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AUTHOR’S PREFACE

THis 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 linked
with the daily routine work of an engineer, both in 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
oceur. 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 deriva-
tions 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 Tele-
graph Company Ltd., for useful suggestions in the earlier stages
of this work, to Mr. R. H. Garner, Head of Engineering Depart-
ment, 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.
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LIST OF SYMBOLS

resistance, also radius in “ Some Useful Formulae
inductance
mutual induetance

coupling coefficient between the two inductances L, and L,

capacitance
frequency
1
onant frequency of a tuned circuit {———
Toe B v (2::\/ LC')
= 2nf
= 2nf,

a change in f or in @

— i _'& = 2. ~ % d;f i i om
A il 2 i~ twice the fractional change fr
resonant frequency

cycles per second

kilocycles per second = 102 cycles per second

megacycles per second = 10¢ cycles per second

wave-length

inductive reactance

capacitive reactance

woL

magnification factor of a tuned circuit. @ = - when r is

in series with Land C, @ = —R— when R is in parallel with

woL

either I or C

circuit damping = %

impedance which may be resistive, reactive or a combination
of both

impedance of a parallel tuned circuit at the resonant frequency.
Z, is resistive = woLQ

impedance

amplification factor }of a valve

mutual conductance

gmp

p+Z,

dynamic mutual conductance of a valve = , where Z,

is the anode load
microhenry = 10—¢ henry
picofarad = 10—1? farad
microampere = 10~% ampere
microvolt = 10—¢ volt
approximately equal to
vii



LIST OF SYMBOLS

arrow applied in drawings, usually indicating the path of the
alternating current rather than the direction

decibel, indicating a fractional step of approximately 269, 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. Power ratio Voltage ratio
1 1-26 1-12
3 2 1-41
6 4 2

10 10 3-16

20 100 10

40 10,000 100

60 1,000,000 1,000

The number » of decibels expressing a given voltage ratio 4 is
n = 20 log,, 4



SOME USEFUL FORMULAE

Inductance of a One-layer Coil, Tubular or Pancake Form.

I
] i ZTJ
_L-

L (in microhenries) = kDn?® x 10—3, where D is the average diameter and
! 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) = DNk, — k;) x 10~3; where D is the mean diameter,

d the winding depth and I the thickness of the coil as indicated in the draw-
ing, all in centimetres. N is the total number of turns, k, and %, are to be
taken from the graph II.

If the coil is wave-wound the inductance is about 109, greater than
given by the formula, owing to the increased wire length.

Inductance of a One-turn Loop. Circular Loop.—L (in micro-

henries) = 14-5 x 10—3D (logm?Ii) + 0-138), where D is the diameter of the
circle and d is the diameter of the wire in centimetres,
Square Loop.—L (in microhenries) = 18-5 x 10—3 [ (logm-‘li + 0'07),

where 1 is the side of the square and d is the diameter of the wire in centimetres.

Capacitance between Two Parallel Plates. O (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. C (in picofarads per
metre) = 121

logye r

and r is the radius of the wires, both measured in the same units.

Capacitance of a Concentric Feeder. C (in picofarads per metre)
=_—__24‘2R’ where R is the internal radius of the outer tube and r the external

log,, r
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.
ix

, where d is the distance between the centres of the wires
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xii SOME USEFUL FORMULAE
Inductance of Two Parallel Wires.

L (in microhenries per metre) = 0-92 log,, g

Inductance of a Concentric Feeder. ¢ and r in the same units.

L (in microhenries per metre) = 0-46 logwg;
Inductance of a Single Wire.
L (in microhenries) = 4-6 x 10—3 l(loglogl+0~276), where ! is the length

and d is the diameter of the wire in centimetres.
Characteristic Impedance of an Open Two-wire Feeder.

' d
2, (in ohms) = \/ g = 276 log,y ~

Characteristic Impedance of a Concentric Feeder.

Z, (in ohms) = /\/g = 138 logml—:

In these two formulae there is: L the inductance per metre in henries,
C the capacitance per metre in farads, d, » and R as given above. The
feeder damping is supposed to be zero, in which case Z, is resistive.
Z +j tan 2al
Z, A

Input Impedance Z; of a Feeder. Z; = Z, » Where [ is

the feeder length, Z, the characteristic impedance, Z the terminating im-
pedance and A the wave-length concerned. The feeder damping is neglected.
The following facts result almost immediately.

1. Z = Z,, i.e., the feeder is terminated with its characteristic impedance.
Z; = Z,, for any length of feeder.

l 34 54 2nl
(a) Z = 0 (short circuit at the end).
Z,; = 0.
(b) Z = oo (open circuit at the end).
Z; =0.
(¢) Z = R (terminating impedance is resistive).
2
Z; = ?R Z; being resistive.
A 21 32 27l
3 l=§, 3 3 ete., ta,nT = 0.
(a) Z=0,2,=0
b) Z = 0, Z; = ©
(¢) Z=R,Z;=R

This shows that such a feeder acts as a 1:1 transformer, the input im-
pedance being equal to the terminating impedance.

4. 1<

2l
(@) Z =0, Z, =352 tan T the input impedance is inductive.
®) Z=o,2Z; = —-}Z/tan2 it

T the input impedance is capacitive.



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 applica-
tion 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 para-
graph 10 of this chapter an example is given where the seemingly
appropriate use of a simplifying circuit leads one astray when the
applidation 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 zja%
lags behind the E.M.F. at the inductance terminals by 90°.

. .1
The reactance of a capacitance is — = the current

_
JjowC wC’
leading the E.M.F. by 90°.

To obtain the reactance in ohms, L has to be expressed in henries,
Cin farads. In radio the values 10~ ¢ henry = 1 microhenry (1 uH)
and 10712 farad = 1 micro-microfarad (1 uuF or 1 pF) are those
used most, and the ohmic values of reactances may be given in terms
of uH and pF.

oL (ohms) = 6-28 fL (L in yH, f in Mc/s)
1 0-159 x 108 . .
w0 (ohms) = Y (C in pF, f in Mc/s).

1



2 THE TECHNIQUE OF RADIO DESIGN

If the wave-length 4 is introduced instead of the frequency the
formulae become :

ol (ohms) = Ejﬂ, (L in yH, 2 in m)
1 5304 . .
o0 (ohms) = = (C in pF, 1 in m).

Example : Given a sinusoidal B.M.F., f = 300 Ke¢/s = 0-3 Mce/s,
R.M.S. value = 10 mV. What is the current if a capacitance of
300 pF is connected across the source of E.M.F.?

0-159 x 108

03 %300 = 1,765 ohms, therefore
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.¥. 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 =I-Z across Z. The product

2
El =17 = % 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 EI is called the wattless power.

The capacitive reactance is

For any load : Real power = E-I cos /- EI.
Wattless power = E-I sin /- EI.

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 EI 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,7Z,
Zy+2Zy
from a power consideration. With an applied E.M.F. E, the power

dissipated in Z, and Z, is
E* E? E®: E* E* 7 — zZ,Z,

il f o= 4 = .
7 +Z, therefore 7 Z1+Z2’ Z. 17,

Z of two impedances Z, and Z, is

This follows immediately

Z’ A Zl are called the admittances, and it follows at
once that the parallel combination of several admittances is equal
to their sum. It will often prove advantageous to work with admit-
tances 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 | a+4jb| = Va?+b2

Example: Given an EM.F. B, of 10 volts rM.s., f = 1 Mc/s,
and a parallel combination of

The values

re——2ZF 7 o ——t
L =200 yH and C = 100 pF, in ; 3
geries with a resistance r = 2,000 ; ”ms%m !
ohms (Fig. 1). The magnitude and ' Iz [

phase of the currents through L, C WWW
and r are to be computed.

1 vy I
oL — 1,256 ohms, — — 1,590 | ¢ T
wC
ohms, their parallel combination e

being 5,980 ohms inductive.
Total impedance (2,000+35,980) ohms = 6,300 ohms in absolute
value.

I, = ;1% amp. = 1-59 mA.

E (across LC) = 159 x 1073 X 5,980 = 9-5 volts.
9-5 9-5

Therefore I, = m:ﬁ 76 mA, Io = 1590 == 6 mA

I, is in antiphase with I, and hence I, = I} — I, according
to Kirchhoff’s law.

The phase angle between E, 5,980

2,000
I, lagging behind E,. I is in phase with I,, I is 180° out of phase

= 715°,
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with I; and therefore leading E,
Ie by 108:5°. The vector diagram of
£ic all the currents and voltages is
79° £, given in Fig. 2. It should not

I T E, require any further explanation.
4. Equivalence of Series and
Parallel Combination. A series
I combination of a resistance » and
an inductance L is equivalent to a
parallel combination of a resistance

R and an inductance L’, the relations being :

o[
voifio(3)]

For capacitance and resistance the corresponding relations are :

(oG] o

If r is small compared with wL or 2 respectively (the usual case

Fia. 2.

wC
in radio frequency), the equations become :
2
R=LE p—Lana
1 .
= GOy ¢'=C.

If the parallel combination is given and the series combination
is to be found the formulae are :

R L

= L =
R\? {wl\¥’
14— 1
+az) (%)

d N o=cfi :
an T I (RO [ +<Rw0) ]
and for R large compared with wL’' or a_)10~;

_ (oL’)? 7
=5 L=1L
! c=c.

= WO)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.
Rjol! _ RjoL'(R — joL')

rHjol = g T T Rit(el)
;= RwL')* R I — L
R4 (wL')? 1+( R >2’ l+<wL'>2'
wl/ R
The reversed relations are best derived by working with admittances,
1 1 1
viz. I_B+W = ;—W, ete.

Using the previously mentioned fact that both combinations dissi-
pate 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 R and L’. If the applied voltage is E,

Er . o
the p.d. across r becomes Ny and the power dissipated in ris
E2r

B2
RN £ The power dissipated in R being 7 there follows

E2 E2r wl\?
E " rteumy O ”[”(7) ]

Equating in the same way the wattless powers gives

E2wlL B2 r\?
= == 14+ — )
Fitelt ol? L[ +(wL> :l
as shown before.

Example 1. A series combination L = 200 xH and r = 10 ohms
is to be replaced by an equivalent parallel combination of B and L,
at frequencies 0-6 Mc/s and 1-5 Mc/s respectively.

At 0-6 Mc/s

R == 57,000 ohms, L' =200 xH.

At 1.5 Me/s

R == 855,000 chms, L' =200 pH.

Example 2. A parallel combination ¢’ = 20 pF and B = 5,000
ohms is to be replaced by an equivalent series combination of » and
C at a frequency f = 3 Me/s.

r = 1,100 ohms, C = 25-6 pF.

5. Resonant Frequency, Tuning Problems. The impedance

1
of a series combination of L and C, both non-resistive, is j (wL — a_@)'
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1 w 1
It becomes zero if w =w, = ——. The frequency f, =— = —
"= VIC WY fo =9 = 3avIT
is called the resonant frequency of L and C. If L is expressed in
#H, C in pF, the resonant frequency is:

159
Mec/s
f (in Mec/s) = VIio
and A (in metres) = 1-88VLC.

The impedance of L and C in parallel is é 1 , and

C. 1
L —
ot~ 5o}

The impedance of L, C and r in series becomes r for the resonant
frequency. Applying an £.M.F. of resonant frequency produces the

this becomes infinite for v = w,.

current I = - The voltage across L and C becomes

E 1

r w,C

If r is small compared with w,L, E’ constitutes a gain in amplitude
. . B w.L 1

compared with the applied E.M.F. The factor = 7 — (00r

is called the magnification factor @ of the circuit, and LA rw,C

wolL

B =Yol =

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

. . (wol)? . .
equivalent to a resistance R = —,—in parallel to either L or C.

In this case there is:

For any frequency —2% the current through L, C and r in series is
E . E
. 1 . w wo\’
r+joL +Jm r+onL<aTo —)

w

w, being

1
VLC

If a2> — %’ is called y, the equation becomes
0

I——E 1 or | I l—-E— 1 113’ !
1Y r V1+(yQ)?

Jy r Y :
"t «/‘*(3)
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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 (v = w,) and
falls off with increasing ¥, ¥ being a measure of mistuning. For
frequencies differing from w, by only a few per cent y is approxi-
mately
2(w — wo) _ 2 X percentage mistuning
we 100 ’

as in this case

w wn_wz—w02ﬂ2(w-—wo)

Wy w Wy Wy

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 7 the ratio

max.

1
being —————. This form is quite general and very handy.
* VIT o)
The following table gives the connection between y and the
percentage mistuning, showing clearly that up to about 109, mis-

faqi . 2 . mist.
tuning it will be permissible to use for y simply 4 _perc. mist.

100
Y
Mistuning in %
w w
;u>l,y>0 ;.<l,y<0
1 0-02 0-02
2 0-04 0-04
3 0-059 0-061
4 0-078 0-082
5 0-098 0-103
6 0-117 0-124
7 0-135 0-145
8 0-154 0-167
9 0-173 0-189
10 0-191 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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logarithmic scale. For larger percentage mistuning z = —1, and
Tnaz. 4@

/d ¥y — the curve becomes linear in the

Qo2 3Es 2347 2  double logarithmic scale. This
372 has the advantage that in tak-
S : ing measurements any faults or
X8 errors will show up immediately.
§/a The curves for two or more non-
N2 coupled circuits are obtained by

addition of the ordinates.

. 3—R C f One Tuned . s
Fie. 3 P renit, o ne Example. A circuit is tuned

to 1 Mc/s,d = 1-29,. Find the

ratio for £ 140 Kc/s mistuning.
Imax.
For 4-140 Ke/s mistuning, i.e. for f = 1-14 Mec/s, y == 0-26,
Y I 1
Y —y@ =217, 0486,
i=v T~ Vigoiqe 2040

corresponding to a drop of nearly 27 db.
For — 140 Kec/s mistuning, i.e. for f = 0-86 Mc/s, y = 0-303,
Yy _ I
J B 25’ Ima:c
corresponding to a drop of 28 db.
A quick and fairly rough estimate would proceed on the following
lines applying to either case: mistuning 149, hence y = 289,

d = 1-2%,% — 933

= 0-04,

) = 0-043, showing an error of less than 109,.
Imax.

Usually in receiver technique it is not the current that is of
interest but the voltage across L or C. In the first case the formula
w

changes to | E,|=EQ ——===—. The perfect symmetry which holds

V1i+(yQ) 1+( Q)

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, 109%, its influence begins to show. For y = +1-5,
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.

