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AUTHOR’S PREFACE

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

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

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

n
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SRR A

resistance.

inductance.

mutual inductance, also modulation ratio.

capacitance.

current (8.M.S. or D.C. value), I peak value of a.c. current.
voltage (R.M.S. or D.c. value), £ peak value of A.c. voltage.
power.

reactance of an inductance (2afL), or of a capacitance

(s30)

impedance of a resistance and reactance.
conductance, the reciprocal of resistance.
susceptance (when with suffix), the reciprocal of reactance.
admittance, the reciprocal of impedance.
I
mutual conductance of a valve, a—a
OE,
. . oK,
internal or slope resistance of a valve, ET 7

1
amplification factor of a valve, a—?

0B,
permeability (chapters 10 and 11).
incremental permeability.
resonant impedance of a tuned circuit.
transfer impedance of a pair of coupled circuits,
output voltage
input current ’
2nfL 1
T or m.
frequency ratio, twice the off-tune frequency Af to the
resonant or mid-frequency (f, or f,).
radio frequency pulsance, 2nfe.
low or audio frequency pulsance, 2nf,,.

magnification of a coil or tuned cirecuit,

coupling coefficient, normally,

VI,Ls
ratio of secondary to primary turns in a transformer.
number of turns on primary of a transformer.
number of turns on secondary of a transformer.
amplification when with suffix (chapter 9).
area when without suffix (chapters 10 and 11).
volume (chapters 10 and 11).
total flux.
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RANT X B

g5

tan—14

Suffices
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GLOSSARY

flux density when without suffix (chapters 10 and 11).
magnetic field strength.

polarizing p.c. magnetic field strength.
alternating current.

direct current.

cathode ray.

audio frequency.

intermediate frequency.

radio frequency.

vision frequency.

high tension.

low tension.

automatic frequency correction.
automatic gain control (sometimes A.v.0.).
root mean square.

square root.

less than.

much less than.

greater than.

much greater than.

equals.

approximately equals.
multiplied by.

modulus of 4.

angle between 0° and 180°.
angle between 180° and 360°.
percentage.

gain.

loss.

wavelength.

efficiency.

angle whose tangent is 4.

v —1, vector operator.
small change of.
partial differential.

anode circuit.

aerial and coupling ecircuit.

bias or battery.

carrier signal (exception C¢, coupling capacitance, chapter 9).

cut-off.

desired signal.

fundamental (exception feedback circuit in Section 10.10).

grid circuit.

high (chapter 9), harmonic (chapter 10), local oscillator
(chapter 13), hum (chapter 14).



db. .
c.p.s.
ke/s
Me/s
4 (as prefix)

GLOSSARY xv

cathode circuit.

low.

middle

modulation

noise.

input.

output.

primary.

resonance.

secondary (chapters 9, 10 and 11), screen (chapters 9 and 186),
stray (chapter 9).

speech coil.

undesired.

henrys.

millihenrys.
microhenrys.
microfarads.
micro-microfarads.
milliamperes.
microamperes.
millivolts.

microvolts.
milliwatts.

ohms.

megohms.

decibel.

cycles per second.
kilocycles per second.
megacycles per second.
micro.



PART II
CHAPTER 9

AUDIO FREQUENCY AMPLIFIERS

9.1. Introduction. An audio-frequency voltage amplifier stage
is generally required between the detector and output valve, especi-
ally when the latter has a low power-sensitivity,* or when an
amplified A.c.c. system is employed (in this instance the maximum
carrier voltage applied to the detector valve is about 3 volts r.M.8.).
An A.¥. stage is also necessary if the receiver is used in conjunction
with a gramophone pick-up. In certain types of receivers an A.F.
amplifier is not included, the detector being fed directly to a high
power-sensitivity pentode or tetrode valve requiring about 4 volts
R.M.8. input for maximum power output. It is not usual to find
more than one stage of A.F. amplification—except in receivers with
push-pull output—partly because it adds almost nothing to the
selectivity of a receiver and partly because high A.r. amplification
tends to instability (motor boating) and increased hum output.
The design of the A.F. voltage amplifier is somewhat different from
that of the output amplifier stage since maximum voltage, and not
power, is required at the output. Resistance-capacitance or trans-
former coupling is generally employed ; choke-capacitance coupling
is rarely used because it is more expensive, has a less satisfactory
frequency response and only a slightly higher amplification than
resistance-capacitance coupling. The particular features of the
first two types of coupling are discussed in Sections 9.3 and 9.4.

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

* Power sensitivity is defined as the output power (milliwatts) per volt

(r.M.8.) input.
1



2 RADIO RECEIVER DESIGN [cHAPTER 9

spiral type) and electrode construction, and by careful smoothing
of the m.1. supply. In special cases when the input signal is small
and considerable amplification is needed, for example, in a con-
denser microphone amplifier, the H.T. supply may be stabilized by
using a gas discharge valve across it, and the heater of the first
valve may be supplied with smoothed rectified n.c. Thermal and
shot noise voltages are generally of no consequence in the A.F.
stages of a receiver because A.F. amplification is not sufficient to
bring them into prominence.

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

Attenuation distortion results from the unequal amplification of
the frequency components of the input signal, i.e., for zero attenua-
tion distortion the frequency response of the amplifier must be flat
over the range it is desired to accept. A reasonably sharp cut-off
with considerable attenuation is desirable outside the required range
as this assists in removing interference, hum or noise voltages from
the output. A range from 30 to 18,000 c.p.s. is generally considered
necessary for the faithful reproduction of musical sounds—a much
smaller range is needed for speech—and an amplifier should normally
be designed to have a flat frequency response over this range.
Attenuation distortion resulting in loss of low-frequency response
causes reproduction to be unnaturally brilliant, whilst high-frequency
attenuation produces a muffled tone with reduced intelligibility for
speech. If high and low frequencies are attenuated, reproduction
is intelligible but lacks naturalness. An exception to the rule
calling for a flat-frequency response is provided by tone control,
which allows adjustment of the high and low frequency components
relative to the middle frequencies (1,000 to 3,000 c.p.s.). Tone
control may be used to compensate for deficiencies in the frequency
response of other parts of the receiver. For example, attenuation
of the high frequency modulation sidebands in the r.F. and 1.F. stages
can be counteracted to a large extent by an increase in the high-
frequency response of the A.F. amplifier. Alternatively, greater
attenuation of the high frequencies in the A.F. amplifier may be used



9.2] AUDIO FREQUENCY AMPLIFIERS 3

as an aid to selectivity. Control of low-frequency response may be
included to give a better frequency balance when interference
requires severe attenuation of the high audio frequencies. Further-
more, the characteristics of the ear are such that a change in average
sound level causes an apparent change in the balance of the frequency
components, a reduction in volume leading to an apparently greater
reduction in the low and high frequency components compared with
the middle frequencies. Discrimination in favour of the high and

Fi1e. 9.1.—Distortion due to Curvature of the I,E, Characteristic and
Grid Current.

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

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

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

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

Fundamenta/ Fundamental
Fre. 9.2¢.—Addition of Funda- Fra. 9.2b.—Addition of Fundamental
mental and Second Harmonic to and Third Harmonic to produce a
produce a Wave Shape similar to Wave Shape similar to Curve 2 in
Curve 1 in Fig. 9.1. Fig. 9.1.

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

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

* A linear impedance consists of an inductance, capacitance and/or
resistance, the value of which is constant and independent of the amplitude
or frequency of the voltage applied to it, or of the current passing through it.
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and current. Distortion of a symmetrical input wave by non-linear
action of an iron-cored inductance usually results in an asymmetrical
output wave owing to the hysteresis loop of the B-H curve.
Phase distortion occurs in an amplifier when the frequency
components of the input wave suffer differing time delays in passing
through the amplifier. An example of the change in output wave
shape caused by delaying the fundamental frequency component of

Fig. 9.2b by 60° of its cycle, i.e., 1 seconds with respect to

360, 6
the third harmonic frequency, Wheref i =ffrequency of the funda-
mental, is illustrated in Fig. 9.2¢.
Despite the difference in wave
shape between the two figures,
the ear is unable to detect any
noticeable difference in sound
characteristic. This applies also
to frequencies not harmonically
Fio. 0.2c. — The Effect of Phaso Tol3ted, S0 that we can ignore
Change on Wave Shape shown in Fig. phase distortion in A.¥. amplifica-
9.2b. tion unless the time delay be-
comes much larger than is usually
encountered in practice. Phase distortion is very important in
television reception because there is a marked difference between
the equivalent light contents of the output waves of Figs. 9.2b and
9.2¢.
Transient distortion can occur in an amplifier if the latter contains
a tuned circuit, or its equivalent, comparatively lightly damped,
i.e., has a frequency response peaked over a narrow band. A steep-
sided pulse shock-excites the tuned circuit, and a train of damped
oscillations follows the leading edge of the pulse. The decay of
these oscillations is determined by the degree of damping on the
tuned circuit, which is measured by the height of the peak above
the average frequency response level in the vicinity of the peak.
Transient distortion can usually be ignored if the peak-to-average
response is less than 1 db., provided a peak in one stage of an
amplifier is not being cancelled by a dip in another. Large transient
distortion produces blurring of the sound output.

9.3. Resistance-Capacitance Coupling Circuits.1?

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

oH.T.+
Ro
-~ 1
'
1]
L.
V
]
[}
1
!
|
i
. + OH.T-
Fi1a. 9.3.—The Circuit for a Typical Resistance-Capacitance Coupled

A.¥. Amplifier.

anode voltage to the grid of the second valve V,. The p.c. path
from the grid of valve V, to H.T. negative or a suitable bias voltage
is completed by the grid leak resistance R,  Grid bias for the

| ”y |
FAEk—"i
Fia. 9.4a.—A Simplified Diagram of a Resistance-Capacitance Coupled

A.¥. Amplifier.

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

A simplified diagram of the stage is shown in Fig. 9.4a; the
valve is considered as a constant voltage generator of ul,;—u is
the amplification factor of the valve ¥,—and the output capacitance
of V,(C,g), the input capacitance of V,(Cjp,+C,), and the wiring
capacitance C,, are represented by C, across B,. This is permissible
because C, is, as a rule, much larger than C,. C, is the grid-
cathode interelectrode capacitance of V,; C, and R, are the
parallel capacitance and resistance components reflected from the
anode of ¥, through its anode-grid capacitance (see Section 2.8.2,
Part I). Overall amplification, given by the ratio of the output

. E, .
to input voltage, Eﬂ, varies over the frequency range due to the
gl

reactance variations of C, and C,.

Taking first the separately biased amplifier (B, = 0), amplification
is
E 42 4p Ry,

A =292 —
E,

R,+Z45 R 1
"t 500,
where R, = the slope resistance of the valve, V,,
Z 45 = impedance across the points AB looking from the
generator

R, = the effective resistance of E, and E, in parallel.
Generally for an A.r. amplifier stage R, is large compared with
R, and can be neglected ; in the analysis which follows we shall

assume that only E, need be considered.

R, ( 1 >
7. = JpC.\ ° " jpC,
¥ B g (R +;>+¢<R +_1_)
gl N\ pC.) T pO\?  GeC,
4= - #EE, ; - 9L
R(R Ry Ro+jpC,Ro| Ryt ——r )+ Ryt
°( "+jp00>+ “( kit °( ”+jp0¢)+ g ijc)

The effect of the variables, the reactances of C, and C,, on the
frequency response of the amplifier is best examined by dividing
the audio frequency range into three separate bands, of low, medium
and high frequencies. In the medium frequency band, the series
reactance of C, is negligible compared with R, and the parallel



9.3.1] AUDIO FREQUENCY AMPLIFIERS 9

reactance of O, is large compared with RB,; the equivalent circuit
is that of Fig. 9.4b and the amplification at the medium frequencies
is therefore :

R,R
A = B2ty 9.2a
™ R.R,+R,(R,+R))
_ MBS 9.2b
R,+Ry
where B, = RRf;B_ = effective anode load resistance at the
o g

medium frequencies.

m Sl

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

In the low frequency band, the reactance of C, increases and
becomes comparable with B, whilst the reactance of C, can still be

||C°' _
11

S Enz,

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

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

A, = - pE.R, - 9.3a
- R,
BByt ) R Rt Bt )
LB, ) ) . 9.3b

- I
(Ra+Ro>(R,, + 9?0‘) +R,R,



10 RADIO RECEIVER DESIGN {cHAPTER 9

Combining 9.2¢ and 3b
R,R,

E,
Al - R0+-R +
4 R Ra
" Rar RTne 0
= 1—.—'1:—X—, - . . . 9.4“
®
1 R,R,
where X' = and R’ = R,.
pC, R,+R, +
Hence l él— == f—_‘l——‘.x—’———; . . . 9.4:b.
J ()
Ry

¥4 —_ b4
@ ° § R El‘qz
Fi16. 9.4d.—The Equivalent Circuit for a Resistance-Capacitance Coupled
A.F. Amplifier over the High Frequency Band.

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

4, = 1B E,
-RO g+Ra(R0+jp03-RﬂRg+-Rg)
R.E,
= "B 1E, .. 95
R.R, JpC.R.B R,
R+ B, T +“Ro—+f
Combining 9.2¢ and 5
R,R,
4, B,+R, +E,
4, R.R, jpC,R.B,R,
Rtk Rt TR AR,

RI/
1 +JXII
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R.R R . .
here R” = Yo a = registance of R,, B, and R, in
v RoR, TR (Ro+ By o H a
parallel.
1
X = —.
2C,
4, 1
Zh o C . . . 9.6b.
Thus ‘ A, —

RI/ 2
14+( =
J1+F)
By denoting zero level (0 db.) as 20 log,, 4,, we can express the
reduction in amplification over the low and high frequency ranges as

A X"\?
_— 20 loglo -1?:’-. = - 10 1Og10 (l +(—E7) ) db-
1
——10 logw(l +P) db. . . 94
A R"N\?
and  — 20 log,y | 2| = — 10 loga, (1 +(f) ) db.
= — 10 log,, (1422) db. . . . 9.6¢c.
— 0
/
Ve

A o
T
- S
// =70 'g
A S
i 5
e
A 3
20
/ a
N

X > -

0-02 005 o7 05 7 5 70 30
5 0w 50 10 300

Freguency (c.p.s)

F1e. 9.6a.—~—Generalised Low Frequency Response of a Resistance-Capacitance
Coupled A.r. Amplifier.

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

Since these two ratios

x(ﬁ and %,,) to a logarithmic scale as in Figs. 9.5¢ and 9.5b.
5 X—; and X‘,,,
frequency, we can find the frequency response of any amplifier by
suitably positioning a logarithmic scale, marked in frequency,
beneath the z scale in a similar manner to the method described in
Sections 4.2.3 and 7.4 (Part I).

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

are both directly proportional to

R, = 200,000 Q
R, = 50,000
R, =1MQ
C, = 0005 uF
C, = 00005 uF
R.R
R =R a”0 — 1.04 x 108 Q2
" TR, +E,
R — R,R.R,
RO g+Ra(-R0+Rg)
= 3-84 x 10¢ L.
For the low frequency response % = 1 when R2=fC, =1
or f =806 c.ps.

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

"

For the high frequency response = 1,
when f = 1
" 2aC,R’

= 8,280 c.p.s.

The frequency scale is moved until 8,280 c.p.s. is located immediately
beneath # = 1 (see Fig. 9.5b) and the response at any particular
frequencies such as 5,000 and 10,000 c.p.s. is noted to be — 1-35
and — 3-9 db. respectively. The complete frequency response of
this amplifier over the frequency range 30 to 18,000 c.p.s. is obtained
by joining the two curves for the low and high frequency sections.
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0 -
ot
[T
-~ \
3 AN
N
=70
]
R N
TN
3 N
g
<
<, =20
3
3 AN
G
~i
-30 x—> N
3 07 05 7 5 0 4L
' L L] T ] T v 171 T ' T ]
7000 00 70000 20000 40000
Frequency (c.p s.)

Fia. 9.6b.—Generalised High Frequency Response of a Resistance-Capacitance
Coupled A.r. Amplifier.

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

y: | 1

“m . . . . 9.2c.
R
[}
70
1 /
d 08
//
va 06
> Am
// 0'4-)“
S o
/// 0‘2
0
07 05 71 _, 5 0 20
R
£y
Ry

Fia. 9.6.—The Variation of Medium Frequency Amplification with Change of
Anode Load Resistance.
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Plotting 9.2¢ against R (Fig. 9.6) shows that the overall gain

Ra
increases to u as R, is made much greater than R,. A point to be
noted in connection with Fig. 9.6 is that x4 is not necessarily a
constant, but is often dependent upon the R, component in R,".
This is made clear by reference to the triode I, E, characteristics
of Fig. 9.7; as R, is increased the load line AB is carried into the
curved lower part of the characteristics (see line 4B’) where u falls
and R, increases. On this account it is inadvisable to make R, much
greater than 3R,. The importance of ensuring that R, is not
much less than E,, i.e., that E, is as large as possible, is stressed
in Section 9.3.3.

An alternative expression to 9.2b may be derived by replacing
# by gnR,. BB
0
A,, = g RARy . . . 924
= ¢, X the parallel combination of R,, R, and R,.

This result is also obtained by considering the valve as a constant
current generator (Section 2.7, Part I). Expression 9.2d is very
useful in the case of a tetrode valve, for which g, and R,, and
not u, are known. In this instance R, is usually high (> 0-5 MQ),
and it would be almost impossible to fulfil the condition B, > R,.
The maximum value of R, is limited by the shape of the tetrode
I,E, characteristics, by the stray capacitance, and by the per-
missible loss at high audio frequencies. It is often much less than
R,, so that expression 9.2d may be modified to
A, =g, B . . . . 9.2,
9.3.2. A Comparison between the Triode and Tetrode
Valve as an A.F. Amplifier. The chief advantages of the triode
valve as an A.F. amplifier are its low slope resistance and its
capability of delivering a large output voltage with smaller harmonic
distortion (of lower order harmonics) than the tetrode, but it does
require generally a much larger input voltage to produce a given
output voltage. A low slope resistance means that high frequency
response is less dependent on the characteristics of the anode load
impedance, because R” in expression 9.6b is decreased by decrease
of R,. Low frequency response is, however, less satisfactory since
decrease of R’ in 9.4b increases the loss at low frequencies. The
important features of the tetrode are higher amplification (it is
generally about twice that of a triode of the same g,, value) and
very much reduced feedback through the anode-grid capacitance.
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The latter has an important bearing on high frequency response,
because it increases the grid input capacitance by an amount equal
to the grid-anode capacitance multiplied by (144), where 4 is
the amplification from the grid to the anode of the valve. For
example, average values of C,, and 4 for a triode valve are 3 yuF
and 50, respectively, giving a grid input capacitance, additional to
the “ cold ” input capacitance of 3 X 51 = 153 uuF; average
values for a tetrode are 0-01 uuF and 100, respectively, giving an
additional input capacitance of 0-01 x 101 = 1-01 uuF. Hence
the use of a tetrode contributes to an improved high frequency
response from the stage preceding it, because it reduces the stray
capacitance C,. The chief disadvantages of a tetrode are greater

F
A

0 ct4 Z,

F1a. 9.7.—The Representation of Load Resistance on the I,E, Characteristics
of a Triode Valve.

circuit complication (a screen resistance and capacitance are
required) and the more objectionable type of distortion, consisting
of higher order harmonics and intermodulation products (see
Section 10.7).

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

B F

A E,
Fia. 9.8.—The Representation of Load Resistance on the I,E, Characteristics
of a Tetrode Valve.

and also by high frequency considerations, because the larger R, is

made the greater is attenuation and phase distortion due to stray

capacitance. As pointed out in the previous section the rate of

increase of amplification for a constant value of x and R, falls as

R, is increased above R,, and there is seldom any advantage in
0

. R
making the ratio of Vi greater than 3 to 4.

a

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

Increasing
creen
Voltage

e =

Amplification Am

Load Resistance R,

Fia. 9.9.—The Effect of Screen Voltage on the Amplification at Medium Frequencies
of a Tetrode aA.F. Amplifier with Resistance-Capacitance Coupling.

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

(expression 9.2d). Increase of screen voltage generally causes R, to
B
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fall and it falls at a greater rate than g,, increases. Hence greatest
amplification is obtainéd with low screen voltages.

The optimum value of grid bias is often greater than that of
a triode of similar g,, and maximum permissible output voltage
is obtained without the positive peak of the input voltage approach-
ing close to the bias voltage at which grid current starts, i.e., it is
the knee of the I_E, characteristics which limits input voltage rather
than grid current. With triodes of high u, optimum bias is the
lowest consistent with zero grid current on peak signals, and the bias
must be adjusted to be able to deal with the valve having the most
negative start of grid current. This type of triode tends to show
considerable variation of anode current cut-off from valve to valve,
s0 that fairly large changes of amplification are likely to be experi-
enced between valves.

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

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

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

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

corresponding to Ry = The point K, the intersection
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a large power-output valve, if softness (Section 2.8.1, Part I) is to
be avoided. A RC coupled amplifier stage connected to a large
power-output valve cannot therefore be designed with a very high
effective load resistance, for it is inadvisable to make the ratio of
A.0./p.C. load (R, /R,) less than about 0-8.

9.3.4. Self Bias for a RC Coupled Amplifier. A valve
with an indirectly heated cathode can be made to provide its own
grid bias voltage by inserting a resistance (B;) between the cathode
and H.T. negative line as in Fig. 9.3. The p.c. anode current com-
ponent flowing through R, produces a positive voltage between the
cathode and ®H.T. negative, and since the grid leak is returned to
H.T. negative it means that the grid is biased negatively with respect
to the cathode. The cathode resistance R, must be by-passed by
a large capacitor Cy, in order to prevent A.F. voltages being developed
across R, by the a.0. components of the anode current. A.c. voltages
developed across this resistance are in opposition to the grid voltages
producing them, and overall amplification may be seriously reduced.
This can be seen by considering the applied grid voltage as increasing
positively ; this increases the anode current and the voltage across
R,, so that the net positive increase in grid-to-cathode voltage, the
difference between the positive increase of the input voltage and
the positive increase of cathode voltage, may therefore be quite
small. The insertion of R, without a by-pass capacitor is a form
of current negative feedback (see Section 10.10.4).

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

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

= —————-———-————-”EakRo’ .
®2 " R, 4R/ +Z,
where K, = net A.¥. voltage input from grid to cathode.
, _ R,
By = R,+R,
Z, = impedance of the self-bias circuit
but E,=E, —E,

9.7a

* 0, normally has little influence as its reactance is important only at
frequencies where Cj has no effect. If C, is small enough for its reactance to
be greater than R, over the frequency range affected by Cy, B, in expres-
sion 9.7a should be replaced by R,.
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where £, = input voltage from grid to earth (Fig. 9.3)
and K, = voltage developed across Z,.
__ uE
but &, = R4k +Z,
— Egl(Ra+R0,+Zk)
% R+ R +Z,(1+p)
Replacing this in 9.7a

E, R,
E, = i .. . 9.
® " Ry RS+ Z(1+p)
Amplification with feedback =4, = g—‘ﬂ
g1
27y
T R AR+ Z (1w
Normal amplification without feedback = 4,, = —Rf?}—IiRT
The ratio loss of amplification due to feedback is therefore
Am Zlc(1+;u)
Af = (1+ R. TR, . . . 9.8a.
. . R,
Replacing Z, in 9.8a by TG, R, we have
Af (B, + By )(1+jpCyRy,)
By (1+p) .
1+9p0kRk
1
/ 1+Rk( +:u) +(kaRk)2
PRI = o
4, 1+ (pCpRy)* .
The loss in amplification (db.) is — 20 log,, 1 j—”‘
]
B2+x2
= — 10 logm [—1 +x2:| . . . 9.8¢
where % = pCO, R, — L
= PpLphy, = Xl—a
= Rk(l‘*',u)
and B = Ra TR

Expression 9.8¢ is plotted in Fig. 9.10 against z, i.e., ?‘ to a
k
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logarithmic scale for different values of B. As z increases, i.e.,
O, becomes more effective as a by-pass, the loss of amplification
decreases to zero, but when it decreases, the loss tends to the value
which would be realized with C) = 0.

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

1+u
I = — 2 = — 1+—-—° R.| . 9.8d.
0ss 0 log,, B 20 log,, [ +-Ra+Rol k:l

For a particular value of R,, the loss is increased when u is increased,
or B, or R, decreased. Expression 9.84 for a pentode amplifier
becomes 20 log,, (1+g,R;), since x> 1 and R, > R,'.

The curves in Fig. 9.10 are generalized curves, and the frequency
response may be determined by suitably locating (as for Figs. 9.5a
and 9.5b) a logarithmic frequency scale beneath the x scale. We
shall illustrate this by the following example.

— o Q;‘—- p———t 0
AT T
A
I s e ,
B=15 I T / 9 /
4 4
Bl /
2 - P
MV / 3
2.5 L1 // g
/ " 3
L1
/Y o
A7 3
4 =gy S
72
P S
5 L1 2
/ 16
Y
ve 8
B=70 —— d
L1 X—> 120
07 o5 7 5 10 50 700
I T 1 TI] T T T [ TTT 'l T T T ‘ T T
5 70 50 700 500 7000

Frequency (c.p.s.)

F16. 9.10.—Generalised Curves for the Frequency Response of an A.F. Amplifier
with Cathode Self Bias and Resistance-Capacitance Coupling.
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R, = 200,000 2, R, =50,0000, R,=1 M, u =100,
R, = 3,000 2, C, = 2uF, R, = 166,666 Q.

p+1 101 _
u— = 465 10—4
R, +Ry 216,666 X
B = 2-395.
[
When & _ 1, £ = 10 — 265 o.p.s.

2n X 2 X 3,000

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

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

The total overall frequency response, including the effect of C,
and C,, is obtained by adding the loss due to these two capacitances,
as found from Figs. 9.5¢ and 9.5b, at the appropriate frequencies.
Some error is introduced at the low frequencies due to the assumption
in the above analysis that the reactance of C, is small compared
with B, but the effect will not usually be very serious and can be
overcome by replacing R, by R, in the above expressions.

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

al, = 9,48 ,+-gAE +g,AE, . . . 9.9
aI, = G'mAEg-I—G'sAEs—{—GaAEa . . 9.10
_ol, __al, _ol, 1
where I = a—E;a gs = E’ 9o = E— —R;,
oH.T

F1e. 9.11.—A Tetrode A.F. Amplifier with Resistance-Capacitance Coupling.
[Note : for s read C,”.]

and G, G,, G,, are similar derivatives of I, with respect to the
voltages. The voltage changes AE, and AE, are those produced
across the anode-cathode and screen-cathode circuit and, when
they are caused by changes of I, and I, are in such a direction as
to oppose the current changes, i.e., increasing I, and I, causes
a reduction in anode and screen voltage. Hence

AE, = — AI Z, . . . . 9.11.
AE, = — AIZ . . . . 912
R,
where R,’ = the equivalent A.c. resistance component in the screen

circuit, which may be made up of a potential divider
for p.c. voltages consisting of two resistances R, and

Z, is the total impedance of the external screen circuit
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R,. These two resistances, in series for pn.cC., are in
parallel as far as a.0. is concerned.
_ B.B.
R.+R,
C,” = the decoupling capacitance to earth in the screen
circuit.
Combining 9.9, 9.10, 9.11 and 9.12.
Ala(1+gaZ0) = gmAEg - gsA[sZs,
Al (1+GZ)) = G, AE, — G, Al Z,
7 (G AE, — Q Al _Z,)
1,(149,%0) = g, AB, — 9% TmZ 2 — FalllaZ0)
A a( +ga 0) gm g ]-"i"GsZsI
. AIa — gm(1+GsZs’) - gsGst,
o AEg (l_}"gazo)(l‘l_GsZsl) - gsGaZOZs,
AIaZO _ Zo[gm(1+GsZs’) - gsGst,]

Amplification 4 = = . 9.13.
P AB, ~ (149, %0)(1+G,Z,) — 9,627,

When Z,/' =0

A-o= ngO — /"ZO
14+9,Z, R,+Z,

7 g G ZO . ” ’ ’ g G ZO
1 __9Js7a 1 _ 9Ya
a (O fg) e ran (6t
A G\ . 9.4 T
1+Zs,<Gs - M) 1+.7pos”Rs,+Rs’<Gs_M>
Im Im
R,R
f =R, = 9,
If Z, 0 Rt E,
4, J32+p238'203"2
q= D—2—{—p2Rs'2C’S”2 . . . 9.14b
’ gsGaRO’
= 1 —_
where B +R, <Gs Tg. R0’>
and D= 1+Rs’<Gs - @n).
m
But G _ 0L, _G, _G,

9w 0, g, g,
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R 14
R/R,
=1 =14 8@
Y&y R0 +RW(Ra—}-Ro’)
a
and D =1
1  AE,
where R, = - = —_* = slope of the EI, characteristic
G’s Al
If R/ < R, then B = 1+-Ri.
R,
The loss of amplification is given by — 20 log,, Az‘"
_ B2+p208”2R8'2
Bz_l_xz
= — 10 loglo [W} . . . . 9.15b
” 7 ‘R ¢
where z =pC,/ R/ = X

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

RS R'R,
that z is X'—; and B = l+m.

agymptotic to a value — 10 log,, B? as the frequency is decreased
and X, increased.

