias supply.
The following tests are suggested :
Short the resistance Ra. (This is :riot the same as shorting the
grid to cathode!) If the oscillation stops, feedback cannot be due
to the grid-bias supply, as shorting Ra would only increase it. The

* This coukl also be proved by replacing Va by a resistance of a magnitude equal to the valve impedance, which still allows the flow of the
coupling current through the primary of T 1 •
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test leaves (a) and (b) as possible sources. By-passing 0 1 with
a much larger condenser, say, of 10 µF, should give the final answer.
To break the H.T. instead might prove misleading as this, by removing the impedance of V 1 , increases the grid-cathode impedance and,
therefore, any existing capacitive feedback.
It should be realised that, unless there is capacitive feedback
to the grid of V 2 , this valve will have a stabilising effect, as has
been mentioned before ; it by-passes R 2 and Ra with the valve
impedance p, decreasing thus the grid-cathode impedance of V 8 and
diminishing the danger of capacitive feedback to the grid of V 3.
Furthermore, it decreases the volts fed back through the anode
supply by the factor _f_R , as pointed out before in this chapter.

P+

I

Carrying on in this way, if necessary to another stage, should
see the end of this investigation, as here V 1 can hardly contribute
to the feedback, unlike the case shown in Fig. 164, where such
contribution is possible.
Often it may be possible to shorten the procedure described
above. The experienced engineer may see at a glance capacitive
couplings or trace them by holding earthed metal sheets at diverse
points of the receiver. The value of the above method, which may
be called logical as opposed to "hit and miss" methods, consists
in finding the sources of feedback in a relatively short time, where
more hasty attempts may fail.
If the feedback is not sufficient to cause oscillation but results
in frequency distortion, the method of finding the cause should be
similar to that just described. A very useful method (one among
several) is to inject an A.F. signal between the anode and cathode
of V 3 and to take the response curve while carrying out changes
already described, viz. shorting the grid of V8 , shorting R 3 , removing V 1, etc. Care has to be taken that the addition of the signal
generator does not affect the existing conditions ; the generator
lead going to the anode of V 3 should be well screened and should
include, besides a blocking condenser of 1 µF, a resistance large
compared with the impedance of V 3 inserted at the receiver end.
Often there may be several couplings, each of which is sufficient
to cause oscillation. This fact should not increase the difficulty of
the procedure appreciably, as long as the tests are carried out
correctly. It would, of course, be wrong to apply a remedy to
one of the suspected couplings and, having observed the oscillation
to persist, then to remove the remedy and to test the other coupling. Such procedure would never lead to stability, though to the
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experienced it may be conclusive for the following reason. Removal
of one source of feedback, it is true, does not lead to stabilisation,
but it is bound to affect the oscillation by changing its frequency,
indicating that the coupling just removed takes a more or less
important part in the total feedback.
Mains-operated receivers do not differ in principle from the
battery receiver Fig. 170; the anode supply impedance is usually
a capacitance of several microfarads representing a coupling reactance which increases towards lower frequencies. The tendency of
the circuit to oscillate at low frequency because of the inefficiency
of the RC filters is still more pronounced in the case of anode
supply coupling.

B.

Undesired Feedback at Radio Frequencies.
The variety of couplings possible is very large. They will be
treated in the same way as has been done in the case of the A.F.
amplifier. The couplings most frequently involved are:
1. Capacitive coupling inside a valve.
2. Capacitive coupling outside a valve.
3. Inductive coupling between coils.
4. Capacitive coupling caused by unearthed leads or by metallic
parts going from one compartment into the other.
5. Inductive coupling through untuned loops going from one
compartment into the other ; this comprises metallic spindles,
cathode and filament connections, etc.
6. Coupling through impedances in a common path.
7. Mixture of capacitive and common impedance coup1ing. This
comprises condenser spindle, the spindle of coil drums and switches,
cathode connections, filaments, etc.
8. Feedback through the A.F. section, via loud-speaker and aerial.
9. Feedback on harmonics of the I.F. in a superhet.
10. Feedback through the supply leads.
1. Capacitive Coupling inside a Valve. The effect is not
different in principle from that discussed in the A.F. part of this
chapter but different in magnitude. Whereas feedback trouble due
to grid-anode capacitance of a valve is rare on audio frequencies,
it is very common on radio frequencies. The difference is due to
the use of tuned circuits with a high Q and a low tuning capacitance
on R.F., resulting in a much larger feedback factor.
One may discriminate between amplifier stages where only the
grid circuit is tuned and those where grid and anode are tuned to
the same frequency. The grid anode capacitance necessary to cause
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trouble will have to be much larger in the former case than in the
latter. The magnitude of the effect when only the grid is tuned
may be seen in two examples taken from cases that may easily
occur in practice.
Example 1 (Fig. 172). Grid circuit tuned to 1·5 Mc/s with
50 pF, the valve working as a grid-leak detector; µ = 10,
p = 10,000 ohms, grid-anode capacitance Cc = 2 pF. The result
of feedback through Oc is to
be computed.
It has to be realised that
the anode load is not determined by the 50,000 ohms, but
by the stray capacitance 0
which is assumed to be 25 pF,
a good average value. If we
FIG. 172.
assume Ge~ 0 and repeat the
procedure as done for Fig. 166, there will be an equivalent E.M.F.
1
in the anode Ea = - µEu +XXe = - µEu
. O' of which the
1
p
e
+pJW
impedance can be neglected. The current I flowing through Ge
from grid to anode is then

I - (E - E ) . 0 - E
-

g

aJW e -

g

(1

µ
jwOµp ) · O
+l+p2w202
l+p2w2O2 JW e·

The effect on the grid is the same as if there were added
between grid and cathode a parallel combination of a capacitance
Ox where Ox= Cc ( 1 + +p~w 202 ), and a

1

Rx =

1 +p 2w 20 2
µpW 200e

.

If

p

resistance Rx where

1
is more than 3 x ~ , Rx is approximately
W0

0 1
Oegm·
For the assumed values it follows that
Ox = approximately 5 pF
Rx = approximately 15,000 ohms.

The parallel resistance ftx represents an additional circuit damping
of more than 14%, destroying the selectivity and dropping the
gain in the ratio of 10 : 1 if the circuit Q is about 60.
The simplest cure is to add a condenser anode-cathode of
2,000 pF, which reduces the additional damping to about 0·2%
and leaves the audio frequencies up to 5 Kc/s almost unharmed.
Example 2. The signal grid of a mixer valve tuned to 410 Kc/s
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with 100 pF, circuit Q = 100, anode circuit tuned to 460 Kc/s with
150 pF; mutual conductance 0·5 mA/V, p large compared with
the anode load, grid-anode capacitance 0·3 pF. Determine the
effect of feedback.
At the signal frequency the anode circuit is practically inductive, so that the phase condition for oscillation is fulfilled. The
anode impedance for 410 Kc/s is about 10,000 ohms, causing a
gain of 5 from grid to anode. The voltage fed back to the grid,
for an initial

E.M.F.

of E 1 , is 5E1Q

~i =

1

1·5E 1 , sufficient to cause

oscillation.
With grid and anode circuit tuned to the same frequency,
oscillation will take place at a frequency lower than the tuning
frequency. If the Q of both circuits is
equal (p very large) and the reactance of
--..__
the grid-anode capacitance large comk
· h Z 0 , as is
· t h e case wit
· h pene ac
pared wit
todes, the phase condition is fulfilled
Ic f'rom ~node
for a frequency for which both circuits Ea,
to givd
represent a parallel combination of R
Fm. 173.
and L, where wL is equal to R (Fig. 173).

r:,E~db

= wo(l - 2~), according to Chapter I.
Zo
The circuit impedance being, for this frequency, v' , the

This is the case when w

2

amplitude condition for oscillation is calculated as follows :

Zo
Ea= Eggm'V2
E fed back

=

1/J0 gm~~wCc~~• where Cc is the grid-anode capaci-

tance. Oscillation will start when gmwC~ 0 2 = 2.
Example; 1·5 Mc/s, gm= I mA/V = 10- 3 A/V,
Cc= 5 X 10- 3 pF. The value of Z 0 for which oscillation starts is

J-~

_!__C = O· 2 megohm, with a gain of 200 from grid to anode.
gm W C
Tapping the anode circuit l : 4 down (dropping the anode load
16: l) renders the stage quite safe. It leaves the response curve
with a slight asymmetry of 1 db. for ± 7·5 Kc/s as there is antifeedback for w = w 0 ( 1 + ~)- The stage gain becomes 50, due
2
to the I : 4 step up from the anode to the next grid.
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2. Capacitive Coupling outside the Valves. External capacitive coupling does not differ in principle from 1, as far as one valve
is concerned. In the case of the anode being tapped down,
capacitance between two consecutive grids is more dangerous than
capacitance from grid to anode. Therefore great care should be
taken to prevent capacitance between switch elements, leads, etc.,
of the two circuits.
Capacitive coupling over several stages is naturally much more
serious. If the receiver is mounted on an open chassis without
partitions, all dangerous leads will have to be screened and special
valve caps used. The screened leads used have to be examined on
their R.F. qualities, low loss and low capacitance being essential.
The usual figure is about 30-40 pF /metre. The technique almost
universally adopted is such that trouble due to capacitance over
several stages is comparatively rare now. Only when the overall
gain at one frequency is very high, say of the order of 10 5, may
capacitive coupling again become a serious factor. Partitions between the critical points will be found insufficient and complete
boxing is essential to obtain safe conditions.
3. Inductive Coupling between Coils. Inductive coupling
between coils is avoided by proper screening. It should not
,---·-----,

i~ !

,---~-----,
~------\ Li: -----ET

'
lT'T__§
____ §=~zt_:
__ lJ
\?

'

1

!-

-=- -:

Fm. 174.

be overlooked that the connecting leads from the coil to the condenser or to the switch form an inductive loop which, on short
waves, may form an appreciable part of the whole inductance.
Such couplings have to be watched, for they may do harm even
on medium waves in the case of large amplification. One example
from actual practice :
Example: Two pairs of critically coupled I.F. circuits are separated by two stages of amplification (Fig. 174). The gain from the
grid of V 1 to the grid of V 3 is 2,500. The circuit inductance is
130 µH, the circuit Q is 120. The grid coils are connected to a
switch for variable band-width, the connecting leads being about
7 cm. long and l ·5 cm. apart. The inductance of the loops is
about 0·l µH.
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If k is the coupling between the loops, L 1 the total inductance
and L 2 the loop inductance, E 1 the initial E.M.F. at the grid of Vi,
the resulting voltage fed back is
E fed back = 2,500E1 kLL 2 Q = l 15kE1
1

2

(~ because of the additional damping from the anode circuit),
showing that a coupling factor of 1 % would be sufficient to cause
oscillation.
4. Capacitive Coupling through Unearthed Leads. The
effect can be serious and should always be kept in mind. Filament
leads of indirectly heated valves, grid-bias leads unearthed where
they run between two decoupling resistances (in Fig. 188 the part
which for this reason is earthed through O1 ), metallic parts of
switches, etc., may be the cause of the trouble. For radio frequency the impedance of such non-earthed parts to earth is usually
governed by their capacitance, which will be of the order of 10 to
100 pF. If this capacitance is 0 1 and the capacitances from the
non-earthed part to two different circuits 0 2 and 0 3 , there is a
.
coupIing equal t o a direct capacitance
of OzOa
a;· Th"1s result 1s.
based on the assumption that O 2 and O 3 are small compared with
0 1 , as will always be the case under practical conditions.
Example: Two circuits have a tuning capacitance of 200 pF,
a Q-factor of 120, and are separated by several stages. The amplification is 1,000, and the unearthed filament leads have an earth
capacitance of 100 pF. What capacitance between circuits and
filament leads will cause oscillation ?
If Ox is the unknown capacitance and E 1 the initial voltage,
. approximate
.
ly l,000EX10x 2Q , w h"1ch 1s
. equal
the voltage fiedb ack 1s
100
200
to E 1 if Ox=
= 0·4 pF. A coupling capacitance of this magnitude may exist inside a valve, so that it would not be sufficient
to use screening cable for the filament leads.
5. Inductive Coupling through Untuned Loops. Untuned
loops going from one compartment to another may be formed by
filament leads, by cathode leads if earthed in both compartments,
by a spindle, by the framework of a switch, or by a sheet of metal,
etc. The danger will be particularly great if the technique of
separate compartments is adopted without special coil screening.
Fig. 175a gives an example met with in actual practice.
The condenser spindle, earthed on both sides, forms a loop

vf
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which is coupled with the tuning coils. The equivalent circuit is
given in Fig. 175b. The coupling between the loop and the tuned
circuits is sufficiently small to justify disregard of any reflected
impedances.

~---·- ·--- - -- ------------·'
Fm. 175a.

Fm. 175b.

The loop current I becomes, under this assumption,

I= E 2k-vLL'
1
L
w(2L' +L")'
causing a voltage E i' across the first circuit,

E' -Ek-vW wkQ-vW
1
2
L
w(2L' +L")°
If we assume, as a rough guess, L" = 2L', the equation becomes:

Ei' = E 2k:Q = AE1k:Q, A

being the amplification between the two

circuits. For Q = 100 and A = 400, which are average figures
for two R.F. stages, the coupling necessary for oscillation is 1%,
a value which will easily be exceeded in the design shown in Fig. 17 5a.
Oscillation caused in this way has been known to occur in an
I.F. amplifier, even though separately screened iron core coils were
employed. The coupling loop was formed by the framework of
a multi-wave switch. The overall gain, it is true, was very high,
about 10 5 •
If the coils in Fig. 17 5a were mounted so that they showed
with their axis towards the reader, a covering plate (shown by
dotted lines) might form a coupling loop, if it did not make proper
contact with each compartment. The effect is not unusual and
should be kept in mind.
6. Coupling through Impedance in a Common Path. If
in Fig. 164 the two R.F. circuits are wired up thoughtlessly, a large
coupling due to their earthing condensers may result. Using
a paper condenser with several capacitances packed together and
a common earth point will cause an inductive coupling shown in
Fig. 176.
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The coupling factor is L~,L' which implies that, on switching
to a new range by altering L, the coupling factor varies as the
square of the frequency, the capacitances being held constant.
The magnitude of the coupling may be very great and can easily
lead to oscillation within one stage. The phase conditions are
similar to those of Fig. 173, the oscillation starting at a frequency

{Q off the resonant frequency f

0.

In case of a tuned anode, as in

Fig. 164, the oscillating frequency is higher than the resonant
frequency. In case of transformer coupling, the frequency depends
on the winding sense and the
resonant frequency of the
primary.
~I
~L' I
Example (Fig. 176).
Range 20-60 m., L = 2µH,
FIG. 176.
L' = 0·01 ,uH, corresponding
to about half an inch of earth lead (see under "Some Useful
Formulae," page ix), Q = 60. What is the stage gain sufficient to
cause oscillation ?

rLMµF
MdL
~

If the stage gain at resonance is A, it will be :

2

for the

oscillating frequency.

For an E.M.F. E 1 between grid and cathode,
.
.
A L' Q
E 1A
the voltage fed back 1s approximately E 1-;,; L .,/ = _ . The
2
2 67
stage gain necessary is 6·7.
An effect, similar in nature but different in degree, exists in
the case of the normal ganged condenser, provided it possesses
-- - --Stator

Stator-- ---

Fm. 177a.

a metal spindle connected with the various rotors. The principle
may be u11derstood from Fig. 177a.
The R.F. current from the rotor to the earthed side of the coil
will flow mainly through the appropriate contact fork. A fraction
of it will flow through the spindle, the other contact forks, and
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back through the condenser frame. The equivalent circuit is shown
in Fig. 177b. The coupling due to this effect is usually small and
varies with the contact of the bearings and of the forks. Different
tests give results equivalent to an L' of 0· 1 to 1 x 10- 3 µH in
Fig. 176. The coupling is often masked by another effect belonging
to the next paragraph.

FIG. 177b.

7. Mixture of Capacitive and Common Impedance Coupling. The condenser of Fig. 177a is usually mounted on the
receiver chassis with three or four studs (S). These studs represent an inductance which, though very small, can be the cause of
appreciable coupling on very high frequencies. The two circuits
have a stray capacitance to chassis of at least 10 pF, and the
inductance of the studs may be assumed to be 0·005 µH. Let the
frequency be 30 Mc/s, the total tuning capacitance 40 pF, the Q
of the circuits 80. The reactance of 10 pF at this frequency is
530 ohms, that of 0·005 µH 1 ohm. If AE 1 is the amplified voltage

+__

{:;
___~±_P_.3%__

,o_pF_;...;o;.._;;•(J,.;...;.'05=:,t,t'__
-J ,op_f_

i J=AEi

_.±_1_1__

FIG. 178.

across one circuit, it will produce across the other circuit (Fig. 178)
__..4_?~'iQlO

530 X 40

= AEi

26·5'

indicating that a gain of about 26·5 will lead to

oscillation, if the circuits are separated by several stages. The
effect can be verified by connecting the condenser frame to the
chassis with additional short leads which usually helps to stabilise
the amplifier.
A metal condenser spindle, insulated from the rotors and earthed,
will introduce the same type of coupling, though to a smaller degree.
The magnitude will depend on the capacitance from. the stators to
the spindle and on the inductance of the lead earthing the spindle.
The former is very small as the rotor sUITounding the spindle forms
a kind of screen. Tests show that by carefully earthing the spindle
and avoiding the loop effect treated under 5, a decoupling up to
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:. is not difficult to achieve, even at
2 5

frequencies of 20 Mc/s. If perfect screening is required, as in the
case of a signal generator, no metal spindle should be allowed to
leave the screened compartment.
A coil drum may be the source of the same coupling and this
needs, therefore, no special treatment. The coupling currents,

t
FIG. 179.

caused by the capacitances of the coils to the drum, are shown
by arrows in Fig. 179. The two mounting brackets may have
a larger inductance than the condenser studs, so that small stray
capacitances can cause the same trouble.
Filament leads, cathode leads, etc., may give rise to the same
effect, as may be seen from Fig. 180, the coupling currents being

FIG. 180.

marked by arrows. The magnitude of the effect can easily be
assessed on the lines given before. If great decoupling is required,
Fig. 180 must be modified. Radio frequency chokes in both filament leads and separate earthing in both compartments are indispensable (Fig. 181). One of the two filament connections has now
become superfluous, as it is by-passed by the chassis. Whether
it should be omitted altogether is a matter of opinion. Omitting
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it is perfectly safe from the R.F. point of view, but creates a munher of contacts in the path of the filament current. If the chassis
is of aluminium these contacts may be of a doubtful nature and
do not appeal to everybody. Often it will prove sufficient to connect the filament lead as indicated by the dotted line in Fig. 181,
but it should lie close to the chassis to prevent any loop effects.
The chokes should be arranged so that there is no capacitance
of the kind shown in Fig. 181 between G and H, as otherwise

Fro. 181.

a current would flow through this capacitance into the other compartment, through the earthing condenser and back through the
chassis. This subject has been discussed before in Chapter 8.
The screen grid of an R.F. tetrode will lose its effect, for reasons
just described, when the impedance of its earthing lead can no
longer be neglected. For a grid-anode capacitance of 0·005 pF,
and a capacitance of 5 pF from screen grid to either anode or grid,
further an inductance of 0·02 µH from screen grid to earth, the
coupling due to this inductance will equal the direct
coupling, when the voltage
at the screen grid becomes
one thousandth of the anode
voltage (Fig. 182). This hapFro. 182.
pens at about 16 Mc/s. At
30 Mc/s the capacitive-inductive coupling via screen grid will be
nearly four times the capacitive, increasing rapidly towards higher
frequencies.
With a pentode the effect described is less dangerous as two
grids are interposed between grid and anode. With the suppressor
grid connected to the cathode inside the valve, however, another
effect may become equally serious, as can be seen from Figs. 183a
and 183b. The nature of the coupling is identical with that of
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Fig. 182, the coupling capacitances are from anode to suppressor
grid and from grid to cathode, the coupling inductance is firstly
the lead common to cathode and suppressor grid inside valve and
socket, and secondly the by-passing condenser from cathode to
chassis. This is the reason why in pentodes designed to work on
Cathode,.

_su._1.~"-·
.

