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CHAPTER XI.—AMPLIFICATION

GENERAL PRINCIPLES

1. In preceding chapters reference has been made to the employment of the thermionic
valve as an amplifier, and it now becomes desirable to consider this function in greater detail.
In this connection the term valve must be understood to exclude the two-electrode valve or diode, .
which possesses no amplifying property. The latter is dependent upon the introduction into
the space between cathode and anode of one or more grid-like structures which exercise a
control upon the electron current without necessarily acting as electronic collectors, and therefore
without the necessity for power expenditure in the input circuit. The triode, possessing only a
single grid as a control electrode, 1s the prototype of all amplifying valves, and its use will be
first discussed in order that the advantages obtained under certain conditions by the use of
tetrodes, pentodes and other special types will be appreciated in due course.

Classification of amplifiers

2. (i) Amplification may be defined as the process by which either current, voltage or power
may be increased without serious change of wave-form, although this definition does not hold
in certain special cases, e.g. when it is desired to emphasize one component of a complex wave-
form compared with other components. An amplifier is an assembly of valves and circuits by
which amplification is achiéved. Current amplification is of little practical importance, and it is
usual to divide amplifiers into two main classes, (4) voltage amplifiers and (b) power amplifiers.
A further classification is also made according to the portion of the frequency spectrum in which
‘the amplifier is designed to operate, namely audio-frequency (A.F.) and radio-frequency (R.F.)
amplifiers. The extent to which amplification is employed has been considerably increased in .
the last few years. Its use was at one time entirely confined to receivers, radio-frequency
amplification being incorporated in order to increase the input voltage to the detector valve,
and audio-frequency amplification of the rectified signal in order to increase the volume of sound
produced. Of late years, however, radio-frequency amplification has been an important feature
of many transmitters owing to the necessity for control of the radiated frequency, while audio-
frequency amplification is also often required in the sub-modulator stages of R/T transmitters.

(ii) Amplifiers are also sometimes classified under the following headings :—

Class A.—An amplifier which is operated under conditions which ensure that the wave-
form of the anode current variation is practically the same as that of the input grid-filament
voltage. Under these conditions both the efficiency and power output are low. Class A
amplifiers are used only for voltage amplification (both A.F. and RF.) and audio-frequency
power amplification in the output stage of R/T receivers, where absence of distortion is of greater
importance than electrical efficiency.

Class B.—An amplifier which is operated with such negative grid bias that in the absence
of any input signal voltage, the anode current is practically zero. The grid is then said to be
biassed to “‘ cut-off point.” Grid current is usually aliowed to flow during a portion of the
cycle. . The anode current wave-form is approximately a series of half sine waves, alternate
half-cycles being suppressed. These amplifiers are frequently employed for the amplification of
modulated radio-frequency voltages in R/T transmitters ; when adjusted for maximum output
the efficiency is about 40 per cent.

Class C.—In this type of amplifier the grid is biassed to a point more negative than the
cut-off voltage and therefore, when an input signal voltage is applied, anode current flows for
less than one half-period. An efficiency of the order of 85 per cent. can be achieved in this manner.
Class C amplifiers are used in both R/T and W/T transmitters. The simple C.W. transmitter
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described in Chapter IX is merely a special form of R.F. amplifier in which the grid excitation
voltage is derived from the output of the valve. If operated under sinusoidal conditions without
grid current, the conditions are those of class A amplification, while if operated at high efficiency
they correspond to class B or class C according to the magnitude of the grid bias.

Fractional band width

3. In referring to the range of frequencies over which an amplifier is designed to operate,
the terms “‘wide’’ and ““narrow” bands are frequently employed. The sense in which these terms
are used calls for some explanation. For example, a frequency band of 20 kilocycles per second
is a wide band when dealing with audio-frequency amplification, but a narrow band so far as
radio frequencies are concerned. The difficulty is removed if the term ““ band width *’ is under-
stood to signify ““fractional band width”’. If an amplifier operates uniformly over all frequencies
between an upper limit £, and a lower limit f,, it is said to respond to an absolute frequency band
of width f, — f,. The fractional band width is the quantity obtained by expressing the absolute

fo—fi
_ Vi
example, consider an amplifier which gives equal amplification of all frequencies between 32 and
20,000 cycles per second. The geometric mean frequency is 800 cycles per second and the
fractional width 24-96, i.e. greater than unity. In contrast, take an amplifier designed to
operate in the region of one megacycle per second, but which gives no appreciable amplification
of frequencies 10,000 cycies above or below 1 Mc/s. The geometric mean frequency is practically
20,000 .02
1,000,000 ~
It will be noted that although the absolute band width is practically the same in each case
(20,000 cycles per second) the fractional band width in the former example is very much greater

width as a fractien of the geometric mean frequency, 1/f, f,, and is therefore Asan

equal to 1 Mc/s and the fractional band width of the amplifier is approximately

(8) Vollage applied 1o amplifier (b) Wave form of oulpul vollage

F1G. 1, CHAp. XI.—Frequency distortion.

than in the latter. When the fractional band width is small, the amplifier is said to be selective
and vice versa. As a rule, radio-frequency amplifiers are designed to be as selective as possible,
while audio-frequency amplifiers are required to give equal amplification over a wide (fractional)
band and are therefore unselective.
Distortion in amplifiers

4. An amplifier producing an output voltage which is an exact duplicate of the input voltage
in every respect save magnitude may be called an ideal or distortionless amplifier ; although it
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is not possible to construct such an amplifier a close approach to the ideal can be achieved by
careful design. It is usual to distinguish between three types of distortion, namely :—

(i) Frequency distortion—This term is applied to the unequal amplification of different
frequencies. This is generally a desirable characteristic of a radio-frequency amplifier because
it is then selective. In audio-frequency amplifiers, frequency distortion is usually undesirable,
and its avoidance calls for considerable skill in design. The effect of this form of distortion is
shown in fig. 1a, in which the original wave form has a second harmonic of amplitude one-half
that of the fundamental. After amplification by a selective amplifier the wave-form may be
that of fig. 1b, in which the amplitude of the second harmonic is only one-quarter of the
fundamental.

(i) Amplitude distortion—The effect of amplitude distortion is illustrated in fig. 2; in this.
instance the input wave-form is assumed to be sinusoidal. ~After amplification the wave-form
has become peaky and in fact contains second and third harmonics as well as the original wave-
form. From figs. 1 and 2 it is seen that the effect of amplitude and frequency distortion may be
very similar, at any rate in audio-frequency amplifiers. The difference lies rather in the cause

(a) Vollage applied fo amplifier () Wave form of oulpul vollage
Fic. 2, CuaP. XI.—Amplitude distortion.

than in the effect, and as a rule frequency distortion is caused by the nature of the circuits used
in conjunction with the valve and amplitude distortion by the valve itself. Amplitude distortion
is in fact the result of a non-linear relation between current and voltage, and must exist to some
extent in all valve circuits, because neither the I, — Vg nor the I, — V, characteristic is perfectly
straight. Curvature of the I; — V curve is immaterial if the operating conditions are so chosen
that grid current never occurs. This entails operating with considerable negative bias, and
restricting the amplitude of the input voltage so that the grid potential never reaches the value
at which grid current commences. The use of a high effective resistance in the anode circuit
tends to reduce the curvature of the dynamic I, — Vg characteristic and therefore to reduce
amplitude distortion. The steps taken to minimize amplitude distortion may therefore be
summarized as below. .

() Employ an anode circuit of high dynamic.resistance.

(0) Apply sufficient H.T. voltage to ensure that an ample approximately straight
portion of the Iy — V, curve exists, in the region of negative grid voltage.

(c) .Adjust the grid bias to a value midway between the point at which the curvature
of the characteristic becomes appreciable, and the point at which grid current starts
to flow.

(d) Limit the input voltage so that the excursion of anode current is confined to the
straight part of the curve.
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F1G. 3, Crap. XI.—Operating conditions for distortionless amplification,

These operating conditions are shown in fig. 3.  When they are fulfilled the wave-form of the anode
current variation is practically identical with that of the grid-filament voltage variation. The
class A amplifier may therefore be defined as one operated as indicated in (a), (), (¢) and (d) above.

(iil) Phase distortion results when. the phase relationship between different frequency
components is disturbed in such a manner that the wave-form of the output voltage differs from
that of the input, although the relative amplitude of the various components is unchanged. The
effect is illustrated in fig. 4, the original and distorted wave-form being again shown. The

(a) Voltage applied lo ampliﬁer‘ (b) Wave form of amplified vollage
Fi1G. 4, Cuapr. X1.—Phase distortion.
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amplitudes of fundamental and second harmonic are as 2 : 1 in each case, but during amplification
their relative phase has undergone a displacement of 90°. Phase distortion only occurs when the
time taken for the signal to pass through the amplifier is comparable with the duration of the
signal, and is therefore of no significance in ordinary reception.

Equivalent circuit of amplifier . :

5. The basic circuit of the triode amplifier is given in fig. 5a in which T is the triode, v, the
voltage of the signal to be amplified, E,, the voltage of the grid bias battery and E, the voltage
of the anode supply or H.T. battery. Z is the anode circuit load impedance, and for brevity is
often referred to as the output circuit, while the circuit connected between grid and filament of
the valve is called the input circuit. The variation of grid-filament voltage v; gives rise to a
corresponding variation of anode current, which must of necessity flow through the load impedance,
and consequently a varying voltage v, is set up across the latter. In a voltage amplifier the
object is to obtain the largest possible voltage variation va. In a power amplifier, however, in
addition to this voltage variation, an appreciable current variation is also required, so that the
power dissipated in the output circuit, as a result of the grid-filament voltage variation vg, shall
be as large as possible. The variation of anode current produced by the application of a voltage
vg to the grid-filament path is exactly the same as would be produced by a voltage uvg acting in

WES
@ o
1 o

£, (a). (b

Fi6. §, Caapr, XI.—Basic circuit of amplifier, and equivalent circuit.

the anode circuit of the valve (Chap. VIII}. The equivalent circuit of the valve amplifier is
therefore as shown in fig. 5b. This equivalent circuit gives only those currents and P.D’s which
result from the application of the signal voltage, which are superimposed upon the steady or
no-signal values of P.D. and current.

Voltage amplification factor

6. (i} The voltage amplification factor (V.A.F.) of a valve and an associated impedance in
its anode circuit is the ratio of the voltage variation across the external impedance to the voltage
variation between grid and filament of the valve. The anode circuit load impedance may be of
any nature whatever, provided that it possesses finite conductivity at zero frequency, i.e. for
direct current. This limitation merely signifies that a simple series condenser cannot be employed,
because it is necessary to provide a complete conductive path for the steady component of anode
current, In practice the anode load impedance may be a resistance, an inductive choke, or a
tuned circnit consisting of inductance and capacitance in parallel. Further, an additional
circuit may be coupled to the load impedance by any of the methods enumerated in Chapter VI.

(i) In deriving the voltage amplification factor appropriate to any particular form of anode
circuit, it is desirable to assume that no amplitude distortion will take place, and therefore that
the following conditions are fulfilled.

(a) Ample filament emission is provided.

(b) The anode is maintained at a positive potential with respect to the filament
during the whole cycle of applied grid voltage.
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(¢) The mean grid potential is sufficiently negative to ensure that no grid current
flows.

(d) The I, — V, characteristic is approximately straight over the whole portion to
which the excursicn of anode current extends.

(e) Unless the contrary is explicitly stated, the intereiectrode capacitance is assumed
to be negligibly small ; the effect of its finite magnitude will be indicated where this is
of consequence in operation or design.

Ohmic resistance a3 load impedance

7. In the circuit shown in fig. 6a the load impedance consists of a non-inductive resistance
of R ohms. If an alternating voltage vy = ¥’ sin wf is applied between grid and filament, its
effect upon the anode current is exactly the same as would be produced if the grid potentla.l

1—? ----- e
Y9 Ew' ? o
I

F16. 8, Cnap. X1.—Resistance as anode loa,d

were maintained constant and an alternating E.M.F. u ¥ sin of were introduced into the
anode circuit (fig. 6b). The resulting variation of anode current will be

s Vg sin ot
7+ R

The output voltage, v,, of the amplifier is the P.D. across the load resistance R and is equal to
s R, hence

1y =

v __ RuYgsinot
T T n+R

With a, sinusoidal variation of grid voltage, therefore, the output voltage v, is also sinusoidal and
the above equation may be written

Un == __IL v
T 7a+ R A Y
The V.A.F. is defined above as the ratio S‘i so that the V.A.F. of the circuit shown in fig. 6 Is
g8
w_ R
v, 7+ R #-

Example.—A triode has an amplification factor of 20 and an r, of 50,000 ohms. If a f)urély
resistive impedance of 100,000 ohms is placed in the anode circuit, find the V.AF.

V.AF, =

R
r.+R‘u
100,000
= 50,000 + 100000
= 13}.

X 20
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8. An increase in the value of the load resistance will result in an increase in the V.ALF. ;
for example if a resistance of 200,000 ohms is substituted in the circuit just considered, a V.A.F.
of 16 is obtained. The limiting value of the V.A.F. is equal to the amplification factor of the
valve, i.e. u, but this value cannot be reached in practice. It is approached more closely as the

ratio —? becomes larger and larger, as shown in fig. 7, in which the ordinate is V'i' - and the
a

abcissa the ratio ? , so that to obtain the V.AF. with any particular valve, the ordinate must
a

be multiplied by the appropriate value of z. It may appear desirable to use the highest obtainable

value of load resistance ; a practical limit to its magnitude is however imposed by the necessity

of maintaining the anode at a positive potential of at least a few volts (e.g. 10 volts) above that

of the filament. Since the anode D.C. resistance of the valve and the load resistance are in series,

this limits the value of the latter to about 107,. Reference to fig. 7 shows that the V,A.F. is then

kO,

Z 4 6 8 10 12 14 16
Ratio R .

Ta

Fi6. 7, Cuap. XI.—Effect of ratio —r—}g upon V.AF.

90 per cent. of the theoretical maximum value 4. From the expression given above it would also
appear that the V.A.F. is indepepdent of the frequency of the applied grid-filament voltage. In
obtaining the V.A.F., however, the presence of stray capacitance was neglected, and it will
presently be shown that the effect of such a capacitance, which effectively acts as a shunt upon
the load resistance, is to cause serious reduction of the amplification obtainable at all frequencies

above a few thousand cycles per second.

Inductance as load impedance

9. Fig. 8a shows a possible amplifier disposition in which the impedance Z of fig. 5 is
constituted by an inductance of L henries and of negligible resistance, the equivalent circuit
being given in fig. 8b. The mean operating potentials Ep and E, are asin the previous example.
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" The application of a sinusoidal grid-filament voltage vy = ¥*g st%# ot will result in a corresponding
variation of anode current 4, and

b g

vt + (oL)¥

s =,

H-— L )
Eq: J
S S Ta/ """" =
* -
@ (b)

Fi1G. 8, CHaP. XI. Inductance as anode load,

The P.D. between the ends of the inductance, which is of course the output voltage v, of the
amplifier is oL 4,, or

ol ”
BE Vet (el |t
and the V.A.F. is
Va (DL

D T
Example—In fig. 8a, if the valve has an amplification factor of 20 and an 7, of 20,000,
while the load impedance is an inductance of 10 henries, find the V.A.F. when the frequency of

the applied grid filament voltage is (i) 10 cycles per second, (ii) 100 cycles per second, (iii)
1,000 cycles per second.

(@) oL = 27 X 10 X 10 = 200n — 628,
628

() wL = 6,280.
' VAF 6,280

A= 90,0008 + 6,280 <
. 6280
~ 31000 X 20
= 6-6

(©) oL = 62,800.
62,800

VAF. = ~/20.000° 1 62800 * 20
. 62,800
= g6400 < X
= 18-95.

20
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With this form of load impedance, then, the V.A.F. increases as the frequency of the input
voltage is increased, and approaches the limiting value u as the load reactance, wL, becomes
larger and larger compared with the anode A.C. resistance 7,. The increase of V.A.F. obtained

by an increase in the ratio oL is shown in fig. 9 which should be compared with fig. 7. Itis

7a
seen that no advantage is obtained by increasing the ratio E;—I-' beyond about 5, w being taken

as 2 times the lowest frequency at which appreciable amplification is required. It should be noted
that as the inductance is assumed to have zero resistance, there is no steady voltage drop between

10
-8
6
.
<
S ]
4
&
2
0
2 4 6 3 .10 2 14 16
Ralio “£
Ta

F16. 9, Cuar. XI. Effect of ratio ‘:—L upon V.AF.

its ends, and the mean anode-filament P.D. is equal to the E.M.F. of the H.T. battery. In
practice the resistance of the coil is always negligible compared with the anode-filament (D.C.)
resistance of the valve.

Effect of stray capacitance

10. Before discussing the practical application of these and other forms of load impedance,
it is desirable to study the effect of a stray capacitance in parailel with the inductance or
resistance constituting the load ; such a capacitance is always present, and its effective value
may be of the order of 100 uuF. Let the stray capacitance be denoted by Cs, its reactance at a

frequency —é—”; being ;15 Taking the case of a resistance load, the anode circuit impedance,
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Z,. is then that of R and C; in parallel. By methods explained in Chap. V it can be shown that
R

- ———e— __ XTI R
ZO \/1 + wgcngz '\/XO + RO
. wCR?
Yo T woRe
R
Re= 1T (wCrT
and the V.A.F. becomes 7

“.
‘\/(73. - Ieo)2 + Xt
Example.—Assuming that 7, = 50,000 ohms, u = 20, R = 100,000 ohms, C; = 100uuF,
calculate the V.A.F. at the following frequencies, viz., (i) 800 cycles per second (ii) 16,000 cycles
per second (iii) 800 kilocycles per second, the first being near the mean audio frequency, the
second near the upper limit of audibility, and the third a radio frequency in the middle of the
medium broadcast band. .

At 800 cycles per second,
o = 5,000 (approx.)
oCR =5 X 10 X 102 x 10722 X 105 = -05

(0CuR)? = -0025
05 x 108
Xo = W = 4,988 ohms
R, = & _ 99,750 ohms
° 7 1-0025 ’
Z, = 99,875 ohms
99,875 .
VAF. = 20

= [ x 108 + 9975 x 109 1 4,988 *

As X, 1s so small compared to 7. + R, this is practically
9-9875
g0 < 20
V.AF. = 13-3.
This result is of course identical with that found by assuming the stray capacitance to be
negligible.

At 16,000 cycles per second,

o = 100,000
@CsR = 10° X 102 x 10712 x 10° = 1
(0CsR)2 =1
105
X, = 5 = 50,000 ohms
105

R, = -5~ = 50,000 ohms

et

Z, == 4/50,000% + 50,0002
= 70,700 ohms
VAE _ 70,700
5= /(50,000 + 50,000)2 + 50,000®
7-07
= —l'Qg* X 20
—~ 12-6.

20
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At 800 kilocycles/sec.
o=5x 108
oCR = 5 x 108 x 100 X 10712 X 105 = 50
(0CsR)2 = 2,500°
50 x 105 . 50 x 10°

=T = ARy
Xo= 45501 & ~as00 = 2000
. 105 . 105
R, = 2;'5(”)1 o500 40
i Zo = VR Xot ==2.000
2,000
7 —_ P i el el
VAF. = —oair 1 2000 X 20
. 2,000
= 8.

11. From the above example, the following general results may be deduced. The effect of
stray capacitance upon the V.A.F, is negligible at the lower audio frequencies, but becomes of
some importance at the higher audio frequencies. At that frequency for which the reactance of

the stray capacitance <—1C> fs equal to the joint resistance of the valve and load resistance in
Wi g

parallel, i.e. when
1 _ _Rrn
wC;, R + 7’
the V.A.F. is reduced to -707u, and falls off rapidly when the frequency is further increased.
With the valve and circuit specified above, the corresponding frequency is about 480 kc/s. It
may be taken as a general rule that with the valves at present employed, a resistive anode load
will. give no appreciable amplification at frequencies higher than about 500 kc/s.

Development of tuned anode circuit

12. (i) Now consider the effect of a similar capacitance in the case of the amplifier having an
inductive anode load. It is at once apparent from the circuit diagram of fig. 10 that the
capacitance and inductance together form a tuned circuit, the resonant frequency of which is

equal to. cycles per second. If the resistance were truly zero, the circuit would

1
274/LC;
behave at this frequency as$ a perfect rejector, offering an infinitely high opposition to the
flow of current, and the V.A.F. would reach the theoretical limiting value 4. As however some
slight resistance must exist, the opposition of the parallel circuit at its resonant frequency is

not infinite, but is equal to that of a purely resistive impedance of EETQ ohms. This apparent
S

resistance is termed the dynamic resistance of the circuit and is denoted by Ry. (Chapt. V.)

In certain circumstances the stray capacitance may be deliberately augmented by connecting

a condenser of capacitance C in parallel with the inductance ; the resonant frequency is then
1

. . L
equal to VI (€ £ C) and the load resistance is CICIR ohms. When a parallel L C
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circuit is employed in this manner it is called a ‘* tuned anode " circuit. The V.A.F. follows
at once from the results obtained with a purely resistive anode load, i.e.

R

V.AF. TR

This expression is of course only valid when the parallel circuit L, (C + C,), is tuned to the input
frequency. At frequencies higher than the resonant frequency, the circuit will offer both
resistance and capacitive reactance, while at frequencies below the resonant frequency it will
-behave as an inductive resistance, its impedance being always less than the dynamic resistance
under resonant conditions. Hence, an amplifier having an inductance in its anode circuit will
always give greatest amplification at some particular frequency, depending upon the inductance

. -00(?
Ao
t~
Ié?
—

. ] BT

@) (b)

FiG. 10, Cuar. XI. Effect of stray anode-filament capacitance.

and ‘the capacitance of the circuit, i.e. frequency distortion must exist in some degree. The
amplifier will give a fairly even response over a wide frequency band, only if a large ratio of
inductance to total capacitance is maintained.

(ii) The forms of load impedance just described form the basis of all amplifier designé and
 their application to practical receiving amplifiers will now be described.

RECEIVING AMPLIFIERS

13. The ultimate purpose of a radio receiver is to produce an audio-frequency variation of
current in the windings of the telephone receiver, and a consequent emission of sound by the
latter. In Chapter X it was shown that this invariably involves some form of rectification of the
radio-frequency voltage, so that an audio-frequency variation of current will result. The purpose
of amplification is to obtain either a greater signalling range for the same transmitter power, or
a greater mwnse i.e. a louder sound, from the telephone receivers (for the same power and
signalling range) or both. In general amplification of the radio-frequency voltage, before
rectification, will increase the signalling range, while amplification of the rectified output from
the detector valve will increase the sound output from the telephones.

Radio-frequency and audio-frequency amplification
14. {i) In the early development of radio-frequency amplification it was thought desirable
to aim at the production of aperiodic or semi-aperiodic amplifiers, which would amplify all
frequencies, or a wide band of frequencies, equally well. The advantage gained by aperiodic
-amplification is the elimination of tuning controls, manipulation being confined to the adjustment
of the aerial circuit and of the reaction control. The employment of a tuned amplifier of correct
design endows the receiver with such enhanced selectivity that aperiodic R.F. amplification
has fallen into complete disuse, and tuned radio-frequency amplifiers are now employed for the
purpose of gaining selectivity, even if, in the absence of interference, the desired signalling range
could be attained by a simple receiver of the type described in Chapter X.
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(ii) A further advantage of radio-frequency amplification lies in the fact that for small
input voltages, the output from any practical form of rectifier is approximately proportional
to the square of the input voltage. If a certain small signal voltage is available, and is amplified,
say, to four times its initial magnitude before being applied to the rectifier, the réctified output
is sixteen times that which would be obtained by applying the signal voltage directly to the
rectifier. The total R.F. amplification is however limited by certain factors to be discussed later,
and in many cases the rectified signal may still be of insufficient amplitude to give the desired
output of sound from the telephones. In a perfectly quiet room, a very faint telephone sound,
such as a morse signal from a very distant transmitter, may prove to be quite readable, but it
is necessary to increase the input to the telephone to an enormous degree in order to read a
signal in noisy surroundings. In the reception of radio signals in an aeroplane, the high noise -
level renders it desirable to use the strongest signal which the telephone receivers will withstand
without overload, and recourse to a considerable degree of audio-frequency amplification is
necessary. As a rule, the audio-frequency amplifier is required to deal with a considerable
frequency range, and should amplify equally well at all frequencies within this range, although
for C.W. receptionr, a sharply tuned audio-frequency amplifier, or note selector, is sometimes
employed. The actual volume of sound depends upon the supply of electric power to the telephone
receivers and the final stage in the receiver must operate as a power amplifier. It must be noted
that the term * power amplifier ’ carries no implication as to the amount of power supplied to
the sound-producing device but is merely an indication of its mode of operation.

Multi-stage amplifiers

15. (i) Summarizing the above, then, it may be said that a typical radio receiver may
consist of four portions, executing the following functions :—

(2) Radio-frequency voltage amplification, in order to ensure the maximum input

grid voltage to the detector, and to achieve the highest possible degree of selectivity.
" (b) Rectification or detection, which gives an audio-frequency output in response to

a radio-frequency input voltage. "

{¢) Audio-frequency voltage amplification, by which the audio-frequency output
voltage of the detector is increased in amplitude.

{d) Power amplification, giving the maximum transfer of power from the H.T. supply
device to the telephone receiver, for a given input voltage from the preceding stage.

In addition, some form of heterodyne will be necessary for C.W. reception. This may be
incorporated in the receiver either by the employment of sufficient reaction at some point in the
radio-frequency portion (autodyne) or by an in-built separate heterodyne. Alternatively, an
external heterodyne such as the syntonizer may be employed as described in the previous chapter.

(i) In such a receiver each valve and its anode circuit is generally called a “ stage ” : for
example, a receiver may have two radio-frequency amplifying stages, a detector stage, a stage of
audio-frequency voltage amplification and a final power amplifying stage. It is usual to arrange
that all the valve filaments of a multi-stage receiver are supplied from a single source, a common
grid bias supply and common H.T. supply being also adopted. If these sources are either primary
or secondary batteries the receiver is said to be ‘“ battery operated,” while if arrangements are
made to enable the supplies to be drawn from the power mains (either D.C. or A.C.) the receiver
is said to be ‘‘ mains operated.” In the following discussion, battery operation is assumed
unless otherwise stated ; mains operation is usually employed when a considerable sound output
is required, as in public address systems and in broadcast receivers. In multi-stage amplifiers,
the output circuit of one valve is the input circuit of its successor, and the valves are said to be
coupled together owing to this dual function. Care must be taken not to confuse the term
‘* inter-valve coupling ”’ with the idea of coupling between tuned circuits as a means of trans-
ferring energy from one to the other. The purpose of inter-valve coupling is merely to dapply
the voltage developed by one valve to the grid and filament of the next, and energy transfer is
generally to be avoided.
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Audio-frequency amplification
16. Three forms of inter-valve coupling are in general use in A F. circuits, These are :(—
(i) Resistance-capacitanee coupling.
(ii} Choke-capacitance coupling.
(iil) Transformer coupling.
(a) Series feed.
(b) Parallel feed.

