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One of the many intricate machines used in the Aus-
tralian Radiotron Valve Factory for the manufacture of
broadcast receiving type valves, is the “Sealex” Machine,
{llustrated above. Only two’ manual operations are per-
formed; the machine automatically seals the bulb on the
stem, evacuates it, raises the electrodes to incandescence,
getters the valves, and finally seals and lifts them on to a
moving belt.



PART 1

AUDIO FREQUENCIES

. (Chapters 1 to 13, inclusive)

CHAPTER 1

Audio Frequency

Voltage Amplifiers

Voltage Amplifiers — Transformer Coupling — Resistance
Coupling, (a) Triode Valves, (b) Pentode Valves — Choke-
Capacitance Coupling — Parallel Feed Transformer Coupl-
ing — Auto-Transformer Coupling — Wide-Band Ampli-
fiers — Low Impedance Resistance Coupling — *“D-C”
Amplifiers — Phase Splitting.

Voltage Amplifiers

A Voltage Amplifier is one in which the voltage gain is the criterion of
performance. To be perfectly correct it is not possible to have voltage
without power since infinite impedance does not exist in- amplifiers, but for
all ordinary purposes a “voltage amplifier” is one in which a “voltage” out-

put is required. Voltage Amplifiers

generally work into high impedances

of the order of 1 megohm, but in certain cases lower load impedances are
used_and there is no sharp demarcation between “voltage” and “power”
amplifiers. In cases where transformer coupling is used between stages,

Figure 1

the secondary of the transtormer may
be loaded only by the grid input im-
pedance of the following stage and
the numerical value of the impedance
may not be known. In such cases
the transformer is usually designed
to operate into an infinite impedance,
and the effect of normal input imped-
ances on the transformer is very
slight compared with the primary
loading.

Voltage Amplifiers may he divided into
(a) Transformer coupled,
(b) Resistance-Capacitance coupled, and
(c) Miscellaneous amplifiers.

Transformer Coupling

Transformer coupling is used principally in the plate circuits of general
purpose triode valves (Fig. 1). The total gain per stage is approximately
equal to the amplification factor of the valve multiplied by the secondary-

A



2 Chapter 1.

primary turns-ratio of the transformer. A valve having a plate resistance
of from 7,500 to 12,000 ohms with a plate current of about 5 mA. is par-
ticularly suitable. The transformer primary inductance should be increased
as the plate resistance of the valve is increased, in order to maintain equi-
valent bass response. A table of transformer inductances for specified
conditione is given in Chapter 26. The inductance should be measured
under operating conditions with the normal plate current flowing in the
primary. “When the plate current exceeds 5 or 6 mA. it may be more
economical to adopt Parallel Feed (see later section in this Chapter). As
an alternative in certain circumstances it may be possible to over-bias the
valve so as to reduce the plate current. For audio transformer design
reference should be made to Chapter 26. The maximum peak output
voltage may be calculated graphically (see Chapter 34), but is somewhere
near 656% of the supply voltage for a transformer ratio of 1 : 1. This
is higher than is possible with any form of resistance coupling with the
same supply voltage. With resistance coupling, however, the supply volt-
age may generally be increased to twice that permissible for transformer
operation, thereby giving a proportional increase in output voltage. With
a step-up transformer the voltage on the following grid will be nearly equal
to the step-up turns ratio of the transformer multiplied by the A.C. voltage
on the primary. -

Over the audible frequency range the fidelity of a transformer-coupied
amplifier may be made as good as is desired. The cost of a transformer
having linear response over a wide frequency range is considerable, and
since equally good response may generally be obtained by a very simple
resistance-coupled amplifier the transformer is only used under circum-
stances where its particular advantages are of value. Some of these
advantages are:—

(1) High output voltage for limited supply voltage,
(2) Stepping up from, or down to, low-impedance lines,

(3) When used with split or centre-tapped secondary for the operation
of a push-pull stage, and

(4) When a low D.C. resistance is essential in the grid circuit of the
following stage.

In some circumstances “loaded” transformers are employed. Either the
primary or secondary is shunted by a resistance which tends to flatten
out the response characteristic. Even
apart from the additional shunt loading
there is a loading on the primary equal to
the plate resistance of the valve. Under no
conditions should the total load resistance
referred to the primary* be less than the
recommended load of the valve as a Class
A power amplifier; nor should it be less 7
than twice the valve plate resistance. Figure 2

‘When the secondary of an ideal transformer is loaded by a resistance
R (Fig. 2) there is reflected into the primary an effective resistance equal’
to (N,/N.;)2R, where N; and N, are the primary and secondary turns
respectively. The ratio N,/N. is known as the turns ratio. In specifying
the turns ratio care should be taken to state whether it is secondary to
primary or vice versa.

When two or more stages with transformer coupling are used, it is
usually necessary to employ decoupling (see Chapter 4).

*See Chapter 26 on transformer operation.



Chapter 1. 3
Resistance Coupling
(a) Triode Valves:

A typical resistance-coupled triode stage is shown in Fig. 3 in which -

RL, is the plate load resistor of V,, C. the coupling condenser, and Rg. the
grid resistor of the following valve. Cathode-bias is to be preferred and is
provided by Rk, with bypass Cx,.

A convenient approximate formula
for the choice.of a cathode bias re-

sistor (RK) for a resistance coupled
triode is
R1.
RK —
i3

This should only be used when in-
sufficient data 1is available for a
more accurate calculation since the
optimum value depends on other

factors, including the shunting effect of the following grid resistor and the
input voltage.

Figure 3

If the peak grid voltage required by V, is only a very small fraction of
EB, then the design is not at all critical, and values of Rx,, Ry, and Rg,
may be varied within wide limits. If, however, the peak grid voltage is

required to be as high as possible, then care should be taken on the fol-
lowing points:—

(1) Rg, should be as high as is permitted for V,.

(2) Rr, should be several times as high as the plate resistance of V,
but preferably should not exceed one quarter of Rg, and

(3) REK, should be such as to give the optimum bias for selected values
of Rr,, Rg, and EB.

Due to the wide range of such a choice there are innumerable combinations.

When it is not necessary to obtain the maximum output voltage it is
possible to reduce the harmonic distortion by operating the valve with a
lower value of grid bias. The limit is set by the possibility of running
into grid current, and the optimum bias is therefore given approximately by

E. = (E,/M) + 1 volts

where E, — bias voltage applied to V,,
E, — peak grid voltage required by V., and
M — stage gain from grid of V, to grid of V..

In this calculation the minimum instantaneous grid voltage on V, is taken
as 1 volt which is a reasonable value for most general purpose valves. With
choke or transformer coupling this method of calculating the bias voltage
should not be used unless care is taken to check the plate current and dis-
sipation. For additional information it is desirable to make graphical
calculations (see Chapter 34). ‘

The following points are of general interest:—

1. The upper frequency response is not appreciably affected by the value
of R, since the plate resistance of the valve is normally much lower
than Rr,, but it is noticeably affected by the “Miller Effect” (see
Chapter 7), whereby there is reflected into each grid circuit an effec-
tive shunt impedance. This shunt is largely capacitive and there-
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fore causes loss of the higher frequencies. The loss as affecting V,
may be decreased by

(a) reducing the grid-plate capacitance of V,,

(b) reducing the stage gain of V,,

(c) reducing the effective impedance from the grid of V, to earth, or
(d) reducing the plate resistance of V..

In many cases V, will not be similar to V,, and the “Miller Effects”
may be different. It should be noted that the shunt impedance in the grid
circuit of V,, due to the “Miller Effect” in V,, forms a load on V, in parallel
with RL,, Rg, and r,. With triodes having comparatively low values of
r, (say less than 20,000 ohms), the “Miller Effect” is small due to the low
effective impedance from grid to earth. With high-mu triodes the “Miller
Effect” is much more pronounced, due partly to the high r, and partly
to the higher stage gain. With an input circuit as for V, (Fig. 3) the
shunt must be considered not only as across Rg, but across the impedance
of the input source parallel with Rg,.