Ii-I

\

g._-r_1d-1II

fMi

Couphng,nductaqce

(a)

(b)
Fro. 183.

ultra short waves the lead from the suppressor grid is brought out
to a separate point. It should therefore be connected with chassis
and not with cathode.
On ultra short waves, down to 1 m. or less, a new constructive
design is necessary. Apart from using acorn valves, the earthing
condensers have to be such as to avoid any
length of lead outside the valves. An arrangement like that shown in Fig. 184 fulfils this
requirement and, in addition, makes the inductance of the wire inside the valve very
small because the wire lies so close to the
Fro. 184.
chassis.

8. Radio Frequency Coupling through the A.F. Section of
the Receiver. R.F. entering the A.F. section and being fed back
from the loudspeaker to the aerial or in some other way can be
very troublesome on longer waves, since the anode loads of the
A.F. valves represent for R.F. a capacitive reactance rising linearly
with the wave-length. Receivers going up to 20,000 m., which is
almost audio frequency, require very efficient filters, particularly if
the audio response curve is not to be harmed. The filters can be
made much cheaper if they are inserted only where they are necessary, i.e. on the long-wave ranges where telephony is not required.
Example: A straight receiver, tuned to 15 Kc/s, works into
4,000-ohms headphones ; the amplification from aerial to diode is
1,000, the A.F. amplification from diode to headphones is 1,000 for
1 Kc, with a drop of 10: 1 in amplification for 15 Kc/s. 'fhe
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capacitance from headphones to aerial is 1 pF and the aerial
capacitance is 100 pF.
An E.M.F. E 1 at the aerial terminals produces 10 5E 1 at the
headphones, feeding back 10 3E 1 to the aerial terminals. The R.F.
filter has to be designed for an attenuation of over 1,000 for 15 Kc/s,
which proves rather elaborate, if the audio response curve has to
be taken into account, but quite simple if only 1 Kc need be
considered.
Feedback in some way other than through the output may
occur through supplies or through capacitance inside the receiver.
Inserting the filter shortly after the diode should dispose of them
all. In checking the receiver it may be borne in mind that A.F.
transformers often have unexpected resonance points on R.F. frequencies which may lead to oscillation, though the receiver may
be quite stable at lower frequencies.
Oscillation based on the collaboration of A.F. valves is usually
accompanied by " motor-boating ", the rhythm being determined
by the comparatively large time constant of the A.F. valves. (See
'· squegging ".)
9. Feedback on Harmonics at the I.F. One of the advantages of a superhet is the possibility of having a large overall gain

1c.os,.1

r j ,w.,, I-,.,,--¥ Iu hp:h

,R.F.--------

.ft~£AmpJ:J

I. F. .Harmonlc = R. F.

Fm. 185.

without the same danger of feedback as is found in a straight
receiver, the reason being that the R.F. gain is spread out over
two different frequencies. Overall feedback, however, is still possible when the R.F. part is tuned to a h-armonic of the intermediate
frequency. The course of feedback can be seen from Fig. 185.
The greatest danger usually exists at the 2nd and 3rd harmonic,
but even higher harmonics can prove very serious.
Feedback will be particularly great if the I.F. amplifier contains
circuits tuned to harmonics of the intermediate frequency. This
may happen in an ultra-short wave superhet from, say, 30 to
300 Mc/s, with an I.F. of somewhere between 3 and 6 Mc/s.
As pointed out in Chapter 12, there exists a second resonance
determined by the capacitance of the valve and the inductance of
the condenser and leads. As these frequencies usually lie between
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50 and 150 Mc/s some of the I.F. harmonics are bound to come
within a few per cent of these parasitic resonances, involving the
danger just described. The appropriate method to be employed
is the use of careful screening or of damping resistances in the
I.F. grid leads. Regard must be paid to the influence of these
resistances on the I.F. performance.
Examp'le (Fig. 186). 0 1 = 100 pF and 0 1 = 5 pF. The intermediate frequency= 5 Mc/s, the parasitic frequency = 100 Mc/s. A damping
resistance of 50 ohms reduces the Q of
the parasitic circuit to 6 ; this is likely
to prove good enough. The damping
FIG. 186.
influence of this resistance for the 5 Mc/s
resonance is negligible, as may be shown by considering it to be
replaced by an equivalent parallel resistance of 0·7 megohm.
10. Coupling through the Supplies. There is no difference
in principle from the corresponding couplings treated in the A.F.
part of this chapter. Due to the higher efficiency of RO filters on
radio frequencies, decoupling should not prove too difficult. The
directions given in Chapter 8 have to be observed.

C. Feedback leading to Combined A.F. and R.F. Oscillation.
An R.F. pentode working as a self-oscillating grid leak detector
with variable reaction, and having a large A.F. choke in its anode,
often tends to start oscillation modulated by audio frequency which disappears with increasing R.F. amplitude.
The effect, which is called threshold
howl, is annoying as it prevents reception of telegraphy at the point where
the valve is most sensitive. By-pass.e,
ing the anode choke with a resistance
a.
of about 10,000 to 20,000 ohms removes
FIG. 187.
the effect. Replacing the choke by a
transformer and by-passing the primary with 10,000--20,000 ohms
is equally successful. In this case the audio frequency gain from
the grid of the pentode to the following grid is larger than that
with the choke by the step-up ratio of the transformer, a point
to be remembered.
Adjusting the reaction immediately before the point of oscillation and plotting the IaEa characteristic gives a curve like that
shown in Fig. 187. The bend at A occurs when oscillation starts,
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and here, due to the increased grid current, the anode current
decreases below its initial value. Between A and B the valve is
a negative resistance capable of maintaining oscillation at the
resonant frequency determined by the A.F. choke and its parallel
capacitance. Lowµ triodes rarely show the effect, high µ triodes are
by no means free from it.
The same effect, based on a different cause, may be obtained
when the grid leak detector is followed by A.F. amplification, particularly if no R.F. stage is employed and the detector circuit is
coupled to the aerial. It disappears when the A.F. valves are
removed and occurs only on very high frequencies, somewhere
above 10 Mc/s. The A.F. oscillation-for as such it can well be
regarded-is maintained as follows: the oscillating R.F. circuit is,
in some undesired way, coupled to an A.F. valve, which thus absorbs
a small part of the R.F. energy. An A.F. voltage across the A.F.
valve changes its impedance and so modulates the R.F. carrier.
The carrier is demodulated at the detector valve, the ensuing A.F.
is amplified and causes remodulation of the carrier. The effect
can be cured by careful R.F. decoupling, such as by filters, before
grid and anode of the A.F. valve.
Since the self-oscillating grid leak detector has become rare, the
two effects just described will probably raise little interest to-day.
They used to be very troublesome in the old days.
A.F. oscillation in presence of a carrier is quite a usual
effect and may occur with any receiver. There are three possible
causes:
(a) Amplitude modulation of one of the R.F. valves through
supply coupling,
(b) Frequency modulation of the first oscillator in a superhet
through supply coupling,
(c) Frequency modulation of the first oscillator through acoustic
feedback.
(a) Amplitude Modulation of an R.F. Valve. The effect
may occur in a straight or superhet receiver. The A.F. oscillations
are maintained as follows :
Audio frequency current, usually from the output valve, produces
across the H.T. or grid-bias supply a voltage, which is delivered to the
grid or screen grid of one (or several) R.F. valves. A received carrier
is modulated, demodulated at the diode, and the audio frequency
obtained amplified and fed back again.
Often the effect is not easy to cure. In mains-operated receivers
the :a::r. impedance is capacitive, increasing towards lower fre-
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quencies. The filters designed to prevent A.F. from reaching the
grid or screen grids become inefficient at low frequencies, so that
increasing the filter capacitances may merely lower the frequency
of oscillation. The cheapest method will be to restrict the audio
response curve, and to use filters effective for this A.F. range.
If restricting the A.F. curve towards lower frequencies is not
permissible because of the requirement of high fidelity, push-pull
output may be tried. As its merit depends on the equality of the
two output valves, it should be tried out with a large number of
valves. The use of" stabilovolts " or of two different H.T. supplies
may be used as a last resort.
(b) Frequency Modulation of the First Oscillator. The
effect is similar to (a). Audio frequency is fed back to the anode
of the first oscillator modulating the oscillator frequency. The
frequency modulation is changed by the selectivity curve into
amplitude modulation, further procedure being identical with (a),
The effect will be most pronounced at high R.F. signal frequencies
when reception is on the edge of the selectivity curve. A narrow
response as obtained with a crystal will prove very dangerous.
The cure may be as difficult as in the case of amplitude modulation. The means of prevention are the same as those given
under (a).
(c) Frequency Modulation of the First Oscillator through
Acoustic Feedback. The oscillator frequency may be changed
acoustically, through loudspeaker sound waves striking the variable
condenser or the oscillator valve. The result is identical with (b)
and is also most marked at high R.F. frequencies on the edge of a
response curve. A popular practice is to employ at the highest
frequencies a carefully designed condenser with widely spaced rigid
plates, and to switch over to a normal condenser at the lower
frequencies.
Methods of Finding R.F. or mixed R.F. and A.F. Couplings. The subject is among the most complex and intricate
problems facing the engineer. The multitude of possibilities makes
it difficult to evolve a method as clear as that given for the A.F.
amplifier. More margin will have to be left to ingenuity and intuition. Still, it is to be hoped that from the few examples given
sufficient knowledge will be derived to tackle the many cases not
covered here.
Slight feedback, resulting in distortion of the selectivity curve,
will be dealt with later. Feedback leading to oscillation constitutes
the majority of cases. The following exhaustive procedure in search
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of undesired feedback is based upon the assumption that the receiver
is oscillating. The circuit diagram may be represented by Fig. 188.
In the author's experience it has been found a great help for
the investigations to use a separate receiver in order to listen to
the oscillating frequency. This gives freedom of action in removing
various valves from the receiver to be investigated without necessarily losing the signal. Furthermore, it shows, by producing a
change in oscillation frequency, even small effects of any measures
taken. The auxiliary receiver should have manual gain control
and should be entirely free from any pick-up except through the
aerial. It should also possess a beat frequency oscillator for obvious
reasons.
Let us assume that the receiver shown in Fig. 188 has instability.
The auxiliary receiver picks up a strong carrier of I.F. frequency
(the second oscillator is out of action). Two facts would account
for the I.F. carrier. There may be:
(a) Oscillation at radio frequency causing I.F. in conjunction
with the first oscillator,
(b) Oscillation at intermediate frequency with or without
collaboration of the R.F. or A.F. part.
Without touching any part of the receiver on test a decision
between (a) and (b) can be obtained by switching the auxiliary
receiver over to the radio frequency in question. The two possible
causes, i.e. R.F. and I.F. oscillation, may be discussed separately.
(a) R.F. Oscillation. R.F. oscillation will most probably be
due to coupling -between the first and second R.F. circuit. This
can be verified by removing the first I.F. valve (V 8 ), earthing the
mixer anode through a 1-µF condenser, and finally removing the
mixer valve. If the oscillation is stopped by earthing the mixer
anode (a very rare case), it indicates either capacitive coupling
inside the mixer valve, treated under 1 of the R.F. part, or some
excessive external coupling which should be easy to find.
Let us assume that the mixer anode has no part in the oscillation,
and that feedback from the screen grid of the mixer valve can be
discounted as extremely unlikely, unless some wiring mistake has
been made. If, therefore, removing the mixer valve stops the
osoillation, it will be due to mistuning of the second R.F. circuit,
as can be easily proved by retuning. Thus the effect is localised
as oscillation of the first valve.
The next task will be to find the source of coupling between
the grid and the anode circuit. The following has been found very
useful as it gives the result far more quickly than the usual methods ;
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moreover, it does not require an auxiliary receiver. The method
recommended is as follows.
Make the first valve non-conductive by interrupting the filament
current. If this is inconvenient because of series-heated valves,
apply about - 20 volts to the screen grid. The receiver is otherwise working normally. Connect a signal generator between the
chassis and the grid of the first valve and increase its strength until
there is a measurable output.
The tuning of the first circuit is now without influence, for the
circuit is shorted by the low impedance of the signal generator.
The valve, the condenser and the coil can be investigated separately
by disconnecting them from each other and applying the signal
generator to each of them individually. If the receiver output is kept
constant in each case, the input necessary indicates the magnitude of
the various couplings in relation to each ·other (see Fig. 189).

Signal generator

FIG. 189.

If the coupling should be due to the common condenser spindle
(Figs. 177a, 177b and 178 of this chapter) the largest output will
occur with the signal generator connected to the grid side of either
the condenser or the coil. Connecting the signal generator (s.G.)
to the condenser rotor would show, by the consequent output,
that the coupling is due to potential difference between rotor and
chassis. From this it is easy to draw the correct conclusion.
Other couplings possible would show up as follows :
Inductive coupling of the coils. Output exists mainly when the
s.o. is connected to A, and disappears when the coil is short-circuited.
Capacitance betu,een stators. Output exists mainly when the
s.o. is connected to B, and disappears when the condenser is shortcircuited.
Inductive coupling due to the loop formed by the leads connecting
coil and condenser. If the coil and the condenser are disconnected
at the condenser side, as shown in Fig. 189, there will be output
when the s.o. is connected to A. The output remains when the
coil is short-circuited, but disappears when the s.o. is applied to

UNDESIRED FEEDBACK

237

the live side of the coil. Care has to be taken that the s.o. loop
itself is not a source of coupling.
Coupling inside the valve, e.g. resulting from a break in the screengrid earthing lead. Output exists mainly when the s.o. is applied
to 0. Measurement of the coupling capacitance (see Chapter 14)
gives a value far in excess of what it should be. The cause will
be easy to find.
The examples given show the flexibility of the method recommended here.
(b) I.F. Oscillation. Let us assume now that I.F. oscillation
exists. Tests similar to those described on page 234 should help to
localise the effect, show whether the R.F. valve or the mixer valve
plays any part, and eventually lead to the identification of two
receiver elements as the source of feedback.
In most cases I.F. oscillation will be caused by overall coupling
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from the last pair of I.F. circuits to the first pair. Oscillation
within one stage is less frequent and may be found according to
the procedure pointed out for the R.F. stage. In case of feedback
over several stages this method is hardly applicable. Since the
coupling concerned is usually very small and the residual gain low
after several valves have been made non-conductive, the signal
generator will rarely cause any output.
The auxiliary receiver will often be of help here. Knowing the
two circuits which, by their mutual coupling, cause the oscillation
(it may be the 2nd and 6th I.F. circuit in Fig. 188), the auxiliary
receiver should be loosely coupled to one circuit and the signal
generator connected across the other (Fig. 190). The receiver on
test is without supplies. Screening the leads, both of the signal
generator and of the auxiliary receiver, is to prevent any direct
radiation or direct pick-up. The condenser O should be of the
order of a few pF to prevent overcoupling or serious mistuning of
the I.F. circuit.
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When the signal generator note is received it should be ascertained that the reception disappears both with the second I.F.
circuit shorted and with the signal generator disconnected from
the 6th I.F. circuit. If this is the case it is obvious that reception
is due to the same coupling which causes the instability, and it is
only necessary now to repeat, on a wider scale, the procedure
described for the R.F. valve. All suspicious leads, etc., should be
interrupted and the receiver searched for untuned loops and unearthed metal spindles. If this proves unsuccessful there remain
only the possibilities of direct capacitive or inductive coupling, or
of currents induced in the chassis (the latter possibility is mentioned under 5). Chassis currents at I.F. frequency are very unlikely
if the coils are properly screened; direct inductive coupling is also
improbable in that case. For further confirmation, coil and condenser of the 6th I.F. circuit should be separated and the signal
generator connected to each of them in the manner described before.
This test shows whether the coupling is due to current in the coil
or voltage across the circuit. The outcome is conclusive and
indicates whether an improvement in capacitive or inductive
screening is necessary.
If the overall gain is very high, say 10 5 , and the feedback only
just sufficient to cause oscillation, the test may fail due to the signal
generator output being too small, if its maximum is not above
O· l volt. In this case other methods have to be employed, the
choice depending on personal taste.
With the signal generator connected as above across the last
I.F. circuit the auxiliary receiver aerial may be connected to various
leads under suspicion in order to measure at intermediate frequency
their potential to earth. If the result is negative, a small search
coil between aerial and earth of the auxiliary receiver may be used
to investigate, for leakage, the field around the 6th circuit.
A quick and often successful way is to listen to the I.F. carrier
note and to touch the leads previously mentioned ; they should
be at earth potential, but variation of the frequency proves that
they are not and are, in fact, the coupling elements sought. Capacitive couplings may be found by putting earthed metal sheets
at various receiver points and carefully watching the result. Power
of observation is indispensable in all these cases.
Classification of the possible modes of coupling in order of the
frequency of their occurrence under the given circumstances will
always be found beneficial and time saving; the succession of
tests may be chosen accordingly. For instance, the various couplings

UNDESIRED FEEDBACK

239

might be arranged as follows: 4, 10, 5, 2, 3, if overall I.F. feedback
has been established.
A general rule about probability cannot be given. At lower
frequencies, say below 600 Kc/s, common impedance coupling due
to the inductance of earth leads, e.g. coupling through the condenser spindle, etc. (types 6 and 7), is very unlikely, as will be
easily understood. Capacitive coupling through unearthed leads,
which is actually a special case of common impedance coupling,
may happen at any frequency, as the coupling factor due to it
does not depend on frequency. Coupling through the A.F. section,
i.e. type 8, is not to be expected above about 3 Mc/s, unless the
A.F. valves are placed carelessly near the initial R.F. valves. In
conclusion, here are a few more examples.
Example 1. The receiver of Fig. 188 is "motor-boating" when
a strong input is applied and the manual volume control well down.
The carrier is received in the auxiliary receiver, and motorboating is found to disappear when,. the anode of V. is earthed
with a 10-µF condenser. This proves that the effect is caused by
A.F. of the output valve being fed back to one or several of the R.F.
valves, presumably by voltage developed across the volume control
R 1 • Increasing 0 1 lowers the frequency of the motor-boating,
indicating that the assumption made is probably correct. Bypassing R 1 with a battery of the correct voltage and polarity cures
the effect and gives the final proof. The proper meana of prevention have been pointed out previously. In case of battery supply
the use of a grid-bias battery is advantageous.
Example 2. A receiver circuit as in Fig. 188, but with directly
heated valves and battery supply, exhibits at the intermediate
frequency oscillation which persists when V 1 is removed. Removing
Va stops the oscillation, even if the first I.F. circuit is retuned.
Va is therefore put back and the oscillator grid and the signal
grid successively earthed with a large capacitance, in order to find
whether voltage is fed back to one of them. The oscillation still
persists. The screen grid, investigated next, proves correctly
earthed and is harmless. The only possibility lefi is filament
coupling as described on page 248 ;, this is verified by connecting
a 1-µF condenser across the filament, which cures the instability.
Example 3. (From actual practice.) Measurement of the I.F.
response of the receiver Fig. 188 by injecting an E.M.F. at the signal
grid of V 2 gives a curve much narrower at high gain than at low
gain, clearly indicating feedback. The effect disappears when the
E.M.F. is injected at the grid of V8 •

240

THE TECHNIQUE OF RADIO DESIGN

The inference might be made that there is feedback to the first
or second I.F. circuit. Applying the E.M.F. to the anode of V 2
through a very small capacitance (it may be best merely to bring
the signal generator lead near to the anode) shows no trace of the
effect, no matter whether V 2 is in or not. This disproves the
inference. As this last test leaves the receiver unchanged the
feedback must be brought in by applying the signal generator lead
to the grid of V 2 • The ensuing investigation shows that the loop
formed by the leads of the signal generator is the S(?Urce of coupling,
magnetic field being picked up from the last I.F. circuit. A cure is
not necessary as the receiver is satisfactory in normal use; the
effect merely necessitates care when taking the I.F. curve.
Example 4. The I.F. response curve of the receiver Fig. 188 is
normal with low gain, but narrow and quite unsymmetrical with
high gain.
Overall feedback usually narrows the response curve without
causing appreciable asymmetry, the regeneration taking place for
a frequency in the immediate neighbourhood of the resonant frequency (see page 207). The above effect, therefore, indicates feedback over one stage, the logical method of tracing it being as follows :
Test 1. Inject I.F. at the grid of V3 : if the feedback disappears,
then
Test 2. Connect the signal generator across anode and earth
of V 2 • The effect becomes worse, indicating that the 2nd I.F.
circuit takes part in the feedback and that the worsening is due
to the removal of damping from the 1st I.F. circuit.
The following tests are to show how the investigation could be carried
on in a logical way without drawing the immediate conclusion indicated
from the shape of the I.F., viz. feedback of the 1st I.F. stage.