Hence  max. loss (db.) = — 20 log,, I:l—}—

The loss tends to become

R/R,
ng(Ra+ROI)

9.3.6. The Effect of the Anode Decoupling Circuit on the
Frequency Response of an A.F. Amplifier. The reactance of
the smoothing capacitance for the H.T. supply of a mains-operated
receiver increases with decrease of frequency, and forms a common
coupling impedance for the A.F. stages. (An 8-uF capacitor has
a reactance of 398 2 at 50 c.p.s.) Voltages may be produced in
this reactance by low-frequency current components from the
output stage ; other stages can likewise produce voltages, but their
effect is much less important because current values are much
smaller. These voltage components, if fed back to the grid of the
output valve, or of a previous stage, via the preceding anode load
connection to the H.T. supply, can either decrease or increase the
overall A.F. response to the low frequencies. With RC coupling,

the phase of the voltage is such as to cause low frequency degenera-
B¥*

:I . 9.15¢c.
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tion, if fed to the grid of the output valve, or regeneration if fed to
the grid of the previous stage. For diode detection and one stage
of A.7. amplification before the output valve (the A.r. amplifier grid
circuit is not connected to the H.T. supply), the feedback is to the
grid of the output valve only, and is degenerative. For two stages
of A.F. amplification it is to the grid of the stage preceding the output
valve as well, and the effect is predominantly regenerative. In
extreme cases it may lead to low frequency oscillation (about
5 to 10 c.p.s.) known as ““ motorboating ”.* Regenerative feedback
can occur with one stage of RC coupled A.F. amplification if a cumu-
lative-grid or anode-bend detector is employed, since the grid of
the A.F. stage is then directly connected to the H.T. supply via the
detector anode load resistance. For transformer-coupled A.F. stages

OH.T+

. O H.T-

Fia. 9.12.—A Resistance-Capacitance Coupled A.r. Amplifier with an Anode
Decoupling Circuit.

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

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

The inclusion of the decoupling circuit R,C, affects the frequency
response because it forms with R, the anode load impedance of the
valve. It tends to raise the amplification at low frequencies. For
example, the amplification at medium frequencies, where the
reactances of C,, C, and C,, can be neglected, is

* The circuit acts as a multivibrator or relaxation oscillator.
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4 uR, R,
n a+R R.R BBy | p
R,+R,

[Note that the alternative Thévenin development (see Appendix 34)
is more convenient and is used here.]

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

Ryt— 1 _
uR, 1+jpC. R,
R,+R,’ R,R R,

a-"g
Rt R, BT i 0R,

+R, by R’ we have

—|— 1+4jpC,R, (R f—R )(&‘*‘1 +j_p01R1>

1 C.R JpC.R, B’
+ +jpC,\ R, 14= R4 R

/((R1+R0)R'>2+(.'p01R1R)
| JAREER) TAEAE) o
pl. Ly,

1

+(%rx)
Bifar . . . . 16
1422
(By+ BB
(B,+ER"R,
_ R, R _ pC,R,R’
and 2 == BiR  EIR
ie., low frequency increase in amplification is

y:] B2 2%
2 =41 . . .9.16¢.
+20 log v + Olog<1—|—x2>db 9.16¢
Expression 9.16¢ is identical with 9.8¢ except for the sign, and the
curves plotted in Fig. 9.10 can be used, but the vertical scale now
represents a gain instead of a loss of amplification.

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

Al=

Replacing RR+
1i’1

A
A4,

Rl

or |
m

where B =
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R.R
e
CkRk = OIRI R _aR g . 9.17a
a9 +R+R
B+ R,,+ o4ty
and this fixes the position of the horizontal frequency scale.
The second condition is fulfilled by making
R.R
R,+R 9 1R
RBi(14p) (ot 0)('Ra+Rg+ 0) 9.17b
" 4 By (p gy Bl \p |
“ "R, +R, YT TR,+R)

and this ensures that the maximum loss for the cathode circuit is
exactly equal to the maximum gain of the anode circuit. Generally
it will not be possible to satisfy expression 9.17b unless R, is small
compared with B, and R,.
©oH.I*  This method of compensa-
-x tion has been employed in
R, f_z the video-frequency ampli-
fiers of television receivers
(Section 16.8.3). It may
also be used in tone-con-
trol circuits when increased
amplification is required at
Jow audio frequencies.
9.4. The Transformer
Coupled Amplifier.
Transformer coupling is shown in Fig. 9.13a. The resistances R, and
R, may be included across the primary and secondary in order to
improve the frequency response. R, reduces the increase of ampli-
fication at the medium frequencies caused by the increasing reactance
of the primary inductance, whilst R, tends to flatten any peak in the
high-frequency response due to resonance between the leakage
inductance and stray capacitance across the secondary. The
equivalent circuit of Fig. 9.13b indicates the separate impedances
making up the transformer circuit, thus

—~0 H.T.~

Fic. 9.13a.—A Transformer Coupled A.F.
Amplifier.

C,z = anode-earth capacitance of the valve

C, = self-capacitance of primary of the transformer

R,, = resistance simulating the hysteresis and eddy current losses
in the core

B, = A.0. resistance of the primary winding, for all practical
purposes this is the p.c. resistance of the primary winding
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L, = inductance of primary
C,, = interwinding capacitance
n = ratio of secondary to primary turns
M = mutual inductance between primary and secondary =k V'L, L,
k = coupling coefficient
R, = A.c. resistance of the secondary winding, approximately the
D.C. resistance of the secondary winding
L, = inductance of secondary
C, = self-capacitance of secondary
C, = input capacitance of the next stage
R, = input resistance of the next stage.
=
A Zp l:n Rg r"“z_g ————— i
I ]
L S Gl Ry
(u2)™ SE- T 5
e 13170
| :
S ’ 4—1o
B R g
Fia. 9.13b.—The Equivalent Circuit for a Transformer Coupled

A.F. Amplifier.

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

Rq

¥R
K Tzt c

Ry Lp(
00

~ " _Perfect
Transformer
Ratio k:n
Fi¢. 9.13¢c.—A Simplified Diagram for a Transformer Coupled
A.F. Amplifier.

transformer having a primary to secondary turns ratio of k to n.
This is shown in Fig. 9.13¢c. That this circuit is equivalent to
Fig. 9.13b can be proved by noting from Section 7.6 (Part I) that
the impedance reflected from the secondary into the primary in
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P here Z, is the imped
-m"z—g y where 4, 18 € Impedance

of C;, R,, R, and C, in parallel. Hence the total impedance across
points AB in Fig. 9.13b is (neglecting C,z, C,, 0, and R,,)

series with B, and L, is

Z4p = By tjpLy+ Bt 9.1
aB = fyHply,+ B tjpL i, . . 9.18.
The impedance across the same points AB in Fig. 9.13¢c is

. R.+Z )k?
].prka'( 8:20)

E=S R 1 — 2
Pan = Byrtiply(lt = B 4 L ko Fet 2R
n

Jp

2L 2k2n2
= inL, Pl
»HIP p+n29pr+(Ra+Z,)

butk=i—, andn=ﬁ
V. L,L, L,

) . pzMZ
- Ban = I R il 47,

which is identical with 9.18.
From Section 7.3 (Part I) the secondary voltage developed
across Z, in Fig. 9.13b is (neglecting C.5, C,, C,, and R,,),
_ ZZ:E _ Z.Z . F
Z(Za+25)+Zo(Zy+Zu+2Zs) (Lot Za)Zs+Za+Zs) — Zs®
where B = E 45, Z, = R,+-jp(L, — M), Z; = jpM,
Z, = R,+jp(Ly — M), and Z; = Z,.
JoM.Z, . E 15

E,

E, = - . . . 9.19a.
By +ipLy)(Ry+jpLy+Z,) +pM*
The secondary voltage, from Fig. 9.13¢, is
. k2
n n 7z Jk2pr(Rs +Zg)n_2 EAB
B=plor=ppi7 %
o | pLy+ (B2 | D
_ _ JknpLy,Z,E 4z . 9.19.
(jpLs+RBs+24)Z 45
Replacing Z 45 in the above by 9.18 and noting that knpL, = pM
E, JPMZ)E 45

T By +ipLy) Ry 42y +jpLy) oM
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Expression 9.19) is therefore identical to 9.19a, so that Fig. 9.13¢
is the correct equivalent of Fig. 9.13b.

A further simplification is possible since k in a well-designed
transformer is very nearly unity, and it may be assumed such in
all cases except in the term for the leakage inductance L,(1 — k2).
In any practical case all the transformer circuit constants can be
measured by suitable D.c. and A.c. bridge methods. Thus the
primary and secondary winding resistances E, and R, can be
measured with D.c., and the primary inductance L, can be measured
on a suitable a.0. bridge by noting the inductance across the primary
terminals. If the transformer is directly coupled to the anode of
a valve, L, should be measured with the rated p.c. current flowing
in the primary, or a commensurate ».c. current in the secondary
when this is more convenient. The leakage inductance L,(1 — k2)
is the inductance across the primary terminals when the secondary
is short-circuited.

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

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

has a value of — 22

R, 1Ry because the reactance of C; and C, is negligible.

F1g. 9.14g.—The Transformer Coupled a.F. Amplifier at Medium Frequencies.

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

E nkE
A — X2 __ cD
m=F = E
Ry
— b n? 9.20a
BB RE o Rk,
R,+R, * n?
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Rewriting the above in terms of maximum possible amplification,
nﬂRl

Ra+R1’
Ao 1 g2m
nu Ra’+%
1+
Ry,
—
where p’ Rﬂf}i’l’ and R/ = RR‘fl‘%l—}—Rp.
a

The similarity between expressions 9.20b and 9.2¢ can be noted
and Fig. 9.6 is applicable when nu’ replaces u. An important

point is that maximum A4,, is realized when R, and —77/—221 are infinite.

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

F1e. 9.14b.—The Transformer Coupled A.r. Amplifier at Low Frequencies.

justified for the purpose of improving low- and high-frequency
response.
At low frequencies the reactance of the leakage inductance and

secondary capacitance can be neglected, but L, must be taken into

. . oy B+ R . .
account as its reactance is comparable with s;; % with which

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

_ E, . nEqp
4=E ",
Ry,
np n—Z‘Jpr

= TR . . . 9.21a
R, (pL 1 Bt By s+ 2t>+Jpr< s;i‘z 2t)
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R
' 2ipLy
N R.+R /RIR
( + s+ Qt)ijp"*_Ra( s:z 2t)
n,u'ﬂ
= nt . 9.21b
-Ra (Rs+R2t)
’ R +R2t n2
(R 14—
(Ra’+ s 2t> Lp
Am
= . . . . . . . . 21
ﬁ 9.21¢
i€

in parallel and X; = pL,,.

4,

Hence Az

where R, = resistance of R,’ and E, j;zR 2
2 1
J1+< ) =~/1+“2 .. 922
X, x
_X
where = = E

The loss of amplification at low frequencies in decibels is

= — 10 log,, (1—}—(%)2)
z

1
= — 10 logy, <l+;2> . . . 9.22b,

— 20 log,, An
1

and a universal curve of loss against z, i.e. to a logarithmic

X;

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

frequency scale is located so that f —= 2»5—%— is immediately below
[

z = 1in Fig. 9.5a. From this curve we note that the low-frequency
£ +2R2t, or both
n

are small. Since for maximum A4, and minimum distortion
R, should be greater than R,, this leads directly to the conclusion
that a low R, valve should be used. A disadvantage possessed by
this type of valve is that it usually requires a high I,, and this
increases transformer core saturation and reduces L,. The use of

response is best when E, is small, i.e., when R, or
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8 RC coupling to the transformer, as described in Section 9.5,
offers a solution to this difficulty.
The equivalent circuit for the high-frequency range is shown

Fi6. 9.14c.—The Transformer Coupled Amplifier at High Frequencies.

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

R
nu n—i’
_ 1+jpCy Ry,
4 = L
8 e ——— e
B tply +JPC’ "Ry
where L, = L,(1 — k?)
n R?t
nZ

(B ip Ty )1+, B+

’

A= R i . 9.23a.
-Ra,+;:; L 7
1+ Y —p2L,'C, n2+_7p<0 n (R + >+R >
Lvgg 2
n2 n?
Let p, = _~._1_, the resonant pulsance of L," and #2C," and
VL, Cyn?
XO o= ,pOLp, — Wz
= B 1.8 200
a n2 P 2 D { a n2 _R2:|
14— £ L 4
g = (B) |
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R

8

A

1

n? . 9.23b.

= [ R X,
2]
1 —_—
+ th (P) Z’o X, +n2

Owing to the series resonance of L," and C,’ there may be a gain
or a loss at f,, and it is preferable to express the response as

Amplification = 20 log,, 4y
Am
AN
"t a +7T;
B
n2
=10 log,, R, 5 —E . 9.24.
1+R————a+m_ AN Ra___+;‘—2+§1
R, o | T|F\ T X B
s n?

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

It is difficult to produce a series of generalized curves from

f

expression 9.24 because there are three independent variables 7. ;
a

X,

R
and —2,
n 2

. B
R, —I—ﬁ
X,
ever, a valuable guide to the high frequency response, and Klipsch 4
has suggested a convenient method of graphing 9.24 when f = f,.

9 s
and n;’ giving constant loss (—) and

The amplification (or loss) when f = f, is, how-

He joins points of

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

;R
R+ B, +E—§
n . o n
e.g., —x = 1 = tan y gives y = 45°, and b
] 0

= oo gives
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y = 90°. Hence the first point is half-way between 0 and . It
is important to note that f, is not the frequency of maximum
amplification, which is determined by the ratio of the two parameters,

By
n and always ocours at a frequency lower than f,. The
1 ls

Ba +”a By

n2
dotted-line curves in Fig. 9.15 join points of constant ratio — g
B+

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

20 A\ AN BN AW 5% 7
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F1a. 9.15.—Loss or Gain in Frequency Response of a Transformer Coupled a.F.
Amplifier at the Resonant Frequency of Leakage Inductance and Secondary
Stray Capacitance.

Full Lines: Loss (—) or Gain (+) of Amplification (db.).
Ry
7
By’ +Rs’
n

Dashed Lines: Constant Ratios of
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amplification is close to f,, maximum amplification is very little
greater than amplification at f,, and cut-off above f, is not rapid ;
i.e., the response is generally flat. The converse is also true ; a high
By
2

ratio of means a more peaked high frequency response with

o B
R, +;ﬁ
- . o, By .
sharper cut-off. This is to be expected since R, +ﬁ is the series

resistance element in the series resonant circuit, while ‘,{Z‘t is a parallel

resistance element.

To illustrate the use of the curves we shall find values of R, and
Ry, to give an amplification of +2 db. at f, and a loss not exceeding
— 2db. at 50 c.p.s., when the transformer and valve characteristics
are as follows :

L, =100 H, R, = 500 2, R, = 5000 2, n = 3, L,’ = 0-3 H,

Jo = 8ke/s, u = 30, R, = 10,000 Q.

R.R
Low frequency response; since R, = R,+ & fl— 112 , R, cannot
'a 1
exceed the value for B, = o, i.e., 10,500 2. Hence R, in expres-
. . . By, |
sion 9.22b, which consists of R,’, and RL;;—% in parallel, must

be less than 10,500 2. Now X; = 2n x 50 x 100 = 31,400 L,
and if we take the maximum possible value of R;, we have
X, 31,400
R, ~ 10,500
— 0-5 db., and this is the maximum possible. Hence, whatever
value of E; is fixed by high-frequency response, the loss at 50 c.p.s.
will always be less than — 0-5 db. High-frequency response ; the

R+
n
Xo o

lying on this curve satisfy the amplification requirement

= 3. From Fig. 9.5¢ we find the loss for z = 3 as

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

Ry,
n2X,
at f,. Since the most level high-frequency response may be con-
sidered as desirable, we need to choose the lowest ratio value of
R,
n?

and

A This, from Fig. 9.15, is seen to be about 4.6 and we will
R+

n?
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select 5. The latter intersects ABC at two points, B _ = 3 and

n2X,
R+ R +%
17 and = 0-6 and 0-34. Both the ratios for " are
Xo 'XO
possible since the maximum value of l‘Ba’—l-f?‘i;r is 10,5004555
R+
= 11,055 2, X, = 22 X 8,000 X 0:3 = 15,080 £ and X must
(4]

not therefore exceed 0-738. For maximum medium frequency

amplification R, and R reqmre to be as high as possible. We will

R B +?
LU = 0-6. This gi
therefore choose 2iX, 3 and X, his gives
Ry, = 3n2X, = 27 x 15,080 = 407,000 2
R,,'+% — 06X, = 9050 Q
. — -R Rl
R’'=84950Q2 =R +R o
. R, = 39,800 Q.
Amplification at the medium frequencies is
4 = nuR,
m
R+
R)| 1
( + 1) + R2t
nz
= 59-9,

Thus values for R, and R, of 39,800 2 and 0-407 MQ satisfy the
frequency response requirements with the particular valve and
transformer constants given, and amplification at medium
frequencies is 59-9.

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

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

H.T.+

] OH.T~
Fia. 9.16.—The RC Transformer Coupled A.F. Amplifier,

with other components. At low frequencies the reactance of C,
may become comparable with X L and the amplification in expres-

sion 9.21b is modified by replacing R, by R,’ +jp10 to
[
Ry
g

Al— (R I+ )( s+-R2t)
I WO\~
¢ Jpoc n? (R r+ 1 + s+R2t)JpL
'a .

JpC.
R
2
R + s+R2t B, +Ra(po"\? —j X0p01+Ra’(Rs+;R2t) Do’
n? \p P n2X, P
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where p, = 71%—)—0—’0 and X, =p,'L, = ﬁ
4 R, +R —{—Rz,
4, R+ 3+R2t _ RSj;ZRm(%) _jp_o’[Xol"*“Ra,(nR;s)ZlRm)]
The gain () or loss (—) in decibels relative to 4,, is
20 log, j:n
2R,
=10 log;, [1 +RsT%2J . 9.25,

i () T G )]
1 o bra +— +55
[ +Rs+R2t <f f\B;+Rs X,

The above expression is seen to be similar in form to that of
expression 9.24, and Fig. 9.15 may be used for calculating the loss
or gain at the low frequency f,’ by considering the vertical axis as
scaled in terms of %’— and the horizontal in terms of sj}—(R,”.

0

The values of R, and R, for a particular low- and high-frequency
response at f," and f, can be obtained as follows: Suppose both
high- and low-frequency responses at f, and f,’ are required to be
+2 db. above the amplification at medium frequencies ; curve ABC

. B
R, —|—n-—;

in Fig. 9.15 gi irs of values of d 2%
in Fig. 9 gives pairs of values o X, an WXy

satisfying

I

the high-frequency response requirement. Pairs of values of X
0

B 4Ry,
n2X,
calculated and plotted on a separate transparent sheet scaled
according to a tangent law in the same manner as Fig. 9.15. This
curve now represents values of ; and —%, which satisfy the

0
high-frequency response condition of 42 db., and it is placed on
top of Fig. 9.15. The point of intersection of the first curve on the
transparent sheet with the 4- 2 db. curve ABC gives values of R’

R+

corresponding to the high-frequency response pairs are

and

and , which satisfy both high- and low-frequency response

simultaneously. If the curve does not intersect ABC the chosen
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values of response cannot be realized. A compromise is, however,
usually possible giving responses within 1 db. of those required.
It should be noted that there is an upper limit to the value of
R, because it carries the p.c. anode current component, and it is
R.R
0 + -Rp

a

-Ra +R0

generally inadvisable to exceed about 3R, R, =

must be made up bearing this limitation in mind.

9.6. Tone Control Circuits.

9.6.1. Introduction.!> 8 Usually an A.F. amplifier is designed
to have as little attenuation distortion as possible, but there are
occasions when control of frequency response is desirable, and tone
control circuits are then included to allow variation of amplification
at the high and at the low frequencies as compared with the medium
frequencies.

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

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

For certain purposes it may be necessary to amplify or suppress
a comparatively narrow band of audio frequencies ; e.g., telegraphic
communication generally calls for a very narrow pass range (about
450 c¢.p.s.) in the neighbourhood of 1,000 c.p.s. This band-pass
characteristic is secured by the use of tuned circuits in the A.¥.
amplifier. Similar circuits arranged to perform the opposite function
are occasionally employed to suppress heterodyne interference from
an adjacent transmission, and needle scratch in gramophone
reproduction.

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

. . L —
resistance B is > } P damped oscillations may be set up by
shock excitation from transients in the A.F. signal. In practice,
owing to the series resistance of L, it is found that as long as
L L . : .
R < 6,7 reproduction is not seriously impaired by ‘‘ hangover ”
or “ringing ”. When tuned circuits are employed, the parallel
resonant type is to be preferred to the series; the latter has a

reduced impedance at resonance, thus tending to cause amplitude
distortion in its associated triode valve anode circuit. A tetrode
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valve has an optimum anode load impedance, and amplitude dis-
tortion increases for impedances greater or less than this value, so
that series or parallel circuits produce much the same effect.

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

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

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

9.6.3. High-Frequency Attenuation. Control of the higher
audio frequencies is possible prior to the A.F. amplifier, and variable
selectivity in the 1.F. amplifier (see Section 7.7, Part I) can be used
for high-frequency tone control as well as for discriminating against
undesired signals. Reduced coupling between the I.F. tuned circuits
causes high-frequency attenuation, and overcoupling, producing
double-humped frequency response, causes high-frequency intensi-
fication.

In an a.r. amplifier high-frequency attenuation can be obtained
by adding a capacitance in parallel with the anode load resistance.
Its effect is identical with that of stray capacitance C, in Fig. 9.4a.
The loss of amplification for given values of R,, R,, R, and C,+C,,
where C, is the additional control capacitance, can be read from
Fig. 9.5b as explained in Section 9.3.1. Variation of the high-
frequency loss (in actual fact it is a variation in the maximum
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amplification at the medium frequencies) is achieved by varying
the load resistance B,. Increase of R, increases the high-frequency
attenuation by increasing the amplification at the medium fre-
quencies. A similar effect could be achieved by including a suitable
inductance L, between the anode of V; and the junction of B, and
C, in Fig. 9.3, or in series with C, between the anode of ¥, and the
junction of R, and the grid of V,. Series resonance of C, and L,
would be damped by the grid leak resistance, E,. With the first
connection, increase of R, decreases the high-frequency attenuation,
and with the second, tone control is achieved by variation of E,,
increase of R, reducing the high-frequency loss. Stray capacitance
across R, may produce a series resonance peak in the frequency
response at a high audio frequency ; its effect is similar to that of
leakage inductance and stray capacitance in the transformer coupled
amplifier (Section 9.4). Other disadvantages of using inductance
control are listed in 9.6.2.

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

4, = pBoR,
" B R(B A
0 a + R
if the reactances of C, and L, are negligible. At the high frequencies
4, = (B, +jpLy) R, _  9.96.

(ot BB it 5o

1+ __‘>
/&K . ) . 9.27a

A
Th Zh
us lAm 1+ é 2
R
R.R
where B = R +Ra+102° and X, = pL,.

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

X\
14 R)

+10 logso — % = +10log 1+a? . 9.27
4+(%)

1+(Ba)®
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R 1

_X L
where x_Fa and B_F—;———ERO—.
'Ra(Ra+R0)
oH.T.+
L; (O
R
‘ g 0 H.T.-

F1a. 9.17a.—A Circuit for Increasing High Frequency Response.

We may note that tone control, by varying R, is again obtained
actually by reducing the amplification at the medium frequencies.

Maximum amplification, 4,,,,. R‘u _I: = is realized at the highest
0

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

—OH.T+

2

G
y72 4
éb Ru éb
0 % Ry :
oH.T.—

F16. 9.17.—A Circuit for Increasing High Frequency Response.

quency intensification is obtained by decreasing E,. A series of
curves of gain at high frequencies relative to the medium frequencies

is plotted in Fig. 9.18 against z, i.e., i , to a logarithmic scale for
gelected values of B. The horizontal z scale is converted to fre-

quency by locating f, = _1_314_1_ with z = 1, thus if B, = 50,000 £,
R, = 200,000 2, R, = 40,000 2, L, = 3 H, frequency response is
read from the curve for B = 0-5, and f, = % = 2,120 c.p.s.
is located with z = 1. Amplification at 5,000 and 10,000 c.p.s. is

+4-5 and +45-5 db. respectively.
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It may be observed in the above example that the A.c./p.c. load

R 1
. . A 1
resistance ratio R~——g iy is only r hence a large output voltage
cannot be obtained from the tone control valve if distortion (see
Section 9.3.3) is to be small.

20
/\l/ B=0-7
// 18
/

6
/ AP
14~
L] S
21 Q
b4 S
P 12 8
/1 03| &
/ 3

- 10
/// i <
A 04| .S
T T e
L] [ 2
] 0 Y
Z2%znll 11]° 8
L~ <

] 4

/ P
2
//
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Frequency (c.p.s)

Fic. 9.18.—Generalised Curves of High Frequency Intensification Circuits.

For the circuit of Fig. 9.17b

Am _ ﬂ.Ro.R
(Ra+Ro)( oy +R,+R)
and 4, = 7 R‘u RoRy v
R atvo 1
( a+Ro)(Ra Tt +jp01R1+R">
4, _ 1+4jpCiR,
An 1+j5 i pC.R,

R4-R;
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where again R = R"+£ﬂ—{%_o
2
A (8
or 20 log,, Z’i = +10 logy, o 3 1 T
B+R X,
142
— el NSy .28
410 log,, 4 (B 9
R, R
where z = Yl and B = m.
Expression 9.28 is identical with 9.27b and the curves in Fig. 9.18
are therefore again applicable, the horizontal z, i.e., %, scale being
1

converted to frequency by locating f, = with = 1. Thus

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

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

o AT+

-0 H.7.-
Fia. 9.19.—A Circuit for Producing Low Frequency Attenuation.
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ponent values, or vice versa, to be estimated rapidly. A circuit also
producing low-frequency attenuation is shown in Fig. 9.19 ; variation
of the resistance R, controlling the frequency at which attenuation
sets in. At medium frequencies, amplification is
_ _PEB
™ R,+R,

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

R inL
Ay = HFo . .. 929
R, TR, R,R, .
R1+Ra+Ro+.7_’pL1
Y R\*
!:4“, “«/”(Z)
R R
h R=R a "0
where 1+Ra+Ro

and low-frequency loss is
R\? 1
=—101log;, <1+<Z> >=—1010g10(1 +5§). 9.30.

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

An

~20 log,, 4,

R
5L, c.p.s.
with x = 1. There is a possibility of parallel resonance at a high
audio frequency due to stray capacitance across L.

9.6.6. Low-Frequency Intensification. Increased amplifica-

tion of the low frequencies relative to medium and high frequencies

Fig. 9.5a gives the frequency response by locating f, =

-0 H.T+

o H.T.-
Fia. 9.20.—A Circuit for Increasing Low Frequency Response.

can be accomplished by the circuit shown in Fig. 9.20. At the
medium frequencies
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A = ,URo'Rl
" R FE
a 0 Ra+Ro, 1
, R,R
where R, = Ro—of—lgifa
1
R+,
4, = PEB ~_ip0s 9.31
[ Ra_I_RO,- RaRol +R + 1 . . ol
Ra‘f‘Ro’ ! jp01
20 B=0-71T ]
= 07T
™
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Fr1e. 9.21.—Generalized Curves for Low Frequency Intensification Circuits.

Increase in amplification at low frequencies is

1+L

2

= +10logyo —~ _ . . 9.32

()

4,
A,

m

+20 log;,
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R, _ R,RY

f and R = m-‘l—Rl.

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

1 . .
970, with « = 1. Thus if B, = 50,000 £,

R, = 200,000 2, B, =1 MQ2, R, = 40,000 2, and (, = 0-008 uF,
108

fi= 6-28 x 40,000 x 0.008

and frequency response is obtained from the curve for B = 0-5 (the

nearest curve to the actual value of B = 0-51). Thus the increase

in amplification at 50 and 100 c.p.s. is +58 and +55 db.

respectively.

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

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

Frequency response limited to a very narrow band (about
450 c.p.s.) in the neighbourhood of 1,000 c.p.s. is quite often
employed in communication receivers for telegraph operation. The
narrow pass-band may be achieved by the use of a double-tuned iron-
cored transformer with critical coupling between primary and
secondary. The frequency response is similar to that for I.F.
double-tuned coupled circuits, and the curves of Fig. 7.7 (Part I)
can be used either to estimate the performance for given values of
primary and secondary inductance, capacitance and ¢, and the
mutual inductance between the circuits, or to calculate component
values for a given performance. An average value @ for iron-cored
inductances is 5, but by special design, such as thinner iron lamina-
tions, it may be raised to 20. The factors influencing the @ of
iron-cored coils have been examined in considerable detail by
Arguimbau % 11, who found that ¢ reaches a maximum value of

where x = pC,R,, B =

by locating f, =

= 497 c.p.s. is registered with z =1
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1 /3p;84
Qimaz) =5J pi l“ ) X . 9.33
pet
at a particular frequency of

- 10 3pcpitl

fi 4n241;u5~/m ... 9.34a
_ 310 9.345
= 4 Am Gy . . .9

where & = thickness of laminations in cms.

0; = resistivity of lamination material in ohms per c.c.

p. = resistivity of copper winding in ohms per c.c.

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

d = diameter of wire.

N = number of turns of copper.