The formula I = %1_—}—13?/@’ given at the beginning of this
chapter, reveals another feature c
not yet mentioned. For y = 0, —{
i.e. at resonant frequency, I is
in phase with . At other fre- —— |
quencies there is a phase shift ¢, L r
tan ¢ being y@. For frequencies T
higher than f, I is lagging, for Fia. 4.

frequencies lower than f, 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 C, with a
resistance r in series to L (Fig. 4), is

r L
_ a0t T
rjol b T

JjoC

. 1
g (r +ij)jTaT_C'

Usually in the neighbourhood of the resonant frequency the

L. . r
term = is large compared with ——.
C JjwC

wo Q)

cuit becomes i

and the impedance of the cir-

— Y . the resonance impedance w,L is called the

Z, of the circuit. Using this term in the above formula the circuit

.. Z
impedance is "2 %
P Y
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 y@ = 1, which corresponds to a frequency
change df = 2%,

value, whereas the change in phase is 45°. The fact will be found

the impedance becomes % of the maximum
2

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

= 1 1 N
= 2avI0 \/—1+( 1)7“
Q
as there is always series and parallel damping in R.F. circuits. Compare
the discussion on phase in paragraph 7 of this chapter.

Jo- This value is only of theoretical interest,
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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
wq2L2

r
parallel combination of L and 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

= wol) = Z, This result is obvious as for resonance the

of JwLC’ in comparison with g 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

y is perfect, the circuit impedance being ﬁ (The influence

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 r and a parallel resistance R, and

e 7 L .
if Py A d, and % = d,, the total damping is d,+d,.
The relation between the corresponding ¢ values is not quite
1 .
so simple. If @, = EI:, Q. = a the resulting @ is Q?féz' Due

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 com-
pared 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 C the total resultant values have to be applied.
Example. (Fig.5.) L, =500uH, L, =100xH, C, = 150 pF,
C, = 600 pF, r, = 50 ohms, , = 3 ohms, B = 10,000 ohms. The
resonant frequency and the circuit damping are to be determined.
= 83-3 uH, the total capaci-

14/

L,+L,
= 120 pF. Consequently the resonant frequency is

The total inductance is

c.C,
C,+C,
1-6 Mc/s (paragraph 5).

tance

27, 2
r, can be replaced by a parallel resistance aﬂ;él— = 0-5 MQ,
1
hence d, = 0-1669, *; r, is equivalent

to about 0-33 MQ parallel resistance,

giving a d, = 0-25%,. The damping L, L, c
influence of R is that of a series l !
resistance of 2-77 ohms, resulting in 4 % 3
ds = 0-3349%,. Therefore the total I T2 TC’ $f
damping is d,+4d,+d, = 0759 and Frc. 5.
Q = 133.
A general formulation for the circuit damping can be given as
. . . ZI*r
the ra.t;w of real dissipated power to wattless power, i.e. b WA
R . . -
or — The truth of this statement is apparent when a circuit,
2
woL

by the above procedure, has been reduced to r, L and C in series
or R, L and C in parallel. In the latter case the dissipated power

2 2
is %, the wattless power is — or E%w.C,

woL
.  E® e wol
d being T ol - R
7. Phase Conditions. The maximum current through a series
combination of , L and C occurs for the frequency f = 1 S—
2aVLC

* This result can also be obtained by replacing r, by a resistance r,’ in

series with C,. There is I,%’ = I,%, and I, hence

Ly |
=bL 1L’
. L, \? _ 7y’
oY —rl(L——1+L.> and d, = ——————( LI, \

“\L, +L,)
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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 I 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 con-
stant 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
Co being included in the introductory
- chapter. The conditions may be

112‘2 Mg}; studied for two cases.
ll“ ' Ezample 1. (Fig. 6.) Under

~E &S
what conditions will an E.M.F. be
Fia. 6. induced in L, 90° out of phase
with £, ?
The required phase condition is fulfilled for the resonant fre-
quency f, = —1-—, as can be seen from the following equation :
27! LIO
RjowL,
. R+joL, . E,
Bi=brpgl, 7~ 1 EtjelL,
R+jol, oC wC RolL,
which becomes — .EIR for o = w,; hence B, = — .EIR —J'{ In
JWoelsy onLl L,

practice the frequency w will be given and the capacitance C has
to be adjusted to give correct phase. The above equation shows

that the phase is correct when C = , independently of the

2L,
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, must be expressed in absolute

value as a function of E,.

B, | = = ,

«/1' Ly, 1
( w?l,C R2wp2(C?
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Differentiating the term under the root with respect to C' and
equating to zero gives

1 1 2
2<1 - sz10> X (lecz) T Reaics

. 1 L, 1 oL\ 1 .
.C= a-)z—L—l—i—Fz = m[l+<?> :' = m(H_d )-
For a damping of approximately 309, a not unusually high value
for the tuned aerial in directional reception, tuning the aerial to
maximum input would result in a tuning 59, different from that
required, with a phase error of 18°. The correct method would
be either to replace B by a
series resistance or otherwise to G n
tune first without B to maxi- ' L
mum input and then to add R c é 5
afterwards. In order to obtain d s
the correct amplitude the mutual
inductance M between the two Tia. 7.
coils L, and L, may be varied.
Example 2. (Fig.7.) Under what conditions will £, be 90° out
of phase with K, ?
A simple calculation shows that the phase condition is fulfilled

1
fOI‘ Cl +02 == (‘FE,
the amplitude of E, will not be affected by C,, and a maximum

'3
by

independent of 7,. On the other hand, if r,> 6—015— ,
1

E, is obtained by adjusting C, to resulting in an obvious phase

1
L,
error for E,.

If r, is replaced by a resistance R parallel to C,, a variation of
C, tunes to maximum E, and to correct phase condition simul-
taneously. If Z is the impedance of L,, C, and R in parallel,
B; becomes

EZ M —E M jw01
1 L, T'IL,. . 1 1
s jobitjeCit o +p

showing immediately that the same value of C, gives maximum
E, and the desired phase relation at the same time.

8. Anti-Resonance. Selectivity is usually achieved by pro-
viding 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-

A~ A

Fic. 8. Fic. 9.

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+joL,

11 o J e e————— S e P
I a 4 3r T l C',*Cz r

l 2 Q*Cz

'3
K3
Y

Il

LL
A

3 i

Fi1c. 10a. Fic. 10b.

the terminals being A and B. The open-circuited voltage across
. C,

4 and B is ElC; ok

the right is that of C, and C, in parallel. Fig. 10a, therefore,

the impedance when looking into AB from
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simplifies to Fig. 106, from which the voltage E, across L follows
immediately

Ea = EIO C_;_IC ?'+]CUL1
1 2 r ~ L — -
e +.7w(01 +Cs)

This equation shows that C, is part of the tuning in the same
way as if the E.M.F. were inserted in series with L. The maximum
E, occurs for

== —1____ E Cl r+ij ﬁE QCI
L(01+02)’ 101+0: r ! C,+C,

10. Equivalent Circuit of a Transformer. (Fig. 1la.)
A transformer has two inductances L, and L,, the coupling fac-
tor between L, and L, being unity and the transformer resistance
regarded as negligible. Looking into the transformer from one side,
say L,, the network between the terminals of L, can be replaced

w?

E 2(max.)

L,
I ry 5?70 r;
vy Yy Yy

LD122Y

L,

C
B
K}

1l

L]

Lz L L
P TR ﬂuz,v%‘_]—az; L TG -

Fig. 1la. Fia. 11b.

by another similar network across L, where all the original im-

pedances are multiplied by the ratio L. and all the .M.F.s by the
1
ratio J% Using this principle, Fig. 1la simplifies to Fig. 115,
1

As the coupling factor is supposed to be unity, the ratio é—'—’ can
1

2
be replaced by s , n; and n; being the corresponding numbers
n g P g

of turns.

If the coupling factor between L, and L, is k, £ < 1, L, can be
divided into two parts, L,k? and L,(1 — k%), L,k? playing the part
of L, in Fig. 11la and L, (1 — k?) 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. 11a
and 11b, thus leading to the three equivalent circuits Figs. 12a,
12b and 12¢, which are generally applicable.
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It would, of course, be possible instead to divide L, into two
parts, L,k? and L,(1 — k?), and leave L, 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. 12¢ is extremely
useful and enables one to understand easily the working of a trans-
former 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 I7T section will prove the appropriate procedure.” In cases

7 Li kL, I L0k .,
>
Z, =1,
£, FC = NVE OGS 2 Gy
z T
Y = é :
Fic. 120 Fic. 12b.

"

§
|__..

.SF.\
-2

5

.9'_—

:

Fie. 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, is coupled to two inductances
L, and L, with the coupling coefficients %k, and k,, the coupling
factor between L, and L, being zero. The case occurs in practice,
L, being the search coil, L, and L, the field coils of a goniometer.
What is the inductance of L,, if L, and L, are shorted ?

If, rather rashly, the equivalent circuit Fig. 12¢ is wused,
the effect of the shorted inductances seems equivalent to two

— 2 _— 2

inductances Lol—]clzﬁ and Lo1 k22k 2
1 — k2 — k2 +-k, %,2
1 — ky2k,2 ’

in parallel to L, reducing

L, to L,
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Applying the general method gives: (Fig. 13.)
E, = LijjoLy+I,joM,+1,joM,
LjoL,+1joM, =0
LjoL,+1joM, = 0,

From these equations it follows that

By = 1(jully — Pjwll, — 7 juM,) = Ljoly (1 = k2 = k)
L, L,
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, and L, affects L, and, therefore, invalidates I
the equivalent circuit for the other coil. oL Ky L

The correct result shows, by the way, g I
that the inductance of the goniometer search

coil does not change when rotating. If % is Egv Lo P

the maximum coupling between search coil g I,
and field coil and o the angle between L, )7

and Ly, k; is k cos « and k, = k sin «, L, z
becoming L,(1 — k% cos?a — k2 sinZx) = Fe. 13.

L1 — k?), independent of «.

11. Matching Problems. Given an E.M.F. E,, a source resist-
ance r,, in series with a load resistance r,, the voltage across
Ta Ta
r1+7s (ri4rg)?¥
This value is a maximum when r, = r,, the power dissipated in

75 becomes E, and the power dissipated in r, is E,?

. E.*® E,? .

ry becoming j The value —4% represents the maximum power
1 1

which can be derived from a source having the voltage E, and

the impedance 7,.
If r, =27, an ideal transformer with the turns ratio ? = J ;3
1 1
gives perfect matching conditions. As the power dissipated in
2

4—;—, the voltage E, across r, is found as follows:
1

£z _E? g, =B [rn_Eim

74 4r, TN 2,

r; becomes

The phrase ideal transformer assumes infinite transformer induc-
tance with no resistance and 1009, coupling.

If there is not perfect matching between r, and 7, i.e. if the
turns ratio primary to secondary is ¢ instead of the optimum
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N2
value ¢, r, looks into a resistance »’ = r‘(f) , and the power dissi-

’

pated in r, becomes Elzmz' The voltage across r, is found
from simple considerations of power :
T2 (ry+7')2

B, =EY Vrir, 'y _ 417}_1 J_
1+7' 2 J + Jrl
LS}
£, \/ , as shown above, is the maximum voltage possible across

l

75, and ; indicates the amount of mismatching. If we set

:— = % = A4, E, becomes £, ;f" _21 = Eyops. —2—1
1 1
At Aty
The term i is of general validity and applies to all cases where
A -{—Z

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 resist-
ance. (As regards the matching of tuned circuits, see page 30.)

Example: An EM.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 ?

0,000 . .
(1) The source looks into i 6 = 3,120 ohms, the mismatching
r’ 1
= 2 =
ratio bemg v =4 =39
(2) The E.M.F. across the secondary is
J50 ,000 2 — 0-95E,.

10000‘/32+\/_

(3) E, is unchanged if 4 = V3.2, i.e. if the source looks into
32,000 ohms. The corresponding transformer ratio is 1:1-25.
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The advantage of using the above formula expressing E, 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, 1:2 results in
a loss of only 69, for K, 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. 12¢c. 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,
of the tuned circuit (paragraph 4). The impedance of the trans-

E
former is infinite for the resonant frequency, and the ratio E—,'
1

becomes, under matching conditions, % \/ %’ The damping of

the circuit, i.e. the factor governing the shape of the response curve,
is naturally affected by the source resistance, the relation being
d = dy(1+4+A4%); d,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 resistance reflected
from the source across the tuned circuit is equal to Z,. The circuit
impedance is halved and the circuit damping doubled. For 4 == 3,
i.e. if the number of turns across r is approximately three times

. . Z
the number required for matching, the reflected resistance is —9—°,

increasing the circuit damping in the ratio 1:10. TUsually 4 > 1
is called the overcoupled condition, 4 < 1 the undercoupled con-
dition, 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 4 about 3. The voltage in the secondary circuit
becomes 0-8 of the optimum value, and the circuit damping is only
1-25 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
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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 » < Z,, 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

N/%; 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
L3 > two is nearly that obtained with an
Fro. 14. ideal transformer. The mutual in-
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 isat 20 turns from the earthed
side. If L, is the inductance of the first 20 turns, L, that of
the next 40 turns, and L, that of the total coil, the values found

from well-known formulae are :

Lz

Ll—"

L, = 16-6 microhenries.
L, = 431 .,
L, =173 '

The coupling £ between L, and L, follows from the fact that

Ly = L,+L,+2kV'L,L,y; hence 73 = 16-6+43-1+2kV16-6 x 43-1
Sk = 0-248.
The coupling factor 4’ between L, and the total inductance L,
is found by realising that a current I through L, induces in L; a

voltage which can be expressed either as Ijwk’VL,L,, or as
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I(joL, +jwkV'L,L,). Equating the two expressions and substi-
tuting the numerical values gives k' == 0-668.

The coupling part of L, is £'2L, = 7-4 microhenries, whereas
for an ideal transformer the inductance of ! tap would be
23 = 8-1 microhenries.

7-4

The mismatching factor is 42 = Wi 0-91; the leakage part

of L,, 9-2 microhenries, can be neglected as its reactance is certainly
v Zo
small compared with P

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 1009, linked with each other. It is

2:, 10 r Gy T2
S bog ——WWW——] - -
N ~
e ? =
207 “Es G Lg &
Nu -1- Pl
< 02 04 06 08 10 _ =
Tapping ratio
Fia. 15. Fia. 16.