2. The low frequency limit for linear response is affected by C, and Cx,
in relationship to Rg, and RX,, respectively. The loss of voltage due
to C. may be calculated by the use of a vector diagram or by the
following formula on the assumption* that r, is small compared
with Rg..

Eg/Ei = Rg./Z
Where Eg — voltage on grid,
Ei — voltage input to C,,
Z = series impedance of C, and Rg.

= V Rg.,* + Xc? where Xc = 1/25fC,

If Rg == 1 megohm and f — 50 ¢/s, the following results will be obtained:

db.loss Eg/Ei Xc/Rg Xe C,
1 0.891 0.51 0.51 megohm 0.00624 uF
2 0.794 0.76 0.76 " 0.00419 ,,
3 0.708 1.00 1.0 ' 0.00318 ,,

In certain cases a low value of C, is adopted intentionally to reduce
the response to hum. In high fidelity amplifiers a fairly large value of C,
is generally adopted, this not only improving the bass frequency response
but also reducing phase shift and possibly also improving the response to
transients. Typical values of C, for high fidelity} amplifiers are:

Grid Resistor. Coupling Condenser,
10,000 ohms 2.5  minimum uF
50,000 0.5 " "
100,000 0.25 " ”
250,000 ,, 0.1 " v
500,000 0.05 o "
1,000,000 ,, 0.025 " .

With high-mu triodes the loss under stated conditions is slightly less,
since as the impedance of C. increases so the effects of the shunt A.C. load
across RL, become less severe. However, since the gain of a triode valve
is only slightly affected by a change of load impedance (the load being
considerably greater than the plate resistance) the effect is so slight that
it may be neglected in practice.

*This assumption is reasonably accurate for general purpose triodes.
$On the basis of approximately 1 db. loss per stage at 12.5, ¢/s.
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The minimum value of Ck for bypassing the cathode resistor RK is
given in Chapter 4. When A.C. heating is used it is desirable to use a high
capacitance (25 uF.) for Ck in order to bypass the hum voltage.

GRID LEAK BIAS AND HIGH-MU TRIODES: The optimum bias of a
high-mu triode is fairly critical, and varies from valve to valve due to
variations in contact potential and characteristics. In order to avoid any
possibility of positive grid current such valves are generally biased more
negatively than is desirable from other aspects. A method which has
certain good features is to use grid leak bias with a grid resistor of about
10 megohms returned to the cathode. Positive grid current flows at all
times, but the effective input resistance is about half the resistance of the
grid leak and may therefore be quite high. Measurements of the perform-
ance of a stage employing grid-leak bias show that the distortion is reas-
onably low.

V2 (b) Pentode Valves:

Co The design and operating char-
acteristics of resistance-coupled
pentodes are very different from

sRu $Rga those of triodes. Pentodes give

higher gain per stage, higher out-
put voltage for the same supply
= voltage, and less harmonic distor-
tion for the same output voltage,
than triodes. Due to the very
low grid-plate capacitance of pentodes, the “Miller Effect” is generally

negligible and no appreciable loss of high frequencies occurs even with a

very high grid-earth impedance.

Figure 4

Due to the high plate resistance of pentodes, the following factors
enter into the operation of a voltage amplifier circuit such as that shown
in Fig. 4,

(1) the value of Rr, affects the upper frequency limit,

(2) a slightly smaller value of C, may be used for the same low frequency
response,

(3) the plate circuit filtering requires to be better than for triodes, and

(4) the “Miller Effect” grid impedance of the subsequent stage has a
more pronounced effect.

For general use it is recommended that Rr be 0.25 megohm for all
pentode valves, and operating data have been published for this condition.
The approximate limits of frequency response with variation of Rr are: .

RL Upper Frequenéy Limit *
0.1 megohm 25,000 c/s
0.25 v 10,000 .
0.5 " 5,000

The choice of Rr, is also affected by Rg. and it is preferable for Rg, to
be not less than twice Ri, when high peak grid voltages are required. If
a small decrease in stage gain be required, it is preferable to obtain this
by decreasing Rr, rather than by decreasing Rg. unless only very limited
output voltage is required.

*For a total shunt capacitance of 75 usF. in the plate circuit (corresponding to
type 2A3 in following stage together with stray capacitances) the loss at these
frequencies is approximately 2 db. With a valve having less input capacitance
the loss will be correspondingly less.
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The plate circuit filtering may be improved by the addition of a resist-
ance-capacitance filter or by neutralisation (see Chapters 23 and 24).

The sereen should for preference be supplied through a dropping re-
sistor from B+, and with this arrangement quite a small (0.5 uF.) bypass
condenser is sufficient to give good filtering and decoupling. The use of a
screen dropping resistanee in conjunction with cathode bias reduces varia-
tions from valve to valve and enables standardised data to be prepared.
(See Chapter 4 for design formulae.) The value of C, may be taken as
being approximately the same as for triode valves. The value of Ck, may
be determined as above in Chapter 4, although a large capacitance (25 uF.)
is usually employed to assist in bypassing hum voltages.

The choice of operating conditions for a resistance coupled pentode is
very wide (see Chapter 34), but it is sufficient to adjust the plate current
to the optimum value. The optimum plate current for high level operation
is approximately 0.56EB/RL so that if EB — 250 volts and RL == 0.25 meg-
ohm, I, should be 0.56 mA. This may be arranged by adjusting either Rk
or Ry, in other words by adjusting the grid bias or screen voltage. In this
adjustment the grid should he maintained sufficiently negative to avoid
grid current and in the published data Rk has been standardised at 2,000
ohms for all types. It thus only remains to decide upon a value of R, to
give 0.56 mA., and a suitable value may be determined by trial or by refer-
ence to the published data.

As a conservative guide for calculating the maximum output voltage
under typical conditions the following approximation inay be used:—

Epear = 0.21 Eb for Rgs = 0.5 megohm
or 0.25 EB for Rgs = 1.0 megohm

where Epe“k — peak audio output voltage
EB — plate supply voltage
R1, = 0.25 megohm.

and the disfortion is 39 total.

Miscellaneous Types of Amplifiers

Choke-Capacitance-Coupling

The resistor Rr, in Fig. 3 may be replaced by an inductance. TUnder
these conditions the operation is similar to that of a transformer-coupled
amplifier (Fig. 1) with a transformer ratio 1 : 1, except that C, must he
designed as in a resistance-coupled amplifier so as to avoid low frequency
attenuation. An amplifier of this description produces a higher output
voltage than one resistance coupled. The inductance should be the same
as that of a suitable transformer primary.

Parallel-Feed Transformer-Coupling

It is preferable to design the intervalve transformer so that the plate
current may be passed through the primary of the transformer without
approaching saturation, but occasionally circumstances arise where this is
not convenient. A very simple method in such cases is to employ parallel-
feed. A typical circuit is shown in Fig. 5 in which the condenser C blocks
the Direct Current and prevents it from passing through the primary of
the transformer; a load resistance Rr. is inserted in a similar manner to a
resistance coupled amplifier.
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Due to the drop in RL the average
plate voltage will be considerably
less than the supply voltage and this
may restrict the maximum output
voltage. It is preferable to increase
the supply voltage until the actual
plate : voltage reaches the normal
maximum for the valve in .order to
increase the output level before dis-

Figure 5 tortion sets in. If the supply volt-

age is limited it is desirable to make

RL a resistance of 3 or 4 times the plate resistance of the valve. Higher

values of Ri result in decreased maximum output voltage and increased

distortion at low frequencies due to the elliptical load-line. Lower values
of RL result in lower gain and increased distortion at all frequencies.

The optimum value of C is dependent upon the transformer primary
inductance, and the following values are suggested:—

L =10 20 30 50 100 150 Henries
C= 40 2.0 20 1.0 0.5 0.5 uF.

These values of capacitance are sufficiently high to avoid resonance at an
audible frequency. Use is sometimes made of the resonance between C and
the inductance of the primary to give a certain degree of bass boosting.
By this means a transformer may be enabled to give uniform response down
to a lower frequency than would otherwise be the case. It should be noted
that the plate resistance of the valve, in parallel with Rr, forms a series
resistance in the resonant circuit. The lower the plate resistance, the
more pronounced should be the effect.