A = cross-sectional area of magnetic path in sq. cm.

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

t = average length of one turn of winding.

I = mean length of magnetic flux path.

Ap = incremental permeability of magnetic material.

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

(1) Multiplication of overall dimensions by a factor * r >’ increases

Qnaz) 10 7@unary @and decrease f; to {l

(2) Decrease of lamination thickness, d, increases @, (not
quite in the same proportion as ¢ is decreased, because
the stacking factor, «, is altered) and increases f;.

(3) When the winding area is not fully occupied (8 is reduced),
Qmazy 18 decreased and f; increased.

(4) When the core is loosely stacked (« reduced) Q.. is
decreased and f; increased.

(5) Increase of core cross-sectional area increases Q.. and
decreases f,, but the change in 4 is offset by a similar
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change in ¢{. Doubling A only increases Q. about
1-25 times.

(6) Decrease of core material resistivity, p;, decreases Quu.y
and fi.

(7) Increase of winding material resistivity, p,, decreases @ qx
and increases f,.

(8) Increase of air gap in a given design has no effect on @,y
but decreases f, if Ay is increased. If the core carries
D.c. current, 4y may be increased by increase of air gap.

The value of ¢ obtained at a frequency, f, can be

expressed in terms of Q.. f and f, as follows :

Q . 2 Q(maa:)
foh
L' f
For a @ of 5, and f, = 1,000 c.p.s., frequency response for
critical coupling is (see Fig. 7.7.) about 1 db. and 7 db. down at
100 and 200 c.p.s. respectively off-tune from 1,000 c.p.s., whilst
for ¢ = 20, f, = 1,000 c.p.s., the losses at the same frequencies
are 18 and 30 db. respectively. When reduced overall amplifi-
cation can be considered, greater selectivity is possible by using
couplings less than critical. For example, at one-half critical
coupling, the losses in the first case are increased to 4 and 11-5 db.
respectively, but overall amplification is reduced by 2 db.
9.6.8. Elimination of a Narrow Band of Frequencies.
The elimination of a narrow band of frequencies in the A.¥. range
is sometimes used for reducing needle scratch in the reproduction of
gramophone records (the predominant frequency is about 11 ke/s),
and also for reducing heterodyne whistle interference (about 9 kec/s)
from an adjacent channel transmission. A possible circuit is shown
in Fig. 9.22.

9.35

oM. T +

o/.T.~

Fi16, 9.22.—A Circuit for Eliminating a Narrow Band of Audio Frequencies.
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The amplification at frequencies far removed from resonance is

_ KRS
An - Ra+.R0,
R.E
h L oLlg
where R, Ro+E,
and at other frequencies
1
, R +‘( L, — ..>
A= PR TP T 0,
R,+R, R.R,/

. 1
e R~ )

At resonance, amplification is minimum and given by

4, = Ry . s .
*TRAR ER o
-Ra+‘R0, !

The ratio of 4, to amplification at any particular frequency is

! . 1 RI/ .
M_,{—Rﬁ-g (le - __> __I_JP.Ll<£ _&)

ﬂ _ -Ra+R0 pcl — -Rl ‘Rl r p
4 : 1 wpLafp P
Ry-+j(pLy — _) 14 (17 P
' J(p ' pol Rl r _p
. 1
B‘HQ(‘” - 5)
=X - - - - - . . 933
145Q(x — =
+JQ(w x)
. R.R/ 1 R’ p,L,
where R = %% 1R . p=———3; B="2.,Q=
Bk T = rg PR O R
p_f
and x = = =<,
2
The loss relative to A4, is
4 BZ+Q2(x B 1>2
— 20log | 52| = — 10 logy, d 9.34.

1 +Q2<x — %)2

There are three possible variables, B, @ and z, in 9.34, and a single
series of generalized frequency response curves cannot be produced.
Representative curves showing the effect of varying B for constant
Q, and vice versa, are plotted in Fig. 9.23 against «. A similar
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logarithmic frequency scale with f, = 1 registered against

27V L,C,
z = 1 enables frequency response for particular component values
to be read. Thus if B, = 50,000 2, B, = 200,000 2, B, = 1 MQ,
R, = 10,000 2, @ =10 and f, =9 kec/s the frequency scale is
registered at 9 kc/s as shown and frequency response read from
the curve @ = 10, B =5 (this is nearest to the actual value of
B = 4-85), i.e., maximum loss at 9 ke/s is very nearly 14 db., whilst
at 8 (or 10-1) ke/s and 7 (or 11-6) ke/s the loss is 7-2 and 3 db.
respectively. The curves show quite clearly that ¢ controls the

~ T NG .
R | i A,
N W/ & 3
N 8
NIy
Wi/ / ot
M/ il
Wi/ o
i .
I/ /x—” 20
o7 02 03 04 05060708087 2 3 4 567890
; s T L ®
Fregquency (kc/s)

Fia. 9.23.—Generslized Curves for Narrow Band Elimination Circuit.

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

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

10.1. Introduction. The audio frequency output stage of
a receiver differs from the other stages in that maximum power,
as distinct from maximum voltage, is required from its anode circuit.
This usually entails a definite relationship between the output load
and the valve internal resistance, though the optimum load resistance
is not determined only by maximum power but also by distortion
considerations. Normally the optimum load is taken as that value
of resistance which gives maximum output power for a total harmonic
distortion of 59%,.

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

10.2. Conditions for Maximum Power Qutput.®8 In order
to calculate the load for maximum output power, some assumption
of the form of the I E, characteristics must be made. For con-
venience we shall consider a triode having a series of straight equally-

. al,
spaced parallel lines, of slope L,

56

equal to the reciprocal of the valve
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internal resistance E,. The line OA in Fig. 10.1 is the boundary
curve for B, = 0, beyond which the valve may not operate unless
the previous stage has been designed to supply the necessary power
absorbed by grid current.

The analysis can also be applied to a tetrode, but the valve
resistance K, must then be taken as the value obtained from the
boundary curve OA4, and is not the normal valve slope resistance
obtained with high anode voltage.

Five possible cases have to be considered, for all of which neither
grid current nor distortion are permitted. The first has fixed A.c.
input voltage to the grid, the second has fixed D.c. anode voltage
and no limitations on p.c. anode current or A.c. input grid voltage.
The third case is the same as the second except that the maximum
D.c. power dissipation at the anode is fixed, i.e., maximum Db.c.
anode current, is fixed. The fourth has fixed p.c. power dissipation,
but D.c. anode current and voltage can be varied so long as their
product is constant. The fifth applies all the results to the practical
form of triode I E, characteristic, curved at low anode currents.
This means that there is a minimum value of anode current, below
which the valve must not be operated if distortion is to be small,
and also that the straight part produced (M4 in Fig. 10.2b) of the
boundary line does not pass through the origin but a point corre-
sponding to an anode voltage of e.

Case 1. Grid current and distortion zero, fixzed A.C. input voltage
to the grid.

The valve functions as a generator of constant voltage uE,,
having an internal resistance of R,.

2
A.0. power output P, = &Lﬁ_%% 10.1a
a 0
. . dP,
and is & maximum when iR, — 0,

ie., when B, = R,.

This condition is illustrated on the I E, characteristics of Fig. 10.1
by the load line B’D’, which can be located anywhere between
04 and MN (the limiting grid voltage lines) so long as F’'H’ = H'B’.
The best position is that shown, B’ and M coinciding, since raising
B'D’ merely increases the D.c. power taken by the valve without
increasing A.c. power output, which is the area of triangle H'F'Q.

Therefore P, = }E," — E,)I,’
But B, = 3K, because R, = R,
o*
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Th gy = L B
erefore P, = 1E,'I, =75 B~ . . . . 10.1b
a

’2
D.c. power to the valve = E,'I,’ = £,
3R,
so that A.c./D.c. power conversion efficiency = 16-6%,

If it is possible for grid current to flow and E,’ can be taken
to zero, power output is increased to }E,'I,’ and A.c./D.C. power
conversion efficiency to 509,.

Case 2. Grid current and distortion zero, fixred D.C. anode voltage,

no limitations on D.C. anode current or A.C. input voltage to the grid.
The load line is BD on Fig. 10.1, and the equation to this line is

E
I,= —F4C

where C = anode current at the intersection of BD with the I, axis.
For zero distortion B, — K, = E, — E,, or B, = 2E, — E,.

In A D /4 N
Lt -4
Y
N
Erof |
) S A AR VAN S BN
e
e :
! i 1
YA !
[ !
i .
[} | :
AANAY.} B
0 Ey}Ey By M E; By " E,

Fig. 10.1.—1.0ad Lines on the Idealized I E,; Characteristics of a Triode.

The point B on line BD corresponds to

— (2E, — E

I —o—=—Cb—Ey

a B, +C
Therefore C = 2—El_—E’

R,
Current and voltage at the intersection F of OA and BD are
E E, 2E,—E 2
[, =% — 22,271 2 2 —
=E = ER (B, — ).
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2E.R
herefc E,=_""1T"a
Therefore 2 =3 R iR,
2E
I, = .
and 2= R iE,
Power output P, = (&, — E,)IE2
E’R,
%(2R TR . 10.2a.
. dP,
For maximum power output = =03
dR,
or R, =2R,.
2
- 1
Therefore P(max.) = T6F, . 10.2b.
EI, KE?
Input ».c. power = = iR,

A.c. to D.c. power conversion efficiency == 259%,.

Hence for a given D.c. anode voltage F,, case 2 gives more power
output and a higher A.c. to D.c. conversion efficiency than case 1.
On the other hand, a larger input A.c. voltage is required at the grid.
Conversion efficiency is increased to 509, if E, can be taken to zero.
This condition can be approached with a tetrode without grid current,
but the grid current region must be entered if a triode is used.
Class AB (Section 10.8.7) and Class B positive-drive (Section 10.8.5)
are examples of this, the previous stage being specially designed to
supply the power needed when grid current is taken.

The optimum load for curved I, E, characteristics having the
relationship I, = KE,} has been calculated® and found to be
R, = 1-6R,. However, the rule giving optimum load as B, = 2R,
proves in practice to be nearer the measured optimum value for
single triode Class A amplifiers giving 59, total harmonic distortion.

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

For every valve there is a maximum value, Pp(maz.), for the
power which can be dissipated at the anode, and care must be
taken to see that the p.c. power (#,I,) taken by the valve does not
exceed this value. If I, for R, = 2R, is less than P—*-D(}ﬂ”“””‘), this

1
represents optimum load conditions and there will be actually less

Pp(maz)  when I,(R, = 2R,)

power output by increasing I, to 7
1
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exceeds P—D%nax.)’ the p.c. grid-bias voltage must be increased to
1

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

the negative anode voltage

Lo G 4 swing (below H), maximum
D power output is obviously
obtained by using the full

Lyfm---3 : , extent of HB and by making
LI 7 PB as large as possible.

g Power output, equal to

P A AN Ved 4{(E; — E,)I, is the area of
it i the triangle HBP, and this is

[}
i clearly a maximum when E,
| ismaximum. It must there-
0 2.2 z';.; Z Ef >z, fore be thfa nega,fjive anode
F1c. 10.2a.—Optimum Load Conditions for a VOItage. Swing, which a.lwa'ys
Triode Valve of Fixed p.c. Power Dissipation. determines the maximum
power output. Power out-
put, equal to the area of triangle HFL, is zero when R, is infinite
(BD is horizontal) and when R, = 0 (BD vertical); it is maxi-
mum when the slope of BD equals that of OA4. It is equivalent
to working with a fixed grid input A.c. voltage and is therefore
case 1 over again. Two possible conditions, depending on the
position of H relative to OA4 and the E, axis, have to be considered.
Suppose H is much closer to the B, axis than to O4 ; we find that
as the point B on the load line, pivoted at H, is brought closer to
E,, the area of the triangle HBP is decreasing and that of triangle
HFL increasing. Since H is assumed to be close to the K, axis,
the condition for maximum power output is that the areas of the
triangles HBP and HFL are equal. When R, = R, (giving maxi-
mum area of triangle HFL) the area of triangle HFL is greater
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than that of triangle HBP, and if distortion is to be avoided it
entails reducing the negative anode voltage excursion from HF to
a length equal to HB. This is clearly inefficient. For equal areas
of the triangles, the maximum current I, must be twice I, and

E, =1,R, = 2I,R,.
Power output P, = ¥, — E,)I,
= Y&, — 2I,R,)I, . 10.3a.

HL E,—-FE
Opti load resist Ry="T =1 2 .
ptimum load resistance i, FL I
_ B _op,
1
= Ry — 2R,

where R, = D.c. resistance of the valve
HE, — 2I,R)I,
E II 1

2R
=31 -2} . 104
2( Rn.c.>

Maximum A.c./D.c. conversion efficiency approaches the same
maximum value as for case 2, viz., 509, when Ry, is large compared
with B,. This is to be expected since a large value of By, implies
a high value of ¥, and low value of I,; both these effectively
reduce ¥,, as does a decrease in R,.

The second condition, for which H is much closer to 04 than
to the ¥, axis (see position A’ in Fig. 10.2a), requires R, to equal
R, for maximum power output, but the valve is then operating very
inefficiently, only a small part of the load line between H’ and
B being used. The most efficient method of operation would be
to reduce I,” to I,”, which gives H"F' = H"B'. with a load line of
R, = 2R,

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

A.0. to D.c. conversion efficiency =

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

of R, = 2R,), for increase of current above this value decreases
power output and A.c./D.c. conversion efficiency. Optimum load
1

resistance when I, > sp 8 By, =R, but for I, < :—)’7%1'—1 it is
E

a
R, =7 — 2R,. Maximum power output is always realized for
1

I -, when optimum load resistance is R, = 2R,.

1:;'17‘1
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CASE 4. Zeyo grid current and distortion, fixed D.C. anode dissipa-
tion loss, no limitations on D.C. anode voltage.
Expression 10.3a¢ for power output may be written
Py, =¥EI, — 2I,°R,) = }Pp(maz.) — 2[,2R,) . 10.3b.
Since Pp(maz.) is a constant, it follows that maximum power output
is obtained when I, is as small as possible, ie., E, is as large as
possible. A.0. to D.0. conversion efficiency is a maximum at the
same time. It must, however, be noted that increased efficiency
in the anode circuit, brought about by increased p.c. anode voltage,
entails a lower grid input voltage efficiency by requiring a steadily
increasing input voltage. In most practical cases of Class A triode

Inh G\ 14
Lp---{&
)
'
Il ,.._és .,:,L _________ 'H
' 1
i ! X
T 1\ P’
& s R
or % v -7
- s]E—Ez NE e

Fia. 10.2b.—Optimum Load Conditions for & Triode of Fixed p.c. Power Dissipation
and Minimum Anode Current.

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

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

iR and optimum

values of anode voltage. In almost all cases I; <
a
load is

Ro = 'RD-C- bt 2Rﬂ'
Often R,, the slope resistance of the O4 boundary line for small
anode voltages (not exceeding 30 volts), is negligible in comparison
with By and
B, = Ry,

gives a good approximation to the optimum load.
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Cask 5. Grid current and distortion zero, fixed D.C. anode dissipa-
tion loss, fixred minimum D.C. anode current, boundary line produced
from its straight part passes through some positive value of E .48

The practical form of I E, characteristic is generally non-linear
for low values of I, and this sets a limit on the minimum operative
value of I, if distortion is not to be excessive. For a triode valve
the foot of the boundary characteristic (£, = 0) is often curved and
the straight part (produced) cuts the £, axis at some positive voltage.
Fig. 10.2b illustrates the condition, the intersection of the boundary
line OA4 (produced) cutting the E, axis at 4-£ volts. The hyperbolic
curve GHK is the fixed anode dissipation loss and it is cut eventually
by the minimum anode current line drawn at I, = I, . Cases 1 and
2 are not affected by the new conditions, i.e., optimum load for
fixed grid A.c. input voltage is R,, and for fixed p.c. anode voltage
and unlimited grid input voltage is 2R, where R, is the slope
resistance of the line MA. Case 3 is, however, slightly modified ;
the triangles HFL and HP'B’ must be equal, which means that

I,—I,=1,—1

min.

or I,=2I, — I,
A.C. power output P, = L(E,—E,)I,—1,;,)
=}E — 2,1, ) By—el[l,—1,,,] 10.5.
Optimum load resistance R, _ B -5 . 10.6a
11 - Imin-
_ B, —-@lL,-1,)R,—e¢
Il - Imin-
E1< I, ) ( Lo ) el
— 1 — Ra 2+ min _ min.
Il Il - Imin~ Il - Imin' Imin.(ll _Imin)
Imin.
= Rpo — 2R, +(Bpe — B, — R’”"”')TTI— .. 10.6b
1 min.

E, £ .
are ¥ and f respectively.
1 min.
The above expression is the same as for case 3 when I,,,, and
€ are zero.

A.0. to D.c. power conversion efficiency
— [‘El _ (211 - Imin.)Ra _ 8][‘[1 - Imin]
28,1,

2R, R . £ I .
=31 — ZBay Balmin _ EN(y _ Lmim) | qon
2( Rpe  Bpol,y E1>< I, >

where Ry and R

min.
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1
for P, and conversion efficiency are clearly less than 10.3a¢ and 10.4,

and this is to be expected since minimum anode current is no
longer zero.

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

I .
since B, I,,;, < € and (1 — 'I"—i"> < 1, expressions 10.5 and 10.7

dP di
Thus a7, = 0= Glum — 4I)B, — & — 5" T
for E,I, = Pp(max.) = constant
_ Pp(maz.)
E1 = —71*"— .
dE,  Pp(maz.)
TherefOI'e E = — ——"-‘[‘1—2'—.

The condition for maximum P, is
Ppmaz.) [ 4,
1,2 - [Imin- 3]Ra+Rmin.'
This is a cubic equation in I,, which is generally fairly easily solved
by trial and error.

By noting that Pi(}n;—x'—) = Ry and replacing Ry, in 10.6b
1
by its value in terms of I,, I,,, and R, , we have
47
R, =[I_1_ _ l]Ra—{-Rmm ... 10
nn-

as the optimum value for R, It is a function of I

min. o0d
€ (LpinBpin). The smaller the value of I, the larger is R,, and

When I,y is zero, optimum R, is infinite as for case 4.

It is useful to note that the a.c. input voltage required at the

grid in all cases where I, is taken down to I,

_MN _SH _ SL+LH _ (I, — Il)(Ra+Ro)

B,=—"" =22
I JZ © #
— (Il - Imin.)(Ra+R°) . 10.8
n

and it increases as R, is increased.
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10.3. The Characteristics Required of an Output Valve.
Certain characteristics are required of an output valve and the most
important are :

(1) High power sensitivity. Power sensitivity is expressed as
the r.M.8. output power (milliwatts) per input r.M.s. grid volt.
The higher this value the lower is the grid voltage required for
maximum power, so that less amplification is needed in preceding
stages, and the possibility of distortion before the output valve is
consequently reduced.

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

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

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

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

A comparison can now be made between the two types of output
valve, the triode, and the tetrode or pentode. The triode has a low
power sensitivity ; an average value for a D.c. power dissipation
of 12 watts is about 150 mW per 1 volt r.M.S. grid input. The
beam tetrode has a sensitivity of about 1,000 mW per volt for the
same D.C. power. In a triode, distortion is largely confined to the
second harmonic, and it falls as the load resistance increases. The
beam tetrode has characteristics similar to the pentode and it
therefore produces distortion containing a proportion of the higher
harmonics. There is a load resistance value at which second
harmonic is a minimum, but third harmonic steadily rises with
increase of load resistance (see Fig. 10.10b). This is a disadvantage
because the impedance of the loudspeaker speech-coil increases at
the higher frequencies. This increase in load impedance 8 is often
limited by a series combination of capacitance and resistance
connected across the primary of the output transformer. The
reactance of the capacitance falls as the frequency increases, and
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the effect of the series resistance becomes more and more pronounced,
thus tending to stabilize the output load. This also has the advan-
tage of reducing the accentuation of the high frequencies. The
accentuation is due to the rising impedance of the speech-coil in
association with the high internal resistance of the tetrode, which
tends to maintain a constant current through the speech-coil if no
correcting circuit is applied.

Owing to the shape of its I E, characteristics, the beam tetrode
has a lower minimum anode voltage than the triode, and its
maximum D.C. to A.C. conversion efficiency, in spite of the loss of
power due to screen current, is therefore higher, about 359, as
compared with 239, for the triode. For the same reason the tetrode
produces a larger power output than a triode operating under
similar H.T. conditions. The lower internal resistance of the triode
is of considerable advantage in damping loudspeaker resonances.

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

10.4. The Calculation of Power Output and Harmonic
Distortion.%: .15, 17 The power output and distortion produced
by an output valve supplying a resistance load may be calculated
from I E, characteristic curves, taken at specified grid-bias voltages,
generally equally spaced ; the number of curves required is at least
one more than the number of the harmonic, the amplitude of which
is to be calculated. Thus, if distortion up to the fourth harmonic
is to be calculated, curves are needed for five grid bias voltages.
We shall take first the case of a triode having mainly second harmonie
distortion. The normal grid bias for any given anode voltage is esti-
mated from the I E, characteristic curves; it should correspond
approximately to the centre of the straight part of the characteristic,
and generally is less than half (about 35 to 459, of) the cut-off grid
bias voltage. Having determined the normal operating bias voltage
(— E,), the minimum negative grid voltage (— E ) is fixed by
start of grid current (in battery valves E,, is slightly positive, but
in mains valves it is mnegative, being about — 05 to — 1 volt).
For a sinusoidal input voltage the maximum negative grid voltage
— B, is equal to — (2B, — Ej;). The three I E, characteristic
curves for these grid bias voltages, — E,, — E,; and — E;, are the
ones selected for calculating second harmonic distortion and power
output, and they correspond to angular positions for a cosine *

* The cosine expression for input voltage is used in preference to the sine
as was the case for Part I.
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wave input voltage of 0°, 90°, 180° 270° and 360°. Fig. 10.3a
shows the curves with a load line ZZ' drawn across them. Although
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the grid voltages are equally spaced, the separations between the
curves are unequal, showing that the I, E, characteristic is non-linear
and harmonic distortion is present. The shape of the output current
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wave is shown to the right in Fig. 10.3b, and we will assume that
it can be completely analysed into ».c., fundamental and second
harmonic components; the expression for the output current is
therefore
I, = a,+a, cos pt-+a, cos 2pt . . . 109

where a, = p.c. component of current

a, = fundamental A.0. peak current

@, = second harmonic A.c. peak current
and  p = 2af = pulsance of the input frequency.

The three characteristic curves give three values of current I,,
I, and I,, which satisfy expression 10.9, so that the values of a,,
a, and a, in terms of these currents can be found as follows :

At —Ey, pt=0; I,=1,=a,+a,+a,. . 10.10.
At — By, pt =90°; I, =1,=a,—a, . . 10.11
and at — By, pt =180°; I, =1, =a, —a;+a, . 10.12.
Subtracting 10.12 from 10.10 gives
I, -1,
= . 10.13.
a, )

Therefore Power output,

Adding 10.10 and 10.12
I,+1; = 2(a,+a.)
= 2(I,+2a,).
_LtlL -2 s
4

Xy _ I,+1, —2I,
ay 2(1, — 1)

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

If the Second Harmonic percentage = x

x 1 e — 1) — (I, — 1)

—— =% X
100 ¢ Iy — 1)+, — Iy)

Therefore a,

Second Harmonie ratio = . 10.16.

—1
1.Y .. . 10.17
2 y+1
I, —1,

where V=7—7
1~ £33
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Rearranging 10.17 to express y in terms of z,

= N4 . 10.18.
50 —x
The values of y for different percentages of second harmonic are
tabulated below.
% 1 2 3 4 5 10 15 20
Y 1-04 1-082 1-127 1-173 1-221 1-5 1-86 2-33
To form the direct reading harmonic scale a right angled-triangle
ABC is constructed as in Fig. 10.4, where AB and BC have any con-
venient lengths. A series of lines 4D,, AD,, etc., is drawn to meet
BC produced (on the opposite side of B to C) such that BD/BC = y.

A
D 3 2 /Dy B c
7. 7 I
20 50 50 e N

Second Harmonic
Percentage

Fra. 10.4.—A Direct Reading Second Harmonie Scale.

Thus for 109, second harmonic BD,/BC = 1-5; corresponding lines
are drawn for other values and each is marked with its appropriate
harmonic percentage. The triangle ABC (on transparent paper) is
placed on top of the I E, curves so that DBC is parallel to the
selected load line, and it is moved about until AB and AC pass
through I, and I, respectively as shown in Fig. 10.3a. The AD line
passing through Z gives the percentage second harmonic directly.
If it should happen that I, — I, < I, — I,, the triangle is reversed
and adjusted so that 4B and AC pass through I, and I, respectively
and the AD line passing through Z’ gives the percentage second
harmonic distortion.

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

-Fgz 107

~Ey;+0-5(Bg,Fgy) (607

G ‘E_gl [900]
L b offmoozaa
A/ \<§g ~Egy=05 (Eg,~Ey,) [120°)
s T
Y /A \/{' ~Fg5 [180°]
17 >Z,

Fia. 10.5.—The Load Characteristic on the IqE, Curves of a Tetrode Valve.

voltages are — K, +0-5(E,, — E,). We will assume that the
anode current expression is

I, = a,+a, cos pt+a, cos 2pt+a, cos 3pt+a, cos 4pt . 10.19.

At — Ky, pt =0. I, =a,ta,+a,4as+a, . . . 10.20
_ ”1+O'5 (Eﬂl —_ Egz), pt = 600.

.I4 == ao+0'5a1 -—_ 0'5a3 -_ a3 — 0'5(14 . 10.21.

— By, pt =90°. I, =a, —a,+a, . ) ) . 10.22
—E, — 05(E,, — E,), pt = 120°

I, =a, — 0-5a, — 0-5a,+a; — 0-5a, . 10.23
— E,;, pt =180°. I; =@ — a;+a;, —az+a, . . 10.24.

Subtracting 10.24 from 10.20

I, — I, = 2(a,-}a,)
and 10.23 from 10.21

I, —I;=a, — 2a,.
Solving the above for a,

Iy — L)+ — I)

. 10.25.
3 0.25

a, =

Therefore Power output,

P, = %aqz.Ro == [(Iz — Ia) +1(£4 — IB)]zRo . 10.26a.
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Solving for a,

(In — Ia) - 2(14 — Is)

a; = 8 . 10.27,
. . . _aa_(Iz—Is)—2(I4"Is) 10.28
Third harmonic ratio = P ST, — [+ s — T .28a.
Adding 10.24 to 10.20
I,4+1I; = 2(a,+as+ay,)
= 2(I,+2a,).
Therefore Ay = I’j’i——_ﬂ‘ . 10.29.
) . a I, 41, — 21,
Second harmonic ratio = =2 = 213 . 10.30.
ay %(Iz—Ia)‘*‘(IA—Is)
Adding 10.21 and 10.23
I,4+1, =2a, —a, — a,
Iz‘*‘Is = 2a0+2a2+2a‘.
Therefore I,+1, — 1, — I; = 3a,}3a,.
Substituting 10.29 for a, in the above
a, = TIQ(IZHS — &I, — 4I,46I) . 10.3L,

: : 1 +I ) - 4(14+15)+6II
Fourth harmonic ratio = 24 — Lo+1, .10.32,
221 i (I, — L)+ — I)

Solving for a, gives
a0 = I+l +20,+2I;) . . . 10.33.
A direct reading third harmonic scale may be constructed in

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

harmonie, #, and y, the ratio £’—-——Ia,
I, —1I;
& Yy—2 .10.34a.
100 a, 2(y+1)
Rewriting 10.34a so as to give y in terms of «
— 100+= 10.34b.
50 — x

The above expression is true when (I, — I,) > 2(I; — I;;), but for
(I — Iy) <2(I, — I), as is negative and
100 —z

= v .10.34c¢.
50+ ¢
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The values of y for different distortion percentages and the two
conditions, (a) (I, — I;) > 2(I, — I;)and (b) (I, — I,) < 2(I, — I)
are as follows :
z% 0 1 2 3 4 5 10 15 20
y (@) 2 2065 2125 219 226 2335 275 329 4
® 2 1942 1885 183 1777 1728 15 1-308 1-142
For the direct reading scale, an isosceles triangle ABC is con-
structed as in Fig. 10.6. (The isosceles shape is merely for
convenience and is not essential.) The base BC is bisected at K,
which is joined to A. Lines AD, etc., are drawn from A4 to cut BC
(condition b) or BC produced (condition @) such that BD/BC = y/2.
The triangle ABC (on transparent paper) is placed over the
I,E, curves with BC parallel to the load line, 4B passing through

A

B E| BiD\D\DINC \D1_\D» )3 Dy
20/55710 85 0 5 70 5 20
Third Harmonic Percentage

Fia. 10.6.—A Direct Reading Scale for Third Harmonic Percentage Distortion.

I, and AE through I,. The triangle is now moved, maintaining
BC parallel to, and at the same perpendicular distance from, the
load line until AB passes through I,. The distortion line 4D
passing through the intersection of I; and the load line, i.e., point C
in Fig. 10.5, gives the percentage distortion directly.