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 ecircuit
can be obtained by other means than a transformer. Fig. 16 gives
an example of a capacitive coupling. Using Thevenin’s theorem

1
and assuming that r, < oK E d being the
o1

1
1

=y, @
total damping of the circuit due to 7, and r,. Using the equiva-
lent circuit, paragraph 4, we replace r, by a parallel resistance

2(7 2
IOy causing the damping % The total damping is
C,.\2
7'2600(01+Oz)+r1wo(01+02)<a’-ﬁ)
and
C, 1

E
E, " 0i1C i \7]
wo(01+02)[72+71(m> ]

1 3
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If L and w, are given, C,+C, has a fixed value, and hence the

. E, 01"{‘02 71
optimum value of i results when r,( C. >+ 10, becomes
a minimum, C,
. c r
i.e. when R 2
C, +C, L8

E—v’ is now JE ——1%—
E, (81 w0(01+02)-27’2

2 \/;17'_—2 wo(C1+C,) ) 7:’

. wo2L? 1 1

Zs being w,L4Q T2 wo}(C.+C,)? ;;.
The result is identical with that previously obtained by tapping
the coil at the optimum point. If r, is larger than Z,, a matching
by means of capacitive coupling is not possible.

12. Two Tuned Circuits Coupled Inductively with Each
Other. Two tuned circuits, coupled inductively with each
other, are still the most popular means of obtaining the desired

2
’ Ll LZ Lz
C'l LZ I‘I[ZL‘ P r2

Fic. 17a. Fic. 17b.

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 — k?)
by L,, which is permissible for the coupling factors occurring in
practice (k < 109,), Fig. 17a changes to Fig. 175.

To understand the behaviour of two coupled circuits it may
first be assumed that r, and r, are zero and that L,C;, = L,C,. In

2
that case the series combination of C kLL and %: has an impedance
joL, J Ly jwolsy 1
Tl ol B _k—2—<where Wy = W—l),
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which is plotted in terms of y in Fig. 18 as a straight line. The

impedance of L, and C; in parallel is L, _1 _ o and is
sjwolsy Y

represented by a hyperbola. It is 1nduct1ve when the series com-
bination is capacitive, and vice versa. Hence, if the resistances
are zero, the current [ in Fig. 176 becomes infinite when

woLsy - oL,
k2 y
This takes place for a value of y = 4+ k, at the points P and P’
in Fig. 18.

Impedance

Fia. 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, 10%,, the humps are symmetrical with respect
to the resonant frequency, the fractional mistunings being

of 'y _ k
o2 T%

If there is damping the conditions are changed, the resistances
affecting the impedances in close proximity to the resonant fre-
quency. 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, and Z, and if the mutual inductance is M,
the equations are :

1,Z,+1,joM = E,
124+ 1,joM = 0.

Substituting in the first equation the value — I,- ZM for I, there

Ig(zlza jwM) _ B,
jw

follows
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Assuming the two circuits to be identical and tuned to the same
frequency, there follows
I— — EjoM EjoM
T Z2heM? (ZjoM)Z — joM)
M
c
E, - ; .
(Z — joM)Z+jw)
This shows that the response curve is identical with that of two
single circuits tuned to two different frequencies f, and f,,

and E, = —

Jf1 bein ._1 e = 1 = fo
1P V(L — MO 2aVIO(Q —k) VI—F
. Jo
bein, .
In case of zero damping there are two peaks at fo nd fo

R ;
Vi V1+k’
this result is naturally identical with that derived above for couplings
below about 10%,. If, for example

fo < k)
= . 9% theny = — VI — kA1+ 1 —2) =k
/ 1 —k MRV ey 2

To derive the conditions under which peaks occur when the
damping is not zero, the equation for F, has to be changed by
substituting for Z the proper values. As done previously, the
expression jw,Ly is substituted for jolL — %, %)nl being the

resonant frequency f, and y = (—(:— — %

0
Hence %, becomes
- M/ M/C
B = E1Z2+w2M2 - El(r+jw(,[/y)2+w2k2L2
3 M/C — E*"“““L;T'
wo2L2[(d+ay) +— :I (d+jy)2+a~)-2k2

1]

0

To obtain a manageable result this equation requires further simpli-
fication. In practice nearly all R.F. or L.F. response curves have
a width of only a few per cent of the resonant frequency. Within

this range c%)_ can be regarded as equal to 1.  As, on the other hand,
1]

the coupling factors used are rarely above 59%,, 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 g

Wy
k
k E d
By=—EB — = — 2
@d+iy)E+k? d I\T [Ek\?
(1+9)"+(2)
kQ
or |B,|=E,

5| Q\/[l——(yQ)2+(kQ)2]’+4(yQ)“"

As it will be found presently that k =Q1— is the critical coupling,
this formula is of general application. It gives the shape of the

response curve as a function of ];lc_ in terms of y@, i.e. in terms of
erit.
2 x fractional mistuning
kcrit.
Differentiation with respect to y@ gives the maxima or minima
of the curve; for differentiation only the term under the root
need be considered.

201 — (yQ)*+(kQ)*] [— 2yQ]+8yQ = O,
whence — 4yQ[1 — Q)2+ (k@)% — 2] = 0.
First solution: yQ = 0.

the ratio

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 y@ is necessary. This gives
— 4[1 — (yQ)*+(kQ) — 2] — 49Q( — 2yQ), which for y = 0 be-
comes 4(1 — k2Q?).

This expression becomes negative for k@ > 1, positive for
kQ < 1, indicating a minimum in the first, & maximum in the
second case. The differentiated function being in the denominator,
lE’,l becomes a minimum for kQ > 1, a maximum for £Q < 1.
Second solution: 1 — (y@)2+{(k@Q)2 — 2 =0

yQ =+ V(kQ)* — L
The above equation has 2 more solutions if £Q > 1, resulting
in two maxima for F,.

1 . .
k= 0 is called the critical coupling factor of the two circuits ;

the above result has the following interpretation.
The resonahce 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 mazxima, symmetrically on either side of the resonant frequency,

for y =+ Q\/(kQ) —-1= isz o For most practical
cases it is accurate enough to say that the maxima occur for a
fractional mistuning ff =4 % J k? — —~ (see paragraph 5) or,
when k is large compared with é, ;f + Ig

The resonance curves of a single and a double circuit are given

in Fig. 19, with y@Q as abscissa and Q = as parameter for the

k
kcrit.
double circuit. The z and y axes are plotted in logarithmic scale,
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Fre. 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 iny. 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, is approximately

k. . . .
— El??, in accordance with the behaviour of two single circuits.

If the two circuits are connected to the anode of an R.F. pentode
(Fig. 20) the symmetry in y is no

longer perfect. Using Thevenin’s
theorem, the conditions become % _E -
practically those of Fig. 17a, but
] o of : JI
E, = Ia'm, introducing the factor
c% in the final equation for £,. This

asymmetry is unimportant within Fia. 20,

the range of the usual response curve

and need only be considered for large mistunings or under con-
ditions discussed at the end of this chapter.

Two examples may illustrate the use of Fig. 19.

(1) fo =1 Mc/s, @ = 100, & = 39,

The maxima occur for yQ = +V8, y = + ?I()i(:)a = -4 0-028,
i.e. for approximately + 1-49, = 4 14 Kec¢/s mistuning.

(2) fo = 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 4+ 20 Kc/s mistuning.

With 3 single circuits, the first condition requires a drop of 2 db.
per circuit for 4+ 5 Kec/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 @ of each circuit has to be

0-75
0-0333
circuit for 20 Ke /s mistuning, since y@ == 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, @ = 83.

One pair of coupled circuits, @ = 83, k = 3-69%,, corresponding
to the curve with the parameter k = 3 %, in Fig. 19.

For 4+ 5 Ke/s, (y@ = 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 Ke/s, then y@ = 11.

= 22-5. In this case the response curve falls by 10 db. per
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There is for the single circuit a decrease of 20-8 db.; for the
coupled pair the drop is

255 — 45 = 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 4 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 Kec/s, the simplified form of the equation given for £, is no
longer applicable. Taking the circuit Fig. 20 and assuming the
valve impedance to be large compared with the circuit impedance,

the accurate expression for = is

E,
'p_z! 1 kQ
[El

) gmeJ [1 - (W)H(&WYTH(@/Q)Z,

as follows from Thevenin’s theorem.
The response curve is unsymmetrical for three reasons. First,

1
due to the factor - before the fraction; secondly, owing to the

factor g in the denominator, and thirdly, because symmetry is
0

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 4+-10 Ke/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 4 10 Kec/s off resonance.
The circuit @ is equal for all three pairs. How is the symmetry
at 65 Ke/s and 85 Ke/s ?

The humps for a 1 : 2 overcoupled pair of circuits lie at approxi-
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mately y@ = 4 1-8. TFor 65 Ke/s y is — 0-286 and for 85 Ke/s
it is 0-251 ; taking an average y of 0-268 there follows the necessary
1-8
Q = m = 6-7, and kcrit. = 15%.
In order to compare with each other the two points of the reson-
ance curve at 65 Ke/s and 85 Kc/s only the term

® J [1 - (?/Q)z'f‘(%kQ)z]z‘*"i(yQ)z

need be considered. Its numerical value is for critical coupling :
At 65 Ke/s:

2765 x 103V[1 — (0-286 X 6-7)2-+0-8662)2+4(0-286 X 6-7)2
== 27 X 103 x 278.

At 85 Ke/s:

2785 X 103\/[1 — (0-251 x 6-7)241-1332]24-4(0-251 X 6-7)2
=27 X 103 x 290.

For k = 2 k,, the value for Z, is proportional to
At 65 Ke/s:

2765 X 103V[1 — (0-286 x 6-7)2+4 x 0-8663]214(0-286 x 6.7)2
= 27108 x 250.

At 85 Ke/s:

2785 x 103V[1 — (0-251 X 6-7)2+4 x 1-1332)2+4(0-251 x 6-7)2
= 27103 X 400.

With all three pairs the resonance curve at 85 Kc/s will therefore
be lower than at 65 Kc/s by the

250\2 278 )
factor (ﬁ) 390> OF @pproxi- % _____
mately 0-38: 1. E F E I
This asymmetry can be elimi- S J r‘
nated, in the example given, by W
employing for two pairs of circuits .

an inductive coupling as shown
in Fig. 21 which has the coupling coil in the capacitive branch of

65
as follows immediately from the formula used. Applying, therefore,
this form of coupling for two pairs would approximately restore

85
one circuit. The influence for one pair is proportional to (—) =17,



30 THE TECHNIQUE OF RADIO DESIGN

symmetry for 4- 10 Ke¢/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

E.| _ LQL _ _InZo
B |~ Ime T+ k@2, I
: A +Z

k L
where A = k@ = o The maximum possible stage gain is

erit.

k

eril.
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 49,,Z,.

obtained for k =

and is equal to 49,,Z,. For other coupling



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 com-
bination 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, as possible. According to Chapter 1, the maximum input ratio

Z,
possible is } J —7;° , T being the internal resistance of the aerial,

Z, the circuit impedance. As has also been shown in Chapter I,
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 ~.
Z,

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

L L
Cr pp Iy Gz, o L-f rz
e ey 1
" E, L; L; Cz;! Ef "-’EJ\/%-;Z L, C; ;5 l;f
Fia. 22q. Fia. 22b.

as possible, the input ratio being in this case @. 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 under-
standing 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 sup-
posed to be unity as the result is mainly of theoretical interest.
The primary and secondary may have identical damping indepen-
dently of their respective values.

Using Thevenin’s theorem in the equivalent circuit (Fig. 22b),

B, pecomes /L2 L
' L0 I
@’ being the magnification factor of the whole circuit.
Replacing the two resistances in the capacitive branches by one
resistance R in series with L,, then according to Chapter 1,

Q'

7'1L101 24ryCy2

L,

R = N
1
(cEey
Correspondingly
Fe= E‘«/% S
! 01+0r—2 rlLIO 24ryCy2

2

2
i+

® for r, the equation becomes :

CL

_ CILIV
EQJ 11+(0 L)

z(1+-ax?) C, \/_—_2_
——1 Q1+a24,where€1—a Ll-—x.

Differentiation with respect to z leads to an equation of 3rd degree

A «—% = Q\/g%’

The result seems feasible as it amounts to matching the two capaci-
tances C, and C,. Assuming, in the above case, an aerial capacitance
of 200 pF, a secondary capacitance of 20 pF and a @ of 100,

If we substitute — oL, for r, and —-

wL,
Q Q

with the solution z =

1
Va'

—(optimum) =
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B, becomes 316, the total tuning capacitance being 40 pF. Since,
1

without elaborate precautions, the @ 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. Asreceivers have to
cover a large wave range, and easy operation is mostly of first-rate
importance, the aerial coupling is dictated by ganging considera-
tions. 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 ochmic resist-
ance, 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.

Ca, Ct r C’a r
—
RE, X L, #C,
Fia. 23.

The input ratio in Fig. 23 is, according to Chapter 1, @; 0 i’_ o
1 2

where C, is the series combination of C, and C,. The mistuning
influence of the aerial is that of a
parallel capacitance C;. As the mini-

Ca .
' mum capacitance of the ganged circuit
~ C' is generally between 50 and 100 pF,
£ L Lz C, has to be of the order of 10-20 pF.
Rod aerials, 1-2 m. long, usually do

Fia. 25. not require tracking.
The input ratio in TFig. 24 is,
according to Chapter 1, approximately

nz n,
Qn—lo <n2> — Q ,
C,n,
() +on Tgla

n, and n, being the number of turns across C, and C, respectively,
and the leakage inductance being neglected compared with C,.

2
The reflected capacitance is C, :—‘ . A comparison between
2

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

by the factor J — or, if 2 P~ - is so chosen as to give the same input

ratio as in Fig. 23 the reflected capacitance is much smaller,
01 1

OO
1+(0.)

2
<b—> is in practice small compared with unity, so that ¢’ =C g
2

being expressed by the approximate relation ¢’ = O~

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
20 pF. The circuit @ = 100, C, =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

2
100 x 20 == 16-6.