It is frequently so arranged that the resonant frequency is sufficiently
low to produce a peak which is approximately level with the response at
middle frequencies, thereby avoiding any obvious bass boosting while
extending the frequency range to a maximum. :

Auto-Transformer Coupling

An “auto-transformer” is a single tapped inductance which is used in
place of a transformer. Fig. 6 shows a Parallel-Fed Auto-Transformer
Coupled Amplifier. The Auto-Transformer may be treated as a double-
wound transformer (i.e., with separate primary and secondary) having
" primary turns equal to those between
the tap and earth, and secondary
turns equal to the total turns on the
inductance. A step-up or step-down
ratio may thus be arranged. An or-
dinary double-wound transformer may
be connected with primary and sec-
ondary in series (with sections aid-
ing) and used as an auto-transformer,
. but capacitance effects between wind-
Figure 6 ings may affect the high-frequency re-

sponse of certain types of windings.

Vi va

(- --1
= 23

A.F, CHOKE

The inductance between the tapping point and earth should be the
same as for a satisfactory transformer primary. With the parallelfeed
arrangement of Fig. 6 the plate current does not flow through the fnduct-
ance, but an alternative arrangement is to omit the parallel-feed and to
add a grid coupling condenser and grid resistor for V,.
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Wide-Band Amplifiers

For certain purposes it is necessary to design amplifiers to cover very
wide frequency bands. In such cases resistance-coupled pentodes may be
used very successfully. In order to operate at very low frequencies the
grid coupling condensers and cathode bypass condensers may be increased
as desired. In order to operate at very high frequencies,

(a) the plate load resistors are decreased,

(b) the “Miller Effect” is reduced by the use of valves having low values
of C;;, and in the extreme case by using Acorn types (eg. 954),

(c) inductances or parallel resonant circuits (‘‘tone compensation”) are
employed in series with the plate load resistors to lift the highest
frequencies,

(d) the wiring and layout are carefully designed,

(e) the grid resistors are decreased,

(f) multiple stages of low stage gain are employed, and

(g) negative feedback may be used to improve the frequency response
and reduce phase distortion,

If Television Pentodes (e.g. 1851, 1852, 1853) are employed the “Miller
Effect” and shunt capacitances would he sufficient to give serious attenua-
tion at very high frequencies if the plate load resistors were not reduced to
a few thousand ohms. The very high mutual conductances of these valves
(5,000 to 9,000 umhos) is sufficient to give usable gain even with load re-
sistors of 2,000 to 3,000 chms.

Low Impedance Resistance Coupling

When a power stage, for example, requires a very low grid circuit
resistance it is possible Lo use resistance coupling provided that a valve
of low plate resistance is employed in the earlier stage. The value of RL
should not be less than the recommended load as a power amplifier, and
the value of Rg may be about twice RL or even lower provided that the
distortion is permissible or is balanced out by push-pull operation. This
same arrangement may also be used with a phase splitter.

“D.C” Amplifiers

There is much misunderstanding regarding so-called “D-C Amplifiers”
which should be divided into '

(1) Zero-frequency resistance-loaded amplifiers, and

(2) “Direct-Coupled” Amplifiers which do not respond to zerg frequency.

An example of (1) is given in Fig. 7 in which a resistance loaded pentode
(V,) is used to excite a triode (V,;). The power supply should be a battery
or difficulty may be experienced in

v, obtaining sufficiently low imped-
ance between tappings. No con-
densers, not even in the power-
supply or filter, are permissible for
Rz uniform frequency response. The
grid bias for the first stage may be

L obtained from an un-bypassed

L » T [ cathode resistor R, if desired in

= :-i-:,_L =TT oS place of the hattery Ec,, but there

Ey = XY will then be degeneration and loss

Figure 7 of gain. . This amplifier responds

to the slowest changes, and is thus

subject to slow drift, particularly when not used with battery supply. Due

to the difficulties which are experienced with this type of amplifier it is not
used except for special cases when no other type is permissible.
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Amplifiers of the second type have been used for many years, but the
low frequency response is limited, and is frequently worse than with resist-
ance-capacitance coupling. The reason for this is that although the coup-
ling from plate to grid is “direct,” the coupling from cathode to cathode
involves a condenser and/or inductance (e.g. field coil).

The high-frequency cut-off .point of “D-C” amplifiers is limited by
shunt stray capacitances and “Miller Effect” in a similar manner to resist-
ance-capacitance coupled amplifiers.

PHASE SPLITTING

In any amplifier incorporating push-pull operation, it is necessary to
provide some method of phase splitting to derive two input signals 180
degrees out of phase. One of the best known of these methods is that
shown in Fig. 8 in which a transformer is used having a centre tapped
secondary. Since the secondary of the transformer provides two equal
voltages 180 degrees out of phase, the arrangement is entirely satisfactory
provided that the transformer is of correct design. This method may be
used with almost any type of amplifier and the arrangement illustrated is
merely typical. For example, fixed bias operation or operation with triodes
in place of pentodes could equally well be adopted.

CENTRE - TAPPED TRANSFORMER SIMPLE TRANSFORMER WITH DIVIDER

B+

Figure 8 Figure 9

An alternative arrangement which does not require centre-tapping of
the transformer secondary is shown in Fig. 9. In this case an ordinary
transformer with a single secondary winding is used and a resistance
divider is placed across the secondary of the transformer and centre
tapped in order that it may be returned to earth. The resistances R, and
R, need careful consideration since they form a load on the valve V,. The
load reflected into the plate circuit of V, is equal to

R; + Ra
N2

where N is the step up ratio of the transformer. For example, if R,
and R, are each 100,000 ohms, their sum is 200,000 ohms and if the ratio of
the transformer is 3 : 1 step up, the load reflected into the plate circuit is
200,000 divided by 9 or 22,000 ohms. This load is lower than a number of
general purpose triode valves are capable of handling without noticeable
distortion, and it might therefore be necessary to increase the values of
R, and R, until a suitable value is reached. The maximum limit to the
values of R, and R, is set by the grid circuit resistance which may be per-
mitted with valves V, and V;. It will be seen that this arrangement neces-
sarily introduces more resistance into the grid circuit than does a centre
tapped transformer. The centre tapped transformer is therefore less likely
to give severe distortion when the valves are slightly overloaded and run
into grid current.
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An alternative method which
is sometimes used is to reduce . _
the transformer to its simplest CENTRE _ TARPED CHOKE
form, namely that of an audio
frequency choke. If a centre
tapped choke is used it is pos- i
sible by means of the circuit -——
shown in Fig. 10 to obtain reas-
onably satisfactory push-pull
operation. This  arrangement
has the disadvantage over a

correctly designed transformer ¥ e°+
that perfect symmetry between .
the two sides cannot readily be Figure 10

‘obtained. As compared with .
the transformer there will be less gain since the gain in the coupling cir-
cuit will be less by the total step-up ratio of the transformer.

A number of methods are available for phase splitting by the use of
valves and resistance coupling. In many cases these are to be preferred
to any method employing an iron core transformer since excellent fidelity
may be obtained at comparatively low cost. One of the simplest of these
arrangements is shown in Fig. 11 and has been very widely used with
entire satigfaction. In this circuit yalve V, is an ordinary amplifying valve
which may well be a resistance coupled pentode. V, is the phase splitting
valve and may be any general purpose triode having an indirectly heated
cathode. A sharp cut-off pentode such as the 6J7G functions well when
connected as a triode with screen tied to plate. Similar resistances are
inserted in both cathode and plate circuits, and it will be seen that these
two resistors in series form the load on the valve. Since the input from
the preceding stage is applied between the grid of V. and earth, there will
be a degenerative action resulting in a considerable loss of gain. The

PHASE SPLITTING VALVE

Ak
1

Figure 11

actual gain between the input to V. and the output to either side of the
push-pull stage is slightly less than unity. In a practical case this is
generally found to be about 0.9 each side or a gain of 1.8 times grid to
grid. This low gain means that the valve does very little amplification and
really takes the place of the transformer or centre tapped choke in other
arrangements, Although this may appear extravagant with regard to valves,
it is frequently the most economical arrangement. It possesses a number
of particular advantages among which are low distortion and excellent
frequenicy fidelity, Owing to the capacitance between heater and
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cathode of V. there will be a slight out-of-balance between the two
push - pull” valves at high audio frequencies, but this is slight and .occurs
only ‘at high frequencies, where no appreciable disadvantage results. It
will be noticed that the cathode bias resistor R, is not bypasged, this being
urnecessary since R, is considerably smaller than (R, + R.) and the loss
of gain through the omission of the bypass condenser is Mhegligible. If a
low-x valve had been used there might have been an advantage in bypass-
ing R,, since Ry would then be comparable in resistance with R, or R,. A
further advantage in using a valve having a fairly high x is that the de-
generation is thereby increased, with consequent additional reduction of
distortion.