Second harmonic distortion may be measured using the direct
reading scale with I,, I, and I, as indicated in the first example.
This assumes that I, — I,==2(I, — I), i.e., the third harmonic
percentage is almost zero. The error introduced in the second
harmonic percentage reading by this assumption is of the same
percentage order as the third harmonic percentage. Thus the error
introduced by 29%, third harmonic is approximately 29, of the
second harmonic percentage, i.e., a measurement of 5%, second
harmonic by the direct reading scale might be either 4:99, or

5-1%,.
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When the output wave shape is symmetrical about I,
L1, _, _ L+l
2 2
and there is no second and fourth harmonic.

The amplitudes of the individual current components in expres-
sion 10.19 can be determined by comparatively simple geometrical
constructions.* The increase in D.c. component due to the
application of the signal is, from 10.33,

()t

= HFA+2GA)
where F Dbisects the line BC in Fig. 10.5 and G bisects DE.

From 10.25
9 12 14 13 IE

2 2
— 3(HK — LK) = 3HL

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

A = %[12;‘13 - 11}

= {{FK — AK) = }FA.
The value of a; can be expressed from 10.27 as

[ )

where M bisects B4 and N bisects AC.

If M is a lower current point than D, as in Fig. 10.5, M D becomes
— DM where DM is the distance from D to M.

From 10.31

(5] )

= }FA — 4GA).

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

N, J R,
N, VR +X, 2

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

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

Ia)

Output Current For
Inductive Load

B Input Voltage

Fig. 10.7a.—A Reactive Locus Load Curve on the I,E, Characteristics with the
Output Current for an Inductive Anode Load.

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

Lo

Output Current for
Capacitive Load

Input
Voltage

' F (Inductive)
Input Voltage

Fi1a. 10.76.—A Reactive Locus Load Curve on the I,E, Characteristics with the
Output Current for a Capacitive Anode Load.

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

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

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

o H. T+
Mains i
5upp2y§m T4
(50c.p.5) T T
Beat Fregquency
Oscillator
N\
—0 AH.T~

Fig. 10.8.—Measurement of Power Output at the Mains Frequency.

Fig. 10.8. Owing to the low frequency of the input signal the anode
load is not by-passed by a choke, since it is difficult to make
a choke with a high enough inductance. (100 H at 50 c.p.s. is
only 31,416 ohms.) The resistance load is connected directly in the
anode of the output valve, and constant p.c. anode voltage (the
condition occurring when using a transformer) is maintained by
incre asing the H.T. voltage as the load resistance is increased. This
is a serious disadvantage since very high m.T. voltages may be
required ; furthermore, push-pull measurements cannot be made.
The fundamental 50 c.p.s. output anode voltage is measured by
means of voltmeter V,, connected across a back-balancing voltage
obtained from the transformer supplying the input voltage V,;
this back-balancing voltage is connected to the anode through
a vibrating galvanometer (v.a.) and coupling capacitance C,.
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Between the galvanometer and the back balancing voltage is a high
registance (R), across which are developed the harmonic distortion
voltages. These voltages may be measured by a detector valve 4
or a dynamometer type milliammeter 1 acting as an harmonic
analyser. In series with the grid circuit of this detector valve is
a beat frequency oscillator, the frequency of which is adjusted close
(within 1 c.p.s.) to that of the harmonic to be measured. The
detector produces a beat, between the beat frequency oscillator
output and the harmonic voltage, which causes the needle of a
milliammeter (mA) in its anode circuit to oscillate at the difference
frequency of approximately 1 c.p.s. The amplitude of this oscilla-
tion is a measure of the amplitude of the particular harmonic voltage.
Each harmonic amplitude may be measured independently by
suitably adjusting the frequency of the beat frequency oscillator,
e.g., the fourth harmonic is measured by adjusting to approximately
201 or 199 c.p.s. The voltage output of the beat frequency
oscillator, measured by V,, must be maintained constant while the
frequency is changed, and the detector may be calibrated initially
against the fundamental mains frequency voltage with the oscillator
frequency set at 49 or 51 c.p.s. For correct operation the input
signal to the detector must not be excessive if the calibration is to
hold, and for this reason it is essential that the fundamental com-
ponent should be balanced out. A disadvantage of this type of
harmonic analyser is the difficulty of reading an oscillating pointer,
and the strain imposed on the operator.

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

oOH.T+

Harmonic Aralyser
or Distortion Factor
Meter

i

—o H.7-
Fia. 10.9.—Measurement of Power Output at 400 e¢.p.s.

Representative curves of power output and distortion against
load resistance are shown in Figs. 10.10a and 10.10b for a triode
and tetrode valve. Referring to Figs. 9.7 and 9.8 showing char-
acteristic I, £, curves for a triode and tetrode, respectively, we can
see the reason for the particular shapes of the distortion curves.
Since the output transformer primary carries the p.c. anode current,

. 30 \ -3000

> N
2

IS \ Power Output &
S 20 2000 %
< N
Q S
§ 70 7000 &
g ?
8 N

ol gy o
0 5000 70000

Load Resistance (ohms)

Fie. 10.10a.—Typical Power Output and Distortion Curves Against Load
Resistance for a Triode Valve.

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

For the triode valve when the load resistance, R,, is small, the
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line FG in Fig. 9.7 approaches the vertical position, and its lower
end projects into the cramped grid voltage—low anode current
region. The output anode current wave shape tends to be flattened
at its lower end, indicating chiefly second harmonic distortion. As
R, is increased the line FG becomes less vertical and its lower end
is taken out of the cramped low I, region (see F’G’). Hence
harmonic distortion decreases with increase of load resistance as
shown in Fig. 10.10a.

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

2207 FPower Output r3000
3 Q
5 . &
& -~ ha
S 207 P 2000 %
N -~ 2nd Harmonic .~ )
~ e 3
RS, - 3
877 ~ s ——-+1000 <
& N, S g
:é e o "7 T 3rd Harmonic &
—-= N
00— ) T 0
0 5000 70000 75000

Load Resrstance (0hms)

F1a. 10.106.—Typical Power Output and Distortion Curves Against Load
Resistance for a Tetrode or Pentode Valve,

ends of the line are cramped and distortion consists mainly of third
harmonic, with second harmonic almost zero. This corresponds to
a load resistance of 7,500 ohms on Fig. 10.106, and usually to
maximum power output. At high values of R,, line F”G”, the high
current end of the line is more, and the low current end is less,
cramped. Second, as well as third, harmonic is now present.
10.7. Non-Linear Harmonic and Intermodulation Distor-
tion in Power Output Valves. An absolute standard for per-
missible non-linear distortion is difficult to fix because of the number
of different factors involved. The critical faculty of the listener
and the overall frequency range of the receiver both play an
important part ; the tolerable distortion is reduced if direct com-
parison is possible between the undistorted and distorted sound.
If the frequency range is reduced greater distortion can be permitted.
Massa 14 gives the following as average values for distortion produc-
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ing a detectable change of quality on speech. The effect of restrict-
ing the high-frequency range is indicated for three cut-off frequency
limits. The lowest cut-off frequency (5,000 c.p.s.) gives a frequency
range comparable to that of an average broadcast receiver.

DIRECT COMPARISON NO COMPARISON.

Cut-Off Frequency.  Single Stage. Push-Pull. Single Stage. Push-Pull.
14,000 c.p.s. 5%, 3% 109, 59
8,000 , . 5%, 3% 10% 7%
5,000 ,, . 129, > 109 179 > 109

More distortion is tolerable with the single stage having chiefly
second harmonic than with the push-pull stage in which third
harmonic distortion predominates, and greater distortion can be
considered if the high-frequency range is reduced. The value of
5%, total harmonic distortion, commonly used to specify the
maximum power output condition, is open to criticism since the
order of the predominant harmonic is so important in determining
quality. The table shows that 39, of third harmonic is as objection-
able as 59, of second. If, however, instead of total harmonic
distortion the percentages of the individual harmonics are measured,
a better estimate of distortion can be obtained. For comparison
purposes the percentage of each harmonic is multiplied by the
number of the harmonio, i.e., the distortion property of 59, second
harmonic is represented by 5 x 2 = 10, and that of 39, third
harmonic by 3 X 3 = 9. This is in accord with the results set out
in the table above. Another method ¢ is to insert in the distortion
factor meter a network having an output voltage frequency response
linearly proportional to frequency for a fixed amplitude of input
signal. This is equivalent to multiplying the amplitude of each
harmonic by its number.

Let us now consider why a given percentage of a higher order
harmonic represents greater apparent distortion than the same
percentage of a lower order harmonic. Relating harmonics to the
musical scale we find that of the first ten all but the seventh and
ninth are concordant with the fundamental. For most operational
conditions the percentages of the discordant harmonics are very
small—an exception is sometimes found in Class B operation—and
it is not often possible to read the amplitudes of harmonics greater
than the fifth. Hence it would appear that harmonic frequencies
are not themselves generally responsible for harsh and discordant
reproduction, and, for a single frequency input, whilst distortion
causes a change in quality, reproduction is not necessarily rendered
unpleasant. With the more usual input signal consisting of a series
of frequencies, the property producing harmonic distortion can also
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cause intermodulation between the frequency components; a low
frequency, f; may modulate a high-frequency component, f,, to
produce sidebands of f,4-f;, fr+2f;, etc., which can be, and often
are, discords with the input frequency components. The relation-
ship between harmonic and intermodulation distortion can be shown
by considering the following expression for anode current in terms
of grid voltage :
I, = ao+a,B,+-a,B 2 +a,B,° . . . 10.35.
If Ea = ‘El cos plt+Eh CO8 pht it Eb
where £, cos p;t represents the low audio frequency
Eh oS Z’;.t EX] E] hlgh EE) ’5
and — B, » » grid bias voltage.
Replacing E, in 10.35
*1, = ao+a1(E' cos pit+ B}, cos pt — Ey)
+ay(B; cos pi+By cos pit — By)?
+ay(E, cos pt+EB,, cos pit — Ey)3
= ao+al(EE, cos pit+E, cos ppt — By)
+a l:—(l + cos 2p,t)+ (1 +cos 2p,t) +- B, 2
+2 Eh[COS (Prt+pp)t+cos (py — py)t]
-~ 2EhEb cos pyt — 2B,E, cos p;t]
B,z
+a [E(cos 3p,t--3 cos pif) -+ - (cos 3put 43 cos pyt) — 3

—3E,2E,(1+ cos 2p,t)——%E 2B, (1+ cos 2p,t)
+3E,E,* cos pit+3E,E,* cos pyt
+3. B;2E,(2 cos pyt-+cos (pa+2p,)t+cos (p, —2p,)t)
+38,8,%(2 cos it +cos (2p,+py)t+cos (2p, —py)t)
—3 BB, By(cos (py+pp)i+cos (p—pp)t)] . . 10.36.
The modulation ratio of the first intermodulation sideband

(p’;:;pl) of the high audio frequency (Ph) is
azE,Eh — »Z.a“ElEh Eb

M= 38,0
a8, — 2athEb+aa[ E +3E,.Eb2+—3E,,E,2]
El(az — Sa,b,)
. 10.37.
a; — 20,By+a,[38,2+3E,2+3E,7]
*cos?f = 1_"‘.92‘_’?_%9; cos 0 4-cos ¢ = cos (0 +4) +2cos 0 — ¢)'
cos? § = M.
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The modulation ratio for the second sideband hi2p Th—"E g
B2
M, = fa.ll, . 10.38.
P a4y — 2a,B,+a 38,2+ 38,2 +3R,7
If £, = 0, we have as the second harmonic (2p ’) ratio of 7 p :
3
Ez[% — o, kE, ]
H, = 2 2% .. 1039
a; — 2a,B,+a [3E,% + 3E,?)
and for the third harmonic (2—]:") ratio
2
H, = ta: By . 10.40.

a, — 2a,E, +a[$E,*+3E,%]
If we neglect the second term — 2a,E, in the numerators of 10.37,
and 10.39, and terms containing #, and #; in the denominators
of 10.37, 10.38, 10.39, and 10.40, we find that

M, =2H,
and M, = 3H,.
It is clear from the above expressions that the intermodulation
terms responsible for unpleasant reproduction are proportional to
the product of the individual harmonic of a single frequency input
multiplied by the harmonic number. Hence * weighting ” (as it
is called) of the harmonics from a single frequency input is justified
as a method of estimating apparent distortion. Higher power
terms in the I, K, expression 10.35 introduce additional harmonic
sidebands, and sidebands to harmonics of the high frequency.
For example, a,E,* added to 10.35, produces in the output the
following additional intermodulation sidebands,

Pt 3101 2p,+2p, and 3Z’h :’:Pl
2r 27

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

Als

I'l“l" l!“% Y
Wave u/mpe o
High Freguency

Output Component

Input Signa/
Components

~Low Frequency

\///'_qb Frequency

Fre. 10.11.—~Intermodulation of a High Audio Frequency by a Low Audio
Frequency.

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

Methods of estimating distortion by measuring intermodulation
tones have been developed, 3 4 though it is doubtful if the added
complication of apparatus justifies their use in comparison with the
single frequency method and harmonic ratios multiplied by their
harmonic number. Harries, who appears to have been the first to
suggest intermodulation distortion measurements, used two input
frequencies of 70 c.p.s. and 1,000 c.p.s., having an amplitude ratio
of 9 to 1. The amplitudes of the 1,000 c.p.s. frequency and its
sidebands were measured with a harmonic analyser, the sidebands
being expressed as a percentage of the 1,000 c.p.s. output. A triode
was found to produce mainly first sideband voltages (1,000 470 c.p.s.),
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and all sideband amplitudes were generally small. A pentode
valve showed a greater range of sidebands with the second
(1,0004-140 c.p.s.) as the largest. The second harmonic frequency
(2,000 c.p.s.) was overmodulated and had sidebands larger than itself.
Under these conditions distortion was marked, and reproduction
harsh. Harries finally suggests the following quality grades :

(1) high quality : no sideband should represent more than 5%,

modulation where modulation percentage

__ 2 X sideband amplitude x 100
fundamental ’

(2) good commercial quality : first and second sideband modula-

tion percentages to be less than 309, and 59, respectively ;

(3) objectionable: this to be denoted by second sideband

modulation percentage exceeding 59%,.

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

10.8. Push-Pull Operation.

10.8.1. Introduction.” Push-pull operation is obtained from
a pair of valves by applying to the grid of one valve a voltage in
phase opposition to that applied to the other (see Fig. 10.12). The
anodes of these valves are joined to opposite ends of the primary
of a transformer, the centre tap of which is connected to =H.T.
positive. The D.c. anode currents produce opposing voltages in
the transformer primary, but the A.c. output currents, owing to
the 180° phase shift between the grid voltages, are additive. Thus
the total A.0. current in the primary is

Iat = Ial — (= Ia2)
= Ia1+Ia2'

Push-pull operation has four important advantages.

(1) Even harmonic distortion produced in each output valve is
partially (completely, if matched valves are employed)
cancelled.

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

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

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

Cancellation of hum in a common cathode bias circuit and of

second harmonic distortion can be demonstrated by assuming the
following power series to represent the I K, characteristic of each
valve

1, = ay+a B, +a. B 2 +a B2 . . . 10.41.
Let E,= +E, cos plt+Eu cos p,t — E,
where 4-%, cos p,t = signal voltage applied in push-pull connection
to each valve,

B, cos p,t = undesired hum or interference voltage applied in
parallel connection to each valve

and — E, = grid bias voltage.
I = ao+a,[B, cos pit+ B, cos p,t — E,]

4-as{B, cos pt+EB, cos p,t — Ep]®

+ay[E, cos p,t+E, cos p,t — E,)°
I, = ay+ta,{ — B, cos pit+ B, cospt — E,]

+a,f — B, cos p,t+E,cosp,t — E,]*

+as[ — B, cospit-+B, cosp,t — Ey)3
Subtracting I, from I,,, makes all terms except those containing
E, and E,® disappear, hence
Al = 2a,F, cos pit — 4a,E,E, cos p,t+4a,B,E, cos p,t.cos p,t

+2a,[B,2 cos® p,t+3E,E,2 cos p,t cos® p,t+3E,2E, cos pt
— 38,E E, cos p,t.cos p,t]
= 2[a, — 2a,Ey+2a,(38,243E,2+3E,?)]E, cos pit

+‘;’E13 cos 3p,t

+2[a.0.B, — 38,8 ,E,) cos (p,+p,)t

+3a,B,8 2 cos (p,+2p,)t . . . . . 10.42.
The fundamental, third harmonie, and intermodulation sidebands
of the fundamental with the undesired voltage are the only com-
ponents in the output, the p.c., second harmonic and undesired
components being cancelled. If the power series of 10.41 is carried
further all parallel connected interference voltages, even harmonics
and intermodulation sidebands of the even harmonics are found to
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cancel in the output, leaving only the fundamental and odd
harmonics with their intermodulation sidebands. If the two valves
have slightly different I, E, characteristics, i.e., are not exactly
matched, the proportion of even harmonic remaining depends on
the amount of mismatehing. If, for example, each valve normally
produces 5%, second harmonic and the mismatch in the values of
a, is 109, the output contains 0-5%, second harmonic.

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

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

O H.T.+

oH.T.~
Fra. 10.12.—A Transformer Coupled Push-pull Output Stage.

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

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

O H.T.+

Input c

OH.T -

\U

Fic. 10.13.—A Paraphase Push-pull Circuit.

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

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

HT+

- o

To
Push-Pull
Stage

-{ o H.T.~

Fia. 10.14.—Push-pull Voltage Output by Means of Equal Anode and Cathode
Load Resistances.

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

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

The possibility of using the antiphase relationship between screen
and anode currents in a heptode 37 valve has been suggested, but
great care has to be exercised if equal amplitudes of undistorted
push-pull voltages are to be produced.
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10.8.3. Types of Push-Pull Stages. Push-pull output stages
may be divided into three groups, depending on the biasing point
relative to the I K, characteristic. In Class A operation both valves
are biased to the centre of the straight part of their I, %, character-
istics though, owing to the cancellation of even harmonics, the
valves may be operated in push-pull beyond the straight part of
their characteristics. This method is very satisfactory since dis-
tortion is low and anode current to both valves substantially con-
stant ; efficiency is, however, low (259, to 35%,).

In Class B operation both valves are biased to the curved lower
part of their I B, characteristics, i.e., almost into cut-off, and each
valve supplies approximately half the output wave shape. Its chief
advantages are low current consumption with zero input voltage,
and high efficiency (about 609,) for maximum input voltage. The
D.c. anode current is initially small but increases with increase of
input voltage, and there is considerable economy in H.T. consumption,
a very desirable characteristic for the output stage of a battery
receiver. For mains receivers H.T. economy is not so important
and Class B operation is hardly ever employed. The varying
current of a Class B stage would require a H.T. source having very
good D.c. voltage regulation. If triodes are used in Class B push-
pull, they are usually operated into the positive grid region in order
to obtain high efficiency. A special amplifier stage, known as the
driver, is needed to supply the power absorbed by the grid current
taken on the peaks of input voltage, and the method of operation
is generally known as Class B positive drive. With tetrodes the
shape of the I E, characteristic makes positive drive of no value,
and the term quiescent push-pull is often applied to this mode of
operation without grid current.

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

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

10.8.4. Class A Push-Pull. The performance of a push-pull

D*
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output stage can be determined by constructing X, curves 2 from
the I E, characteristics of the individual valves. If the instan-
taneous anode currents in each valve are 1,; and I, and the coupling
coefficient between the two half primaries is very nearly unity
(a justifiable assumption for most iron-cored transformers), the
effective composite current, I = I, — I, can be considered as
flowing through one of the half primaries. The composite IE,
curves are therefore obtained by subtracting appropriate pairs of
I,E, curves of the two valves, so arranged that the grid voltage
and anode voltage scales of one valve are in the reverse direction to

~-60 /'30 Egz-" Ia 2

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

those of the other. This essential condition of the push-pull connec-
tion is fulfilled by Fig. 10.15; the I E , curves of the second valve,
inverted and reversed with the E ,, scale running from right to left,
are moved until the Z, points, corresponding to B.T. voltages of
250 on the normal and reversed scales register with each other.
If the p.c. grid bias voltage on each valve is — 30 volts, the two
I,E, curves for E, = — 30 volts are added to form the dotted
composite [E, curve 1. The process is repeated for each appropriate
pair of I K, curves, thus the composite curve 2 is obtained by adding
the curve for £, = 0 of the first valve to that for £, = — 60 of the
second. Composite curve 3 is plotted by a similar process. It is
most important to remember that these composite curves refer to
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one-half of the primary, and a load line drawn across them represents
a load resistance across a half primary. Hence the equivalent load
resistance across the whole primary, i.e., the anode-to-anode load
on the valves, is four times this value. For example, an optimum
load resistance for the composite curves of 2,000 ohms, requires an
anode-to-anode load resistance of 8,000 ohms, and the secondary to
total primary turns ratio is adjusted to give the equivalent of
8,000 ohms across the total primary winding. The composite load
line passes through the H.T. voltage and a composite current point
equal to the difference between the ».c. anode currents of the valves ;
if the latter are perfectly matched the composite current is zero as
shown in Fig. 10.15. Power output and distortion may be calculated
from the composite characteristics in the same manner as for a single
stage. Thus, assuming even harmonics to be small in amplitude and
third harmonics to be greatest, the power output is, from expres-
sion 10.26a,

Py = [t I+ Ut LR,

where I, is the intercept of the load line with the composite 12,
curve corregponding to E, = 0 on the first valve and measured on
the I,, scale and I, is the counterpart of I, measured on the I, scale.
The negative sign before I; and I, in expression 10.26a becomes
positive because I, and I; are numerical values of current. The
currents I, and I;, measured on the I, and I, scales, respectively,
are the load line intercepts with composite 1E, curves corresponding
to B, = — 15 and — 45 volts on the first valve. Third harmonic
ratio is from 10.28a,

H., = (Iz+Is) - 2(I4+Is)
P AT T HTY)

Although the composite load line gives the equivalent half-
primary load resistance, it is important to note that this is not the
load resistance across each valve. The load line for each valve is
obtained by projecting vertically (up or down) from the intersections
of the composite load line and composite curves on to the corre-
sponding I _E,  curves for the single valve. Thus the valve load
lines are represented by lines 4B and 4'B’ in Fig. 10.15 and, since
the valves are operating in Class A push-pull, each has a slope of
nearly half that of the composite load line ; i.e., it corresponds to
twice the composite load resistance. If both valves have linear
I E, characteristics the composite curves are straight lines of twice
the slope of the I E lines, and it may then be proved geometrically

. 10.26b

.10.285.
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that each equivalent valve load line has a slope of one-half that of
the composite line. If the optimum load for a single valve stage
is 2R, (the valve resistance), the optimum composite load is half this
value, ie., R, so that the optimum anode-to-anode load becomes
4R,. The same conclusion is reached if we consider the push-pull
stage as consisting of two valve generators connected in series.
Their total internal resistance is 2E,, and by analogy with the
single stage, the optimum load (from anode-to-anode) will be
2 x 2R, = 4R,. An important advantage of push-pull illustrated
by the curves is that owing to the linearity of the composite char-
acteristics, a complex load impedance giving an “ elliptical >’ locus
line as in Fig. 10.7a produces practically no harmonic distortion.
Owing to the predominance of odd harmonics when distortion
occurs in push-pull stages, maximum * undistorted ”’ power output
should be assessed for a lower total harmonic percentage than a
single valve, approximately in the ratio of 2 to 3 for triodes.
10.8.5. Class B Push-Pull.# 2 20.81  The performance of
push-pull valves under Class B conditions may be shown by con-
structing composite IE, curves in exactly the same way as for
Class 4, and these are shown in Fig. 10.16 for three grid bias voltages.
Triode characteristics are used in the above illustration to preserve
continuity with Fig. 10.15, but tetrode composite curves can be
developed in like manner. The load line for each valve is obtained

)
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Fi16. 10.16.—Composite Current-Anode Voltage Curves for a Class B Amplifier
with High Grid Bias and Low Load Resistance.
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by projection from the composite to the valve curves as described
in the previous section. If the valves have linear I K, character-
istics and are biased to cut-off, each valve operates over half a cycle
only, and the composite characteristics and load line are identical
with the valve characteristics and load line. The anode-to-anode
load resistance, which is four times the composite load resistance,
is also four times the valve load resistance compared with twice
for Class A. Since practical I, £, characteristics are always curved,
the valves cannot be biased to cut-off and the valve load line only
approaches the composite at the extremities of the grid voltage swing.
Towards the centre, where both valves are operating, the valve load

I

»

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

resistance increases, eventually becoming infinite when the valve
reaches cut-off. Hence the valve load line ABC is sharply curved
as in Fig. 10.16. The degree of curvature is dependent on the grid
bias voltage relative to the cut-off bias voltage and also upon the
load resistance, a grid bias approaching cut-off bias and a low load
resistance producing a more sharply curved load line (similar to
ABC in Fig. 10.16), which rapidly approaches the composite load
line, Conversely for a high load resistance and a bias voltage much
less than cut-off bias, the valve load line is less sharply curved and
has a slope of nearly twice that of the composite line; this is
illustrated in Fig. 10.17.
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It is much more difficult to obtain linear composite curves for
Class B than for Class A operation, and generally there is a *‘ kink ”
near zero current, the ““kink ”’ becoming more pronounced as the
initial bias is increased. This “ join-up ” distortion, as it is called,
is greatest for small output voltages, and it places a limit on the
maximum negative initial grid bias which can be employed.

The great advantage of Class B operation, apart from its low
quiescent current consumption, is its high anode circuit efficiency.
The theoretical maximum, assuming that each valve is biased to
cut-off and that the anode voltage of each valve is taken to zero at
the extremities of grid swing, is 78:5%,. Kach valve supplies half
the wave shape so that the p.c. current is I/ where I cos pt is the
A.c. oufput current wave.
2E.1

J

Therefore ».c. power for two valves =

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

Therefore a.c. power from two valves = _21_
A.0./p.C. efficiency == 2 __ 7 _ 78:5Y9,
.c./p.C. y Bl 1 o
n

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

The chief features of a Q.p.p. stage are the centre-tapped high
ratio step-up input transformer, and the output transformer. The
former is necessary since each half of the secondary must supply
a peak voltage very nearly equal to the cut-off bias (at the operating
".1. voltage) of the Q.p.p. valves. The self-capacitance of the
secondary should be low to prevent peaked high-frequency response
due to resonance with the leakage inductance. The output trans-
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former also needs to have low leakage inductance and self-capaci-
tance, because the resonant circuit so formed is capable of producing
damped oscillations 22 under shock excitation from the half wave
current impulses of each valve. Since each valve supplies half the
output wave it is essential that the half-primary inductance and
the leakage inductance between each half primary and secondary
should be very nearly equal. Inequality causes the amplitudes of
the two halves of the wave delivered to the output load to be
unequal at low and high frequencies, thus producing distortion.
Parasitic oscillation due to the push-pull connection is usually
prevented by capacitors (0-002 to 0-005 uF) connected across each
half primary. High peak currents are taken during loud signals
and the primary D.c. resistance must therefore be low. If high-
frequency tone control is used, it should be included before the
Q.P.P. output stage rather than across the output transformer.
When the tone-control circuit is in parallel with the latter it tends
to increase the peak output current during loud signals, and this
may cause damage to the valves.

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

10.8.6. The Driver Stage for Class B Positive Drive. If
the anode load resistance, R,’, of a triode aA.¥. amplifier is steadily
increased, overall amplification, at first proportional to R,’, becomes
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asymptotic to the amplification factor of the valve and is almost
independent of changes of B,. This occurs for values of R, exceeding
about 4R, (see Fig. 9.6). Owing to the fact that grid current is
taken by each Class B valve, the equivalent load resistance in the
driver valve anode circuit varies over its output voltage cycle from
a very high to a low value, and unless this is controlled the output
voltage wave shape is flattened at both ends of the cycle. If,
however, the equivalent grid current load resistance is not allowed
to fall below 4R,, the distortion produced in the output wave will
not be serious. This result may be achieved by a suitable step-down
intervalve transformer,2® the step-down ratio being calculated from

N J 0 (min.)
4R (ariver vave)
where N, = total pmma,ry turns,

N, = total secondary turns,

RBjnin) = minimum grid input resistance of the Class B stages

A higher step-down ratio would have the advantage of reducing the
effect of variations of B, but this reduces the driver output voltage
to the Class B valves, and the driver valve may then be overloaded
before maximum output is obtained from the Class B stage.
R niny i8 the slope resistance of the I B, characteristic curve of the
Class B valve at the maximum required positive value of grid
voltage ; a satisfactory approximation is given by the ratio of the
positive bias voltage equal to the maximum positive voltage reached
on the grid of the Class B valve to the ».c. grid current flowing at
this bias voltage, i.e., it is the resistance corresponding to the chord
to the I E, characteristic curve instead of the ta,ngent A normal
step-down ratio from primary to half secondary is 1 to £, or the ratio
from primary to total secondary is 1 to 1-5. The transformer must
have a high primary inductance, small leakage inductances between
primary and both half secondaries—this is particularly important
since the minimum grid input resistance may be as low as 20,000 ohms
for battery-operated Class B positive drive—and the D.c. resistance
of each half secondary must be low so as to reduce the p.c. voltage
developed when grid current occurs.

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

of the valve to

i _'_"ﬂ (see Section 10.10.6), so that a step-up ratio
may even be used. At the same time the effective amplification
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of the valve is less than unity so that it acts simply as an impedance
matching device.