120 -
. . . . . 20 1
In Fig. 24 the ratio of aerial tapping to total coil = J 300 = 376
. .. 100
The input ratio is —————— == 52+6.
1 +3-16
316 2

If, otherwise, the aerial tapping is chosen so as to give an input
ratio of only 16-6, by choosing & tap ratio of about ;, 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 oceur 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, 209, will cause a 209, 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 @
it is proportional to the square of the frequency, as follows from the
above formulae. For reception this fact has no serious disadvan-
tage, 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 fre-
quency considerably below the required frequency range and using
a comparatively loose coupling (Fig. 26a). Under these conditions

CI I‘z C'l Ll(l‘xz) [’2
_._i ’—‘
7 — L2
NEI Lz K LZ Cfeﬂ- ——3 TEI LI/CZ CZ
(wl, > L/wC;) /o Fia. 26b.
Fic. 26a. C}Kzf‘; LZ'F’Z'( r;
— E; [L; T
= ’\17‘\/;; Lz C Z,

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

Fra. 26c.
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of the range. The combination of C,, L, and % 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. 26¢). Applying
again Thevenin’s theorem :

Ez _ /J -L2 sz k _...—_.____1
Z,~ NIk Letonl F T L NI e
L ke wC, L.k w
1
2
where w,y? = Lo:

The formula is valid only for values of %0 well below unity, when
neglecting the primary resistance is permissible. The reflected

2
inductance is L—l:l —k* — (%’) :l and the fractional change in

k2
. . OL, k2 S
inductance is — = — ————_. The implications of the for-
L, 1 — (@0 2
®

mulae given will be seen from the following.
Ezxample: The frequency range is 0-55 — 1-5 Me/s, L, =180 uH,
C, =200 pF, L, = 1,130uH, corresponding to a natural aerial
frequency of 335 Ke/s, &k = 209%,.
At 1-5 Mc/s: the fractional change in inductance is
0-04

——— = — 0042,
0-95

increasing the resonant frequency by 2-19%,.
At 0-55 Me/s: the fractional change in inductance is

_ 004 40685,
0-63

increasing the resonant frequency by about 3-29,.

The influence of the aerial must cause misganging 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 @ of 100 in the above example, the input ratio
becomes 84 at 1-5 Mc/s and 127 at 0-55 Me/s. It would be
easy to design the circuit so that the @ 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 band-
width is determined by the 1.¥., a fairly constant image protection.
As, however, it is easier to obtain a good @ 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, and L, 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 capaci-
tance the reflected parallel inductance drops to 1,000 pH, causing
a mistuning of 8-5%, in frequency as compared with 3-29, 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 cross-
modulation, 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. 26¢ that, as the reflected inductance is
about 20 times L,, any aerial resistance will contribute with ;14
of 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. 23—
26a, 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 any-
thing 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 con-
ditions 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

T r Ry ¢
— W] r
~
& Ly y
L C3 v 3E, Cz Z Cs
[
1 =
’ Fie. 27a. Fie. 27b.

for obtaining the best possible input ratio without unduly compli-
cating 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 C, plus C, 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 ochms (2 aerial), 500 ohms (feeder) and 4,000 ohms <g aerial).

The case of the aerial being a combination of resistance and react-
ance can be treated in the same way as indicated below. The
constants in Fig. 27a¢ may be: C,4C, = constant = 100 pF,
C; = 80 pF, the @ of the tuned circuit is 100, aerial tapping is at
one-third, f =15 Mec/s. The equivalent circuit is given in Fig. 275,
the corresponding values are : C,"4C," = 11-1 pF, the aerial imped-
ances = 324, 4,500 and 36,000 ohms respectively, the E.M.F. = 3X,.
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).

1. The Aerial Impedance ts 36 Ohms Resistive. The best posi-
tion of the potentiometer is when C, = 49 pF, C, = 51 pF, as will
be understood from the following results. The equivalent values
in Fig. 27b become : R, = 324 ohms, C,' =545 pF, C,’ = 5-65 pF.
The damping influence of the aerial is equal to a resistance
324(31—4?> = 1-16 ohms in series with r (page 11). The latter is
1-16 ohms, which results from the fact that the tuning capacitance
is 91-1 pF, the frequency is 15 Mc/s and the @ is 100. The
matching is perfect, and there is no mistuning.

2. The Aerial Impedance is 500 Ohms Resistive. The best posi-
tion of the potentiometer is when C, = 17 pF, C, = 83 pF, the
equivalent values in Fig. 27b being : R, = 4,500 ohms, C," = 1-9 pF,
C, = 92 pF. The matching is perfect (see page 11). The mis-
tuning is about 0-75 pF, due to the fact that the series combination
of 1-9 pF and 4,500 ohms is equivalent to a parallel combination
of approximately 1-15 pF and 11,600 ohms. A smaller value of C,
leaves the tuning practically unchanged, the loss from mismatching
being negligible,

3. The Aerial Impedance is 4,000 Ohms Reststive. R, in Fig. 27b
is 36,000 ohms, The value of C," hardly affects the additional

damping, since is always small compared with 36,000 ohms.

0 ’
The aerial therefore acts like a pure parallel resistance causing
a damping of 0-32%, The aerial is 1 : 1-77 undercoupled, the mis-

2 —— = 0-86 of the

1
0:565
+O -565

matching is 0-32, the input ratio =
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theoretical optimum. The mistuning might be anything between
0 and 11 pF, according to the position of the potentiometer. When
no tuning correction is employed optimum reception is obtained
for the approximate values C," = 1 pF, ;' = 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,, thus altering the resonant frequency of the
circuit.

A method of aerial coupling, used frequently in modern com-
munication 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

c :__-__/5’9’42'!95‘ ----- disturbances. A feeder as link
rl Ly L between aerial and receiver in-
E & # in connection with appropriate

transformers. The effect of such
a feeder on reception, with and
Fie. 28. without transformers, may be seen
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 Kec/s and 0-55-1-5 Mc/s. The aerial
coupling inductance L, is 1,130 xH for the range 0-55-1-5 Mc/s,
and 16,000 xH for the range 150-300 Ke¢/s; k& =02 and
C, = 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 C,.
Applying Thevenin’s theorem, L, looks into a generator having
200 E,
1,200 6

) volves considerable loss unless used
- : K Cz

an E.MF. equal to E, and a capacitance of 1,200 pF.
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Taking into account the change of the resonant frequency of the
primary circuit from 335 Kec/s to 137 Kec/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:
137\2
)
33 9:1
(aa)
At 1-5 Mc/s :

It is assumed in this case that the secondary circuit has been re-
tuned 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.

& r p [TE T
N El. ” C} yad E E # CZ
l g = ZkE
4:7 7:4 :
""" Receiver
Fia. 29a.
G LU-£Y Cf{%z; Loy [T
o 1120 \ J_ —3 &
~ Z, x? -|- L't ! 7"46'2
T Recerver
Fia. 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 uH, L' = 294 uyH, 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. 295. Under the given
circumstances the various values are: L'(1 — k2) = 300 uH,

L'E? = 4,700 uH, kafL’ = gf = 62-5 pF. 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 indue-
tances L'k? in parallel will cause a loss at lower frequencies when
wL'k?

2 01
at 150 Kec/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‘(1 — k2) in series with C,
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 uH (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. 295 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 Ke/s, as previously stated. Its mistuning
influence on the secondary circuit is an increase in resonant fre-
quency of 3-29,.

2. With feeder (Fig. 29b). The series combination of C, and
L'(1.— k?) is equivalent to a capacitance of approximately 690 pF,

= 1,450 ohms,

becomes small compared with It is easy to see that

as calculated from the two impedances, viz. o0
1

wL'(1 — k%) = 1,030 ohms, 6316 — wL’'(1 — k%) = 420 ohms capaci-
1
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. . . 1,450
tive ; hence the equivalent capacitance is 200 430 pF = 690 pF.
e - kL'
In a similar way the parallel combination of 62-5 pF and —5

277

where L = 2,350 uH,

is found to be equivalent to a capacitance of 27 pF, and thus
L, looks into a series combination of 300 xH and 717 pF, equiva-
lent to an inductance of 182 yH. The effect of the primary circuit
therefore consists in a reduction of L, by 3:5%, increasing the
resonant frequency by 1:75%,. A change of 1-459, in resonant
frequency will take place when changing over from the circuit
Fig. 26a to Fig.295. The influence of this mistuning on the input
ratio naturally depends on the @ of the secondary circuit.

On the range 150-300 Kec/s the largest mistuning occurs at
about 200 Kec/s, this being the resonant frequency of the primary
circuit [2,350 uH and 16,000 xuH in parallel, resonating with
(200+62-5) pF, leakage inductances being neglected]. The effec-
2,350
18,350
the @ 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, and L, 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 fol-
lowing 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. 30az). 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.

tive coupling between the two circuits is 0-2 = 7-29,
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L
If the ratio = = m, then r,’ = mr,. The equivalent circuit

L,
is given in Fig. 30b.

Ex‘z Fi1a. 30a.

'z

Fic. 30b.
The tuning inductance is
1+m(l — k?)
L L,~—— —
Ly=_— " Bm_lim—km
e — e :
Lz—f—sz 1+m
k2m
_ r(1+m)L, | ) . L+m(l — k2)
The resistance 1—1027—[‘[:?2 in series with LFT can
. 2L Ly[14+m(1 — k%)]?
1 — W Ly Lsy
be replaced by a parallel resistance R, (1 Lm)kim
. _ rq (()Leg.
The total damping becomes d, = w———Leg._l_ R,
o 14+m r k*m _ g lEmtkem

T oL, 14+m — k*m oL, 1+m — k2m  14+m — k*m’
where

wl, = oL, = oL, = Q

Eg_l L, km 1+m—k2mQ
B, INmL, 14+m 1+m+ktm

L,;. 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,.

is substituted for L., g

becomes :

If L,; which is known in advance

m-+m? — k2m? 1

14+m 14+m-+k2m’

The result may be discussed for 2 different values of k.

E,
E, ¢
N Ek=1:
L)
The function 1+m 1—+2—-

l+m 1+2m

is plotted in Fig. 31, showing

a very flat maximum for m = 0-4. The optimum input ratio is

about 0-3QJ%”‘.
1

g3 s T—
N

+
~o02 (/C= D

l i 1

0 1 1
0 02 04 06 08 710
—m

1+1-5m
S
w

S 9
~ N

K=0707

m+0-5m_ 0-707
J+m

1 1 1 i

1
0 02 04 06 08 /0
—=m

Fie. 32.

(2) & = 0-707 : (The value is chosen for convenience of calcula-

Fia. 31.

tion)
E, L
0707 eg.
z, W

m—+0-5m? 1

I+m 1+4+16m

The function of m is given in Fig. 32. It has a flat maximum
L
for m = 0-5, the input ratio becoming 0-26 @ J L—‘” A comparison
1

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 calcu-
lated 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 damp-
ing of the input system. The damping factor contributed by the

o ey k*m . . .
loop. circuit is d,  E— that contributed by the tuned circuit
I14+m

is d,m. Allowing for & = 0-707 and m = 0-4, as indi-

cated by Fig. 32, and d, = d,, 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, has to be about nine times as
large as d;. At medium and short waves d, and d, 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 ; @ 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 gang-
ing difficulties as it can be remedied by a corresponding increase
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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 con-
necting 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 low-
inductance cable is recommended.

A comparison between the tuned and the untuned loop can
only be made if the @ values are known. As a rough approxima-
tion it may be assumed that these values are identical for the two
differert loop circuits and for the secondary circuit. The input
ratio of the tuned frame is, in the case of critical coupling, equal

L.*
to g— \/ %—2 , about 6 db. above the optimum value obtained in
1

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 uH, the trans-
former coupling = 70-7%, (Fig. 30a), the @ of the primary and
secondary circuit is 70.

(1) What is the optimum input ratio ?
(2) What is the correct value of L, ?

* This follows from the facts discussed in Chapter 1, paragraph 11.
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(1) The effective tuning inductance is 1,400 pH, hence

g (opt.) = 0-26 —1—4—0270 = 340, m being 0-5.
1
@) Ly = 1 4001+m+—mF — 1,680 uH.

Example 2. A receiver is tuned to 30 m. with a capacitance
of 100 pF. The inductance of the untuned loop is 1 uH, the trans-
former coupling = 70-79%,, the @ 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 uH
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 uH.

(2) 305 pH.

(3) The effective tuning inductance increases from 2-54 to
2-83 uH.

(4) m becomes 0-167, L, = 3 uH. The input ratio is 20-5.

(5) The effect of 30 pF is equivalent to an increase of the frame
inductance from 1 pH to 1-136 uH, 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 ampli-
fier 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 and 2,500 c¢/s
or between 30 and 10,000 c/s. There exist two different ways of
achieving this end.

The Resistance and the Choke Coupled Amplifier. 7T'riodes.
In Fig. 33a the basic circuit of a resistance coupled amplifier is
shown. R, serves as anode load, C is inserted to keep H.T. away
from the following grid,- R, is the grid leak resistance of the next
valve and should be large compared with R,. To understand the
behaviour of amplifier stages, two different equivalent circuits,

shown in Figs. 336 and 33c, are useful. In Fig. 33b the valve is
50
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considered as the source of an E.M.F. — uE, and the source resist-
ance p, where p is the valve impedance, u the amplification factor
of the valve and E, the voltage applied to the grid. In Fig. 33¢c
the valve is considered as a source of a current I = — ¢ F, flow-
ing into a load consisting of the parallel combination of the valve
impedance and the actual anode load, g,, being the mutual con-
ductance 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,

-,uE E R, R
~ E1 R, Rz 1 1
Re
T Fia. 33b.

FIG 33a.

Fra. 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 R,, 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 x. If R, is small compared with p,
the case of the tuned radio frequency stage, the circuit Fig. 33¢ is
to be recommended, as it shows immediately that the gain from
grid to anode is approximately g,R,. For this reason g, is the
principal factor of interest in connection with radio frequency
pentodes or tetrodes, whereas for triodes designed for voltage
amplification u is the factor of first importance.

The circuit Fig. 33¢ may be discussed for a simple example,
the equivalent circuit Fig. 336 being used to obtain the result.

Example: A triode with the amplification factor 4 = 20 and
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the impedance p = 10,000 ohms is used. R, = 50,000 ohms,

C = 5,000 pF, R, = 0-5 megohm. Derive the stage gain % from
1

the grid of V, to the grid of V,, (1) for intermediate frequencies,
(2) for low frequencies.

1 B .
(1) When w70< R,, E, becomes yElR—u—‘j_T), R,, being the

parallel combination of B, and R,. As Ry, is
50,000 x 0-5 x 108
0-55 x 10¢
E, . 20 x 45,500
lij is ——~—~55’500 = 16-4.
(2) For lower frequencies E, decreases, owing to the increasing
influence of C. Its exact effect is best seen by replacing Fig. 33,

= 45,500 ohms,

.....