'1.'est 3. Connect a damping resistance of, say, 20,000 ohms
across the 5th I.F. circuit and inject the I.F. as in test 2. The feedback still persists, indicating that the 5th and 6th I.F. circuit have
no part in it.
Test 4. Inject as in 2 and damp the 4th I.F. circuit with a
parallel resistance of 20,000 ohms. The feedback becomes worse,
clearly indicating coupling between the 2nd and 3rd I.F. circuit
as the source of feedback.
The subsequent investigation is carried out aceording to the
diTections given for the 1st R.:F. stage and does not require any
further comment.

CHAPTER 10

HUM, SPURIOUS BEATS

Hum
Mains hum in a receiver may be due to pure A.F. action or to
modulation of a received carrier. The most frequent causes for hum
may be enumerated as follows : A. Hum from pure A.F. action; it can be due to
1. Insufficient filtering of the H.T.
2. Capacitive coupling to grids, inside or outside the valves.
3. Inductive coupling with A.F. transformers, A.F. or R.F.
coils.
4. Leakage between cathode and heater, owing either to poor
insulation or to actual emission.
B. Hum from combined R.Jj'. and A.F. action. This may be
the result of :
1. A.F. modulating the carrier within the R.F. amplifier,
usually due to insufficient H.T. filtering.
2. R.F. picked up from the mains.
3. R.F. radiated by mercury-vapour rectifiers.

A.

Hum from Pure A.F. Action.

1. Insufficient H.T. filtering produces hum of 50 or 100 c/s,
according as to whether half-wave or full-wave rectification is used.
It may be cured by increasing either the common H.T. filtering or
the filtering of individual valves. The latter can often be done
with resistance capacitance filters because of the low currents
involved.
Hum due to insufficient H.T. filtering may enter the receiver
in a way which is very similar to the A.F. feedback (see Chapter 9).
In the circuit Fig. 191 the alternating voltage E, which is mainly
100 c/s, causes approximately the following voltages:
1
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The voltage delivered to the screen grid of 'V 1 may produce hum,
this being due to the tuned anode (nowadays unusual) which causes
V1 to amplify A.F. as well as R.F. The anode load is approximately
R 2 and O2 in parallel, as Ra is large compared with R 2 • This effect
has been dealt with in Chapter 9; it does not exist in case of R.F.
transformer coupling.
The hum voltage permissible across O 6 depends on special
circumstances, so that absolute figures cannot be given. Usually
it will be the most economical design to reduce the hum voltage
across O 6 to a level required for the anode of the output valve and
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to add individual RO filters for the anodes of the preceding valves
(compare pag~ 276). The use of the loudspeaker field coil as filter
choke and that of a hum neutralising coil is a popular method.
2. Capacitive coupling, usually from heater supply, tends to
bring out the higher frequencies of about 200-400 c/s. These are
more easily heard than the fundamental, though an output meter
may not indicate them. If the coupling exists outside the valves,
it can be easily cured by the use of screened cable for the heater
leads or by rearrangement of components. Capacitance inside the
valves, from filament to the grid, is very small with modern diodetriode valves if the grid is connected to the valve top. There
exists, however, capacitance between diode and filament (Fig. 192).
The volts caused at the diode and conveyed to the triode grid
depend largely on the size of R 2
and 0.
Means of prevention are three -:
restriction in A.F. gain; a potentiometer across the filament with
earth connected to the moving
point, or a reduction of R 2 • In
carrying out the latter it must
be realised that the diode in connection with R 2 represents a
damping for the R.F. circuit
approximately equal to a parallel
Fw. 192.
resistance 0·5 R 2 ; for this reason
R 2 should not be less than about 5Z 0 • Naturally the previous
circuit affects the value of Z 0 • The maximum value of R 2 is determined, apart from the possibility of A.F. hum, by considerations
of distortion, as discussed in Chapter 11.
3. Inductive Coupling. The effect is usually due to coupling
between the mains transformer and an inter-stage transformer.
This brings out the fundamental because, unlike 2, the voltage
transfer is independent of frequency. The A.F. choke nearest to the
rectifier may also prove dangerous. Hum due to voltage induced
in R.F. coils is rare, but does occur sometimes. Usually the coil
connected to the diode or the grid leak detector is concerned, for
the A.F. voltages induced are amplified directly. To avoid all these
effects it will prove sufficient to mount the mains transformer and
the A.F. choke away from the A.F. part of the receiver. In mass
production it is not advisable to find the position of minimum
coupling by rotation of the transformers, as different transformers
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of the same type may possess quite a different leakage flux. If
the space is restricted, the inter-stage transformer concerned may
have to be screened in a box of high
permeability material such as perm•
alloy or mu-metal.
-~ Lea_kage
:: resistance

4. Leakage between Cathode
and Heater. This causes an A.c.

current through the bias resistance
of a self-biasing valve, as can be seen
from Fig. 193. The effect is fairly
rare, as the modern valves possess a
Fm. 193.
high resistance between cathode and
heater. A large condenser of, say,
50 11F, in parallel with the biasing resistance, can be considered a
sufficient safeguard.

B.

Hum from Combined R.F. and A.F. Action.

1. Modulation of the R.F. Carrier within the R.F. Amplifier. This is usually caused by the hum frequency reaching the
grids or screen grids of R.F. valves, owing to insufficient H.T. smoothing. It is eliminated by appropriate means, either for the common
supply or for the individual valves. If the A.F. response, either
of the receiver or the loudspeaker, is very poor at the low-frequency
end, the modulation hum may not be audible with an unmodulated
carrier, but it shows up with a modulated carrier or with a beat
frequency oscillator. This is because the receivf:)d A.F. is modulated
with the hum frequency. Speech or music becomes harsh or, in
extreme cases, rattling.

Fm. 194.

2. R.F. Pick-up from the Mains. When stations are received
by pick-up from the mains the carrier is sometimes found to be
modulated by the mains hum or its second harmonic. The effect
may be understood from Fig. 194, two cases being possible.
(a) The radio frequency carrier enters the R.F. part of the
receiver through the combination of O and the rectifier and then
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through some internal eoupling between plus H.T. and the R.F. part.
In this case the R.F. carrier is bound to be modulated because of
the change of coupling caused by the varying rectifier resistance.
(b) The carrier enters the receiver owing to coupling between
the mains lead and the aerial, coupling between plus H.T. and the
R.F. part assumed to be zero. In this case, modulation of the R.F.
carrier is still possible as the mains lead is periodically connected
with the receiver earth through the series combination of O and the
rectifier resistance. Either a static screen between the primary
and secondary of the mains transformer, or chokes in the mains
leads, will give protection against self-modulation by the receiver.
Modulation by other receivers on the same mains may still occur
if they are not adequately guarded. The appropriate cure consists
in preventing reception through the mains leads altogether. This
also may avoid reception of man-made noise from motors, etc.
The means of prevention have been fully discussed in Chapter 8,
pages 200-202.
3. R.F. Radiated by a Mercury-vapour Rectifier. Mercury-vapour rectifiers tend to oscillate with radio frequency,
modulated by the mains frequency. If this is picked up by the
receiver it causes hum as pointed out under 2. Surrounding the
rectifier with a metal box and filtering all the leads leaving the box
is the obvious cure. The effect makes the vacuum rectifier preferable in all cases where its current rating is adequate.
Methods of Findin~ the Sources of Hum. Tracing the
sources of hum is usually very much easier than finding undesired
feedback, and the methods employed hardly differ from those
described in the previous chapter. Frequently the hum note makes
it possible to draw a quick inference, provided the ear is sufficiently
trained. With a 50 c/s mains and full-wave rectification the
following may be used as a rough guide :
50 c/s hum-If existing without R.F. carrier, A!J (with the
mains transformer as source), or A4. If arising
only when an R.F. carrier is received, due
probably to modulation by another apparatus
employing half-wave rectification.
100 c/s hum-If existing without R.F. carrier, Al or A3, in
the latter case the A.F. filter choke being the
source.
If arising only when an R.F. carrier is received,
Bl, B2 or B3.
200 c/s hum or higher-A2.
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The method of shorting valve grids, removing valves, etc., as
used in Chapter 9 for the detection of A.F. feedback, applies equally
here. Hum reaching a grid from the H.T. or induced in a transformer may increase when the previous valve is removed. This
is analogous to the increase of A.F. feedback in similar circumstances
(Chapter 9).
The source of modulation hum may be traced by listening in
with the auxiliary receiver at various stages to find where modulation of the carrier starts. If hum exists only with one or two
stations and disappears on tuning in to other stations or to the
signal generator, then R.F. pick-up from the mains is indicated
as the cause. A mercury-vapour rectifier as source of hum should
likewise be traced with the auxiliary receiver, the latter being
provided with a small search coil.

Spurious Beats
Only those beats are dealt with in this chapter which are due
to undesired coupling inside the receiver and not due to pick-up
of external carriers, the latter effect being treated in Chapter 5.
Feedback on harmonics of the intermediate frequency may lead
to instability, as shown in Chapter 9. If feedback exists but is not
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strong enough to cause oscillation, it may show up by a beat when
a station is received, the frequency of which is approximately a
multiple of the intermediate frequency. Calling the intermediate
frequency Ji, the signal frequency fs, the oscillator frequency fo,
and assuming the receiver to be tuned tp a frequency nfi, we can see
the behaviour of the receiver from Fig. 195. It shows that the beat
frequency caused by a station of frequency nfi + a is (n + l)a,
i.e. the beat changes n + I times as fast as the frequency of the signal
or the tuning frequency of the receiver, when either of them is varied.
This makes it easy to recognise the effect. Often several beats are
audible, varying with different speed; this can be understood from
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Fig. 195 by assuming that the nth harmonic of (h + na) is fed back
a.gain, beating with the signal frequency. The beat frequency in this
case is (n 2 + I )a and the strength is usually less than that of the beat
(n + l)a.
If the receiver is not exactly tuned to nfi, i.e. if the oscillator
frequency is, say, (n+I)fi+bf, beats arise for a signal frequency in
the neighbourhood of nfi+____!!_bf. A signal of this frequency
n+I
produces by mixing with the oscillator the intermediate frequency

(n + I )Ji+ bf - (nfi + ____!!_bf) =Ji+ bfl ; the nth harmonic of this is
n+1
n+
equal to the signal frequency, so that in this particular case the beat
frequency becomes zero. As long as oscillator frequency minus
signal frequency falls within the I.F. pass-band, beats may occur,
1
i.e. as long as bf <(n+ )b, b being the width of the I.F. pass-band.
2

Example:

Ji =

460 Kc/s; the width of the I.F. curve is 10 Kc/s.
How far from 2,300 Kc/s has the receiver to be tuned to be free
from the effect described ?
Answer. About ±30 Kc/s.
With the conditions just discussed beats of a frequency equal to
that derived above can be caused by the 1st oscillator signal reaching
the detector valve and beating with the (n+1)th harmonic of the
I.F. produced. The effect is similar to that treated under (2) below.
Spurious beats may be found without any signal when the
2nd oscillator is working. They may be due to two causes.
(1) Harmonics of the 2nd oscillator are being fed into the R.F.
part and produce beats when the receiver is tuned to one of these
harmonics. The 2nd oscillator acting as an external signal, the frequency of the beat changes at the same rate as the receiver tuning.
(2) The fundamental of the 1st oscillator reaches the detector
valve and beats with the harmonics of the 2nd oscillator.
The beats caused by the two effects are identical, as can easily
be verified. If f 1 and f 2 are the frequencies of the 1st and 2nd
oscillators, a beat frequency fa arises from the first cause when
f 1 - nf2 = f2±fa; the frequency f 2 ±fa is amplified by the I.F.
amplifier since f 2 is almost identical with the I.F. The beat due to the
second effect is/1 - (n+l)/2 , which is also/a when the first condition
exists.
1. Harmonics of the 2nd Oscillator entering the R.F.
Part of the Receiver. Whereas the effect (2) is rarely dangerous,
the prevention of spurious beats caused by (1) is one of the difficult
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problems of a superhet and requires careful design. To make the
task of screening easier, the oscillator is to be designed so that the
harmonics are weak. Due to the usually distorted wave form of
the anode current the source of harmonics is the oscillator anode,
and the circuit should therefore have a low anode impedance for
the harmonics; thus the Colpitt circuit is preferable to the Hartley
circuit. As the harmonic content of a weak oscillator is very much
smaller than that of a strong oscillator, circuits as shown in Figs. 89
and 90, Chapter 4, are popular. They permit the use of weak
oscillations without the risk of " locking " (page 129).
The following example, taken from practical experience, is to
give an idea of the actual figures involved and the filtering means
necessary in extreme cases. In the circuit Fig. 196 a triode is
employed as the second oscillator, the valves are assumed to be
directly heated.

+
l Vj_ (Tst. lU: YaIve)

FIG. 196.

Example: In Fig. 196 the oscillator works on 75 Kc/s, indicating
an intermediate frequency of 74 or 76 Kc/s. The filament resistance
of each valve is 20 ohms, the E.M.F. measured between anode and
earth of V 1 is 0·l volt at 150 Kc/s, 0 1 = 0 8 = 5,000 pF. The
tuning condenser of the radio frequency circuit has a capacitance
0 8 = 100 pF, the circuit being tuned to 150 Kc/s; the grid-cathode
capacitance of V 1 is 5 pF, the circuit Q is 100. What are the means
necessary to restrict the amplitude delivered at 150 Kc/s to the
grid of V1 to 1 µV, if the existence of the other valves and of the
filament battery is disregarded? (The E.M.F. between anode and
earth of V I is easily measured by conneoting the auxiliary receiver
first across 0 1 and then to a signal generator, the latter being
adjusted to give the same output.)
The current of 150 Kc/s through 0 1 is 470 µA, part of which
flows through the filament of V 1 • It is sufficiently accurate for
practical purposes to assume that all the emission occurs at the
middle of the filaments and that likewise the capacitance from the
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filament to the grid is concentrated in the middle. On this assumption one-fourth of the current through 01 flows through the filament
470 X 10-s
of V1 , causing a p.d. of ~-- -~~
x 10 V = l · 17 m V between
4

its mid-point and earth.
earth becomes

The voltage between the grid of V 1 and
5

= approx. 5·6 mV.
105
The filter used must produce an attenuation of about 5,000,
which can be obtained by a condenser of 1 µF tiapacitance across
each of the filaments and a choke of 600 µH inserted in the lead
connecting the non-earthed filament ends. The ohmic resistance of
the choke has to be very small to avoid any serious drop in the
filament volts ; about 0·5 ohm may
r------ --~:- _____ 2nd.
be regarded as permissible. As R.F.
:
"
Oscillator
losses are of no importance, it may be
found useful to wind the choke on a
small laminated iron core.
The voltage between anode and
earth of the 2nd oscillator being O·l V,
the H. T. filter should be designed for
an attenuation of about 10 5, which
is safe in view of the fact that the
coupling between H.T. and the 1st R.F.
circuit is only slight. A choke of
100,000 µHand a condenser of 1 µF fulFm. 197.
fils this purpose ; the self-capacitance
of the choke is harmless, so long as it is not much in excess of 10 pF.
The anode current is small, so that it may be possible to use a
T section made up of two 10,000 ohms resistances and a 1-µF condenser, the means chosen being always a matter of persona.I taste
(keep in mind the possibility of parasitic resonance, page 268).
The scr!:'tlning box should contain the valve, the tuning circuit
and the filter elements. Capacitance between the anode and the
remote side of the filters is not dangerous, as may be verified by a
simple calculation.
It has been tacitly assumed above that the oscillator is the only
source of harmonics. Very often, however, the A.F. diode to which
the oscillator is coupled, the A.F. volume control and the A.F. amplifier are almost as dangerous as the oscillator. It is, therefore, often
advisable to include the diode in the screening box and by a filter
prevent the harmonics from entering the A.F. amplifier (Fig. 197).
1·17 x 100 x
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The filter components usual for an

I.F.

of 460 Kc/s, i.e.

0 1 = 0 2 = 0 3 = 50 to 100 pF, and R 1 = R 2 = 50,000 ohms, would
be quite inadequate in the above case. The capacitances cannot
be increased, for reasons explained in Chapter 11, so that the
resistances may have to be replaced by chokes of the order of
100,000 µH. Sometimes it will prove useful to design at least one
of the chokes so that it tunes with its own capacitance, thus providing
a rejector circuit for 150 Kc/s.
2. The Fundamental of the 1st Oscillator beating directly
at the Detector Valve with Harmonics of the 2nd Oscillator.
Beats caused by direct coupling between the first oscillator and
the detector circuit are rare and suggest a major fault in design.
The effect may, however, be expected if the number of I.F. circuits
is small and due care has not been taken in the design of the I.F.
Grid leak

Mixer
valve
.-----,

~-C
T

-t

Fm. 198.

stages. An example is given in Fig. 198, based upon figures met
with in practice.
The I.F. employed is 100 Kc/s, C = 200 pF, C' = 10,000 pF.
The first oscillator works at 300 Kc/s, causing an A.a. current of
0·l mA at the mixer anode, i.e. 0·112 mA through C', and producing
about 6·7 m V at the grid of V 2 • If the mutual conductance of
V 2 is 1 mA/V, 20 mV are delivered to the following grid,
easily producing a strong beat with the 2nd harmonic of the beat
oscillator.
If an increase in the number of I.F. circuits is not desirable, an
improvement can be obtained by changing the mode of coupling,
as is indicated in Fig. 199. Simple calculation shows the improvement to be of the order of 1 : 81. For higher harmonics the
gain in filtering increases, the ratio in filtering efficiency betwt>en
]'igs. 198 and 199 being 1 : 256 for 400 Kc/s.
Another trouble, due to the first oscillator signal getting th··
the I.F. amplifier to the detector valve, may be met with when the
I.F. employed has a much higher frequency than the signal frequt>n<'v
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Some types of all-wave receivers using an I.F. of, say, 460 Kc/s
and going as low as 15 Kc/sin signal frequency are bound to have
difficulties of this kind, even if more I.F. circuits are employed.
The frequency of the first oscillator differing by only 3 % from the

C

+
Fm. 199.
I.F., the oscillator signal may come through in great strength and
either cause spurious beats or even overload one of the valves which
follow the mixer valve. The effect necessitates a high I.F. selectivity
or the choice of another I.F. for the lower signal frequencies.
Tracing the Source of Spurious Beats. The methods to
be employed are in no way different from those given in the previous
chapter. The use of the auxiliary receiver will again prove helpful,
especially when the conditions are complicated.
The following tests will be found to give information fairly
quickly, when the beats are caused without an external signal.
Test 1. Short the signal grid of the mixer valve.
If the beat persists it is almost certainly caused by the 1st
oscillator delivering a voltage at the detector valve. In this case
Test 2. Remove one I.F. valve.
The test shows whether the voltage from the 1st oscillator is
delivered to the detector valve through the I.F. amplifier or through
direct coupling.
Disappearance of the beat on shorting the mixer grid (the usual
case) indicates a harmonic of the 2nd oscillator being fed into the
R.F. part of the receiver; by subsequently shorting the grids of the
R.F. valves or mistuning the various R.F. circuits the point where
pick-up occurs is found. Let us assume that the oscillator harmonic
is picked up by the aerial circuit, which is the general case. The
consequent procedure is identical with that described in the previous
chapter for the case of overall I.F. feedback and need not be repeated
in detail. Coupling the auxiliary receiver to the aerial circuit in
the way shown in Chapter 9, Fig. 190, and tuning it to the harmonic
concerned is the obvious method. On the other hand, the 2nd
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oscillator coupling to the diode circuit may be interrupted in order
to find whether the harmonic is conveyed from the oscillator directly
or through the diode and perhaps the A.F. part of the receiver.
The other method described in Chapter 9, which consists in
testing the area around the 2nd oscillator with the auxiliary receiver,
is equally applicable here. Connecting the aerial of the auxiliary
receiver to the leads leaving the oscillator compartment shows
which of them conveys the harmonic frequency ; the test may
even be used to obtain quantitative figures by connecting the aerial
to a signal generator for comparison and adjusting the signal
generator for the same receiver output. Such a test shows whether
the volts are what they should be as computed from the filter data
or whether some fault in the filter system is to be assumed. The
latter method, if applied to the diode compartment, will prove useful
in tracing the source of beats produced by a signal in the absence of
the second oscillator.