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

10.9. The Output Transformer.

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

2 x 6,000
Lo = 5 x 50

For convenience let us take the same stampings as are used for the
mains transformer design in Section 11.2.2, viz., Stalloy 32A. For
one secondary and two primary sections, interleaved as shown in
Fig. 10.18, insulation thicknesses of 0-075 ins. between winding and
core, and winding and outside limb, and of 0-05 ins. between
windings, and windings and sides, the total available winding area
ig (2:26 — 0-1)(1 — 0-25) = 1-612 sq. ins. The most efficient use of
the winding area is to divide it equally between secondary and

= 38-2 H.
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primary windings, so that the total area occupied by primary or
secondary is 0-806 sq. ins. A suitable gauge of wire is 34 s.w.a.,

/ . v ; ”
Insulation 0-05 thick Insulation 0-075 thick

x= I\ <Z Bolt hol
o ANNN T e 0. ” o/es
Zy [ ° \\W (?k spdia
] !
/% %P/ / i /Pmma/’y
ENZN IR\ Z\ ==
e ” 7]
Air Gap’.:; T (5 le——1 72> <L
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%%\L ! ;‘,/Lengt/v of
= T Magnretic Path
O je—ro] 7/2”‘;_ _________ )
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F1a. 10.18.—A Section Through a Typical Output Transformer.

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

The total primary turns in the available space = 8,730 X 0-806

= 7,040
Length of the magnetic path (Fig. 10.18), I = 9 ins.
4
Therefore turns per inch of magnetic path = 7—’;!)- = 782.
2 X 4
D.c. ampere turns per inch of magnetic path = %—0—9 = 31-28.

In Fig. 11.17 we have two curves for the ratio of inductance,
with and without D.c. polarizing, against b.c. polarizing ampere-turns
per inch, curve 1 for a very small A.c. flux density and curve 2 for
a R.M.8. flux density of 60 lines per square centimetre, and either
can be chosen for design purposes. If the former is used a larger
transformer is obtained and low-frequency response for all a.c.
input voltages is better than required. Curve 2 is more often used,
the flux density of 60 lines per square centimetre corresponding to
an input voltage of 79, of the maximum in our particular example
(the peak flux density for maximum input voltage is calculated
at the end of the section to be 1,200 lines per square centimetre).
Incremental permeability, 44,2% 27 is shown in Fig. 10.20 to be pro-
portional to peak A.c. flux density so that primary inductance for
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voltages less than 7%, of the maximum will tend to be less than that
required, and conversely will be greater for larger voltages. The
reduction in primary inductance is not generally sufficient to justify
calculation on the basis of curve 1. From curve 2 the ratio of
inductance with and without the p.c. polarizing current giving
31-28 p.c. ampere turns per inch is

L2(opt)
e — 0-27
and the optimum air gap ratio is

% — 0-0021.
38-2
Hence L!. = m’ = 140 H.
Volume of iron required
. L, x 108
1-255 X 2:54 X Au X (turns per inch of magnetic path)?

_ 140 x 108
T 1255 X 254 x 900 X (782)%
Volume of iron = 8-0 cu. ins.

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

The area of Stalloy 32A stamping allowing for f-in. diameter
bolt holes is 8:4236 sq. ins. (Section 11.2.2).

Therefore thickness of core = 0.95 ins.
Let us take a thickness of 1 in., i.e., an overall thickness of 1-1 ins.
(allowing for 109/ insulation between laminations)
Number of laminations of 0-014 ins. thickness == 79,
Total length of air gap = 0-0189 ins.
=2 of 0-0095 ins. (the gap is divided
between central and outside limbs).

It is of interest to compare with the above, the transformer

design resulting from the use of curve 1.

Lz(oaoi)
—=2 = (-465
L,

and optimum air gap ratio
% = 0-00246.

38-2

=W65 = 82'1 H.

Hence Ly
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Volume of iron required (du = 333 for B very small)
_ 82:1 x 108
T 1-255 X 2-54 X 333 x (782)2
= 12-65 cu. ins.
Thickness of core = 1-5 ins.
= 1-65 ins., allowing 109, insulation.
Total length of air gap = 0-02215 ins.
= 2 of 0-01107 ins. (the gap is divided
between central and outside limbs).
Greatly increased core thickness is needed if the required value of
primary inductance is to be maintained at extremely low flux
densities.
Details of windings.
(1) Primary.
Mean length of one turn = 8-2 ins.
7,040 x 82

Total length of wire = = 1,605 yards
Total primary resistance = 1-605 X 361-2 = 580 ohms
580 x 40
.C. t = _— =232 .
D.c. voltage drop 17000 3-2 volts
(2) Secondary.
6
Step-down turns ratio = ——’%92 = 346
Total turns in secondary = '-73’2—.4(?::_\- 204
Available winding area == 0-806 sq. in.
. 204
Therefore turns per square inch = 0806 — 253.

No. 18 s.w.¢. ssc wire giving 400 turns per square inch is the

nearest size.
204 x 82

36
Total resistance of secondary = 0-0465 x 13-267 = 0-617 ohms.
Neglecting iron losses, which are usually small compared with the

copper resistance loss, the A.c. power efficiency for a 5-ohm secondary
load resistance is

Total length of secondary wire = = 46-5 yards.

5 5

')7 = =
580 6:102
540617 4————
+ tEze)

= 829,
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This is a normal value for efficiency, though it could be made higher
at the cost of a slight increase in step-down turns ratio by using
No. 16 s.w.e. enamelled wire for the secondary winding. The
area required by the 18 s.w.a. secondary is only 0-51 sq. in. (less
than that available, 0-806 sq. in.), and from a practical viewpoint
this has advantages since it allows insulation between windings to
be increased, and ensures that the windings can be fitted into the
winding window.

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

Losses in the Iron Core. Losses in the iron core of the transformer
are a function of peak flux density B, and, as B is directly proportional
to the applied voltage and inversely to the frequency, they are
greatest at the lowest audio frequency. Taking the latter as
50 c.p.s., and the maximum applied R.M.8. voltage as 120 (this is
a reasonable figure for a tetrode valve operating at a H.T. voltage
of 250), we have for the flux

_E x 108
"~ 4-44fN,
where N, = total primary turns
. § 120108
T 444 x 50 X 7,040
= 7,680 lines.
B ® 7,680 lin i
=5="7 es per square inch.

== 1,200 lines per square centimetre.

Actual volume of iron in core of 1 in. thickness = 8.4236 cu. ins.
Total weight of core = 8:4236 X 0-28 lbs.
= 2:36 lbs.

Milliwatts lost per 1b. for B of 1,200 lines per square centimetre = 12.
Therefore total milliwatts iron loss = 28-32
total output power milliwatts = 2,400.

The iron loss is therefore equivalent to a resistance of
2,400
28-32
in parallel with the primary inductance. Its effect on frequency
response and general performance can justifiably be neglected.

The interleaved or sandwich type ¥ of winding shown in

6,000 X = 508,000 £
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Fig. 10.18 has the merit of reduced leakage inductance compared
with the non-interleaved type with a single primary winding.
Interwinding capacitance is, however, usually slightly higher,
though it can be reduced by bakelite separators. The self-
capacitance of the windings can be reduced by sectionalizing instead
of using a single continuous layer across the whole of the winding
length. Reduced leakage inductance, winding and self-capacitance
can be achieved by “ pancake ” coil construction with bakelite or
bakelized paper spacers between the pancakes. For example, the
above design could have employed three primary and two secondary
interleaved pancake windings. The chief disadvantage of this type
of winding is that it calls for a greater area of winding window and
is not so robust ; on the other hand, a defective winding is more
easily replaced. The windings should be vacuum impregnated with
a suitable varnish to prevent the ingress of moisture, and an iron
case is required to give magnetic screening and some measure of
electrical screening and mechanical protection. It is not usual to
seal the transformer in a bituminous compound.

Push-pull transformer design follows the same lines except that
the p.c. polarizing current can be assumed to be small. Since only
matched valves give a total effective D.0. current of zero it is usual
to design on the basis of 10 mA p.c. current.

10.9.2. Output Transformer Attenuation (Frequency) Dis-
tortion. The frequency response of an output transformer is
calculated in the same manner as that of the intervalve transformer
in Section 9.4. The A.F. band is divided into three ranges, and the
response at low and high audio frequencies is determined relative to
that at the medium frequencies. Thus the loss of response at the
low frequencies is from expression 9.225.

— 10 logy, [1 +(%) 2]

where X; = pL,, the reactance of the primary inductance,
R, = the resistance of R,+R, in parallel with R"—:f;‘f

R, = resistancé of primary winding
R, = ’ ,» secondary winding
R,, = resistance equivalent of the speaker speech-coil
n = secondary to primary turns ratio, which is generally
much less than 1.

The resistance equivalent of the speech-coil is usually taken from
the amplitude of the impedance (VR,2 + X,?) at 400 c.ps., so

@
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that the calculated frequency response is simply a measure of
transformer performance, and not that of the output stage in
association with the loudspeaker. Most loudspeakers have a
mechanical resonance at a low frequency near 100 ¢.p.s., and several
resonances in the high-frequency range. At and around these
resonant frequencies the speech-coil impedance varies appreciably.
At high audio frequencies leakage inductance plays an important
part but, owing to the low impedance of the speech coil, secondary
self-capacitance can often be neglected. Expression 9.24 is therefore
modified to a loss at high frequencies relative to medium of

p—y

where R, = R,+R. +R"+R
Xh = pr’
L," = leakage inductance.

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

XII — RII
(Ra+Rp)(———Rs+2RS°)
o W= e
(Ra+Rp+_%_sc>2an
and the highest frequency by
Xhl — Rhl
Byt B, Fet e
or f = 2ﬂLpl
Ratio highest frequency L,(1+G?) . 1043
lowest frequency LG
R,+R
G — 8 8¢ .
where wi(E, LR Ry

Thus, for a given value of @, the pass-band of the output transformer
is proportional to the ratio of primary to leakage inductance,* and
it will therefore be clear that there is no advantage in increasing
primary inductance (by, for example, increasing primary turns) if
leakage inductance is proportionally increased. Push-pull, by
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balancing out the p.c. polarizing current, does increase primary
inductance without increasing leakage inductance. The use of
a high inductance choke to carry the output valve p.c. current with
capacitance coupling to the output transformer has the same effect.
Primary inductance is dependent on the applied voltage, and it
generally increases as the latter increases, because incremental
permeability increases (see Fig. 10.20). Frequency response tends,
therefore, to be best with high output voltages and it is usual to
design for the required response at low output voltages. In the
preceding section primary inductance is calculated on the assumption
of an output voltage of 79, of the maximum.

10.9.3. Output Transformer Amplitude (Harmonic) Dis-
tortion.t” A non-linear relationship between the flux density B and
magnetizing force H is responsible for amplitude distortion in iron-
cored transformers. When a generator of sinusoidal voltage is
applied to an unloaded transformer, it may produce almost equal
distortion of flux and magnetizing force, greater distortion of flux
than magnetizing force, or vice versa. The final result actually
depends on the relative magnitudes of the generator internal
impedance and the non-linear impedance of the transformer. If
the former is very large (e.g., for the tetrode valve) the current, and
hence magnetizing force, in the transformer core is practically
sinusoidal ; flux and the unloaded secondary voltage are distorted
n shape. On the other hand, a low generator impedance (e.g., for
a triode valve) implies a voltage applied to, and flux in, the trans-
former of nearly sinusoidal shape, with a distorted magnetizing force
(input current to the transformer primary). The unloaded second-
ary voltage is therefore almost sinusoidal. A point worth noting
is that the transformer induced voltage, which opposes the applied
voltage, is proportional to d—d(%, where @ is the total flux in the iron
core, so that each harmonic component in the flux wave is multiplied
by its harmonic number in arriving at the harmonic voltage com-
ponent. Hence the secondary output voltage wave shape has
greater distortion than the flux wave shape.

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

¥ ,
— ]ff+[h-[f.-]h
Za, e . _}_
VLl
o
O 22
Ra {1, | 4] BB
L—’—
)

F16. 10.19.—Current and Voltage Relationships in an Output Transformer.

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

i.e., Eh = (Ih' - Ih)Z(, = - Ih’Za
r IhZO
b Za+Z0
1,72, 7
E, =_h"e"0 . 10.44.
" Za+Z0

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

I, Z,Z,
E, " Z,+Z,
Zh—.  Tal™0 . 104
Ef IfZ, 0.450

where I; = fundamental current component in the transformer
non-linear impedance
and Z, = fundamental component of the non-linear impedance Z,,.
Z, and Z, can generally be taken as resistances, and replacing them
in 10.45¢ by R, and R,+-R,, where R, is the slope resistance of
the output valve and R, the primary winding resistance, we have
E, LR/

E/ I,Z, . 10.45b
» _ Bo(Bg+Ry)
here RS = 0\ ta T )
v * T R, R, +R,

The above expression is limited in application because I, varies
when the load and generator impedances are varied. Partridge 47
has found empirically that all harmonic current components can
be expressed quite simply in terms of the corresponding no-load
harmonic current, B, and Z;. The third harmonic current (I,) in
the unpolarized condition or the r.M.S. current of the second and

third harmonics (V' 1,2-41,2) in the polarized condition can be written

.Rol
Ih = IH(]‘ - ZZ}) . . . 10.4:6

where I = no load harmonic current for B, R, = 0.
The difference between measured and calculated (from 10.48) I, is,
in most cases, quite small when R," < Z; rising to about 5%, when

.Ro’ = Zf
Hence the harmonic voltage ratio is
B, IgR/ Ry
Th_HE 0] 0 . . .10.45¢.
B, 1,Z ( 4Zf> ’

. . . Ig . .
The no-load current distortion ratio —IE is a function of the peak

flux density B—the peak value is used in preference to r.M.S. because
the shape of the flux density wave is often far from sinusoidal, and
experimentally it has been found that the peak value and not the
general shape is the determining factor. The no-load current dis-
tortion ratio can be estimated for different values of peak flux
density (i.e., fundamental peak voltage across Z,) by measuring with
a harmonic analyser the fundamental and harmonic voltages across



10.9.3] THE POWER OUTPUT STAGE 107

a known low resistance in series with the unloaded transformer,
which should have the lowest possible primary winding resistance.
Alternatively the known series resistance may be varied, and the
ratio of the harmonic to fundamental voltages, measured across it,
plotted against the sum of the known and primary winding p.c.
resistance. The line so obtained can be produced to give the
no-load current distortion ratio for zero known and primary winding
resistance. The peak flux density can be calculated from the r.M.s.
value of the fundamental voltage (E;) across the unloaded primary,
by using the formula given in Section 11.2.2 (expression 11.2).
_E00
T 444 N Af
where N,, = total primary turns
A = area of iron core section in square centimetres,
J = fundamental frequency.
Since B is inversely proportional to f, it is clear that a given applied
voltage produces maximum flux density, and hence maximum
amplitude distortion, at the lowest audio frequency.

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

2nf 1-255 N 244
Z, = pL, = f IOSZp I
where Ay = incremental or A.c. permeability
I =length of the magnetic path in centimetres (see
Fig. 10.18) and N, and A are as expressed above
for

Therefore Zy =788 X IO”BA,u Af . . 10.47.

lines per square centimetre.

Replacing Z, in the II—Z part of 10.45¢ by 10.47 gives

Il __IH 108 !

10.48
17, I, T88dp * NiAf

and both the variables ;— and Ay in the first factor relate to the
f

core material and peak flux density, whilst the second factor relates
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to the particular design details of the transformer. §—H and 4y can
!/

be measured for different peak flux densities and ».c. polarizing
field. The current distortion ratio generally increases with increase
of peak flux dens1ty and D.c. polarizing field. If incremental per-
meability Au is plotted against B it is found to have a maximum at
some value of peak flux density dependent on the core material and
D.c. polarizing voltage. Generally Au decreases for all flux densities
as the p.c. polarizing voltage increases, but flux density for maxi-
mum Ay increases. Typical curves of current distortion and incre-
mental permeability abstracted from the article ¢7 by Partridge (note
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Fia. 10.20.—Incremental Permeability and Current Distortion Curves Against
Peak a.c. Flux Density for Normal Stalloy Core.

Dotted Line: Incremental Permeability.
Full Line : Current Distortion.

that his relative specific choke impedance Z,, = 7-8844107%) are
plotted in Fig. 10.20 against peak flux density for different values
of p.c. polarizing field ; the core material is Silcor 2 (819, silicon
content) as used for the stalloy stamping of Section 10.9.1. The
D.C. polarizing field is given in oersteds (gilberts per centimetre) and
it is necessary to multiply by 2-02 to convert to D.0. ampere-turns

. . Iz 108
per inch (see Section 11.2.9). The product -Z II ETYP
the distortion factor, D, of the core material, and 1t is plotted in
Fig. 10.21 against peak flux density. The values are obtained from
the curves in Fig. 10.20.

can be termed
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To illustrate the use of Fig. 10.21, let us consider the transformer
designed in Section 10.9.1 and determine the transformer distortion
occurring when operating under the full load conditions.

The peak flux density for a maximum applied r.M.S. voltage of
120 is 1,200 lines per square centimetre and the ».c. polarizing
field is 31-28 ampere-turns per inch.

The curves in Fig. 10.21 are given for a maximum D.c. polarizing
field of 2-02 ampere turns per inch, so we shall have to estimate
a likely value for distortion coefficient. The correctness, or other-
wise, of the estimate will not affect the general principles. For

2000 HocsT
T
« /
$ /]
LE / \Hpo=0-5 |
N
Q
*g 1000 ,/// fﬁ,cjgﬁ
3 / < -
o~ / /
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?; 2000 4000 6000 8000 70000

Peak A.C. Flux Density (Lines per sq.cm.)

Fie. 10.21.—Distortion Factor-Peak a.c. Flux Density Curves for Normal
Stalloy Core.

H = 202 ampere turns per inch the distortion coefficient at
B = 1,200 lines per square centimetre is 1,050. The form of the
current distortion curves suggests that an increase in D.¢. field is
unlikely to affect greatly the current distortion at B = 1,200 lines
per square centimetre. The chief effect of an increase in H is to
reduce incremental permeability, and a probable decrease of Au of
about 3 to 1 by changing H from 2 to 31-28 ampere turns per inch

is suggested by the change in ratio of Iﬂfm—) in Fig. 11.17. Let us
1

therefore assume a distortion coefficient of 3,150. A probable value
for valve (a tetrode) slope resistance is 30,000 ohms, thus for
f =150 c.ps.
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, _ Ry(B,+R,) _ 6,000(30,580)
R,+R,+R, 36,580
== 5,000 Q
Z, = pL, = 12,000 Q.
By combining 10.45¢ and 10.48, voltage distortion

B, _ D R{(l __JE)

R,

E, N, Af 4z,
_ 3,150 X 9 X 254 5.000(1 — 5000
(7,040)% x (1 x 2:54)2 x 50 48,000

= 0-0201 = 2-019,.
Note that I and A are in centimetres and square centimetres
respectively.

Certain general conclusions can be drawn from the analysis.

(1) Harmonic distortion is a function of Z; and it can be
decreased to very small proportions at any given frequency by

2

increasing Z;, i.e., by increasing —l‘ However, for any given
shape of transformer, leakage inductance and Z; are directly pro-
portional so that an increase in Z,results in increased loss of high-
frequency response. There is thus a limit to the improvement in
harmonic distortion which can be achieved with any given trans-
former shape, and this limit is set by the tolerable loss at high
frequencies.

(2) If attenunation (frequency), harmonic distortion and b.c.
polarizing field are specified, the power-handling capacities of
transformers of the same core material and geometrical proportions
with given generator and load impedances are proportional to their
volumes.

Specified attenuation (frequency) distortion implies that primary
and leakage inductances are constant ; the former decides the low-
frequency response. Leakage inductance, which determines high-
frequency response, is directly proportional to primary inductance
for a given core material and geometrical proportions. Specified
harmonic distortion for a constant p.c. polarizing field means that
the peak A.c. flux density is constant, hence from expression
11.19a, Section 11.2.9.

N,24
L, < pl
and from expression 11.2, Section 11.2.2.
E; < N,yA.
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If the linear dimensions of the transformer are multiplied by %, and
attenuation distortion is to be unchanged

k24 N, 24
Ly = Lps o Npuiog o =~
N,
SNy \/_%'

Using this in the expression for E;

N, :
E, < v}%sz o kiE,,
but power P;, o< E;% o k3P; oc volume of the transformer. When
the D.c. current remains constant, increase in overall dimensions
reduces the value of Hp in the polarizing ».c. field, because

N, 1
Hypg o T Cw
and this allows a greater increase in power handling capacity to be
obtained over that due to the increase in volume.

10.10. Negative Feedback.1! 16 19

10.10.1. Introduction. Negative or inverse feedback is applied
to A.F. amplifiers in order to change the frequency response and/or
to reduce harmonic distortion, hum and noise produced in the
amplifier itself. It is achieved by feeding back a proportion of
the output to the input in such a way as to oppose the input voltage.
The opposition voltage may be fed back through a resistive network
or a circuit arranged to give phase and amplitude discrimination.

A A A
£, cos pyt+DpE,cos Zpgt+Eyy cos pyt

Z/","l cos pyt
A Z - T
Amplifrer Zy JL
B Fr—> -
i Feedback
Circuit
c ¥
N _Ip

A A A
oc[Eo cos pyt +DpE, cos 2pat +Euf cos pat]
Fi1a. 10.22.—Schematic Diagram of Negative Feedback.
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In both instances there is a possibility that at some frequency
(usually outside the desired pass range of the amplifier) the phase
shift may be such as to produce positive feedback, and special
precautions are sometimes necessary, particularly when feedback
occurs over a number of stages, to prevent self-oscillation. The
usual method is to design the feedback circuit to attenuate severely
frequencies outside the normal pass range of the amplifier.

Some of the properties of negative feedback can be demonstrated
by considering the diagram in Fig. 10.22.

Let B, cos pgt = input voltage
Ho = overall amplification of the amplifier without
feedback
p; = overall amplification of the amplifier with
feedback.
E, cos pgt = fundamental component of the output voltage
from the amplifier with feedback
D, = distortion ratio of the amplifier without feed-
back, the ratio of the amplitude of second
harmonic (if this is the largest harmonic) to
that of the fundamental in the output
voltage
D, = distortion ratio of the amplifier with feedback
B, cos p,t = undesired hum or noise voltage produced by
the amplifier itself without feedback
B, cos p,t = undesired hum or noise voltage produced by the
amplifier with feedback
o = feedback factor, i.e., the proportion of the
output voltage applied to the input.

Voltage across CD due to feedback
= a[B, cos pdt+Don cos 2p,t —i—Euf cos p,t].
Voltage applied to the amplifier across terminals 4B

= B, cos pgt — Egp.
= (B, — akly) cos pgt — aD;B, cos 2pgt — ably; cos pt.
Output voltage across EF
= po[(B, — al,) cos pgt — aDB, cos 2pst — all,, cos p,i]
+uDo(B; — aBy) cos 2pgt+ B, cos p,t
= B, cos pgt-+D,EB, cos 2pgt+EB,; cos p,t.

Equating fundamental components

Eo = ,uo(El - “Eo)



10.10.1] THE POWER OUTPUT STAGE 113
B 0 o

or E*—‘l = ,uf = 1—*—-‘“0“. 10.49
and equating second harmonic components
yoDo(El — afly) — ,uoochEo = D,Eo.
Replacing £, by the value obtained from 10.49
1
,uoDo<—°(:L°“) — och> = DfEO(I + hoct).

0

Therefore D, = Dy 10.50
;= 1 +‘u0a . . .

Equating undesired voltages

Euf = Eu - :u'Oa'Euf

B, 1

= = . 10.51.
o B, l4uex

We therefore see that negative feedback decreases overall
amplification, distortion ratio and undesired hum and noise voltages
due to the amplifier. The distortion ratio D, (without feedback)
is generally a function of the fundamental input voltage and is less
when the latter is less. Since with feedback the effective funda-
mental input is reduced from £, cos pgt to (B, — afl,) cos p,t, there
is actually a greater reduction in distortion than is represented by

1
the factor — . As a rule, however, the same output voltage
4o

will be required with feedback as without, and the fundamental
input voltage is increased until this condition is achieved. The

factor

1 .. . .
T does then represent the reduction in distortion ratio.
0

With any negative feedback amplifier it is essential to ensure that
the preceding amplifier is capable of delivering the increased input
voltage without increased harmonic distortion, for negative feedback
can only cancel harmonics produced in its own amplifier stage.
Another important point to note is that, although the general level
of harmonic distortion is decreased, certain harmonics may be
introduced or increased by the application of negative feedback.
In the above example fourth harmonic of amplitude DfDo,uooch is
introduced into the output by feedback of the second harmonic.
The effect is not usually very serious.
The change in frequency response, which can be obtained by
negative feedback, may be illustrated by rearranging 10.49.
E
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thus % = l[__l__:l
By ooy, 1
Ho.
1
T«
if Ho > 1

ie., % is independent of the amplification and frequency response
1

of the amplifier and only dependent on that of the feedback circuit.
Even when « has the normal practical values of 0-1 to 0-2, the
feedback circuit frequency response has an appreciable effect on
overall response. Negative feedback may therefore be used to
compensate for deficiencies in amplifier response or to produce tone
control. Thus a resistive feedback circuit (« is a pure number)
tends to give a flat overall frequency response, whereas a reactive
circuit (« is a complex number) tends to cause a variable frequency
response. It should be noted that the frequency response of the
amplifier without feedback is implicit in the overall amplification

o, which is generally a complex number of the form , where

Hom_
145
Moy, = amplification at the medium audio frequencies, z is a function
of frequency and is due to the reactance components in the amplifier.

10.10.2. Types of Negative Feedback.* The generally
accepted classification of negative feedback circuits is according to
the method of tapping the feedback voltage from the output. There
are three important types, voltage, current and bridge feedback.
In the first case the feedback voltage is taken from a potential
divider across the output and is directly proportional to the output
voltage. In the second case the feedback voltage is taken from an
impedance in series with the output load, and is directly proportional
to the output current. Bridge feedback is a combination of voltage
and current feedback.

10.10.3. Voltage Feedback. Voltage feedback is illustrated
in Fig. 10.23a. The potential divider R, is assumed to be much
greater than the output load impedance Z,, so that the current
through it can be neglected. For the sake of simplicity we will
refer to the r.M.S. values of voltage and current in the following
analysis, and so dispense with cos p;t

— HE 4pZo 1
E, j . . . . 10.52
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A —_
-a)R 1> 1
Amplifier Zy|  E,
4>
l_ B dR_l [ T __J_

F1a. 10.23a.—Voltage Negative Feedback.

where y = amplification of the amplifier when Z, =
and R, = the slope resistance of the output valve
E AB = E | S an.

Replacing the above for E 5 in 10.52.

Z,

By _ ply w1083

El Ra +Z0(1+;u“) o Ra +Z0

1-+pa
By noting that u, = #Zs , expression 10.53 shows the ex-
Ra+Z0
pected reduction of overall amplification to u, = ﬁ—&’ and at the
0

same time the equivalent slope resistance of the output valve is

a
14-px
cularly valuable when the load impedance is a loudspeaker speech
coil, since it assists in damping cone resonances. One of the dis-
advantages of using a tetrode output valve, the accentuation of
cone resonances, can be overcome by the application of voltage feed-
back, without losing the advantages of high A.c./D.c. power efficiency
and (if feedback is not excessive) of high power sensitivity.

Some interesting effects result from the application of voltage
feedback in special cases. Forexample, if B, < Z,, expression 10.53
becomes

decreased to

This reduction of generator resistance is parti-

By . _» ) i X . 10.54

B, T+pa
i.e., output voltage is independent of Z,. On the other hand if
B, &L Zy pe >1 and a = %, output current instead of voltage is
independent of Z,.
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B, _ pB: _E,
Z, wpeZ, K
10.10.4. Current Feedback. Current feedback is illustrated
by the circuit in Fig. 10.23b, the feedback voltage being developed
across the resistance B, in series with the load impedance Z,.

10.55

I, =

A ==

Amplifier
R
I— B 'T’V\f“'—:‘“ X

F1e. 10.23b.—Current Negative Feedback.

— #E 452,
’ -Ra +-Rf +ZO
where R, = slope resistance of the output valve

— B — nE 4p R,
=E, .
R,+R,+2Z,
E.Z
Therefore E, = ik S . 10.56.
* " R(1-+u)+R,+Z,

We see from the above expression that current feedback increases
the equivalent slope resistance of the output valve by R, (1+pu),
and the amplification factor with feedback is reduced only by reason
of increased generator resistance.

Two special cases again arise ; if u is very large

_ E1Z0
-EO -El
== — = . . - . 1 . .
and I, Z," & 0.57
When, in addition, R, = KZ,
E
B, =17, = El .. . .1058.

In the first instance output current is independent of Z,, and in
the second output voltage is unaffected by Z,.

Current feedback is not often employed in output stages, partly
because of the increased equivalent generator resistance, which tends
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to exaggerate cone resonances when the output load is a loudspeaker
speech coil, but mainly because it is difficult to develop sufficient
feedback voltage without considerable loss of output power.