Resistance capacitance coupling

17. (i) Referring to fig. 11a, when an alternating voltage vg, is appliedl to the grid and
filament of the valve T, an alternating voltage v, is developed across the ends of the resistance R.
It is desired to apply this voltage to the grid and filament of the following valve T,. Now the
upper end of the resistance is already connected to the filament of the valve T, through the
H.T. battery, so that it is apparently only necessary to connect the anode of the valve T, to the
grid of T,. This connection has been inserted in the diagram as a dotted line. Unfortunately,
the addition of such a connection would place the grid of T, at a positive potential, equal to
the E.M.F. of the H.T. battery, with respect to its filament, 2 heavy grid current would therefore
flow, and the valve would probably be destroyed ; it would at least fail to function in the
desired manner. -

(i) This effect is avoided by the insertion of a condenser C, into the anode-grid connecﬁng
lead (fig. 11b). Under these conditions the grid is completely insulated from the filament, a

1
(0)

Fi16. 11, Cuap. XI. Development of resistance-capacitance coupling.
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condition which is not permissible, for the grid will inevitably collect a few electrons during
each successive positive half-cycle of input voltage. Unless it is possible for these to return to
the filament, the grid will assume an increasingly negative potential, ultimately reducing the
anode current to zero. This phenomenon has already been referred to with regard to both
detector and oscillator circuits, and the remedy in the present case is the same, namely the
addition of a grid leak resistance R,, which must be externally connected between the grid and
filament of the valve. Any required biasing voltage may be applied by connecting a battery of
the required voltage and polarity in series with the grid leak. In order that the voltage applied
to the grid and filament of the succeeding valve shall be as large as possible, the grid leak should
have a high resistance, e.g. -1 to 1 megohm, and the capacitance of the grid condenser should
also be large so that its reactance at the operating frequency is small compared with the resistance
of the leak. As will be seen later, the values of Cy and R, are chosen with regard to these and
certain other considerations.

Stage gain

18. The *“ gain ’ of a stage of amplification is the ratio of the grid-filament signal P.D.
vgg Of one valve to the input (grid-filament) voltage vg, of the previous valve in the amplifier,
and differs from the V.A.F. in that any voltage drop in the inter-valve coupling device is taken
into consideration. In the present type of circuit the impedance of the grid condenser and
leak (in series), forms a shunt upon the anode resistance R, and the V.A F. is rather less than that
calculated by the formula given above. At frequencies for which the reactance of the grid
condenser is small compared with the resistance of the grid leak, the V.A.F. may be calculated
approximately by assuming that the load resistance R. consists of R and R in parallel, i.e.

_ R
R°_R+R,R‘

The factor Tf% is obviously only of importance when Rg is not very much larger than R.
. g

Its effect is only mentioned because it forms one limit to the upper value which may usefully
be adopted for the resistance R ; as R, will generally be not more than a megohm, the effective
load resistance will be less than this even if R is very much greater. The stage gain is rather
less than the V.AF. because the grid condenser and leak together form a kind of alternating
current potentiometer, supplying. only a fraction of the P.D. across the anode load to the grid
and filament of the succeeding valve, i.e.

Ry

At the frequency at which R, = —BEC- the gain will be nearly —;/% or 70 per cent. of the theoretical
. g

V.AF. At the frequency which makes w—lc— = 2R, the stage gain is nearly 50 per cent. of the
4
V.A.F., while when the ﬁiequency is so high that L is less than Re the stage gain is within |

ng 3

5 per cent. of the V.AF. The capacitance of the grid condenser depends upon the lowest
frequency at which appreciable amplification is required, but should not be larger than necessary.
The valves preceding the audio-frequency stages, i.e. R.F. amplifying valves and detector
valve, are not absolutely steady in action but tend to set up a background of noise, which
consists for the most part of very low frequency components. If the amplifier has negligible
gain for frequencies below about 200 cycles per second, this background noise is reduced to a
considerable extent. As an example, if we employ a grid condenser and leak of -001 uF and
2 megohms respectively, the gain will be 70 per cent. of the V.A.F. at about 80 cycles per second,
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but will fall off rapidly at lower frequencies, being only 45 per cent. of the V.AF. at 40 cycles
per second. The actual amplification of frequencies below 200 cycles per second is shown in fig. 12
as a fraction of the V.A.F. and the reduction of low frequency noise due to preceding stages is
seen to be considerable. '

19. The extent to which the stage gain falls off at high frequencies is determined by the
magnitude of the effective shunting capacitance, compared with the anode A.C. resistance of the
valve and the circuit resistances R and R;. The lower the values of these resistances the less
will be the effect of the capacitance and if it is desired to avoid considerable fall in amplification

0

’4. Cg = OO‘PF
Rg’ 2megohms

50 100 150 200
Frequency cycles per second
F1G. 12, Cuap. XI. Low-frequency cut-off due to grid condenser.

at the higher audio frequencies, it is necessary to employ a valve of low amplification factor,
because such a valve usually has a low anode A.C. resistance. This in turn enables a V.A.F.
approaching the limiting value # to be achieved with a comparatively low anode resistance R
and a smaller grid leak resistance than would otherwise be required. The effective shunt
capacitance is approximately equal to Cs + Cas + Cgt + Cag (1 + A4) where
Cs = stray capacitance between anode and filament of first valve.
Ca = anode-filament capacitance of first valve.
Cgt = grid-filament capacitance of second valve.
C.g = anode-grid capacitance of second valve.
A = V.A'F. of the succeeding valve and its associated anode circuit.
Note.—A cannot exceed the amplification factor u of the second valve.

Since each interelectrode capacitance (including that due to the valve holder) usually ranges’
from 5 to 10 uuF, it will be seen that the previous estimate of 100 gzuF for the total effective
shunt capacitance is a fair average value. The effect of the last term, i.e. Cag (1 + A) is
important, because it renders the gain of one stage dependent upon that of the succeeding valve.
The overall gain of a number of amplifying stages can, therefore, only be accurately calculated
by commencing with the final stage and working backwards, allowing for the effective load due
to the shunting capacitance in each case.

20. An important practical point in the design and maintenance of this type of
amplifier is the insulation resistance of the coupling condenser. Suppose that in fig. 11b
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the insulation resistance of C; is 20 megohms. If the "anode resistance R is
-2 megohm and the grid leak 2 megohms, the H.T. battery voltage being say 222

volts, a direct current I, will flow in the path R, C; Ry, its value being 22.2223 108

amperes or 10 microamperes. The P.D. between the ends of the grid leak will be
Rg I, = (-2 x 10%) (10 x 10~%) = 2 volts, and the grid will be positive with respect to the
filament by this amount. Hence the grid bias voltage actually applied must be two volts greater
than that indicated by a consideration of the I, — Vi curve of the valve. If the insulation
resistance falls below the value given, an even greater positive bias will be applied to the grid,
and this must be neutralized by the application of opposite bias. In practice, therefore, the
insulation resistance of the grid condenser must be maintained at a high value, and moisture,
dirt or dust will inevitably lead to a reduction in the amplification. Only high quality
mica dielectric is suitable for grid condensers.

Choke-capacitance coupling
21. .(i) Instead of placing a resistance in the anode circuit in order to develop the amplified

voltage, an inductive coil may be used, as already shown. The coupling to the succeeding valve
is made by means of a grid condenser as in the case of resistance-capacitance coupling. It has
already been demonstrated that at the lower audio frequencies the effect of the shunt capacitance
is negligible and the V.A.F. is practically equal to

Vs (OL

v v/ret + (L)t
The insertion of the grid condenser and leak will cause the stage gain to be less than this, for
those frequencies at which thé reactance of the grid condenser is comparable with the resistance
of the leak, so that the gain is - '

R ol
e _ £ X £ approximately.

Vg1 JRsz + (-ﬂ-u%g)z \/,.—'z_*,_(;,f)"é’

In practice, the inductance of the choke is so chosen that in conjunction with its own self-
capacitance and the effective shunt capacitance previously alluded to, the anode circuit is a
rejector for some frequency in the middle portion of the audio-frequency range, say 1,000 cycles
per second. Allowing say 100 uuF for the self-capacitance of the coil, the total capacitance may
be of the order of 200 uxF. The inductance required to tune to 1,000 cycles per second may now
be found from the formula

1
/= 92 vL C.
: 1 )
re. L = m (N.B 22 n2 = 40)
1012
orL = 125 henries.

40 x 108 x 200

At higher frequencies the amplification will fall off owing to the effect of the shunt capacitance
and the overall response of the amplifier will be somewhat as shown in fig. 13.

(ii) ‘This form of coupling is superior to resistance-capacitance coupling in that a somewhat
higher stage gain can be achieved, and also because the steady voltage drop in the inductance
is negligible, so that a lower H.T. supply voltage may be used. These advantages are however
completely offset by the weight and cost of the inductance, and the serious reduction of
amplification which occurs at the higher and lower ends of the audio-frequency range. Resistance-
capacitance coupling is therefore generally preferred for service use, except where any particular
stage is required to act as a note selector.
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F1G. 13, Cuapr. XI. Frequency response of choke-.capacitance coupled amplifiier,
Note selector

22. In C.W. reception the heterodyne beat note is under the control of the operator, and a
high degree of selectivity can be attained by the use of a sharply tuned audio-frequency stage.
The selectivity of a choke-capacitance coupled stage depends chiefly upon the design of the
anode circuit impedance, an even response being obtainedl by a high —é— ratio ; in a selective
amplifier the inductance is reduced and the capacitance increased, the product L C being so
chosen that the anode cirtuit is resonant to the frequency at which the telephone receivers give
maximum response, i.e. about 1,000 cycles per second. The circuit diagram is given in fig, 14.

This is so arranged that when high audio-frequency selectivity is not desired, e.g. for R/T
reception, the tuned circuit can be switched out and a resistance R, substituted.
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Fic. 14, Crapr, X1 —Note selector.
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23. An expression showing the V.A.F. of a “ tuned anode "’ amplifier at any frequency

% rha.y be derived as follows. The impedance operator of the inductive branch of the anode
circuit is R 4 jwL, while that of the capacitive branch is —1— The impedance operator of these

JoC
branches in parallel is

1
ij (R +ij)

R+j ( ol — —)
If R is small compared with wL this approximates closely to
C{R +j(wL - ——)}

The current established in the anode circuit by a sinusoidal voltage vy, is, in the notation of
paragraph 64, Chapter V,

4

Z =

fa = I‘L \/31 (1)

ra+ - I
c{R +j(wL - ;7(’:)}

and the P.D. across the output circuit is

_qr “(“’L‘*)J

Ya = 14 vﬂl
7a -+ ]
C{R+7(w1; - Z,?:)f
L
= B Vg
fa{R + ]( ol — —_) L
L
Cra
= d 1 b vﬁ‘ (2)

R+ g +j(“L“;_c>
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The scalar value of the instantanequs output voltage is therefore

L

Cr.
"= o — 3

_ JE &)
and the V.AF. is—or
Vg1

L

VAF. = e )

g

At the resonant frequency ol ——l— = 0 and the V.AF. 1sequa.1to

oC Rde,u Thedegree

to which other frequencies are attenuated depends upon the ratio é and upon the resistances

R and 7.. To obtain the highest posmble selectivity the clrcmt constants aré so chosen that

CI; - R and under these conditions the V.A.F. at the selected frequency is equal to § It

should be appreciated that it is theoretically possible te achieve a considerably greater degree of
note selectivity than can be usefully employed for C.W.: reception, the difficulty of maintaining

850 900 950 1000 1050 1100 150
Frequency cycles per second
FiaG. 15, Caar, XI.—Response curves of note selectors.

a heterodyne note of constant frequency being a limiting factor. The curves in fig. 15 illustrate
this. Curve (i) is the response curve of a note selector in which L = -125 henry, C = -2uF and
R = 12-5 ohms, the valve having an anode A.C. resistance of 12,500 ohms and an amplification
factor of 10. Experience shows that suitable chokes for this purpose may be expected to have
a resistance of about 100 ohms per henry, i.e. a magnification of 625 at 800 cycles per second, -
the latter frequency being usually adopted for purposes of standardization. Assuming that this
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magnification is obtainable at about 1,000 cycles per second, curve (ii) gives the theoretical
optimum selectivity obtainable with the same valve. In this case L = -08125 henries, C = ‘8uF

R = 3-125 ohms. It will be seen that the V.A.F. at the selected frequency is now g, but that
non-resonant frequencies are greatly attenuated.
24. For the purpose of estimating the variation of signal strength with a given input, it is

convenient to draw these response curves on the basis of * decibels below the standard response *’
against ‘‘ cycles per second off resonance”, using the relation

decibels below the standard _ o4 ;,, J V-AF.at resonant frequency
response, at frequency ff £10 V.AF. at frequency f

Thus, taking curve (i), at the resonant frequency, the V.AF. is 8, and at 1,025 cycles per second

8 L
—20 cycles per second off resonance—the V.AF. is 6-75. Log,, 875 = 0-07335, and the

response is 20 X -07335 = 1-476 db. below that at resonance. Taking a number of points on
curve (i) of fig. 15 in this way, we derive curve (i) of fig. 16. We see that, on the assumption
that one signal strength on the arbitrary “ audibility scale ”’ corresponds to 6 db., a variation

0

Decibels below response al resonance

0 100 200
Cycles per second off resonance

Fi1G. 16, CaAP. XI.—Curves of Fi1G. 15 plotted in decibels.

of 200 cyvcles per second in the heterodyne beat note will cause a variation of two units of signal
strength. For this note selector to be of use to the receiving operator, the transmitter frequency
must be controlled to within about 200 cycles per second, and preferably to within only 100 cycles
per second. This necessitates a stability of 1 part in 10,000 in an operating radio-frequency of
1 Mc/s, even if the heterodyne oscillator is perfectly stable. Curve (ii) of fig. 16, which gives
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the response in db. corresponding to curve (ii) of fig. 15, shows that a fall of 6 db. will result if

the frequency varies only about 30 cycles per second. This degree of stability can only be
maintained at comparatively low radio frequencies.

25. To summarize the above, then, it may be said that curves (i) in figs. 15 and 16 respectwely
show the performance of the best note selector which is at present practicable for general purposes.
Where it is possible to employ transmitters of very high. frequency stability, i.e. in high power
ground-to-ground commumcatlon on a single fixed frequency, note selectors of considerably
better performance are theoretically possible. In super-heterodyne C.W. receivers (see paras. 81
¢t seq.) the selectivity of the.intermediate frequency amplifier or amplifiers must be taken into
account and it is found that a note selector having the response of curve (i) is entirely adequate.

Transformer coupling

26. In the transformer-coupled amplifier the anode circuit impedance is the primary
winding of a transformer, the secondary voltage being applied to the grid and filament of the
succeeding valve, as shown in fig. 17a. This type of amplifier has ah advantage over the two
previous types, in that the transformer itself may be designed to give a voltage step-up, while
no grid condenser and leak is necessary. These advantages are offset to some extent by the
greater weight and cost, while even an approach to uniform amplification over a wide frequency
band can only be achieved by very careful design of the transformer, and by the choice of a
suitable valve for use with it. An exact analysis of the transformer coupled audio-frequency
amplifier, for the purposes of obtaining a general expression for the stage gain, is extremely
laborious, and even when obtained the expression is difficult to interpret, owing to the large
number of circuit constants which must be taken into account. It is however possible to derive
comparatively simple expressions for the stage gain at low, medium and high audio frequencies
respectively ; these are generally only in error by a few parts in one hundred.

27. Referring to fig. 17b, the equivalent circuit is seen to consist of an ideal transformer
taking no magnetizing current and having no losses, so that it serves merely to increase the
voltage va to Tvs = vg. The magnetizing current is assumed to flow through the inductance
L, which is equal in magnitude to the actual primary inductance. Strictly, the resistance of
the primary winding should also be included, in series with L,. For the present purpose,

however, both iron and copper losses may be represented by the resistance R;, while 72 - represents

the transferred input resistance of the succeeding valve (T, of fig. 17(a)). The joint resistance of
R, and ]Ii may be denoted by R.. Similarly C, represents the whole of the effective capacitance

between anode and filament of T,. It is made up of several components, i.e. Cy, the inter-
electrode capacitance of the valve T,, including any distributed capacitance in parallel
therewith, 72C,, where C; is the distributed capacitance of the secondary winding plus the
input capacitance of T, and (T — 1)? Cm where Cp, is the distributed capacitance between the
primary and secondary windings. Thus .
Ce=Cat+ TCs + (T — )3 C

The inductance L. represents the total leakage inductance of the transformer, transferred to
the primary winding. At low audio frequencies, the reactance of C, is very large. If it is
considered to be infinite, the voltage'v, across the primary winding depends only upon the

relative magnitudes of wI.D and R, ; if R, is very much greater than wL, it may be entirely
neglected, so that

y = M Vgy
V1 + (wLp)?
wLyp
vy Toa oLy

=T = T[l. (” Formula A.") s
Vg1 Vg1 V7 + (wLy)®
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Fic. 17, Caap. XI.—Transformer-coupled amplifier and equivalent circuit.

At medium audio frequencies, however, while the reactance of C. is still large compared with
R., the reactance wlLy is large compared with R, also, and the anode load impedance is to-all
intents and purposes the resistance R. only. This is of course particularly true at the frequency

at which ol; = wLC (bearing in mind that L. has-no physical existence but is merely an

effective inductance representing magnetic leakage). The stage gain in the region of this
frequency will therefore be ,
Ves _ _ Re
Vgy Ta+ Re
At frequencies appreciably higher than the resonant frequency of L,, C., the current through
L, and R, will be negligible. *The leakage inductance and effective capacitance are then, to
all intents and purposes, in series with »,, and

Tu. (“Formula B.”)

P H Ugy
1g = 1 3
Jor (5
1
73— wCe Tu. (“Formula C.”)

2
Vg1 ,\/,az + (wLe — wl(.: )
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28. Before illustrating the above principles by numerical examples, it is necessary to
appreciate the magnitude of the quantities C, L., L, and R., and to discuss the transiormation
ratio T. At first sight it would appear possible to obtain a very high stage gain merely by
increasing 7, but this is not so. At low audio frequencies a high V.A.F. can only be obtained by
making L, as large as possible. To obtain a large stage gain by virtue of a high value of T
would therefore necessitate a corresponding increase in the number of secondary turns, since
T = %. Such an increase would increase the distributed capacitance of the secondary, i.e

1

would mean an increase in the value of Cs and also in the mutual capacitance C.. An increase
in T therefore increases C. in greater proportion because C, = Cy + T2Cs + (T — 1)* Ca.
Alternatively, if T is increased by a decrease in the primary tums, C. is still proportional to
T2Cs + (T — 1)2 Cn and although C; and Cm are not increased by a reduction of primary
turns, the low-frequency response falls off owing to the reduction of Lp, while the medium-
frequency response falls off owing to an increase in iron and copper losses, which is in effect a
decrease of R.. It should be noted that if there were no transformer losses R. would be infinite
and not zero. The transformation ratio therefore lies between limits of from 2 to 10, the higher
values being only employed where uniformity of frequency response is unimportant. The
capacitance C. rarely exceeds 3,000 uuF ; C. will generally be of the order of 10 uuF, Cs will
not usually exceed 200 upF and Cm 10 ppF., If T =.2,

Ce = 10 4 800 + 10 = 820 uuF,
while if T = 10

Ce = 10 + 2,000 + 810 = 2,820 uuF.
The effective resistance R, usually lies between 105 and 5 X 103 ohms ; it depends to some extent
ugen the transformation ratio and also upon the magnitude of the primary inductance. The
effective inductance L, depends upon the general design of the transformer but is usually about
one per cent. of L. :

29. In the following example the valve is assumed to possess the following constants, viz.
r, = 10* ohms, 4 = 10. The transformation ratio is 3-16 to 1. (T2 = 10) and R, = 105 ohms
unless otherwise stated while C, = 1,500 upF.

Example—(i) Find the stage gain of a transformer-coupled amplifier at 200 cycles per
second if the primary inductance is (2) 10 henries, (b) 50 henries.
(@) wlp = 22 X 200 X 10

| = 12,570 ohms.
Since this is small compared with R, the stage gain is, by formula A,
mLp T
vrt+ Ll ¥
. 4
_ 1-257 x 10 % 316 X 10
/(1042 4 (1-257 x 10%%
= 127 a6
V1 + 1-2572
= 24-8.
(3) oLy = 27 X 200 X 50
== 62,800 ohms.
By formula A, ’
Yes _ 6-28 x 108 31-6

ver /(1092 + (6-28 X 10%)2
8B 316
VAT
30-6.

f
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Since, however, oL, is of the same order as R,, it is possible that formula B may give a more
accurate result. By this method '

v _Re
Vg1 72+ Re
. 108
10 -+ 105
= 28-6.

Tu

X 31-6

The latter result is probably more nearly correct than the former.

(ii) If the primary inductance is 50 henries, and the leakage reactance :5 henry, find the

stage gain at the frequency for which oL, = Z}C— .
€
By formula C,
1
:U_g_z — wCe T[I.
Vg1 . I 1 \2
ra +(w (] (UCC>
1
- wCe 7a T‘u
©_m L
7 AN Ce
316 (-5 x 10"
o100 1,500
= 57-6,

1 .
which is greater than Tu. The frequency at which this occurs, i.e. in_ﬁ_:():’ is in this particular
eve

‘-instanoe about 5,800 cycles per second.

30. It will be seen that the effect of the subsidiary resonance between L. and C, is to give
increased amplification at the higher audio frequencies ; by careful attention to the relative
magnitudes of 7,, L, C. and L., the response curve may be made substantially flat up to 8,000
or 10,000 cycles per second. The effect of the magnitude of », is somewhat as shown in fig. 18.
It will be seen that in order to obtain a high amplification at both ends of the frequency scale,
7a should be as low as possible. Since g = ragm and g, is always made as high as possible, this
implies that an even response over a wide frequency range is only obtained by using a valve of
low amplification factor. For morse reception, the chief requirement of the transformer is a
high turns ratio, giving a high amplification in the neighbourhood of 1,000 cycles per second ;
reduced amplification of frequencies below about 800 or above 2,000 being an advantage rather
than otherwise, for a certain degree of audio-frequency selectivity is then obtained. For reception
of R/T, uniform amplification of the band covering from 400 to 2,000 cycles per second will give
sufficient intelligibility, but for the reception of entertainment programmes it is usual 40 aim

at even amplification of all frequencies from about 80 to 5,000, and an even wider band is
desirable.
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Fic. 18, Cuar. XI.—Effect of 7, upon high-note response.
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31. These stringent requirements can only be met by designing the transformer with a very
high primary inductance and small leakage reactance. For reasons already stated a high primary
inductance is only achieved at the expense of a low turns ratio. Fig. 19 shows response
characteristics of three different transformers. Curve (i) is that of a transformer perfectly
suitable for C.W. reception, giving a high amplification only over the band 1,500 to 4,000 cycles.
The primary inductance is 16 henries and the turns ratio 9/1. Curve (ii) is that of a transformer
suitable for ordinary R/T communication, the amplification being practically even between 800
and 8,000 cycles. Its primary inductance is 10 henries and turns ratio 6/1. Curve (iii) is that
of a transformer designed for reception of broadcast entertainment programmes. Its range of
even amplification is practically from 60 to 9,000 cycles per second, the primary inductance
being 70 henries and the turns ratio 3-5/1. It should be clearly understood that this comparatively
high standard of reproduction is not necessary for the transmission of speech alone, i.e. for
commercial or service communication, and may even be a disadvantage when electrical
interference exists. The slight increase of gain between 5,000 and 9,000 cycles per second serves
to compensate for the high frequency cut-off due to the select1v1ty of the pre-detector stages.

Parallel-feed transformer coupling

32. The primary inductance of a transformer is reduced by the presence of an appreciable
steady flux in the core, such as is caused by the steady component of anode current. In some
cases a circuit similar to fig. 20a is adopted in order to avoid this steady magnetization, the
_ steady component of the anode current passing through the feed resistance Ry, and the alternating
component through the circuit C, », L,. The circuit is then, in effect a combination of resistance
and transformer coupling. The capacitance of the blocking condenser C is chosen with regard
to the primary inductance, in such a manner that the circuit Ly, C, fig. 20b, is an acceptor for
some low audio frequency, e.g. that at which wl; = r.. At this frequency, the opposition
offered by the whole external circuit is that of » and Ry in parallel, and the anode current is

fh = —tl8
. fRf

" + ——

r + R

Of this current, a fraction r——f-f—& flows through the transformer primary, i.e.
Ry

. r 4+ R;
14 _“——"er B Vg

ra+r+Rf

Ry 0
rar + 7Ry + 7R U8

= p # Vg1
7a (E + 1) + 7
and the voltage v, between the primary terminals is cuL 1, hence

VAF__—= u

Gy

7 wl
82 —_ P T#.

. w.Lp

= u
ra
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Since wL, = 7a, the V.AF. at the resonant frequency of the circuit Ly C is very nearly equal

to u, and the stage gain equal to Tu, whereas with the usual series connection it is 5—".—2‘ Provided

that the primary mductance Ly is of a high order, e.g. 50 henries, the low-frequency response
is greatly improved by the adoption of parallel feed. In order to maintain a high amphﬁcatlon

(b |
F1G. 20, CHar. XI.—Parallel feed transformer coupling.

at frequencies above resonance, the feed resistance should be at least equal to 27, This
necessitates an increase in the H.T. supply voltage, and consequently the arrangement is rarely
adopted in battery-operated receivers.

Power amplification

33. The anode circuit load impedance in the final stage of an audio-frequency amplifier is
the reproducing device, i.e. telephones or loudspeaker. Since the latter can only operate if
supplied with electric power the final stage must function as a power amplifier, and may be
adjusted to meet either of two requirements. These are (i} maximum power output for a given
input voltage, or (ii) maximum -undistorted power with the greatest input voltage that can be
usefully employed. If it is desired to achieve the first condition, since the maximum power is
to be developed irrespective of distortion, grid current may be allowed to flow during positive
half-cycles of grid voltage, and the anode current excursion may be allowed to enter the lower
curved portion of the characteristic curve of the valve. In either event, the load impedance
should preferably be purely resistive, or if this is not practicable, the power factor should be as
high as possible.
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Conditions for maximum power output

34. The power developed in the output circuit will now be derived, first for maximum power
with a given grid voltage. = Assuming that the load is a dynamic resistance of R ohms, and the
input voltage to be ¥ (R.M.S.) the R.M.S. anode current is

— 1V
L= 7. + R
The output voltage V, will be
RI, = ;;—_’F? .UVg,

and the power developed in the load resistance, is

R
P=trrerst
R

For a given input voltage, the output power is directly proportional to 7 B This
: a
expression is a maximum when R = 7, and the maximum possible output from a given input
voltage V, is
P __F‘zVGZ — /‘er2
=T 4y, 871,

where 7% is the peak value of the input voltage.- The manner in which the power output varies

for different values of the ratio ?— is shown in fig. 21. The fall in output resulting from some

slight mismatching is not serious, 90 per cent. of the maximum output being obtained when

=%’-a.nd also when R = 2 7,.

35. The power obtainable from an amplifier having a reactive load impedance of power
factor cos ¢ will depend both upon the magnitude of the impedance and the power factor. This
may be demonstrated as follows:—Let the amplifier have an anode load impedance

Zo = \/ﬁ?-}- X,2, the anode A.C. resistance being denoted by 7, as usual. With an input
voltage Vg (R.M.S.) the effective E.M.F. acting in the anode circuit is uV,, and the resulting
anode current I,. The power dissipated in the load is I,2R, = P. Since

sV
V(ra + Ro)® + Xo*
— #2Ve® Ro
o (73 + R’o)2 + on

R,
-732 + 2r. Ro + Ro® + Xo? #
—_ Ro 2 2
o 7.2 + 2ra Ro + Zo° # Vg
R
Z, .
ES V 2
r 2R, Z, B Ve
L£Y Z_::,+ +

2 Vgﬂ

R —
Zo 7a
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Since &is the power factor of the load, i.e. cos o,
0

P cos ¢ o A Vgt
Ta 0 7a
Z_" + A +2cos ¢
For a constant power factor, this will be a maximum when Zr“ -{-gi is a minimum, or when
va = Zo,. The power output is then o T
cos ¢ w2 Vi
1 + cosop 27,

o

0

TN

-3
(o]

HANC
|

xamum  oufpul”

L
[=]

of ma

8

Per‘cen(age

3

=)

0 N 2 3 4 5
Ratio X
“a

F1G. 21, Caar. XI.—Variation of power output with ratio ;13.
]

For purely resistive loads, cos ¢ = 1, and this expression becomes identical with that derived
above.