The degeneration with this arrangement is known as “Negative Cur-
rent Feedback” and is treated in detail in Chapter 6. The major effects are
the reduction of harmonic distortion, improvement in frequency response,
and high input impedance. The input impedance is approximately 10 times
the value of the grid resistor; a smaller value of grid condenser may there-
fore be used.

A by-pass condenser from the cathode to earth should be avoided since
it would unbalance the push-pull operation.* An important point in con-
nection with this system of phase splitting is that the phase splitting valve
should be operated immediately in front of the push-pull power stage or
separated from it by a low gain push-pull stage. If a high gain amplifier is
placed between V, and the output stage, hum may be troublesome. Part
of the hum is due to the considerable difference of potential between the
heater and cathode V.. This may be reduced by operating the heater of
V, from a separate transformer winding which is connected to a suitable
point in the circuit which is at an average potential approximating to that
of the cathode., The maximum voltage output which the phase splitter is
capable of delivering is similar to that which would apply to an ordinary
resistance coupled triode. It is usually safe with general purpose triodes
to assume a grid to grid voltage output of 229 of the plate supply voltage
to V,. With 250 volts supply this will reach 55 volts output, while with 400
volts supply the output will be 88 volts. This latter
condition is just sufficient to drive two push-pull
Class A 2A3 valves operating with 250 volts on the
| S ‘plates. If the phase splitter is used to drive more
sensitive output valves there will -be no difficulty in
INPUT A, supplying the necessary excitation to the grids.

R3 If in the preceding arrangement the input to V, is
?_ taken between grid and cathode instead of between
grid and earth, the degenerative effect will be avoid-
R ed and the full gain of V, will be obtained. A cir-
i, cuit showing this is given in Fig. 12. It will be seen
that the input circuit is floating and for this reéason
cannot generally -be used satisfactorily with a pick-
up although it may be used under some circum-
stances in a radio receiver. This circuit is particularly prone to suffer from
hum as the gain of V, amplifies the hum from its cathode. As in the
previous case, this hum may be minimised by adjusting the’ potential on
the heater to approach that of the cathode.

vz

+
Figure 12

*This method has been used as a tone control, since a bypass condenser from
cathode to._earth reduces the degeneration for the higher frequencies and there-
fore provides greater amplification for the higher than for the lower frequencies.
The output with this arrangement will be out-of-balance for the higher fre-
quencies.
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An arrangement which is not free from criticism, but has given reas-
onably satisfactory results over a number of years, is shown in Fig. 13.
This is an arrangement in which the grid voltage of V, is obtained from
a tapping on the output of V,. There are various methods of obtaining
this tapping for the grid, but the one illustrated is fairly typical. The
value of R, is given by the
formula

R; + R; »
Ry = — 22
M 3
L L
where M is the stage gain of —

V.. It is essential for the -t
adjustment of R, to be made
under working conditions in
order that correct balance
may be obtained between.the
two sides. Apart from the
necessity for accurate adjust-
ment, this circuit is ex-
tremely satisfactory although the effective gain of V, is only unity. This
valve is therefore used only as a phase splitter and does not add to effect-
ive amplification. In this circuit the output of valve V, is required to
excite only one grid of the push-pull stage. Valves V, and V, are often
combined in a single bulb by using twin triodes such as the 6N7-G(6A6)
or 1J6-G(19). In this circuit, since the cathodes are almost at earth
potehtial, the hum introduced in the stage is very low.

+

Figure 13

A circuit known as the “Floating Paraphase” is shown in Fig. 14. In
order to visualise the operation of this circuit consider firstly the situation
with V, removed. Resistors R; and R, in series form the load on valve
V,, and the voltage at the
point X will be in propor- Vi
tion to the voltage at the
grid of V,, When V, is re- -
placed, the voltage initially
at point X will cause an am- 3
plified opposing voltage to —
be applied to resistors R, .3
and R, If resistor R, is
slightly greater than R, it
will be found that the point
X is nearly at earth poten-
tial. If the amplification of
V. is high, then R, may be
made equal to R, and point Flgure 14
X will still be nearly at earth potential. The point X is therefore floating,
and the circuit being a true Paraphase the derivation of the name “Floating
Paraphase” is obvious. This ecircuit has certain advantages over the
arrangement of Fig. 11, since V, and V, each excite only one grid (V; and
V.) and since V; and V., may both be pentodes, thereby again providing a
higher voltage output. A further advantage is that provided V, and V, are
pentodes, series negative feedback may be used with pentode or tetrode
valves in positions V, and V,; this arrangement is, however, not essentially
stable, and motor-boating may be experienced. When feedback is used the
preferred arrangement is that of Fig. 11 of Chapter 6.
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CHAPTER 2
Audio Frequency Power Amplifiers

Types of Power Amplifiers — Class A, AB and B operation
— (1) Power Output — (2) Power Efficiency — (3)
Sensitivity — (4) Harmonic Distortion — (5) Loudspeaker
Damping — (6) Overload Performance — (7) Power
Supply Regulation — (8) Parasitic Oscillation — (9)
Special Components — The Design of Class B Amplifiers.

Power Amplifiers may be divided into ‘
(1) Triodes in Class Al, single; Class Al, AB1, AB2 and B Push Pull,
(2) Pentodes in Class Al single; Class Al, ABl1 and AB2 Push Pull,
with or without feedback,
(3) Beam Power Tetrodes in Class Al single; Class Al, AB1 and
AB2 Push Pull, with or without feedback.

Class A Operation is the normal condition of operation for a single
valve, and indicates that the plate current is not cut off for any portion
of the cycle. .

Class AB Operation indicates overbiased conditions, and is used only
in push-pull to balance out the even harmonics.

Class B Operation indicates. that the valves (which are necessarily in
push-pull) are biased almost to the point of plate current cut-off.

The numeral “1” following A or AB indicates that no grid current flows
during any part of the cycle, while “2” indicates that grid current flows
for at least part of the cycle. With Class B operation the “2” is usualiy
omitted since operation with grid current is the normal condition.

The various types of amplifiers are considered under headings corre-
sponding to criteria of performance.

(1) Power Output.

For a limited supply voltage Class Al gives the lowest power output
with given valves, while Class AB1 and Class AB2 give successively higher
outputs. Pentodes and Beam Tetrodes give greater power output than
triodes under the same conditions. Negative feedback does not affect the
maximum power output.

(2) Power Efficiency.

The Power Efficiency is the ratio of the audio frequency power output
to the D.C. plate and screen power input. It is least for Class Al, and
increases with Class AB1, AB2 and B. It is less for Class Al triodes than
for Class Al pentodes or beam power tetrodes.
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(3) Sensitivity.

The sensitivity is the ratio of milliwatts output to the square of the
R.M.S. grid voltage. Pentodes and beam power tetrodes have econsider-
ably greater sensitivity than triodes. Class AB1 or any push-pull opera-
tion decreases the sensitivity. Amplifiers with grid current must be
treated as power amplifiers since power is required in the grid circuit;
sensitivity cannot be quoted for such types except for the whole section,
including the driver valve.

(4) Harmonic Distortion.