10.10.5. Bridge Feedback. Bridge feedback is indicated in
the diagram of Fig. 10.23c.

7

<o
—1A ——— .
N (re)R; 3 ;
Amplifier wR, Zy io
B pand
i ks |
F1e. 10.23c.—Bridge Negative Feedback.
B, — Ul 4 nZ,
Ra +Rf+Z ]

E, p =E, — IR, — oE,
= B, — I(R;+aZ,).
The current taken by R, is assumed to be negligible
_p _ B p(By+aZ,)
EAB - El ——h“Ra—f—Rf—{—Zo
___ BRARAZ)
Bo+R(1+p)+Zo(1+pe)
_ uzz,
By+ By (1+p)+2Z(1+pa)
KZ,
Ki+Z,
E, _ p Z,
E, 1+/‘°"Ra+1Rf(1 +4) +Z<;
+ pe
The effect of bridge feedback is a combination of the effects produced
by voltage and current feedback; overall amplification and the
equivalent slope resistance (increased by current feedback to
R,+R,(1+p)) of-the output valve are both reduced, by the factors
1

R
1+ ,uo(z—f + “)
0
resistance is constant if u is very large and R; and « are constant.

There are a number of possibilities with bridge feedback. It can
provide :

L B, . 10.59.

Rewriting 10.59 in the form

and

1 . .
T respectively. The equivalent slope
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(1) Constant output current and an equivalent generator

% where R, is constant. Neglecting
]

R, and Z, in comparison with uR, and usZ, we have from
equation 10.59.

impedance of Z, by making o =

— HZOEI — EIZO — E1Z0
EO El
== = em t
I, 7, ~ IR, constant
R
and the equivalent generator impedance = Ef— = Z,.

(2) Constant voltage and an equivalent generator impedance of
Z, by making R; = aZ, where « is constant.

E, = -‘-ZL'E— = E = constant

and the equivalent generator impedance = % = Z,.

Other variations in the feedback circuit can be made to give
constant equivalent generator impedance with constant voltage or
current.

10.10.6. Negative Feedback with a Cathode Follower
Valve.#2 A valve with its load resistance placed between the
cathode and H.T. negative is a special case of negative feedback for
which the feedback factor « is 1. By analysis of the circuit in
Fig. 10.24 we have

Ek ‘uEﬂka
E, =E, — E
Therefore E, = 1%7‘
a
o
1 +”E,,Z,‘7
1 +M

The output voltage E;, is therefore less than the input, and the
valve equivalent slope resistance is reduced to a very small value

by the factor %—‘u and, if > 1, it equals ——‘ This type of negative

feedback generator has two important advantages low equivalent
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generator internal resistance and low grid input admittance. The
first means that it is particularly useful when constant output voltage
is required across a variable load impedance. This property makes
it a very satisfactory driver stage preceding Class B or Class AB

——————— O H. T+

O H.T-
Fi1a. 10.24.—The Cathode Follower Circuit.

positive-drive output valves, the variable input impedance due to
grid current causing practically no harmonic distortion of the output
voltage. The valve may also be used as a D.c. voltage stabilizer ;
the ».c. voltage being taken between cathode and H.T. negative.
Positive voltage between the grid and H.T. negative determines the
D.c. output voltage, which is given by
Epe = Eb+Ec()

where E, = positive voltage applied to the grid

— B, = grid bias voltage required to cut off anode current for

the given H.T. supply voltage.

Variations of the m.T. supply voltage are reduced by ﬁ—t at the

cathode circuit. Good regulation is also obtained by reason of low
generator internal resistance.

Low grid input admittance is of greatest value for radio frequency
operation, and at ultra high frequencies this property has the effect
of improving signal-to-noise ratio. Low input admittance is realized
because the voltage between grid and cathode is so very much less
than the input voltage; this necessarily implies a comparatively
small current flowing in the interelectrode grid-cathode capacitance.
Formul® for the parallel resistance and capacitance of the input
admittance components are developed in Section 2.8.3, Part L.
Thus, from expression 2.21a, the equivalent parallel resistance is

R = &Gk _I"gm)2 + (ng +Bk)2
’ U B,(GyB, — guBy)
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and, from expression 2.21b, the equivalent parallel capacitance is
C, = CplGi(Gy+9,) + By (B, +By)]
(Gk +gm)2+(-Bk +ng)2

= wC’gk

where B,

C,, = grid-cathode interelectrode capacitance
7, = mutual conductance of the valwve
and G, and B; = conductance and susceptance of the cathode load
admittance.

At audio frequencies By, is often zero and B, can be neglected in

the numerator, so that
Rg -~ (Glc +gm)2
GyB,?

which is very large because B, is small, and

e Im — _ /‘Rk

Og - ng(l Gk +gm> B ng(l Ra+:uRk>.
Generally G, is much less than g,, so that C, approaches zero, i.e.,
the effective input capacitance is much reduced. It is clear, there-
fore, that grid input admittance will be low. The result of the
cathode load resistance is actually a reversed Miller effect, the
interelectrode capacitance being multiplied by 1 minus the approxi-
mate amplification of the stage. The negative sign is to be expected
since a voltage across the cathode load resistance is 180° out-of-
phase with a voltage across the same resistance placed in the anode
circuit.

10.10.7. Balanced Feedback.!? The chief disadvantage of
negative feedback is that it reduces the overall amplification of any
amplifier to which it is applied, and for the same output requires
a larger input signal. This can be overcome if a combination of
equal positive and negative feedback is employed, and this system
is known as balanced feedback. It includes most of the advantages
of negative feedback, viz., reduced interference voltages and dis-
tortion, and improved frequency response, without reducing the
overall amplification (if the positive feedback is made equal to the
negative).

Two controlling voltages are required ; the negative feedback
voltage is obtained from the output of the amplifier in the usual
manner, but the positive feedback voltage is obtained either directly
from the input voltage source or from the anode circuit of the first
valve in the amplifier to which negative feedback is being applied.
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The positive feedback voltage cannot be obtained from the amplifier
output otherwise the negative feedback reduction of interference
and distortion is cancelled as well as the input signal reduction.

The principle of balanced feedback is best shown by the following
analysis.

Let E, = fundamental output voltage with feedback
D(E;) = distortion output voltage with feedback
E,; = undesired interference output voltage with feedback
o = negative feedback factor
B = positive feedback factor
o = overall amplification without feedback
E, = fundamental input voltage
D, = distortion coefficient without feedback
E, = undesired interference voltage without feedback.

The total input voltage to the amplifier is
E1+/3E1 - Oﬁ[Eof‘f"Df(Eof) +EWJ

. Ey+DAE)+E,; = u[E(1+B) — a(Boy+Dy(Eo)+E,)]+E,
+D, (,UE (1+8) — ;u“EOf)

_#(14B) | DuluBr(148) — pa(By)]
14px 1+ pea

B
+

% . . .. 10.60.
1+pue

If ue = B, i.e., the negative feedback voltage is equal to the positive

Ey+D(E)+E,; = pli,+ 1J(mz)+1+1;m'

The function of balanced feedback is seen to be that only dis-
tortion and interference voltages are fed back in the negative
direction, the negative fundamental voltage being cancelled by the
positive fundamental voltage. If an attempt were made to derive
the positive fundamental voltage from the output it would be
necessary to filter the distortion and interference voltages before
application to the input circuit. Such a method would not be
possible except for a single frequency input or a very narrow band
of frequencies.

With balanced feedback the frequency response can be made
independent of the amplifier response and dependent only on that
of the input voltage source. Suppose the amplification of the
amplifier is represented by ué(f) where ¢(f) indicates a function of
frequency, and the positive feedback factor is f¢'(f), where ¢'(f) is

B*
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the frequency function for the input source. If the negative feed-
back circuit is independent of frequency,

Boy _ pd(f)1+B4(F)
E: i e e . . 10.61
if pe.$(f)> 1, f#(H)> 1 and ux = .
E"’ = ud'(f)
i.e., is dependent only on the frequency characteristic of the input

voltage.

A possible circuit for obtaining balanced feedback is shown in
Fig. 10.25. Positive voltage feedback is obtained via the resistances
R, and R, from the anode of V, to the grid of V,. C, acts as a
coupling capacitance and has a high value. Negative voltage

—OH.T+

Amplifier | 3
2L

Fia. 10.25.—A Circuit for Obtaining Balanced Feedback.

feedback is obtained by connecting the cathode of ¥V, to earth
through R,, which forms with B; a potential divider for the output
voltage.

10.10.8. Instability in Feedback Amplifiers. From Sec-
tion 9.3 we see that the gain of an amplifier over a frequency range

must normally be represented by a complex number l’i’" , so that

Ttz )of this, the feedback

voltage phase relationship cannot be maintained at 180° to the
input voltage for all frequencies. If it should happen at any
frequency that the feedback phase-shift has been moved through
360°, positive feedback and, if ux > 1, oscillation result, for expres-
sion 10.49 becomes

unless the feedback factor is a conjugate (
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Let us examine the case of a RC coupled amplifier with a

/]
1+gz
the maximum possible phase shift through the amplifier is 4-90°.
Such a stage cannot be unstable with negative feedback because
the feedback voltage vector must lie between 90° and 270° with
respect to the input voltage. A two-stage RC coupled amplifier
gives an overall amplification of

= #-1 R

1+j2, 1+jz,
The alternative negative sign is not included because it leads to
the same conclusion as the positive.

— Urlhe

1 —ax, +j(x1+xz)'
Owing to the term — z,x,, the feedback voltage vector associated
with y, can be rotated beyond 270°, and tends, as z, and x, increase,
to approach the in-phase position with the input voltage. It does
not reach the 360° position until x, = x, = © when y, is zero.
Thus a two-stage RC amplifier with resistive feedback is theo-
retically stable. In practice phase changes in decoupling and
feedback circuits occur, and oscillation is possible.

The gain for a three-stage amplifier is

— Hafhalls
(1 +ga1) (1 +g23) (1 +jis)
— Hafbelis

1 — (2.2, + 2,3 4 2:%5) +j(X, + 2o +-25 — x1xzxa).

The imaginary term disappears when
1+ -+ = T17:%s

and oscillation then occurs if
X125+ Ty + Loy > 1.

By suitable proportioning of the stages, such as making z, =z,
and z, as different as possible from z, and 2,, the limiting feedback
factor may be raised.

In transformer-coupled amplifiers leakage inductance and stray
secondary capacitance produce resonance at some high frequency,
and above this resonance the output voltage phase shift exceeds
270°. A single stage transformer coupling with resistive feedback
is stable because the phase shift only reaches 360° when the
amplification is too small to produce oscillation. Two stages of

resistive feedback circuit. A single stage gives a gain and

oy

My
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transformer coupling, or one stage of RC and one stage of trans-
former coupling can, however, produce instability.

In a broadcast receiver we are mostly concerned only with one
stage of amplification before the output stage, and the transformer
of the latter is sufficiently damped by the load to reduce the phase-
shift and amplification due to leakage inductance and stray capaci-
tance resonance. If an intervalve transformer is used before the
outpput stage, the tendency to instability may be checked by damping
the secondary by a resistance. As the frequency of instability is
often outside the pass range of the amplifier, self-oscillation can
be prevented by inserting, in the amplifier or feedback circuit,
a filter sharply attenuating undesired frequencies with little attenua-
tion or phase shift in the desired frequency range.

10.10.9. The Application of Negative Feedback to the
Output Stage. There is usually little advantage in applying
negative feedback to a triode output stage, since a comparatively
large input signal is needed without feedback and the slope resistance
of the valve is in any case low. Furthermore, with feedback the
increased input for a given power output tends to increase distortion
in the preceding stage. The performance of a tetrode output stage
can, however, be improved by voltage negative feedback, because
distortion and generator impedance are reduced while still retaining
the tetrode features of high efficiency and power output. Its power
sensitivity is reduced, but since this is usually initially high, the
extra input signal can often be obtained with little increase in dis-
tortion from the previous stage. Current feedback is practically
never used in an output stage as it increases generator impedance
and exaggerates loudspeaker resonances. Two methods of applying
voltage feedback are shown in Figs. 10.26a and 10.26b. The first
uses feedback into the grid circuit from the anode, the feedback

2
R, +Ry
drive output stage taking grid current because of the resistance R,.
The capacitance C,, which serves to isolate the ».c. anode voltage,
may also be employed to reduce feedback at low frequencies, thus
partially compensating for loss of low-frequency output due to the
falling reactance of the output transformer primary. The earth
capacitance of the input transformer secondary is in parallel with
R,, so that feedback at high frequencies is decreased. The feedback
circuit cannot be connected directly to the grid of the output valve
because coupling between anode and grid reduces its grid input
resistance (Section 2.8.2, Part 1), and so tends to increase distortion

ratio being This method may not be used in a positive-
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in the preceding amplifier stage (Section 9.3.3). Fig. 10.26a cannot
be used when the stage before the output valve has RC coupling
because the grid leak from the grid to the junction of R, and R,

—OH.T+

e

OH.T~

F1a. 10.26a.—Voltage Negative Feedback from the Output Transformer Primary
to the Grid Circuit.

forms a potential divider, with the load and slope resistance of the
previous valve, which reduces the proportion of feedback voltage
across R, effectively applied to the output valve grid.

The second circuit feeds back from the output transformer
secondary to the cathode, and this helps to compensate for output

e
)

Fie. 10.26b.—Voltage Negative Feedback from the Output Transformer Secondary
to the Cathode Circuit.

transformer harmonic distortion and the loss of low- and high-
frequency response due to primary and leakage inductance. The
resistance R, produces some degree of undesired current feed-
back because it is included in the cathode circuit ; this and the
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secondary load impedance limit the maximum value of voltage
feedback and make the circuit more satisfactory for feedback applied

over two stages.
The circuit of Fig. 10.26a is suitable for application to a push-pull

stage, but each half of the push-pull input transformer must have
its own feedback circuit ; the transformer must therefore have two

separate secondary windings.

~—OH. T+
R g
e
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F1e. 10.27.—The Construction of Voltage Negative Feedback Curves for a
Tetrode Valve.

Dotted Curves: Equivalent Negative Feedback Characteristics.

The performance of a tetrode ouftput valve having voltage
negative feedback may be examined by constructing special feedback
curves on the I K, characteristics. The circuit diagram for these
curves is shown in Fig. 10.27, and in this same figure the feedback
curves, shown dotted, are superimposed on the I %, curves. The

method of calculating the feedback curves from the I, E, curves is

as follows. Suppose the total anode voltage is 200 and the feedback
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ratio « is 209, ; the voltage (E,) across R, is 4-40. Now

R1+R )
the actual bias voltage () applied between the grid and cathode
is the sum of the grid to feedback point voltage (Z,) and the feed-
back voltage (E,),

ie., E,=E, + E;,=E, + «E, . . . 10.62a
where « = feedback ratio.
If E, = — 40, E, = — 40440 = 0 volts.

Hence point A4 the intersection of the I E, curve for £, =0
with E, = 200 must give a point on the input feedback curve
correspondmg to B, = — 40. When E, = 190 volts, B, = 438
and if B, = — 40, E, = — 2; thus point B, the intersection of
E, == 190 and the I aEa curve for E, = — 2, must be another point
on the feedback curve for ¥, = — 40. Points ¢, D and E for
E; = {36, +34 and 32 respectively are found by a similar
process, which can be extended to produce feedback curves for
other values of F, as shown in the figure. For a different feedback
ratio another set of curves must be constructed.

To illustrate the use of these curves we will assume that the
optimum load (it is unaltered by feedback) is 5,000 ohms, the
H.T. voltage = 200 volts, and normal operating bias is — 4 volts.
The load line is FKQ. The feedback curve passing through K is
E, = — 44, and this is the datum curve. Maximum input voltage
is determined by the peak input signal which just takes the load
line excursion to F, the intersection of the load line and E, = 0.
The input voltage line through F is B, = — 9 so that the peak input
voltage required is 44 — 9 = 35 volts.

It is important to note that the datum and boundary condi-
tions (points K and F) are fixed by the I E, curves and not by
the feedback curves. Power output and distortion may be cal-
culated from the intersection of the load line with the appropriate
input voltage lines, and, if the procedure set out in Section 10.4 is
followed, the current intercepts must be measured for B, = — 9;
— 26-5(— 44-}-35 x 0-5), —44, —61-5 and — 79 volts. The feed-
back curves make quite clear that distortion and equivalent genera-
tor impedance are considerably reduced. The generator impedance
is decreased from an average of about 40,000 ohms to 700 ohms by
this degree of feedback.

In designing an output stage for optimum performance, the
highest feedback ratio is required, and the limit is set by the
maximum output possible with low distortion from the previous
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stage. If, for example, this must not exceed 20 volts peak, we can
calculate the maximum permissible feedback ratio by using the
modified form of expression 10.62a.

AE, = AE, — AE, . . . 10.62b.

The negative sign before the change of feedback voltage, 4E;, is
necessary because feedback is negative and opposes the change of
input voltage, 4E,. Now AE; = «AE,, so that AE, = AE, — «E,
and
AE, — AE,
AE,
Assuming the output valve to be operating for maximum power,
the maximum change of anode voltage is
AE, == 150 volts (the horizontal distance between K and F)
AE, = 20.
From inspection of Fig. 10.27,

10.63.

oL =

AE, = 4 volts.
Therefore o = 20—4
150
16
= — — 10-669/..
= 155 = 10-66%

Curves may be constructed for this value of « as set out above
and the performance of the output stage estimated.

10.10.10. Two-Stage Feedback Circuits.?*3¢ The applica-
tion of negative feedback to a two-stage amplifier confers two
advantages : (1) it raises the value of y, in expression 10.49, so
that for a fixed feedback ratio the output voltage approaches more

closely to % and overall frequency response is controlled to a large

extent by the feedback circuit ; (2) it reduces distortion and com-
pensates for frequency response deficiencies in the stage preceding
the output, and (3) it requires less feedback voltage than a single
stage so that this voltage may be derived from the secondary of
the output transformer.

In a two-stage amplifier it is only possible to indicate the general
lines of a design since the particular form of feedback circuit has
to be suited to amplifier and load characteristic. A representative
circuit 3 is shown in Fig. 10.28. The chief points to note are that
R, and R, are sufficiently large to prevent serious loss of power
and that R, is small enough to cause negligible current feedback
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in the first valve. The inductance L, is placed in parallel with
R, to reduce feedback at low frequencies (less than 100 c¢.p.s.), and
compensate for the limited size of loudspeaker baffle, but sufficient
feedback is allowed to reduce to some extent the resonance usually
found between 50 and 100 c.p.s. Owing to the rise in speech-coil
impedance as the frequency increases, it is advantageous to try to

o H.T.+
L
) ) B
O oY B
Input I i3
° N r r QH.I"

Fie. 10.28.—Negative Feedback in a Two-stage Amplifier.

maintain constant output current, and this is achieved by adjusting

L.R, and R, to satisfy expression 10.55 which requires « to be —

Zy
As an example, let us assume that the first valve has u = 30 and
. . R
R, = 10,000 ohms with a total anode load resistance (FoR,) of
R,+R,

50,000 ohms ; the second valve is a tetrode of ¢,, = 10 mA /volt
and an optimum output load resistance of 5,000 ohms, the speech-coil
impedance is 5-5 ohms, and feedback reduces the overall amplification
to 1 of its initial value.
Amplification of the first stage neglecting current feedback in R,
_uR/ 30 x 50,000
"~ R,+R/ 60,000

= 25.

. . 1
Amplification of the second stage = ¢, B, = 10%) X 5,000 = 50.

Step-down ratio of output transformer

_ Js,oooi 30.
55
Overall voltage amplification to the secondary of the output
transformer

25 X 50

30
1 1

14-po =5

= 41-6.
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4 1
Theref =4 = = g8 104
erefore L o and o Uo 416 10-4

Assuming that L, has not much effect at the medium frequencies,

= 9-6%,.

.Ra _ 1
R.R, 104
R 1+v3
"R 1E,
. R\R, .
A suitable value for is 200 ohms, for the loss of power
R, 4R,
is then negligible, and
R, = 200 _ 21-3 ohms
27T gg T AT onme

Examining the effect of R, in the cathode circuit of the first valve,
we find that the voltage amplification of the first valve is

o R 30 X 50,000
Amplification — o = :
mplification B, +R,(1+p)+R, 10,0004660-50,000
30 X 5
—_— e = 24'7
6-066 ’

which shows that current feedback due to R, can be neglected.

The inductance of L, must depend on the low-frequency compensa-

tion required and a probable value is that making the reactance at

100 c.p.s. equal to R, i.e.,

_21-3 x 1,000
® 628 x 100

The values of L,, R, and R, depend on the speech coil and
should be adjusted to give an impedance at high frequencies pro-
portional to the speech-coil impedance.

A similar circuit may be adopted with a push-pull stage. The
feedback voltage must not be taken from either half primary of
the output transformer, but from the secondary or a suitable third
winding. The voltage across each half primary of the output
transformer contains some of the distortion components produced
by the valve, which are not cancelled because of the leakage induct-
ance and resistance of the windings. These components do, how-
ever, cancel each other when the voltage is taken across the total
primary and are therefore not present in the secondary. If these
distortion components are fed back they tend to increase the overall
distortion, and one advantage of feedback is lost.

If the first stage is transformer-coupled, a resistance may be
required across the secondary to damp the resonance due to leakage
inductance and stray capacitance, and to prevent excessive phase

= 33-9 mH.
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shifts, which might lead to positive feedback and self-oscillation at
some high frequency outside the normal audio frequency range.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
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CHAPTER 11

POWER SUPPLIES

11.1. Introduction. The power supply circuits for the a.c.,
the A.c./p.c., the transportable (car) and the battery receiver have
some common features, but also certain important differences.
The power supply for the a.c. receiver consists of a mains trans-
former for the required heater and H.T. voltages, a rectifier and
a smoothing filter for attenuating the rectified ripple voltage. In
the A.0./D.C. receiver the maing transformer is omitted and the valve
heaters are series-connected. The car receiver often uses the car
battery for heater and m.r. supply, a vibrator (very occasionally
a motor generator) acting as the converter for the H.T. supply.
The battery receiver normally has an accumulator for L.T. and a dry
battery for m.T. supply. The latter raises few problems ; adequate
decoupling is essential in each stage of the receiver, to prevent
feedback coupling as the internal resistance of the battery rises
during life. Only supply circuits for the first three types of receivers
are reviewed in this chapter.

11.2. A.C. Receiver Power Supply.

11.2.1. Introduction. A typical power supply circuit for an
A.C. receiver is shown in Fig. 11.1. To suppress R.F. interference
entering the receiver via the mains supply leads, an electrostatic

m-——o HT+

Flectrostatic -4:_—

é Hea';er Supply
o H.7 ~
Screen

Fre. 11.1.—A Typical a.c. Receiver Power Supply Circuit.

screen is inserted between the primary and secondaries of the mains
transformer, and two capacitances, C, and C; (about 0-001 uF)

may be included from each mains lead to earth. The heater winding
133
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may have a centre-tapped earth connection, but it is more common
to earth one side of the winding. With indirectly-heated valves,
hum and noise pick-up from the heaters can be almost entirely
eliminated by connecting some point on the winding to earth.
Directly-heated valves (normally only the output valves) must,
however, be earthed at the centre tap in order to obtain electrostatic
hum balance. An LC filter follows the reservoir capacitance C,,
and the full-wave rectifier. The filter choke has an air gap to
prevent saturation of the iron core by the rectified current, and to
maintain a high inductance value to the ripple voltage. The loud-
speaker field coil is often employed as the filter choke. A small coil
wound over the field winding is inserted in series with the speech coil
to neutralize the effect on the latter of the A.c. ripple field.
11.2.2. The Mains Transformer.'* The equivalent circuit
for a mains transformer, having two secondary windings, shown in
Fig. 11.2, gives a good indication of the features contributing to
the production of a satisfactory component. The secondary winding
resistances R, and R, and the load resistances R, and R, are
transferred to the primary side by dividing by the square of the
ratios, », and n,, of the zsecondary to primary turns. The primary
winding resistance and inductance are R, and L, respectively, and
the leakage inductance is L,(1 — %?) (Section 9.4), where & is the

Ry s 22

Fia. 11.2.—The Equivalent Circuit of a Mains Transformer.

coupling coefficient between primary and secondary. The leakage
inductance is, in this case, considered to be the same for both
secondary windings ; the error involved in this assumption is not
very large. R;, represents the hysteresis and eddy current loss in
the iron core. The efficiency is governed by E,, R, B, E;, and
k, and decrease of the first three and increase of the last two lead
to a higher efficiency. For good regulation, low values of E,,
R, and R,,, and a high value of k are essential ; R,, has little effect.

There are two alternatives for the winding positions; primary
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and secondaries may be wound on top of each other, or they may
be placed in separate sections side by side. In the first position
the primary is usually nearest the centre limb of the core, and
between it and the secondaries is the electrostatic screen, an open-
circuited turn of copper foil or thin sheet. The H.T. and rectifier
windings occupy the first two secondary positions respectively, and
the 1.T. heater winding is located in the outside position. For the
second arrangement the primary winding is usually divided into
two sections, each section being placed at the ends of the winding
space. This reduces the leakage field (increases k) between the
primary and secondaries, which are separate windings placed between
the half primaries. Adequate insulation must be provided between
the layers. Joints in the wire should have no projections and
should occur at the centre of the layer, because electrical stress
between layers is least at this position. Electrical stress is increased
at projections, and insulation breakdown at joints due to mechanical
puncture or corona effects may occur. Sharp corners to winding
bobbins are avoided since electrical and mechanical (heating and
cooling) stresses are greatest at these points. The ingress of moisture
is prevented, preferably by sealing the windings (by pitch compound
impregnation).

The design of a mains transformer is best illustrated by an
example. Suppose a transformer fulfilling the following require-
ments is to be designed :

Primary . . . 230-volt 50-c.p.s. mains supply.
Secondaries . . H.T. 300-0-300 volts 120 mA for full wave
rectification, i.e., there is no .. polarizing
current. The D.c. output for the above
A.c. output would be about 280 volts,
90 mA. (See Section 11.2.5 for the method
of calculating it.)
L.T. 6:3 volts 2 amps.
L.T. 6:3 volts 6 amps.

The fundamental equation for the induced voltage in any coil
placed in a sinusoidal A.0. magnetic field is
E = 444 Of X 1078 X N r.a.s. volts. 111
where & = peak value of the flux of the magnetic field.
= peak flux density (B) x area (4) of a cross-section
through which the field is threading.
f = frequency in c.p.s.
N = number of turns in the coil.
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Rearranging 11.1.

N 108
Turns per volt T = 144 BAf . . 112

where E has its r.M.S. value.

For Stalloy stampings a suitable value of B is 10,000 lines per
square centimetre (64,500 lines per square inch) and taking 4 as
1-5 sq. ins.

turns per volt = 4-65.
This permits the total primary turns to be calculated, but for
estimating the secondary turns allowance must be made for the
voltage drop in the primary and secondary winding resistance ;
i.e., the turns per volt for the secondary windings must be increased.

4}/ .
Magnetic Path Length 9" P %y dia. Bolt Holes

Primary

/. Copper Flectro-
static Screen

H.T. Secondary

L.7. Secondary 1
| L. Secondary 2

Insulation
"o TTCoil Window 1'x2%"

Fra. 11.3a.—A Section through a Typical Mains Transformer.

If we assume a power efficiency on full load of 859%,, the voltage
efficiency is approximately the square root of this, viz., 929%,. For
convenience the secondary turns per volt in subsequent calcula-
tions are taken as 5; this corresponds to a voltage efficiency of
92-5%,.

The arrangement of the windings is shown in Fig. 11.3a, the
primary winding being divided into two sections to reduce leakage
inductance. The total number of turns for each winding and the
number of sections are listed below.

Winding. Total Turns. Number of Sections.
Primary . . . . . . 1,070 2
H.T. Secondary . . . . . 3,000 2
L.T. Secondary 1 . . . . 31-5 1
L.T. Secondary 2 . . . . 31-5 1
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Total output power from the transformer = 300 x 0-1246-3 x 8

= 86-4 watts.
Total input power for 85%, efficiency = 101-6 watts.
. 101-6
Primary current = 530"~ 0-442 amps.

Taking the permissible current density in all windings as 1,200 amps.
per square inch, the required wire diameter can be calculated. The
most suitable gauge of wire is then selected from Table 11.1 below,
and the area taken by each winding estimated on the basis of double
silk covering insulation for the primary and H.T. secondary, and
enamel for the L.T. secondaries. The turns per square inch listed
below 2 are calculated on the assumption that wires in consecutive
layers are wound immediately above each other and not in the
grooves between the wires of the layer below.

Tasre 11.1
Wire Resistance. Turns per Square Inch.
S8.W.G. | Diameter | Ohms per Enamel.
(inches). | 1,000 yards. SCC. DCC. ssc. DSC.

10 0-128 1-8657 54-1 49-6 58-3 57 —_
12 0-104 2-8626 79-7 71-8 87-3 85 —
14 0-08 4-776 129 113 145 140 145
16 0-064 7-463 198 173 223 213 226
18 0-048 13-267 343 297 400 377 400
20 0-036 23-59 567 472 692 641 692
22 0-028 38-99 865 692 1,110 1,010 1,110
24 0-022 63-16 1,280 977 1,770 1,600 1,770
26 0-018 94-35 1,740 1,280 2,560 2,270 2,560
28 0-0148 139-55 2,310 1,630 3,650 3,160 3,760
30 0-0124 1988 2,950 1,990 5,180 4,500 5,370
32 0-0108 262-1 4,010 2,550 6,610 5,650 6,890
34 0-0092 361-2 4,960 3,020 8,730 7,310 9,610
36 0-0076 529-2 7,430 4,110 | 12,100 | 10,300 | 13,500
38 0-006 849-1 10,000 5,100 | 17,800 | 14,700 | 20,400
40 0-0048 | 1,326-7 12,900 6,100 | 25,200 | 20,100 | 32,500

SCC = Single Cotton Covered. SSC = Single Silk Covered.