Example—Find the power output of a V.R.22 valve when the applied grid-filament voltage
has a peak value of 3 volts at 1,000 cycles per second and the anode load is (i) purely resistive,
3,350 ohms, (ii) purely resistive, 13,400 ohms, (iii) an inductance of 1 henry and a resistance of
5,000 ohms, in series, (iv) the power output with optimum resistive load.
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The constants of this valve are :—7, = 6,700 ohms, 4 = 16, The R.M.S. input is% volts,
therefore V2 =£2) = 4-5, -

R

- S
| P=gigmers
-In case (i) 3,350
— ' 2 .
P = G700  3asop X 16 x 43
1
= 3350 x 99 X 26 X 45
= +0382 watts
= 38-2 milliwatts.
In case (ii)
p 13,400 x 16% x 4.5
¥ (6,700 4- 13,400)°
2 X 256 x 45
T 9 % 6,700
= +0882 watts or 38-2 milliwatts as before.
In case (iil) _
Zo = ‘\/Ro2 + on
Xo = wl. =27 x 1,000 X 1 = 6,280 ohms
R, = 5,000 ohms
Zo = 4/40 X 108 4 25 x 108
= 1,0004/65
== 8,060 ohms
ra _ 6,700 )
Zo 8060 831
Lo 1.9
Ya
R 5,000 .
cos g =g = 8.060 — 62
P — cos @ w2 Vet
1 4+ cosg 27,
_ 62 256 %45
T 1-62 13,400
= -0328 watts or 32-8 milliwatts.
In case {iv)
R
P = 47,
256 X 45
T 4 X 6,700
18 x 18
8,700

= +043 watts or 43 milliwatts.
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36. The operating conditions for maximum power output are illustrated in fig. 22 which
gives the I, — ¥V, characteristics of a small power valve having an r, of 5,000 ohms and a gm of
2-4 milliamperes per volt, so that 4 = 12. The power dissipation of this valve is 600 milliwatts.
In the valve oscillator, which is only a special form of amplifier, grid excitation is maintained
so long as ¢the H.T. supply and grid circuits are completed, so that the D.C. power input may be
very much greater than that dissipated by the valve. In receiving amplifiers and certain amplifiers
used in transmitters, the power input is maintained even when no grid excitation is applied and
consequently the power input must never exceed the permissible dissipation of the valve itself.

bg—tI 4049 48 +7 +6 45 4 43 2 Al o - 2 -3 -4

— hY -7
[ / N
v N
{5 N -8
U A )
o /
3 ' -9
C.
<
/ -0
/ -1}
% :
g

N

25 50 75 100 125 150

Anode volls
Fi1c. 22, Cuar. XI.—Qperating conditions for maximum power output.

In the present instance then, the operating point P is located at the intersection of the curve
V¢ = 0 and the 600 watts power line. A load line AB corresponding to a resistance of approxi-
mately 5,000 ohms has also been drawn through the operating point. The power output is
obvidusly dependent upon the grid swing.

37. In W/T receivers the maximum permissible swing is not subject to limitation in order
- to avoid distortion but nevertheless is restricted by the fact that the grid must never become
positive with respect to the anede, otherwise secondary emission may occur at the grid and the
valve will fail to function in the desired manner. The chain-dotted line passing through points
such as (Vg=+ 5, Va= +5), (Vg = + 10, V, = 4 10), marks the permissible limit of
the positive part of the grid swing due to this factor. With this particular valve and load, it is
seen that the peak value of the grid voltage must not exceed about 11 volts, and the anode
current will be zero during a portion of the cycle, i.e. about the negative peak of the input grid
voltage. It is not possible to develop a generally applicable expression giving the output and
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“efficiency under these conditions, but as an estimate, it is usual to take the output as equal to

one quarter the area of the triangle ACB, ie. to é—c—g—g—g In the figure the area of the -

rectangle AC X CB is 20 (milliamperes) X 90 (volts) or 1,800 milliwatts ; the output power is
one-eighth of this or 225 milliwatts, and the efficiency % X 100 or 37-5 per cent. The output
wave-form will of course be considerably distorted. _ '
38. If the input grid swing is limited to say 16 volts so that the load line is A’B’ instead of
AB, the distortion will be considerably reduced. Provided that the anode current does not reach
zero at any point during the cycle, the ratio of second harmonic to fundamental may be estimated
by measuring the length of the load line on each side of the operating point. The length of the
positive half of the load line being A'P, and the negative half PB’, the percentage of second
harmonic distortion is
A'P — PB’
2 (AP + PB’)
Example—In the original of fig. 22 A’'P = 54 inches, PB’ = 5} inches. Find the
percentage of second harmonic introduced.
. Expressing A’P and PB’ in sixteenths of an inch, this gives the percentage of second
harmonic as

X 100

87 — 42
2 (87 + 42)
45
= gxim < 1%
= 17-5 per cent.

The power output under these conditions is A_C__Sﬁ_]_B_C_ which is rather less than 180 milliwatts,

X 100

and the efficiency nearly 30 per cent.

Maximum undistorted output

39. (i) If the second of the above conditions is to be fulfilled, grid current must not be
allowed to flow during any portion of the cycle, and the anode current excursion must be confined
to the practically straight portions of the I, — Vg curves. As in the previous instance the load
impedance i$ preferably non-reactive. The curves shown in fig. 23 are somewhat idealized,
but will serve to illustrate what is desirable. It is seen that the curves are straight lines except
at the extreme foot, i.e. below I, = 1 milliampere. To obtain maximum undistorted output,
certain relations between the supply voltage, the grid bias and the load resistance must be fulfilled.
The optimum load resistance is equal to 27,. The proof of this is exactly as given in Chapter 1X
for the case of a sinusoidal oscillator operating without grid current. ,

(ii) Bearing in mind that grid current must be avoided and that the D.C. input must not
exceed the permissible dissipation of the valve, the operating point P may be located as follows.
Draw the minimum anode current line ST cutting off the curved portion of the characteristics.
Erect a convenient voltage ordinate AB where A lies on the curve Vg = 0 and B on the line ST.
Locate the point C, making CB = } AB. From S, draw the straight line SC producing it to
intersect the dissipation‘(i.e. input power) line at P. Then P is the desired operating point. The
optimum load line is now easily found. Through P draw the current ordinate P P’, intersecting
the voltage ordinate AB at P’. Produce the line AB indefinitely in the upward direction, and
locate the point D in such a manner that P'D = 2 P’C. Draw the line DP, producing it to
meet the anode voltage base line at F. The required load line then lies upon DF. The maximum
grid swing is defined by the intersection of this line with the characteristic ¥y = 0 and its .
intersection with the minimum current line ST.



1

~J

[+))

L

Anode currenl

B

25 50 75 100 125 150 175
Anode volls

F16. 23, CrAP. XI.—Theoretical operating conditions, for maximum output without distortion.
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40. The co-ordinates of the operating point P give the correct negative grid bias and H.T.
voltage for maximum undistorted output, and the peak input grid-filament voltage is equal to
the grid bias. In fig. 25 this is 5 volts. The power output is equal to the area of the triangle
P QT. Itisseen that PQ = 4, == 4 milliamperes, QT = ¥ = 54 volts. The power output
is 7”;9' _ ;( L 108 milliwatts.  Alternatively, the same result may be derived

&

algebraically from the relation
. P = i A% R

3 X Tt R

Since R = 27,
f___g_x_“

P = 2 97,2
. B g?
9 7.
» = 6,500
gm = 2-44 milliamperes per volt

un = 16
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162 x 52

9 X 6,500
64,000
9 x 65

= 109 milliwatts :

which agrees very closely with that obtained by direct measurement on the curves of fig. 23.

Hence P

watts

The efficiency is (15—3_3 X 100 = 18 per cent. When an amplifier is adjusted to operate without

distortion in this way, i.e. as a class A amplifier, its efficiency depends upon the degree of
permissible distortion. ’

41. In practice, the I, — Vg curves are rarely so straight as in fig. 23 and we are more likely
to meet curves like those in fig. 24. Here the straight portion of the characteristic Vg = 0 has
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FiG. 24, Cuar. XI.—Practical operating conditions for minimum distortion.

been produced to meet the anode voltage base-line, and the previous construction then performed
without drawing in the lower limit of anode current. The theoretical operating point would
then be P and the correct load line would be A B. If battery bias only is available, it is usually
possible to adjust it only in steps of 1-5 volts, and the H.T. voltage is also limited, e.g. to 120 volts.
Consequently it is necessary to choose an operating point such as P,—which is below the
permissible input (600 watt) line—on the curve corresponding to the practicable bias nearest -
that indicated theoretically ; in the present example this is 4} volts. The load line then
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becomes CD instead of AB, assuming that the full grid swing of 9 volts is to be applied. Before
a final decision is made the percentage of distortion must be checked. In the original drawing
CP, == 7 inches, P,D = 5 inches and the percentage of distortion is
7—5 100
A X 100 = = = 8} per cent.
The output power is equal to one-eighth of the rectangle CCY, CD. Here CC! = 10 milliamperes,
CID == 84 volts ; the output is 105 milliwatts and the efficiency 17-5 per cent. Now suppose
the load resistance to be increased, giving the load line EF (R = 12,500 ohms). The output is

then only 101 milliwatts and the efficiency about 16 per cent. The distortion is, however, reduced
‘to about 4 per cent.

Figure of merit

42. (i) It has now been shown that the output of an a.udlo-frequency a.mphﬁer must always
be arrived at as the result of a compromise with regard to the permissible distortion. It is also
apparent that to obtain an appreciable power output, a sufficient input grid-filament voltage
and a large H.T. supply voltage must be available. Unless these requirements are met it is
possible that a power valve may give a smaller output than one not specifically designed for this
purpose. In other words, a general purpose triode is often used as an output valve when the

input grid swing and H.T. supply voltage are insufficient to obtain increased output by the
employment of a power valve.

2
(i) It has also been shown that the power output of a given valve is proportional to J:—-a.nd
a

the latter is called the figure of merit for any particular valve. The figure of merit of certain
valves used in the service is tabulated below.

Valve. 7 7a Figure of merit.
V.R.12F 6 18,000 -002
V.R.19 8:5 5,000 -014
V.R.21 13-7 11,500 -016
V.T.20 8 3,700 -017
V.R.22 16 6,700 -038
vT.23 5 2,000 -0125

The highest figure of merit in this series is that of the valve V.R.22 which is specifically designed
as an output valve handling an input swing of about 9 volts. Valves such as the V.T.20 and
V.T.23 will give a greater output, but only if a greatly increased grid swing is available. When it
is necessary to provide a power output greater than about 100 milliwatts several alternatives
present themselves, such as the use of power triodes in parallel or push-pull, a single pentode

valve, or pentodes in push-pull.  As these requirements are rarely called for except for R/T
reception, they are dealt-with in Chapter XII.

Use of output transtormer )

43. In most cases it is not convenient to design the outtput impedance especially to match
one particular type of valve ; the ordinary telephone receiver is, for example, used in conjunction
with several of the valves spemﬁed above in different service receivers. Fig. 21 shows that the

ratio R may vary from -5 to 2 without causing an appreciable change in the power output,

3

consequently, when the magnitude of the load impedance differs only slightly from the anode -
A.C. resistance of the valve, the load may be connected in series as has hitherto been assumed.
Where the load impedance differs greatly from the anode A.C. resistance of the valve it is
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necessary tc use an output transformer. The connections are then as in fig. 25a, the primary
winding being connected in series in the anode circuit and the load impedance to the secondary
winding. If this load is Z ohms, and the transformation ratio of the transformer is T, the

effective load transferred to the primary is % ohms, the power factor being practically unaltered.

Hence, if the transferred primary load is to equal the anode A.C. resistance of the valve,

T — \/5
7a

while for maximum undistorted output, -

Z
T=,\/2 s

44. When the output valve is of the small power type, e.g. the valve receiving V.R.22, or
of course any type requiring a greater D.C. power supply, it is however inadvisable to connect
the telephones or loudspeakers directly in circuit for two reasons. First, the comparatively

- S -
5 E
E O ':
S — —
T | T
Qulput Iransformer Choke filter
@ (b)

FiG, 25, Ceapr. XI.—Typical output circuits for A.F. power amplifier.

large steady component of anode current may lead to overheating of the windings and subsequent
breakdown ; second, the steady flux caused by this current may be sufficient to saturate or
depolarize the magnetic circuit, leading to an inferior response ; third, as it is customary to
insert the telephones in circuit by means of a plug and jack, the withdrawal of the telephone
plug will cause a heavy induced E.M.F. in the anode circuit, which may lead to damage to
valves or other components. Even if it is not necessary to use a step-up or step-down
transformer for matching purposes, it is usual to use a 1/1 output transformer, which is usually
an auto-transformer and is spoken of as the ““ output choke.” As shown in fig. 25b, the telephones
are connected across the ends of this inductance, a condenser of large capacitance being inserted
in series with them, so that the steady anode current is carried by the choke only. Alternatively
the choke and condenser may be said to form a filter, allowing direct current to pass through the
choke but not through the telephones, and audio-frequency current to pass through the
telephones, but only to a limited extent through the choke. For this filtering action to be efficient,
the inductance of the choke should be of the order of ten times that of the telephones.

Radio-frequency amplification 7 _
45. The forms of intervalve coupling in general use for radio-frequency amplification are :—

(i) Tuned-anode capacitance coupling.
(ii) Tuned transformer coupling.
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Resistance-capacitance coupling and a semi-aperiodic form of transformer coupling were formerly
employed to some extent for amplification of frequencies below about 500 kc/s. The advantage
of these, namely, fairly uniform amplification of a wide frequency band without the necessity
for any tuning adjustment, is more than offset by their lack of selectivity.

Tuned-anode capacitance coupling

46. Fig. 26 shows a tuned aerial circuit, L, C, in which a signal voltage developed across
the inductance L, is applied to the grid and filament of the triode T,. The anode circuit consists
of an inductance L and capacitance C in parallel, the inevitable losses in this circuit being
represented by the resistance R. The input voltage vg; may be of the order of only a few
millivolts. It has been shown earlier in this chapter that for signals of the frequency to which
the anode circuit is tuned, the V.A.F. of the triode and its tuned anode circuit 1s

Va Rd
Ugy = 7a + Ra #
where Rg = i
CR

The grid condenser Cy serves to apply this voltage to the-grid of the succeeding valve T,, the
requirements being that its reactance at the operating frequency shall be small compared with

Fi1G. 26, Cuap, X1.—Tuned ancde R.F, amplifier.

the impedance of the grid-filament path, and that its insulation resistance shall be extremely
high. Both these conditions are easily fulfilled by a mica dielectric condenser having a capacitance
of the order of 0001 uF. The grid leak Ry may be from -1 to 4 megohms depending in part upon
the function of the valve T,, which may be required to act as an additional R.F. amplifier or as
a detector valve. The introduction of the grid leak will cause the stage gain to be somewhat
less than the V.A.F. as calculated from the above expression, for its resistance must be considered
to be in parallel with the dynamic resistance Ry. As however the latter is usually much less
than the grid leak resistance, the effect is of minor importance. The input impedance of the
following valve must also be taken into consideration, as will be shown later,

47. At frequencies other than the resonant frequency of the anode circuit, the V.A.F., and
therefore the stage gain, is less than at the resonant frequency. Provided that the resistance
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of the tuned anode circuit is small compared with the ratio é, the V.AF. at any frequency

23 is given by the equation :—
T
L

Cra

J(ci:“) (L——)

(This expression is derived in paragraph 23).

732 748 764 780 796 812 828 844 860
Frequency Kc/s

Fi1G. 27, Cuapr, X1I.—-Response curves with different é ratios.

At the resonant frequency of the circuit, ol = ;ol—C and this expression simplifies to that already
given. The tuned anode amplifier therefore possesses the property of selectivity, and the degree
of discrimination is dependent chiefly upon the ratio —é A large value of é‘ gives high

amplification at the resonant frequency, -but the selectivity is poor, while a low ratio Ié gives

less amplification but greater selectivity. The stage gain of a certain tuned-anode capacitance-
coupled amplifier in the region of the resonant frequency, 796 kc/s, is shownin fig. 27. The
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valve used has the following constants, viz. r, = 20,000 chms, u = 10. Curve (i) shows the
V.A.F. when the inductance L is 160 uH, the capacitance 00025 »F, and the resistance 10 ohms,
while curve (ii) shows the V.A.F. obtained by halving the inductance and doubling the capacitance
the resistance being also reduced to 5 ohms. It will be observed that the magnification of the
circuit is the same in each case, i.e. ‘80, but the selectivity of the second arrangement is greater

than that of the first ; for example, with the circuit of large %ratio the amplification of a signal

40 kc/s off resonance is one-half that of the desired signal, whereas with the circuit of lower
ératio the same reduction is obtained if the undesired signal is only 24 kc/s off resonance. In

Chapter V it is shown that the greatest selectivity is achieved when the dynamic resistance of
the anode circuit is equal to the anode A.C. resistance of the valve, and the V.A.F. is then equal
b

toé.

Tuned transtormer coupling

48. This is an alternative kind of R.F. inter-valve coupling, which may take either of three
forms, namely (4) with primary winding tuned to the frequency of the desired signal, (5) with
the secondary winding tuned, or (c) with both windings tuned (fig. 28). The latter form is rarely,

[

Frc. 29, CHaP. XI.—Equivalent circuit, ‘* tuned primary *’ coupling.

if ever, adopted when it is necessary to vary the frequency to which the circuits are adjusted,
but may be adopted in amplifying stages designed to operate at a single fixed frequency, such as
the intermediate frequency stages of a supersonic heterodyne receiver (see paras. 81 ef seq.).
When an R.F. amplifying stage is required to be adjustable to any frequency within a fairly
wide range, by means of a variable condenser or inductance, the choice lies between the first
and second named arrangements. The stage gain and selectivity of the current shown in fig. 28b
are superior to that of fig. 28a, and the former is almost universally employed. The relative
selectivity and gain of the two arrangements may now receive a brief consideration.

¢ Tuned primary ’’ circuit

49. The stage gain of this arrangement is easily derived, for reference to the equivalent
circuit of the amplifier (fig. 29) shows that, provided the secondary winding is on open circuit,
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the voltage across the primary winding of the coupling transformer is, by analogy with the tuned
anode circuit of fig. 26;
LI

~__,

Cira

J(Rl + lea (le wC

and the E.M.F. induced in the secondary winding

5 H Vgy .

The primary current 4, will be very nearly L

is wMt, or5—v,. As the secondary is unloa.ded this is also the secondary terminal P.D., vg,,

Ll
hence
_f‘!._
Cy7a
’\/ Bt Cl’ﬂ) (wL )
At the resonant frequency of the primary circuit oL, = E and
M
Yer _ Cyra u
Vg1 L,
R, + Ci7a
If k is the coefficient of coupling between the windings of the transformer, M = k+y/L, L, and
kvL, L,
Yo _ G
Vg, L,
R, + C 72

To simplify still further, multiply the numerator of the right-hand member by é 1. It
then becomes

MVIL _ L
Ly Cy L,

L,

X .
Cya

Denoting J %2 by T, and E%’ which is the dynamic resistance of the tuned primary circuit,
1 14*1

by Ra, we have as a final expression, for the stage gain at the resonant frequency,

Vg Ra
—f =" kT
'Ugl 7a + Rd ”
50. If the primary and secondary windings are of the same size and shape, for example, if
they are wound side by side on a slotted former and the wire gauges so chosen that they occupy

Secgndary turns_ The product AT is
Primary turns

the effective transformation ratio of the transformer and is less than T because the coefficient of
coupling must be less than unity. It may appear possible to increase the stage gain without

equal volumes of winding space, T is equal to the ratio

L,
limit by increasing the ratio e but this is not so, because such an increase must result in a

corresponding reduction of % owing to the increased flux leakage between the windings. An
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increase in the number of secondary turns will also lead to an increase in the distributed capacitance
of the winding, and if the resonant frequency of the secondary winding approaches that of the
primary, the stage gain is not given by the expression developed above.

“,Tuned secondary » circuit

51. Turning now to the circuit given in fig. 28b and using the notation given in the equivalent
circuit diagram (fig. 30), the stage gain is found to be

(£) &
Yoy _ T/ Cya T

I
gy 1\? k
«/[R +(3 czra]+(“’L2—Jc:

Fic. 30, CHar. XI.—Equivalent éircuit, “ tuned secondary *’ coupling.

where %2 and T are as previously defined. At the resonant frequency wL, — wé = Qand
2
E\2
Ty _ (£) & T
vg, R\ 2 M
fa + (?) Rq
where Rq = C-‘%% . The effective tra.nsformatlon ratio is now %, whereas in the previous
2542

arrangement it was 7. This is because in the * tuned primary ” circuit, the chief losses are due
to the comparatively large circulating current in the primary. As the secondary circuit is
assumed to be loss-free, an increase in the coupling coefficient & gives a larger secondary E.M.F.
and terminal P.D. When the secondary winding is tuned, however, it becomes the seat of a
circulating current and its losges are transferred to the primary circuit. The tighter the coupling,
the larger is the equivalent primary resistance, and the smaller is the secondary E.M.F. and the
P.D. at the condenser terminals. Maximum stage gain and selectivity are obtained when the

, k2 , . ..
transferred resistance (T) R4 is equal to7,. For a given valve and secondary circuit, the

optimum fransformation ratio is found to be equal to J I;d and the stage gain is then

u [Ra
2 ¥a
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Example—In fig. 30 let L, = 160 uH, C, be variable from -00005 xF to -0005 uF,
7a = 20,000 ohms, » = 10. Assuming that R, is equal to 10 ohms over the whole tuning range
and that a coupling coefficient of ‘9 can be achieved, find the primary inductance for optimum
gain at 796 kc/s (C, = -00025 pF), and the gain when C, = -00005 xF, -00025 oI and
<0005 uF.

When C, = -00025 4F, Ry = ~=2_ — 64,000 ohms.
Cy Ry
. T, [Re  [64000
The optimum value offls J > = 20,000 — 119
T = 1-79%::}\/%—E
1
Ly _ {792 32
I, = 1-792 &
= 32 x ‘81
= 2-6
"L
L= 7%
= 61-5 uH.
Ra

The gain at this frequency will be-g— —_or

% 10 179
Vg1 2
— 8:95.
When C, = -00005 uF, Ry = 320,000 ohms.

k2
g2 _ (?) Ka

r H
Vg1 k\? k
"ot (3) R
T
5 = 1-79
k
- = 558
k 2
Y2
k\2? '
(—1-:) Ra = -312 x 320,000
= 100,000 ohms.
Vgg __ 100,000 )
v, _ 100,000 + 20,000 < 170 x 10
= 14-9,
and when C, = 0005 uF, Rg = 32,000 ohms
2
= 100,000 ochms
Vga 100,000

10

ve, 100,000 4- 20,000
— §-32.
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52. For purposes of comparison, fig. 31a gives the respective response curves (stage gain
against kilocycles per second off resonance) of (i) the transformer-coupled amplifier with tuned
primary, and (ii) the same amplifier with tuned secondary. The resonant frequency is 796 kc/s,
the valve has an r, of 20,000 ohms and a u of 10, while the constants of the tuned circuit are
the same in each case, namely L = 160 uH, C = -00025 uF, R = 10 ohms. In fig. 31b, the
relative gains are plotted in decibels with reference to an arbitrary level corresponding to a stage
gain of 8. It is seen that at the resonant frequency the tuned secondary arrangement is the
better by about 1:5db. The tuned secondary attenuates a signal 34 kc/s off resonance by
rather- more than 12 db., equivalent to two units of signal strength on the operating scale,

o
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F1e. 31, Cuap. XI.—Comparison of selectivity of R.F. amplifying stages.

whereas the tuned primary circuit attenuates it by only 6 db. The relative selectivity of the
two arrangements will be of the same order over the whole band covered by the tuning condenser,
although the actual selectivity will be different, because the resistance of the tuned circuit
increases with frequency.

INPUT ADMITTANCE
Components of input admittance

53. It has hitherto been assumed that if the grid and filament of a triode are connected
to the two ends of an impedance, the effect is to add to the latter a small effective capacitance in
parallel. In practice, the impedance added to the input circuit is of a more complex nature than
this ; in discussing the various forms it may take it is convenient to refer to the input admittance
of the triode, i.e. the reciprocal of its apparent impedance, measured between grid and filament.
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This input admittance will be denoted by Y; = —1— and in general consists of a susceptance

B; = o(jand a conductance G; = -—11%» in parallel,  being 2z times the frequency of the applied
H

E.M.F.asusual. Theinput conductance G; consists of three portions, first the leakage conductance
G due te imperfect insulation between grid and filament. The insulation resistance will rarely
exceed 50 megohms and may be much less, e.g. if a grid leak resistance is fitted. The lower limit
of the conductance is therefore of the order of 2 X 108 siemens (mho). Second, a conductance
due to the flow of an electron convection-current between the filament and grid of the valve,
commonly referred to as grid current. This conductance will be denoted by g; and the
corresponding resistance by ;. Third, a conductance Gm due to the finite admittance Yaq of
the grid-anode path of the valve. The input susceptance B;j consists of two portions, first, that
due to the grid-filament capacitance Cg and second, that due to the finite admittance of the
grid-anode path ; this will be denoted by Bm.

The grid-anode admittance

54. (1) This consists of a corlducta.nce Gag = and a susceptance B,y = wCag in parallel,

1
Rag
and serves in effect to couple the anode and grid circuits of the valve. It is therefore responsible
for a transference of energy from the anode to the grid circuit or'vice versa, according to the
operating conditions. The phenomena which are directl dy due to this coupling are coliectively
referred to as the Miller effect. In ordinary triodes the grid-anode capacitance usually lies between
2 and 10 upF, while the resistance Rag rarely exceeds 50 megohms. For theoretical purposes
it is often convenient to consider this resistance to be infinite, but the effect of its finite value
is of importance at audio frequencies. It will be seen later that the input conductance due tc
the Miller effect may in certain circumstances be of negative sign. In Chapter X it was shown
that if the anode circuit of a simple receiver is coupled to the tuned input circuit by mutual
inductance, an effective resistance is transferred to the input circuit, and further that this
transferred resistance may be either of positive sign, tending to incregse the damping, or of
negative sign, tending to reduce the damping, according to.the sign of the mutual inductance.
Since the grid-anode capacitance acts as a coupling between the input circuit and the anode load
impedance its effect is also to transfer an effective resistance to the input circuit. With a
resistive or capacitive load, the transferred resistance is positive, but if the load offers inductive
reactance, the transferred resistance may be negative.

(ii) For ease of reference the notation explained above is collected in the following table.
1
v _
= total input admittance = 4/G;2 + B;%.
total input susceptance = Bg + Bm.
total input conductance = Gy + Gm + g
Bgi = susceptance of grid-filament path = wCy.
G1 = leakage conductance of grid-filament path.

Z; = total input impedance =

HE
I

l

g = internal grid-filament conductance of valve = —1—

: 3
Gm = effective input conductance due to Miller effect.
Bn = effective input susceptance due to Miller effect.
admittance of grid-anode path = 1/G.g% + Bagl.
1
. Rag’
B,g = susceptance of grid-anode path = wCa,.

~
K
I

G.; = conductance of grid-anode path =
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In subsequent paragraphs, the following notation will also occur.

Ga = dynamic conductance of input circuit alone.
G’a = total dynamic conductance of input circuit = Gg + G;.
z = magnification of input circuit alone.

’

x’ = effective magnification of input circuit.
L, effective inductance of anode circuit load.
R4o == dynamic resistance of tuned anode circuit.