CHAPTER 11

DISTORTION
Difference between the shape of the A.F. receiver output and
the A.F. imposed on the received carrier can be called distortion.
The forms of distortion most frequently occurring in practice are1. Frequency distortion, real and apparent.
2. Phase distortion.
3. Amplitude distortion.
4. Distortion due to loudspeaker resonances.
Frequency distortion occurs if the various A.F. frequencies are
reproduced with an energy ratio differing from the original input.
It is due to the amplification not being constant over the A.F. range
concerned, and may be caused either in the R.F. part, in the diode,
the A.F. part or in the loudspeaker. It makes the receiver output
sound either of higher or lower pitch than the original or, if high
and low notes are equally cut off, less rich in quality. It rarely
becomes seriously objectionable to the general public and experience
shows that it is one of the minor points affecting the sales of receivers.
The frequency requirements for reproduction vary with the
type of transmission; for speech a band of 200-2,500 c/s is almost
standardised ; for music the band may be anything between
100-3,000 and 30--15,000 c/s. The lack of frequencies above, say,
3,000 c/s, changes the timbre of instruments, and makes a violin
sound more like a flute, etc., while with speech the lack of higher
frequencies becomes noticeable through the sibilants being less
pronounced and hard to distinguish.
The lack of high notes can be due to :
1. Too narrow R.F. or I.F. response curves.
2. Too large diode capacitances {Ci, C 1 , C 3 in Fig. 200).
3. Too large parailel capacitances in the A.F. part of the receiver.
The lack of low notes may be due to :
1. The coupling condensers of the resistance coupled A.F. stages
being too small.
2. The inductances of the A.F. transformers being too small.
3. Anti-feedback increasing towards the lower frequency end.
4. The time constant of the A.v.c. being too small.
All these effects have been treated in other chapters, particularly
in Chapter 3, and need no further explanation. The method of
253
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tracing the sources of frequency distortion may be seen from
Fig. 200. In the ca:,,'e of an unsatisfactory response curve, carry out
the following test :
1. Disconnect the A.v.c.
2. Inject a modulated carrier between G and H and vary the
modulation note over the range required. If the curve is satis-

11g:

Fm. 200.

factory the diode and the A.F. amplifier are ruled out as sources of
distortion, and the fault has to be located in the R.F. part by injecting subsequently at previous points. Care has to be taken that
the signal generator is tuned to the middle of the receiver response
curve, as otherwise the A.F. curve obtained is deceptive, indicating
a wider I.F. response than really exists.
Signal generator

-----···{;
-----···H

R. F. Earthing condensers
Fm. 201.

Injecting at GH may sometimes cause trouble due to the signal
generator being wired according to Fig. 201, causing half the mains
voltage to exist between its chassis and real earth, and introducing
a strong 50 or 100 c/s note. In such and similar cases the use of
an R.F. transformer is a convenient way out of the difficulty.
As the signal output will be naturally very small, there is
possibility of its being masked by the 50 or 100 c/s receiver hum.
Injecting instead at the previous grid, or using an output L.c. filter
to eliminate the low notes may be tried in that case. The latter
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means would be permissible as injecting R.F. between G and H
only serves to investigate the diode action, the subsequent part
of the receiver being measured with A.F. The diode circuit can
only affect the high notes, according to the size of Ri, R 2 , Ra, 0 1 ,
0 2 , Ca, so that the output filter does no harm. A magnitude of
R 1 and R 2 equal to 50,000 ohms, of R 3 equal to 0·5 megohm and
C 1 = C 2 = C 3 = 50 pF is sufficient in most cases to prevent frequency distortion.
If a signal generator with a variable modulation note is not
available the influence of the R.F. part can usually be judged from
the shape of the response curve; the investigation of the diode
circuit as just described should hardly be necessary and instead
the values of Ri, R 2, Ra, C 1 , C 2 , C 3 of Fig. 200 may be checked. The
same applies to the A.v.c. system, details of which are found in
Chapter 7.
Phase Distortion. Phase distortion may cause appreciable
change in the shape of the A.F. curve, as can be seen from Figs. 202a

FIG. 202.

and 202b, where a frequency and its 2nd harmonic are added, the
phase of the harmonic differing by 90° in the two cases. Experience
shows, however, that the human ear does not react to phase distortion, as otherwise music would sound different with varying
distance from the source of sound (compare Chapter 3, page 62).
Amplitude Distortion. Amplitude distortion is due to nonlinear links within the course of amplification ; it may introduce
harmonics and combination notes. If, for instance, 200 and
260 c/s are received, amplitude distortion may cause in the output
the existence of the harmonics of 200 and 260, but also the sums
and differences between the two notes or between any of their
harmonics, i.e. apart from 400, 600, 800 . . . 520, 780, 1,040 . . .
etc., also 60, 460, 140, 320, etc.
The addition of harmonics is usually not so serious (unless it is
excessive), as it only changes the timbre of the fundamental;
combination notes, however, constitute a very grave distortion, as
will be readily understood, causing the output to sound objection-
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able. Effects producing high order harmonics cause relatively
strong combination notes ; it is, therefore, not sufficient to know
the total harmonic content of one single note, but also the relative
strength of the various harmonics. It has been suggested that the
amplitude of each harmonic should be multiplied by the number
of its order to obtain a result more in accordance with the actual
effect than is the total percentage harmonic content.
In Figs. 203-5 three frequent types of distortion are indicated,
the y-axis giving the output current as a function of the input
voltage, the quiescent point being the intersection between the
x- and the y-axis.
Output to input ratio of the type shown by Fig. 203 causes
predominantly second harmonic, the percentage of combination
notes being small. The output seldom sounds really objectionable.
The type Fig. 204 causes mainly third and higher odd harmonics.
J(Output)

[(Output)

y

y

I (Output)

y

X

£(Input)

Fm. 203.

Fm. 204.

Fm. 205.

The percentage strength of combination notes may become serious.
One-sided sharp cut-off (Fig. 205), though only occurring at the
peak of the curve, constitutes a grave form of distortion and must
be prevented. It tends to originate strong combination notes, so
that the ear objects violently, in spite of a relatively low percentage
of total harmonics.
The most usual sources of amplitude distortion are :
1. Valves.
2. A.F. transformers.
3. Rectifiers.
4. Loudspeakers.
1. Valves. Valves may cause distortion due to:
(a) Grid current.
(b) Curvature of the anode current characteristic.
(c) Oscillation in R.F.
In the case of grid current, the shape of the curve given by the
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voltage between grid and cathode already deviates from the required shape, independent of the anode current characteristic.
This type of distortion is represented by Fig. 205. It is explained
by the fact that during part of the time the anode load of the
previous valve ( V 1 in Fig. 206) is lowered owing to the resistance
of the grid-cathode path of V 2 (see Fig. 59). The degree of distortion depends on the ratio of the impedance between A and earth to

Vi

!,'I

Vz

Vz

Ia

llx

----- -Q-

-t

I

E1"'-'

-=-

-=-

-=-

FIG. 207.

FIG. 206.

the impedance of the grid-cathode path of V 2 , when the latter is
conducting.
It is obvious that the distortion is negligible if the resistance
of the grid-cathode path of V 2 is always large compared with the
impedance between A and earth. On this fact is based the circuit
of Fig. 207, which is usually combined with push-pull to drive the
output valves far into the region of positive grid current, resulting in
a very large power output (see Chapter 3).
For an exciting voltage E 1 as shown in Fig. 207, the expression
for Ia becomes

p

being the impedance of V1 •

Hence
therefore

I

a

µR)
µ and
- - =E
(l +p+R
p+R'
1- -

E R

E1R

R +e_

R + _!:____

~ -1- = - - -

µ
Ym
The equation indicates that the circuit of Fig. 207 can be replaced
by the equivalent circuit of Fig. 208. Hence the distortion remains
harmless so long as the resistance Rx of the grid-cathode path of

V I is several times _!_ ; the latter being of the order of a few hundred
Ym
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ohms, the danger of distortion is widely removed, especially as the
existence of even harmonics is avoided by the push-pull arrangement. The amplification of V 1 is about unity, and this stage acts
purely as a buffer to make possible a large output from V 2 without
undue distortion (cathode follower).

Vz

]
FIG. 208.

FIG. 209.

R can be omitted and Rx used as sole anode load for V 1 ; a
push-pull stage on these lines is shown in Fig. 209.
The effect (b), i.e. curvature of the anode current characteristic,
can be best judged from the load-lines, as
la,
indicated in Chapter 3. A single triode in
class A amplification causes distortion of the
type Fig. 203, a single pentode in class A
amplification type Fig. 203 or Fig. 204. If
the anode load is reactive the load-line becomes an ellipse and distortion may occur
when a purely resistive load of equal magnitude would be satisfactory.
FIG. 210.
In the case of modulated R.F. amplification the distortion due to the curved
valve characteristic is smaller than for audio frequency of equal
amplitude. This may be understood from Fig. 210, assuming
a valve characteristic Ia = KE0 2 • In the case of an A.F. amplitude the grid voltage becomes E 0 +E 1 sin mt and the 2nd
harmonic is generated, whereas in the case of modulated R.F. expressed by E 0 +E 1 (l +A sin mt) x sin wt, the A.F. envelope is not
affected and only the 2nd R.F. harmonic arises, as can be verified
by a simple calculation. If the anode load is a tuned circuit the
voltage of 2nd R.F. harmonic becomes negligible and no distortion
arises. The fact is of practical importance, since the valve characteristic can be expressed in form of a power series. Usually figures
are available for R.F. pentodes giving the maximum grid amplitude

DISTORTION

259

for a 100% modulated carrier and a stated percentage harmonic
content.
Distortion in the last I.F. valve may become serious if the shape
of the response curve at the grid is as drawn in Fig. 211. With
two tuned circuits in the anode, the resultant curve might be rectangular and the Eg
quality perfect if the valve characteristic
were linear. Because of the curvature of
the characteristic, however, distortion is
bound to increase, due to the fact that the
modulation factor of the carrier as delivered
to the grid may be far in excess of 1003/o.
An effect of this nature is to be avoided.
-f
Serious distortion occurs if an A.F. valve
Fro. 211.
is oscillating at a radio frequency. Output
valves show a strong tendency towards this effect, owing to their
high mutual conductance; the subject is dealt with in Chapter 12.
2. A.F. Transformers. A.F. transformers, if the flux exceeds
saturation point, represent a non-linear link and may lead to distortion. The effect necessitates care in the choice of the output
transformer and knowledge of its rated value of maximum resultant
current.
3. Rectifiers. There are essentially three ways in which
rectification may lead to distortion:
(a) Due to the time constant OR being too long.
(b) Due to the resistive diode load being different for A.C.
and D.C.
(c) Due to the diode representing a load varying with R.F.
amplitude (Delayed A.V.c.).

M

[R,

t {o_ ________ ~
'I

C

I

R

:Eo
---El

FIG. 212.

FIG. 213.

(a) If in Fig. 212 E 1 is varied in amplitude, there ensues a D.C.
current JR as a function of Ei, the relation being given in Fig. 213.
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(0 is supposed to be so large that the R.F. amplitude across it is
practically zero.) The curvature for small values of E 1 is due to
the increase of diode resistance for small voltages. If E 1 is an
R.F. carrier of the amplitude E 0 which is slowly varied sinusoidally,
the D.c. value of IR becomes I 0 , also varying sinusoidally in magnitude, slight distortion occurring only for a modulation factor
approaching 100%.
When the modulation frequency of E 1 is increased there may
arise a state, when the time constant of R and O is not small enough
for the course of E 1 to be accurately followed. This happens
mainly when E 1 is decreasing and O discharges through R only,
the resistance of D becoming very high. The shape of IR• instead
of being sinusoidal, is marked by the dotted curve in Fig. 214,
indicating distortion.

- - - - .Value of t111modulated
carrier

Envtlope
FIG. 214.

Fm. 215.

To enable the n.c. voltage across O in Fig. 212 to follow the
envelope of an A.F. modulated R.F. carrier the condition is
2
RO< -v' 1 - m , n being the modulating audio frequency and m the
2:nnm
modulation factor. (The derivation of the formula, in slightly
different form, is given in Terman, Radio Engineering, 2nd edition,
1937, page 428.) The formula shows that for a modulation factor
of 100% the time constant RO should be zero, owing to the fact
that at the point E 1 = 0 the percentage rate of amplitude change,
i.e. d!

1

~i'

is infinite.

A large modulation factor need not be

anticipated on high notes which considerably affects the time
constant necessary to avoid distortion, as may be seen from the
following example.
Example: Maximum modulation factor 90%, 80% on lower
notes, IO% on 5,000 c/s. The danger of distortion caused by the
5,000 c/s is greatest when the amplitude is at 0·2 of its average
value as the result of the modulation by lower notes (Fig. 215).
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During that time the amplitude can be regarded as constant,
modulated only by the 5,000 c/s causing a temporary modulation
factor of 50%. The time constant, as far as 5,000 c/s are concerned, need only be chosen for an m of 0·5, i.e.

RC=

VI -

0·25

=-----~,----,-------~
X 0·5

2:n:5,000

0·5f>

X

10- 4 ,

corresponding to a condenser of 100 pF and a resistance of 0·5
megohm. Assuming a modulation factor of 90% on 5,000 c/s
would lead to the much smaller required time constant of 0· 15 x 10- 4 •
(b) The case of the resistive load differing for A.O. and D.c. may
be seen from Fig. 216; it occurs in most receivers. (See, for instance, Chapter 9, Fig. 188; the A.F. volume control and the grid
leak of V. correspond to R 1 and R 2 in Fig. 216 of this chapter.)
In Fig. 217 the curve AP gives the direct current through R 1 as a
function of the R.F. amplitude E 1 , provided E 1 is changed slowly;
I D.C)

p'

Rz

In.c.

A -+Ez~ C

FIG. 216.

B

FIG. 217.

<

the curve AP' represents the same function for a resistance R'
R,
where R' is supposed to be equal to the parallel combination of
R 1 and R 2 • If, in the circuit of Fig. 216, E 1 is a carrier of the
magnitude AB (Fig. 217) modulated with an audio frequency at
which w~ is small compared with R 2 , the slope of the

A.F.

load

line is that of the curve AP' and the point P moves on the line
CPD, causing violent distortion for a modulation factor larger than

!~ = !'.

To avoid this distortion up to high modulation factors

R 2 has to be much larger than R 1 ; a ratio of not less than
1 : 10 gives good quality up to m = 90%. If O in Fig. 216 is
connected to the midpoint of R 1 , corresponding to the A.F.

volume control being half-way down, a ratio of
be sufficient to avoid distortion up to 90%.

~=

R1

2 would

R' becomes in this
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R1+(R1 x 2R1)
case 2

= 0·9

2

1
(~ +2R 1)

In cases where the magnitude

of the grid leak resistance is limited to 2 megohms for the sake of
the valve the receiver should be designed so that the A.F. volume
control is never needed at the maximum position.*
(c) The diode acting as a load varying with amplitude. The
principle may be seen from Fig. 218. The R.F. amplitude across

the tuned circuit is E 1 R
1

!z•

so long as the peak value across Z

is below the delay voltage E'. For peak amplitudes larger than
E' diode current flows, imposing a load parallel to Z. If the R.F.
voltage across Z is plotted as a function of E 1 , a curve as sketched
in Fig. 219 is obtained, and distortion of the modulation envelope

t'i

~p---------~

i:;

(Cl

tq
'--------<----i_ll

E'
Fm. 218.

+

I

•A
0

Ez
Fm. 219.

results if the carrier amplitude moves to and fro over the point A ;
this in the normal state for almost all stations received, for an
efficient A.v.c. system keeps the carrier constant within a few
decibels of OP. The distortion depends on the ratio Z to R 2 and is
sufficiently small if Z is not larger than 50,000 ohms and R 2 is
1 megohm or more ; the magnitude of the delay has little influence.
(See K. R. Sturley: Distortion produced by Delayed Diode A.V.C.,
The Wireless Engineer, January 1937.) Using two diodes in pushpull on lines indicated by Fig. 236 would not be an improvement ;
it only cuts out the even harmonics of the R.F. without removing
the distortion of the envelope. There are possibilities of avoiding this
* Compare Fig. 67, Chapter 4, from which the distortion can be read
R2
for any ratio R , showing that the distortion increases even for modulation

BC

factors < AB"

1
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distortion altogether, one of which is shown in principle in Fig. 220.
Without r.F. carrier the triode current may be such that 30 V exist
across R 2 , the cathode being at a potential of + 10 V to earth. As the
point Pis at - 3V there is a delayed n.c. voltage of 13V preventing
the flow of current through this diode. An I.F. carrier at the tuned
circuit causes a voltage across Ri, decreasing the triode current until
the second diode becomes conducting. The grid voltage of the controlled valves becomes in this case equal to the cathode potential
of V, the diode impedance being small compared with R 3 • The
maximum negative bias possible in Fig. 220 is - 20 V. Any
decoupling filters are omitted to show the principle more clearly.
p

r Rj
Carrier
..L - -

Controlled
grids

'-----+-----'WVIN'---i

-20 JI.
Fro. 220.

-3 V. with respect
to chassis

4. Loudspeakers. Distortion due to loudspeaker resonances
appears as frequency distortion under normal conditions. Only in
case of transients, overloadings, etc., does it lead to amplitude distortion. The damping of the loudspeaker by the output valve helps
appreciably and output triodes are from this point of view preferable
to pentodes.
If faced with the problem of finding the source of amplitude
distortion, the use of a special receiver of a quality above suspicion
will prove of great value and frequently help to save time. When
the receiver is loosely coupled to the diode circuit it immediately
gives information as to whether the R.F. part is responsible; furthermore, its A.F. amplifier may be loosely coupled to various points
of the A.F. amplifier on test.
Watching the feed of various valves with and without a strong
input is another method often used, but it is not always conclusive
and should not be relied upon overmuch.

CHAPTER 12

PARASITIC RESONANCES
By parasitic resonances may be understood all those resonances
of circuits, components, etc., which are not intended and are apt
to cause trouble in various ways. Oscillation at the undesired
frequency, absorption effects impairing sensitivity and selectivity,
sudden drops in efficiency of screening at those resonant frequencies
are the most usual phenomena observed.
Parasitic Oscillations. 1. Tuned R.F. circuits connected
across a valve have invariably a second resonance (Fig. 221) determined by the valve capacitance and the inductance of the condenser
leads, the condenser acting almost as a short circuit and the tuning
coil as an infinite impedance. The ensuing frequency is naturally
very high and, with the usual lay-out, above 30 Mc/s. Anode and
grid being tuned similarly there is a tendency to oscillate. In
triodes the feedback occurs by reason of the grid-anode capacitance;
in pentodes the coupling is due to the
fact that at the high frequencies concerned the screen grid and suppressor grid
are no longer at zero potential, because
Fm. 22 1,
of the inductance of the earthing leads
(Chapter 9, Fig. 182). Audio frequency
valves, particularly the output valve because of its high mutual
conductance, are also liable to parasitic oscillation, usually manifesting itself by distortion. Oscillation between grid and screen
grid, or, in mixer valves, between almost any of their numerous
grids, has been met in practice.
Stopping resistances near one of the two electrodes concerned
is the usual cure, care being necessary that the stopper does not
harm the performance (Chapter 9, page 231). If the highest
frequency of the receiver range is within 1 : 2 of the parasitic
resonance, the stopping resistances may produce an appreciable
damping at the desired resonant frequency. Care should be taken
in the design to keep the leads between the valve and the tuning
condenser as short as possible. The connecting lead to the tuning
coil is, from this point of view, not so important as the coil is not
part of the parasitic circuit.
2. Another quite usual case of parasitic oscillation may be seen

©
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from Fig. 222, showing a normal triode oscillator. The tuned
circuit is loosely coupled to the anode either for purposes of obtaining
maximum power or of stabilising the frequency against alterations
of supply, changes of valves, etc.
There are now two modes of parallel resonance between anode
and cathode. First the one intended, and secondly the frequency

I
I

e

L'

+
Fm. 222.

Fm. 223.

determined by the valve capacitance and the inductance of the two
parts of L in parallel. In the latter case, the condenser C can be
regarded as a short circuit. The parallel combination Lx may be
computed for the simple case of centre tapping (Fig. 223) ; it must
be realised that M is negative. The equations for E and I are
the following :

E = i(jwL' -jwM) = ~wL'(l - k)
ijwL'(l - k) = IjwLx
:. LX

=

l-k
L'-2-·

As the inductance L of the whole coil is 2L'(l +k), (M being positive
in this case), there follows Lx = { \ ~;.