The details of each winding are therefore as follows :

Required Wire Suitable Winding Area
Diameter (ins,) S.W.G. (8q. ins.).
Winding. I = 1,200 Amps. per sq. in.
Primary . . 0-02165 24 0-669
H.T. Secondary . 0-00797 34 0-41
L.T. Secondary 1 . 0-0460 18 0-0788
L.T. Secondary 2 . 0-0797 14 0-217

Total = 1.3748
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Note that the average current from each half-secondary is only
60 mA because it delivers 120 mA each half-cycle. The wire
diameter is therefore calculated as for 60 mA.

The next step is to decide on the stamping for the core. The
cross-section of the central limb must be 1-5 sq. ins. in order to
satisfy expression 11.2, and a suitable width for the limb is 1 in.
The area of the winding window must be able to accommodate the
coils (1:3748 sq. ins.) and the insulation between them. Let us try
Stalloy No. 32A, the dimensions of which are given in Fig. 11.3e,
and assume that the insulation between the windings themselves,
and the windings and core is 0-075 ins. thick, and that the insulation
from the primary to electrostatic screen is 0-05 ins. The available
winding area dimensions are

Effective width = total width — insulation

=1— (2 x 0:075) = 0-85 ins.

Effective height = total height — (interwinding insulation
+winding to screen insulation
+electrostatic screens)

=225 — (56 X 0:07542 x 0-14+2 x 0-01)
= 1-655 ins.
Therefore total winding area = 1-408 sq. ins.

There is a reasonable factor of safety upon that actually required,
1-3748 sq. ins.
The iron loss, copper loss and efficiency must now be checked.

(1) Iron Losses.
Area of face of stamping = total area — winding window area
— area for % in. diameter bolts.

5\2
=4 X 3256 — 226 X 2 —n(—-)

32
= 8-4236 sq. ins.
Thickness of iron core = 1-5 ins.
Total volume of iron = 8:4236 x 1:5 = 12-63 cu. ins.
Weight of iron (density 0-28 lbs. per cubic inch)
= 12:63 X 0-28 = 3-54 1bs.
Loss in standard Stalloy at B= 10,000 lines per square centimetre
= 0-65 watts per Ib.
Therefore loss in iron core = 2-3 watts.
Allowing 109, insulation between stampings, the total thickness
of core = 1-65 ins.
Number of laminations 0-014 in. thick = 118.



11.2.2] POWER SUPPLIES 139

(2) Winding Copper Loss.

From Figs. 11.3a and 11.3b, the mean length of a winding turn
is 9-3 ins. The total length of each winding, its resistance (obtained
from Table 11.1) and power loss are tabulated below.

Coil
____*__EI 7:65"
3-65°
e -3
l J Core
< 3" N
Fia. 11.835.—A Plan View of the Mains Transformer of Fig. 11.3a.
Winding. Total Turns. Yards. Ohms. Current. Power Loss.
Primary . L070 276-5 177 0-442 3-42
H,T. Secondary . 3,000 775 280 0-06 1-01
L.T. Secondary 1 . 315 8-14 0-1079 2 0-432
L.T. Secondary 2 . 31-5 8-14 0-0389 6 1-40
Total loss (iron-+copper) = 6-262-+2-3 = 8-562 watts.
86-4

Efficiency = 94968 = 919,.

This is slightly higher than the value assumed initially, but there
is some increase in primary loss due to magnetizing current, which
has not been considered in the above.

(3) No-load and Full-load Operating Conditions.

The no-load current of the transformer is determined mainly
by the primary inductance, the formula for which is given in
expression 11.195, Section 11.2.9.

L = 1255 Aun2V10~8
where n = turns per centimetre of the magnetic path in the core.
Ap == incremental A.c. permeability.
V = volume of iron core in cubic centimetres.
From Fig. 10.20, Au is 2,400 at B = 10,000 lines per square centi-
metre, Hp o =0, but let us assume Ay is 2,000. The primary
induectance is therefore
L — 1-255 x 2,000 x 2-54 x (1,070)2 x 12-63
» 92 x 108 '
The factor 2-54 is included to convert turns per inch of magnetic




140 RADIO RECEIVER DESIGN [cHAPTER 11

path and volume in cubic inches to turns per centimetre and cubic
centimetres. The length of the magnetic path is 9 ins. (See
Fig. 11.3a.)

Therefore L, = 11-38 H
X, = 2afL, = 3,570 Q.
The primary winding resistance has practically no effect on the
no-load current which is

230

I, = 220 _ 64. _

° = 3570 64-4 mA
By assuming a leakage inductance of 0-5%, of L, (a probable
value), we can estimate the no-load and full-load voltages at the
secondary terminals. On no load the primary winding resistance
has practically no effect, so that all no-load secondary voltages are

0-5%, lower than the values given from the turns ratio.
230 x 1,500 x 0-995

H.T. half secondary open-circuit voltage = 1070 =320

L.T. secondary (1) and (2) open-circuit voltage
230 x31-5x0-995
- 1,070
To determine the full-load voltages it is necessary to estimate the
secondary load resistances referred to the primary side. Thus, for
the mH.T. secondary, the total load resistance (including the winding
resistance) for each half secondary is

=6-72.

[140 (winding) + 5. Oﬁ(load)] = 5,140 ohms,

and the load resistance for both half secondaries referred to the
1,070\ 2 . .
W) = 1,310 ohms. Similarly,

the primary load resistances due to 1.T. secondaries 1 and 2 are 3,770,

2
[(O 1079-{—6 3)<M) :I and 1,260 ohms. The total resistance

primary side becomes 2,570 X <

31-5
load across the points 4B in Fig. 11.2 is the resultant of 1,310,
3,770 and 1,260 in parallel, i.e., 549 ohms.
The equivalent impedance across the points 4B, including the

reactance of L k2, (j 3,552 ohms) is
. 549 X (3,552)2 3,552 x (549)%
R =

45X a8 = Gpaav (3 552y T (5a0ye 1 (3 552)

= 537§ 83.
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The induced voltage in the transformer primary, i.e., the voltage
across AB

—E J (B 48)*+(X45)°
(Bap+B.)*+H(X ptol,(l1 — k%))?
_ 230J (537)2+(83)2
(554-5)2+4(100-85)2
= 222 volts.
The voltage across each pair of secondary terminals is
Ny B
4B N, Ry +Ry,
where N, and N, are the secondary and primary turns, E; and
Ry, are the load and winding resistances of the secondary.

1,500 5,000
H.T. half secondary voltage = 222 —— 1.070 5,140 = 302 volts.
31:5 315
L.T. secondary 1 voltage = 222 ——~ 1,070 3-2570 — 6-3 volts.
31-5 1-06
L.T. secondary 2 voltage = 222 ——~ 1,070 1089 — 6-3 volts.

1t is interesting to note the effect of an increase in leakage inductance
to 1% of L, ; E 45 becomes 220 volts and the secondary voltages
are reduced to 299 and 6-25 respectively. The need for keeping
leakage inductance to the lowest possible value cannot be
overstressed.

(4) Transformer Temperature Rise on Full-load.

For an air-cooled transformer an approximate value for the
area required to dissipate 1 watt for a temperature rise of 1° C. in
the iron is 30 sq. ins. and for the coils is 50 sq. ins.

The cooling area for the iron includes the top, sides, front and
back faces, except that just underneath the coil, but does not
include the bottom or central limb. The effective iron thickness
of the core is 1-5 ins. Hence, from Figs. 11.3a and 11.3b.

Total cooling area = (4 X 1-5)4(3-25 x 1-5)24(4 X 0-5)2

+(2:756 x 0-5)4 = 25-25 s8q. ins.

Watts lost in the iron core = 2:3

30 x 2-3

. . _ 30 X238 _ 400
Temperature rise of iron core = 3595 2-73° C.

The cooling area for the coil includes all the area outside the iron
core but excludes that at the bottom of the transformer.
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Cooling area of coil = (3 x 1)24-(2:25 x 1)4+(3 X 2:25)2
= 29-5 sq. ins.
Watts lost in the coil = 6-262

Temperature rise of coil = % X 6-262 = 10-6° C.

In actual practice some heat is transferred from the coil to the
core so that the average temperature of the coil is likely to be
slightly lower than that given, and that of the core slightly higher.
The calculated temperature rises are, however, well within the
permissible values.

In the above example we have assumed that there is no polarizing
p.c. field since a full-wave rectifier is being used. If half-wave
rectification is employed, there is a D.c. polarizing field in the core
due to the rectified current flowing in the secondary winding. The
chief effect of the ».c. polarizing field is to reduce the primary
inductance, thereby increasing the magnetizing current and reducing
efficiency. An air gap is desirable, and the design principles involved
are as set out in Section 11.2.9, but modified by the fact that the
A.c. flux density is large and in most cases greater than the p.c.
polarizing flux density.

11.2.3. The H.T. Rectifier. There are four important types
of rectifier circuits, the full-wave, half-wave, bridge and voltage-
doubler. Examples of the last three are given in Figs. 11.4a, 11.4b
and 11.4¢c. The full-wave rectifier, illustrated in Fig. 11.1, is the
most common type of receiver rectifier, and among its outstanding
features are cancellation of the fundamental mains frequency com-

A.C.Mains
Supply

Fig. 11.4a.—A Half-wave Rectifier.

B0 00 \——oH.7+

2 c

-0 H.T-

ponent in the rectified output, and cancellation of the p.c. current
components through the mains transformer. This allows a smaller
transformer core to be used and better voltage regulation to be
obtained. On the other hand, a centre-tapped secondary winding
is required, having a total a.c. peak voltage of approximately twice
the D.c. output voltage. The half-wave rectifier has the merit of
simplicity, reduced rectifier cost and only one secondary winding.
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The secondary is half that of the full-wave rectifier secondary for
the same D.c. output voltage. The p.c. output current is, however,
only half that of the full-wave rectifier with similar secondary
windings, and voltage regulation is worse. The simplified analysis
of Section 11.2.5 shows that there should be little difference 2
between the R.M.S. to D.C. current ratios, but in practice it is generally
found to be about 1-6 compared with 1-35 for full-wave operation.
This, combined with the p.c. polarizing current in the secondary
winding, tends to reduced transformer efficiency, whilst hum level
of the p.0. output voltage is increased by the presence of a large
mains fundamental frequency voltage component. The half-wave
rectifier is most suitable for providing a high-voltage low-current
D.c. output, such as that required for cathode-ray tube power
supply circuits, but it is also used for A.c./p.c. operated receivers,
which have no transformer connection to the mains supply.

ACMains
Supply

Valves are practically never used in the bridge rectifier since
four independent valve structures would be required, but the circuit
is quite often employed with metal rectifiers. The bridge circuit,
shown in Fig. 11.4b, is equivalent to a full-wave rectifier, but requires
only a single secondary winding of half the A.c. voltage for the same
D.c. output voltage as the full-wave circuit. The principle of
operation is as follows. During the half-cycle when 4 is positive
with respect to B, valves V, and V, are conducting, the current
passing from the cathode of V,, through the reservoir capacitor C,,
to the anode of ¥, and thence to B. For the opposite half wave,
B is positive with respect to 4, and valves ¥V, and V; are conducting
(V, and V, are inoperative), the current passing through C, in the
same direction as when V, and V, conduct. Voltage regulation is
practically the same as for the full-wave rectifier.

The voltage doubler rectifier of Fig. 11.4c requires two separate
half-wave rectifiers, each charges its own reservoir capacitor (C, is
that for V,) on alternate half-cycles. The two reservoir capacitors,
C, and C,, are connected in series to give a D.0. output voltage of

OH. T+

o H.T-

F1ae. 11.4b.—A Bridge Rectifier.
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approximately twice the secondary peak a.c. voltage. D.c. voltage
regulation is usually not so good as that of the half-wave rectifier.

—BEIH o H.T+

~

=N

Jvfamz/

Supp

I
-0 H.T.-

Fia. 11.4c.—A Voltage Doubler Rectifier.

The p.c. charging currents for capacitors, C, and C,, oppose in the
secondary winding of the transformer, and the permeability of the
core is unaffected by the rectifier action.

The most popular type of rectifier for receiver H.T. supply is the
high vacuum diode valve. It is robust and can be made to have
a high inverse negative voltage. The inverse voltage is the negative
voltage which can be withstood without taking appreciable current
in the reverse direction, from cathode to anode. For high rectifica-
tion efficiency the conduction slope resistance should be low, and
this is achieved by having a large emitting surface and minimum
anode-to-cathode spacing. The former can be realized with little
difficulty in a directly-heated valve by having a long filament, but
there are limits to the size of the cathode in an indirectly-heated
valve, and increased rectification efficiency is largely obtained by
reducing the equivalent spacing between anode and -cathode.
A comparatively coarse mesh grid, connected to the anode, is inserted
between anode and cathode to neutralize the electron space-charge
at the cathode, and this effectively reduces the anode-cathode
spacing without decreasing to any large extent the inverse voltage.
With a very narrow anode-cathode spacing there is a possibility of
some of the active cathode coating being deposited on the anode,
the temperature of which may become sufficiently high, due to heat
radiation from the cathode as well as electron bombardment, to
cause ‘ back ”’ emission in the reverse direction, and so reduce
rectification efficiency. The chief value of the indirectly-heated
rectifier is that the H.T. supply is not applied until the valves in the
receiver are conductive, and high initial p.c. voltages, imposing
undue strain on capacitors or resistors, are avoided.

A possible alternative to the high vacuum diode is the mercury
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vapour rectifier, which generally has a higher rectification efficiency.
The voltage drop across the valve during conduction is constant
at about 15 volts and independent of load current. Its disadvan-
tages are that it tends to produce R.F. interference, is less robust,
and, unless special precautions are taken, has a shorter life than the
high vacuum diode. Inverse voltage is also limited, though this
effect is of little importance in receiver H.T. supplies. The nature
of the conduction characteristic is such that a very peaked current
wave, rich in the higher harmonics, is produced in the reservoir
capacitance, and these harmonics enter the r.F. range and may cause
interference in the receiver. Bombardment of the cathode coating
by positive ions of mercury vapour tends to reduce valve life ; the
velocity of these ions can become dangerously high if the A.c. anode
voltage is switched on before the cathode is hot enough to emit
a copious flow of electrons and so reduce the positive voltage
between anode and cathode during conduction. Since practically
all the mass of the gas atom is contained in the iom, its kinetic
energy is considerable when its velocity is high, and the active
material is stripped from the cathode.

The rectifier valve normally has a reservoir capacitance, which
forms a capacitive load impedance. This increases rectification
efficiency and attenuates A.c. fundamental and harmonic voltage
components in the rectified output. An inductive load impedance
may be used when high D.c. voltage regulation is desired, but
rectification efficiency is then reduced. The mercury-filled diode
valve is particularly suitable for use with an inductive load.
A “ pure ” resistance load is never employed because it causes a low
rectification efﬁciency—the D.c. output voltage is approximately
1 (half wave) or 2 (full wave) of that obtained with a capacitance
load—and there 1s no attenuation of the a.c. voltage components
in the rectified output. An examination of rectifier performance
when supplying a resistance load is, however, helpful in understand-
ing its operation with capacitive or inductive load.

11.2.4. The H.T. Rectifier with Resistance Load. When a
H.T. rectifier has a resistance load, the unidirectional current pulses
have half cosine wave shapes. For a half-wave rectifier these current
pulses may be analysed into the Fourier Series * given below

2IT1
I,= [ + cospt—}— cos 2pt — 575 €08 4pt+ 7 co8 6pt . . :I 11.3a
where I o = current through the res1stance load R.

* See Appendix 2a, Part I.
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and 1 cos pt — instantaneous cutrent through the diode during the
conduction period.

In a full-wave rectifier, the fundamental component is cancelled
and the Fourier Series * becomes

I, = 41’[1—}-1 cos 2pt —

1
53 cos 4pt+ 7 COS 6pt . . ] . 11.3b.

3.5
I 2f
The p.c. components for half- and full-wave opetation are — and =

respectively. The voltage across the load resistance R is obtamed

E.R
R+R;+R,
sions. R; is the conduction resistance of the rectifier, R, the sum
of the winding resistance of the secondary and that reflected from
the primary of the transformer supplying the rectifier, and £, cos pt
is the secondary voltage. Generally, B> R;+ R, so that the
D.Cc. output voltage, % or 221, is almost independent of load

7 7

resistance. The resistance loaded rectifier, therefore, has the
advantage of good p.0. voltage regulation, but rectification efficiency
is low (31-89%, for the half-wave and 63-69%, for the full-wave rectifier).
To reduce A.0. voltages across the load resistance it is usual to insert
an LC filter between the load resistance and rectifier. A single
LC filter between rectifier and load resistance, as shown in Fig. 11.10,
can, with suitable choice of L, give almost as good p.c. regulation
as the resistance alone, and it is particularly useful for supplying
a circuit requiring a variable current with little voltage variation,
i.e., an output stage operating under Class B or Class AB conditions.
The more common type of rectifier circuit includes a reservoir
capacitance immediately following the rectifier. This raises rectifica-
tion efficiency and ».c. output voltage, but decreases voltage
regulation. We shall examine the capacitively loaded rectifier first.

11.2.5. The H.T. Rectifier with Capacitive Load. The
action of the rectifier with a reservoir capacitance (Fig. 11.5) is
similar to that of a diode detector having a capacitance shunted
load resistance (Sections 8.2.5, 6, 7, and 13, Part I). The capacitance
acts as a reservoir, storing energy when the a.c. voltage applied to
the rectifier exceeds the voltage across the capacitance ¢;. The
stored energy is released through the load resistance R when the
A.c. voltage falls below that across C,, and the rectifier ceases to
conduct. The gaps between successive half waves of A.c. voltage

* See Appendix 2A, Part 1.

by substituting ¥, and for I, and I in the above expres-
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are therefore filled as shown by the dotted curve E, in Fig. 11.6.
The diode starts to conduct at some angle such as — «;, and ceases
at an angle corresponding to «,, «; being numerically greater than

¥
< = 7 H.T+
Ig lo
Rt— -
= R
g}cospt C; % Eo
l/—/.?.'-

Fia. 11.5.—A Half-wave Rectifier with Capacitive Load.

«s. The current pulse, I; through the diode, is shown under the
second half wave.

The performance of the rectifier may be calculated by using the
analyses developed in Sections 8.2.5 to 8.2.7, which assume that the
voltage across the load resistance R is constant, and that diode
conduction starts at — ¢ and ends at +¢. The error involved is
not very large provided rectification efficiency is greater than 509,
i.e., the p.c. voltage exceeds half the peak aA.c. voltage. The shape
of the conduction current-anode voltage characteristic of the high
vacuum diode rectifier is generally of the form shown in Fig. 11.7, the

Ill
0 7
Ez Ea,
Fie. 11.7.—Conduction Current-
Fia. 11.6.—Voltage and Current Character- Anode Voltage Characteristic
istics of a Half-wave Rectifier. of a Diode Rectifier.

straight part, produced, cutting the £, axis at some positive voltage,
E,. If we neglect the initial curvature, and assume that the con-
duction characteristic is a straight line of slope resistance R; passing
through an anode voltage of +-E,, the expression for the rectified
D.c. current through the load resistance R is, from Section 8.2.7,

E.K
Io —W) 11.4
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where B, cos pt = A.c. voltage of the secondary on open circuit

= [ins - (542N

E, = p.0. voltage across the load resistance E.

¢ == cog™1 [E%]

1

and R, = total winding resistance of secondary plus that reflected
from primary.

The relationship between EE_Ez and K is shown by the full line

1

curve 1 in Fig. 11.8a. To illustrate its application, the p.c. output
voltage-current relationship will be calculated for a half-wave
rectifier circuit having the following component values. The
transformer secondary and reflected primary resistances are 300 and
100 ohms respectively (the m.m.s. voltage of the secondary is
300 volts). The half-wave rectifier has a conduction resistance of
200 ohms and begins conducting at the equivalent of +5 volts.
The total resistance of the rectifier circuit (excluding the load) is
600 ohms, so that the D.c. load current is

_ 300 X 1414, oopp A
314 x 600

Inserting selected values for I, in the above gives the corresponding
value of K, and reference to Fig. 11.8a enables the ».c. output
voltage at the selected ».c. current to be calculated. The result
is tabulated below.

I,

|

I,(mA) 0 10 20 30 40 50 60

K . 0 0-0444 | 0-0889 | 0-1333 | 0-1778 | 0-2223 | 0-2667

E

°Efr By . 1 0-875 | 0-8 0732 | 0-68 0-62 0-575
1

E, (volts) | 419 | 366 334 306 283 258 239

In order to obtain these output voltages the reservoir capacitance
is assumed to be large enough adequately to sustain the voltage
across the load resistance during the non-conducting period of the
rectifier. In Section 8.2.18, Part I, a curve (Fig. 8.13b) is developed
for the minimum value of capacitance necessary to ensure this for
different values of load and rectifier resistance. It is reproduced in
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Fig. 11.9 as a curve of RC, against f}j—ﬁ’ where R = % The

vertical scale on the right is for half-wave rectification (ripple
frequency 50 c.p.s.), and that on the left is for full-wave rectification
(ripple frequency 100 c.p.s.). Thus for given values of R, R; and
R,, the minimum required value of C, for full-wave rectification is
half that for half-wave rectification. The values of C, for the

500 600
200 000 A 400 000 &

o'

g — 300 000 %
§ 700000 e 200000 .8
S L4 ]

8 o Ry
N d b
B 50000 700000 %

3 .l o
o 40000 — 3
2 a0000 L $
$ A A 50000 2
3§ 20000 40000 %,
3 y S
< , 30000 T

70 000 20000
5 70 30 50 2 700 300 500 7000
R4 +Rt
Fra. 11.9.—Optimum Capacitance Curves for a Full-wave and Half-wave
Rectifier.

R in ohms, C in uF.

selected values of I, in the above example are tabulated below :
E 0+E 2

£,

conduction starting at ¢ = 45°.

a maximum is found at

= 0-7, which corresponds to

I, (mA) . 10 20 30 40 50 60

R (ohms) . | 36,600 | 16,700 | 10,200 | 7,075 5,160 3,983
R

mTR 61 27-8 17 11-8 8-6 6-64

C, (uF) . 4-64 7-2 8-65 9-2 8-8 8-05

An average practical value for a half-wave rectifier capacitance
is 8 uF. For full-wave operation the minimum values of reservoir
capacitance given above are halved for the same p.c. current ; the
D.c. voltage across the load resistance is greater because the value
of K for the same D.c. current is halved.

As a second illustration let us assume that the turns ratio, and
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secondary voltage of a transformer, together with the reservoir
capacitance, are to be found in order that a full-wave rectifier may
deliver 50 mA at 400 volts. The supply is 230 volts, 50 c.p.s. and
the rectifier conduction resistance is 200 ohms starting at -5 volts.
Probable values of primary and secondary resistance are 20 and
300 ohms, respectively. As a first attempt let us try a primary
to secondary turns ratio of 1 to 2. The total A.c. resistance in the
rectifier circuit is

R, +R, = 2004300422 x 20 = 580 ohms.
The D.0. current expression is twice that for half-wave working, i.e.,

2B.K
Io = =
n(Ry+Ry)
Therefore K = 50 x & X 580 = (0-07

1,000 X 460 x 1-414 x 2

From Fig. 11.8a
E,+E,

L,
Eo,= 535 volts.
This is too high ; a primary to secondary turns ratio of 1 to 1-6 gives

= 0-83

'Rd+'Rt = 551
K = 0-083
E,+E,
= 0-81
B,
and E, = 416 volts.

This is slightly higher than required, but a lower ratio would be
inadvisable because no account has been taken of the voltage drop
due to leakage inductance. This tends to reduce the voltage
induced in the secondary, and would bring the p.c. voltage close

to the required 400 volts. The load resistance R = B, == 8,320 2,

I,
Rwdf— R = 8?;210 = 15-1; reference to Fig. 11.9 gives RC, as
40,000, and the minimum required value of reservoir capacitance
is therefore 4-8 uF.

A characteristic of the rectifier with capacitive load is that the
conduction current takes the form of pulses of large amplitude and
short duration as shown in Fig. 11.6, and maximum current may
be many times greater than the p.c. current. The reservoir capaci-
tance, the rectifier conduction resistance and the transformer winding

and
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resistance all influence the maximum rectification current. A large
capacitance and low resistances lead to large maximum amplitudes
of short duration. In some cases, when the mains supply to the
rectifier has a very low resistance, it may be necessary to insert a
resistance in series with the rectifier to limit the maximum conduc-
tion current and prevent damage to the valve. An example of this
is afforded by the A.c./D.cC. receiver, the half-wave rectifier for which
often has a series resistance of about 50 ohms included to make up
for the absence of the transformer winding resistances.

The maximum current, assuming conduction from — ¢ to +¢
(Fig. 11.6) is given by

B.(1 — cos ¢)
13 (may = ————‘(Rd+R ¢ 11.5¢
and the ratio of maximum to D.c. current is
I magy _ (1 —cos ¢) _ m(1 — cos é) . 11.56
I, K sin ¢ — ¢ cos ¢ o

This ratio is plotted against K as curve 2 in Fig. 11.8a, and it can
be seen that even under normal operating conditions (K between
0-1 to 0-5), the maximum conduction current is about six times that
of the p.c. output current. For convenience the ratio of I, to
I, is plotted against the ratio of (E,+E,) to B, as curve 1 in
Fig. 11.8b.

An estimate of the fundamental rR.M.s. current supplied by the
secondary winding of the transformer is required in order that the
load from the rectifier can be determined for transformer design
purposes. This can be obtained by calculating the fundamental

peak current in the pulses shown in Fig. 11.6 and dividing by V2.
Thus

cos pt.d(pt)

1, 2—[‘# (B, cospt — B, cos ¢)

AR R;+R,

- $
I, = n(liEjliRt) 0[1+C(;s Zpt _ cos ¢.cos pt:ld(pt)
_ 2F, ¢  sin 24 .
= ﬂ(R.z+R:)|:§+ 1 cos ¢.8in <;b:|
El L3
= mw — % sin 24] . . . . 11.6a.

The r.M.s. value of fundamental current
T = E1_<¢ — 1sin 245).
T a2 (Bs+Ry)
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F1a. 11.85.—=.M.8. and Conduction Current Ratios of a Diode Half-wave
Reectifier in Terms of the p.c. Output Current.

The most useful method of expression for the above is in terms of
the p.0. current J,, hence using 11.4,

I; ¢ —3}sin2¢
I, V2K
_0707(¢ — } sin 2¢)
~ (sin ¢ — & cos ¢)
o . . . . . EO +E2
This is plotted against K as curve 3 in Fig. 11.8¢ and against 5

. 11.6b.

1
as curve 2 in Fig. 11.80. The interesting point is that as K is
E,+E,

decreased, or increased, the ratio of R.M.s. to D.C. current

1
increases and approaches 1-414. On light loads the ratio is greatest,
and as the load increases the ratio decreases.

The above calculation is based on half-wave operation, but the
result is the same for full-wave working. For the same voltage
ratio, i.e., a given value of cos ¢, the p.c. and R.M.S. currents are
doubled when full-wave rectification is employed, and their ratio
is unaltered. An average value for the ratio of R.M.s. to mean
current is about 1-35, and this is the figure used in estimating the

¥
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D.c. full load output from a rectifier connected to the transformer
designed in Section 11.2.2.

11.2.6. The H.T. Rectifier with Inductive Load.” 1If a large
inductance is inserted between the load resistance R and the rectifier,
the p.c. performance is practically the same as that for a resistance
load alone, viz., the p.c. voltage is much less than the peak a.c.
applied voltage, but is practically independent of variations of R.
The fall in D.0. voltage with increase of current is determined almost
entirely by the resistance elements associated with the transformer,
rectifier and added inductance. The chief advantage of the latter
is that the A.c. current components in the load resistance are
appreciably reduced, and all A.0. voltages across R are reduced by
the factor ——ﬁR_, in comparison with their values before the

VR +(pL)?
inductance L. The reduction factor has more and more effect at
the higher harmonic frequencies. The filter action of L can be

E[AB
B
F1a. 11.10.—A Half-wave Rectifier with Inductive Load.

greatly increased by providing a by-pass capacitance C across the
load resistance R as in Fig. 11.10, and p.c. performance is practically
unaffected by the added capacitance unless the D.c. current falls
below a certain value. For lower current values than the minimum,
the D.c. current component is less than the A.c. current component ;
pulse charging of C results like that for the capacitively loaded
rectifier, and, as the current is reduced, the D.c. voltage rises steeply
to a value almost equal to the peak value of the a.c. voltage.
Typical ».c. voltage-current curves (3 and 5) for the rectifier, with
different values of inductance and a given value of by-pass capaci-
tance C are shown in Fig. 11.11. Curve 3 is for a smaller inductance
than curve 5. For comparison a curve (1) for the capacitively loaded
rectifier is included to show the improved regulation obtained by
the inductive load for currents above the critical minimum.