I

Positive and negative reaction effects

55. (i) The effect of the input conductance of the valve upon the grid-filament circuit is most
easily shown by numerical examples. Suppose the circuit to consist of an inductance of 160 uH,
a capacitance of -00025 uF and a resistance of 10 ohms, so that its dynamic resistance Rg is
64,000 ohms and its dynamic conductance G4 is 1-5625 X 105 siemens. If the valve has a
positive input conductance G; = 10~° siemens, the total conductanceé between grid and
filament is

G'a = 'Ga + Gi
(1-5625 4+ 1) x 10—%
2:5625 x 1075 siemens.

I

The effective dynamic resistance of the input circuit is therefore reduced from Ry to R’4, where

.
R'a = 5 5ep5 ohms
= 39,000 ohms
2r 2
and the effective magnification is correspondingly less. Since Rs = -w—RI—'— and the magnification
. wl Ry ; . . . . 64,000
is 7 = 5, 2= -7- The magnification of the tuned circuit alone is therefore 800 = 80,

but when the input conductance of the valve is connected in parallel, the magnification is
reduced to
' R'd

= oL

39,000
80

= 48-8 (approx.).

For a given induced E.M.F. the effect of the input conductance in this particular instance, is to
reduce the grid-filament P.D. in the ratio of 80 to 48-8.

(ii) Now suppose the input conductance to be of the same magnitude, namely 10~° siemens,

but of negative sign. The effective conductance between grid and filament then becomes
G'q = Ga + G ) '

(1-5625 — 1) 10—3
5:625 X 107 siemens, |
and the effective dynamic resistance is increased to 177,600 ohms. The circuit magnification
becomes x’ = 222, so that for a given induced E.M.F., the grid-filament P.D. is nearly
2-8 times that obtained when the input conductance is zero. This increase of circuit magnification,

giving rise to an increased signal strength for the same induced E.M.F., is thus responsible for
the phenomenon known as regenerative amplification.

I
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Effect of grid current

56. (i) In fig. 32a, ¢g is the instantaneous E.M.F. of a source of alternating voltage of internal
impedance Z, and T a triode valve, the grid of which is maintained at such a mean negative
potential E}, with respect to the filament, that no grid current flows during any portion of the
cycle. These operating conditions are shown in fig. 32b. In these circumstances no current will-
be supplied by the source, and the alternating voltage V, between grid and filament will be
equal to the E.MM.F. of the source, i.e. ys = ¢z ; the triode may therefore be said to impose no
load upon the generator. |

(ii) Now suppose the bias voltage to be removed and grid current to flow during the whole
of the cycle, the operating conditions being those of fig. 32c. The electron stream between
filament and grid will now be subjected to an alternating voltage and a pulsating movement will
be superimposed upon the mean steady progression of the electrons. Work must be done by

i

currenf
variafion

current
variarion

(©)

Fic. 32, Cuar, XI.—Effect of grid current.

the source in order to cause this pulsation, and its power output will be equal to the rate at which
work is performed. The pulsation of the electrons within the valve must result in a similar
motion of the electrons in the external circuit, so that an alternating current ¢; (Ig, R.M.S.) may
be considered to exist. There is therefore an internal voltage drop, #gZ, in the generator, and
the grid-filament P.D. will be less than the EM.F,, i.e. vy = ¢; — %Z. Electrical energy is
converted into heat owing to the motion of the electrons, and the power expended in the valve

is equal to I %, watts, where 7y = :gl— and g; is the slope of the Iy — Vg curve. In fig. 32 7z is
4

approximately equal to 105 ohms, hence if the other components of the input conductance are
zero, the effect of this grid current upon a tuned input circuit in which L = 160 puH,
C = -00025 uF, R = 10 ohms, is precisely as calculated in paragraph 55.

(iii) If the operating conditions are intermediate between those of fig. 32b and fig. 32c so
that grid current flows during only a portion of the cycle, the input conductance will not be
constant, and the wave-form of the grid-filament P.D. will not be identical with that of the E.M.F.
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o_f the source. This must occur to some extent in all cases where grid current is allowed to flow,
since the Iy — V), characteristic always possesses considerable curvature. In general then, it

may be said that in addition to the reduction in grid-filament voltage, amplitude distortion
must arise if grid current is permitted.

Effect of grid-anode admittance

57. (i) In dealing with the portion Y = v/ Gm? + Br?, of the input admittance which is due
to the finite impedance of the grid-anode path, it is convenient to assume that the operating
conditions are those of fig. 32a, i.e. that no grid current flows. The circuit diagram of the
amplifier is then as given in fig. 33a in which the grid-filament voltage is vz = 7% stn wf, its

¥

T 5 Kag Zo
7 -
l +

A
G
| I |
| Cag |
— N — Zg| Yo
Yo
g F
Bag =wlag, Gag ",

Rag
(b)
F16. 33, CRaP. XI.—Anode-grid admittance of amplifier and equivalent circuit.

R.M.S. value being V. The load impedance is denoted by Z,, the grid-anode capacitance by

Cag, and the grid-anode conductance by G, = .RL The electrical equivalent of the circuit is
ag

given in fig. 33b in which the input voltage is ¥ and an amplified voltage uV, is assumed to

act in series with the anode A.C. resistance 7,. It is now obvious that owing to the admittance

Y., the input voltage is able to supply current directly to the load impedance, while the

equivalent generator uV, is able to supply current to the input circuit.
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(ii) In certain numerical examples, the triode w111 be assumed to poss&s the following
constants, viz. :—

g =10
ra = 2 X 10% ohms
Cag = 5 X 10712 Farad.
Ry = 5 X 107 ohms (G, = 2 X 107% siemens).

This will be referred to as the typical triode.

(iif) When B.g is very much larger than G, i.e. at frequencies above about 8,000 cycles
per second, G.; may be ignored ; at frequencies in the region of 600 cycles per second, Bag is
approximately equal to G.g and both must be taken into account. At frequencies below about
400 cycles per second, the grid-anode admittance may be approximately represented by its
conductance only. The current flowing through the generator Vg and admittance Y,; will be
referred to as the grid current, but must not be confused with the true grid-filament current
previously discussed. Itsinstantaneous value is 7g and its R.M.S. value I;. The corresponding
anode current is ¢ and the current through the load impedance 1, their respective R.M.S. values
being I, and I,. The conventional signs (+ and —) on the respective generators are inserted
merely to show their relative phase.

58. From fig. 33 certain deductions may be made by inspection. If G, is zero, and the

2V and

¥a

load impedance is a loss-free acceptor circuit for the applied frequency, I, =
Iy = wCag Ve, 1.e. the 1nput admittance Y is equal to B, If the anode load is of this nature,

then the input admittance is purely capacitive and imposes no damping upon the input circuit.
On the other hand, if the load impedance is a loss-free rejector circuit, the load current I, is

(a+1) ¥V
2 1 2
/\/73 + (wCag

Under these conditions

zero and Iy = [, =

v+ 1 _(s+1)Bag

m - ey

\/7’3 4+ (wcag) J ga + Bag2

Y w is easily resolved into its conductive and susceptive components,
1) Bag?
G = (n + 1 _ (s + 1) By 2

(“’Caz) g* + Bug?

1 ¥
(e + 1) (B + 1) ga®
CUCag

and By, = f = Bag.

1
,;». + (wCag) & + But
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Examiple.—Under the above conditions, find the input conductance and susceptance of
the typical triode at 796 ke/s (0 = 5 X 109).

Bag=wCag=5x106xsxlo—12

= 25 x 10—¢
1
oo = 4 x 10¢
Gln — (:u + 1) rﬂ
St (“’Cae
_ 11 X 2 X 104
- (2 x 1042 + (4 x 1042
= 11 %X 10— siemens
1
(# + 1) —=—
Bm ==
7a?
11 x 4 x 104
T 20 X 108

' = 2-2 X 10 siemens.
Finite, purely resistive load
59. If, as before, we assume the grid-anode conductance to be zero,and the anode load is
a pure resistance, 7,, the values of Gn and By are given by the following expressions.

Gmm-—AZ_th— (zézil)Biag C
where 4 = ra—r:ro‘“
R=,arf*_ra,0=1

It will be observed that the above equatlons are of the same form as for an infinite load, but are
modified by the substitution of the V.A.F. (4) for the amplification factor (x), and the conductance
(G) of the valve and load in parallel for that of the valve alone.

60. The effects of a resistive load are shown by a vector diagram in fig. 34. The loads on
the two sources of supply are shown separately in fig. 34a. Looking into the circuit from the
generator V, the load impedance is that of the capacitance Ca in series with the parallel
combination of 7, and 7,, i.e. R. The current through C.; due to this voltage is

I, - . 2
R? 1
'\/ + (wCag
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In the vector diagram (fig. 34b), I, is leading on Vg by nearly 90°, i.e. Bag is assumed to be very
much smaller than G. From the pomt of view of the generator uVyg, the load is composed of the
resistance 7, in series with the parallel combination of #, and Cse. The current due to the voltage
#Vgis denoted by I, its components being I.. flowing through Cy and I, flowing through the load
resistance 7o ; I, will lead on uVg by an angle much less than 90°, because I will Jead on ne
by 90° and I, w111 be in phase with uV,. We are chiefly concerned with the component I,
which combines with I, to give the total current I through the capacitance C. Since Ig is
the vector sum of I, and I,, it leads on V; by an angle 6 which is less than 90°. It must have a
Vponent Ig cos 6 in phase with V; and the power dissipated in the input circuit will be
cos 6. This power is always small because in all practical amplifiers Byg is small compa.red
thh G so that the angle 6 is very nearly 90°. The effect of the grid-anode susceptance is
therefore merely to increase the input capacitance by an amount which is less than (4 + 1) Cag.
At very low audio frequencies, the admittance G of the grid-anode path may be of considerable

z});

7o
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lag Ta

9
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-
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(b)

Fic. 34, Caar. XI.—Effect of finite, resistive load.

importance. When Bag is very small compared with G, the input susceptance By, is negligible,
while the input conductance Gy, approaches the value (4 + 1) Gag. Thus at 157 cycles per second,
the grid-anode susceptance of the typical triode is Bag = 27 X 157 X 5 X 1072 =5 X 10~9

and its conductance Gag is 2 X 1078, i.e. Goy = 4 Bag. Let 7, = 7a, so that A =;?= 5,
A-+1=26 ThenGy =06 X2 X 1078 =1-2 X 107 siemens. Thus the input conductance
is equivalent in effect to a leak of about 8 megohms. This may not appear to be serious, but the
effect may be appreciable if G,4 is allowed to assume a high value owing to an accumulation of
dirt or moisture between grid and anode connections,
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Capacitive load

61. If the load impedance offers capacitive reactance, e.g. if it consists of a resistance and
a condenser in parallel, the input admittince becomes that of a positive conductance and a
capacitive susceptance in parallel. The vector diagram for a purely capacitive load is given
in fig. 35. Taking uVy, the total voltage acting in the anode circuit, as the datum vector, the
anode current I, leads on u#Vg by an angle less than 90°. The anode-filament P.D. V, will be
equal in magnitude to I, 7, and will be in phase with I,. The P.D. V, across the load will be
‘equal to uVg — V,, vectorially, and the load current I, will lead on the voltage V, by 90°.
The grid current Iy s equal to I, — Ia vectorially, and is therefore less than 90° ahead of
Vo, i.e. very much less than 90° ahead of ¥,. As a result, the input admittance has a large

W Y '
T ! .
E | v T |
/¢ e,

@

AN
N
S

Fic. 35, Cnar. XI.—Effect of finite, capacitive load.

conductance component, and the valve may, in certain circumstances, impose a very heavy
load upon the input circuit. The maximum value of the input conductance (assuming Gag to
be zero) is

Gm (ma.x.) = I—2‘ Bag

and is obtained with a load reactance equal in magnitude to 7..

" Inductive load

62. When the anode load offers inductive reactance, the input conductance may become
negative in sign, and the manner in which this comes about may again be explained by means
of a vector diagram. Referring to fig. 36 and taking the vector uV, as datum, the anode
current J, will lag on this by some angle less than 90°, ard the anode-filament P.D., Vo = 1. 7a,
will be in phase with I,. The P.D. V, across the load will be equal to u¥V¢ — V,, vectorially,
while the load current I, lags on ¥, by nearly 90°. The grid current Ig is equal to I, — I,

-vectorially, while the grid-anode P.D. V is the vector sum of Vzand ¥,. Provided that Gagis
negligible, therefore, /g leads on the voltage V. by 90°. Since V. must lead on Vg, I, must lead
on Vg by an angle 0 greater than 90°. As the power input to the grid circuit is Vg 1’ cos 6, and
cos 6 is negatlve if 6 lies between 90° and 270°, it follows that under these oondltlons the

** generator ” Vg is receiving power from the circuit instead of supplying power. The maximum
negative value of the input conductance (assuming G.g to be zero) is

Gm (max.) =2 e Lz‘ Bag

and is obtained with a load reactance equal in magnitude to 7,.
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63. Whereas with a capacitive load the input conductance is invariably positive, with'an
inductive load it may be positive or negative. There is in fact, a kind of resonance effect between
the effective load inductance L, and the grid-anode capacitance C,¢; at frequencies for which
G.g is negligible compared with B,

) - &2
G = 2 (1)
(cag e (o0 —3)
The resonance effect occurs when
w? = (2)

Locag<1+—)

and at this frequency Gm = 0. At lower frequencies Gm is negative and at higher frequencies is
positive. The magnitude of the input conductance at audip frequencies may be illustrated
numerically as follows.

. @

F1G. 36, Cuar. XI1.-—Effect of finite inductive load.

Example—The anode load of a typical triode is an inductance of 50 henries. Assuming

G.s to be negligible, find the input conductance when: w'=5 X 10%, w = 5 X 10* and

o =17 X 104
(i) 5 x 108

5% 10® x 50 =2-5 x 108

6-25 x 10 x 11 x 5 x 10~5

I

ch:
(0% (u + 1)
»

= 344 X 107
’ CI‘° = 50 X 2x 10 x 5 x 10-5
ag 7a :
== 5 x 108
plo < 10°
Cagfa_ 5 x 10%
1 =2 X 107¢ x 2 x 101 .
wCag N
= 4 x 107
oLy — —b = 2.5 x 105 — 4 x 107

= —4 x 107,
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It is apparent that the positive term in the numerator is negligible compared with the negative

Lo \2
o ra) . Hence

term, and that the denominator is practically equal to

pulo

Co = — Loe’a_

Lo \?

ag 7’8)

Cig?a
L,

1
S x 108
— 2 x 1078 siemens.

= — J0 X

&
(i) @ =5 x 104
' wly = 2-5 X 108
2
(-°-°-f~°~)- (8 + 1) = 3-44 X 10
a

I

CAL = 5 x 108, #Lo = 5 x 10° as before.
ag ra Cagra
1
2 6
oC 4 x 10
Lo — -2-Y is again negligibly small d with (=Y’
(w 0 = '7’;(-::3 1s again neghgibly small compared wit (Cag ra)
Co = (3-44 — 5) 10°
=T 25 x 108
= — -624 X 10~8 siemens.
(iii) o = 7 X 104

CDLo = 3‘5 X 10‘

2
(—‘"-f—°)-n (6 + 1) = 67 x 169
CLor and C”L: remain as before, and the denominator is to all intents and purposes equal to
ag’a ag’a
25 x 101
. _ (67 = 5) 10°
= 25 x 1018

= 4 -684 X 1078 siemens,

64. At audio frequencies, no matter what the nature of the load may be, the input
admittance consists of a capacitive susceptance, approximately equal to (4 + 1) Bag, and a
conductance, nearly always positive. Its magnitude is governed largely by the conductance
Gag of the grid-anode path, which has hitherto generally been assumed to be negligible. For

practical purposes, it may be said that the input conductance Gy, is positive if G.g exceeds -%i"
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which is nearly always true at audio frequencies. Under these conditions the magnitude of

2
Gm is approximately equal to (l -+ 4—) Gag- At radio frequencies, the effect of the anode-grid
w

conductance is negligible, and the input conductance is very nearly that given by equation 1,
paragraph 63. Its order of magnitude will now be illustrated with reference to the typical
triode.

Example—The anode load of the typical triode is an inductance of 200 uH. Find the

input conductance when o = 5 X 108,
oL, = 5 x 108 X 200 x 107% = 108

2 .
(@Lo) (u+1) = 108 x 11 X 5 x 10~5
a

= 5-5 x 102

Lo = 200 x 1008 x 2 X 10 x 5 x 10~°

Cag?a
= 2 x 10®

ulo
= 2 104

Cag?a X

2
Obviously C”L: is very much larger than (—wf’—") (w + 1).
ag Ta

1 1
oCa 5 X 10F X 5 x 10712

1 2 1 2 ’ 08
(wLo'—Ea—g>=_=<’a—)‘C:;> =8X1

= 4 X 108

and is large compared with Lo_.
Cag Ya
Hence the input conductance is approximately
G. — _ 2X 104
" 8 x 108

= — 2:5 X 10~° siemens.
The corresponding input shunt resistance is — 4 X 10* ohms.

Self-oscillation due to negative input conductance

65. The effect of this negative input conductance upon the input circuit depends upon the
dynamic conductance of the circuit itself. If the latter is that considered in paragraph 55,
having a dynamic conductance of 1:5625 X 10~% siemens, the total conductance will be

G'a = Ga + Gy = (1-5625 — 2-5) X 103
= — -9375 X 105 siemens.

The total conductance between grid and filament is therefore negative. Although this condition
may exist momentarily, it cannot persist. Suppose it to be true at the instant of switching on
the H.T. supply to the valve, bearing in mind that the mere acceleration of electrons consequent
upon this action must give rise to an oscillation at some frequency or other. The valve will
then supply power to the input circuit and, since the effective resistance of the latter is momen-
tarily negative, it will set up a large circulating current and a corresponding grid-filament P.D.
This large grid swing will give rise to grid current and the input conductance will become less
negative, while since the D.C. resistance of the input circuit cannot be zero, some mean negative
grid bias will be developed. The operating point of the dynamic I, — Va curve will therefore
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move to a point of greater curvature, i.e. where the anode A.C. resistance is greater. Thus the
valve itself adjusts the various operating parameters in such a manner that, although an
oscillatory current is maintained in the input circuit, the total grid-filament conductance becomes
zero, while the power dissipated in the valve and its associated circuits is exactly equal t& that
supplied by the H.T. source ; the grid voltage swing is then maintained at the magnitude which
it possessed at the instant of stabilization. This, briefly, is the mechanism by which an
oscillation is maintained as a result of the capacitive coupling between grid and anode.

Input conductance with tuned anode

66. Even with an inductive load, however, the input conductance is not necessarily negative.
The input conductance is positive if

1

LoCag (1 +‘}‘)
.M

as already explained. It is of interest to find the magnitude of the load inductance which will
make the input conductance positive ; e.g. at 796 kc/s the input conductance is positive if

1
Lo > —— I
, ©
: 1

w? >

012
~ X 10 X 5 %X 1-1°

ie. if Lo > 7,260 uH.

All practical radio-frequency amplifiers may be reduced to an equivalent tuned anode circuit
by the methods of paras. 49 et seg. and at the resonant frequency of the tuned circuit the load is
purely resistive, At frequencies very close to resonance, however, the load becomes highly
reactive—inductive if the circuit is tuned to a frequency higher than that applied and vice versa.
Thus, if the anode circuit has an inductance L of 200 uH in parallel with a capacitance C of
-0002 uF, and negligible resistance, its reactance at its tesonant frequency is infinite ; at a

slightly lower frequency, e.g. o = 4:9 X 108, its reactance is X, = IT-ZLTLC ohms, and is
inductive if the sign of this quantity is positive. The reactance at o = 4-9 X 108 is
¥ 4-9 x 200 x 10¢ X 10—
© 71 —4-92 X 10°2 X 200 X 10~% x -0002 x 10~*
— 980 |
T 11— -96
= 24,500 ohns,
and is positive. It may therefore be represented by an equivalent inductance L,, where
L, — 24,500
w
= 4,900 uH

With the typical triode, therefore, the input conductance at this frequency would be approximately.

_k CL"‘ s or — 2TO siemens and if the input circuit is tuned to the frequency corresponding to
0

o = 4'9 x 108 the mere switching on of the power supply is sufficient to cause self-oscillation
as explained in paragraph 65.
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67. On the other hand, if the applied frequency is slightly higher than the resonant frequency
of the anode circuit, e.g. if w = 5-1 X 10° the load reactance is approximately of the same
magnitude as in the case just discussed, but of positive sign. The effective dynamic resistance
of the input circuit is then less than 200 ohms. The following example is illustrative of the
conditions which may exist at very high radio frequencies.

Example.—(i) The typical triode is required to amplify a sigrial 4t the frequency corresponding
to o = 4-9 X 107, the equivalent tuned anode having the constants L = 20 uH, C == 20 uuF,
R = 10 ohms. Find the input conductance.

7
The resonant frequency of the tuned anode is > ;:z 10 , and its reactance at the applied
frequency is .
¥ - ol
1 — w?lC
= 24,500 ohms
(wLo)* 5
2w+ 1) = (2°45 X 1092 X 11 X 5 X 10~
a
= 330,000
Lo 4.9 107 % 2 x 101 x 5 x 1073
Cig7a
= 4,900
Lo _ 49,000
“ Cag 1’3 - y .
1 2x 10"
CUCag - 4-9 X 107
= 4,070
Ly — —— == 2 x 108
oCaq
c _ (330 — 49) 108
T (49 X 1092 4 (2 X 1042
. 281
T 4-24 x 108

= 6 X 10~ siemens,
which is equivalent to a leak of 1,667 ohms across the input circuit.

(i) If the aerial circuit has an inductance L, of 40 pH and a resistance R, of 100 ohms
find the overall gain of the aerial and amplifying stage.

2 2
The dynamic resistance of the aerial circuit is Ly == 40,000 ohms, and its magnifica-

R,
tion, y == 20. The total dynamic conductance of the input circuit is

, 1 6

Ca =770t ¥ 108
625
10t
4

R'a = 22 — 1,600 ohms.

6:25



CHAPTER XI.—PARAS, 68-68

The effective magnification of the input eircuit is therefore

. 5:9 . 1,600
= oL T 5 X107 x 40 X 15
= -8,
The V.AF. of the amplifier alone is
Rdo P
Rdo + Ya
where Rgo is the dynamic resistance of the anode circuit and is equal to 100,000 ohms.
100,000 x 10
V-AuF- — TO,W‘
= 87

and the overall gain only -8 X 8-7 == 7 which is of course much less than the magnification of
the aerial circuit.

68. The introduction of an amplifier stage may therefore actually reduce the voltage
available at the detector. It is often thought that the valve fails to act as an amplifier at high
frequencies, but the above example shows that this i1s not the case. The valve performs its
amplification in the manner predicted by the theory discussed in paras. 45 ef seq., but fails to
give an overall gain owing to the damping it imposes upon its input circuit. If however the anode
circuit is very slightly detuned so that its resonant frequency is very slightly higher than the
signal frequency, its input conductance becomes sufficiently negative to maintain the input
circuit in oscillation. In practice it is impossible so to adjust the anode circuit that stable
amplification is obtained, unless the input and output circuits are of very low dynamic resistance.
In these conditions, although the amplifier gain may be appreciable, the overall gain is negligible.
An amplifier in which stability is attained by the employment of a high ratio of capacitance to
inductance, giving low dynamic resistance and negligible overall gam is often referred to as a
buffer amphﬁer

Use of screen-grid valves

69. (i) Unless special precautions are adopted, then, it is almost impossible to maintain a
tuned radio-frequency triode amplifier stage in a non-oscillatory condition. . Although at first
sight it would appear possible to adjust both input and output circuits to the same frequency,
so that they offer dynamic resistance only, and thus to ensure a positive input conductance,
this is not so in practice. One complication which arises is that the two circuits are capacitance-
coupled as in fig. 30, Chapter VI, and therefore possess two resonant frequencies. If the circuit
constants are (L,, Cy), (Ly, Cy}, and Ly X C;, = L, X C, = LC we have

1
f = 2n4/LC
and to this frequency both circuits are practically non-reactive. The other resonant frequency is
1
fo =

Zﬂ/\/LC( + Cag+ Cag
Ja
. Cag Cag
JOrE+g

which is obviously less than f;, hence both input and output circuits offer inductive reactance
at this frequency. The input conductance will therefore be negative, and if the positive grid-
filament conductance is sufficiently low the valve will maintain oscillations at this frequency.
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(ii) Owing partly to its low amplification factor, but chiefly to the difficulty of preventing
self-oscillation, the triode valve is rarely used for radio-frequency amplification in modern
receivers. Either the screen-grid valve, or one of its later developments, e.g. the variable-mu
screen-grid valve and the radio- frequency pentode, is invariably adopted. The variable-mu
valve is chiefly used where it is necessary to adopt some form of automatic radio-frequency gain
control, and is again referred to in Chapter XII. The object of the radio-frequency pentode is
to avoid the effects of secondary emission and so enable a larger anode voltage swing than is
permissible with screen-grid valves. It is therefore capable of giving a greater output voltage
than its prototype. The variable-mu pentode combines both the above features and is largely
used in broadcast receivers. The gain and stability of the screen-grid valve will now be dealt
with, the discussion being equally applicable to valves of later development.

Gain and stability

70. The principal features and characteristic curves of the screen-grid valve were discussed
in chapter VIII. Tt was there stated that the introduction of the screening electrode reduces
the effective grid-anode capacitance to only a fraction of a micro-microfarad and the input
admittance is therefore very much less than that of a triode. Under normal operating conditions,
namely with a screen voltage of about two-thirds the anode voltage, and “with the grid swing
limited to rather less than two volts, the equivalent circuit (and therefore the method of
computing stage gain) is identical with that of a triode amplifier. The S.G. valve is not
’mherently stable in operation as is sometimes thought, for although its anode-grid capacitance
is low it 1s not zero, and there is an upper limit to the magnitude of the dynamic load resistance
Rso on this account. The input conductance becomes negative at a frequency very near to
resonance, its minimum value being approximately

Co = — wCgd = ol %
2 2

g
1 1
Reh

Instability ensues if the total grid-filament conductance is zero, so that if G4 is the admittance
of the input circuit in the absence of the valve the limiting condition for perfect stability is
clearly

Gqa + G = 0.

Inserting the minimum value of G
wC ag gm

R do 7'a

If for simplicity it is assumed that the input and output circuits are of similar design, so that

1 1
Gdo"'"'R_dO - EJ

1 wCaggm
"Ra Rd )“ 2

This is the fundamental formula for use in calculations on stability. As in practice 7, is always
very much larger than R4, it is permissible to use a further approximation ; provided

1 ! and
Rd 7a’ (Rd a) B Rd2" «
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The maximum permissible dynamic resistance with which the circuit will remain stable is

therefore
2
R4 (max.) = J wCos 2

71. As an example of the use of this equation, we may calculate the maximum permissible
dynamic resistance at 796 kc/s (0 = 5 X 108) for a typical battery-operated S.G. valve (gmn = 1
milliampere per volt, r, = 300,000 ohms, C,g = -005 upF.)

w

R4 (max.) = 2
a(max) = [ =—70 %5 x 1075 x 107
= 983,000 ohms.

As the frequency is increased the permissible value of R4 becomes smaller, e.g. at o = 5 X 107
it is only 90,000 ohms. Such high dynamic resistances are not ordinarily obtainable in the
absence of regenerative amplification from the succeeding stage, and neglecting this complication
the.abowve assumptlon R4 <<ta invariably applies. The V.A.F. may then be reduced to a very
simple expression, i.e.

VAF. =

= Rdgm

7a

and with the maximum permissible value of Ry

V.A.F.:ng 2 [

®Csg gm wCag

At o = 5 X 10° the maximum V.AF. is about 200 and at w = 5 X 107 is about 70. In
practice the gain seldom approaches such high values without a tendeney to instability, owing to
the effects of other forms of coupling between input and.output circuits. In any event it is
absolutely essential that the magnetic and electrostatic screening shall be of a very high order
if gains comparable with the theoretical maxima are sought. The selectivity of the S.G.
amplifier is theoretically higher than that of a triode with an identical anode circuit, because
the damping due to the anode A.C. resistance of the valve is much less. Compared with the
tuned anode circuit, tuned transformer coupling does not improve the selectivity to the same
extent as in triode amplification for the same reason. In R/T reception the improvement in
selectivity is only achieved when the input circuit has a high degree of initial selectivity, owing
to an effect known as cross-modulation which will receive attention in Chapter XII.