AAAAAA T
------

B R R3 B,

a

Fia. 34.

according to Thevenin’s theorem, by Fig. 34. As the EM.F. in

1
Fig. 34 is independent of frequency, £, decreases when o0 becomes

comparable with Eip +R,. The condition for a loss of 309, is

B R1+P
1
lep+R2 =0 (see Chapter 1). Since R}ii

compared with R,, the condition for 309, drop in gain becomes
1
simply pvol R,. This takes place in the example when

is usually small

1
2xf. 5,000 x 10~ 12
The shape of the frequency curve is derived from Fig. 34,
the parallel combination of p and R, being neglected in comparison
with R,. Whence

‘lﬁ L7 £ i ! , where X, = 1
B, P

"RV E, 1 X500 Bite J <XC : wC’
VA
2

= 05 x 108, . f==63 c/s.
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E, at low frequencies 1

"' E, at intermediate frequencies T /X N\%
(8
R,
Convenient points to choose when plotting the curve can be seen
from the following table :

Xe __E, at low frequencies
R E; at intermediate frequencies

1

05 O, 0-895

l 1l

1 270?; 0'701

2 1 0-447
inCR,

¢ 1 0-242
8nCR,

Towards higher frequencies a decrease in K, occurs as a result
of the capacitance in parallel to R, 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. 33c,
the parallel capacitance C, being shown by dotted lines.

At the high frequencies the reactance of the coupling condenser
is small compared with R,, and hence E, becomes

R 1
B, = g, B, 390,
R+jw0p
where R is the parallel combination of p, R, and R,. The frequency
curve can be evaluated as before, remembering that for the inter-

. 1
mediate range el > R. Hence

»
E, at high frequencies . 1
E, at intermediate frequencies /] +( RwOl,)f

similar to the formula giving the curve at the low-frequency end.

1
A loss of 309, in gain occurs when ol = R = 8,200 ohms in the
¥
above example, whence

1
27f 25 x 10-12
.. J =180 Ke/s.

= 8,200,
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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 fre-
quency amplifier (Chapter 9). Therefore R, 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 con-
sidered to be inversely proportional to the capacitance for con-
densers 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 leak-
age resistance of a condenser of 0-1 uF capacitance may be any-
thing between 5 and 50 megohms, which makes the type unsuit-
able as a coupling condenser in conjunction with high grid leaks.
Specially developed impregnants enable one to manufacture con-
densers up to 1 uF 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 vo the grid, for reasons con-
nected 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 cur-
rent 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 0-1 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 C, is a source of negative feedback, as is explained in Chapter 9.
If R,>> R, the anode current of the first valve becomes

1 P
— ! s 4 f—3 —)
I, =Eyg, 1575 where g, I Biriz
and )
J
7 = — Rcwoc = _1~
; 1 .
- — +j0C
.Rc woc -Rc j [

Ezxample 1 (Fig. 33a). R,=5000hms;C,=1uF;g," =1mA/V,
independent of frequency since Z < p+R,. Determine I, as a
function of frequency.

I, is inversely proportional to 1+Zg,,’, therefore only this term
need be discussed.

1 IR . m’R
; (3 [+
E+]w0c RawC,+—n R o
05 ) 05 .
—1+1+10‘5f“ j3 14 X 10-34 .- —A-IE
314 x 10-3f

The ensuing curve can be obtained from the following table :

B = 05

1 VAT E

A
5 . 3 —
= iy 314 x 10~ + 5oy

1,000 e/s 1-046 0-145 1:055
500 ¢/s 1-143 0-23 1-166
200 c/s 1-358 0-22 1-37
100 c/s 1-45 0-143 1-45

For higher frequencies A2%4B2? becomes unity, so the last
column gives directly the loss in gain due to negative feedback.
At 100 c/s the influence of C, is almost negligible and the gain
is approximately 1 —i—glm' . 115 of its normal value.

If R, is not purely resistive, g,,” becomes complex and depends
on frequency. The effect on the frequency curve can be seen from
an example in which R, is supposed to be the primary of an inter-
stage transformer,
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Example 2. 1In Fig. 33a the anode load is an inductance of which
the reactance equals the valve impedance at 100 ¢/s,g,, = 1 mA/V,
R, and C, as in Example 1.

Hence g, = gm.f , and
1+
100
1Jrlj_oo I+ mjf * 7
Y
Lo & 90
_ Bgm 1
i m
B, 100" < "N\100E, V"

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

feedback is ~§lg—’." .

i
1+1%

Developing the expression in the same way as is done for
a resistive load we obtain the following table :

I, without feedback
Is with feedback

1,000 c/s 0-98
500 ¢/s 0-96
200 c/s 1
100 ¢/s 1.22

At 500 ¢/s and 1,000 ¢/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. 33z as an
audio frequency amplifier, the following can be said :

The amplification is of the order of 15-30 and depends mairly
on the p of the valve employed.

The shape of the frequency curve is determined, at the high-
frequency 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 fre-
quencies 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, decreases the voltage at the anode of the valve and thus
R,
+R,
the same. Negative feedback is more easily avoided when R, is
large ; ¢, is lowered whereas, owing to the by-passing condenser
C,, the coupling cathode impedance remains the same. The con-
denser C, may be omitted which involves a loss in gain usually not
gerious. A ratio of anode resistance to valve impedance lying
between 5 and 10 is usual.

If R, 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 low-
frequency end. A 309, decrease in gain, caused by the choke
impedance only, occurs when wl, = resistance between anode and
cathode. Neglecting the grid resistance, we derive the frequency
curve for the anode voltage from Fig. 33b, | E,| being approximately

| B, '.“—L;z—

x/ Mxe

Taking into account the influence of C and R,, there follows
E, at low frequencies . 1

E, at intermediateé frequencies J 1+ s 1 R,
X2 X2

Pentode Valves. Radio frequency pentodes employed in resist-
ance 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 0-1 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

increases the valve impedance, leaving the ratio substantially
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of 100. Because of the high resistance anode-cathode it is neces-
sary 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 109, at 5,000 ¢/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 p.c. resistance in the following grid ecircuit 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. Fra. 350b.

With the help of Fig. 336 of this chapter and the equivalent
transformer circuit Fig. 116 in Chapter 1, the transformer stage
Fig. 35¢ can be replaced by the equivalent circuit Fig. 356. The
resistances of the two windings have been neglected ; % is the

1
turns ratio secondary to primary, L, = L,(1 — k2) is the leakage
inductance. The coupling of audio frequency transformers is
always so near unity that it is permissible to set L, — L, = L,
and to consider the turns ratio to be Z—% even after deducting L.
‘1
The turns ratio 2—2 is of the order of 4, and therefore
1
be neglected in comparison with C,.

1,2
-— can
2

2
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Fig. 35b shows that the amplification is Zf,u so long as C, can
1

2
be neglected and wlL, > ;:i-’o (which is the same as wL, > p). The
1

resonance of L, with C,, which lies usually between 500 and
1,000 c¢/s, does not appear as the amplitude across L, cannot

become more than ;—b—’pEl. This is another way of saying that the
1

Q factor of the tuned circuit is less than unity.

The resonance of C, with L,, 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

2
where wL,> :—’—?p and L, can therefore be omitted in Fig. 35b
1

Z,/E,
828

20
0 v basnl poaa baand Loa bl

70 50 500 1000 5000 70000
—=c/s

Fic. 36.

when calculating the effect of L, and C,. The circuit becomes
2

then a simple series-tuned circuit containing the resistance :i ,
1

the inductance L, and the capacitance C;. The resulting curves

for g—z are shown in Fig. 36, assuming p = 10,000 ohms, u = 20,
1
Ny

= 4, O, =100 pF, L, = 500 henries. Three different values of
1

coupling are given as parameter, £ = 0-99, 0-995 and 1, the corre-
sponding values of L, = Ly(1 — k?) are 10 henries, 5 henries and
zero.

It can be seen from the curves that a finite value of L, is desir-
able, 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 L,C,, and the shape
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2
of the curve at this end by the ratio of %2—2;; to wl, Both factors
1

can be chosen within certain limits in order to obtain the desired
curve. As the minimum possible value of C, 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,, 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 low as possible.
(2) The total anode resistance must be as low as is com-
patible with the required gain.

(1) requires short leads, and in the valves following the &mpli-
fier 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 g,, of about 10 mA/V , are obviously the appropriate valves.

Ezample: 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 Me/s. The
ratio

amplification at 6 Mc/s . 1
amplification at lower frequencies J_RE
)
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1
Hence g = 0-89, where X = 780 ohms and R is the anode
14
‘J*kg

resistance to be found.
. R = 400 ohms.

The stage gain is 4.

An improvement on the circuit of Fig. 33¢ 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, = 0707 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 f,,

2
1
+
1

AAAAA.
wyy

wAAAAA

a
| I,

0000
b‘

o
]| S,
W

+
Fia. 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 f, half
the anode resistance, thus L resonates with ¢ at a frequency
fo =141 f,.

(b) If a drop of 1 db. perstage is considered permissible at the
given frequency, choose the anode resistance so that it is equal
to 1-4 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 1-4 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 L and C,
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It then follows that the anode impedance for an arbitrary w

7 (R+ij)jal5 _ é ‘—%—Ig— _ (woli)? ‘ijwoL%’
Rtjol+ ]:76 R +jw.Ly R(1+j0-707y)
R0.5 —j0-707%° 2l R\/O,25+0,5(%0)2
~Eay 0 TN e
where y = Z;aio — %’

| Z| is equal to R at frequencies small compared with the
resonant frequency of L and C and for w = 0-707w,, and rises
to about 1:03 R for w = 0-5w,. The phase relations can be
derived from the formula given for the anode impedance, whence
tan ¢ = 0-707 [g +(g-)a:|, the voltage across Z lagging behind

[ 0
the current at all frequencies.

For w = 0-707w,, where the abso-
lute value of the anode impedance
is R, ¢ 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 ;

Fra. 38. their derivation may be left to the
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 C at a fre-

1
wC
the valve impedance and the anode load. As the p.c. resistance
in the grid circuit is comparatively small, ¢ can be made larger
than usual even with cheap types of condensers, so that it is not
necessary to employ an unduly large inductance.

quency at which = R, where R is the parallel combination of
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Example: In Fig. 38 a triode with a x4 of 40 and an impedance
of 40,000 ohms is employed ; the anode resistance is 0-2 megohm.
Find C and L for a frequency curve flat down to 30 c/s.

1
The condition is oL = peo 33,000 ohms at 30 ¢/s, L =175

henries, C = 0-16 uF, 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 p.c. amplifier is needed if amplification down to lowest fre-
quencies is required and if a perfect reproduction of phase as well as
of amplitude relations is essential. This is the case with telegraphic

2mA
J [ZmA
2005MQ 3005M@ l
+100Y. b‘i:‘]v;v{‘ a +100Y = +

Fic. 39.

recorders, when slow pulses of, say, one second duration are to be
amplified. 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
p.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 negative 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 4 if no
negative feedback is applied. If now a percentage SAE,, of the
output AE,, is fed back in antiphase across the input terminals, the
input must be increased to E,(1+A4p) to maintain the previous

increasing with increase
1

output. The gain becomes now

T+ 4p

of A; but if A8 > 1 the gain tends towards - independent of A.

v

2
;tRS

P 1. 4 g
E(1-A8) | E; Fg |48 3 B2z
FAEL i | +

Fic. 40. Fia. 41.

In case of negative feedback over several stages there arises, how-
ever, 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. 33¢ harms rather
than improves the response curve for low frequencies. Even if
the capacitance C, 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 fre-
quencies 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. The factor
p in the above formula for negative feedback is 5 +1 7 U Viis

1 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, is then determined by the anode resistance and
the impedance of the preceding valve, rather than by R,. The
factor B would increase towards lower frequencies, partly upsetting
the effect intended. The influence of néegative 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 :

V, is a triode valve with an impedance p of 12,000 ohms, and
an amplification factor u
of 30. R, = 0-5 megohm, 25k
R, = 50,000 ohms, B; =5 R - feedback
megohms, R, = 0-5 meg- % wifhout e
ohm, C = 5,000 pF. Give
the ratio of E, at the grid 10r-
of V, to E, at the grid 5k With neg. feedback
of V, for the low-frequency
end, with and without R,.
The change of grid resist- Fro. 42.
ance caused by R, and
the influence of the biasing resistance of V, may be neglected.

By

SIS'

0 [ VRS U TN 2|0 5
0 80 700
0 2040 60 8 /s

R R , R
Without R, B, = Byu—% - ‘. where B = P72
P+-R2 R/+R I P+‘R2
f ol
Inserting values and neglecting R’ in comparison with E,, we obtain
E, 30 % 50,000 % 5 x 10°% — 24-2
E, 62,000 " 5 o 108 — J p 1837
275,000 x 10~ 12 f
IE,, 242
B J 637\*
()
f
With R,,
E, 24-2 1 E, 24.2
R and | ==

E, T §637 242 E| «/——63'7 2
1— 1+ o 10-3+(__)
() f
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The drop in gain is about 1 : 3 ; a drop of 3 db. within the response
curve oceurs at about 20 c/s, whereas without R; it occurs at
63-7 ¢/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 transformer-
coupled 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 fre-
quency 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 dis-
cussion. It combines amplification with selectivity, the amplifi-
cation 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, = w,LQ (Chapter 1). The

stage gain possible is g J %’, as can be seen from Fig. 33b

and from the result derived in paragraph 11, Chapter 1. In the
beginning of radio, triodes were employed 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 and x == 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 feed-
back through the grid anode capacitance of the valve (Chapter 9)
the circuit requires neutralisation. To-day radio frequency amplifi-
cation 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 /—; \/ é, the same as with a triode. With
P

a modern R.F. pentode (g,, ==2 mA/V, p =05 x 10° ohms,
# = 1,000) and a circuit impedance of 50,000 ohms, its value is
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1 . ..
500 0= 1568. To obtain this stage gain it would be necessary

to match the circuit to the valve with a transformer stepping
down V10 : 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.

6% 1
+

Fra. 43. Fia. 44.

e —

5000

.| 1

(6) Tuning of the primary capacitance with the leakage induc-
tance might cause trouble, if the coupling factor is not very high.

(c) The selectivity would fall because the @ 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. Fia. 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




68 THE TECHNIQUE OF RADIO DESIGN

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 character-
istic in the three circuits Figs. 43-45, the gain being proportional
to the circuit impedance.