Single Class Al triodes are usually operated with 5% second harmonic
at maximum output, while the third and higher order harmonics are small
under the same conditions. All published data for such valves are based
on 5% second harmonic. With push-pull Class Al triodes the even har-
monics are cancelled and only very small third and higher order harmonics
remain. Push-pull class Al triode operation is regarded as providing the
highest standard of fidelity.

As the bias is increased for Class AB1l operation the odd harmonic
distortion increases only slightly until cut-off is reached during the cycle,

beyond which point the higher order odd harmonics become more prominent.

When the bias approaches the static cut-off point (Class B operation)
this higher order odd harmonic distortion tends to become objectionable,
and special means are taken to reduce it in certain cases such as for Class B
modulation in transmitters. For minimum distortion, special valves hav-
ing very high “mu” are used, and may even be arranged with a slightly
“variable-mu” grid so as to reduce the low-level distortion (e.g., type 805).

Power Pentodes operated under Class Al conditions on a resistive load
may have very slight second harmonic distortion but from 7% to 13%
total distortion. This is largely third harmonic with appreciable higher
order harmonics. @ When operated into a loudspeaker load the harmonic
distortion is much more severe at low and high frequences due to the
variation of loudspeaker impedance with frequency. An average loud-
speaker has an impedance at the bass resonant frequency and at about
5,000 c¢/s. of about 6 times that at 400 c/s. A resistance-capacitance
filter (“tone control”) may be used to reduce the rise of impedance at
high frequencies, but does not assist at low frequencies. Negative feed-
back may be used to reduce distortion at all frequencies.

The rise of loudspeaker impedance at low and high frequencies does
not have any detrimental effect with Class Al or AB1 triodes, since an
increased load resistance provides decreased distortion. Class AB2 or
Class B triodes have characteristics somewhat similar to Class AB2 pen-
todes and the variation in load resistance has a somewhat similar effect

in both cases.

With a load of varying impedance, such as a loudspeaker, there is a
selective effect on the harmonic distortion. For example, if the impedance
of the load is greater to a harmonic than to the fundamental, the harmonic
percentage will be greater than with constant load resistance equal to that
offered to the fundamental. This matter is treated in detail in Chapter 3.

Owing to the fact that the dominant harmonic with Power Pentodes
is the third, there is very little reduction of distortion due to push-pull
operation. If, however, the load resistance per valve is decreased, the
effect is to increase the second harmonic per valve (which is cancelled out
in push-pull) and to decrease the third harmonie, and thus to improve the

fidelity.
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Much of the distortion occurring with Class AB2 or Class B operation
is due to the effect of grid current on the input circuit. The design of
such amplifiers is treated more fully later in this Chapter.

Normally the harmonie distortion is stated for full power output, but
the rate of increase is also of importance. Second harmonic distortion
(Class Al triodes or beam power tetrodes) increases more or less linearly
from zero to full power. = Third harmonic distortion in pentodes increases
less rapidly at first, and then more rapidly as full output is approached.
Higher order odd harmonics show this effect even more markedly.

Class B amplifiers show a very rapid rise of distortion to a peak at
some low power output level, beyond which the distortion may remain level
or may decrease. For this reason Class B amplifiers are preferably
operated at or near maximum output.

Beam Power Tetrodes in Class Al have considerable second harmonic,
but less third and higher order harmonics. ‘When operated in push-pull
the second harmonic is cancelled, and the total harmonic distgrtion on a
constant resistive load is small. On a loudspeaker load, however, the same
objections apply as for pentodes, and negative feedback is recommended in
all cases where good fidelity is required.

For further information on Fidelity, Distortion, and Cross Modulation
see Chapter 3.

(5) Loudspeaker Damping.

Every loudspeaker has a certain amount of internal damping, due to
its construction, but in most cases the damping is insufficient to give good
reproduction of transients. The plate resistance of the output valve, as
reflected through the coupling transformer, acts as an additional shunt
damping resistance. Since the -audio output voltage and the damping
resistance are both passed through the same transformer, the effect may
be considered as on the primary. We need only be concerned with the
ratio of the load resistance to the effective plate resistance (R,), and this
ratio (RL/R,) is called the “damping factor.”* Triodes have good damping
factors, but pentodes and beam power tetrodes, due to their high plate
resistance, have very poor damping factors. (See also Chapters 3 and 26).
The application of negative (voltage) feedback will reduce the plate resist-
ance of a pentode or beam tetrode, and if sufficient feedback is applied the
damping factor may be made even greater than with triodes (See
Chapter 6.)

(6) Overload Performance.

When an accidental overload is applied to the power stage due to too
great a signal voltage, it is important that the resultant sound should not
be too distasteful. Part of the effect is due to the flow of grid current,
and is more pronounced with resistance-coupling than with transformer
coupling. A slight improvement with resistance-coupling may be obtained
by the use of a “grid stopping resistor” of 5,000 to 10,000 ohms directly
in series with the grid of the power valve. Additional improvement may
be obtained by the use of a low resistance grid resistor when this is per-
missible.

Pentodes, and to a less extent beam tetrodes, have a natural “cushion”
effect as the overload point is approached. The distortion becomes fairly

*This has been used for want of a better term, and is to be distinguished from
the damping factor as applied to a resonant circuit.
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severe before, grid current or plate current cut-off is reached, and as the
characteristics are cramped together in these regions the excursion into
grid current is comparatively slight.

Pentodes or beam tetrodes with negative feedback lose most of this
“cushion effect,” and more closely resemble triodes as regards overload.

(7) Power Supply Regulation.

When the D.C. plate current remains nearly constant at all output
levels the regulation of the power supply is not important as regards the
output power. With Class ABl operation there is a greater variation in
current drain from zero to maximum. signal, and improved regulation is
required in the power supply in order to avoid loss of power and increased
distortion. Class AB2, and particularly Class B Amplifiers, require ex-
tremely good power supply regulation owing to the large variations in
current drain.

The use of self-bias reduces the variation of plate current due to change
of signal level, and frequently enables less expensive rectifier and filter
systems to be used, although the output may be slightly reduced and the
distortion slightly increased as a result.

(8) Parasitic Oscillation.

Parasitic Oscillation in the power stage is sometimes encountered,
either of a continuous nature or only under certain signal conditions. High-
mutual-conductance valves are particularly liable to this trouble, which is
best cured by the application of negative feedback. Class AB2 or Class B
Amplifiers sometimes suffer due to negative slope on portion of the grid
characteristic. = This may sometimes be recognised by a ‘“rattle”- in the
loudspeaker. Improvement in most cases may be secured by the use
of one_or more of the following expedients:—

Small condensers from each plate to earth.

Condenser from each grid to earth (with transformer input only).

Series stopping resistors in grid and plate circuits, arranged as close
as possible to the valve.

Improved layout with short leads.

Input and output transformers with less leakage inductance.

(9) Special Components.

A Class AB2 or Class B amplifier requires a driver stage and coupling
transformer in addition to the final stage. These, together with the addi-
tional cost due to the good regulation power supply, should all be considered
in calculating the total cost. It is desirable to consider the whole com-
bination of driver valve, special transformer and push-pull power stage as
forming the Power Amplifier, and the input voltage to the driver will
generally be comparable with that required by a single power pentode.

When fixed bias is required for a class AB1, AB2 or B amplifier, this
may be obtained from a battery or from a separate rectifier and filter. In
order to reduce the cost, back-bias with the addition of a heavy bleeder
resistance is frequently used. Some variation in bias is inevitable with
this arrangement, and a loss of power output and an increase of distortion
will result. The additional cost of the power supply and filter needed to
handle the total current of valves and bleeder must also be considered.

When the screens of pentodes or beam power tetrodes are operated
at a lower voltage than the plates, heavy voltage dividers or separate
power supplies are required except for Class Al operation. .
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THE DESIGN OF CLASS B AMPLIFIERS

A description of the main features of Class B Amplifiers is given in
Chapter 34. For convenience in design a comparatively simple and rea-
sonably accurate method is given in this section, arranged in stages for
greater simplicity in application. It should be understood, however, that
the complete design of a Class B amplifier is a very complicated and dif-
ficult matter, and one which, with the present limits of knowledge, demands
the application of methods involving successive approximations. There
being so many dependent variables in this design, it will he assumed in
the following treatment that at least one (the load resistance) has already
been determined, and that the plate supply voltage and power output are
known. Certain assumptions are also necessary regarding the design of
the Class B transformer.