The action of this type of rectifier circuit can be quite simply
analysed for D.0. currents exceeding the minimum value, if it is



11.2.6] POWER SUPPLIES 155

agsumed that the diode conduction resistance and transformer
resistances are much less than the impedance of L and R. The
wave shape of the voltage across the points 4B in Fig. 11.10 is
almost that of a half-cosine curve, so that the voltage applied to

L and R is represented by

2B,

i 1
B =" %-l—%cospt + 3 cos 2pt . . . etc.:' . 117
7T L

where £, cos pt = A.c. voltage applied to the rectifier.

0 20 40 60 700
D.C. Output Current (mA)

Fig. 11.11.—p.c. Output Voltage-Current Curves for a Half-wave Rectifier
with Inductive Load.

Owing to the frequency discrimination of L the current I,

flowing from the rectifier has only two important components,

a D.c. and fundamental o.c. The harmonic current amplitudes are

inversely proportional to their harmonic number and directly pro-
portional to the harmonic voltages, which themselves are much less
than the fundamental voltage. The current I; through the rectifier
is therefore continuous, so long as its D.c. component exceeds the
peak value of the A.0. current, i.e., the rectifier conducts during the
whole of the cycle. This is an interesting case of the duality
theorem 22 in networks, for it may be noted that the series combina-
tion of L and R is the dual of the parallel combination of ¢ and R
(the capacitively loaded rectifier). The voltage in the latter instance
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is continuous, with a ripple voltage consisting almost entirely of
fundamental frequency, and by the duality theorem the current
should have that characteristic for the dual circuit, the series
combination of L and R. Similarly duality is found between the
current through the rectifier for the capacitive load and the voltage
across the rectifier for the inductive load. The voltage wave shape
in the latter case is actually 180° out of phase with the current wave
shape in the CR case, i.e., the voltage has constant positive value
for the majority of the cycle and has a downward peak in the
opposite direction to the upward peak of current (see Fig. 11.6).

Having established that for good p.c. regulation the p.c. current
must be not less than the fundamental A.c. peak current, we can
use this to determine the minimum value of L for a given b.C.
current, or vice versa. The value of the smoothing capacitance
C has an effect, though not a large one, on the equivalent value of
L required, its chief duty being that of reducing the fundamental
voltage component across B. Denoting the p.0. and r.m.s. funda-
mental A.0. currents by I, and I, respectively, and the ratio of

B
r.M.8. fundamental A.c. to p.c. voltage, E—,z, across the load resistance
[1]

R by r (conveniently called the ripple voltage ratio), we have

E
Io=§° . . ) . 11.8a.

But E, is the p.c. component of K 5 (if the resistance of L is much
less than R), which equals ;1 (see 11.7).

B,

Therefore I, = . 11.8b
LB B
X, X;,—-X¢

The B.M.s. fundamental alternating current component of B,z is

1
22

and 1,

(expression 11.7)

- B
2V2AX, — Xp)
B, 1
-5~ Flx;

where E, = r.M.s. fundamental voltage component across C

Tolavs ]
== T - } . ) . 11.95.
Xzl2v2 !

11.9a
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. . E B.X 14
The ripple ratio r = =2 = e L
PP E, 2v2(X, - X, E,
_ aX,
2vV2(X;, — X,)
Solving the above for LC,
14 1-11
=+1 —+1
2rv'2 r

LC = . 11.10a

@rf)e ~ 395
where f = mains fundamental frequency.
The limiting condition for good ».c. voltage regulation is that
the minimum p.c. current equals the A.c. peak current. Thus from
11.8a¢ and 11.95

B, _ V§Eo(2:;/§ _ r)

I = =
(min-) R(mv) XL

and solving for L gives

(% — 7)1-414 Ry

2
_L =
2nf
_ 0:225 Bippey(1-11 — 1) ila

If full-wave rectification is employed the a.c. fundamental voltage
across AB is zero; the second harmonic becomes the important

4
voltage component, B p~ = 4B, and expression 11.10a is
3 V2
modified to
2 0-471
_+1]
LO — [37‘\/2 . 7 +1
T (2#2f): T 158f2 - . . 11.10b

where f is still the mains fundamental frequency.
Similarly, expression 11.1la becomes

0-1125 Riyup)(0-471 — 1)

f

Comparing 11.11a with 11.11b, it is clear that half-wave rectifica-
tion requires a larger value of inductance (approximately 4-7 times
greater) than full-wave for the same value of B, ., or Lyysn)-

As an example we shall calculate the values of L and C for a p.c.
output voltage of 400 volts, a minimum D.c. current of 20 mA, and

L = . 11.11b.
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a ripple voltage ratio of 19, from (1) half-wave and (2) full-wave
rectification of a 50-c.p.s. supply.

E, _ 400 x 1,000
Io(min-) 20
From 11.11a¢ and 11.1156
0-225 x 20,000 (1-11 — 0-01)

= 20,000 ohms.

R(maw-) =

L (half-wave) = 50 =99 H
L (full-wave) — 0-1125 x 20,005(()) (0-471 — 0-01) — 208 I
Substituting in 11.10a and 11.10b
112 x 108
1f- = = 11-
O (half-wave) = oo 507 % 99 5uF
O (fullwave) — . 1 X106 _ so0 .m0

158 x 502 x 20-8

Since the value of L determines the p.¢. current minimum, above
which good regulation is obtained, it cannot be reduced without
increasing Iy, The effective impedance of L to the fundamental
frequency may be increased (I, and hence I, are thus reduced)
by tuning 12 with a suitable capacitance. The disadvantage of the
method is that L is less effective as a filter for the harmonic currents
of the ripple voltage. Yet another method of decreasing Iy, is
by means of a swinging choke. This is an iron-cored choke with
an air-gap smaller than that required for maximum L at maximum
D.C. current ; its inductance is high for small p.c. currents and,
though it falls for normal and maximum currents, it is high enough
to provide satisfactory filtering. The dotted curves 4 and 35,
Fig. 11.11, illustrate the effect of reducing air gap in a given iron-
cored inductance, a smaller air gap being used for curve 5.

When the minimum ».c. load current taken by apparatus con-
nected to the rectifier output is likely to fall below I,,;,,, & resistance
may be connected in parallel with the output to ensure that the
output current is never less than Iy,

The inductive load is particularly suitable for use with gas-filled
(mercury vapour) rectifier valves because of its low maximum con-
duction current to D.c. current ratio of about 2. Owing to the very
low conduction resistance of these valves, very high peak currents
are passed when the load is capacitive, and the emission property
of the filament (or cathode) may be seriously damaged. The
conduction angle (¢ in Fig. 11.6) may be as low as 10°, giving
K = 0-00195 and a maximum to D.c. current ratio of 24-5: 1.
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Besides providing good regulation, the inductive load also gives
a better utilization factor (ratio of D.c. to A.c. power) to the trans-
former. The utilization factor is reduced by taking current pulses
of large amplitude and short duration from the transformer.

It is possible that leakage inductance in the transformer supplying
a capacitively loaded rectifier may act in a similar manner to L,
but it is generally too small for the good regulation characteristic
to be reached with normal load currents. The usual result of leakage
inductance is to decrease the a.c. voltage applied to the rectifier and
to make D.c. voltage regulation worse.

11.2.7. Voltage Multiplier Rectifier Circuits.1® 20 Tt is
possible to obtain a high b.c. voltage from a low voltage a.c. source
by using voltage multiplier rectifier circuits. The voltage-doubler

A oHT+
D ¥
-3 T
AL Mains
Supply -
F $
‘Va :: C:g
= oH.T-
C

F1a. 11.12.—A Voltage Tripler Rectifier.

of Fig. 11.4¢c is an example of the multiplier circuit ; two separate
half-wave rectifiers, the p.c. output voltages of which are combined,
are used with a mains supply voltage common to both. An alterna-
tive method of producing voltage doubling is shown by the two
rectifiers ¥, and V, in the tripler circuit of Fig. 11.12. The double
voltage is developed across the points AB. The circuit is like that
of Fig. 11.4¢, except that the positions of the mains input and C, of
Fig. 11.4¢, are interchanged, and the C, end of C, in the same figure
is connected to the junction of L and C,. This changes the mode
of operation since the two rectifiers no longer act independently of
each other. When the point F is positive with respect to D, rectifier
V, conducts and charges C, almost to the peak value of the a.c.
voltage input, the polarity of C, being as shown in Fig. 11.12.
When F becomes negative with respect to D, V, ceases to conduct
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and a positive voltage, equal to the sum of the p.c. voltage across
C, and the A.c. input, is applied to the anode of V,. The latter
conducts and charges C, almost to twice the peak A.c. input voltage
at DF. This circuit is less efficient than that of Fig. 11.4¢ and
requires capacitance C, to be rated for twice the voltage developed
across it in Fig. 11.4c. D.c. voltage regulation is also lower.

The voltage-tripler rectifier consists of the doubler already
described with an additional rectifier ¥, which acts independently
of the other two. The voltage across its reservoir capacitance O,
is added to that across C; to produce a total voltage equal to
approximately three times the peak A.c. input voltage.

A voltage quadrupler rectifier is shown in Fig. 11.18, and it

CZ r:—o H.T+
Y
e .
A C.Mains
Supply S — T
L,
Y

b0 HT -

_4_.' -
C3
Fia. 11.13.— A Voltage Quadrupler Rectifier.

consists of two doubler circuits connected in series so that their
D.c. output voltages add.

D.0. voltage regulation becomes worse as more multiplication is
included ; larger reservoir capacitances can help to counteract this,
but are liable to cause damage to the valves because of high
maximum conduction currents. Such circuits are, therefore, only
suitable for supplying limited and constant D.c. currents.

11.2.8. The Rectifier Ripple Filter.® 9 14 To reduce ripple
voltages to the low level required for a receiver H.T. supply, an
additional filter is needed between the D.c. load resistance R and
reservoir capacitance. The most common type of filter consists of
an iron-cored inductance L (often the loudspeaker field coil), in the
H.T. positive lead from the rectifier, followed by a smoothing
capacitance €. For some purposes (Section 12.5.4) the filter may
be inserted in the negative lead ®; care must then be taken to
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reduce the mains transformer H.T. secondary-earth capacitance to
a minimum, because it acts as a by-pass across the filter inductance.
The reduction of the ripple voltage due to the filter is

I%{/[RL—}—ij—I—IH—%] . .1L1%.
Usually the resistance R;, of the filter inductance is small enough
to be neglected so that 11.12a becomes
R
jpL — p:LCR+-R

The loss in decibels is  — 20 log,, J[l —p2LC)% + <?Ré) 2. 11.13a.

.11.12b.

As a general rule p2LC > 1 and % ; hence expression 11.13a can

be simplified to
loss = — 20 log,, p?LC . . .11.13b.
The negative sign before p2LC is ignored because it is really an
indication of the phase relationship between the ripple voltage at
the input and at the output of the filter.
The loss expression for a two-stage filter and the same assump-
tions is
loss = — 20 log,, p*LCL'C". . . 11,14,
Expression 11.13b is plotted in Fig. 11.14 against the product of
LC for a frequency of 50 c.p.s. The minimum selected value of

7 60
A 3
A1 3
1 .8
< 50§
vd 3
3
e w0y,
» g
el 3
= 30>
vd 3
&
2
00 500 7000 5000 /0005
LC —=
Fre. 11.14.—Ripple Filter Loss—LC Product Curve for 50 c.p.s. Mains
Frequency.

LC (L is in Henrys and C in uF) is 100, because the assumption
p2LC > 1is hardly valid for lower values of this product. Fig. 11.14
is applicable to harmonic frequencies of 50 c.p.s. by adding 12-04,
19-08, 24-08, and 27-96 db. to the loss scale for frequencies of 100,
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150, 200 and 250 c.p.s. respectively. The loss for two similar filters
is obtained by multiplying the loss scale by two.
As long as the product LC is constant and the conditions given

above are fulfilled, viz., p2LC > 1 and > > pL , the actual values of L

and C have little effect on filter charaeterlstlcs, but for practical
reasons it is better to use a large value of capacitance rather than a
very large value of inductance. The latter is more difficult to make
and has a higher ».c. resistance. Average values for L and C are
30 H and 8 uF giving LC = 240 and a loss of 27-5 db. at 50 c.p.s.

The iron-cored inductance must have an air gap to prevent
saturation of the core by the D.c. current, and its design is detailed
in the next section 11.2.9.

Special parallel and series circuits 13 tuned to the fundamental
ripple frequency were at one time employed, but the use of electro-
lytic capacitances of comparatively high value has rendered these
methods unnecessary. Furthermore, a tuned filter gives less dis-
crimination against frequency components other than that to which
it is tuned.

Resistance-capacitance smoothing filters may be used for low
D.0. current outputs. The loss for this type is

— 20 log,, V1+(pCR))2 . . .11.15a

where R, = filter resistance
C = by-pass capacitance in parallel with the load resistance

oy 1
R, which is assumed to be much greater than —

0
Generally pCR; > 1 and 11.15a becomes
loss = — 20 log,, pCR, . . . 11.15b.
R
o— D Lonr+
5 2R
$
o : thT-

Fie. 11.15a.—Ripple Voltage Suppression by Means of a Valve.

An interesting method of neutralizing ripple voltage by means
of a valve!? is shown in Fig. 11.15a¢. The initial ripple voltage
E, across DF is applied to the valve grid through the large capaci-
tance C,, so that E, effectively appears across the grid leak resistance
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E,. The ripple voltage developed by the valve across 4B is 180°
out of phase with the grid voltage, i.e., with E,. Some of the ripple
voltage appearing across AB due to
the potential divider action of E; and
R, is cancelled by that in the valve,
and E,p has therefore a reduced
ripple content. If the amplification
of the valve is suitably adjusted and
the initial ripple voltage is not large
enough to cause distortion in the
valve, complete cancellation is pos-
sible. The condition for ripple-free
D.C. voltage across AB can be found from the equivalent circuit of
Fig. 11.15b.

Fia. 11.15b. The Equivalent
Circuit of Fig. 11.15a.

By =pBy —ILB,=0 . . . 1116
where I, is the ripple current in the circuit.
B —}-—yE %
I = _—"r (" o¢ . . . 11.17
" Ry,+R,+ER,

because K, and uFE, are in phase with reference to the driving

voltage for I,.
Combining 11.16 and 11.17

/‘Egk(Rz +R3) = ErRa

1 E
r R,+Ry = ——* . 11.18a
O] 2+ 8 gm Egk
is the condition for zero ripple volts across AB.
But Ey, =E, — E;
=B — (B, +pEy)R,
* T R.+R,+R,
_ ER+AR) _ B
% = Re+(1+m)R,+R, 1+(1+”)R2—
R;+R,
Replacing £ in 11.18a
(1+p)R,
‘YRR,
R;+Ry = ————%  _ 1L.18h.

m
To illustrate the action of the circuit, let the total p.c. load and
valve current be 50 mA, and the valve constants be u = 30,

gm = 3 mA/volt, B, = 10,000 ohms at £, = — 2 volts. K, = 250.
Rz=&=w=40 ohms.

Ig 50
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From 11.18b
31 x 40
142 2=
+R3+10,000
3 x 10-%
Solving the above for R, gives
R, = 333 ohms.

The total D.c. voltage drop between DF and AB is
I (R;}-R;) = 18-65 volts.

One disadvantage of the method is that the A.c. impedance of
the H.1. supply looking from the points AB is large, and adequate
decoupling is necessary in all amplifier stages to prevent common
impedance coupling and possible motorboating.

11.2.9, The Filter Inductance with an Air Gap.! The
inductance of an iron-cored coil is given by

L = (}-)NIO“s Henrys.

where @ = total flux lines in the iron core
I = current (in amps.) producing the flux
N = total number of turns in coil
Now &®=Bx 4
where B = flux density, lines per square centimetre
A = area of core cross-section in square centimetres
B =uyH
where H = A.c. magnetizing force in oersteds
u = permeability of the core when there is no air gap and
no D.C. polarizing current.

4n NI NI
=i 7 — T
where | = the mean length (centimetres) of the magnetic path in
the core.
The inductance to a.c. for no air gap and zero D.c. polarizing

current is

R,4+-40 =

1-2554 N2410-8
l
or expressed in a more convenient form

L, = Henrys. . . 11.19a

2
L, = 1-255,;1-;7?41110-8

= 1:255 un?V10~8 Henrys . . 11.19
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where n = coil turns per centimetre of the magnetic path in core
V = volume of iron (cubic centimetres) in the core.

The term u in the above expression needs qualification, and it is
generally defined as the incremental permeability, 2® being dependent
in this particular case upon the core material and magnitude of the
A.0. flux density in the core. In the more normal filter inductance
having an air gap and carrying D.C. current it is also dependent on
the length of air gap and on the ».c. current. As far as the a.c.
flux density is concerned, incremental permeability, which is
designated as Au in succeeding expressions, is usually least for
smallest A.c. flux densities (Fig. 10.20 shows curves of du against
peak a.c. flux density), and in designing an inductance it is preferable
to calculate for this value of Au, which gives the minimum value of
inductance. A polarizing ».0. current through the coil reduces
appreciably the incremental permeability, and the effect is clearly
shown in Table 11.2, which gives Au for Stalloy * at different
values of D.c. polarizing flux density and magnetizing force.

TAaBLE 11.2

D.C. Flux Density
(B) (lines per
square centimetre) o! 1,860| 5,120 7,300 | 9,210 | 10,800 | 11,580

D.C. Magnetizing
Force in iron (H;)

(oersteds) . . 0 03 0-5 0.7 1 1-5 2
Incremental Perme-
ability Ay . . | 333 328 278 233 180 125 100
B. . . 12,300 | 12,960 | 13,280 | 13,580 | 13,900 | 14,180
H, . . 3 5 7 10 15 20
dp . . 75 57 48 42 40 38

The table shows that any method of reducing the b.c. magnetizing
force for the iron increases incremental permeability and, if the
A.0. magnetizing force for the iron remains unchanged, a.c. flux
density and inductance. This can be partially achieved by including
an air gap in the magnetic circuit; the total D.c. magnetizing
force, H,, is then divided between the iron and air gap such that

H,l+H.a
H, = I+a
B because y = 1 for air) are the magnetizing forces for the iron and
air gap respectively, and ! and a are the lengths of the magnetic
path in the iron and air. As H,is constant for a given p.c. current

, where H, and H, (H, is numerically equal to
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and coil turns, increase of the air gap, a, must reduce H; and,
hence, increase Au. However, the A.c. magnetizing force, AH, for
the iron is also reduced in accordance with the p.c. reduction, but
it is decreased, at first, at a slower rate than Ay is increased. Thus
A.0. flux density, 4B, and inductance, L,, are increased. Eventually
an air-gap width is reached at which the rate of decrease of AH
equals that of increase of Ay, and increase beyond this width reduces
AB and inductance. The air gap giving maximum 4B and induct-
ance is known as the optimum air gap, a,. The a.c. inductance
L,y for optimum air gap is always less than the A.c. inductance

. L
L, for zero p.o. current and no gap. The ratio —ZI(:’”—” decreases
1

as the p.o. polarizing force is increased, and the air-gap ratio a—l"

increases. Beatty 4 has developed a graphical method of determin-
a

’7)

value of L, (Lyyy,,) and optimum air-gap ratio

ing the inductance L, for any air-gap ratio, -, and also the maximum

? ; it is illustrated
in Fig. 11.16. At the right-hand side is drawn the B-H curve for
Stalloy, the figures being taken from Table 11.2, whilst on the left-
hand side from the same origin is drawn a curve of B against

B _ H; derived from the B-H curve and the values of Au given

Ap
in the table above. For a given air-gap ratio % and D.c. polarizing
force H; oersteds (corresponding to OP in Fig. 11.16), a line is

’ ’

drawn from P to meet the BH curve at §’, such that the ratio %

of the sides of the right-angled triangle PS'U’ (U’ is vertically
above P) is equal to the air-gap ratio %, where 8'U’ is the numerical
value of the p.¢. polarizing force in oersteds and PU’ is the numerical
value of the flux density in lines per square centimetre. The
horizontal line 8'U’ is produced to cut the left-hand curve 2 of
Fig. 11.16 at the point R’, which is then joined to P by the straight
line PL'. The area of the triangle OPQ’ enclosed by the line PL’
. 1L,7210%4xn
and the BH axes is equal to 57
I is the p.c. current (amps.) and V is the volume of the iron core
in cubic centimetres. Maximum area for triangle OPQ’ (triangle
OPQ, cross hatched in Fig. 11.16), which means maximum value

, where L, is in henrys,
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for L,, is obtained when PL’ is tangential to curve 2 as at point R
in Fig. 11.16. A horizontal line from R intersecting curve 1 at
S and the perpendicular from P at U gives the optimum air-gap
1L, 1210%4x

ratio = as sU The proof that triangle OPQ' is equal to 3 %

17 PU
is as follows :

The total magnetizing force = that for the iron--that for the
air-gap
= H]l+H,a = H]l+Ba.

In the succeeding analysis, the term H, is dropped and B is sub-
stituted, but it must not be forgotten that the numerical value of
B only is used, the actual units being in oersteds and not lines per
square centimetre.

The total magnetizing force per centimetre of magnetic path

_Hl+Ba

Ita By

Generally I > a and
Ht = Hi+-%q . . . . 11.20.
Differentiating 11.20 with respect to B:

di, _dH; a 1 & gy

4B~ dB T T 2p I
Combining 11.20 and 11.21 and eliminating %
dH, B
= A—#+H, — H; .. . 1122
. , oQ’
area of triangle OPQ = 30P.0Q" = 10P2, OP
0Q’
— 2__ Y
- %’Hl OP
0oQ' R'T B
but = , =
OP PT" B H,+H,

d
and the area of triangle OPQ’

= 4B (see expression 11.22)
Hl

dB
— 2
= {H, am, - - - -um
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Now the inductance L, to small A.c. currents is
do
= 22 N10-8
L, 7 IN 0-
dB
= __NA10-8
I
dB dH,
A10-8 . 11.24,
dH, dl ary
But H’ = @_I
101
where I = p.0. current in the coil.
dH, H,
Therefore =T
dnl
dH,
Replacing vid ! and N in 11.24 by the above expressions
dB H, H,llOA 10~
* T dH, T 4::1
__dB Hp2 -7
-_— E—‘H—tj-z— 4—n . 11.25.
Rearranging 11.25
1L,J%xx107 _1dB He
2 v T 2dH, "
== area of triangle OPQ’ (expression 11.23) . 11.26.
From 11.20
a H,—H, 8SU
X 5=y - - -2

For most practical purposes the gap ratio may be taken as %’

The ratio 9—215;@ and optimum gap ratio as determined from

1
Fig. 11.16 is plotted against D.c. ampere turns per inch of the mean

length of magnetic path as curves la and 1b in Fig. 11.17. The
D.c. magnetizing force H, is converted to p.c. ampere turns per inch
(a more useful design parameter) by multiplying H, oersteds by
2-54
1-255
density, and for comparison similar curves 2¢ and 2b for a larger

, i.e., 2:02. Curves la and 1b are for a very small a.c. flux
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flux density of r.M.s. value 60 lines per square centimetre are
included on Fig. 11.17. These curves are often used for the design
of an output transformer,?! which normally has a higher average
A.0. flux density than that produced by the ripple voltage in a filter
inductance. The maximum inductance and optimum air-gap ratios
are both decreased by having a larger a.c. flux density, though the
actual value of L., at any given D.c. ampere turns is higher
because L, is so much higher. For example, Au for zero ».c.
current is 900 at AB = 60 lines per square centimetre (r.M.S.
value), as compared with 333 at very small values of AB, and

0-007
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g 1005
| ] S —~d oy ’
g == AL ON
S| =~ 3~
3N Lz(apt)\ tia s |/ g
3y 08 0004 _ 1=
~ Ls T sV [ i s
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N = 0003 3[S
3 [ Q43
<l Q8 N 4 / IR
bR s Sy g
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Y §0'4 // - - 0-002
"g‘ 8 pd \‘\
3 Q ]
3|3 - T~
=
N S0-2 /;/./ — S 0001
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=
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0 7 P 78397 20 30 4 & 7000.90/000

3 4 56 (4
D.C. Ampere-turns per Inch of Magnetic Path
Fig. 11.17.—Optimum Inductance and Air Gap for Different p.c. Polarizations.

Curve 1: Low Flux Density.
Curve 2: R.M.8. Flux Density, 60 lines per sq. cm.

although the inductance ratio is (under worst conditions with
large D.c. ampere-turns) halved for AB = 60 lines per square
centimetre, the actual value of L,,,,, is approximately 1-35 times
larger than when AB is very small. This result is to be expected,
for in Fig. 11.16 increase in Au causes the rise of the left-hand
curve 2 to become steeper ; the line PL is therefore steeper and the
area of the triangle OPQ is increased. At the same time the tangent
point R is raised and PU increased, thus reducing the air-gap ratio

a,[SU
7[7»71 :
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This is a characteristic of iron-cored inductances up to an
A.c. flux density of about 4,000 lines per square centimetre (R.M.S.)
as shown by the incremental permeability curves in Fig. 10.20.
Hence, as curves la and 1b are used in the design, the result repre-
gents the lowest possible value of A.c. inductance which will be
obtained. If the a.c. flux density becomes very large (10,000 lines
per square centimetre), lower values of inductance may then be
obtained, but this is hardly likely to occur. A point worth noting
is that there are always two air-gap ratios which will give a particular
value of L, less than the optimum value, for the line PL’ cuts
curve 2 at two points B’ and R”. The second possible air-gap ratio
is given by 7)—5—,, and is larger than the first IS)—UU,

Let us now use Fig. 11.17 to design a filter inductance having
the following characteristics : Ly, = 20 H for a p.c. current of
120 mA, the p.c. voltage drop is not to exceed 40 volts and Stalloy
No. 32A stampings are to be used.

The dimensions of No. 32A Stalloy stampings are shown in
Fig. 11.3a.

Total winding area = 2-25 x 1 sq ins.
and allowing for insulation thickness of 0-075 ins. all round the coil
Available winding space = (2-25 — 0-15) X (1 — 0-15)
= 2:1 X 0-85
= 1-785 sq. ins.

Let us try scc. 30 s.w.s. wire for the coil. Table 11.1 gives

2,950 turns per square inch for this wire, so that

Total turns in available space = 1-785 X 2,950
— 5,260.
Mean lenigth of magnetic path in core = 9 ins.
Therefore turns per inch of magnetic path = 585.
D.c. ampere turns per inch = 585 X 0-12 = 70-2.

From curves la and 1, Fig. 11.17.
Lownty _ .33 and % — 0-0046
L, l
Lo 20
0-33
and @, = 9 X 0:0046 = 0-0414 ins.

The total air gap is divided between the core and side limbs, each
of which has a gap of 0-0207 ins.

= 60-6 H
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From 11.19b, after converting from centimetres to inches

L, = 1.255 Aun?V X 10~8 x 2-54
where n = turns per inch of magnetic path
V = volume of iron in cubic inches
Ap = 333 from Table 11.2 (D.o. current zero).
60-6 x 108
1-255 x 333 x (585)% x 2-54

= 16:63 cu ins.

From Section 11.2.1
Area of No. 32A Stalloy = 8-4236 sq. ins.
Therefore required core thickness = 1-975
= 2-17 (allowing 109, for
insulation).
Number of laminations 0-14 ins. thickness = 155.
Mean length of 1 turn of wire in coil = 10-34 ins.
Total length of wire == 1,514 yards.
Total resistance at 198-8 ohms per 1,000 yards = 301 'ohms.
D.C. voltage drop = 301 X 0-12 = 36-1 volts.

Therefore V =

Summarizing the design, which fulfils the stated requirements ;
the inductance consists of 160 Stalloy 32A stampings, 5,260 turns
of sceo. 30 s.w.q. wire and 3 air gaps, each of length 0-0207 ins.

11.2.10. Grid Bias Supplies. The grid bias voltage for an
indirectly-heated valve is generally derived from a resistance,
paralleled by a capacitance, connected between its cathode and the
H7T. negative lead. The cathode cwrrent flowing through this
resistance produces the required grid bias voltage. The reactance
of the capacitance must be low enough to by-pass A.c. anode current
components, because these components develop A.c. voltages in the
cathode circuit, which oppose the input voltage causing degenerative
effects with attenuation (frequency) distortion (Section 9.3.4).
A suitable value for the by-pass capacitance is 0-1 uF for r.F., and
from 25 to 100 uF for A.¥. amplifiers. Occasionally when an output
valve, such as a triode, requiring a high grid bias voltage is employed,
the bias voltage is obtained from a potential divider across the
B.T. filter inductance, connected in the negative B.T. lead. The
potential divider should have a resistance much greater than the
inductive reactance of the filter inductance at 50 c.p.s., and an
RC filter is necessary between the potential divider and output
valve grid to filter the m.T. ripple voltage.

11.3. The Power Supply for the A.C./D.C. Receiver.



11.3] POWER SUPPLIES 173

A typical power supply circuit for an A.0./D.c. receiver is shown
in Fig. 11.18. It differs from that of the A.c. receiver in the direct
connection to the A.c. mains supply, the series connection of the
valve heaters, and the use of half-wave rectification. The direct
mains connection necessitates an r.¥. filter (L,C,), for diverting from
the receiver any ®.F. interference conveyed by the mains lea