As shown in Chapter 1, page 20, the coil tapping works approxi-
mately in the manner of an ideal transformer, the impedance

2
transferred to the primary being Z, e , and n, and n, being the
Ty g

numbers of turhs from tapping to earth and of the total coil respec-
tively. The same holds good for Fig. 45 when the coupling is fairly
large (above, say, 609,), 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

voltage at the anode 7. (™ 2
voltage at the grid ~ "™ " °\n,/’

and the stage gain from grid to grid is

gm’Zogl: where gm, = gm—i_2
: P+Z0<@>

Uz
is the dynamic mutual conductance. Usually, the valve impedance
is large compared with the transferred circuit impedance, and g,
can be replaced by ¢,,.

In the circuit of Fig. 45, when the coupling factor % 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-12¢, its derivation
needs no further comment. Neglecting the leakage inductance and
the capacitance from anode to cathode it follows that the anode

L(I-x )

circuit in Fig. 46¢ tunes to the same frequency as the grid circuit
2 2

in Fig. 46a ; its impedance is al#—kz% = Zok’%, Z, being the
2 2

impedance of the tuned circuit in Fig. 46a. Under this assumption

it follows that :

voltage at the anode 7 k2L,
voltage at the grid (B, '™ "L,

B '
E, ’ = m Z“’“N/% , where g, = g,,——
1 2 P+Zok21‘—-;‘1

.. Stage gain =

can usually be replaced by g,,.

The neglect of L,(1 — k2) is usually permissible when L, is not
much larger than L, (see later). The capacitance C, from anode
to cathode is, however, part of the tuning circuit, as follows from
Fig. 46¢ ; its mistuning influence is equal to a parallel capacitance

Lk?
C,—+— across the secondary circuit. This fact is important when
2
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 @ follows
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. " . . wol k? ..
from Fig. 46c, the additional damping being —2". This is
P

equivalent to the effect of a parallel resistance pLs connected

k*L,
across the secondary circuit. The actual circuit damping is thus

L
A 2 /1+w..2L,L,kz)= r <P+Z°k2ff:>;
P

oL, p woLs pr woLs,
is the natural circuit damping = —1 Hence
Wolsy Q
@ (with valve damping included) _ P _Gm
natural circuit @ ot Zolczl-;—l I

2
as can be seen from a comparison with the expression given for

Jn . (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 lifzendraht. 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 im-
portance 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
100%,. The ratio of primary to secondary turns is 1:3. The
frequency range to be covered is 0-52-1-58 Mec/s, the variation in
capacitance being 50-460 pF. The @ factor of the tuned circuit
is 100 at 0-55 Me/s and 1-5 Mc/s. The valve used is a pentode
with a mutual conductance g,, = 1-5 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 Mec/s ?

What is the resultant @ at the two frequencies ?

What is the mistuning effect of the primary ?

0-52
At 0-55 Mc/s: The tuning capacitance is 460 x ( 05 5) == 410 pF.

The circuit impedance is w_CQ = 70,500 ohms. The impedance

H

9
value is small compared with the valve impedance and can be

0
transferred to the primary is — = approx. 7,800 ohms. This
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70,500
3

neglected. Hence the stage gain is 1-5 x 103 == 35. The

. . . 500,000 . )
@ is reduced in the ratio of 507 800" which can be ignored. The
mistuning effect of the primary is equivalent to a parallel capacitance

18
Of-—9 = 2 pF.

At 1-5 Moc/s: The tuning capacitance is 55 pF, the circuit
impedance is 193,000 and the circuit impedance transferred is
approx. 21,000 ohms. Hence g,’ = 0-96 g,,, and the stage gain is

193,000 .
1:5 x 1073 X 0-96 X 33 = 92, The actual @ is 96 and the

mistuning effect of the primary is that of a parallel capacitance
of 2 pF, the same as for 0-55 Me/s.

Ezxample 2. Data as for example 1 with the exception that
the transformer coupling is 25%,. Find the value of the primary
L, 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 L, such that Zk 25 = ﬁo Hence
2

9
00625 L, = %’
. L; = 1.78L, = 365 microhenries.

This is, however, carrect only if the reactance of the leakage in-
ductance can be neglected in comparison with that of the capacitance

o
Ly(1-x% r

o

a
’ z -~ L ”
NE:EJ?MJ@ a Ea L]/Cz - CL_ZJC E

Fia. 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 Me/s: wl,(1 — k%) is approx. 3,200 ohms, 20}6
= 5,900 ohms, so that the effect of L,(1 — £2)in Fig. 47 consists in

. . . 00 S
increasing C, in the ratio 3700 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 low-
frequency end, already present with large coupling, is greatly
increased. Resonance of C, and L,(1 — k?) 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 m.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 — k?) could be separated and if the residual L,k? were
1009, coupled with L,. Hence the voltage E, across the secondary

circuit is equal to E'/ Z{%; applying Thevenin’s theorem one
obtains
Eﬁ = Elgm-wlcy . ijlk2 S Q,\/EI;%?
% joLdetjelu — k) — oL Y
E,| _ gnQk _f_, _1—-, where w, = ——_1__-,
| Ey wC,N L'y _ (@)2 vL,C,
w

[
where o is the frequency of the received carrier, and where @

refers to the whole circuit, including the damping effect from p.
The same result follows almost immediately from the formula on

E
page 37, as can be easily verified. The ratio E‘f’ which corresponds

to EE}- in Fig. 26¢, increases about 1: 1-5 towards the low-frequency
1

end for a frequency range 0-5-1-55 Me/s if (20—7: == 0-34 Mc/s; as

E' is proportional to i, the stage gain at 0-55 Mc/s is about 4-6
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, and L, (C, 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 there-
fore permissible to deal separately with this capacitive coupling
and then to add its effect to that from the inductive coupling.

The voltage across L, in Fig. 46a (or £, in Fig. 47) is, under
this assumption,

JoL, -

E, = By, 190 — gg, * L
ol L JoCq § (g.,)
Jwin joC, w

and the voltage applied to the next grid through the coupling
capacitance is approximately

, 1 1
Ez = aQ

c, +0 = Bunie, [ (@

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

g c+0

1 /L, kQ 1 QC 1
|E2| [gmwo I 1—<w0)2 +gmw—0a 0.+C 1 (wo){,
) w
and the stage gain
E,
i

w

since C, <€ C. The winding senses of L, and L, 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 C, can be seen from the following example :

Example: In the circuit Fig. 46a the data are L, = 14,000
microhenries, L, = 212 microhenries, C == 410 pF at 0-55 Mc/s
and 55 pF at 1-5 Me/s, k = 0:15, C, = 20 pF, @ = 100,¢,, =1 mA/V.

1 1 L. C,



74 THE TECHNIQUE OF RADIO DESIGN

(@) Add a coupling condenser C, 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 @ in the latter case is
100? What is the gain from grid to anode ?

L, = 14,000 microhenries and C, = 20 pF, therefore f, = 27:

= 0-3 Mc/s. The expression before the bracket is approximately
3.7 times larger at 0-55 Mc/s than at 1-5 Me/s.
Hence
Ly C C
¢ = =37 e

1+C’(a,t 1-5 Me/s) 3 ( L,+ C(at 0-55 Mc/s))

015, C, .. (015 C,

§T+3§_37(81 410>

. C, = 54 pF.

Stage Gain. At 0-55 Mc/s :

E, 107% x 14,400 X 100(0-15 5-4) 65

+

E, 1 —03 81 ' 410
. . . 1072x14,400
The gain from grid to anode is 1077 x 14,400 1 i 03 = 20-6.
At 1-5 Me/s:
E, 10-3 x 5,300 x 100/0 15 54
2 == 65.
E, 1 — 0-04 \'81
. . . 10-3 x 5,300
The gain from grid to anode is X g
1 — 004
At 09 Mc/s:
]_ﬂ_, _ 10-3 x 8,800 x 100 0-15+5Ii ~ 53.
E, 1 =011 81 '153

In order to show the error resulting from the neglect of L, and
C, in parallel, in comparison with C,, the influence of the parallel
combination may now be calculated. At 0-55 Mec/s it is equal to
14 pF and at 1-5 Mec/s equal to 19-2 pF. If Thevenin’s theorem
is applied to obtain the voltage transferred through C,, the parallel
combination of L, and C, is in series with C,. 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 C, 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 @ 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 trifnmer
or, more frequently, consists of a turn 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 induct-
ance 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 109, and 159%,.

Determine the factor «—Qw—f for the highest and lowest
w(l — w—;-)
frequency of the range (for the standardised broadcast bands the
@ values of the ordinary circuits are known and the factor sought
Q s is A times larger
o[l — =
w2
at the low-frequency end, the coupling condenser has to be approxi-
A —1) [L,
1 A NL
[
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 3-29,.
At 1-5 Mc/s: The secondary inductance is reduced by 2-349%,.
It has been mentioned already in Chapter 2 that this mistuning
influence limits the coupling permissible for a given natural fre-
quency 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). Differ-
ences 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.

might be determined on paper). If

mately C, = where C), and C; are the values of

* 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).



76 THE TECHNIQUE OF RADIO DESIGN

In the above example the coupling factor between L, and L, can
be increased without undue disturbance if at the same time L, or
C, 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 com-
pared 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 ¢,'Z,, which would
be 162 at 1:5 Mc/s and 66 at 0-55 Mc/s, for a valve impedance of
1 M2. The method of tuning the transformer primary to a fre-
quency 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 @, the anode capacitance and the ratio

resonant frequency of the anode circuit
lowest frequency within the range covered
case, the stage gain is inversely proportional to the frequency for
constant condenser setting. For a frequency range 5-5-15 Me/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 @ and a small tuning capacitance are
essential. The two points may be discussed separately.

Circuit . As mentioned in Chapter 1, the circuit @ may be

are unchanged. In that

. L . . -
expressed as the ratio 9:— where L is the inductance of the circuit

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
@ (page 10). An example shows its usefulness.
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Ezample: The damping measurements carried out with an
R.F. circuit show the following typical results :

Damping Q

1. Coil (unscreened) and condenser on deck . . 08% 125

2. As 1, but with the coil in its screening box . 0-95%, 105
3. As 2, the coil and the condensers connected through

the appropriate switch . 1-05%, 95

4. As 3, mounted correctly on the receiver chass1s . 1-05% 95

5. As 4, connected to the valve grid . . . . 129 83

Such a table is revealing. It shows how a number of small
effects add together to increase the natural coil damping by 509%,.
Usually little can be done to improve the result without an appreci-
able increase in cost. A number of points may be mentioned which
are of importance for the highest frequency ranges.

1.

8.

9.

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.

. Mount decoupling condensers, if they are part of the actual

circuit, so that they fit in the run of the leads.*

. Mount the coil switch so that it fits well in the leads.

Use thick wire (about 1 mm. diameter) for the connecting
leads mentioned under 1.

Space the turns of tubular coils by about half the diameter
of the wire. This avoids dielectric losses from capacitance
between neighbouring turns.

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.

. 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.

The space allotted to the tuning coils is of importance.
The larger the space the better the @ attainable.

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 Chap-
ter 1, and does not involve any particular difficulty. If a pentode
is used with an impedance large compared with the impedance of

]

1
(4+3)
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 atten-
tion is not paid to the influence of capacitive coupling. For normal
1.F. filters with a tuning capacitance of 200 pF, a capacitance
of 2 pF between the two circuits constitutes a coupling factor of
19%,, 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 }4 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

the circuits, the stage gainis g, , Where 4 = (page 30).

k
kcrit.
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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 informa-
tion. 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.

Class Al operation. The valve is operated only on the linear
part of the characteristic; the grid voltage is always negative.

Class AB1 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.

Class B1 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, AB1, 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 I,
curves with E, as parameter. & o
The valve impedance p under /e

/-
%

these conditions is the ratio ?—“
a

for any point on the y-agis, where
E, is zero. For given values of
E, and E, the anode current 1, is

EVM’Z, where u is the amplifi-

cation factor of the valve.

The valve load is supposed to
have no p.c. resistance, as is approximately the case with trans-
former coupling. The anode voltage is E,. 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, necessary are to be
found for maximum power output.

The working point evidently lies on the line having the para-
meter £,. For any arbitrary value of R the slope of the load line

is g,/ =tanf = gmlij = tan ocp _ﬁ s 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 I, and E, axis. The lines I, IT and III represent
three load lines for the same anode load, but different grid bias ;
the working points being P,, P, P,. 1t is easy to see that among
all the lines possible that which will give the highest power out-
put is divided by the working point into equal parts, ie. 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,B,, for line III to
A,P,, both of which are smaller than AP = PB.

The anode current I, at P is found from the following con-
siderations :

I, =41BC;
E, = E, — Rl, where E, is the anode voltage at the point B ;
hence B, — RI, = 2],
E,
SRl FE A
The power output becomes in this case,
E R E,?
R =4 ", =1} L
R 92512 2

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

AE. = - )
2(R+2p)%,E, 4p
**®

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
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R = 2p is thus the optimum value of anode load under the given
conditions, and the output is
E. 2
P max. = l'g; .
The grid bias necessary to obtain the required current is found as
follows :

R+2p P
E, R
B, ="a TP
° u R+
For R = 2p there follows E, = § —°.
u

2
E—“, and hence
dp

The power taken from the H.T. supply is [,E, =
the anode efficiency is 259,.

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 char-
acteristics are not straight
lines ; for this reason a new
assumption is made which is <&
much Ix)learer the real condi- * % WE;ﬂh%’? wwe
tions (Fig. 49). This assump- Fia. 49.
tion is as follows :

The characteristics are supposed to be straight lines down to
a current I, 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 non-
linear 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 E, be the anode voltage for which the I,E, curve
cuts the y-axis at the point I, = I,. It becomes obvious then that
the characteristic for an anode voltage equal to E, in Fig. 49 cor-
responds 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 E, The valid formulae are thus
obtained by replacing in the above results the value E, by £, — E,.
The corrected formulae are

R,, = 2p, as before.
__(Ea°_Ec)2 _asEa—Ec

Pmaa:. - __mlﬁp ’ Egopt. - 4 P

The working anode current is
I, = I,,+E“ — B
dp
and hence the anode efficiency
power output (B, — EY)?