Procedure

1. Assume a convenient plate supply voltage (EB).

2. Assume a value of plate-to-plate load resistance. This may be obtained
from the published data, although in some circumstances advantage may
be gained by using some other value. If it is desired to obtain an
optimum value it is necessary to complete the design for each of several
values. A higher load resistance results in lower maximum power out-
put, increased plate circuit efficiency, and decreased driving power for
maximum output.

3. The load resistance (RL) for a single valve will then be one-quarter of
the load resistance plate-to-plate.

4. Draw on the I,E, characteristics a load line corresponding to the load
resistance for a single valve, passing through the E, axis at the supply
voltage point (for method see Chapter 34).

5. Assume a value of power output for both valves. The published data
may be used as a guide to selecting the maximum power output under
given conditions, but lower values of power output may be selected for
calculation.

6. Determine the peak A.F. plate voltage (Er) from the equation

EP = 2 \/ W.RL
where W = watts output per valve
= 0.5 X watts output for 2 valves
and Rr — load resistance per valve
= 0.25 X load resistance plate-to-plate.

7. Determine the minimum plate voltage (e, ,1..) Which occurs at the nega-
tive peak A.F. plate voltage;

€p min. = En — Ep
where EB — plate supply voltage
and Ep — peak A.F. plate voltage

8. Determine the point on the loadline correpsonding to e, .. and hence
the corresponding positive grid voltage.

9. Determine from the grid current characteristics the instantaneous value
of grid current at the plate voltage (e, mi».) and positive grid voltage
just determined. This will be the peak grid current (I, ,..).
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10. Select & suitable negative grid bias voltage E. (E. — 0 for zero bias
types) to give a small plate current at no signal. The published data
may be used as a guide in selecting the optimum no-signal plate current.

11. Determine the total peak A.F. grid voltage (E, ,...) With respect to the
working point by adding the bias voltage and the peak positive voltage.
For certain selected conditions this value may be obtained directly from
the published data.

12. Determine the peak grid power defined by
Wg peak =~ Eg peak X Ig peak

From this information it is possible to select a driver valve which will
give a peak power output equal to at least

W, peak
i
where n — peak power driver transformer efficiency.
Since on a resistive load the peak power output of the driver valve is twice

the average power output, it will be necessary to select a driver valve hav-
ing a published Maximum Undistorted Power Output of at least

0.5 Wy peur
1’

Since the driver valve is required to operate into a minimum load resistance
which is greater than that for M.U.P.O. it is advisable to select one hav-
ing an ample margin of output. Values of peak power transformer
efficiency depend on the transformer design but practical efficiencies obtain-
able with good design are usually in the region of 70%. If a driver valve
having a M.U.P.O. equal to the peak grid power (W ,..) be selected it
will generally be found to be fairly close to the requirements.

Having selected an apparently suitable driver valve the procedure is
then:—

1. Assume as a convenient basis that the load (RL) on the driver valve is
4 times its plate resistance (r;).

2. The maximum peak A.F. plate voltage (E, ,.,.) on the driver valve will
then be given by

Ep max = 08 M Ecl

where u — amplification factor of driver valve
and E,, — grid bias on driver valve for normal Class Al operation.

3. Determine the transformer ratio (T) from primary to half secondary
from the approximation

E . —
T — p max \/’77_
. Eg peak-
where E; ... = total peak A.F. grid voltage.
(For a more accurate determination of T see Chapter 26.)

4. The plate resistance (r,) of the driver valve reflected into the secondary
of the transformer (r,’) is given approximately by r/ =r,/T2
For a more accurate determination of r, see Chapter 26.
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For good design r,’ should not exceed about

(a) 0.1 R, ,,;, for a Class B stage operating with high negative bias
or (b) 0.2 Ry ,.: for a zero bias Class B stage.

The final choice of r,” and T will depend on the permissible distortion. It
is obvious that in the case of a negatively biased Class B stage there will
be a wider range of grid input resistance over the cycle than in the case of
a zero bias stage, necessitating a lower ratio of r//Ry jeac

The distortion which occurs in the driver stage is largely the result of
a curved loadline (see Chapter 34.)

The foregoing treatment assumes that no resistive loading is used on the driver valve
or on the secondary of the transformer.

The design of the driver transformer should then be checked to see
whether the efficiency agrees with the assumed value at the peak grid
power under the conditions already determined. In order to simplify cal-
culations, one half of the loss may be taken as core loss, one-quarter as
primary resistance loss, and one-quarter as secondary resistance loss.

On this basis the resistance of each half of the secondary winding

should be
1 —
Rg peak ('_—7])
4y

If n = 0.7, this resistance will be 0.107 R; ,.. Similarly the resistance
of the primary winding should be approximately T? X the resistance of the

secondary. = Sufficiently large gauges of wire should therefore be used to
enable these low resistances to be obtained.

The inductance of the primary should be as high as that for an A.F.
transformer operating into a high impedance grid ciréuit, since during

portion of the cycle the secondary operates approximately under no load
conditions.

The leakage inductance of the transformer should be as small as pos-
sible in order to give good frequency response and to reduce any tendency
towards parasitic oscillation. In the preceding calculations, leakage in-
ductance has been assumed to be negligible.
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CHAPTER 3

The Relationship between the Power Output Stage
and the Loudspeaker

Loudspeaker Characteristics—Effect of Shunt Reactances
—Selective Distortion—Qutput—Effect of Transformer
Inductance—Effect of Transformer Losses— ‘Damping
Factor” — Tone Control — Combination Tones — Cross
Modulation—Acoustic Output.

Loudspeaker Characteristics.

The operation of an output valve on a loudspeaker load differs greatly
from the operation on a fixed resistive load. The impedance characteristic
of a typical loudspeaker is shown in Fig. 1 and it will be seen that the
impedance at 400 c¢/s., at which the loudspeaker is generally rated, is
almost the lowest impedance at any frequency within the normal audio
frequency range. At the bass resonant frequency the impedance rises to
a value about six times that at 400 c/s. and to a somewhat similar level
at 10,000 ¢/s. The impedance is resistive at two frequencies only, as shown
in Fig. 2, and at other frequencies is largely inductive or capacitive.
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Figure 1 Figure 2

Loudspeakers are generally tested for response by placing them in the
plate circuit of a low impedance triode valve or else by applying a constant
voltage of varying frequency to the loudspeaker transformer in series
with a resistance of the order of 1,000 ohms which forms the equivalent of
the plate resistance of a triode valve. It will be seen that in this test it
is the voltage across the voice coil and not the power which is maintained
constant at all frequencies. As the impedance increases so the power in
the voice coil decreases due to the smaller current.
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150 - T If constant power were &applied at
all frequencies the acoustic output

Tvpe 6F6 _ of the loudspeaker would be very
Eoz = 250 V. much greater at all frequencies than
that at 400 c/s. In such a case the

100 =0 bass and high audio frequencies
/——" would be reproduced at excessively
w24 high levels, and the reproduction
W % /_\‘\ would be most unnatural.
W e -
% 4’\\ NG -
Ed / 'I\ N HEONC Shunt Reactance
j P - /
b3 L \ \/ | A shunt reactance across the load
S~ \i = 33 of a power valve results in an ellip-
o7 200 200 tical load line as shown in Fig. 8.
PLATE VOLTS The load line for the reactance alone
. is shown with a broken line while
Figure 3

the resultant load line formed by
the combination of the resistive load line and the reactive load line is
shown as a solid line ellipse. The result of such shunt reactive loading is to
reduce the available output power and voltage for the same distortion.
Such an arrangement may be used satisfactorily provided that the input
voltage is reduced. A shunt reactive load may be caused by low induct-
ance of the loudspeaker transformer or by a condenser connected as a
tone control between plate and earth.