Multi-stage amplifiers

72. An important consideration in the design of tuned radio-frequency amplifiers is the
increase of selectivity obtained by using two or more stages in cascade. Curve (i) of fig. 37 shows
the selectivity of a single tuned anode stage, and corresponds with curve (i) of fig. 27 ; instead
of being plotted as gain against frequency, however it is shown as ‘‘ decibels below response at
resonance *’ against “ kilocycles off resonance,” and it is seen that for equal input voltages a
signal 66 kc/s off resonance is attenuated by 6 db. With two such stages, and no regenerative
inter-stage coupling, the same reduction is obtained when the interference is 42 kc/s off
resonance (curve ii), and when 32 kc/s off resonance in the case of three similar stages (curve iii).
If the gain at resonant frequency is A, the overall gain of » stages is theoretically equal
to A®, although in practice it is usually less owing to the effect of the input admittance of each
valve upon the gain of the preceding stage. It is usual to provide some means of reducing the
amplification in order that when the initial field strength is high, the detector valve may not be
overloaded ; if the original selectivity is to be maintained this control must operate in some
manner other than the introduction of damping into the oscillatery circuits. When screen-grid
valves are used, the gain is practically equal to Ry gm, and gn, varies with the mean grid bias to a,
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greater extent than with triodes. Tt is therefore possible to control the amplifier gain by applying
negative grid bias, and this arrangement is fairly satisfactory in W/T amplifiers, although for
R/T reception, it is not entirely so. Alternatively, a variation of screen potential may be
employed for gain control. The disadvantages of both these methods, when used in R/T receivers,
are dealt with in Chapter XII.

73. The circuit diagram of a typical receiver designed in accordance with the foregoing
principles, is given in fig. 38. Two stages of radio-frequency amplification are employed in order
that considerable selectivity may be achieved. The inductances L,, Ly and L. are of equal
value, and are tuned by the condensers C,, Cy, C., which are mounted on a common axis and are
capable of simultaneous variation by a single tuning control. Such condensers are said to be
“ganged”. Controllable reaction is obtained by the variable condenser C;, the maximum
capacitance of which may be only a few micro-microfarads. This is virtually in parallel with

TR A o R o o T e

Decibels below response al resonance

-10 i -t +
0 32 64 90

Ke/s off resonance
F16. 37, CrAP, X1.—Selectivity of several R.F. stages in cascade.

the grid-anode capacitance of the second R.F. amplifying valve. The third valve operates as
a cumulative grid rectifier, and is transformer-coupled to a stage of audio-frequency amplification,
a similar stage being interposed between this and the final valve, which operates as a power
amplifier. The gain is controlled by the potentiomeéter R,, by which the screen potential of the
amplifying valves may be adjusted between limits of about 40 to 80 volts.
Self oscillation in multi-stage amplifiers

74. In addition to the effects caused by grid-anode capacitance and fortuitous inductive
coupling between stages, one important form of inter-stage coupling is that caused by the
employment of a single H.T. supply for all valves in the receiver. The internal resistance of a
new 120-volt battery may be only about 20 ohms, but during use this increases and may reach
several hundred ohms before the battery is discarded. This resistance is common to all the
anode circuits in the receiver, and may give rise to transfer of energy between them, the result
being to cause either positive or negative reaction effects, both of which are undesirable. The
frequency of the oscillation caused by positive reaction may be from one to several thousand

cycles per second ; when of the order of from 4 to 8 cycles per second the resulting noise emitted
is often referred to as ““motor-boating . It must be realized that the unwanted coupling cannot
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be reduced to any extent by the use of a condenser in parallel with the H.T. battery, e.g. at
10 cycles per second a 10 uuF condenser has a reactance of 1-6 X 10* ohms, which is very
large compared with the internal resistance of the battery, and in any event is still common to
all circuits of the amplifier. Each AF. anode circuit is therefore given its own by-pass or
decoupling condenser ; in fig. 38 these are denoted by C, and C,. The greater portion of the
varying component of anode current is confined to the capacitive path by the insertion of
decoupling resistances R; R,. Each decoupling resistance may be from 500 to several thousand
ohms, the larger values being used when a certain fall of voltage is permissible, e.g. in the detector
and early A.F. stages, while the decoupling condensers are usually of from -5 to 2 microfarad.
Radio-frequency stages are usually sufficiently decoupled by the use of a condenser only,
provided it is inserted immediately adjacent to the anode load inductance as shown in fig. 38.
Decoupling is also necessary in the screen circuits of the R.F. stages when these are fed from
a single potentiometer, owing to the large common resistance which then exists. In fig. 38 these
resistances and condensers are indicated as Ry, R, C3, C;. When the H.T. supply is drawn
from either D.C. ot A.C. mains, the effective internal resistance of the supply device may
be many hundred ohms, and decoupling is.an essential feature of such receivers, while if the
grid bias is provided by any device offering a high impedance, decoupling is also necessary in
the grid circuits. -

Moethods of tuning

75. (i) In the circuit diagrams illustrating the various types of radio-frequency amplifier,
the various circuits have been drawn on the assumption that for a given frequency band—
usually referred to as the tuning range of a particular inductance—the latter is of fixed value,
the frequency adjustment being performed by means of a variable condenser. Where an
amplifier is required to cover a wide frequency range, e.g. from 3 Mc/s to 100 kc/s, it is necessary
to use a number of inter<changeable coils each of which, in conjunction with the tuning
condenser, will cover a definite portion of the total frequency band. For example, let us consider
a tuned-anode amplifier in which the capacitance of the tuning condenser (including all
distributed capacitance in parallel therewith) may be variéd from -00005 to -0005 uF. An
80 uH coil will then cover a frequency range of from 2,500 to 796 kc/s, a 160 pH coil from 1,780
to 560 kcfs, a 320 uH coil from 1,250 to 398 kc/s and a 640 uH coil from 890 to 280 ke/s. To
cover the frequency range from 2,500 to 280 kc/s therefore, we actually require only 2 coils,
of 80 uH and 640 uH respectively. The provision of an intermediate coil of 160 pH will
however allow the tuning condenser to be used near its mean value over a greater portion of its
range and will tend to give a greater approach to uniform selectivity.

(ii) An alternative method of tuning is to employ a fixed capacitance for each frequency
band and to adjust the value of the inductance in order to tune to the desired frequency. The
most convenient method of attaining this end is by varying the magnetic properties of the coil,
and is usually referred to as permeability tuning. Although the practical application was
attempted many years ago really satisfactory methods of permeability tuning have only been

developed in recent years. The chief object in view is to maintain the ratio % at a high and

appreciably constant value over the whole tuning range of any particular coil. Since a fixed
capacitance is associated with the latter, this also implies a nearly constant stage gain and an
approach to uniformn selectivity. The practical realization of this ideal depends upon the
introduction of a core of comparatively low reluctance, which is composed of iron dust bound
with a phenolic compound. The introduction of iron in any shape or form in radio-frequency
tuning circuits is, however, fraught with considerable difficulty. The basic idea is, of course,
to alter the resonant frequency of the circuit, but the earlier attempts were found to introduce
such heavy losses that the circuit became practically aperiodic. In the modern method of
permeability tuning the core is made of iron dust of a high purity. It must be very finely divided
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and is generally produced by the chemical reduction of iron oxide. The diameter of the particles
is only of the order of 5 X 107¢ inch. Each individual particle must be separately insulated
from all others, and this necessitates the use of a special varnish which has high viscosity and
yet is capable of forming a very thin film under pressure of the order of 20 tons per sq. in. The
particles are afterwards incorporated with phenolic resin to form a substance which resembles:
solid iron in appearance and actually contains more than 90 per cent. of iron, its specific gravity
being of the order of 5, as against 7-8 for solid iron.

Amplifier noise

76. In any form of receiving circuit it will be found that some sound output exists under
all circumstances, in addition to that caused by the desired signal or by electrical interference.
This is often termed ““ amplifier noise””. A portion of the noise is the result of such obvious causes
as induction from power circuits, run-down accumulators, exhausted H.T. and grid bias batteries,
faulty contacts, defective components and mechanical vibration of valve electrodes. The
remedy in most of these instances is in the hands of the operator, and suitable steps for the
elimination of electrical interference have been suggested in the previous chapter. Some valves
are more ‘‘microphonic”’ than others, filament tension being one factor in this respect.
Specially sprung valve holders are a palliative usually adopted. When all these causes are
non-existent, there is always a certain amount of noise which cannot be elimiriated because it
arises from the actual mechanism of the valve itself. There are three distinct types of spontaneous
fluctuation of anode current in any amplifier, which are known as (i) the ‘“ shot "’ effect, (ii) the
“ flicker "’ effect, and (iii) the temperature effect. The existence of these effects imposes a limit
to the amplification of very small voltages.

The shot effect results from the fact that the anode current is actually a stream of discrete
particles rather than the continuous flow generally envisaged. The presence of a space charge
tends to smooth out any irregularity in the rate at which electrons arrive at the anode, and it
is therefore necessary to provide ample emission from the cathode if the shot effect is to be
maintained at a low level.

The flicker effect is probably chiefly caused by the occasional emission of positive ions from
the cathode, and to ionisation of residual gas molecules. Whereas the shot effect occurs to the
same degree irtespective of the operating frequency, the flicker effect is of greatest importance
in audio-frequency amplification, particularly below 1 kc/s. Improvements in the cathode and
vacuum may eventually reduce the flicker effect to a negligible amount.

The temperature effect is at once the best understood in theory and the most serious in
practice. It is due to the random motion of the electrons within any conductor as briefly
described in Chapter I. For engineering purposes it is usual to say that an electron current
flows when a large number of electrons are simultaneously moving in the same direction, but in
reality every movement of an electron constitutes a current. Although in the absence of an
applied E.M.F. the average current is zero, the R.M.S. current may be comparatively large,
because even though the average velocity along the conductor is zero, the electrons themselves
move about at random in the conductor with a velocity of about 12 X 10¢ cm. per second. It
may also be noted that various electrons or groups of electroas set up voltages at one frequency
and other groups at different frequencies, hence the total energy is distributed throughout the
frequency spectrum. If the conductor is a portion of the input circuit of an amplifier, the voltage
set up in the anode circuit will depend chiefly upon its selectivity. As an example of the
magnitude of this effect, it has been calculated that if the amplifier gives effective amplification
over a 5 kc/s band, and the input resistance is a -5 megohm grid leak, the noise level produced
is equivalent to that produced by an input voltage of 6-4 micro-volt. The total amplifier noise
determines the minimum voltage which can be usefully amplified. In the case just cited it is
obvious that no advantage will be obtained by using this amplifier to increase the strength of a
signal which is initially less than 64 micro-volt, for the noise and the signal will be amplified
to the same degree and there will be no increase in the ratio of signal to noise.
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Amplification of high and very high Irequencies

77. The gain of a stage of amplification is chiefly dependent upon the possibility of
designing an anode circuit impedance comparable with or greater than the anode A.C. resistance .
of the amplifying valve, and also upon the input admittance, for if the latter is low it has been
shown that the input voltage may be reduced to such an extent that the overall gain is actvally
negative, i.e. a loss. The amplification obtained at high frequencies (with conventional valves
and circuits) is always very low, because the input conductance of the succeeding valve shunts
the output circuit in the above manner. The input resistance of a cumulative grid rectifier
following a R.F. stage may be only 5,000 ohms, and no matter how large the dynamic resistance
of the preceding output circuit may be, the effect is to reduce the anode load of the amplifying
valve to less than#the input resistance of the detector. Little advantage is to be gained by the
use of screen-grid valves or R.F. pentodes in such circumstances, as is shown below.

A triode, having an 7, of 20,000 and an amplification factor of 20, works into a resistive
load of 5,000 ohms. Find the V.A.F.

R,

V.A.E. = m o
5,000
25,000

= 4,

If the above valve is replaced by a screen-grid valve, 7, = 300,000, » = 500, the VAF is
va _ 5,000 ‘
vy 305,000
_ 5 x 300
- 305
= 49.
The overall gain will be higher than appears from the latter figure because the input admittance
of the S.G. valve wil]l be greater than that of the triode and so will not damp the input circuit to
the same extent. This 1s not a serious disadvantage of the triode, however, because reaction
may be used to counteract the damping due to the valve. The chief disadvantage of reaction is

the difficulty of very smooth control at such high frequencies. The reduction of inter-electrode

capacitance in modern R.F. pentodes has made R.F. amplification with conventional circuits
feasible up to about 10 Mc/s.

X 20

i

X 300

78. By means of special circuits and valves (e.g. the magnetron, chapter IX) it is possible
to produce electro-magnetic waves of exceedingly high frequency ; in this connection it will be
recalled that about 300 Mc/s is the limit above which ordinary reaction methods fail to generate
oscillations bécause the duration of a single cycle is comparable with the average time taken by
the individual electrons to travel from cathode to anode. Ordinary valves also fail to function
as amplifiers and rectifiers at such high frequencies for the same reason, while the following
factors are contributory to this failure :— ‘

(i) The inter-electrode capacitance of the valve is so large that the ratio I(:;is too
great to achieve any considerable dynamic resistance.

(ii) The inductance of the connections between the external contacts and the actual
electrodes is considerable, and results in an appreciable reactive drop.

(iii) The inductance referred to in (ii) acts in conjunction with the inter-electrode
capacitance to form undesired tuned rejector circuits..

(iv) The R.F. resistance of the valve is increased by the presence of these inductive
and capacitive paths.
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Acorn valves

79. In any given valve design, if ‘all the physical dimensions are reduced in a common ratio,
there will be no change in mutual conductance, anode current and amplification factor, for
given operating potentials. On the other hand the inter-electrode capacitance, lead-in inductance
and time of electron transit are all reduced in direct proportion to the reduction ratio. This
principle may be expressed by the statement that for optimum performance the linear dimensions
of all apparatus should be proportional to the wavelength. At low frequencies, however,
adherence to this principle would . lead to inconvenient dimensions with little improvement in

(@) (b)
Fi16. 39, CHar. XI.—(a) Acorn R F. pentode, actual size.
(b) Arrangements of electrodes and connecting leads in acorn tetrode.

performance, but it has been used to produce valves giving appreciable amplification at frequencies
up to 600 Mc/s. As the lower limit of useful application of say a standard R.F. pentode 1s about
5 metres, approximately the same performance can be obtained at -5 metre if all the dimensions
of the valve are reduced to one-tenth the normal. Valves produced according to this theory
are often referred to as *“ acorn " valves, the term giving a good idea of the actual size of the valve.
Fig. 39a is a perspective drawing of an R.F. pentode of this type, actual size, and also shows the
manner in which connections are made to the electrodes, while the latter point is further
illustrated in the enlarged sectional drawing of the screen-grid valve of this type (fig. 39b). It
will be noted that the electrodes are so arranged and supported that no * pinch ’ is necessary.
The cathode is indirectly heated, but as the current consumption is quite low (about equal to
that of a small power valve) the heating current may be derived from a secondary battery.
No valve of this type has so far been standardized for service use. Different makers use different
heater voltages and slightly different arrangements of lead-in pins. If valves of this kind are
used fof experimental purposes low-loss valve holders of porcelain or other efficient dielectric
should be used, but on no account should connections be soldered directly to the valve, as the
glass may soften and allow air to enter the interior.
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80. Conventional circuits may be employed for R.F. amplification, detection and the
production of oscillation up to about 600 Mc/s, provided great care is taken in the arrangement
of circuits, the use of shortest possible connecting leads, etc. Where by-pass condensers are
used, these should be of quite small capacitance, and the inductance of their connectors reduced
to the lowest possible limit. The principle of reduction of linear dimensions should be applied
as far as possible to circuit components such as coils and condensers. For example, a coil of
5 turns of 25 s.w.g. copper (diameter, -02 inch) -125 inch in length and of the same diameter,
has an inductance of -0587 xH, and a resistance of -37 ohms, at a frequency of 600 Mc/s.
The capacitance required to tune this to the stated frequency is 1- 2 ppF and the dynamic
resistance of such a circuit is 132,000 ohms, which is higher than is ordinarily obtainable at
medium frequencies. Its magnification is of the order of 200. These theoretical values are
undoubtedly much higher than are practically attainable. For example, the eddy current loss
due to the proximity of both metallic and dielectric materials must be very serious and its
magnitude incalculable. Nevertheless it is possible to achieve dynamic resistances and
magnifications comparable with those attainable at medium frequencies.

THE SUPER-HETERODYNE RECEIVER
Principle of operation

81. The principle of heterodyne reception of C.W. signals is discussed in Chapter IX, and
the supersonic heterodyne or super-heterodyne receiver operates upon similar prmaples If
a C.W. signal of 1,000 kc/s is to be received by the ordinary heterodyne method, the local
oscillator may be set to say 1,001 or 999 kc/s, so that heterodyne beats occur 1,000 times per
second. After rectification the output of the detector valve possesses (amongst many others)a
component having a frequency of 1,000 cycles per second, which is then amplified asnecessary
and so caused to operate telephone receivers or loudspeaker at the desired power level. If the
frequency of the local oscillator differs from that of the incoming signal by more than 1 kc/s
the telephonic response is of higher pitch, and with a sufficiently large frequency difference will
be above the limit of audibility as shown in fig. 14, Chapter X. Itisimportant to observe, however,
that although no audible sound is produced, the anode current of the detector valve still contains
a component having a frequency equal to the number of beats per second. Thus, if the signal
frequency is 1,000 kc/s and the local oscillator set to 800 kc/s or 1,200 ke/s, the difference is
200 kc/s and the anode current of the detector valve contains a 200 kc/s component. An output
circuit tuned to this frequency will then be set into oscillation and becomes, virtually, the source
of a signal having a frequency which is entirely controlled by the adjustment of the local
oscillator ; such a combination of rectifier and local oscillator is said to function as a frequency-
changer. Itisalsoimportant to note that although the local oscillation is continuously maintained,
the new frequency is only produced when a signal is received. To avoid confusion the oscillator
used to produce this new radio-frequency will be referred to as the R.F. oscillator.

82. The frequency to which the incoming signal is transferred is called the intermediate or
supersonic frequency and is often abbreviated to S.F. A super-heterodyne receiver therefore
consists of the following :—

(i) Radio (signal) frequency circuits, préceding the frequency-changing valve, or

valves.
(ii) The R.F. oscillator circuits.
(iii) Intermediate or supersonic frequency amplifier circuits.

(iv) Intermediate or supersonic frequency rectifying valve ; this is also referred to as
the second detcctor.

(v) Audio-frequency amplifying circuits.
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In its original form some means of rectification was invariably incorporated in the frequency-
changer, and this stage is also sometimes referred to as the first detector. The modern frequency-
changing valve performs a somewhat complicated operation upon the signal and the local
oscillation, and is therefore sometimes called a * mixing ”* valve. By whatever name it may be
known, it must be fully realized tbat its function is something more than a mere algebraic
addition of the two voltages or currents.

83. If the original signal is of modulated wave-form, the output of the frequency-changer
will also be modulated and the output of the second detector will have an audio-frequency
wave-form similar to the modulation envelope of the original signal. During the reception of a
C.W. signal, the frequency-changer will give an output of unvarying amplitude, and a second
heterodyne oscillator is necessary in order to obtain an audio-frequency output from the second
detector. This may be an entirely separate oscillator, or alternatively, one stage of the S.F.
amplifier may be operated in a seif-oscillatory state. The former is generally to be preferred

Helerodyne
oscillafor for
CW reception
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Frequency changer \
s
F1G. 40, Crap. XI.-—Schematic diagram of super-heterodyne receiver.
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for several reasons, among which are, first, the amplitude of the local oscillation is more easily
controlled ; second, the overall gain of the S.F. amplifier is greater, because if one stage is
operated in a stage of self-oscillation it cannot contribute appreciably to the overall gain. The
complete super-heterodyne receiver is shown schematically in fig. 40. For brevity, the oscillator
required for C.W. reception will be referred to as the C.W. oscillator.

84. The advantages of the super-heterodyne receiver over the tuned radio-frequency
amplifier are :—

(i) However high the signal frequency may be, the actual amplification is performed
at the intermediate frequency, which is very much lower. The difficulties associated
with the amplification of high radio frequencies are therefore overcome. This statement
is not entirely applicable to the first S.F. amplifier of the double super-heterodyne
receiver, which is dealt with later.

(ii) By suitable design and adjustment of the frequency-changer the same inter-
mediate frequency is always obtained, and the S.F. amplifier may therefore be designed
to amplify only a band extending from five to ten kc/s each side of the nominal S.F.
Once they have been properly set up, these stages require no tuning adjustment whatever.

(it1) The overall selectivity is greater than that of the tuned radio-frequency amplifier.

The various forms of frequency-changer will be described briefly, before discussing the factors
governing the choice of an intermediate frequency and the selectivity.
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Single-triode frequency-changer ‘
. 85. This is the simplest type, and the action of all others is easily followed if its operation
is understood. The circuit diagram is given in fig. 41. The triode maintains the aerial circuit
in gscillation by means of the reaction coupling betwegn the coils L, Ly. Suppose a C.W. signal
of 1,000 kc/fs is to be received, and the S.F. amplifier stages to be tuned to 200 kc/s. The triode
must then maintain the aerial circuit in oscillation at either 1,000 4+ 200 = 1,200 kc/s or

1,0_00 — 200 == 800 kc/s, and the circuit is, therefore, out of resonance with the incoming signal.
This must cause a slight reduction in signal strength, which however is negligible at such high

v

First SF.
amplifying
valve

F1G. 41, Caap. XI1.—Single-triode frequency-changer.

frequencies. The amplitude of the oscillatory voltage between grid and filament, in the absence
of any signal, must be fairly large, i.e. of the order of ten volts ; the resulting heterodyne beats
will resemble thase of fig. 42a. The I, — V¢ curve of a suitable valve is shown in fig. 42b, with
this voltage applied to the grid. . The negative edge of the beat envelope has no effect upon the
anode current, because it is located beyond the cut-off point on the grid voltage base-line, and
the anode current variations may be considered to be due entirely to the positive edge. In this
respect the valve functions in 2 manner somewhat similar to a lower-anode-bend rectifier, hence
the term ** first detector.” The anode current varies in a complex manner, possessing components
of 1,000 ke/s and 800 (or 1,200} kc/s, as well as 1,000 + 800 (or 1,000 + 1,200) kc/s. The
important component however is that caused by the beat envelope, a.b.c.d.e; this corresponds
to an anode current component of 1,000 — 800 (or 1,200 — 1,000) kc/s, i.e. having a frequency
of 200 kc/s. The output circuit (Ly C,, fig. 41) is tuned to this frequency, and will set up an
appreciable oscillatory current in the tuned circuit. The resulting voltage across the coil L, will
therefore be applied to the S.F. amplifier, and will eventually affect the telephones in the usual
manner.

Conversion conductance

86." Although the action is complicated by therectification process, the action of the frequency-
changer is analogous to that of a radio-frequency amplifier, in that a signal voltage vs = ¥° sin wst
causes an anode current variation ¢, where £, = g. ¥°s stn wit, % being the intermediate frequency.
intermediate frequency component of anode current

The constant g, i.e. the ratio Signal frequency inpat voltage

(in the absence
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[ g

U

&) Heterodyne beat between signal and local oscillation

R/F variation of anode current

Anode current variation at 200 kefs.

(b) Resultant current in anode circuit of First defector

FiG. 42, Cuap. XI.—Operation of single-triode frequency-changer.

of any anode load), is termed the conversion conductance of the valve. It is analogous to the
mutual conductance of the valve when used as an amplifier. When the anode circuit contains
an S.F. dynamic load Ry, the relation between ¢, and v is

. Sc
iy = —2 o,

Ry
15

where 7. is the effective anode A.C. resistance over the operating portion of the I, — V; curve ;
7c 1s sometimes called the conversion resistance of the valve.

87. In fig. 42b, the local oscillation has an amplitude of § volts and the amplitude ¥ of the
signal voltage is 2 volts, the amplitude of the beat voltage envelope varying between 7 and
3 volts. The anode circuit load is assumed to be absent, and the S.F. component of anode
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current (shown in heavy line) has an amplitude of 1-5 milliamperes. The mutual conductance
£mis 2-5 milliamperes per volt, and the conversion conductance g is 1-5 milliamperes = 2 volts =

-75 milliamperes per volt. In this particular instance g. = %—' The conversion conductance of

a given valve depends upon the grid bias and the amplitude of the local oscillation as well as upon
the shape of the I, — Vg curve. Under linear rectification conditions, to which fig. 42 approxi-

mates, g, approaches %’;ﬂ as a limiting value. With a square law rectifier g. is rarely greater than

%n. Owing to the presence of the local.oscillation, the conversion resistance of the valve is of
the nature of a dynamic resistance rather than of the static nature associated with the usual
meaning of the term “ A.C. anode resistance.” It is possible to measure 7. by plotting an
I, — V. carve while an alternating voltage is applied between grid and filament, its amplitude

being equal to that of the local oscillation under the intended operating conditions ; #.is usually
about 2 7,.

Conversion factor

88. In the first detector of a super-heterodyne receiver the quantity corresponding to the
V.A.F. of an ordinary amplifier is the conversion factor (C.F.), which is defined as the ratio of
S.F. voltage across the output impedance to the signal voltage applied to the grid-filament
path. From ordinary triode theory it is easily seen that the C.F. of a frequency-changer is
given by the equation

8e?e Ra
C.F. Ra T 7o

where Rq is the effective dynamic resistance of the load at the supersonic frequency. The
product g, 7. is analogous to gn 7. (= u) in ordinary amplifier calculations. Obviously the
conversion gain of various forms of transformer cqupling can be dealt with by introducing &
and 7T {coupling factor and inductance ratio) as in paragraphs 48 et seq., the conversion gain

. v
being %2
Vg1

Disadvantageg ot single-triode Irequency-changer

89. The single-triode frequency-changer suffers from several disadvantages, the principal
being :—

(i) The aerial circuit is in oscillatioi and therefore radiates energy, causing interference
with neighbouring receivers. This can be overcome to some extent by the use of a buffer
stage between the aerial and the input to the frequency-changer, which however increases
the number of tuning controls.

(ii) The operating conditions, e.g. H.T. voltage and grid bias, must be a compromise
between the values best suited for the production of oscillation and those appropriate
to a lower anode-bend detector. For maximum conversion conductance, it is desirable
that the grid should be biased nearly to cut-off point (but not so negative that oscillations
cannot be initiated) and that the grid swing of the local osciliation should not extend into
the grid current region. In ordinary oscillators however, the local oscillation builds up
to an amplitude which is limited chiefly by damping due to the flow of grid current, so
that the conversion conductance must be less than the theoretical maximum. Further,
the amplitude of the local oscillation will vary to a considerable extent with the tuning
of the input circuit, and the sensitivity of the receiver will vary accordingly. In a certain
receiver of this type it was found experimentally that the amplitude of the R.F. oscillation
varied between 14 and 30 volts as the aerial tuning was changed from 6 to 3 Mc/s.
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(iti) The receiver as described above is equally effective for two frequencies. Suppose
the oscillating aerial circuit to be tuned to 800 kc/s, and the S.F. amplifier to 200 kc/s.
Then signals of 600 ke/s and 1,000 kc/s both set up 200,000 heterodyne beats per second
and therefore both give rise to an output of the correct intermediate frequency. This
is called “ image-frequency interference ” and can be eliminated by the introduction of
suitable tuned circuits between the aerial and the frequency-changer. These are referred
to as the pre-selector circuits and may of course be incorporated in a buffer stage.