L C o o/
power supplied — 4E. (4oL, + B, — B which is less than 259,

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

p:ﬂﬁ_—@: . LW
4’
.R+4p+R
_E,—E, R+p
B, =" paab = SN 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 m.1. voltage available is such that, with an anode current
appropriate for B = 2p, the anode dissipation does not exceed the
rated value of the valve, B = 2p in fact should represent approxi-
mately 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 fre-
quently 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
BB Rie vy
p B+2p

and the anode current is approximately 30 mA. The anode dissi-
pationisin this case 340 X 30 x 10~3
= 10-2 watts, whereas the rated
value is only 6 watts, as indicated in
Fig. 49. Therefore the above work-
ing 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 ! LA ,
appropriate optimum anode load % # # ”E.f;nlrzf 447
from equation (2). The correct bias Fro. 50.

is about 48 V, and the corresponding

anode load is found from the following formula resulting from (2):

1

SRy P — | 3

R p[Ea_Ec_l } (3)
:uEg

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 21-79%,.

In practice the procedure almost exclusively employed for
deriving the optimum working conditions is the graphical method
which is based upon the I E, 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 £, =100V, E, = 0: g,, = 6 mA/V,
# =5 and p = 830 ohms.

becomes, according to equation (2), £, =
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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 61, in anode current there results
a change of — R4I, in anode voltage. Thus, a line connectmg
the point 200 V on the z-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.

170 \E
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The distortion for triodes in A1 amplification is usually expressed

amplitude of 2nd harmonic
amplitude of fundamental ’

determined by the ratio of positive to negative peak in anode

current for an applied sinusoidal grid voltage. From a mathematical

a,nalysis 1t follows that the ratio of 2nd harmonic to fundamental is
Loz + L. — 21,

in terms of the ratio

This value is

—ory =z . This expression can be transformed to
2(Imaa:. - Imin.) P
Imax - Io —1
Imuz. B IO B (Io mm) I
Z(Imax - Io+Io mm) I - IO
' L el l
I, = Iy,

where I,,m I, is the positive
and I, — I,,;, 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 _ , 4 —1

that amplitude of fundamental ~ * A1

If, on the other hand, this ratio is fixed and called p, the permissible
value of A4 is given by

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 4 of positive
current peak to negative current peak follows from the last formula

a=21_19
0-9

The graphical procedure of deriving the optimum working con-
ditions and the maximum power output of a valve represented by
the I,E, characteristics in Fig. 51 is as follows:

1. Plot in Fig. 51 the curve of maximum anode dissipation and
the line of maximum D.C. voltage permissible at the anode.

If BC is the curve of maximum anode dissipation, corresponding
to 15 watts, and if CD is the line of maximum b.c. voltage per-
missible at the anode, corresponding to 300 volts, it is evident
that the working point must be inside the area OBCD.

2. Try the point C as working point. Draw the I E_ curve for
a grid bias twice that of C' (— 84 volts in Fig. 51), and draw various
load lines through €. Make sure that in each case the ratio of the
two sections of the load line between C and the two I,E, curves
having the parameters E, = 0 and E, = twice the bias at C, is
14-2p
1 —2p
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
(Imaz. - Imin.)(Emaz.v _ Emin.)

8

In the following, approximate figures are given of three trials
carried out from Fig. 51.

1st trial : The working point is C, the load line KCL. The

4= 1t2p

, where p is the permissible ratio of 2nd

not larger than

is a maximum.

is greatest, viz.

K
ratio ~C—g = 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 169%,.
2nd trial : The working point is C, the load line MCXN. The
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ratio g% == 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 219%,.

3rd trial : The working point is P, the load line GPH. The
ratio IGJ—; == 1-22, hence the 2nd harmonic content is 59%. 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 C 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. E, may be any-
thing 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

E, =300V, E, =42 V, we obtain
for £, = 30 V:R = 2,000 ohms ;
for E, = 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 u.1. 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 259, of the anode dissipation. A valve with a large
permissible p.c. anode voltage is advantageous as the effect of
bottom bend is proportionally smaller the higher the b.c. voltage.
The anode efficiency becomes higher and approaches the value
JTp’ as given on page 80 for straight-line characteristics. For
245
E, = 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 dis-
regarded as their effect on the result is only slight.

Pentode in Class A1 Amplification. The pentode is funda-
mentally different from the triode since the anode current is, within
wide limits, independent of the anode voltage. At first the dis-
cussion of power output may be based upon a hypothetical pentode,
i.e. upon an I E, characteristic which is perfectly straight and
independent of the anode voltage. In this case the dynamic and
the static I, K, curves are identical, and the [, E, curves are hori-
zontal 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 = ?g (Fig. 52).
o
The output is 3 £,I, and the anode efficiency 509,.

= Z, =

. Eg=0 Eg=0
s
£
3
S|l
% \ -
g ‘ /"Oo’ /h Sex
< :Ea, /0@

Anode voltage b

Fie. 52. Fia. 53.

The practical conditions differ from these ideal assumptions as
follows.

1. The I, E, curves are not straight lines.

2. The anode current is not independent of the anode voltage.

3. The power supplied is larger than I, E, 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.c. anode current and

thus the choice of grid bias and anode load.

(3) decreases the anode efficiency.

Owing to the small influence of E, on I, the I E, curves are
quite unsuitable for discussion. In Fig. 53 a set of E,I, curves
is given, for a fixed screen grid voltage and with E, 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 I, E, curve with
the parameter E, = 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 I, is largely affected by E,, 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 CP = PD the positive and
the negative peaks become equal and even harmonics disappear.
The odd harmonies, however, become strong, particularly the third,
owing to g,, 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
f
negative peak
Two formulae recommended for practical use when mainly
2nd and 3rd harmonic are expected are as follows :
2nd harmonic _ A4 -1
fundamental =~ A-++1-+1-414"7(4'+1)
3rd harmonic  A+41 — 1-414"(4"41)
fundamental =~ A+1+4+1:414"(4"+1)

A, A’ and A" are the ratios of instantaneous values of A.c. currents,

viz., 4 - pos. current peals

neg. current peak

__value of I, at 0-293E,

" value of I, at 1-707E,

A" = value of I, at 1.707E,

value of I, at 2K,

and E, = the standing bias.

result in a ratio o anywhere between 1-4 and unity.

’
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The three ratios can be read directly in relative measure on the
load lines; the I E, curves for E, = 0-293E,, 1-707E, and 2K,
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 deter-
mined 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.Z, = 0 ;
this holds good also when an anode voltage 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 I,E, curves. This is in contrast to the case of a triode.

The power output is approximately

(Emaz. '— Emin.)(lmat. - Imin.)
S .
The anode efficiency usually lies between 309, and 35%, when

the screen current is taken into account, and between 35%, and
40%, when the screen current is disregarded.

225+
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Fie. 54.

A set of I,E, 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

PP , PP ., PP,
A__TJE_I%, A4 =pp, =131 4 =pp. =08,
hence
2nd harmonic 0:36
= = 7-49%,.
fundamental 2:36+1:41 x 0-8 x 2:31
(The forrula, page 85, gives 7-6 9,.)
3rd harmonic  2-36 — 141 x 0-8 x 231  — 025 59
= 5%,

fundamental =~ 2-36+-141 x 0-8 x 2:31 495

(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 1-5 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
Fic. 55. of the two.

Thus a resultant static
characteristic can be obtained by plotting the two individual char-
acteristics 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 becduse of distortion.
The various types of amplification may be discussed separately.

Triodes in Class A1 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 p.c. saturation of the output trans- la,
former.

No a.c. current delivered into the supply
and hence less danger of feedback. oot

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 con-
nected in series. The output transformer is Frc. 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 repre-
sents, 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 I, E, characteristics in the same way as in Fig. 56

Working
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shows immediately that in the resulting static characteristic the
bottom bend disappears (Fig. 57). But a certain amount of non-
linearity 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.

£a
/.
/
la
E!
Ij‘m. 57. F1a. 58.

E, 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, — IR, where I signifies the instantaneous
anode current and R the anode load. If I, is the anode current
for E, = 0, the relation must be

I, = E, ~ LR
P
1, = Pa
p+R

The p.c. current caused by the half wave is

o (£
I,. = ZJ‘;IP sin wt dt ={7l:

and the total power supplied is given by the produet
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The power output is

}H,?R = }E,? L

p+R)?
The anode dissipation is the difference of power supplied and power
output, hence
E,? R

P g
Ao+k) TRy
power output =z R
power supplied 4 p-+R’

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 R,,, = p. This
is evident in these circumstances since the grid amplitude is fixed.

2

anode dissipation =

The anode efficiency is the ratio

The power output becomes in this case %

16p
The anode efficiency = g = approx. 39Y,.

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 approxi-

mately and the anode efficiency =Z = approx. 78-59%,.

a
4R
Triodes in Class B2 Amplification. In actual fact the anode
voltage necessary to achieve this high efficiency is greater than is
permissiple 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.
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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

4
\:w

Eop=+7p

1 1
0 50 700 E,
Fra. 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 D.c. resistance in order to avoid fluctuations of the n.c. voltage
as a result of the variations in b.c. current of the push-pull valves.
A self-biasing arrangement is ruled out for obvious reasons.

Triodes in Class AB Amplification. Class AB amplification
stands somewhat in the middle between class A and class B ampli-
fication. The valves are driven so that the anode current falls

1
> /
9
4l 7
A Vatve I
A//
Ey
B”
Q ’
’ "JQ ﬂ
/{& ‘® S Valve ”
kS
F1a. 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 than 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 possi-
bility 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 push-
pull 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.

TRrRIODES
Arrangement Power Output
Single valve in class- Al . . . .1
Push-pull in class AB1 . . . . 34
s - 5 In class AB2 . . . . 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.

In
= Blocking

condenser
BN

:_}--4||}+ _:||'£

Fra. 62, F1a. 63.
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The possibility of negative feedback for the power stage has
been disregarded. Its effect consists mainly in decreasing the dis-
tortion, 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 I,, which in its turn produces an opposing E.M.F. I R at
the grid. Hence
E, — ul R

P
R’ i.e. the valve impedance is increased in the ratio

I, =

I
a P+
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1: (1 -{—“—t’?) The decrease in gain and in distortion is in the ratio of

1T;ﬁ2’ where g, is the dynamic mutual conductance.

2. Voltage feedback (Fig. 63). The fraction SE, of the anode
voltage is fed back to the grid. An E.m.¥. E, at the anode pro-
duces a voltage SE, of the same phase at the grid. Hence the

anode current is [, = 1—1]5‘(—1:—Lﬂ), equivalent to a drop of valve

impedance in the ratio The decrease in gain and in distortion

1
1+uf

is in the ratio of where A is the stage gain.

1
1484’

It is evident that of the two circuits Figs. 62 and 63 the latter
is the suitable method.



CHAPTER 4

PROBLEMS OF DETECTION AND FREQUENCY

CHANGING
The Diode.
1. 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 con-
sidered as a short circuit in one direction and as an infinite resist-
ance in the other. For a sinusoidal voltage E, the current through

R is the half of a sine curve, the peak value being E‘—(;’;"i’i’. The
average D.c. value of this current is

w El(peak) -z . 1 E( eak)
— w n tdt=-——J—-——-,
7 T xR

and hence the p.c. voltage across R becomes By weat  1n aotual
T

fact the diode resistance is not zero; its influence can, however,
be neglected when it is small com-

D pared with R.
] As a result of the curvature of the

Eo Ep diode characteristic, the resistance R,
I 3 of the diode has not a constant value
Fra. 64, but depel?ds on the working point.
The relations between I, and E
are determined by the well-known formula I, , = KE, ?; for an
average diode K is of the order of 0-5 x 1073, i.e. a D.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
D.c. voltage across the load
Peak voltage of the a.c. source’
circuit of Fig. 64. The efficiency can be increased by connecting
across B a condenser of a value such that during the negative
cycle of E, the discharge of the condenser through R can be neg-
lected. Under the same assumption as above, viz. that the diode

resistance is zero, the condenser is charged to the peak value of
98

vVV

it is approximately % for the



DETECTION AND FREQUENCY CHANGING 99

E, during the positive cycle and remains approximately at this
value all the time. The efficiency of the circuit Fig. 65 is hence
about 7z 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 C is charged to a p.c. voltage
below the peak value of £,. The short pulses flowing through the
diode when the instantaneous value of E, is above the p.c. value
of C 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 n.c. voltage developed across C
than might be expected (compare Chapter 13). It can be shown

that for a ratio of »11; = 100, the D.c. voltage developed is 909, of
d

R s
the peak value of E,, and for a ratio 7= 10 it is about 609, ;
a

s,

>
-~

m)

by
°
®

Fic. 65.

this is only an approximation, no allowance being made for the
variation of diode resistance with amplitude. Due to this varia-
tion the loss in efficiency with decreasing load is less than sug-
gested by the two numerical examples, as can be seen from the graph
on page 101. In the following it will be assumed that R; can be
neglected in comparison with R and that the p.c. voltage developed
is equal to the peak value of £,.

Circuits on the lines of Fig. 65 are utilised in receiver design
for obtaining the p.c. vcltage 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 b.c.
component as well, as in tuned anode circuits, the circuit Fig. 66
is to be used, which blocks the p.c. voltage from the diode.

The process of charging C 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 B a pure p.c.
voltage equal to E, ., and hence the power dissipated in R is
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2
Ej—%‘“—"—’, equal to that dissipated in a resistance I; connected directly
in parallel to E,. In Fig. 66 the voltage across R is the sum of a
D.c. voltage equal to E, (,,, plus the A.c. voltage K, therefore the
1

total power dissipated in R is 5B

equal to that dissipated in a

resistance 1; connected in parallel to E,. In practice the damping

effect in Fig. 66 may be even worse, as the radio frequency resist-
ance is often considerably below the rated p.c. value (see chart
Fig. 245, Chapter 14).

Example: In Fig. 66 the data of the anode circuit are
C, = 150 pF, L, = 800 microhenries, @ = 115. Find the ¢ with
the diode circuit included, for R =1 M®, using the chart just
mentioned.

For a radio frequency amplitude having the peak value E,
across the tuned circuit the power dissipated in R is

p.C.: E,2 x 107¢

2
AC.: 1%’1-25 x 1078

since the A.c. resistance at 460 Kc/s is about 0-8 MQ2. The total

power is K,21-62 x 107¢, equal to that dissipated in a parallel resist-

ance of 0:31 MQ. The damping factor d due to this resistance is
wL 2,300

= = 0-749,.
0-31 x 10% 0-31 x 10°¢ /o

1
The natural damping is 0= 0-879%,, hence the total damping is

1-619,, corresponding to a @ of 62. Without the use of the
resistance chart the @ would turn out to be 64.