For a tubular coil, k is

of the order of 0·25 and Lx is about one-seventh of the total L.
Changing the tapping decreases Lv the general formula being
1 - k2

Lx

=L(Jt+ Jt+2k)2'

L 1 and L 2 being the two parts of the coil.
Oscillation at the parasitic frequency can again be cured by a
damping resistance in the anode lead (r in Fig. 222). Another
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method which avoids any additional damping consists of moving
the grid coil in Fig. 222 towards the live end of the tuning coil.
The feedback for the parasitic frequency becomes zero or negative,
the wanted feedback being unaltered.
3. Valves connected in parallel or in push-pull are particularly
liable to parasitic oscillations. One example among many is shown
in Figs 224a and 224b.
By simply strapping together the grids and anodes respectively,
without any other external L or C, two resonance circuits come
into existence, formed by the L of the connecting leads and the
inter-valve capacitances. The valves work in push-pull for this
parasitic resonance ; the feedback is provided by the grid anode
capacitances.
The possibilities of parasitic oscillations are great in complicated
circuits. The simplest advice is to keep as far as possible to circuits

(b)

(a.)

FIG. 224.

of which the behaviour can be readily foreseen.

Otherwise damping
resistances, in Fig. 224a between the two anodes or the two grids,
will greatly reduce the danger.
Whenever a circuit behaves erratically-for instance, when an
oscillator sometimes stops oscillating for no apparent reason---one
should always look out first for parasitic oscillations and carry out the
investigation accordingly. The simplest method is always to insert
damping resistances in the leads suspected.
Other Cases of Parasitic Resonance. An idle coil has
a resonant frequency determined by the coil inductance, the selfcapacitance and, usually, the capacitance of the coil trimmer. If
coupled in some way to the coil used, the idle coil is bound to
cause trouble if the parasitic resonance falls within the range of
the coil employed. The coupling may be inductive or, more frequently, capacitive. The coupling capacitance may exist, owing
to the coil switch, even in case of complete separation. Fig. 225,
showing the function of a modern switch, indicates that the capacitance between the moving disc and the coil contacts is an unavoidable
element of coupling. For this reason these switches can be·made
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to short circuit all the idle coils or merely those of which the resonant
frequency falls within the range employed.
Even shorted coils have resonances which can be compared with
the resonances of shorted lines. To make these resonances fall
within the range, the interfering coil has to be very much larger
than the coil in use. As both ends of the shorted coil are at earth
potential a capacitive coupling as shown in Fig. 225 would be
harmless. Such resonances are, however, dangerous when there is
strong inductive coupling, as is the case when one large coil is used
with tappings for various ranges. This method has almost disappeared in the present radio technique, though it used to be quite
common in the old days (compare also Chapter 4, page 117).
Chokes, in parallel to a resonance circuit, may cause trouble,
due to resonances just described. If these chokes are to work for
a large frequency range, say, more than 1 : 30, it is difficult to
avoid these resonances. The usual multi-layer anode chokes

..-·-=
Fm. 225.

FIG. 226.

(Chapter 8, Fig. 151) with about 3,000 turns and an inductance of
about 0·2 henry have been found to possess such resonances at
about 300 Kc/s and at higher frequencies.
Amplifier circuits may show excessive damping, oscillator
circuits a sudden jump in frequency at these resonances.
Two Coils in Series. To safeguard against the effect just
mentioned, two chokes in series are sometimes used (Fig. 226), L 2
intended to cover the lower and L 1 the higher frequency ranges,
where L 2 may possess parasitic resonances. As L 2 , due to its size,
will behave like a capacitance over a large range of radio frequencies,
the possibility of a series tuning of L 1 with the capacitance of L 2
exists. Similar effects may occur when only one choke is used
which is made up of several sections. Due to differences in L and
0 the danger of series resonance will always exist and must be
carefully watched.*
* H. A. Wheeler, "The Design of Radio-frequency Choke Coils," Proc.
I.R.E., June 1936.
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Two Condensers in Parallel. The use of two condensers in
parallel for earthing purposes, etc., is always dangerous, as they
form a resonance circuit, the L determined by the loop, the C
by the series combination of the two capacitances. Taking, for
example, the combination of 0· l µF with 5,000 pF, arranged as in
Fig. 227, the resulting resonant frequency will be of the order of
15 to 20 Mc/s.
The resonance of a condenser with the inductance of the supply
leads may prove troublesome, as may be seen from the following
example, which occurred in actual practice. In trying to avoid

YI

5000pF

O·JµF
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Fro. 227.

Fro. 228.

spurious beats of the 2nd oscillator of frequency 85 Kc/s, it was
found that the 5th harmonic in particular was much louder than
the rest. It was traced to a resonance of the inductance of the
H.T. battery leads and a 1 µF condenser earthing the screen grid
of the output valve (Fig. 228).
A resistance of 50 ohms between A and B was sufficient cure.
As the H.T. lead went through the whole receiver it represented
a coupling between the 2nd oscillator and the first R.F. circuit.
Parasitic resonances of this type are not infrequent : they must
be expected when filters are terminated with a condenser as shown
in Chapter 13, page 271.

CHAPTER 13

POWER SUPPLY
Particular features of interest arise in the design of a power
supply for the H. T. voltage of a receiver. The following discussion
is therefore limited mainly to this subject. Important points to
be aimed at are :
(a) Good regulation, i.e. constancy of voltage with varying
current.
(b) Absence of audio frequency and radio frequency components
in the voltage supplied.
(c) Low output impedance of the source of supply in order to
reduce the risk of undesired feedback.
The various sources of power supply may be discussed with
these in view.
Wet Batteries. The internal resistance of wet batteries is
very small, and hence the regulation is almost perfect. A.F. or R.F.
frequencies are not existent unless caused by contacts which have
become bad from corrosion. Feedback at audio frequencies is not
likely to occur. At radio frequencies the inductance of the leads
connecting the batteries with the receiver will be the coupling
element rather than the battery resistance. Since, however, the
H.T. leads of radio frequency valves are usually provided with
filters as a matter of routine, the problem of feedback at radio
frequencies need not be considered. Frequently the grid bias is
derived from a resistance in a common H.T. lead (Chapter 7, Fig. 110).
In this case there exists the possibility of feedback through this
resistance, and a condenser of about 50 µF should be connected
in parallel. Even then feedback on very low frequencies is not
entirely ruled out (see Chapter 9).
The use of wet batteries is limited nowadays to large central
stations employing many receivers for commercial service. The
receivers often work from the same L.T. and H.T. batteries. In this
cas~ it would be wrong to derive the bias from the voltage drop caused
by a resistance when directly heated valves are employed. Fig. 229
shows that all these resistances would be in parallel and hence a
variation of anode current in one receiver would affect all the others.
In such cases a wet battery should be used as source of the common
grid bias.
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Even then trouble is often experienced, a strong output in one
receiver being heard in all the others. Comparing the conditions
for A.F. oscillations within one receiver as discussed in Chapter 9,
it will be understood that cross-talk from one receiver to another
may take place even when the means of decoupling are quite sufficient to prevent oscillations within the individual receivers. A
simple cure for this effect is to insert a choke-capacitance filter in

Receiver]

Receiver 2
Bias

resistance

-1•~--I,_J[
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,,,,~-----~,,----------~
ll.T.

+

Fm. 229.

each of the H.T. leads, as indicated in Fig. 229. Values such as
20 henries and 2 µF will prove sufficient.
Dry batteries for H.T. and grid bias are used mainly in small
portable sets. On ageing their resistance increases up to a few
hundred ohms, and this fact should always be borne in mind (compare the questionnaire} page 305 ).

Rotary Converter, Vibrator.
A rotary converter or a vibrator as source of H.T. is often
used for military equipment in cars, aeroplanes, etc. The actuating source is an L.T. battery which at the same time serves as
filament supply. Grid bias is obtained from a resistance in the
common H. T. lead, and for reasons of economy directly heated valves
are frequently employed. The problems arising in this case may
now be discussed.
The negative pole of the filament supply is the common earth
point and should be onnected to the chassis of both the receiver
and the power supply. The negative pole of the H.T. has to be
insulated from the chassis because of the need for grid bias. According to the directions given in Chapter 8, the circuit diagram of such
power supply is likely to be on the lines indicated in Fig. 230.
The R.F. chokes LcL 6 in connection with the condensers Oc0 9
are to prevent any of the leads which leave the power supply box
from having an R.F. potential different from that of the box, i.e. from
0
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the common earth potential. The choke L 7 and the condensers
Cs and O o are to prevent an A.F. ripple across the H.T. or across
the common grid bias. Therefore approximate values of the
various components are: Oi-0 7 = 0·l µF, Os, 0 9 = 1-2 µF,
LcL 6 equal to a value such that at the lower radio frequencies
concerned the reactance is at least twenty times the reactance
of 0· l µF ; L 7 = 20 henries. Resonance of C 7 with the battery
leads may prove harmful, in which case C 7 may be omitted or its
value altered.
If the directions given in Chapter 8 are kept in mind, radio
frequency interferences should not be experienced. The circuit
Fig. 230, however, will be found to exhibit the following disturbing
effects.
1. A strong audio frequency current flows from the source of
H.T. through the parallel combination of 0 1 and 0 3 in series with
Power supply unit
1/,

l?eceiver

FIG. 230.

the parallel combination of 0 2 , 0 4 , 0 9 , the R.F. chokes being practically short circuits. The A.F. voltage thus caused across 0 9 will
be about one-fifth or one-tenth of that across the source and will
cause trouble either through the H.T. or through the grid-bias
supply.
2. The low-tension side of the generator, acting as a source of
audio frequency, produces a potential difference between the
terminals A and B, which thus becomes a source of audio frequency
in the receiver filament supply.
There are various ways of avoiding these two effects. Fig. 231
shows a method which does away with the need for an audio frequency choke in the L. T. supply and has proved satisfactory under
normal circumstances. The symmetry of the R.F decoupling of
the H.T. source has been abandoned in order to avoid p.d. between
- H.T. and earth. The plus filament terminal of the receiver is
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connected not to A but to the L.T. battery terminal, and the connection between the minus point of the L.T. battery and the D.C.
power supply is made of short thick wire. This is done because the
resistance of the leads connecting the battery to the power supply
proves to be far more harmful than the very low resistance of the
battery. A short positive lead is often ruled out because of the
switch S which may be mounted away from the battery and power
supply. The R.F. filtering of the H.T. becomes worse since the two

FIG. 231.

radio frequency currents between earth on the one side and plus
and minus H.T. on the other side flow through 0 2 • Remembering
that the sum of two noise voltages is the square root of the sum
of the squares (Chapter 6), the potential difference between P and
earth in Fig. 231 is about V5 times that between the corresponding
points in Fig. 230. Thus the p.d. between Q and earth is about
11 times larger than in Fig. 230. Usually this increase is not serious

To the

H.T.

receiver

Fm. 232.

+
C

Fm. 233.

unless R.F. filtering is required down to fairly low frequencies. In
such cases another method may be employed. This consists in
inserting the audio frequency choke before the R.F. filters (Fig. 232).
By-passing the grid-bias resistance with an electrolytic condenser
of about 50 µF is always a great improvement.
D.C. Power from A.C. Supply. The basic principle involved
in deriving D.c. from an A.c. source may be learned from Fig. 233.
At first it is assumed that the resistance Rr of the rectifier valve is
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negligibly small. In that case the condenser O is charged during
the positive cycle of E 1 to peak value. During the negative cycle the
valve is not conducting and O discharges through RL until, during
the next positive cycle, the instantaneous value of E 1 rises to the
potential across O. Then a new current pulse through the valve
again charges O to the peak value of E 1 • The voltage variation
across O hence approximates to the curve shown in Fig. 234, the
dotted line indicating the E.M.F. of the A.O. source. The action is
identical with that of a diode as described in Chapter 4.
The output voltage therefore contains, beside the desired D.o.
value, a large number of A.O. components, the lowest being the
frequency of the source E 1 • The n.o. value is about half-way
between the maximum and minimum voltage shown in Fig. 234,
the amplitude of the fundamental frequency is approximately half
that difference. The larger RL or O is made, the higher is the
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D.O. voltage and the smaller the A.O. components, until the D.o.
value approaches the peak value of E 1 and the A.O. components
disappear.
In practice this never takes place, as the resistance R, of the
rectifier valve is not negligible. Its finite value prevents the condenser O from being charged to the peak value of E 1 because of the
voltage drop in the valve. Hence the potential difference across 0
varies with time as indicated in Fig. 235, the shape of the curve
depending on R,, 0 and RL. For large values of RL the rectifier
valve is conducting only during a small part of the cycle. This
fact strongly influences the regulation of the power supply, as can
best be seen from the following simplifying assumption.
Let us assume that E 1 consists of periodical rectangular pulses
of the value E 1 and that the rectifier valve is replaced by an ohmic
resistance R,. The condenser O in parallel with RL is supposed

to be so large that a pure

D.o.

current flows through RL.

the fraction-of each cycle during which the

E.M.F.

If

:n

is

is active, the
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D.c. voltage E 2 across O is derived by means of the following
equation:

This shows that, from the point of view of n.c., the source is
equivalent to an

E.M.F.

of value E 1 and an internal resistance

Rrt'T!._·

]'or a circuit as shown in Fig. 233 the fraction of the cycle during
which the rectifier valve is conducting increases with increasing
load current, so that the curves denoting the D.C. voltage across
RL as a function of JL can be expected to have the greatest slope
for the smallest IL (compare Fig. 237).
The circuit Fig. 233 can be improved by using two rectifiers in
order to utilise both half cycles of the source. Fig. 236 gives the
diagram of a full-wave rectifier
circuit with capacit,ance input.
The two rectifiers are combined
in one bulb, the cathode being
common to both. The regulaFm. 236.
tion is nearly twice as good as
in the circuit Fig. 233, and the
n.c. voltage is hence slightly higher. The A.c. ripple across 0 1
is about half that for a half-wave rectifier, only half the time
being left for the discharge of O 1 • The fundamental ripple frequency is twice that of the A.C. source, therefore it is much
easier to obtain a smoothed D.c. voltage than in the case of the
half-wave rectifier circuit Fig. 233. In the circuit Fig. 236 the
ripple across 0 2 will be one-eighth of what it would be if half-wave
rectification were employed. Against this may be set the fact
that many receivers, particularly communication receivers, have a
response curve cutting off sharply below 100 c/s, so that for the
usual A.c. supply of 50 c/s the circuit Fig. 236 may cause a larger
and more troublesome output than the circuit Fig. 233, identical
means of filtering being employed.
In Fig. 237 a series of continuous curves shows the n.c. voltage
across O1 as a function of the voltage of the A.C. source ; load
current is the parameter so that the distance between the almost
straight lines indicates the regulation. This distance decreases
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with increasing load current, in accordance with the explanation
given above. Taking the average value of regulation between the
various lines, the effective D.c. resistance of the source of supply
becomes
h in mA
0-30
30-60
60-90
90-120

RDo

2,300 ohms
1,500
1,200

800

Taking the actual

D.C.

,,

resistance of the rectifier valve as the

ratio : for an applied D.c. voltage E 1 , the resistance of the valve
is found to be about 300 ohms for a current of 50 mA.
resistance is approximately proportional to ;
3

the well-known relation I = KE 2 .

?

-."
~

1

The

D.C.

as follows from
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8 or 16 µF increases the D.C. voltage by about 30 volts and slightly
improves the regulation. The D.c. voltage across 0 2 is smaller than
that across O1 by the voltage drop across the choke L. The resistance of the usual chokes is of the order of a few hundred ohms and
in determining the regulation of the circuit Fig. 236 this resistance
must be taken into account.
The amplitude of the fundamental ripple frequency 2f across
C 1 in Fig. 236 is expressed with sufficient accuracy by the formula
.
1501
R.M.S. voltage of fundamental ripple frequency =
,

210
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where I is the n.c. current in mA, where f is the frequency of the
A.c. source and O is expressed in µF.
For a mains frequency of
.
1·5 I (in mA)
50 c/s the formula becomes ERipple (m volts R.M.s.) =
(in µF)
0
The ripple voltage of the second harmonic is one-tenth of that of the
fundamental and can usually be neglected. The calculation of both
n.c. and ripple voltage across O I is easy and may be seen from an
example.
Example: The circuit Fig. 236 is to be designed so that a
D.C. voltage of 300 V and a ripple voltage of 0·2 V is obtained at the
output. The frequency of the A.C. supply is 50 c/s, the load current
100 mA, the choke available has an inductance L = 20 henries and
a resistance of 300 ohms.
The voltage drop across the choke being 30 V, the D.C. voltage
across 0 1 must be 330 V. From Fig. 237 it follows that the correct
A.c. voltage across the transformer secondary is 340+340 V R.M.S.,
the capacitance of 0 1 being 4 µF. The ripple voltage across 0 1 is
150

4

= 37·5 V

B.M.S.

The ripple voltage across Oa becomes
1
wOa _ _ _37__
1 - w 2L02 - I'
wL-w02
37
= 0·2 :. 0 z:!:= 23 µ F .
w 2L02 - 1
37 X -

Hence

It would naturally be more economical to choose both O 1 and
0 2 about 10 µF, resulting in the same ripple across O8 and a slightly
increased D.C. output voltage.
Rectifier Circuit with Choke Input. The regulation, particularly for small load currents, can be considerably improved by
using a circuit as shown in Fig.
238. Its action can be best understood by first assuming that the
inductance of the choke is infinite.
In this case no A.c. current can
FIG. 238.
flow through the choke, i.e. a
steady n.c. current flows through
the rectifier, which, therefore, is conducting all the time. The
regulation becomes that of a n.c. source having an internal resist-
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ance equal to that of the rectifier valve for the load current concerned.
The D.C. voltage at the output is equal to the D.C. component of
the E.M.F. minus the voltage drop in rectifier and choke. The form
of the E.M.F. is a Rine wave of which the negative cycle is reversed
becauRe of the alternating action of the two rectifiers. The D.c. component of such an

.

E.M.F. 18

Epeak J"
. .- 2 n
Osm xdx - ;,Epeak -

0 .9ER.M.S.

Hence the D.c. voltage at the output is
0·9 ERM.S. - J(Rr+Rchoke),

indicating the regulation mentioned above.
In actual fact a variable D.C. current will flow through the
rectifier valve because of the finite value of the inductance. In
order to obtain a continuous flow of current through the rectifier
valve the maximum value of the A.C. currents must never be larger
than the D.c. value. Neglecting all the harmonics and remembering that the amplitude of the fundamental is two-thirds of the
D.C. component, the condition for a continuous flow of current is
·
1y -R·wL = ½,
· t l1e recti'fi er resistance
.
l)emg
.
.
approximate
neg1ected m
•L

comparison with the load resistance.
For a receiver taking a variable current from the supply, L
has to be designed for the smallest current. For the usual cases an
inductance of 10-20 henries will be found sufficient. In Fig. 237
the dotted lines give the approximate regulation with choke input,
the choke resistance being neglected. For large load current the
D.C. output voltage is nearly the same as that for capacitance input ;
but for small currents and high transformer voltages the capacitance
input gives a much higher D.C. output, at the cost of very poor
regulation. The effective rectifier resistance for choke input is of
the order of a few hundred ohms, to which must be added the
resistance of the choke or of two chokes if a second filter section is
required. It is therefore essential to use chokes of small resistance
if the advantage of the choke input circuit is to be fully utilised.
The ripple across C in :Fig. 238 is calculated in the way shown
for the capacitance input circuit, remembering that the A.C. component of the E.M.F. has a fundamental frequency equal to twice
the frequency of the source and has an amplitude two-thirds that
of the D.C. component or 0·6 of the R.M.S. value of the source.
The Swinging Choke. The regulation of the choke input
can be made almost perfect by choosing the choke so that for
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minimum current required the core of the choke is near saturation.
In that case the inductance of the choke falls markedly with increasing load current so that the circuit becomes then practically
a capacitance input circuit. The circuit requires a second chokecapacitance filter for the final smoothing, as will be readily understood. The output impedance of such power supply for ordinary
A.c. currents from the receiver is the reactance of the terminating
condenser, in the same way as for the preceding power supply
circuits. Hence the possibility of coupling through the H.T. supply
is not diminished though the n.c. regulation may be perfect. Only
for couplings at a few cycles per second where the reactance of the
output condenser becomes larger than that of the smoothing choke
would perfect regulation remove, at the same time, the risk of
supply coupling.
If a stage working in class B amplification is fed from the
power supply, the current in the absence of a signal may be too
small for the purpose of saturation. In that case a bleeder resistance
is to be connected across the output of the power supply. Its
value depends on the choke employed and the minimum receiver
current.
Mercury-vapour rectifiers have a very low impedance and
possess an almost constant voltage drop of 15 V for currents varying
within wide limits. They must be used in connection with choke
input as otherwise the heavy current pulses would lead to their
de~truction. Mercury-vapour rectifiers are apt to cause radio
frequency disturbances (see Chapter 10) and must therefore be
adequately screened. They prove in long use more delicate than
high-vacuum rectifiers and are for these reasons rarely used in
receivers. In power supplies for A.F. amplifiers and transmitters
they are frequently used since radio frequency disturbances are not
likely to prove harmful. The n.c. voltage derived from an A.c.
source of R.M.S. value E with mercury-vapour rectifier and choke
input is simply
0·9 E - 15 - IRclwlceThe problem of hum, either from the filament or H.T. supply,
is dealt with in Chapter 10. The filter circuits to be used for the
H.T. depend on the receiver; their design is easy and has been
shown in the preceding paragraphs. On the whole it may be said
that the design of a power supply is the easier part of receiver work.
It does not require great experience or deep knowledge of the
principles involved ; usually it is sufficient to study the data
recommended in books.