The two-triode frequency-changer

90. (i) The first of the disadvantages of the single-triode frequency-changer can be overcome
by generating the local oscillation in a separate triode oscillator. Fig. 43 gives a possible arrange-
ment in which a signal frequency amplification stage is inserted before the frequency-changer in
order to discriminate between the wanted and the image frequency. The R.F. oscillator circuit
is coupled to the first detector by means of a link circuit, to reduce so far as is possible any
alteration in the tuning of one circuit by the adjustment of the other. The output circuit of
the first detector is tuned to the desired intermediate frequency. A screen-grid valve or radio-
frequency pentode may be used as the first detector instead of a triode. A modification to this
circuit utilizes a buffer or isolator stage between the oscillator and the detector (fig. 44). A
screen-grid valve, variable-mu. screen-grid valve, or radio-frequency pentode'is preferably used
in this position, and the buffer then acts as a coupling device for the transfer of energy from the
oscillator to the input circuit of the first detector, but not in the opposite direction. Variation
of the tuning control of one circuit then has only a negligitle effect upon the tuning of the other.

(ii) It will be observed that in both the frequency-changers described above the action is
similar to that of the ordinary heterodyne reception-of a C.W. signal. The two voltages are
first added, giving a heterodyne beat, and the latter is rectified to produce an oscillatory current
of the beat frequency. “This type of frequency change is sometimes called the additive method.

Multi-electrode frequency-changers

91. The introduction of the mains operated valve led to the trial of a new technique which
is referred to as cathode injection. It was first applied to the streen-grid valve but soon led to
the development of the triode-pentode, consisting of two entirely separate electrode assemblies
in a single envelope, but with a common cathode. The triode section is caused to maintain the
R.F. oscillation in a parallel feed circuit, and the incoming signal is applied between the cathode
and the control grid of the pentode section. The oscillatory voltage across the grid coil of the
triode is virtually in series with the signal voltage and the whole valve functions as an additive
frequency-changer, rectification being still required to produce anm oscillatory current of inter-
mediate frequency.

The Pentagrid or heptode

92. The cathode injection system has been supplanted by what is callea etectron coupling
in which the action at one electrode is in effect multiplied by that at another. The anode current
then contains, amongst ether components, a modulation product of the form A stn ws sin wgt
where 2”—; and 29—; are the frequencies of the R.F. oscillation and incoming signal respectively.
Thus both sum (ws + w,) and difference (ws — w,) components may be expected to exist; the
output circuit of the valve is tuned to the latter, and the intermediate frequency amplifier will
therefore operate upon the difference frequency. The prototype of one class of electron coupled
frequency-changer is the pentagrid or heptode (fig. 45a) which is in effect a triode and screen-
grid'valve in series. This valve has a cathode, five grids, and an anode, and its I,—V, curve
exhibits the ““ negative slope ~’ region peculiar to the screen-grid valve. The grids are referred
to by numbers from the cathode cutwards, the grid G, being used for the purpose of oscillator
voltage control, while the grid G, acts as the R.F. oscillator anode. As the latter is perforated
it allows the electron stream-—which pulsates at the oscillator frequency—to penetrate to the
outer electrodes. This electron stream, at the point of emergence from the screening grid G,



CHAPTER- XI.—PARA. 92

Anode

| Screen

Osc.anode

Osc. gr'id

Anode

Signal grid |

(d)

F1G. 45, Cuar. xt..—Frequency-changer valves. (a) pentagrid. (b} suppressor-grid octode. (c) accelerator-
grid octode. (d) hexode. (e) triode-hexode.

is referred to as the virtual cathode of the tetrode formed by the remaining electrodes. The
grid G, is the signal voltage control grid, while the grids G, and G; are connected internally
and screen the control grid from the oscillator anode G, and from the true anode. The various
circuits are connected to the valve as in fig. 46a. If the R.F. oscillator were inoperative, the

emission of the virtual cathode would be constant and the mutual conductance ( ;T/Ii = gm4>
g4

of the tetrode portion also constant. When the R.F. oscillator is generating a frequency ;’—"
A

the virtual emission is varied in a sinusoidal manner and the mutual conductance of the
tetrode varies correspondingly, becoming in effect

, al,\ .
g'mg = dV“) = K g, si1 o,

For a small sinusoidal change vg = ¥° sin oy, in the potential of the signal control
grid, the corresponding change in anode current is

ta = g'mg Tgy
= K gu, sin gt X Vg, sin wgt
K
E— é g£n4 Tg4 [COS (wg — ws)t — COS (wo + (1)5) t]

I

8e Vgy [0S (wo — ws) ¢ — cos (wo -+ ws) £]



J9V1S dOLVI0SI H1IM 3NAQOd3L3H - 43dNS

-1
-1H

Jojejjoso { o
aukpodajel A— °

|_msuapuod buidnoo
aufpodajay

o
+LH

~.
4S padisap
0] paun|.

CHAR. XI

FiG. 44



This Page Intentionally Blank



CHAPTER XI.—PARAS. 83-96
Hence g. cannot be greater than €™ pecause K cannot exceed unity. The output circuit

2
is tuned to the difference frequency 2> =® and supplies excitation to the S.F. amplifier as in

2r
the types of frequency-changer previously discussed.

93. It will be observed that the anode current contains a difference component even if
£'mg is independent of the anode voltage and the grid bias hence the frequency changing action
1s not dependent upon the curvature of the static characteristics and the difference frequency
is not produced by a rectifying action as in an additive frequency changer. In practice, the
curvature of the characteristics may lead to the production of a S.F. by rectification of the
beats resulting from the interaction of harmonics of the signal and any interfering frequency
which may be present. The conversion gain of the pentagrid is considerably greater than that
obtained with the single-triode or two-triode arrangement, but is of the same order as is obtained
by employing a tetrode or radio-frequency pentode as the first detector, together with a separate
R.F. oscillator.

The octode

94. The octode functions in a similar manner to the pentagrid, the principal difference
being the introduction of an additional screening electrode. In the suppressor-grid octode
fig. 45D, this screen is at cathode potential, giving the valve the I,—V, curves of a radio-frequency
pentode in that the region of negative slope is eliminated. It is therefore, capable (under certain
conditions) of giving a larger output than the pentagrid. In certain designs, however, the
screening electrodes are all maintained above cathode potential as in fig. 45¢c, that nearest the
anode being called the accelerator grid. The I,—V, curves then exhibit a region of negative
slope. The chief advantage of the octode is that automatic volume control is more effective,
and simpler in application, than in the pentagrid. Its conversion resistance is also higher,
giving a slightly higher conversion gain for an equal conversion conductance, while the selectivity
- of the output circuit is somewhat greater, owing to the smaller damping effect of the valve
resistance.

95. The development of other types of frequency-changer, such as the hexode and the
triode-hexode, is bound up with the requirements peculiar to broadcast receivers, where the
necessity for a single tuning control renders it necessary to gang the R.F. oscillator and signal
frequency circuits. In most circumstances, this entails that the R.F. oscillator shall operate on
the higher of the two possible frequencies. At high and very high frequencies the input impedance
of the frequency-changer is also of importance. The tuned circuit of the R.F. oscillator is coupled
to the input circuit by the inter-electrode capacitance, and since the two circuits are not tuned
to the same frequency, the input impedance of the valve will have either a positive or a negative
resistance component. When the R.F. oscillator frequency is above that of the signal, as in most
commercial super-heterodynes, the tuned circuit of the oscillator is, in effect, a capacitive load
upon the input circuit and the input resistance of the valve is positive, imposing damping upon
the input circuit. As a result of this damping, the effective conversion conductance of the
pentagrid falls off at frequencies higher than about 2 Mc/s, and that of the octode above
about 5 Mc/s. Where the oscillaior is set to the lower frequency, the effective conversion
conductance increases at the higher frequencies.

The hexode

96. In both heptode and octode the R.F. oscillator control grid is that nearest the cathode,
i.e. G,. The prototype of a second type of frequency-changer is the hexode (fig. 45d), which
possesses a cathode, four grids and an anode. In this valve the signal voltage is applied between
G, and the cathode, G, is a perforated electrode which is maintained at a positive potential and
serves both as a screen and as an accelerating electrode. The grids Gy and G, are the R.F.
oscillator grid and anode respectively. In operation, a virtual cathode is formed on the outside
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of G, and during reception of a signal its emission will pulsate at signal frequency. This
emission will be modulated by the R.F. oscillation and on arrival at the anode the electron
stream will possess a component of difference frequency as in the pentagrid. The hexode suffers
from the disadvantage that automatic gain control is difficult to achieve. This is because the
R.F. oscillator derives its electron supply from the virtual cathode. If a heavy negative bias
is applied to the signal grid, the virtual cathode becomes non-existent or at any rate of such a low
electron density that the R.F. oscillation is no longer maintained. The effect of the inter-
electrode capacitance coupling upon the input impedance of the valve is very much less in the
hexode than in the pentagrid or octode. In effect, this is due to the relative potentials of the
adjacent electrodes. Taking the octode, we see that only a single screen separates the input
grid from the R.F. oscillator anode, the potential of the latter being above that of the screen.
In the hexode, the signal grid and R.F. oscillator anode are separated by two electrodes, viz.
the screen G, at a fairly low positive potential, and the R.F. oscillator grid G,, which has a mean
potential negative to the cathode. A prima-facie examination would therefore lead to the
conclusion that the inter-electrode coupling between the tuned oscillator circuit and the input
circuit is less than in the octode. Actually, this is found to be the case, although the actual
explanation i1s much more complicated, involving as it does the electro-dynamic effects due to
the varying electron density of the virtual cathode.

The {riode-hexode

97. (i) This valve (fig. 45¢) consists of a hexode and a triode in a single envelope, the triode
portion operating as an R.F. oscillator. The circuit connections are shown in fig. 46b. In the
hexode portion, G, is the signal voltage grid, G, and G, are linked together to form a screening -
electrode surrounding G; which is called the injector grid and is in direct connection with the
R.F. oscillator grid. The tuned circuit of the R.F. oscillator is now almost entirely decoupled
{both electro-statically and electro-dynamically) from the input circuit, and the input impedance
is very little affected by the R.F. oscillator at frequencies below about 100 Mc/s.

(i) Most of the electron-coupled frequency-changers suffer from a tendency for the R.F.
oscillation to pull into step with the signal frequency when the signal grid bias is varied by the
automatic gain control. Thisis again only of importance at high frequencies where the percentage
difference between signal and oscillator frequencies is very small. The electro-dynamic properties
of the virtual cathode are again involved in a complete explanation, but bearing in mind that the
frequency of a valve-maintained oscillation depends to some extent upon the anode A.C.
resistance 7, of the valve, the effect is to all intents and purposes due to the variation of the
value of 7, with grid bias. It is therefore not encountered in a triode-hexode frequency-changer,
in which the electron current of the triode portion is in no way affected by the variation of signal
+ grid bias since this operates only upon the hexode portion.

Choice of R.F. oscillator frequency

98. Except in the case of the single-triode frequency-changer (the input circuit of which is
tuned to the signal frequency, plus or minus the predetermined supersonic frequency) the signal
frequency circuits are preferably ganged as in the tuned radio-frequency amplifier. Where the
receiver is to be operated by unskilled personnel, arrangements are often made to gang the
R.F. oscillator tuning also. At first sight this does not appear possible because the oscillator
frequency should theoretically differ from the signal frequency by the correct amount, i.e. the
supersonic frequency, at all points in the tuning range. It is found, however, thatif the minimum
capacitance of the R.F. oscillator condenser is set up by means of a small pre-set condenser, in
parallel, ‘an® its maximum capacitance slightly decreased by the insertion of a fairly large
pre-set condenser, in series, the required frequency difference can be maintained at the two
ends and at the middle of the tuning range ; elsewhere the actual supersonic frequency will not
be quite correct. It will be noticed that the effective frequency ratio between the minimum
and the maximum condenser setting will be less than that of the variable condenser alone.
If the latter will give a 3 : 1 frequency ratio, the presence of the added pre-set condensers will
reduce the effective ratio to only about 2-75: 1. In practice this method of achieving what is
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called correct “ tracking " necessitates that the oscillator frequency shall be higher than that
of the signal. As an example, let us suppose the supersonic frequency to be 100 kc/s and the
desired frequency range, with a given set of coils, to be 550 to 1,500 kc/s. The oscillator must
then tune either from 650 to 1,600 or from 450 to 1,400 kcfs, i.e. over a frequency ratio of 2-4
or 3-1 to 1 respectively. The latter figure entails a variation of capacitance of 1 to 10, e.g. from
-00005 to 0005 uF. The former requires a variation of only 1 to 5-5, e.g. from -00008 to
-00044 uF. When this method of ganging is adopted, therefore, the R.F. oscillator invariably
operates on the higher frequency.

Selectivity—the 8.F. amplifier )

99. The high degree of selectivity obtainable in a super-heterodyne receiver has led to its
adoption for the reception of frequencies of the order of 200 kc/s and below, in addition to the
high and very high frequencies for which it was originally intended. This selectivity is chiefly
dependent upon the circuits of the S.F. amplifier. Consider the reception of I.C.W. signals on
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Fi1G. 47, Caar. x1.—Comparative selectivity of tuned circuits of equal .

1,000 kcfs, first with a simple non-regenerative receiver, the single tuned circuit having a
magnification of 100, and the response characteristic given in curve (i) of fig. 47. Assuming
equal field strengths, a signal 17-5 kc/s off resonance will give an input voltage to the detector
one-half that at resonance and all signals within a band of 35 kc/s may therefore be expected to
cause interference. If, however, a similar type of receiver is used on 100 kc/s, and the circuit
magnification is the same, namely 100, the response characteristic is that shown in curve (i),
and the same degree of interference is experienced only over a band of 4 kc/s. Now consider the
reception of three signals of equal field strength, the frequencies being 990, 1,000 and 1,010 k¢/s,
by a super-heterodyne having a S.F. of 100 kc/s. The first local oscillator may be adjusted to
1,100 kc/s producing 100,000 beats per second from the 1,000 kc/s signal, and a current of the
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correct supersonic frequency. This signal will be fully amplified in the S.F. stages. The 990 kc/s
signal will give a S.F. current of 1,100 — 990 = 110 kc/s and the 1,010 ke/s signal a S.F. current
of 1,100 — 1,010 = 90 kc/s. Both the undesired signals are now 10 kc/s, or 10 per cent. out of
resonance and will receive negligible amplification. This form of discrimination is referred to as
adjacent channel selectivity.

Types of interference peculiar to super-heterodyne

100. (i) Again, if a supersonic frequency of 50 kcfs is chosen, the local oscillator being
adjusted to 1,050 ke/s, the interfering signals will give rise to S.F. currents of 60 and 40 ke/s
respectively, which are 20 per cent. out of resonance, and will be attenuated to an even greater
extent than in the previous case. From this it would appear that a low supersonic frequency
should be chosen. If too low, however, another form of interference is liable to occur ; for
example, suppose an interfering signal to have a frequency of 1,050 kc/s. By the above reasoning
it should give no heterodyne beat with the local oscillator and produce no S.F. response, but
actually it will form heterodyne beats with the desired oscillation, and these give rise to an
S.F. of 1,050 — 1,000 = 50 kc/s, which is, of course, fully amplified. As this interference only
occurs when both transmitters are radiating, it gives rise to a peculiar “ mush ”’ which renders
reception extremely difficult. When a high supersonic frequency is chosen; this form of
interference is reduced, because the frequency causing it is further removed from that of the
desired signal and the prehmlnary tuned circuits, or pre-selector stages, are competent to deal
with it ; e.g. if the S.F. is 200 kc/s, this form of interference would be caused only by a signal
on 1,200 kc/s (or 800 kc/s), 16 per cent. out of resonance. Unless its field strength is considerable,
such a signal will be considerably attenuated before it reaches the frequency-changer.

(iiy A form of interference peculiar to the super-heterodyne is that caused by the harmonics
of undesired signals. This may be shown briefly as follows :—

Kc/s. Kc/s.
Desired signal .. .. . 1,000
Supersonic frequency .. .. .. 100
Local oscillator .. .. .. .. 1,100 or 900
Undesired signal .. ' 1,150
Supersonic current due to undwxred srgna.l 50 or 250

Neither of the latter will give appreciable interference. Now consider the local oscillator and
undesired signal to possess a considerable second harmonic content.

Kc/s. Kc/s.
Local oscillator, second harmonic . . 2,200 or 1,800
Undesired signal, second harmonic . 2,300 or 2,300
Supersonic current due to undesired signal 100 or 500

With the local oscillator set to a higher frequency than the desired signal, the second harmonic
interference will be fully amplified.

(iii) Yet another form of interference resuits if two-signals, the T 1‘Pectwe frequencies of
which are equal to the desired signal plus and ‘minus one-half the S.F., are simultaneously
received. The rectification of this.combination obviously results in a current of the supersonic
frequency. Other complicated reactions often occur, e.g. between the desired signal frequency
and harmonics of the supersonic frequency, if the latter are allowed to be transferred to the
circuit preceding the first detector. The remedy in this case 1s adequate screening of signal,
R.F. oscillator, and S.F. circuits.

(iv) Signals of the supersonic frequency may be received in the aerial and transferred to the

S.F. amplifier by electro-magnetlc or electro-static coupling. This interference is reduced by
careful screening and by the provision of a high degree of selectivity in the R.F. stages.
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101. To sum up, the choice of an intermediate frequency is a compromise between.the
following factors :— :

(a) Given an adequate degree of selectivity in the pre-selector stages, image-frequency
interference is reduced as the S.F. is increased. The possibility of interference by two
stations, the frequency difference of which is equal to the supersonic frequency, is also
reduced by a high S.F.

(6) Low-order harmonics of the S.F. should not fall in the frequency band to be
received, e.g. a S.F. of 500 would be most unsuitable for reception of 1,000 kc/s.

(¢} It is not possible to receive signal frequencies equal, or nearly equal to the S.F.
By suitable switching arrangements the S.F. stages only may be used as an ordinary
(tuned radio-frequency) amplifier for this frequency band.

(d) The difficulty of obtaining a high degree of selectivity and amplification increases
with an increase of S.F.
The double super-heterodyne
102. (i) A little consideration of the above summary will show that for reception of high
radio frequencies of the order of say 20 Mc/s it is difficult or impossible to achigve a high degree

of image frequency discrimination by the ordinary super-heterodyne circuit. Thus with a S.F.
of 100 kec/s and an oscillator frequency of 20 Mc/s the receiver deals with 20-1 and 19-9 Mc/s
oscillator
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F1G. 48, CEaP. XI.—Super-heterodyne with double frequency change.
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equally well, unless the pre-selector stages are capable of giving a very high degree of discrimination
against a signal only one per cent. off resonance. If the S.F. is appreciably increased, so that a
single pre-selector stage is competent to deal with the image frequency, the adjacent channel
selectivity, i.e. that of the intermediate frequency amplifier, will be correspondingly reduced.
The difficulty may be overcome by using what is called a double super-heterodyne, the schematic
diagram of which is given in fig. 48. This in effect is an ordinary super-heterodyne receiver in
which the pre-selector, instead of being a tuned radio-frequency amplifier, is another super-
heterodyne receiver with a comparatively high S.¥. This S.F, must of course fall within a
frequency band of which reception is not required. As an example, suppose it is desired to
cover a frequency band of from 20 Mc/s io 150 kc/s except for the region 1,500 to 2,000 kc/s.
The first S.F. will therefore naturally fall in the latter band. The lower the frequency the better
is the image frequency discrimination. Since however, broadcast transmission may cause direct
interference on 1,500 kc/s a little margin must be allowed and 1,700 kc/s is found to be suitable.
A single tuned circuit preceding the first frequency-changer will then be found to give adequate
discrimination against the image frequency, e.g. for a signal of 20 Mc/s the image frequency

and signal frequency differ by ?-—Xzblm-z X 100 == 17 per cent. Even at such a high frequency
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as this it. is possible to provide an aerial circuit magnification sufficient to attenuate the image
frequency by about 12 db. At lower signal frequencies the image frequency attenuation is
even better. The second S.F. will be dictated by the same considerations as in the single super-
heterodyne, viz. it must give adequate discrimination against adjacent channel interference.
Let us assume that the chosen frequency is 100 kc/s. The first S.F. amplifier must have sufficient
selectivity to act as a pre-selector to the second frequency-changer. Bearing in mind that no
matter what the signal frequency may be, the input to the first S.F. amplifier is at 1,700 kc/s,
the second R.F. oscillator may be set to either 1,600 or 1,800 kcfs. If the former is chosen the
desired signal, 1,700 kc/s, and any interference on 1,500 kc/s, will be fully amplified by the second
S.F. amplifier. The first S.F. amplifier must therefore be sufficiently selective to suppress any
1,500 kc/s interference which it may receive from the first frequency-changer valve. The second
S.F. amplifier may be provided with variable selectivity for R/T and W/T reception.

(ii) As might be expected, such a receiver must be very carefully designed with a view to
reducing image interference and that due to the signal frequency plus or minus one-half the S.F.
There are other problems peculiar to the employment of a double frequency change. The number
of possible interfering harmonics is reduced by operating all the oscillators (i.e. first R.F., second
R.F., and C.W. heterodyne) at the higher of their two possible frequencies, but in practice it'is
preferable to operate the second oscillator at the lower one. The reason is as follows. When the
receiver is operating on 200 kc/s, the first oscillator is on 1,900 ke/s. It is difficult to decouple
the various circuits so thoroughly that no beats occur between-first and second oscillators. If
such a beat does occur with the second R.F. oscillator on 1,800 kc/s, its frequency is 1,900 — 1,800
= 100 kc/s, which gives rise to a continuous signal in the second S.F. amplifier. With the second
oscilltor set at 1,600 ke/s this difficulty does not arise.

RADIO-FREQUENCY POWER AMPLIFIERS

103. In most modern transmitting equipment the oscillator operates at a low power level
and steps are taken to ensure that the frequency is as nearly constant as possible, having regard
to the conditions under which the transmitter is to be employed. The low-power, constant-
frequency oscillation is amplified by successive stages until the required power level is reached,
the final output circuit being the transmitting aerial with its feeder line and impedance-matching
device. In such a transmitter each stage is a power amplifier, and the efficiency of conversion
from direct to oscillatory power is of great importance. Where it is possible to provide a
sufficiently high anode supply voltage, the power output is limited only by (i) the permissible
dissipation, (ii) the filament emission and (iii) the efficiency, of the valve. ¥or high efficiency

-of power conversion it is necessary to operate in such a manner that anode current flows for not

more than one-half the duration of each cycle, and the oscillatory anode-filament P.D. must be
nearly equal to the supply voltage. The load impedance of a radio-frequency power amplifier
invariably consists of an oscillatory circuit which is tuned to the frequency of the input (grid-
filament) voltage.

Angle of current flow

104. It is often convenient to speak of the duration of the anode current impulses in terms
of the electrical angle during which anode current flowss In the class B amplifier, the grid is
given such negative bias that the anode current, in the absence of an oscillatory grid-filament
P.D., is reduced to zero, or very nearly so. The application of an oscillatory P.D. between grid
and filament then causes anode current to flow during the positive half-cycles of grid voltage
only ; the-current is therefore said to flow for 180 degrees. These anode current impulses are,
to all intents and purposes, half sine waves, and the operating conditions are very similar to
those of the high-efficiency oscillator discussed in Chapter IX, except that the grid bias voltage
must be maintained at a constant value irrespective of the magnitude of the grid-filament
oscillatory voltage. Bias cannot therefore be obtained by means of a condenser and leak
resistance. In the class C amplifier, the grid is biased to beyond the point of anode current
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cut-off, and anode current flows for less than 180 degrees. It is important to observe that in the
class B amplifier, the electrical angle is the same no matter what the amplitude of the grid-
filament voltage may be, whereas in the class C amplifier the electrical angle generally varies
with the amplitude of the grid-filament voltage.

Limiting conditions

105. Before proceeding to an approximate derivation of the power output and efficiency
of these amplifiers, it is necessary to appreciate certain practical limitations which may be
imposed. Possibly the most important of these is the filament emission under average working
conditions. In some cases this is given by the valve manufacturer, but the following figures may
be taken as a working approximation where precise information is not available. 'As an average
during its useful life a pure tungsten filament may be expectedto give from 5 to 10 milliamperes
for each watt expended in filament heating. The exact figure to be employed depends upon the
size—and therefore the cost—of the valve. A small and comparatively inexpensive valve may
be run with a higher emission than a large one, for although its life will be shorter the cost of
replacement is much less. The following empirical rule may be taken as a rough guide :—

I. = Py (10 — -005 Py).
where I, is the filament emission in milliamperes.
P, is the permissible dissipation in watts.
Py is the power expended in filament heating, in watts.

According to this rule, a 30-watt valve will give nearly 10 milliamperes per ‘ filament watt ”,
while a 1,000-watt valve will give only 5 milliamperes per “ filament watt.” The thoriated
tungsten filament, such as is used in the V.T. 25 valve, will give a momentary or ‘' flash
emission of from 20 to 40 milliamperes per “ filament watt ’, but in operation the anode current
must not be allowed even to approach the flash emission value, otherwise the valve will deteriorate
rapidly. It may therefore be assumed that such a filament will give about 15 to 20 milliamperes
per ‘“filament watt.” Coated filaments are employed in certain power amplifying valves of
ratings up to about 50 watts. Their working emission is about 60 to 80 milliamperes per filament
watt. A second limitation which arises is the magnitude of the supply voltage, which may be
restricted by the compactness of a given installation, and its consequent small margin of insulation
resistance, or by the weight and volume of the H.T. generator or other supply device. The

maximum supply voltage for a particular valve is generally given on the maker’s label, and should
not be exceeded.

Class B amplifier 4

106. The behaviour of a class B amplifier may be approximately determined by a
consideration of the current and voltage relations during operation. It is always necessary to
make certain assumptions, and the different conclusions reached by various writers are chiefly

due to differences in the stipulated conditions. It will be convenient to commence by assuming
that the valve possesses ideal characteristics, the notation used being as follows.

I. = filament emission, milliamperes.
I, = peak value of anode current impulse.
I, = average anode current = D.C. component.

Iy = peak value of grid current impulse.

&, = amplitude of the fundamental component of anode current.
¥°a = amplitude of oscillatory P.D. across load impedance.

E, = anode supply voltage.

Ey = magnitude of grid bias voltage.

E¢ = maximum permissible positive grid voltage.

37
I

minimum anode-filament P.D. .
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¥’y = amplitude of grid excitation voltage.
R4 = dynamic resistance of load.

R. = virtual load resistance = 1—;‘3.
p = amplification factor of valve.

7, = anode A.C. resistance of valwe.
P; = power input.

P, = power output.

P, = permissible dissipation of valve.

P4q = power actually dissipated.
Py = grid driving power.

107. As already stated (Chapter IX) if I, is the peak value of the semi-sinusoidal anode

current impulse, its average value is {t—p, and the amplitude of the fundamental (input frequency)

oscillatory component will be ép. The amplitudes of the respective harmonics are comparatively

small and are of little importance since the load impedance is a resonant circuit and is tuned to
the input frequency. The fundamental component of the anode current is therefore the only one
which can set up a considerable P.D. across the load impedance, and this P.D. is to all intents
and purposes sinusoidal in spite of the impulsive nature of the anode current. As the oscillatory
current and P.D. are proportional to-the grid-filament voltage, the amplifier is said to be linear.
The anode-filament P.D. is the difference between the supply voltage E, and the instantaneous
P.D. across the load: At the instant when the anode current reaches its peak value Ip, the
anode-filament P.D. is E, = E, — ¥°.. The oscillatory voltage acting in the anode circuit at
this instant is 4 7°; — 9. Rq and the anode current reaches the value

PE T
. I
Since 4, = 5
Iora = p¥g — Iszd
= ”réfIPRe
- BT
L = 7. + R.