Selective Distortion.

When the load imposes a greater

a M impedance to the harmonic than to

[ the fundamental the measured har-

oqu\,_)_T_____\ gg;:;néhstortion increases. At a

y equal to one-half of the

bass resonant frequency the second

harmonic rises to a peak since the

second harmonic frequency is equal

to that of the bass resonance (Fig.

4). Similarly at a frequeucy equal

to one-third the frequency of the

bass resonance, the third harmonic

4aTh. L rises to a peak, and so with higher

(;o %02 %5 105 ) harmonicis. For a similar reason at

FREQUENCY C/S. frequencies .above about 1,900 c/s.

all harmonics tend to increase

Figure 4 since the impedance of the load to

the harmonics is greater than the

impedance to the fundamental. This is offset to some extent by the fact

that with a triode valve or with most of the commonly used negative feed-

back circuits, as the load impedance ig increased, so the distortion de-

creases. The nett effect is found by the combination of these separate
effects.

.

5

?
<
)

[

OUTPUT DECIBELS
DISTORTION PERCENT

[

8\

e
8

-

2ND.

Output.

Since with a loudspeaker we are concerned with voltage across the
voice coil and not with power output, it is found with an ideal transformer
that at the bass resonant frequency a slight rise in output occurs with a
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triode valve. With a pentode or beam tetrode valve a very pronounced rise
in output voltage occurs at the bass resonant frequency At high audio
frequencies similar rises occur with both triodes and pentodes, the former

being very slight and the latter pronounced.

Effect of Transformer Inductance.

With a triode valve, low primary inductance causes loss of re-
sponse at low audio frequencies. The slight rise of response at
the bass resonant frequency, which is only obvious when a trans-
former having high primary inductance is empioyed, may be com-
pletely masked by this effect. With pentodes or beam power tetrodes,
low inductance in the primary of the transformer may be used to compen-
sate for too great rise of response at the resonant frequency. This will,
however, result in decrease of power output at this frequency for limited
distortion. The inductance required for specific conditions is given in
Chapter 26.

Effect of Transformer Losses

As a result of resistance in the transformer windings a transformer
reflects into the primary circuit a higher impedance than that which is
calculated from the impedance presented to the secondary divided by the
square of the turns ratio from secondary to primary. As a result of
transformer core loss the reflected impedance is decreased, and when
the core loss is one half of the total transformer losses the reflected im-
pedance is approximately the same as for an ideal transformer (see
Chapter 26).

Damping Factor.

The “damping factor”* of a power output stage is equal to Ru/r,
where RL and r, are the load resistance and valve plate resistance respect-
ively, referred either to the primary or secondary of the transformer.
The damping factor is not much affected by losses in the transformer
(see Chapter 26).

The damping at frequencies at which the impedance of the loudspeaker
rises above its impedance at 400 c¢/s. is greater than that at 400 c¢/s. since
R1 is greater and thus an effective damping factor of up to six times the
nominal damping factor is obtained. This is particularly beneficial In
improving the reproduction at the bass resonant frequency.

Measuring Output of Receiver or Amplifier

It is desirable to measure the output of a receiver as the voltage
across either the primary or the secondary of the loudspeaker transformer.
The voltage across the primary of the transformer is not influenced to any
great extent by the characteristics of the transformer except the primary
inductance. Voltage measured across the secondary of the transformer
will be less than the ideal voltage owing to the losses in the transformer.
Similar remarks apply to amplifiers.

Negative Feedback.

All types of negative feedback result in decreased harmonic distortion.
Negative voltage feedback also results in improved damping and more

*For definition and description of “Damping Factor’” see Chapter 2.
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uniform frequency response and its effect is similar to that obtained by
the use of a triode valve. Negative voltage feedback has an increased
effect at the peaks of loudspeaker response. Negative current feedback
results in decreased damping and a more peaked frequency response curve.
This matter is considered in greater detail in Chapter 6.

Tone Control.

The effect of a tone control is considered in detail in Chapter 9. A
tone control consisting of a condenser shunted across the load has the
effect of reducing the maximum undistorted power output. A reduction
of undistorted output to about one-third of that available from the valve
is possible with severe use of such a tone control, although this effect is
not so serious as it otherwise would be since at the higher frequencies
at which the effect of the tone control is greatest, the acoustic power is
likely to be limited.

Combination Tones and Cross Modulation.

These features are considered in detail in Chapter 5.

Acoustic Output.

Published curves of the acoustic output of loud-speakers generally
show the output at a point on the axis of the loudspeaker. Due to the
focussing effect of the loudspeaker it is obvious that at other angles the
output from the speaker will be deficient in higher frequencies. Curves of
this character should therefore be interpreted with full knowledge of the
sitnation. When a loudspeaker is used in a room the effect on a listener
of the high frequency response is more or less proportional to the mean
hemispherical high frequency response from the loudspeaker in the same
way as occurs with a lamp and with reflections from the walls.

Bibliography.

For further information refer to F. Langford Smith, “The Relationship
between the Power Output Stage and the Loudspeaker.” Proc. World Radio
Convention, Sydney, April (1938); reprinted in the Wireless World, Feb-
ruary 9 and 16 (1939).
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CHAPTER 4

Biasing, By-passing and Decoupling

Biasing — Self Bias or Cathode Bias — Back Bias —
Effect on Maximum Values of Grid Resistors — Self Bias
with Push-Pull Operation — By-passing of Cathode Bias
Resistor — By-passing with Back Bias — By-passing Screen
Grids — Capacitance of By-pass Condenser — Mathematical
Formulae for Cathode and Screen By-pass Capacitances —
Decoupling — Condition for Stability — Methods of De-

coupling.

Biasing,

There are many methods of obhtaining the bias voltage to apply to the
control grid of a valve. Of these the simplest is Battery Bias. If the
battery has low internal resistance, constant voltage and low capacitance
to earth* it may be regarded as an ideal source of bias voltage. Due, how-
ever, to the limited life and far from ideal characteristics of batteries,

other methods of bias are widely used.

The method known as Self Bias or Cathode Bias -

—t is shown in Fig. 1. A resistor RK is inserted in the
cathode circuit and the voltage developed across this

by the plate current IR provides the necessary bias
R. Ec. The value of Rk may be found from the formula

Ec
Rk = —— X 1,000
IB

A= -1

i B where IB is measured in milliamperes.

Figure 1 It is easy to remember that for a plate current of

1 mA and grid bias of 1 volt, the cathode bias re-

gistor should be 1,000 ohms. The by-pass capacitance Cx is considered
in detail under the section on By-passing .

An alternative form of bias supply is commonly known as Back Bias
and is shown for a typical two-stage amplifier in Fig. 2. The general
principle in this case is identical to that for self-bias except that a single
tapped resistance is inserted in the common B— lead 'and the current
through it will therefore be the total of the cathode currents of all valves
in the amplifier together with any bleeder current such as that due to a
voltage divider. The total resistance in the Back Bias Resistor is deter-
mined as for self-bias, but on the basis of the total current of the amplifier

*l.ow capacitance to earth is only a desirable feature when the bias source is
required to be at other than earth potential.
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and the greatest bias voltage required by any valve. For example in Fig. 2,

If In, = 6 mA.

1B, — 10 mA.

Ko, = 2 volts

Ec, = 8 volts

- Then (R1 4+ R2) = X 1,000
6 4+ 10
— 500 ohms

] ! _J Since the whole of the bias is required
T [z f¢1] teiviea— $% for V2 the grid return of V2 is taken to
B-—. Since V1 only requires one-quarter
Figure 2 of the bias for V2 the bias resistor

should be tapped so that R2 — 125 ohms
and R1 = 375 ohms, and the grid return of V1 taken to the junction of the
two resistances. With this arrangement each grid return should be sepa-
rately by-passed to earth. This by-passing action is improved by the '
resistors R3 and R4 as will be mentioned in the section on By-passing.