CHAPTER 14

ROUTINE MEASUREMENTS
Several factors play an important part when measurements are
to be carried out. They may be summed up as follows :
1. The measuring equipment available.
2. The accuracy required and the accuracy to be expected.
In this chapter a number of measurements are described, partly
to point out the possibility of errors in the case of carelessness,
partly because they have been found suitable in practice and may
not be generally known. They are accurate enough for the majority
of cases occurring in receiver development and testing and do not
require any unusual equipment. No claim is made as to their
being preferable to the many methods not mentioned here. The
following apparatus is supposed to be available :
R.F. signal generator.
A.F. generator.
Receiver, well screened against direct pick-up and manually
controlled (the screen necessary may be obtained by putting
the receiver in a metal box).
Output meter.
Calibrated variable condenser.

List of Quantities to be Measured.
1. Inductance of an R.F. coil, capacitance of variable condensers.
2. Inductance of an A.F. coil, with or without D.c. saturation.
3. Q factor.
4. Coupling factor of coils.
5. Input impedance of valves.
6. Input ratio of receivers (transfer ratio from the aerial to the
first grid).
7. Stage gain.
8. Very small capacitances.
9. Efficiency of filters.
10. Equivalent receiver noise.
Measurements like receiver sensitivity, selectivity, image protection, etc., are not treated here, being regarded as generally
known. They are briefly discussed in the chapter on fault finding.
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1. Inductance Measurement of an R.F. Coil ; Comparing
Coils and Condensers for Ganging Purposes. The usual
method, underlying many inductance measurements, employs a
calibrated R.F. oscillator with a large output, a known capacitance
and a valve voltmeter, a,nd uses as indicator the resonant frequency
of the known capacitance and the unknown inductance.
If such equipment is lacking, a signal generator in connection
with a receiver may be used in a way shown in Fig. 239.
Receiver and signal generator are to be tuned to a frequency
resulting in a convenient value of C. If C is above 500 pF, the
self-capacitance of the coil can be neglected; for smaller values
of C two measurements should be carried out to eliminate the
1i
Signal generator

<>-+---_.:=:::::t::=::__ _ _-1---<,

Receiver

Fro. 239

influence of the coil capacitance. If C 1 and C 2 are two respective
values of C, / 1 and / 2 the corresponding frequencies, Ox the coil
capacitance and L the coil inductance, the relations are
C 2+0 , f
- 2= CO
(!1)
+
f
X

2

Setting

h

/ 1)

(

2

1

1

bemg
.
1arger t han

f 2•

X

2
= A, there follows Cx = 0 A - _ AC1
.
1

C,,,, in this case, would be the self-capacitance of the coil plus the
stray capacitance of the attached leads. The inductance L is best
calculated from the smaller of the two frequencies, an error in Ox
having less influence. Convenient formulae are

where L is expressed in microhenries, C 2 and Cx in picofarads,
in megacycles/sec. and ;. in metres. For the sake of accuracy

f

~: should not be made less than 2 ; C 1 can be made zero, in which

02

case there follows Ox = A _

. It will rarely be necessary to use
1
a capacitance C so small that the influence of Ox need be con-
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sidered. The accuracy obtainable depends on the calibration of
the signal generator and the variable condenser rather than on the
error in adjusting O (or the signal generator) to the resonant frequency. The latter is found best by «djusting to two positions
giving an equal drop in output as compared with maximum output
and taking the mean of the two. To avoid excessive damping of
the tuned circuit and hence inaccuracy in adjustment, r 1 and r 2 are
to be made at least five times as large as the impedance of the tuned
circuit. With the present quality of equipment available the
accuracy of measurement can be expected to lie between ± I% and
± 2%. If various coils are to be equalised for ganging purposes
or to be compared as regards deviations from each other, the method
is perfectly satisfactory, the result being as accurate as is needed
in practice.
The ganging of variable condensers can be done in the same
way, by connecting a coil of which the inductance need not be
known across each of the condenser sections in turn and finding
the resonant frequency as above. Care has to be taken that the
leads from the coil to the condensers are short and of equal length
in each case to avoid differences in stray capacitance or loop inductance, the latter being important when measuring with small coils.
It has to be realised in any case that at frequencies above, say,
6 Mc/s the inductance of the loop connecting the variable condenser
and the tuning coil plays an important part in the ganging and
has to be taken into account.
2. Inductance Measurement of an A.F. Choke, with or
without D.C. Saturation. The accuracy required is usually not
more than ± 10%. If an audio frequency oscillator is available,
a simple and quick way is shown in Fig. 240.

Audio
frequencg
generator

Grid bias
FIG. 240.

The resistances r 1 , r 2 and the measuring frequency are known
and the latter adjusted so that there is equal output with either
r 2 or L connected across the A.F. amplifier valve; from this L can
be computed. As the accuracy of the measurement depends on
the ratio of r 1 to wL, a first test should be carried out to find the
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approximate magnitude of L ; for the final measurement the
following points should be observed:
1. Choose the measuring frequency so that the parallel capacitance of L does not affect the result.
2. Choose r 1 large compared with the reactance of L (<t l0wL).
3. Choose r 2 so that the output is approximately the same
with either L or r 2 , and finally adjust the frequency for
identical output.
The practical aspects may be seen from the following example.
Example : A tentative test shows L to be of the order of several
hundred henries. As the parallel capacitance of the choke can be
expected to be about 100 pF, the resonant frequency of L lies
between 500 and 1,000 c/s. A measuring frequency of 100 c/s is
therefore fairly safe, the parallel capacitance of L only affecting
the result by a few per cent. Course of the measurement :
First test. Choose f = 100 c/s, r 1 = 5 megohms, r 2 = 0·5 megohm. The output may be, for example, 0·5 watt with L and
0·7 watt with r2.
Audio
frequency
generator

Audio

E' f'requenc!I

E

~ - - amplif',er
FIG. 241.

Second test. The frequency is slowly increased until the
output is identical with either L or r 2 • For the example cited
this may be supposed to happen at 120 c/s. As the current
through r 1 is 10% higher with L than with r 2 (due to the phase
relations L hardly affects the total impedance), it follows that
0·45 X 10 6
wL = 0·45 megohm, L = n X
= 596 henries.
2
120
A difference of current with either L or r 2 does not arise if the
test is carried out according to Fig. 241, where in the case of equal
output follows immediately that wL = r 2 • However, without
knowing the circuit of the apparatus used, a certain risk arises
because the two earth terminals E and E' are not at the same
potential. If, for instance, E and E' happen to be connected to
real earth through 5,000 pF, L is by-passed with 2,500 pF, which
is certain to falsify the result. Even without such earthing condensers one has always to reckon with the capacitances between the
two chassis and earth. The slight additional calculation required
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for the method of Fig. 240 is more than offset by the lack of any
such risk.
An input impedance of the A.F. amplifier comparable with wL
leads to a wrong result, in the same way as in Fig. 240.
As a check on the measurement Fig. 240 or as an alternative
measurement the following method may be used, which is to be
seen from Fig. 242; it is the equivalent of the method used for
the R.F. coil. A known capacitance 0 is connected across L, and
the generator frequency is adjusted to maximum output. It has
to be ascertained that the maximum is due to the resonance of
Land 0, which may be done by taking the A.F. curve without 0.
To obtain a fairly sharp resonance curve r 1 and r 2 ought to be at
least 20 wL, and 0 should not be less than 5,000 pF in order to
eliminate the influence of the coil capacitance.
If the resonant frequency with 5,000 pF becomes inconveniently
low the test may be carried out with two smaller values of 0, as
was pointed out for the R.F. coil. In the above example the
Audio
frequency
amplifier

Audio
frequency
generator
Fm. 242.

resonant frequency with 5,000 pF would be about 90 c/s, a quite
feasible value, provided the response curve of the A.F. amplifier
extends far enough. Values of IO megohms for r 1 and r 2 are
appropriate, adding about a total of 7% to the natural damping
of the circuit.
If no audio frequency generator is available the preceding
methods are still applicable, but the measurement becomes more
laborious, the measuring frequency being obtained from the mains
by means of a convenient transformer.
For the measurement in Fig. 240, various resistances have to
be combined, in parallel and in series, to obtain a value of r 2 similar
to wL, and in computing L the difference in output has to be taken
into account.
For the test Fig. 242 the resonance has to be found by changing
0 in steps, using various fixed condensers between, say, 100 and
5,000 pF.
Example: The previous choke, L = 595 henries, is to be measured.
with the help of the A.c. mains. The method of Fig. 240, with values
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of r 1 = 10 megohms and r 2 = 0·2 megohm, may result in an output
of 0·4 watt with L and 0·47 watt with r 2 • Neglecting the 2%
difference in current flowing through r 1 in the two cases gives

wL = 0·2 x 10 6 ~ ' L = 586 henries.
Choke with D.C. Saturation. The n.c. current is best applied
by means of a pentode, which is far more convenient than a normal
ohmic resistance, as it has a high A.c. impedance without requiring
~ -.........- -.....11---Amplif/er
Audio

frequenc!I
generator

FIG. 243.

a correspondingly high D.c. voltage. The n.c. current desired will
determine whether an R.F. or an A.F. output pentode is to be employed. As chokes designed for a high n.c. current usually have a
small L, the impedance of the output pentode should prove high
enough (Fig. 243). The valve impedance being known, its influence
can be found by a simple calculation.
3. Q Measurement of R.F. Circuits. If a Q meter is not
available, the Q may be measured as follows. The circuit is connected between the signal generator and the receiver input ter-

Signal
generator

L

Receiver

FIG. 244.

minals as shown in Fig. 244. The capacitances O 1 and O 2 are a few
picofarads each to prevent additional damping from the signal
generator or the receiver.
The voltage taken from the generator for a given output is
determined :
1. With the circuit on test without additional damping,
2. With the circuit when a known damping is added.
The additional damping may be applied by means of parallel or series
resistances, the former being more convenient.
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If dis the natural circuit damping sought, d 1 the added damping,
E and E 1 the respective input volts, it follows that
E1 _ d+d1
E --d-,
d

=

d1
EI - 1

Q

=

_dl_

E
Example: C = 200 pF, L = 37µH, J0 == 1·85 Mc/s.
Input with the circuit alone is 10 µV.
Input with 10,000 ohms parallel resistance is 55 µV.

woL

= R = 4·3%
d = 0·96%, Q = 104.

d1

The real values of the additional resistances must be known
for the test frequency ; for this reason a chart is appended giving
average values for present types, the deviations being covered by

,-o~::::::;::~~;:=::----10..:..'0o~n:.::____
0·6

0·5
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JOO

Mc/s
Fm. 245.

the shaded area (Fig. 245). The choice of an additional damping
very much in excess of the natural damping (say, 10 times) is recommended. This makes the measurement more accurate and, at the
same time, brings the R.F. value of the parallel resistor nearer its
D.C. value.
The accuracy attainable is easily of the order of ± 10%, ae the
resistances can be measured with a simple voltage current test.
4. Coupling Factors of Coils and of Circuits. The method
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to be recommended depends on the existing conditions and varies
correspondingly.
A common method is to connect the two coils in series and to
measure the total inductance, first with the mutual inductance
adding and the second time subtracting. If the inductance of the
two coils is L 1 and L 2 , the series combinations become :

L' = L 1 +L2 +2M
L" = L 1 +L 2 - 2M.
From these it follows that
--

M = kVL1L2 =

L' -L"
4

L' - L"
k=---.
4VL1L2
This fairly reliable method fails, however, if the percentage difference
between L' and L" is very small. This happens when the coupling
factor between the coils is small, when one coil is much larger than the
other, or when both conditions prevail. An example may be given:
Example: L 1 = I00L 2 , and k = I%-

and

= L 1+L 1 +0-02vL1L 2 = approximately 101·2L 2
L" = L 1 +L 1 - 0·02vL1L 2 = approximately I00·8L 2 •

There is: L'

The difference of 0·4% in L will often lie outside the accuracy
of the apparatus employed. Furthermore, the method cannot be
recommended for the measurement of coupling factors of the order
of I%, even if the coupling coils are of equal size, as disturbances
due to undesired capacitive coupling do not show up (treated later).
In any case the method is rather cumbersome, being based on four
different measurements, viz. the knowledge of L 1 , L 2 , L' and L".
A simpler method, working satisfactorily for coupling factors
larger than about 10%, is as follows. According to Chapter I an
inductance L is decreased to L(l - k 2 ) by shorting the other coil,
k being the coupling factor between them. If, therefore, the frequencies of the tuned circuit with and without coupling coil shorted
are / 2 and / 1 ,
k

=

J1 -G~r

It is mportant for this test, especially if the two coils are widely
different, to tune the larger coil, as otherwise when open circuited,
the resonance of the large coil and its self-capacitance might falsify
the result.
Another method, working equally well for large and small
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coupling factors, may be seen from Fig. 246. With the help of a
signal generator, a receiver and an output meter the input necessary
for a given output is determined for the following three cases :
1. The signal generator is connected across A and B.
2. The signal generator is connected across L 1 , and La connected
across A and B.
3. The signal generator is connected across L 1 , and L 1 connected
across A and B.
If the three corresponding inputs are Ei, E 2 and Ea, the relations
are:
E 1 = k (4. E1 = k /Li..
Ea
✓ Li' Ea
✓ £a
Multiplying the two equations, it follows that
La, then E 2 = Ea = E 0 and k = ~)
E .
E~
o
The result is correct only if L 1 and L 2 look into an infinite
impedance when connected to the receiver, i.e. if the current
through r is in each case proportional to the E.M.F. induced across
k

= V E1 . ( If L 1 =

..

A_ r

-

Receiver

1=f.Kb
-=-

.B
Fro. 246.

Lz

L2

-=-

Fro. 247.

AB, and if the signal generator impedance is small* compared
with the -reactances of L 1 and L 2 • For this reason, r should be at
least five times the impedance of the larger of the two coils. For
small coupling factors there exists the danger of pick-up due to
capacitance between the signal generator and the receiver input
terminal. Its existence is ruled out if the input disappears on
shorting A to B.
The accuracy may be expected to be of the order of ± 10%,
depending on the calibration of the signal generator.
If k is about 1% or less, the case for tuned filter circuits, small
capacitances between L 1 and L 2 may constitute an additional
coupling comparable with the inductive coupling factor, increasing
or decreasing it according to the winding sense. The influence of
the capacitive coupling varies with frequency, as may be seen from

Fig. 247.

Without C, the voltage E 2 becomes ±E1
* This is usually the case.

kJ1:;

C adds
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another voltage E/ =

EijwL 2 = - w 2 L 2CE1, if wL 2 is small
. L
I
JW 2+~
JW 0

compared with ~O (as is usually the case).
Generally the effect shows up when the measurement is repeated
with the connections of one coil reversed, the coupling factor being
found to be different. This test may, however, be misleading due
to capacitance between the earthed sides of the coils, or the live
side of one coil and the earthed side of the other ; both of these
are harmless under normal conditions but might effect the result
with one coil reversed.
For this reason it is better to carry out the above test, with the
coils connected as in practical use, for two different frequencies the
ratio of which is at least 1 : 2. If the coils are required for one
spot frequency, one of the two measurements should be carried out

Fro. 248.

for this frequency, the other measurement for half the frequency.
If the coils are designed for a frequency range, the two test frequencies may be near the two ends of the range required. The
capacitive coupling varies in the ratio of 1 : 4 for a frequency change
of 1 : 2, while the inductive coupling remains constant ; hence the
tests should prove conclusive.
When testing I.F. filter circuits it is of importance to know
the coupling factor in terms of critical coupling rather than in
absolute terms. A very convenient and quick way of obtaining this
result is given in Fig. 248.
One coil, together with its tuning condenser, is connected across
the input terminals of a receiver through a capacitance of a few
picofarads, to avoid interaction with the receiver circuit, and
coupled to a signal generator also through a capacitance of a few
picofarads, to avoid additional damping from the signal generator.
The input necessary for a given output is determined
1. With the other circuit shorted,
2. With the other circuit tuned to maximum absorption, i.e.
for maximum input necessary for the same output.
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If the two inputs are E 1 and E 2 , there follows from Chapter 1

-~ =

JE2 _

1

E1
.
The same method can be employed to check the matching
between an aerial and the aerial circuit and for other such cases.
It does not, however, show whether the coupling is affected by
unintended capacitance as described above.
5. Input Impedance of Valves. The input impedance of
valves, the knowledge of which is of great importance on short
waves, may be measured in a way similar to that given in Fig. 248.
kerit.

Receiver

Test valve
Signal
generator

o-1------,

Fm. 249.

The circuit in Fig. 249 is tuned to the frequency for which the
valve impedance is to be determined. The reactance and the
circuit Q are supposed to be known, hence also the circuit impedance Z 0 which is equal to w 0LQ. The coupling to the receiver
and to the signal generator is so loose that additional dampings
are ruled out.
The input necessary for a given output is measured when the
test valve is, and is not, conducting, the circuit being tuned to
maximum output in each case. If the input voltage necessary is
E 1 with the test valve non-conducting and E 2 with the valve conducting, the relations are
E1
ZoR
-=~--~,
E2
(Z 0 +R)Z 0
where R is the input impedance to be found,
. R - z
E1
*
..
- OE2 - E1"
Z 0 should be made as high as possible to obtain good accuracy.

* The input impedance of normal R.F. pentodes or mixer valves is between
10,000 and 20,000 ohms at 30 Mc/s, being inversely proportional to the
square of the frequency. For acorn valves the values are approximately
10 times as large.
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The advantage of the method is that the valve impedance is
measured at amplitudes similar to those under working conditions.
It has to be ascertained that the signal generator output is picked
up by the receiver only through the tuned circuit and not directly,
which can be proved by shorting the circuit and seeing that the
output disappears. The method can be used to separate the damping effect of the test valve due to its electronic nature from that
due to dielectric losses in the socket.
6. Transfer Ratio from the Aerial to the First Grid. The
signal generator is to be connected first across the input terminals
of the receiver of which the input ratio is to be measured, and
then across grid and cathode of the input valve. (Carrying out the
measurement for different positions of the manual control shows
whether there is feedback in which the input circuit is involved.)
The following points have to be watched:
1. When the signal generator is connected across the input
terminals of the receiver, the signal generator impedance has to be

-----,
S,gnal
generator

Aerial
impedanca

Signal E
generator o-1~_L _ _...,

o-1-----<>

Fm. 250.