The following special cases will now be considered :—

(i) The grid is not to be allowed to become positive with respect to the filament at
any point ‘n the cycle.

(ii) The grid is allowed to become positive with respect te the filament, but the
effect. of the resulting grid current upon the output and efficiency will be neglected.

Power reiations without grid current

108. The conditions under (i) above are applicable when the power amplifier immediately
foliows a valve-driven master-oscillator (i.e. one without crystal or tuning fork control). If grid
current is allowed to flow, the effective resistance of the '“ master ” oscillatory circuit will vary
during each cycle and will cause frequency variation. Even if the frequency is stabilized by
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Fic. 49, Caar. X1.—Class B amplifier; operation without grid current.

some form of mechanical oscillator this variation of load is to be avoided if possible. Referring
now to fig. 49, the operating conditions are found as follows. The grid bias voltage is

— Ep = — —%, and the peak excitation will be numerically equal to the grid bias, i.e.,
E
P, = B
N
+ Then
E,
N IP o ra + Rd
E.
S = 27, + R,
and the power delivered to the load is
P — 9.2 Rg E.? Rq
T 2 T 221+ Ry?
_ EPR
" 4 (ra + R

. . N O
This is a maximum when R, = r, and the maximum possible power output is —lﬁ watts.
a

The power input P; is equal to the product of the supply voltage and the average anode current.
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The latter is = Ip so that

b
E,?
= a(ra+ R
and the efficiency 7 is : .

P,  RE.S? % = (ra + Re)
P T 40 + R)? EF

R |

4 7.+ R

Thus the efficiency improves as the load impedance is increased, approaching the limiting value,
78-54 per cent., when R, is very much larger than »,. When, as in the present instance, the
I, — Va characteristics of the valve are available, the output and efficiency for any given
load can be readily computed directly from the curves. In fig. 49 assuming that
E, (max.) = 3,000 volts, a load line representmg a virtual resistance R.= 7, has been
drawn in solid line, intersecting the curve Vg =0 at I, = 75, V, == 1,500. Hence I, = 75

milliamperes and 7/"', = 1,500 volts. The input, output and eﬁiciency may now be calculated
directly by means of the relations

7.1
Po=—F
p o Eale

11

P,

n = ou X 100, per cent.

Other load lines have also been drawn in dotted line, and the results derived from these are
plotted in fig. 50. It is seen that the output rises to a maximum when R, = 7., but is very little
reduced if R. = 27, while the efficiency increases continuously towards its limiting value as
R. increases. For many purposes it is desirable to aim at a -maximum value of the product
nPo which gives the best compromise between output and efficiency. This quantity has also

been plotted in fig. S0 and it is seen that a value of R, in the region of from 1-57, to 2-5
a satlsﬁes this requirement.

Power when grid current is permitted

109. The output can be considerably increased by permitting grid current to flow, although
some distortion of the anode current wave-form will be introduced. For the present, we shall
continue to assume that the valve possesses ideal characteristics. Maximum output will
obviously be obtained when both the anode current and the load P.D. have the greatest possible
amount of variation. A further limitation must however be introduced, in that the anode-
filament P.D. must never be allowed to fall below the instantaneous grid-filament P.D., i.e. the
grid must not be allowed to become positive with respect to the anode. If this limitation is not
observed, the secondary electrons emitted by the anode will be attracted to the grid and the
grid current will be excessive. In order to allow for a reasonable amount of grid current, it
may be taken that the peak anode current /p must not exceed 80 per cent. of the filament
emission. Even if the grid current reaches an instantaneous value of -2 I the filament will
then be able to supply the total current demanded by both electrodes. Thls total current
is usually referred to as the space current. Referring now to fig. 51, the chain-dotted line
has been drawn to indicate the positive limit of the grid -swing—and therefore the limiting
value of the minimum anode-filament P.D.—from the following considerations. Suppose the
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Fic. 50, CaAp. XI.—Output and efficiency of class B R.F. amplifier, for various ratios of
allowing grid to become positive.

grid to be 200 volts positive with respect to the filament, then the anode must also be at
Similarly, when the grid is 100 voltt)s

It is easily seen that for a given

least 200 volts positive, thus locating the point a.
positive, the anode filament P.D. must not be less than 100 volts, locating the point

The chain-dotted line is drawn through these points.
supply voltage E, the greatest excursions of anode current and load P.D. will be achieved by
locating the peak-anode current I at its maximum permissible value, viz. -8 I, and operating

on the load line corresponding to a virtual resistance
Ea - Eo

Re =
Ip
The value of E, follows from the equation to the chain-dotted line. With the ideal characteristics

postulated, the relation between I,, V,, and Vg is
, Iarg = Va + I‘Vs

When V, = E,, Vgis also equal to E, and I, = I, so that we may write
Ip ra = Eqo }‘ E, |

Ta
= 1,
MRS
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Fi1g. 51, Cuar. X1.—Class B amplifier ; limiting E, line when grid current is permitted.

and the particular value of virtual load resistance corresponding to the load line is therefore

E, 7a
R
In fig. 51, I, = 200 milliamperes, £, = 190 volts.
R, = 3,000 — 190
-2
= 14,050 ohms.
The output power is
P, — E, ;— E, I,
_E I I2r,
IR
and in the particular example
P _ 3000 x -2 -2 X -2 X 20,000
° 4 4 x 21
= 150 — 95

= 140-5 watts.

This may be verified directly from fig. 51, 'in which E, — E, = 2,810 volts, so that
P — 2810 x -2

3 = 1405 watts as calculated.
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The input power is
E a { p
4
U

= 191 watts,
and the efficiency 73-5 per cent. The actual power dissipated is only 50:5 watts.

Po=

The grid excitation is
7‘5 = —“‘E’:‘a' + ‘Eg, a.l'ld Eg = Eo
. __ E. Ipra
L) r‘ _ IL + "' + 1-
E. Iy 1, . .
In the example, VIl 150, e e 190, and therefore #°; = 340 volts. This again may be

verified in Fig. 51, from which it is seen that the grid must reach + 190 volts from a bias of
— 150 volts, so that the peak value of the oscillatory grid voltage must be 190 4+ 150 = 340 volts
as calculated. Finally, if the actual radio-frequency resistance R of the output circuit isknown,
the circulating current J, in this circuit is found from the relation

Po == 0902R

or £Q=J%.

Operation with limited power input

110. In certain circumstances it may be necessary to restrict the input power, e.g. to an
amount not exceeding P,, the permissible dissipation of the valve. Unless this condition is
fulfilled a failure in the output circuit of the amplifier may result in damage to the valve.
Provided that a sufficient grid swing is available, the greatest output and highest efficiency

is obtained by operating with the maximum permissible anode supply voltage. The peak anode
current is then given by the equation

xP
and the power output by
po = EazElTy |
_ Bl Ip'n
T YY)

1—!P . ¥a ﬂszz
=S4T iy n X B2

The latter expression gives the power output in terms of the supply voltage and valve data
and may therefore be used for calculation when the actual characteristics are not available.
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For example, taking the valve previously used for illustrative purposes, suppose that P, is not
to exceed Py, i.e. 100 watts. If E, = 3,000 volts as before,
=" %X 100
P 73,000
= 104-6 milliamperes,
314 20,000 n? X 10t
P o = —gj— - X
4 84 9 x 108
785 — 2:6
759 watts
Iyr,
b+ 1
= 100 volts.

i

i

Eo

The virtual load resistance is
Va
I,
3,000 — 100
104-6
= 27,700 ohms.
To obtain this output, we must provide a grid excitation .

Vs = + E,

I
150 4+ 100
250 volis.

Operation when limited by permissible dissipation

111. In some high-power ground station installations, arrangements are made for the
valve or valves to be put out of action by an automatic device in the event of any failure which
would cause a dangerous increase of anode current. The valves may then be operated in such
a manner that they dissipate the power corresponding to their actual rating, although this is
generally only possible if the valves and circuits are capable of withstanding a very high voltage.
It is necessary to ensure that the anode is always at a potential considerably above that of the
grid. Fig. 52 gives the I, — V, characteristics of a 1,000<watt valve having an emission
current of 1,200 milliamperes, a # of 50 and an r, of 20,000 ohms. The thin solid line O a
represents the theoretical lower limit of the anode voltage swing, assummg that E, must be not
less than 5 Eg. For ideal characteristics,

I Ta'“Va+“Vg
and when I, = I, Vy, = Esand Vg = Eg = EP

(1+5)

In general, if it is stipulated that E; = ; , Ip = > (1 + f.,:) .

I

Re

I

(|

The actual characteristics are considerably curved in the region of low anode voltage, and the
actual limiting line is that drawn in chain-dotted line. It is a close approximation to the
theoretical one and the above equation may be used for practical calculation with negligible
error. The greatest output will again be obtained with the highest permissible value of Ip.
The dissipation is equal to the difference between the power input and output, i.e.
_E I, V.l
Py = E 4

g,
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F16. 52, CHaP. XI.—Operation of class B amplifier under different limiting conditions

If the valve is to dissipate its maximum power, Py = P, while as it is also required to give
maximum output, the virtual load will be approximately equal to 7,. Since E, = ¥°; + E,,

faI( 4>+ p"a = P

n 4 ) ’
-06847%+ ’a . —%g
p —
n(l-l—n)
Vi _
~T;—Re——7'a
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With the 5va.lve under consiCoration, x4 = 50, r, = 20,000, P, = 1,000 and we have decided
uponn =5,

1,000
(‘0684 + -028) 20,000

= -716 ampere.

o Ip =

The operating conditions are therefore as follows :—
Y. = I R, = 716 x 20,000
14,320 volts.
Ip ra 14,320
' 11
1+ £
= 1,300 volts.
E, = 15,620 volts.
If such a high supply voltage is actually employed, the insulation of the valve, and of certain

portions of the circuit, will be called upon to withstand a potential difference of E, 4 ¥°.=
29,940 volts. If this is permissible, the power input will be

E. I, _ 15620 x -716

E,

I

P ==
n 7
= 3,550 watts,
and the power output
P — Yalp, 14,320 X -716
o = 3 == y)
= 2,560 watts.
The actual dissipation is therefore
Ps = 990 watts
and the. efficiency
n = ;ﬂ = 72 per cent.
The required grid excitation is
Eo | E,
Ve= 5+ 5
= 260 4-332-5
= 592-§ volts.

112. Actually, the maximum permissible anode supply voltage for the valve having the
characteristics of fig. 52 is only 10,000 volts. The permissible peak current may be derived
from the relation previously used, viz.,

E.T Val
PI.= nP_ 4PP
or
Ea]p(.l_._._l>=pn_____{£l_
= 4(1+i‘)
n
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The permissible peak anode current is found by inserting the appropriate values of E,, i, Py,
and . With the valve of fig. 52, if E, == 10,000 volts, we have

+0684 x 10,000 I, = 1,000 — 455 I,?
4551,24+6841,—1,000=0
I, = 910 milliamperes.
‘91 x 20,000
11
= 1,650 volts.

10,000 — 1,650

= 8,350 volts
g
Re = f
8,350
-91
= 9,170 ohms.
-91 x 10,000

n

= 2,900 watts
‘91 X 8,350
4
= 1,900 watts
Py = 2,900 — 1,900 = 1,000 watts = P,
1,900
n m
= 65-5 per cent.
Vg = % + %
= 330 + 200
= 530 volts.

E,

I

Va

Po=

Grid driving power
113. The curves shownin the bottom left-hand corner of fig. 52 are the Iy — V, characteristics
for different values of V. With their aid it is possible to form an estimate of the power which

must be expended in driving the grid positive as in the previous example. It will be seen that at
the instant when the anode current reaches the value I, the grid current also reaches its peak

value Igp, about 158 milliamperes. The average grid current may be taken :a.s-—I—g~p , and the grid

driving power is approximately equal to one-half the product of the average grid current and
the peak excitation, i.e.
Top e

Pg: 4
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Under the operating conditions of the previous paragraph,

-158 x 530
4

= 21 watts.

Pg=

It will now be seen that one reason for placing a fairly high limiting value upon E,, i.e. E, = 4 E;
or 5 Eg rather than E, = Ejg, is to reduce the power required for the grid drive. Thus, suppose
that the valve of fig. 52 is operated under the latter conditions, with such a supply voltage and
anode load that I, = 875 milliamperes when E; = E, = 400 volts. The grid will at the same
instant call for 400 milliamperes, so that the total space current should be 1,275 milliamperes.

The filament is unable to supply this, but will give only 1877755 X 1,200 = 824 milliamperes to

the anode circuit and %—5 X 1,200 = 376 milliamperes to the grid. The power output will

therefore be less than that calculated without taking the grid current into account, while the
grid driving power will have to be considerably increased, i.e. if the grid excitation is 530 volts
as before, to 50 watts. '

Output with limited excitation
114. If both the supply voltage and the available excitation are limited, the load resistance

for maximum output may be considerably less than r,, and its value somewhat critical. This
is due to the curvature of the characteristics and is most easily appreciated by laying down a set
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F1G. 53, Caap. XI.—Output and efficiency of class B R.F. amplifier, with limited grid excitation, for various
values of virtual load resistance.
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of conditions and calculating the output with different values of R.. Taking the wvalve

characteristics of fig. 52 let E, = 10,000 volts, Eg 3 FS—O and suppose that ¥°; cannot exceed

400 volts. Then one end of the virtual load line will be located at I, = 0, V, = E, = 10,000,
and the other will lie somewhere on the curve Vg = 4 200. Owing to the curvature in the
region of low anode voltage, it is impossible to operate with a virtual load greater than 7,
(approximately) unless either the excitation is reduced or the grid allowed to become more

positive than %—’ On the other hand if a comparatively low virtual load is adopted, i.e. less

than -g, the dissipation becomes excessive and the output again falls off. The optimum virtual

load is approximately equal to the anode A.C. resistance of the valve, measured at the point where
the load line reaches the I, — V, curve corresponding to the positive limit of grid voltage, but
this point can only be located by trial and error. The manner in which the power output varies
with the load resistance, for a peak excitation of 400 volts and an anode voltage of 10,000 volts,
is shown in fig. 53. It is seen that if R, falls below 10,000 ohms the permissible dissipation wall
be exceeded, that values of R, between 10,000 and 16,000 ohms give substantially the same
output, and that the product 5P, is a maximum when R, is about 15,000 ohms. On the whole,
it appears desirable to operate under the latter conditions, since the actual power dissipated in
the valve is then much below the permissible value.

Anode current wave-form

115. It has hitherto been assumed that in a class B amplifier the wave-form of the anode
current impulse is truly a half sine wave, but this is seldom if ever so. The degree of departure
depends upon the amount by which the actual valve characteristics differ from those of an jdeal
valve having the same constants. The wave-form of the impulse set up by a sinusoidal excitation
voltage can be derived from the I, — V, characteristics in the following manner. Referring
to fig. 54, in which the curves from Vg = -+ 5 to V; = - 3 are given, the appropriate virtual
load line is first drawn, and this is then divided into a number of parts equal to the number of
curves, i.e. eight. From the point 0, the curves are lettered A B C.... H, and the equal
divisions on the load lineab ¢ ....h. If all eight curves from Vg = — 2to Vy = + 5 were
equally spaced, a sinusoidal excitation voltage would set up a semi-sinusoidal anode current

Anode current

Anode volts

Fi1i. 54, Crar. XI.—Distortion due to curvathre of characteristics,
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impulse, as shown immediately to the right of the characteristics, the points a’ b’ ¢’ ... . h,
being the projections of the pointsa b ¢ ... . h, asindicated by the dotted lines. As it is, however,
the grid is initially biased to — 3 volts, and on reaching — 2 volts, instead of rising to the value
corresponding to a, the current rises only to A. The point A’ which is obtained by projecting A
until it lies vertically below a’ is a point on the current wave-form. When the grid voltage
rises to — 1 volt, the points B and b coincide, as also do their projections B’ and b’. Similarly
the projection C’ of the point C lies vertically above the projection ¢’ of the point c. The
construction of the current wave-form A’ B’ C'. ... H’is obtained by repetition of the process
described. It is seen that the wave is rather more flat-topped than a true sine curve. In
practice a class B amplifier is rarely operated under conditions giving such a high degree
of distortion as this ; the characteristics corresponding to Vg = 4 3,Vg= +4and V= + 5
are deliberately drawn close together in order to exaggerate the effect for illustrative purposes.
The grid is also shown as being biased slightly beyond the cut-off voltage, giving rise to distortion
of the lower portion of the current wave. If the grid swing were limited in such a manner that
the grid reached a maximum positive potential of only 3 volts, the current wave-form would be
that shown in the extreme right of the diagram, with the corresponding half sine wave
in dotted line for comparison. This is more closely representative of practical operating
conditions.

Amplification of modulated waves

116. The principal use of the class B radio-frequency power amplifier is for the amplification
of modulated waves. Although the wave-form of the anode current impulse is not identical
with that of the grid excitation.voltage, the envelopes of the anode current and load P.D. will
be nearly so provided that the operating conditions are chosen in such a manner that the dynamic
characteristic is sensibly straight. This implies that the dynamic resistance of the load should
be as large as the other conditions will allow, and as already shown, Rq should if possible be not
less than 27, and preferably of the order of 4 7,. It must, however, be observed that a high dynamic
load resistance can be profitably employed only if a very high supply voltage is available, and
the grid excitation must also be correspondingly increased. If the relation between anode
current and excitation voltage were truly linear, the average anode current would remain
constant, irrespective of the depth of modulation, and, the reading of a milliammeter in the
anode circuit is therefore an indication of the degree with which linearity is approached.
In discussing modulated waves we are chiefly interested in (i) the carrier conditions and (i)
the conditions at the peak of the modulation cycle. It is convenient to denote quantities such as
peak anode current, load P.D., etc., under the former conditions by I, 7%, etc., and the
‘corresponding quantities at the modulation peak by Iy, #*'5, etc. Assuming that provision is
to be made for 100 per cent. sinusoidal modulation, the peak anode current I’y when completely
modulated will be found as above, but the peak anode current I, of the unmodulated carrier will

be equal to %. The load P.D. will alse be only one-half its greatest permissible value, hence
. . . . E.I, E,I, .
the input power P; with unmodulated carrier, will be = g and the carrier output

power P, will be (Ea — 4E°) Iy _ (Ea _8E°) ! . For example, referring to fig. 55, with an
anode supply voltage of 3,000 volts and a virtual load of 14,050 ohms, the peak value of the
anode current under unmodulated conditions will be 100 milliamperes, and the input power
E.I, 3000x -1 2,810 x -1

= L = 35-125 watts,

n n 8

= 955 watts. The carrier power output will be

35-125
25-5
will be observed that the power output is one-quarter and the efficiency one-half of that obtained

and the efficiency = 36-7 per cent. Comparing these results with those of para. 109, it
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with the same supply voltage and load impedance, but operating with the greatest pernlis.sible
grid swing, i.e., 340 volts. The grid excitation required to produce this carrier power will of
course be only 170 volts. :

117. If the wave is to be modulated to a depth of less than unity, the carrier power may be
increased. Thus if the load resistance and supply voltage remain as before, viz. R, = 14,050 ohms,
E, = 3,000 volts, and the excitation under carrier conditions is increased to 210 volts,
I, = 125 milliamperes. The load P.D. will now be 1,760 volts and the power output
1,760 x -125 3,000 x -125

4 @ ‘
efficiency is now 46 per cent. Under these conditions the greatest anode current change which
can be achieved, without departure from, linearity, is 75 milliamperes. The corresponding depth
of modulation is easily found ;

= 55 watts, while the power input is = 119 watts. The carrier

I’y = 125 4 75 = 200 milliamperes
Iy = %p = 100 milliamperes
I, = 125 milliamperes
Ja = 62-5 milliamperes
. & ’a — Fa
K = 5
= 100 — 62-5
62-5
: = -6,
corresponding with a depth of 60 per cent.

118. Since, if the amplifier is truly linear, the average current during modulation is the same
as when modulation is not occurring, the power input is the same no matter what the depth of
modulation may be, v'hereas the output power during modulation is greater than under
unmodulated conditions. Thus when modulation is taking place, the power converted into heat is
greater than during unmodulated periods but the power output is greatly increased and the
efficiency is increased. For this reason, the dynamic resistance of the load should always be
adjusted by an alteration of anode tapping point (or rearrangement of the tappings on the pulse
coil, where fitted) with an unmodulated grid excitation corresponding to the desired carrier
amplitude. In order to obtain a high value for the product 7P, the virtual resistance of the
load should be at least equal to 7, and preferably greater than 1:57,. Care must be taken
however, not to exceed the maximum permissible supply voltage, which must increase with the
load resistance in order to maintain the desired output.

The class C amplifier
119. The class C amplifier is employed for the following purposes :—

(1) In all the amplifier stages of W/T transmitters. In the stage immediately
following the master-oscillator it is preferable to avoid running into grid current, in order
to reduce the load on the master-oscillator and to maintain it at a constant magnitude
during the whole oscillatory cycle.

(i) As the modulated stage in a frequency-controlled R/T transmitter. The
amplifier may be modulated by imposing an audio-frequency variation either upon the
anode voltage or upon the grid-filament P.D., the former being referred to as an anode-
modulated amplifier, and the latter as a grid-modulated amplifier. The physical aspects
of the process of modulation are dealt with in Chapter XII.

(ui) As a frequency multiplier, the amplified output being usually of double or treble
the input frequency. The stage is then called a frequency-doubler or frequency-trebler.
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Class C W/T amplifier '

120. As already stated, in the class C amplifier the grid is biased to beyond cut-off point
and the anode current flows for less than 180 electrical degrees; the actual angle is generally
between 120° and 160°. It is convenient to use one-half of this angle for purposes of calculations
and in the following discussion, the symbol ¢ will be used to denote one-half the angle
of anode current flow: o will be referred to as the “operating angle”. For example,
in a class B amplifier ¢ = 90°. It is easily seen that the quantities ¥°g, Eg, Eby, Ea
and ¢ are interdependent. In all practical cases the maximum anode supply voltage is fixed
by practical considerations, while the minimum anode-filament P.D. E, and most positive
grid potential Eg; must be decided as in any other form of amplifier. Thus it is usually
necessary to decide upon a tentative value of ¢ and find the relations between 7°g, Ep and o.

NOTE : Grid current flows only
during stippled portion of
grid voltage cycle

Anode current
impulse

_Grid current
impulse

-Eo- Vg — |

S Eo —

F1G. 56, Cuar. XI.—Relation between various operating voltages in class C amplifier.

|

J Anode filament BD.
A

|

|

i

Referring to fig. 56, the anode supply voltage being E, and the minimum anode-filament P.D. E,,
the load P.D. will be #°, = E, — E,. It is seen that anode current will not commence to flow
until the instantaneous grid voltage has arisen from — Ey to — Eyp 4 7’5 cose. The oscillatory
load P.D. v, rises as the grid becomes less negative and at the instant when anode current
E, — 7V, cos o

commences, v, = ¥°,cos ¢. At this instant the grid potential is - Assuming

u
that the grid may be allowed to swing positive up to the value E; volts therefore, the required
excitation is
7 = Eg + Ea—Vacose + Vg cos ¢
E,— 7 ,cos¢9 1
1 —cosg

or Ve = [Eg +
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The magnitude of the required bias voltage is

Eb——:rg_ Eg
Ei—7Y.coso 1
_—[Eg—l— U ]l—cosap_Eg
—F cos ¢ E, _ (Ea — Eo) cos
— T8l —coso (1—003@) u (1 — cos ¢)

=—-—+<E+—) _cosg

1-—-cos<p

This relation is of fundamental importance in the theory of class C amplification. The sign of Ey
is of course negative.

Power output and efficiency

121. Since the anode current flows for less than 180°, the anode current impulses are no
longer half sine waves, so that the fundamental component (H,) of the anode current will be less

T . . ; .
than <F and the average anode current I,, less than % It is possible to calculate the ratios

2
1} = a and i p for various operating angles. The results are exhibited in graphical form in
P P :

fig. 57, in which three pairs of H, curves are given in solid line. Those marked (1) are calculated
for ideal characteristics, i.e. assuming that r, I, = V, + u V. Similarly the curves marked (1-5)
refer to characteristics obeying the law 7, I, = (Vi + u V)" & and those marked (2) to character-
istics obeying the law 7, I, = (Vi + u V)2 The latter are also of use in determining the grid
- driving power with greater accuracy than has hitherto been attempted. With the aid of these
curves the power input, output and efficiency can be determined by means of the relations

PizIav Ea
=aIpEa
Fa Vs
PQ - 5
B L7
- 2
_ b
n = Pj.

122, To illustrate the method of calculating the performance of a class C amplifier we may
take the 1,000-watt valve previously discussed. Allowing for grid current we have already
found that with the limiting value of E, set at not less than 5 E, the maximum permissible peak
anode current is about 900 milliamperes, while the maker stipulates that E, shall not exceed
10,000 volts. Assuming that an operating angle of 75° is chosen and that the first power law
is obeyed, a = -265, § = -45. The maximum permissible input is, therefore

Pp=al, E, = 265 X -9 X 10,000
= 2,380 watts,

and the minimum value of E, is found directly from the valve characteristics to be 1,800 volts.
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.

Hence 7°, will be 8,200 volts.
ST BT
Po = 2 2
= -225 X -9 X 8,200
= 2,050 watts.
Py = Pi -_
= 330 watts.
= 86per cent.
The approprlate load impedance Ry is equal to
7 a s
_— = = 40,700 Ohms.
Ju By
Since cos 75° == -26 and E,; = %’, the required grid bias will be
10 000 1 800 -26
B = + ( ) T
= 200 + 139
= 339 volts.

The grid excitation necessary to obtain this output is
1,800 10,000 — 8,200 x -26 1
Ve=(5" T 50 ) 1— 26

= 705 volts.

It is of interest to repeat the calculations on the assumption that the characteristics obey the

g—power law. From curves (1:5) of fig. 57, if ¢ = 75°, e = -234 and g = -4. Hence for the

same value of I, and supply voltage E,,
Py = -234 X -9 % 10,000
= 2,106 watts,
-2 X 9 x 8,200
= 1,476 watts,
Py = 630 watts,
n == 70 per cent.

P,

I

The load impedance under these conditions will be
P 8200
pl, 4 x -9

== 22,800 ohms.

Grid driving power
123.. Referring again to fig. 56 it is seen that grid current commences when ¥°; cos y = E
and therefore flows during an interval corresponding to an operating angle v, where
Ey

cos v = WT
g
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In the previous example therefore

cos ::%?i; = 48,

= B1°,

Note that this angle is smaller than ¢. The grid current impulse is in fact considerably more
peaky than a sine curve ; the peak grid current I, can be found from the Iy — V, characteristics
and its average value I is approximately given by

Ig = Qg Igp

where ¢, is taken from the square law curve (2) of fig. 57, using the angle y instead of 3. In
the present example Iz =, 158 milliamperes and a; = -175, the grid driving power being

Py = oIy 77
= -175 x -158 x 705
= 19-5 watts.

The anode-modulated amplifier

124. The operation of this amplifier resembles that of the W/T amplifier in that the grid
excitation is derived from a master-oscillator (or a buffer amplifier) and is of constant amplitude
during the whole of the audio-frequency cycle. The anode voltage is the sum of the supply
voltage E, and the audio-frequency voltage set up in the speech choke, the amplitude of the
latter voltage being dependent upon the intensity of the sound input. The greatest audio-
frequency voltage which can be handled without serious distortion possesses an amplitude equal
to the anode supply voltage, thus the total H.T. voltage varies between zero and 2E, during the
audio-frequency cycle. In order to obtain distortionless modulation the relation between
currents and voltages must be linear, i.e. when the supply voltage is doubled, the P.D. across
the load impedance, and the fundamental component of anode current, must also rise to twice
the values under unmodulated conditions. Averaged over an audio-frequency cycle however,
the supply voltage and current remain nearly constant because the superimposed variations
are practically symmetrical about their mean values. For sinusoidal modulation to a depth of
unity the power input must be 1-5 times the carrier input, and the output power must also
increase by 50 per cent., in order to supply the side-band power. The average efficiency does
not vary to any extent and therefore the power dissipated during sinusoidal modulation will be
about 50 per cent. greater than under carrier conditions.