II. The Modulated Carrier. Let us assume now that the
amplitude of E, is slowly increased and decreased. The b.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 p.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 repro-
duction of carrier modulation. The diode efficiency, i.e. the ratio
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D.c. voltage to the R.F. peak, is less than unity and depends on
the carrier amplitude. To derive this p.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 char-
acteristics is shown in Fig. 67 in a form in which they are usually
published by the manufacturers.

200
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D.C.negative bias, in volts
Fia. 67.

These characteristics are, however, different from the corre-
sponding curves of the triode. They give the p.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 ».c. character-
istic of the diode is known, but
the latter method is fairly labori-
ous. The decreasing steepness of
the curves for larger a.c. voltages
is explained by the shorter dura-
tion of current flow. Fig. 67 Neg.bias™
can be used to derive for circuits Tig. 68.

Fig. 65 or Fig. 66 the p.c. voltage

across the condenser for any given A.c. 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 b.c.
current of 67 pA is obtained in the circuit Fig. 68. Hence in
Figs. 65 and 66 an a.c. voltage of 12 volts will produce the
same D.C. of 67 yA in R when the magnitude of R is such that




102 THE TECHNIQUE OF RADIO DESIGN

67 uA produce an IR drop of 13-5 volts; this leads to 0-2 ML 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 o has
1
to be such that e R. The intersection of this line with any
of the curves indicates the p.c. voltage obtained on applying the
A.c. voltage marked on this curve. On modulating the amp-
litude of the a.c. voltage, the working point of the diode moves

along the load line having the slope tan o« = 1%, and the instan-

taneous D.C. voltages across ¢ or R can be read from the graph,
as it is the xz-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. FE, is a modulated radio frequency carrier
of 12 volts r.M.s. Find the second harmonic contents for 509,
and 1009, modulation.

Using the formula given on page 85, and taking the ratios

4 =92 and AL Fig. 67, we arrive at :

" R,P R,P
Modulation Factor 2nd Harmonic Content
509, 29,
100%, 559,

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 un-
modulated carrier the less the distortion, as will be readily under-
stood 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
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serious losses. Some types, when used in the circuit of Fig. 65 with
R = 0-1 megohm, gave the following results :

at 100 Kc/s: 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 there-
fore be obtained before considering its use. Measuring the @ 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 b.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
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AC.at the grid s okt
Fia. 69. Fre. 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 under-
stood 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 509, ;
the amplitude of the audio frequency current in the anode would

be approximately 0—2D 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 1009, the carrier
strength at the grid must be such that the unmodulated carrier
produces a grid bias not more than one-fourth of E, in Fig. 70.
In this case the maximum carrier amplitude reaches E, during the
negative cycle, the working bias being approximately %1 at this
moment. Consequently grid leak detection mostly works with
small grid voltages when the audio frequency amplitude is propor-
tional to the square of the amplitude of the radio frequency carrier.
This naturally involves appreciable distortion. The p.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 1 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 resist-
ance 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 re-
generation. 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). Low u valves naturally allow a larger grid swing than
valves with a high 4. An increase in audio frequency output does
not result from the use of a low u 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 u 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 I E, characteristic
utilised for rectification. For small inputs the valve is very in-
sensitive 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 £,

a maximum voltage —? of the unmodulated carrier is permissible

when the modulation factor is 1009,. Satisfactory working is thus
limited to a very restricted range of
carrier amplitude, and anode bend detec-
tion requires, therefore, a very efficient
A.V.C. system.

If auto bias is applied, the cathode
resistance R in Fig. 71 has to be of the
order of 20,000-50,000 ochms, because of
the small current employed. The method
has the advantage of closely limiting the Fie. 1.
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 cases the cause of distortion
is the difference of load line for p.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: R; = 0-2 megohm,
C; = C, = 100 pF. To calculate the efficiency of the valve it is
best to replace the signal E, by an E.M.F. u£, in the anode and then
to treat the valve like a normal diode. For ideal rectification and
a 1009, modulated carrier the ratio of audio frequency voltage at
the anode to radio frequency voltage at the grid is u, 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 neglected in comparison with

R;, one may reckon with a ratio of ’; 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 R, is usually small compared with the valve
impedance ; with ideal rectification, the anode current is the

. 1
half of a sine curve. The p.c. anode current becomes ~ 9nE, and

1
the anode voltage - 9. E,R;, where E is the peak value of £,. The
ratio of audio frequency voltage at the anode to radio frequency
1
voltage at the grid for a 1009, modulated carrier is hence - g Br.

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 f;, and the local oscillation of frequency
fe are applied to the frequency converter valve., This valve pro-
duces the frequencies f,, f,, fi & f. and various other combination
frequencies. The amplifier after the mixer valve is tuned to a
frequency f; which is called the intermediate frequency. Signals
are received when they are of such a frequency that they produce
the intermediate frequency f; by combination with the local oscillator.
If the oscillator frequency is f, > f, there are two signal frequencies
Ji and f," producing with f, the intermediate frequency, viz.,
fi=f. —f and fi’ = f,+f;. The mixer valve is not capable of
discriminating between these two frequencies, and means of separ-
ating 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 ecircuits, 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 fre-
quencies 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 Super-
het. The two methods used almost exclusively for deriving the
intermediate frequency are as follows :

I. The use of a radio frequency pentode as frequency converter.

The signal and the
local oscillator voltage are
simultaneously applied be-
tween 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
(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

. B
curve, its D.c. value being equal to ‘Z'”;—". Consequently the con-

ol el
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version conductance, i.e. the ratio

anode current of intermediate frequency
grid voltage of signal frequency ’
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is at best }z of the mutual conductance ; in practice it will be found

about equal to ng for an injected oscillator voltage lying between

one and two volts r.M.8. Negative feedback from the cathode
resistance is avoided by a shunting condenser C,, 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 10%,. 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
(C in Fig. 72) to a frequency
higher than the signal frequency,
because the total capacitance of
the signal circuit includes the grid-
cathode capacitance. Theimped-
ance between grid and earth is
therefore high at the oscillator
frequency and only a small part

Fro. 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 K,, that in the
neutralising coil E,, it can be shown by elementary calculation
that the voltage applied between grid and cathode is equal to %,,
I_E 2z __ Oac
E,C,
with respect to earth ; the reactances of the coils in series with
C,y. and with C, have been neglected in comparison with those
of C,, and C,. The fact that the applied voltage is independent of
Z shows that signal circuit and oscillator circuit are decoupled so

independently of Z, when E, being in antiphase to £,
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that the danger of (2) is removed as well. The neutralising coil is
best designed so that E, = E, and consequently C, = C,,.

The 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 neutral-
ising 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 C;, and makes it a function of frequency, thus aggra-
vating the ganging problems.

All the difficulties described
are  considerably increased g0/
when the pentode is used as an Zaust
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 ten-
dency to oscillate at fre- +
quencies other than the oscil- Fie. 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
1.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 (maixer 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

£ R 1F
1. Seircuit

~Padder

3 Osc. circurt
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of the pentode. There are two basic types of mixer valves, the
heptode and the hexode type.

Heptode (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 2xnfi¢ X sin 2nf,¢, where f, and f, are
the frequencies of the oscillator and the signal respectively. This
term is equal to [cos 2n(f, — f.)t — cos 2n(f, +f.)t], which shows
that the valve can be used as a frequency converter. Due to
the valve curvature combination frequencies of harmonics, i.e.
nf, + mf,, 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 conversion conductance
drops; above 10 V the conver-
sion conductance remains fairly
constant, but the tendency to

Fre. 75. produce undesired combination
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 fre-
quency. 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 one-
fourth 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 1 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 satisfac-
tory, at least up to frequencies of
30 Mec/s.

For hexodes and heptodes the +
problem of undesired coupling Signas
between the signal circuit and 9
the oscillator circuit is of major
importance. Such coupling may
exist inside or outside the valve.
With modern mixer valves the Fre. 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. Natur-
ally the effect depends on the tuning capacitances of both circuits
and on the @ 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

—--1F

p—eOscillator
voltage
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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
proeedure for this adjustment may be briefly described. The con-
ventional means available are a variation of inductance and of
minimum capacitance (condenser trimmer). The order of adjust-
ments should be as follows :

1. 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 fre-
quency 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
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circuit is adjusted to maximum reception in the same way. In the
case of strong coupling between the oscillator and the detector circuit
a large mistuning of the oscillator frequency takes place when the



DETECTION AND FREQUENCY CHANGING 113

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 in-
distinct and the testing engineer may adjust the detector circuit
to the frequency f,. There are two simple ways of avoiding in-
correct 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

is obtained, the setting of the Parameter: resonant frequency
detector circuit being the para- of detector circurt
meter (Fig. 78). The curve §
having the highest peak indi- 3
cates the correct setting of the S
detector circuit.
2. The signal used for gang- Main tuning
ing purposes is of the nature of Tia. 78.

valve noise, containing all fre-

quencies. 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.

1. 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
fi to f, with a given variable condenser. To alter this circuit so
that it covers a frequency range f, +f; to f,+f; with the same variable
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condenser, so that for equal positions of the condenser the new
frequency is larger by approximately the frequency f;, 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
amplification and “image protection ”
(Chapter 5) can be calculated.

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

Main tumng controf of absolutely correct tracking, gives

Fia. 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,, P, P, and P, 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 4B 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 cdse, the
@ 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 high-
frequency end and that therefore at the latter any loss in selectivity

Res Frequency
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due to misganging should be avoided. The purpose of this dis-
cussion 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

Padder

;E lj- Trimmer

P -

Fia. 80.

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 O, is the padder, C, the trimmer, C the
variable condenser, (; the self capacitance of the coil, i.e. the

LB ' o i (';;C
“r BT TC e Cer E | Toqt 2)

Fic. 82. Fra. 83.

capacitance between the turns, C, the capacitance between earth
on the one side and the coil and the attached leads on the other,
and C,, the grid-cathode capacitance of the valve. It is obvious
that € cannot be tracked. The conditions in Figs. 81-83 are:
Fig. 81. C,, O, and C,, are not tracked ;
Fig. 82, C’e and C, are not tracked ;
Fig. 83. C, 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 to Mr. M. Morgan.
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given : the frequency range and the capacitance variation of the
radio frequency circuits, the intermediate frequency f; and the
three signal frequencies £, f,, fs, at which perfect tracking is desired.
The three capacitances of the radio frequency circuits at these
three frequencies are C,, C, and C;, C, being the smallest. The
three oscillator frequencies are f," = fi+f;, fi' = fo+fi, f3' = fs+fi
where f," > f,' > f5'.

Then the expressions for the trimmer and the padder are as

follows :
Cile — 1) — Ciy(mn — 1)

= n — o
¢, — i+,
. 1
(n — 1)1 —p,y)
N2 n 9
e e
1
1 —p,
. —C,
n = 0.0y

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 Mec/s.

Hence : f,’ = 196 Mc/s, f,’ = 146 Mc/s, f,’ = 1-06 Me/s.
C, = 60-5 pF, C, = 136 pF, C, = 378 pF.
P = 0292, p, = 0-555

1 — 0292

@ = 2% 1.59
1 — 0555
3175
755
. _ . 9 . N4
0’:378 X 0:59 — 60-5 x 3-2 223 1930:11.3PF‘
261 2-61
60-5+-11-3
O = 22277 473 pF.
P 36l P
32 x 0708

Deviations from the theoretical curve caused by the self-
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capacitance C, of the coil can easily be removed by the appropriate
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 reson-
ance causing the trouble would be that of the smaller coils, as will
be readily understood.

2. Stable Oscillation. The problem of producing stable oscilla-
tions 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
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
1:1-5. Thus, if an oscillator works satis-
factorily 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 em-
ployed, 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

o 1 1
f= 32 =2 Vi0
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, =g,E, inducing the voltage I, joM = Eg,joM in L.
There is produced at the grid the voltage E, = K9, oM@, where
@ is the magnification factor of the circuit. The condition for stable

oscillations is K, = E,,.

will exist when the anode current [, produces

1

] (——
A (l)ng




118 THE TECHNIQUE OF RADIO DESIGN

Substituting kv L,L for M and w130 for L, we obtain
C
b = iy,
or L, in yH, C in pF, g, in mA/V).
Comparing different frequency ranges and assuming % and @ to
be fairly constant, one can see from the formula that the reaction
coil L, has to have constant value for a given capacitance. In
actual fact the circuit @ drops towards lower frequencies because
of the parallel damping by B and by the grid current ; but it is fairly
constant above 6 Mc/s. With typical values C = 300 pF, @ = 70,
k = 0-6,and g,, = 0-7mA/V for the oscillation part of a mixer valve,
L, becomes 0-35 microhenry.

Naturally one has to allow for the decrease of g,, 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 : L, <« 1-05 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.

Ezample: An oscillator on the lines of Fig. 84 is to work for the
frequency range 13-4 — 30 Mc/s; ¢ = 60 — 300 pF, circuit @ = 70
at 13-6 Mc/s, L = 0-47 uH, coupling factor between L and L, = 0-6,
capacitance anode-cathode = 12 pF, L, = 1-05 yH, 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 yH. At
13-6 Mec/s the influence of the inductance of 0-84 xH 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 xH is 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
L and C.

(L, in henries, C in farads, g,, in amps/volt,
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From these considerations various points arise which it is
important to bear in mind for very high frequencies.

1. Try to make the minimum capacitance of the tuned circuit
as small as possible. Every pF saved tells strongly. It increases
L and decreases L, 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 @ allows
the use of a smaller reaction coil.

3. Use a mixer valve of which the oscillator portion has a fairly
large g,,, not below 0-7 mA/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 p.0. 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 flow 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 g, 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 g,, 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 g, ;
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 con-
denser is fairly large, a decrease in amplitude is not immediately
followed by a drop in bias. The average g,, 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 dis-
charge (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 Mec/s, it is easy to guard against squegging. A grid con-
denser 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 detri-
mental 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 fre-
quencies. 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
0-1 MQ 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 neces-
sary 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 :

1. 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 valtages, 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, ete.
At least some temperature tests should be carried out, as other-
wise unpleasant surprises are in store. Not only may large tem-
perature 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~ ¢ 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.1.0.), 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 df. Consequently the intermediate frequency varies

. . Intermediate
Signa/—> l Mixer freq.amplifier l
)

. v Contre/ Discrim-
[05c1//atar‘ valve inator
D.C.voltage
Fia. 85.

by the same amount and produces a D.c. voltage proportional to
df, positive or negative according to the sense of the freq