Fm. 251.

equal to the aerial impedance for which the receiver is designed
(see Chapter 2). This is achieved by putting this impedance in
series with the signal generator as shown in Fig. 250, which is permissible if the generator impedance can be neglected, as is usually
the case.
2. Care has to be taken that the grid bias of the first valve is
not shorted when applying the E.M.F. to the first valve directly,
and in this case,
3. That the signal generator voltage is identical with the voltage
delivered to the first grid ; this applies mainly when working on
short waves.
The condition 3 is not fulfilled when the reactance of the valve
capacitance is comparable with that of the inductance of the leads
connecting the receiver and the signal generator.
Example (Fig. 251). Frequency 30 Mc/s, 0 = 10 pF, L = 0·5 µH,
corresponding to about 1 m. of concentric cable of diameter 1 cm.
E 2 is approximately 1·22Ei, resulting in a measured input ratio
equal to 0·82 of the true value.
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It is, therefore, recommended, when measuring at such high frequencies, that the connecting leads from the signal generator to the
receiver be kept as short as possible. If the signal generator is fitted
with an output cable of appreciable length, it is feasible to terminate
it with a resistance small compared with the impedance of the input
valve. The resistance, in its turn, is brought as near as possible
to the receiver valve (Fig. 252).
Signal
The added resistance alters
generator --.--_--_·-_-_-_--_--~·L___:i
the signal generator output, but
does not harm the measurement which is based upon relative
input values. To meet the
FIG. 252.
danger of the relative calibration of the signal generator being affected by r, this resistance
should be made about ten times as high as the terminating resistance of the generator. A value of 100 ohms for r is correct for
most signal generators.
A similar difficulty may occur to an even greater extent when
measuring the input ratio of an untuned loop (Chapter 2). The
usual procedure is shown in Fig. 253. An E.M.F. is induced in the
loop and the input valve connected in turn to AB and CD, the

~q
C

A

13

:

-=-

FIG. 253.

loop being connected with the input transformer in the latter case.
The ratio of the two inputs necessary for a given output is the
input ratio sought. The method fails when carried out at frequencies where the inductive reactance of the loop is comparable with
the capacitive reactance of the loop plus the valve, for reasons just
described. The difficulty can be avoided by changing the method
of measurement. When using a toroid coil, as shown in Fig. 253,
the voltage induced in the loop is very nearly

~

n

of the generator
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output, n being the number of turns of the toroid coil. Having
ascertained this transfer ratio from the signal generator to the loop
at lower frequencies, the following two tests are to be carried out :
1. The receiver valve is connected to the input circuit, the loop
to the input transformer, and the toroid coil to the signal generator.
If the generator output is E 1 for a given receiver output, then
approximately Ei is induced in the loop.
n
2. Connect the signal generator directly to the grid of the input
valve. The generator output being E 2 for the same receiver output, the input ratio from the loop to the first grid is then~~Errors due to unequal current distribution in the toroid coil
can be made small by keeping the wire length below / . On the
0
other hand, the reactance of the coil must not be less than about
five times the output resistance of the signal generator.
7. Stage Gain. Keeping in mind the points mentioned for
the previous measurement, little difficulty should be found in determining the stage gain. If the value obtained is larger than is to be
expected, feedback is indicated ; this is dealt with according to
the directions given in Chapter 9. If the value obtained seems too
low, various causes may be responsible (Chapter 15).
One peculiar difficulty may be encountered when measuring the
stage gain from the grid of an R.F. valve to the mixer grid. As
pointed out in Chapter 4, the conversion conductance of some types
of mixer valves is decreased under certain conditions by the existence of the signal grid circuit. In that case the mixer valve works
with reduced conversion conductance when the signal generator is
connected to the grid of the preceding R.F. valve, and with normal
conversion conductance when the signal generator is connected to
the mixer grid. The stage gain measured is smaller than the actual
stage gain, though the amplifier stage is working satisfactorily.
(See page 303.)
8. Very 'Small Capacitances. The expression "very small
capacitance " may indicate a capacitance between two points, which
is of the same order as or smaller than the capacitances between
the points and earth. It is obvious that in such a case the method
indicated under 1 in this chapter fails, since the earth capacitances
form a more or less deciding part of the total capacitance measured.
The grid-anode capacitance of a pentode represents an extreme case,
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the earth capacitances being about a thousand times as large as
the capacitance to be found.
The following method, which may be understood from Fig. 254,
is easy to carry out and has been found to yield reliable results.
It requires, apart from a signal generator and a receiver, a known
capacitance of, say, 1 pF. The receiver is connected to the signal
generator either through the known capacitance or the capacitance
to be measured. The input terminals of the receiver are connected
through a capacitance of the order of 100 pF, which prevents the
capacitance between A and earth from having any serious effect;
capacitance from B to earth is harmless due to the low impedance
of the signal generator. The input necessary for a given output

Signal
generator

Rece/ver

Fro. 254.

is inversely proportional to the inserted capacitance ; therefore, if
E 1 is the input voltage with the known capacitance 0, and E 2 the
input voltage with the unknown capacitance Ox, there follows
E1
Ox= OE2·
It has to be ascertained that there is no leakage transfer from
the signal generator to the receiver which is proved to be the case
if there is no output in the absence of inserted capacitance. Any
frequency within the medium wave-band will prove satisfactory,
and two different ftequencies may be used as a check. The measurement of capacitances down to 10- 3 pF has been found to present
little difficulty, if some care is taken. If the input to the receiver
proves too small, the input terminals of the receiver may be connected through a parallel tuned circuit of variable capacitance, the
latter being adjusted to maximum output in each case.
9. Efficiency of Filters. Filters designed for noise suppression on motors, etc., can be tested as indicated in Fig. 255. The
signal generator and the receiver are slowly tuned over the whole
range required and the receiver is connected in turn to A and B
through a small capacitance which prevents resonance of the filter
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condensers with the receiver aerial coil. The difference in input
necessary for a given output indicates directly the filter attenuation.
It is of importance to make sure that the receiver pick-up is really
due to the voltage across the filter condenser O 3 when the reoeiver
aerial is connected to B ; this is done by shorting the condenser which
should eliminate the input.* The precaution is necessary for the
following reason. Due to the fact that the signal generator and the
filter are not in the same box, there is generated between the two
earth points E 1 and E 2 a voltage, causing a current via E 3 and E,
through the earth capacitances of the signal generator and the
receiver. This current produces an E.M.F. between E 3 and E, in
series with that across O 3 • It is therefore important, if measurements are to be made at frequencies above, say, 10 Mc/s, to have the

A

.l.

"T"

f

½
FIG. 255.

connections as short as possible between E 1 and E 2 and between
E 3 and E,; a common earth-plate is the safest way. The receiver
aerial lead is screened to prevent capacitive coupling from the output leads of the signal generator.
10. Equivalent Receiver Noise. The equivalent receiver
noise {E.R.N.) is usually expressed in terms of a 100% modulated
input which, in the absence of noise, would produce the same output as does the noise in conjunction with the unmodulated carrier.
The output from the modulated carrier being proportional to the
modulation factor, the comparison test can be carried out with
a modulation factor smaller than 100% and the figure obtained
multiplied by the modulation factor.
Example: With a 100% modulated carrier the test gives equality
between signal and noise for 0·5 µV input, showing an E.R.N. of
0·5 µV. With a 20% modulated carrier, equality will exist for
2·5 µV input, resulting in an E.R.N. 2·5 x 0·2 µV = 0·5 µV, as
before.
• Due attention must be paid to the possibility of resonance between the
condenser and the shorting lead (Chapter 12).
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Equality between signal and noise exists if the output consisting of signal and noise is reduced by 3 db. on removing the modulation (see Chapter 6 on addition of different noise outputs).
A fundamental difficulty often arises when trying to measure
the E.R.N. In the case of receivers with a high input ratio from the
aerial to the first grid, the input necessary to obtain equality between
signal and noise may easily be below the smallest signal generator
output available. The difficulty may be overcome in various ways.
1. By adding an attenuation section of, say, 1 : 10 between the
signal generator and the receiver (Fig. 256).
2. By using a very small modulation factor.
3. By taking the measurement not for equality between signal
and noise, but for a ratio of 10 or 20 db.
Method 1 may be carried out by shunting the signal generator
with a series combination of 90 and 10 ohms. The impedance of
the generator is usually about 8 ohms, so that the arrangement
Artil'icia/ aerial
Signal
generator

Receiver
FIG. 256.

leaves the effective impedance of the generator substantially unchanged. The new calibration may be checked with larger output,
where a comparison is possible between the outputs with and
without the added resistances.
The method of adding an attenuation outside the signal generator
may fail due to insufficient screening of the generator. To ascertain whether it is permissible, the 10 ohms should be shorted to
see if the signal disappears.
Method 2 is quite convenient but requires a signal generator
with variable modulation factor.
Method 3 may give a wrong answer if the receiver sensitivity
is so high that a signal stronger than the receiver noise overloads
the receiver output valve. This would necessitate reducing the
receiver gain, which may result in degrading the ratio of signal to
noise (see Chapter 7) and thus give an incorrect answer.
It is to be expected that one of the three methods will work
satisfactorily. If this is not the case, the gain of one of the later
I.F. stages may be decreased and then method 3 carried out.

CHAPTER 15

FAULT FINDING
Fault finding is a subject closely connected with various problems
of radio design. For this reason special cases of fault finding have
been discussed in previous chapters whenever occasion arose. In
the following, a more general method of treatment is adopted and
instructions are given to enable the reader to cope with all faults
which are likely to occur in the course of his daily routine work.
The faults can be divided into those which cause the receiver
to break down more or less completely and those which only impair
the performance to a certain degree. It is the latter type which
is the harder to find, as its effects are less obvious. The safest
method in such cases is always to measure the receiver performance
stage by stage and so to narrow the field of investigation. A number of practical examples will be discussed which should make the
reader familiar with the methods to be adopted. First a list is
given of the principal faults that may be expected in practice.

List of the most Frequent Faults.
Valves. Loss of emission, leakage between cathode and heater,
contact between two electrodes.
The simplest way of proving that a suspected valve is at fault
is the substitution of another valve. Before carrying it out, however, one should make sure that there are not causes which, having
led to the destruction of the old valve, would also harm the new
one. Such causes might be too high anode or filament voltage, the
lack of grid bias resulting in too large an anode current, etc.
Resistances. Open circuit, short circuit, intermittent circuit
(causing noisiness).
When the resistance is in an H.T. path, measuring the voltage
at both sides reveals whether the resistance has approximately its
correct value. Short circuit results in an equal voltage at both
ends, open circuit in zero reading at one end. Measurements with
an ohm-meter are equally conclusive. If an ohm-meter for highresistance values is not available, a voltage-current test may be
carried out. Resistances above O· l megohm may be measured
with 100 volts without risk of burning them out. If a resistance
is suspected of noisiness it is best replaced by another. Sometimes
296
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the noise shows up when the resistance is tapped, but a negative
result is not conclusive.
Fixed Condensers. Open circuit, short circuit, wrong capacitance value.
If open circuit is suspected, putting another condenser in parallel
and watching the effect on the receiver is the simplest way. Short
circuit can easily be proved with an ohm-meter. A capacitance
value so far out as to cause trouble need only be reckoned with
when the condenser contributes appreciably to the resonant frequency of a circuit, e.g. in the case of a padding condenser. A
capacitance measurement is recommended for confirmation.
Condenser Trimmers. Short circuit, open circuit, wrong
capacitance value.
On turning the adjusting screw of a trhp.mer the capacitance
value does not always rise (or fall) continuously. Owing to

-Atfjusting screw
FIG. 257.

-

A<ljusting screw
FIG. 258.

mechanical faults, such as a bent plate, the capacitance curve may
have a shape as shown in Fig. 257. Let us assume now that the
capacitance value required for resonance is C 2 • When, the trimmer
happens to be adjusted at minimum value and is tuned for maximum output, such a maximum is obtained at the capacitance value
0 1 • Thus there is the risk of the trimmer being adjusted to Ci,
resulting in a loss of selectivity and gain. One should therefore
always tune a trimmer through its whole capacitance range when
ganging a receiver. There are also cases where such maximum or
minimum of capacitance occurs at one end without the curve
turning back again. The danger of a wrong adjustment is then
even higher still. If a circuit is tuned with a trimmer of a characteristic as shown in Fig. 258 and the required capacitance is larger
than the maximum value of the trimmer, one will almost certainly
adjust the circuit to a wrong resonant frequency. An easy method
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of ascertaining whether the adjustment is correct is by leaving the
condenser at the position of maximum output and varying the coil.
Variable Condensers. Short circuit, wrong capacitance curve.
A shorting of plates usually occurs only at some positions of
the condenser, the receiver becoming either dead or extremely
noisy. An ohm-meter may be used for testing, the coil being disconnected from the condenser. A faulty capacitance curve which
causes misganging is best detected by a comparative capacitance
measurement as mentioned in Chapter 14.
Coils. Open circuit, shorted turns, excessive damping, wrong
inductance.
Open circuit shows up on measuring the resistance of the coil ;
for discovering shorted turns an inductance measurement is the
appropriate method. Excessive losses may be caused by dampness of the insulating material, by a layer of metallic dust, etc.,
which can be removed by cleaning or heating. When using litzendraht a break of several strands is often responsible for a bad Q.
In the latter case a resistance measurement is usually sufficient to
reveal the fault. A coil may be adjusted to a wrong inductance
value for the same reason as has been described for the capacitance
trimmer. When, for instance, a coil with a movable iron-dust core
is employed, the inductance is a maximum with the core in the
middle of the coil. In a case where the inductance necessary for
resonance is larger than the maximum value of the coil, moving
the core through the middle position gives the impression of correct tuning and hence there is a risk of faulty adjustment. The
possibility of such an error is avoided by providing an adequate
stop to the movement of the iron core.
Switches. Bad contacts.
The result of bad switch contacts is either decreased sensitivity,
owing to an increase in circuit damping, or noisiness. In extreme
cases a complete open circuit may occur. For tracing a bad contact a gentle tapping or slight pressure at the points suspected is
usually revealing. An increase in noise or a change in amplification is a clear indication that the contact on test is not reliable.
A measurement of the contact resistance is another way of obtaining
information. Modern multi-range switches, employing a rotating
disc with two contacts in series, have a resistance between 0·005 and
0·01 ohm. The measurement of such small values is not quite
simple but can be done with a Wheatstone meter bridge. Care is
necessary as otherwise additional resistances in the wiring may be
misleading.
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Transformers. Open circuit, shorted turns.
Faults in transformers used for amplification affect the receiver
performance so strongly that they are easy to locate, no special
comments being necessary. A shorting of turns in the mains transformer causes excessive heat and low voltages. Open circuit in
one-half of a transformer used for full-wave rectification causes
lower H.T. voltage and frequently 50 c/s hum. The fault can be
traced by inserting a D.c. ammeter at the two anodes of the rectifier.
Wiring. Open circuit, short circuit between two wires or
between one wire and chassis.
Open circuit or a bad contact may be due to imperfect soldering. Shorting between two wires or between wire and chassis may
be due to faulty insulation and is not infrequent. Such faults are
usually easy to trace.
Intermittent Faults. The faults enumerated above sometimes
exist only temporarily, in which case the difficulty of tracing them
may be considerably increased. Careful
handling is necessary to maintain the receiver
in its faulty state. If the fault has disappeared one may make it come back by
tapping various components, exerting pressure at different points of the chassis, etc.
An almost amusing incident may be reported
from actual practice. A receiver was stated to
be down in sensitivity and was therefore sent
Fm. 259.
to the test department. There the receiver
was measured, found up to requirements and sent back to the customer. After four weeks' time the same complaint was raised and for
the second time the receiver was found satisfactory and sent back
again. Eventually, after a third complaint, an experienced service
engineer was sent to investigate the receiver on the spot. He found
the sensitivity very low and the tuning of one R.F. circuit hardly
noticeable (Fig. 259). On touching the grid point of the circuit the
receiver became normal, and, in order to continue the investigation,
it was necessary to wait until the fault turned up again. Then
it was found that the disappearance of the circuit resonance persisted after removing the valve and the grid bias. Touching the
grid point of the circuit after some time had now no effect. The
resonance returned, however, on shorting the block condenser C0 ,
and disappeared when the short circuit was removed. The explanation of the fairly intricate effect is as follows :
In the condenser C 0 which had a capacitance of O·l µF, contact
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between the tinfoil and the terminals was obtained by mechanical
pressure. The surface of the tinfoil became oxidised and the condenser was almost open-circuited. On touching the grid with a
finger the charge set up upon the condenser by the grid bias was
removed. The discharging current through the human body was
sufficient to cure the condenser for some weeks. Fortunately the
usual faults are much easier to trace than this one.
In the following a number of examples are given, in order to
show the procedure to be adopted. The receiver is represented by
the skeleton circuit diagram, Fig. 260. Only one frequency range
is shown for the sake of simplicity.
Example 1. The receiver gives no output. Touching the grid
of V 6 produces no hum whatever. Anode voltage and anode current of V 6 are normal. Switching the receiver off does not produce
the usual click in the loudspeaker. The following possibilities
would be consistent with the facts :
(a) Short circuit in the primary of the output transformer.
(b) Short circuit or open circuit in the secondary of the output
transformer.
(c) A faulty loudspeaker.
If another loudspeaker is at hand its substitution will probably
be the quickest way to settle the question whether loudspeaker or
transformer is at fault.
Example 2. No output. No response when the grid of V, is
touched, or when A.F. voltage is applied to the grid or to the anode of
V,, but normal sensitivity for an A.F. voltage at the grid of V 6 •
Conclusion : Either C is open circuited or there is short circuit
between the anode of V 4 and earth. In the latter case a voltmeter
attached to the A.F. generator should measure zero output voltage.
In any case a resistance measurement may be carried out. When
measuring voltages at the anodes of valves it must be realised that
a correct answer cannot be expected unless an electrostatic voltmeter or a valve voltmeter is used. The normal voltmeter consumes current and thus causes an additional voltage drop across
the anode resistance. A good voltmeter has an ohmic resistance
of 1,000 ohms per volt. If such instrument is used on a 300 or
500 V range, the measurement is good enough for most cases. If
necessary, the instrument can easily be provided with a calibrated
external series resistance which naturally decreases its sensitivity but
increases the reliability under the conditions described. Measuring
the anode current to derive the voltage drop across the anode
resistance is another convenient method.
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Example 3. Weak signals. Sensitivity at the grid of V, down
by about 1 : 2. The stage gain from the grid of V3 to the diode
is approximately half the correct value ; the same applies to the
gain V~ - Va.
The fact that the gain of all stages measured is too small suggests
that the supply is responsible. The anode voltages are higher, the
total current smaller than normal. A fault in the heater supply is
indicated and a measurement of the heater voltage proves it to be
lower than required.
Example 4. No signals.
As usual, the sensitivity of the receiver is tested, starting from
the grid of V 5 • The tests eventually show normal sensitivity when
intermediate frequency voltage is applied to the grid of V 2 , but no
output when radio frequency is applied. Evidently the oscillator
does not work and the subsequent tests serve to find the cause.
The voltage at the oscillator anode is measured first and found
normal. Then the tuned circuit is measured with a Q meter.*
The resonant frequency proves to be correct, but the Q is very
low. Disconnecting the circuit from the grid-leak condenser restores the Q to its normal value. A faulty grid-leak resistance is.
indicated and the assumption may be proved by direct measurement
of the resistance.
Example 5. No signals on the two higher-frequency ranges,
normal sensitivity on all the other ranges.
Obviously the A.F. and I.F. part are satisfactory and the preliminary experiments need not be carried out. As in the preceding
example, the oscillator is found to be at fault on the two ranges.
The Q is again found to be small, particularly at the low-frequency
end of the highest range. This fact suggests the presence of additional series resistance, as parallel resistance would have the opposite
effect. Such series resistance might be caused by the contact fork
of the variable condenser or by the range switch. The Q becomes
normal on by-passing the switch with a short wire, which finally
locates the fault.
Example 6. The stage gain from the grid of V 3 to the diode
is found to be too low. The loss in gain may occur between grid
and anode or between anode and diode. In the first case, a fault
in the valve, in the supply or in the anode circuit is indicated ; in
the second case the coupling between the two circuits, the diode
circuit or the diode resistance are the most probable sources. The
generator voltage is applied first between grid and earth, then

* If not available, see the test given in Chapter 14.
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The amplification grid-anode,

k )' (see page !9), prnves to be down

1+ -

kcrit.

by the same factor as that from grid to diode. This suggests that
the valve is not working satisfactorily. A convenient method of
measuring the mutual conductance of the valve is carried out by
placing 1,000 ohms in parallel with the anode circuit and measuring
again the amplification grid anode. The resistance is small compared with the impedance of the I.F. circuit and the gain should be
simply 1,000 gm. The test shows that the mutual conductance is inadequate. Substituting another valve restores the correct stage gain.
Example 7. The range investigated is 1·2-3 Mc/s. The intermediate frequency is 120 Kc/s. The stage gain of V1 is normal
at 1·2 Mc/s but too low at 3 Mc/s. This proves the valve to be
satisfactory. A Q-measurement at 3 Mc/s, both with a Q-meter
and by measurement of the image protection (page 143), shows the
circuit to be as required. For further information the signal
generator is connected to the grid of V 2 through a capacitance
Cc = 5 pF and the circuit retuned. The input ratio which should
be Q

°c

proves to be down by the same factor as the stage gain.
0 total
The result suggests an effect which has been discussed on page llO.
Hence the anode current of the mixer valve V 2 is measured with
and without the detector circuit being shorted. The anode current
is found to rise considerably when the circuit is shorted. This
shows that the effect described is the cause of the apparently low
stage gain. A neutralising condenser between the oscillator grid
and the signal grid of V 2 should be sufficient cure.
Example 8. The receiver is on manual control. Immediately
after interference from a very strong source, for instance from
atmospheric noise, the sensitivity is low and recovers only slowly
its normal value after 10-20 seconds. This effect is typical for an
open grid. The strong interference causes a flow of grid current
in the faulty valve, and a large grid bias is produced which leaks
away slowly after the interference is gone. The fault can be
located in various ways ; watching the individual valve currents
is reliable, though not always the shortest way. An open grid
may be caused by a faulty grid resistance, a faulty transformer
or a break in the lead.
Example 9. Intermittent noise over the whole of the frequency
range.
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Shorting the aerial makes no difference, nor does connecting the
grid of V 1 to earth. Shorting the grid of V 2 greatly reduces the
noise. The residual noise is not affected by shorting the grids of
V 8 and V ,. Shorting the grid of V 5 makes it almost inaudible.
This behaviour shows that the noise does not originate in an individual stage but is likely to come from the supply. The receiver
sensitivity is now reduced by the manual control and the aerial is
connected through a condenser of a few pF capacitance to various
leads under suspicion. The noise is strongest at the common H.T.
lead, but markedly weaker at the rectifier: Intermittent contact in
the H.T. path or high leakage resistance between H.T. and earth
would account for the effect. The fault is likely to be between the
A.F. choke and the receiver.
The method to be adopted depends on the circumstances and
on personal taste. If the wiring and the components are accessible,
the quickest way will be first to inspect the H.T. wire and to look
for a faulty point, secondly to replace the components under suspicion by others. If the wiring is fairly inaccessible one may use
an auxiliary receiver as described in Chapter 9. The aerial of the
auxiliary receiver is connected to the common H.T. and picks up
the noise. Subsequently the H.T. leads branching off to the various
valves are disconnected, and in this way the field of investigation
can be quickly narrowed down.
Further examples may be derived from Chapters 4, 7, 9, 10
and I 1. They comprise faults in automatic tuning control and
automatic volume control, receiver instability, hum, spurious beats
and distortion. Ample use of an auxiliary receiver is made in
Chapter 9, to which the reader is referred for information. On
the whole the methods employed are always the same. Thus the
reader should be able to find his way even when conditions
differ widely from those discussed in this book. In conclusion,
a suggestion may be put forward which has proved useful in
practice.