125. In general the anode-modulated amplifier requires a much higher grid bias than the
W/T amplifier, because the grid bias must be allowed to vary during the modulation cycle. It
is desirable that this variation should not be too large a fraction of the total bias, and therefore
the latter should be as large as possible. It'follows that the operating angle should be consider-
ably smaller than in the W/T amplifier.

126. An idea of the possibilities with regard to any particular valve is most easily obtained
by a study of the operation, first under carrier conditions, and' afterwards at the peak of the
audio-frequency cycle. The process will be illustrated with reference to the valve of which the
ideal ¢haracteristics are given in fig. 58. The valve constants are, r, = 10,000 ohms, u = 20,
I, = 800 milliamperes, P, = 60 watts. The carrier conditions will be first investigated, the
notation used being as in previous paragraphs. In a low-power valve of this kind we may allow
the anode-filament P.D. to fall to not less than the maximum positive grid voltage, and the
chain-dotted line represents its lower limit, E, = Ez. As a W/T amplifier the maximum
permissible supply voltage is 3,000 volts, but as an anode-modulated amplifier it is assumed
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to be only 2,000 volts. If then we also stipulate that E, shall not be less than 10 per cent. of
the supply voltage, since E, = 2,000 volts, E, = 200 volts. The value of I, follows from the
equation to the chain-dotted line, i.e.

. I, = E, -+ 1

Ya

200 x 21
10,000

= 420 milliamperes.
It is now necessary to adopt a trial operating angle which will give a sufficiently large output
with a high efficiency and a dissipation not exceeding g P,. A value of ¢ in the neighbourhood
of 60° is indicated in order that the carrier bias may be considerably negative, i.e. of the order
of three times the *“ cut-off *’ bias. The latter is equal to — % or — 100 volts. Actﬁa.lly the

line 2 b, representing the excursion of the excitation voltage, was drawn from a through the
point ¥V, = 1,000, I, = 0, intersecting the E, line at V; = — 365. Then

¥ acose == 1,000

ya = 1,800
cos o — 1990
? = 1,800

— -554,

so that ¢ = 56° (nearly).

A trial calculation of the input, output and efficiency then shows whether this bias and operatﬁg
angle is satisfactory. From fig. 57 fore = 56°, a = -2, f = -348

Ie. = al,
2 X 420
84 milliamperes.
S = B1p
-348 x 420
146 milliamperes,
P, =1, E,
-084 x 2,000
168 watts.
7:,3 "93

2
146 x 1,800

5]

= 131-4 watts.
Pi -_ Po
= 36-6 watts,

it

Py

f
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2

which is rather less than 3

P, and may be considered satisfactory. The efficiency is
~ B
n = Pj
131-4
168
= 78 per cent.,
and the grid excitation required for these conditions is
¥ = Ey, + Eg = 365 4 200 = 565 volts.

127. In order to obtain 100 per cent. distortionless modulation the audio-frequency
voltage must, during its cycle, vary the anode voltage of the modulator valve between 0 and
2E,. At the peak of the cycle, therefore, E'; = 2F,; it is also necessary that ¥*', = 2¥°, and
$’a = 29, ; 1n other words the instantaneous power output at the peak must be four times the
carrier output. It follows that E’, == 2F,. The grid excitation, being derived from the previous
stage, will remain constant at 565 volts. The slope of the line representing the excitation—which
may be called the *“ ¥°¢-line "—is easily found, since one end must lie on the vertical through
E'y = 4,000, and it must extend over a range of 565 volts. Several trial ¥*g-lines are drawn in
the diagram. The first, (C d) was inserted in order to deduce what would occur if the grid
bias were held rigidly constant. It crosses the anode voltage base line at V, = 2,450 volts, so

1,650 ' pao .
3600 = 457, ¢’ = 63°. Referring to
fig. 57, for ¢’ = 63°, § = -388. On this #°;-line the value of I, is 440 milliamperes, therefore
9’y = 388 X 440 = 172 milliamperes, which is much less than 2¢,. Thus an operating angle
of 63°, at the audio-frequency peak, will not give distortionless modulation. Successive trials
with the 7°¢-lines € f and g h gave the following operating angles and values of #';:—

line e f, I, = 500, ¢’ = 70°, ', = 212 milliamperes ;

line g h, I,’ = 570, ' = 74°, $’, = 254 milliamperes ;

linel j, I'p = 670, ¢’ = 82°, #’', = 322 milliamperes.
The latter is fairly close to the desired value and, after a further trial, too close to the final value
.to be shown, the line a’ b’ was chosen. Here I', = 630, E'y = 270, ¥*', cos ¢’ = 650,

cos o' = 18 and ¢’ = 79°. From fig. 57, B’ = -468 and therefore $'y = -468 X 630 = 295
milliamperes. This is quite near to the desired value (292 milliamperes) and the remainder of

that ¥°', cos @' == 1,650 volts. It follows that cos ¢’ =

the calculations may be completed. For ¢’ = 78°, «" = .27, and therefore
I'w = o I'y = 27 x 630
= 170 milliamperes
P’l = I’av E’a
= +170 X 4,000
= 680 watts
Py = 222
295 x 3,600
2
= 532 watts.

P’ 4 =— 148 watts,

e
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i.e. four times the dissipation under carrier conditions. The output P’, is also equal to 4P,
within the limits of the arithmetical accuracy.  Thus the modulator will be practically
distortionless if the bias is allowed to vary between — 365 and — 270 volts during the period
in which the audio-frequency voltage is additive to the supply voltage. During the other half-
cycle the grid will run appreciably more negative than 365 volts, but the operating angle becomes
vanishingly small at the negative peak of the modulation cycle ; consequently the peak current
may theoretically have any value whatever, and the average current will still fall to practically
zero. As a result, the variation of 7,, is nearly symmetrical about the carrier value and no
appreciable fluctuation of mean anode current will be observed if the operating conditions are
correct.
Grid driving power and bias variation

128. The grid driving power for each of the two above conditions may be found as in the
W/T amplifier. Under carrier conditions it is seen from the Iz — V, curves that
Igp = 125 milliamperes. As cos y = 71_;}) = isgg-: 645, y = 50°, and reference to fig. 57

g

shows that oy = -143, so that Iy = -143 X 125 = 17-8 milliamperes. The grid drivihg power
will be

Py = IV
= +0178 X 565
= 10-1 watts,
At the peak of the audio-frequency cycle, I’y = 75 milliamperes, and cos y = gg—g = -477,

y = 62°. Hencea'y = -18and I’y = -18 X 75 = 13-5 milliamperes. The grid driving power
- will therefore be only
Py = I'y ¥y

= -0135 x 565
7 -7 watts.

1f the grid bias is to be derived from a condenser with a leak resistance of R, ohms, we have
E'y = Rg I'g = 270 volts
E; = Ry Iy = 365 volts,

and it is of interest to verify whether these conditions are both satisfied. We have
Ry = 270

Iy

270

-0135

= 20,000 ohms,

35

Ig

365

-0178

= 20,600 ohms.

The values of Ry so derived agree to well within the accuracy with which the peak values of grid
current can be rea_d gff the curves. This is not always so, and it may be found desirable to use a
combination consisting of battery (or automatic) grid bias, which is of constant magnitude

and also Ry =
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throughout the audio-frequency cycle, together with a smaller bias voltage derived from a
condenser and leak resistance. Such expedients are only necessary where a high degree of
fidelity is of primary importance.

The grid-modulated amplifier

129. In the grid-modulated amplifier the grid-filament P.D. consists of (i) the grid bias
voltage, (ii) the radio-frequency excitation derived from the previous stage, e.g. a master oscillator
or buffer amplifier, and (iii) an audio-fréquency voltage derived from the secondary winding of
the microphone transformer, either directly or by means of a sub-modulator valve. The latter
voltage in effect, causes a cyclical variation of grid bias. The operation of this form of modulator
is discussed bneﬂy in Chapter XII ; it is here only proposed to deal with the possibility of an
approach to distortionless modulatlon and the power relations. As before, a concrete example
will be taken, and fig. 59 shows the ideal characteristics of a valve having the following constants,
namely, 7, = 5,000 ohms, u = 10, Py = 60 watts, I. = 450 milliamperes, V, (max.) ==
1,200 volts. The chain-dotted line represents the lower limit of the anode—ﬁla.ment P.D. assuming
that it must not be less than the grid-filament P.D. Whereas in the anode-modulated amplifier
the operating angle is maintained very nearly constant, grid bias modulation necessitates a
cyclical variation of-operating angle as the actual bias changes. For 100 per cent. modulation
this variation is from 0° to 90°, and when only the radio-frequency excitation is applied, i.e.
under carrier conditions, the operating angle is generally very near to 60°.

130. Let us now investigate the conditions under which 100 per cent. modulation may be
obtained. Under carrier conditions, the grid will be biased to a value considerably more negative

than the cut-off voltage —Ef, the exact value being as yet unknown. At the positive peak of the

audio-frequency cycle the grid-filament P.D. may be carried exactly to “ cut-off.” If then we
find the greatest permissible values of I, and Eg, the required radio-frequency excitation is
easily found. These values of I, and Egare I'; and E’g respectively. The current I'p is found
. as in earlier discussions, ie. I’ 8 Ie = -8 X 450 360 milliamperes. At the instant
when the anode current reaches thlS value Vg = E'g and V, = E'sc = E’;. For ease of
location, we may therefore let I', = 350 milliamperes, and the upper end of the line representmg
the radio-frequency excitation—the ¥°g-line—will be at the peint a‘, where E’y = E'

160 volts. As the grid bias is to be equal to % at the instant of peak modulation, the operating

| angle ¢ will be 90°, so that the other end of the #°;-line will be at the point b’.

131. The following data regarding the conditions at the peak of the modulation cycle are
now known. ‘
I’'; = 350 milliamperes

¢’ = 90°

;; : 3184}from fig. 57
E’, = 160 volts

E’g = 160 volts

E'y = E

=2 = 120 volts
"

E., — E’y = 1,040 volts
&'a = B’ I, = 175 milliamperes
I'yy, = o' Iy = 110 milliamperes
E'g + E'y = 280 volts.

3
I

n
f
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From these we may calculate the instantaneous power input P’;, output P’, and efficiency 7’. .
Before doing so, however, the corresponding data will be found for the carrier condition. For
100 per cent. distortionless modulation, we must have

Ja = %f = 87-5 milliamperes
Va = Z;—a = 520 volts

E, = E, — 7, = 680 volts,

and ¢ must be about 60°. The upper end of the 7°;-line must lie somewhere upon the vertical
through FE,, and its lower end somewhere upon the vertical through E,. The amplitude 7°; of
the radio-frequency voltage is still 280 volts. From these considerations the trial #°,-line ¢ d
was drawn, intersecting the anode voltage base line at V, = 930 volts. We then have

¥, cos @ = 1,200 — 930 = 270

270

= - = .52

cos ¢ 590 52
¢ = 581°
B = -36.

At the point ¢, we find I, = 215 milliamperes ;
Ja = pI, = 77-5 milliamperes,
which is too small. Similarly the ¥°;-line € fintersects the base line at V, = 1,000 volts.

¥ acosp = 200
200
cos p = 50 = -384 ‘
o = 674°
g = 41

Ip = 275 milliamperes
&2 = 116 milliamperes,

which is too large. Now take an intermediate such as a’ b’, intersecting the base line at
Va = 950 volts.

Vacoso = 250
Cos ¢ = -52—2——58 = -48

e = 61°

g = -375

I, = 235 milliamperes
Also @ == +215 and I,, = 51 milliamperes.

On this line
(’93 — ﬂIP
= 88 milliamperes,
which is practically the desired value. Hence we see that the mean bias must be that given by
the intersection of this line and the vertical through E,, and is — 230 volts, so that the amplitude
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of the audio-frequency grid-filament voltage must be 230 — 120 = 110 volts. At the negative
peak of its cycle, the grid bias will swing down to — 340 volts, and as the excitation voltage is
280, the grid will reach 4 80 volts. Provided, however, that the output circuit has a high
magnification, i.e. low damping, the oscillatory load P.D. will swing almost equally above and
below its carrier value, and consequently the operating angle at the point under consideration
will be very small indeed. Since for small values of ¢, both g and a also become very small, it
may be taken that both 4, and I,, will fall to zero at this instant. The amplitude of the
oscillatory component of anode current is shown in fig. 59 as Js,, and the average current during
the audio-frequency cycle as I,,.

132. The power relations will be as follows.

Peak of modulation cycle :—
Py = I'y E,
-110 x 1,200
132 watts
S TP
2

= 175 X 520

== Ol watts
Py = 132 — 91

= 41 watts

91
T ‘69 per cent.

i

Unmodulated carrier :—
P i = Iav Ea

= -051 x 1,200
= 61-2 watts
Fa Vs
2
= -088 X 260
= 22-8 watts
Py = 61-2 — 22-8
= 38-4 watts
22-8

N = 4775

61-2
= 37 per cent.

It will be observed that the supply current rises and falls in a nearly symmetrical manner about
its value I,y at the carrier condition. It follows that the average power input during operation
is approximately equal to P;, i.e. about 60 watts. During 100 per cent. sinusoidal modulation,
the output power increases by the amount necessary to generate the required side-frequencies,
i.e. from about 23 to about 34 watts. The average efficiency will be rather higher than that
achieved with the unmodulated carrier, but cannot be expected to exceed 60 per cent. When
the depth of modulation is less than 100 per cent., the efficiency is correspondingly decreased.
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Grid driving power :
133. The grid driving power at the modulation peak is found from the I, — V, curves as

before, taking the conditions at the audio-frequency peak. The peak grid current I'g, will be

about 84 milliamperes, and cos y = gf’ = % = -43, hence y == 65°. Taking o’y = +185
g

from the square law curve of fig. 57, I’y = -185 X 84 = 15-5 milliamperes, and
P, = I's ¥, |

-0155 x 280

= 4-35 watts.

It must be particularly noted that this power is necessarily supplied by the audio-frequency source.
The average power is of course somewhat smaller than this, but the calculation shows that the
microphone transformer, or sub-modulator valve as the case may be, must be capable of
delivering a peak current of 84 milliamperes, and yet not cause appreciable distortion during the
majority of the cycle when it is very lightly loaded. A permanent resistance shunt across the
audio-frequency input terminals, although increasing the load on the source, will tend to reduce
distortion.

- Automatic grid bias

134. The mean grid bias of a grid-modulated amplifier is often obtained by means of a
resistance Ry in series withr the negative H.T. supply lead. If this resistance is to carry only
the anode current of the amplifier itself, its value is easily calculated. Continuing the previous
example, we have found that the mean bias should be 230 volts. As the average direct current
under carrier conditions is 51 milliamperes, we have

Ey = Ry Iy
230
Ry = 55
= 4,500 ohms.

Unless certain precautions are taken, the bias will vary during the modulation cycle, e.g. at the
positive peak it will be Ry I'5y = 4,500 X -175 = 790 volts, and at the negative peak will be
zero. It is therefore necessary to shunt the resistance by a condenser of such a value that its
reactance X, at the lowest audio-frequency is small compared to R,. Suppose we require to
transmit audio frequencies down to 200 cycles per second (e = 1,250}, and X, is to be not more
than -1 Ky at this frequency.

[

Xe =~ = 1R

1

—= = 450

€= -1 faad
= 250 x 1,950 M@

= 1-8 microfarad.

If, however, the resistance is called upon to carry the anode current of other stages, the variation of
grid bias is not so pronounced. Suppose the transmitter to consist only of a master-oscillator
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and an amplifying stage as above, and the master-oscillator to require a mean anode current
of 50 milliamperes. The total current flowing through Ry being denoted by I, we have

At the positive modulation peak I = -175 + -05 = -225 amperes.
At the carrier I = -050 4 ;050 = -1 ampere.
At the negative modulation peak I = 0 4 -050 = -05 ampere,

and the required bias resistance will be approximately 2,300 ohms ; if no shunt condenser is
fitted the bias will then vary from 520 volts at the positive to 115 volts at the negative peak.
A shunt condenser will of course reduce this variation to an inconsiderable amount, nevertheless,
where possible battery bias is preferable to automatic bias.

High-mu triode as grid-modulated amplifier

135. In recent years, a coated-filament type of power triode has been developed, ratings
up to about 30 watts being available, and these are coming into use in the output stages of low
power transmitters. Since with this construction it is possible to obtain a large mutual
conductance, a high amplification factor may be obtained with a fairly low anode A.C. resistance ;
such valves are sometimes referred to as high-mu (i.e. high mutual conductance) triodes. Owing
partly to the comparatively small clearance between the electrodes, and partly to the tendency
of the coating to disintegrate under a high electrical stress, the maximum permissible H.T.
voltage is usually not more than 600 volts. The ideal characteristics of a valve of this type will
be used to illustrate the operation of the grid-modulated amplifier under the conditions giving a
maximum depth of modulation of the order of 60 per cent. The data for this valve are as follows

I, = 400 milliamperes
Py, = 20 watts

E, (max.) = 500 volts
7a = 5,000 ohms

p = 25
2

A = .125
?a i

At the present stage of development these valves are somewhat prone to trouble due to
secondary emission, if the anode-filament P.D. is allowed to fall too low. In the diagram
(fig. 60) the chain-dotted line is the limit for E, on the assumption that E; is not
to exceed 1.5 E,. Then for K = -6, the ¥°;-lines shown have been derived thus. Since
I, = 400 milliamperes we have, at the positive modulation peak, I'p = -8 I. = 320 milli-
amperes. The point &’ on the *“ 4ve peak ” ¥°,line 2’ b’ has been located at I, = 320,
E’y = 60, rounding off E’, to 100 volts instead of 90, and ¥*', = E, — E’;, = 400 volts. For
this condition, ¢ = 90° and the grid bias E’y, = —20, so that a radio-frequency excitation of
¥y = 80 volts is required. By methods previously explained it is easily found that
P’y = 51 watts, P, = 82 watts, P’y = 19 watts, %', = 160 milliamperes. Under carrier
conditions, for 60 per cent. modulation we must have

S S .
Fa = Tk =18 100 milliamperes
p,
P, = (T:}——K)Z = 12-5 watts
Yy = Ve 250 volts.

i.

o)
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After a few trials, the “ carrier ” ¥°;-line 2 b was located, giving I, = 230 milliamperes,
e =171° a=-25 B=-43. J, = 43 X 230 = 99 milliamperes, which is quite near the
required value. Then P; = 28:8 watts, P, = 12-4 watts, Pq = 16-4 watts and n = 43 per
cent. On the ‘“ —ve peak ” ¥°;-line '’ b”’ we have I, (min.) = 140 milliamperes, ¢ == 50°,
a= 18, = -31, I, (min.) = 43 milliamperes, rather higher than the required value. The
variation of 4, during the audio-frequency cycle is shown in dotted line as Josc ; it is to all
intents and purposes linear. It is seen that an audio-frequency variation of grid bias of 24 volts
peak will be required, with a mean bias of — 44 volts. This variation may be obtained directly
from the secondary of a microphone transformer, without the-aid of a sub-modulator stage.

The correct load impedance will be Ry = f;a = 2,500 ohms.
Neutralization

136. In the operation of radio-frequency power amplifiers it is essential to ensure that no
energy is transferred from the output to the input circuit, otherwise the amplifier may become
unstable, tending to produce self-oscillation as described in para. 65. Such transfer of energy
may be prevented by arranging the circuit in such a manner that an amount of negative reaction

0
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(a) Neulralised Tuned anode amplifier
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F1a. 61, Caap. X1.—Principle of neutralization.
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is introduced, the magnitude of which is exactly equal to the positive reaction which causes the
instability. A truly neutralized circuit operates equally well in the opposite sense, i.e. if the
valve tends to transfer energy from the input to the output circuit the neutralizing device will
apply positive reaction of such magnitude as to prevent this energy transference. Thus, when a
valve is truly neutralized, its input admittance is purely capacitive and neither increases nor
decreases the damping of the input circuit. This principle was first applied in triode receiving
amplifiers, but the introduction of the screen-grid valve has caused its entire disappearance in
this field. Nevertheless it is convenient to refer to this application, and a typical circuit is given
in fig. 61 in which a tuned aerial circuit L, C, supplies a signal voltage to the grid and filament
of the triode T,. The output circuit of the latter is a tuned anode L, C,, the positive H.T. supply
being connected to a centre tap on the coil L,. Provided that the capacitance to earth of the
two ends of the coil is the same, equal and opposite P.D’s must be developed between opposite
ends of the inductance and the earthed filament. The grid-anode capacitance C,g is then balanced
by connecting a neutralizing condenser Cy between the upper end (B) of the inductance L, and
the grid. Since the ends (A, B) of the coil are at equal and opposite potentials with respect to
the filament, transference of energy between input and output circuits will be entirely prevented
by making the capacitance Cy equal to C,,.

137. Provided that the grid-anode admittance is purely susceptive, the equivalent circuit
of the amplifier is analogous to the wheatstone bridge described in Chapter I, and the circuit of
fig. 60a has been re-drawn (fig. 60b) in order to show the analogue. It is assumed that the P.D.
to be neutralized is that of the anode tuning condenser C,, which is therefore regarded as the
supply voltage to the bridge. The inductance L, is split into two portions L, Ly, the midpoint
being connected to the filament F, so far as oscillatory currents are concerned. The neutralizing
condenser Cy and the grid-anode capacitance C,; are in series between the points A and B, the
centre point being connected to the grid G. The input circuit L, C, is connected between G
and F and from the bridge point of view may be regarded as analogous to the galvanometer in
fig. 16, Chapter I. It is easily seen that the points F and G will be at the same potential if

L. _ Cy

Ly G
i.e. the balanc is independent of frequency. Unfortunately, however, this ideal state of affairs
rarely exists in practice, owing chiefly to the presence of conductive paths in parallel with the
various reactances. The effect of these shunts is to render the effective values of L,, Ly, Cug,
Cn, dependent upon the frequency, so that it becomes necessary to re-neutralize whenever the
frequency is changed appreciably. In a receiving amplifier, however, it is highly desirable to
keep the number of controls as low as possible and before the introduction of the screen-grid

valve a great deal of ingenuity was expended in the endeavour to maintain a constant neutralizing
adjustment over a wide frequency range.

138. In the application of this principle to radio-frequency power amplifiers, it may be
regarded as almost axiomatic that complete neutralization over a very wide frequency band is
only practicable where weight and space are of no account whatever. These circumstances,
however, are only applicable to large ground station installations, where the transmitters are
generally operated on a spot frequency for very long periods. On the infrequent occasion of a
change of operating frequency, the little extra time required for re-neutralization is of no
importance, and there is no necessity to introduce extra complication in an endeavour to maintain
a single neutralization adjustment over a wide frequency band. Aircraft transmitters are
usually adjusted to a few spot frequencies on the ground (using an artificial aerial) and the
tuning and neutralizing adjustments tabulated. Only a slight adjustment of amplifier tuning
and neutralization is then required when the aircraft is airborne.
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Screen-grid power amplifiers

139. In recent years the screen-grid valve has been developed for use as a radio-frequency
power amplifier, both for linear or class B amplification, and as a class C .ampliﬁer in W/T
transmitters. The screening of this valve is less complete than in the receiving type, and the
grid-anode capacitance is by no means negligible, although much smaller than that of the corre-
sponding power triode. The screen-grid power valve is chiefly used in very high frequency
transmitters, where it is difficult to obtain an accurate neutralizing adjustment with the power
triode. It is usually necessary to incorporate the usual neutralizing arrangements, but it is often
found possible to obtain a setting of the neutralizing condenser which will maintain a balance
over a very wide frequency range.

Frequency multipliers

140. A valve frequency multiplier is essentially an amplifier operating under conditions
which lead to a high degree of amplitude distortion, so that the output contains harmonics of the
frequency applied to the grid. The distortion may be produced by the curvature of either
the I; — Vg or the I, — V; characteristics, the former being generally used when low power
is required with a high multiplication, e.g. for the purpose of radio-frequency measurements.
In high and very high frequency transmitters it is usual to attain the desired multiplication
by a number of frequency doubling or trebling stages, and the anode current curvature is utilized.
The amplitude of any harmonic higher than the third is generally too small to be employed
economically. The anode current wave-form of an ideal class B amplifier contains only even
harmonics, but the output of a class C amplifier contains both even and odd harmionics, and this
type is generally used. The anode circuit is of course tuned to the harmonic frequency and not
to the frequency of the input, consequently the circuit has no tendency to self-oscillation and
does not require neutralization. If the I,—V, characteristics of the valve are available, its
performance as a frequency doubler or tripler can be calculated in a manner similar to that
adopted when its output circuit is tuned to the input frequency, the curves shown in dotted
line in fig. 57 being used for this purpose. They give the ratios

&,
ﬁz - IP
and
_
Bs = T,

where 4, and 4; are the amplitudes of the second and third harmonics, respectively, of the
fundamental component of anode current. The desired harmonic is of course selected by suitably
tuning the anode circuit, and the load P.D, V7, will be, to all intents and purposes, sinusoidal
and of the selected harmonic frequency.

141. Before giving typical numerical examples the general trend of these curves should be
observed. Take the curve H,(1) giving the values of g, for first-power-law characteristics.

The output power is equal to b, I, (E, — E,) and the input to a I, E,. It follows that, for a

2
given ratio of E, to E,, the efficiency is directly proportional to %2 and the product 7P,
2
directly proportional to %. By actual point-to-point calculation for various values of ¢,, it is

found that for large output and high efficiency the operating angle should bé between 40° and 70°,
maximum output being achieved when ¢, = 65°. The efficiency increases as @, is reduced and 5P
1s a maximum when ¢, == 60°. Similar considerations may be applied to the curve giving the
values of f; against g;, which is applicable to the frequency trebler ; in this case, the output
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is a maximum (for first-power-law characteristics) when ¢ = 40°, and the product nP, a maximum
with a rather smaller operating angle. It is seen then that where B, or §,is very nearly constant
over a range of values of ¢, the smaller operating angle is preferable in order to reduce the power
dissipation and increase the efficiency. It will however be found that a small operating angle
necessitates a large grid excitation, and a consequent increase in grid driving power.

Power oufput and efficiency of frequency doubler

142. To illustrate the method of calculating the power relations, we shall take the ideal
characteristics of fig. 62, the permissible dissipation being 250 watts and the maxinfum supply
voltage 5,000 volts. Let E, = 4,000 volts, E, = E; = 300 volts, and I, = 630 milliamperes ;
if the valve is to operate as a frequency doubler, reference to the curve H, (1) of fig. 57 shows
that the maximum value of 8, is achieved with an operating angle ¢, = 65°. We then have

¥ = E, — E,=3,700volts

Py = 85°
cos o, = -423
¥Yacos oy = -423 X 3,700
: = 1,560 volts.

The ¥¢-line a b has been drawn through the anode voltage base line at 4,000 — 1,560 = 2,440
volts, intersecting the vertical through E, at a point giving Ep, = 430 volts. Hence the required
excitation ¥° is 430 4+ 300 = 730 volts. If this can be provided we may proceed to find the

power relations.
Pi=qal, E,

23 x 63 x 4,000
580 watts

I

P, =By,
275 X +63 x 3,700
2
= 322 watts
Pq = 258 watts
n = 55 per cent.

Repeating the calculation for an operating angle ¢, = 60°, we find

M Y. = 3,700
Cospy = *5
By = -274
a = +212
P = 212 x -63 X 4,000
= 535 watts
<274 X -63 x 3,700
Py = 5
= 320 watts.

Pyq = 215 watts
n = 60 per cent.
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