Questionnaire.
It is often found that important points of receiver design are
overlooked or forgotten and the designer is therefore recommended

to use a questionnaire when the receiver development is approaching its end. Such a questionnaire is based on past experience and
naturally varies with the occasion. In the following a list of
questions is given as an example. The reader may extend it or
pick out some special points according to his judgment.

FAULT FINDING

305

1. Is there risk of short circuit between different wires or
between a wire and chassis ?
2. Is there undue microphonic effect when the receiver is
shaken?
3. Is the calibration unchanged after frequent switching, shaking, etc.?
4. Is the beat note steady? (Carry out a vibration test.)
5. Is the receiver performance unchanged after heavy shaking?
Is the resonant frequency of the R.F. and I.F. _circuits unaltered?
6. Is the overlapping between the ranges sufficient to allow for
the usual changes in condenser sweep ?
7. Is the receiver stable with increased H.T.? How far is the
receiver response affected by it ?
8. Is the receiver stable with 500-1,000 ohms in the common
H.T. lead? (The test applies to battery receivers, to allow for
ageing of dry-batteries.)
9. Does the first oscillator squegg? (Try different valves and
vary H.T. and L.T.)
10. Does the receiver motor-boat with very strong input and
correspondingly decreased gain ? (Try the receiver with manual
and automatic volume control.)
11. Are response curves and image protection the same with
low and high gain ?
12. Is there risk of feedback from loudspeaker or phones to
aerial? (Bring them close together and watch the effect.)
13. Is the response the same with and without A.v.c.?
14. Is the receiver stable when tuned to a harmonic of the
intermediate frequency. Are there whistles, either from feedback
of the I.F. carrier or from the second oscillator ?
15. Are the oscillations of the local oscillators strong enough
to allow for variations in valves, supplies, etc. ?
16. Is the second oscillator locked by a strong signal?
17. Does the first oscillator produce a field outside the receiver,
and is the receiver likely to be used under conditions where radiation is not permissible ? (Measure the oscillator voltage produced
between aerial and earth and assume that one-tenth of this value
may be induced in a neighbouring aerial within 10 m. distance.)

INDEX
Acceptor circuit, 14, 147
Acorn valves, 229
input impedance of, 289
Acoustic feedback, 154, 216, 233
Acoustic noise, 153-155
Adjacent channel selectivity, 14,
131-142
Admittance, 3
Aerial,
loop, see Loop aerial
reflected impedance of, 33-49
as capacitance, 33-36
as inductance, 44-49
as series combination of capacitance and inductance, 34-39
screening of, 200-205
several receivers on one, 36, 38
transfer of energy from, 31-49,
290-292
constancy of, 36-38
ganging considerations in, 33-44
on medium and long waves,
33-38
on short waves, 39-41
measurement of, 290-292
noise considerations in, 33, 39,
160-161
theoretical optimum of, 31-33
through capacitive coupling, 3336
through capacitive potentiometer, 39-41
through feeder, 41-44, 163,
200-202
through inductive coupling, 3439, 41
through mixed capacitive and
inductive coupling, 34-41
Alignment, see Ganging problems
Amplifier stage, 27-30, 50-97
power, 78-97
class A, 79-91
class AB, 95---96
class B, 91-95
pentode, 87-90, 96-97
neg. feedback in, 97
push-pull, 90-96
voltage, 50-78

Amplifier stage, voltage,
audio frequency, 50-60
choke coupled, 57
negative feedback in, 55---57,
64-65, 214-215
resistance coupled, 50-58
resistance coupled, with grid
choke, 62-63
transformer coupled, 58-60
radio frequency, 27-30, 66-78
resistance or choke coupled, 66
tuned transformer coupled,
27-30, 66-78
constant stage gain in, 72-76
influence of circuit Q in,
76-78
measurement of stage gain
of, 292
mistuning
influence
of
primary in, 69-72, 75
with two coupled circuits in
anode, 27-30, 78
untuned transformer coupled,
66
wide band, 60-62
Amplitude distortion, see Distortion
Anode bend detection, 105---106
Anode dissipation, 81-86, 89, 93
Anode efficiency, 80-83, 85---87, 8993
Anti-resonance, 13-14, 137, 143-147
Asymmetry ofrescmance curve, 8-10,
27-30, 240
Automatic
frequency
control,
122-128
Automatic gain control (A.v.c.),
175---182, 253-254
choice of time constant in, 180-181
Automatic tuning control, 122-128
Auto-transformer, see Transformer
Auxiliary receiver, use of,
in finding source of distortion, 263
in finding source of feedback,
234, 237-239
in finding source of hum, 246
in finding source of noise, 304
in finding source of spurious beats,
248, 251-252
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INDEX
and-pass filter, 22-30, 78, 133
B
for variable band-width,137-142
Band-switching, of oscillator, 115
Beat frequency oscillator, 128-129,
182
Bleeder resistance, 278
Buffer stage, 257-258

apacitance, of choke coils, 198C
199
Capacitive coupling, between inductively coupled coils, 78, 141,
287-288
Capacitive reactance, 1-2
Cathode follower, 257-258
Chassis, acting as receiver earth, 186
Choke coils, for filters, 198-200
for R.F. amplifier stage, 67-68
Class A, AB, B-amplification, see
Amplifier stage
Coefficient of coupling, measurement
of, 285-289
Condensers, inductance of, 197-198
Constant band-width, in straight
receiver, 132-133
in superhet, 133
Constant stage gain, 72-76, 132-133
in straight receiver, 132-133
Conversion conductance, 107-108,
ll0
Coupled circuits, 22-30
asymmetry in response of, 28-29
Coupling, between first oscillator and
detector circuit, ll0--113
Coupling condenser, in resistance
coupled stage, 54
Coupling, undesired, see Feedback
Critical coupling, 25
Cross-modulation, 148-151, 167, 174175
influence of, on choice of gain
control, 174-175
Cross-talk, 270
Crystal, for variable band-width,
134-137
Cumulative grid detection, 103-105

D

amping factor, of circuits, see
Q-factor
D.C. amplifier, 63-64
Delay voltage, in A.v.c., 175-179

Depth of penetration, of R.F. current,
190
Detection, 98-106, 259-263
anode bend, 105-106
diode, 98-103
distortion in, 102, 259-263
power absorbed in, 99-100
of frequency modulated carrier,
128
grid, 103-105
Diode, see Detection
Directional reception, phase in, 12-13
Distortion, 253-263
amplitude, 255-263
due to anode bend detection,
105
due to delayed A.v.c., 262-263
due to diode, 101-102, 259-263
due to grid current, 93-94, 256258
due to grid detection, 103-104
due to loudspeaker, 263
due to parasitic oscillation, 259
due to transformer, 259
due to valve characteristic, 8492, 256, 258-259
influence of negative feedback
on, 96-97
methods of finding, 263
frequency, 253-255; see also Frequency response curve
methods of tracing, 254-255
phase, 62, 255
Dynamic mutual conductance. 68

arth connection of chassis, influence of, 186
Eddy currents, in R.F. coils, 70
Electron-coupled oscillator, 129
Electrostatic screening, 183-187
Energy transfer,
from aerial, see Aerial
from resistance to resistance, 17-

E

19

from resii,;tance to tuned circuit,
19-22
from tuned circuit to tuned circuit,
22-30
Equivalent circuit of transformer, see
Transformer
Equivalent circuit of valve, 51
Equivalent receiver noise, measurement of, 294-295
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ault finding, 296--305
of audio frequency feedback,
216--219
in automatic gain control, 176--178
in automatic tuning control, 125126
in components, 296-299
of distortion, 254--255, 263
examples of, 30(}-304
of hum, 245-246
of intermittent troubles, 299-300
of R.F. or mixed R.F. and A.F.
feedback, 233-240
of spurious beats, 251-252
Feedback,
negative, in A.F. amplifier stage,
55-57, 64--65, 214--215
in output pentode, 96--97
undesired, 206--240
at audio frequencies, 207-219
due to acoustic influence, 216
due to capacitance inside
valve, 60, 209-210
due to capacitance outside
valve, 208-209
due to impedance in common
path, 212-214, 269-270
due to inductive coupling between transformers, 211-212
due to mixed capacitive and
common impedance coupling, 215-216
methods of finding, 216--219
at radio frequencies, 219-240,
246--252
due to A.F. amplifier, 229-230
due to capacitance inside
valve, 219-221, 228-229
due to capacitance outside
valve, 222
due to harmonics of intermediate frequency, 23(}-231,
246--247
due to impedance in common
path, 224--226
due to inductive coupling,
222-223
due to metal spindles, 225-227
due to mixed capacitive and
common impedance coupling, 226--229
due to supplies, 231
due to unearthed leads, 223
due to untuned loops, 223-224
methods of finding, 233-240

Feedback, undesired, at radio frequencies and audio frequencies simultaneously, 67, 167,
231-233
due to amplitude modulation
of the received carrier,
232-233
due to frequency modulation
of the first oscillator, 233
threshold howl from, 231-232
Feeder, between aerial and receiver,
41-44, 48,163, 20(}-202
Filament coupling, 227-228, 239,
248-249
Filter components, 197-200
Filters, for radio frequency, 192-196
measurement of efficiency of,
293-294
Foster-Seeley circuit, 126--128
Frequency constancy, of oscillator,
121-128
Frequency conversion, 106--113
with heptode, ll(}-113
with hexode, 111-113
with pentode, 107-109
Frequency distortion, see Distortion
Frequency modulation, 128
Frequency response curve,
of choke coupled A.F. stage, 57
of choke loaded resistance coupled
stage, 61-62
of resistance coupled A.F. stage,
52-57
of resistance coupled stage with
grid choke, 62-63
of transformer coupled A.F. stage,
59
of tuned R.F. circuit, 7-10, 26
of two coupled circuits, 26--30
Full wave rectifier circuit,
with capacitance input, 274--276
with choke input, 275-278

control,
G ainautomatic,

165-182
175-182, 253-254,

305
change of common H.T. with,
173-174
distortion from poorly designed,
168-169,.180
manual, 165-175
mistuning of R.F. circuits with,
171-173
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INDEX
Gain control, signal to noise ratio
affected by, 169-171
Ganging problems,
in circuits coupled to aerial, 33-41,
44-49
in circuits coupled to feeder, 41-44
in detector circuit, 112-113
in oscillator circuit, 113-117
Goniometer, constancy of search
coil inductance with rotation, 17
Grid bias, change of, for gain control,
see Gain control
Grid-cathode capacitance, change of,
171-173
Grid current, distortion caused by,
9~94, 256---258
providing bias in oscillator, 119
Grid detection, 10~105
Grid leak resistance, magnitude of,
54, 104

eterodyne detection,
H
Heptode mixer valve,
Hexode mixer valve,

128-129
110-113
111-113

Hum,
from A.F. action, 58, 241-244, 271272
from combined A.F. and R.F. action,
244-246
methods of finding source of,
245--246

Interference,
from near-by transmitter, 150-152
from other stations, 130-150
from outside noise, 163-164, 169,
200-205

Key
L

eakage inductance, in transformer, see Transformer
Leakage resistance, cathode-heater,
244
of coupling condenser in A.F.
amplifier stage, 54
Load-line, 84-90, 94-95
of diodes, 101-102
Locking, of oscillator, 129
Loop aerial, comparison between
tuned and untuned, 48
influence of capacitance in untuned, 48-49
influence of long connecting leads
in untuned, 48
sharpness of bearing with, 161-163
Loudspeaker resonances, 96, 263

M

frequency,
Image
Image suppression circuits,
142-146

143146
Impedance of parallel tuned circuit,
9-10
Impedances, in parallel and in series,

~5
equivalence of series and parallel
combination of, 4-5
Inductance, of fixed condenser, 197
of short cable, 290-291
Inductances, in parallel, 265
Inductive reactance, 1-2
Input impedance, of valve, 210,
289-290
Input ratio, from aerial to first grid,
34-37, 39-40
constancy of, 36---39
measurement of, 290-292

clicks, 151

agnetic screening, 187-191
Magnification factor of circuit,
6, 74-78
Matching,
of aerial to first circuit, 39-41
ofres1Stance to tuned circuit, 19-22
of two resistances, 17-19
of two tuned circuits, 22-30
Measurements, routine, 279-295
of coefficient of coupling, 285--289
of efficiency of filters, 293-294
of equivalent receiver noise, 294295
of ganged condensers, 281
of inductance of A.F. choke, wit,h
and without D.C. saturation,
281-284
of inductance of R.F. coil, 280-281
of input impedance of valve,
289-290
of Q-factor, 284-285
of stage gain, 292
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INDEX
Measurements of transfer ratio
aerie.I-first grid, 290-292
of very small capacitances, 292293
Mechanical stability of circuits, 121,
132, 305
Mercury vapour rectifier, 278
hum from, 245-246
Metal oxide rectifier, 102-103
Microphonic effects, 153-155
Miller effect, 8ee Feedback, through
capacitance inside valve
Mismatching, 17-21
Mixer valves, 107-113
Modulation hum, 244-246
Motor-boating, 230, 239
Mutual inductance, measurement of,
285-289

N

ega.tive feedback, 8ee Feedback
Noise, receiver, 153-164
acoustic, 153-155
from bad contacts, etc., 155, 175,
303-304
influence of, on choice of aerial
coupling, 33, 35, 39, 160-161
influence of, on design of gain
control, 169-171
influence of, on sharpness of bearing, 161-163
measurement of, 178, 180, 294295
shot, 155-158, 169-171
site, 163-164, 169
suppression circuits, 163-164
thermal agitation, 158-161, 169171

scillator,
Odesign
beat frequency, 128-129, 182
of, 119
effect of reaction coil on frequency
of, 118
electron-coupled, 129
frequency constancy of, 121-128
ganging of, 113-117
squegging of, 119-121
stable oscillation in, 117-121

adding condenser, 38, 114-117
P
Parasitic oscillations, 109,264-266
Parasitic resonances,
of chokes, 68, 199, 267
of chokes in series, 267
of circuits connected to valve,
230-231
of condensers in parallel, 268
of condensers with supply leads,
268, 271
of idle coils, 117, 266-267
Phase relations between voltages and
currents, 1, 3-4, 9, 11-13
Phase shift, in oscillator, 120-121
in wide band amplifier, 62
Power amplifier, 8ee Amplifier stage
Power grid detection, 104-105
Power supply, 269-278
from A.c. source, 272-278
from dry batteries, 270
from rotary converter, vibrator,
etc., 270-272
from wet batteries, 269-270

of circuits, 6, 74-78
Q-factor,
definition of, 6, 11
of circuit in anode of valve, 70-71
of more complicated circuit, 10-11
variation of, 133-137

eactance, 1-2
R
Receiver noise,
Noise
Reception, in vicinity of
8ee

strong
transmitter, 150-152
Rectifier circuits,
for demodulation, 8ee Detection
for power supply, 272-278
Reflected impedances, 15, 33-49, 67,
70-71, 75
Regeneration, use of, 133-134
Regulation curve, of A.c. power
supply, 273-278
Rejector circuit, 14, 146-147
Resonance, series and parallel, 5-10
Resonance curve, of tuned circuit,
7-10, 26
of two coupled circuits, 22-30,
139-141
Resonant frequency, 5-10
R.F.
resistance, of normal fixed
resistors, 285
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Ripple, in power supply, 272-278;
see also Hum
Rotary converter, for power supply,
270-272
Round-Travis circuit, 123-126
Routine measurements, 287-295 ; see
also Measurements

creen grid voltage, change of, for
S
gain control, 166, 169
Screening,
of aerials, 200-205
electrostatic, 183-187
filter components for, 197-200
influence of leads on, 191-196
losses caused by, 190-191
magnetic, 187-191
of motor, 195---196
principles of, 183-205
of receiver from near-by transmitter, 150-151
Second channel interference, 142-146
Selectivity, 130-152
adjacent channel, 131-142
effect of cross modulation on,
148-150
effect of near-by transmitter on,
150-152
effect of spurious responses on,
142-148
Self-capacitance, of filter coils, 198199
Sharpness of bearing, ofD.F. receiver,
161-163
Shielding, see.Screening
Shot noise, 155---162, 169-171
Signal handling capacity, 168
Signal to noise ratio, 156-163
influence of, on choice of aerial
coupling, 33, 35, 39, 160-161
influence of, on design of gain
control, 169-171
influence of, on sharpness of bearing, 161-163
measurement of, 178, 180, 294-295
Site noise, 163-164
Skin effect, see Depth of penetration
S-meter, 36
Spurious beats, 246-251
method of tracing source of,
251-252
Spurious responses, 38, 142-148
Squegging, 119-121

Stability,
mechanical, of circuits, 121, 132,
305
of oscillation, 117-121
Stabilovolt, 233
Stage gain, see Amplifier stage
Staggered tuning, 24, 137-139
Static screen, 184-187, 201-202
Stay noise, 151-152
Superhet receiver, advantages and
disadvantages of, 106-107
Swinging choke, 277-278

T

hermal agitation noise, 158-161,
169-171
Thevenin's theorem, 14-15
Threshold howl, 231-232
Transformer,
audio frequency, 58-60
auto-, 20-21,
in aerial coupling, 34-36, 39-41
in R.F. amplifier stage, 67-68
equivalent circuit of, 15---17, 22-23
in aerial coupling, 36-49
in A.F. amplifier stage, 58-60
in R.F. amplifier stage, 68-74
leakage inductance in, 15---16, 34,
36, 42-49, 59, 69-74
tuned radio frequency, 66-78
untuned radio frequency, 66
Tuning correction, for aerial circuit,
39
Two-signal test, 149
feedback, 206-240 ; see
U ndesired
also Feedback
band-width,
Vbyariable
by crystal, 134-137
regeneration, 134
by staggered tuning, 137-139
by variation of coupling, 139-142
by variation of Q-factor, 133
Variation of coupling factor, 139-142
Vibrator, for power supply, 270-272
Voltmeter, for measuring D.c. at
anode, 300
Volume control, audio frequency, 179

"Wide band amplifier, 60-62, 139