Self-bias has the advantage that individual variations in plate current
are to some extent compensated by automatic adjustment of the bias, and
for this reason a larger value of maximum grid resistor is permissible with
power valves using self-bias. It is also of value with resistance coupled
pentode or high-mu triode valves which are being operated near the maxi-
mum peak output voltage since it accommodates changes in valves with a
minimum of effect on the output voltage. When fixed bias is used, lower
values of grid resistors are frequently specified, and these should not be
exceeded owing to the risk of damage to the valve. With back bias the
effect is intermediate between that with self-bias and that with fixed bias.
The maximum value of grid resistor should therefore be calculated on a
proportional basis, depending upon the percentage of the total current
passing through the valve under consideration. If the greater part of
the amplifier current passes through the power valve the grid resistor may
be made to approach that for self-bias operation, but if it forms only a
small proportion of the total current the value of the grid resistor should

“approach that for fixed bias operation.

For the reasons which have been given, self-bias is to be preferred
for the power stage in radio receivers from the point of view of maximum
valve life and reliability. Back bias is quite satisfactory for R.F. and
converter stages, and may also be used for audio frequency voltage ampli-
fier stages where the required output voltage is well below the maximum
available from the valve. Self-bias is desirable in all cases where an audio
frequency amplifier is operated so as to give maximum  output voltage.

With a push-pull stage it is generally possible to use a common cathode
resistor for the two valves. If there is an appreciable second harmonic
component of the plate current in either valve, this cathode resistor should
be by-passed, although under some circumstances it is possible to omit
the_by-pass condenser without any serious increase in distortion. When
the valves are not sufficiently well matched it is preferable to employ
separate cathode bias resistors for each valve, each adequately by-passed.

By-passing.
A cathode bias resistor is usually by-passed by a condenser (Ck in
Fig. 1) in order
(1) to avoid degeneration and loss of gain, and
(2) to avoid hum.
If Ck were omitted the amplifier would operate with Negative Current
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Feed-back (see Chapter 6). The capacitance Ck when used to avoid de-
generation should normally have a reactance which is low compared with
Rx at the lowest frequency required to be amplified. If accurate cal-
culations of this capacitance for specified frequency response are required
the formula at the end of this section may be used. For most practical
purposes CK may be a 25 uF. electrolytic condenser, and although such a
high capacitance is often unnecessary for frequency response it is valuable
in by-passing hum voltage originating between the heater and cathode.

With a Back Bias circuit as Fig. 2 the condensers C, and C, serve to by-
pass the audio frequency component and so avoid coupling between stages.
If the plate supply is from rectified A.C. or from D.C. mains, C, and C, also
serve to provide improved filtering. The decoupling and filtering action
may be made more effective by inserting resistors (R; and R,), although
these are not necessary in all cases.

In a similar manner the screen grid of a tetrode
or pentode valve may be by-passed to earth (Fig. 38).
If a screen dropping resistor from B+ is used, a
comparatively small capacitance only is required
and 0.5 uF. is ample for the lowest audio frequencies
in a normal resistance coupled stage. When the
screen is supplied from a voltage divider a higher
capacitance is required for equivalent by-passing,
although in some circumstances where no coupling
exists through the voltage divider the by-pass
may be entirely omitted. With R.F. pentodes it is necessary to use a small
by-pass condenser (ahout 0.1 yF.) from screen to earth, although a common
voltage divider and by-pass condenser may be used for R.F., Converter and
a single LF. stage. Two LF. stages with their screens supplied from a
common source may be unstable, and some decoupling is desirable; a volt-
age divider made from two 1 watt resistors, or alternatively a single
dropping resistor, may be used for one LF. stage together with a separate
by-pass condenser. ’ .

Figure 3

When a common cathode resistor is used for two valves in push-pull
it is generally desirable to use a by-pass condenser in order to by-pass
second harmonic components of the plate current. The second harmonie
voltages would otherwise be fed back in phase to both grids, and produce
a secondary form of harmonic distortion in the output. If the valves are
operated under conditions such that the average plate current does not
remain constant for all signal levels, it is necessary to employ a very
large value of capacitance (frequently 50 uF. or more) in order to avoid
harmonic distortion. Considerable difficulties arise in the application of
self-bias to Class AB2 stages, and the arrangement is therefore not gener-
ally to be recommended and a form of back bias with a heavy bleeder
current is to be preferred.

In many other circuit arrangements Bypass Condensers are employed,
but their action is sufficiently obvious to need no description.

The capacitance of a bypass condenser is normally a function of the
resistance which is being by-passed, and also of the lowest frequency which
is required to be amplified. The higher the resistance to be bypassed, the
smaller will be the capacitance required to bypass it effectively at a given
frequency. Similarly the lower the frequency required to be by-passed, the
greater will be the capacitance.

Reference should be made to the Table of Reactances* in order to
select capacitances which, at the lowest working frequency, have reactances
sufficiently below the values of the resistances which are to be by-passed.

*See Chapter 40.
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In the by-passing of a cathode bias resistor there are special features
to be considered. The voltage developed across the cathode circuit imped-
ance is equal to the total voltage developed in the plate circuit multiplied
by the ratio of cathode circuit impedance to total plate circuit impedance.
The cathode circuit impedance is the vector resultant of the reactance of the
by-pass condenser in parallel with the resistance of the cathode bias re-
sistor. The total plate circuit impedance is the vector resultant of the
cathode circuit impedance, the plate resistance of the valve and the load
resistance, in series. The voltage developed in the plate circuit is equal
to the grid voltage multiplied by the amplification factor of the valve. The
loss of gain due to degeneration is a function of all these values, and can-
not be calculated accurately by considering merely the values of the cathode
bias resistor and the by-pass condenser. With pentodes or beam power
tetrodes the value of the cathode bias resistor has only a slight effect on
the required value of by-pass condenser which is mainly a function of the
mutual conductance of the valve.

CATHODE AND SCREEN BY-PASSING

Mathematical Formulae for Calculations

Cathode By-pass.

M” , 1 + (wCi Ry)?
M (1 + o MEy)? + (oCy Ry)?
1 1
where a =

+
M (R; + 1) Ry,

A

= 1/RL approximately for high gain resistance coupled

amplifiers,
M~ = the stage gain with the cathode resistor partially
bypassed,
M = the stage gain with the cathode resistor completely
by-passed,
w == 2xf,
f — the frequency at which M” is to be calculated,
Cx = the cathode bypass capacitance,
R, = the cathode bias resistance,
RL — the plate load resistance, and

the valve plate resistance.

For ease of calculation on a slide rule

{1) Find (1 + aMR,)?
(2) Find (wC/Ry)? !
(3) Make the necessary additions to find numerator and denominator,

(4) Divide the numerator by the denominator on the upper scales of the
slide rule, and read the square root on the lowest seale.

A fairly close approximation for pentodes is to make wC, equal to 2.2
gn for a drop of 2 dbh, (ie. for M”/M = 0.8). This approximation is
particularly interesting since it is not affected hy the value of R,.
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For ease in applying this approximation, approximate values of g, for
the standard operating conditions of resistance coupled pentodes are given
below. In the case of power pentodes or beam power tetrodes the published

values of g, may be used.

RESISTANCE COUPLED PENTODES.

Screen Cathode app. 9.,

Supply Plate Load Dropping Bias (micro-

Type Voltage Resistor Resistor Resistor mhos)
6J7-G (6C6) . 250 0.1 megohm 0.3 megohm 2000 ohms 1080
0.25 " 15 " 2000 ,, 150

6B8-G (6B7) 250 0.25 v 1.75 ” 2000 ,, 475
6G8-G (6B7S) 2560 0.25 . * 2000 , 465
1Kb6-G (1K4) 135 0.25 " 0.75 ' ** 375
1K7-G (1K6) 135 0.25 " 1.0 ” b . 380

* Screen voltage from voltage divider consisting of 1.0 and 0.25 megohm
resistors.

** Biags —1.5 volts.

Screen By-pass.

M’ a?+a?R2w?C,?
| = *
M (@ + R;)2 + a?R2w2C2
Pt ip 1 + ZL/Tp
where o = e —
Im i I — pe/n
Mt ip
= —— . — approximately.
Im 1

M’ = the stage gain with the screen partially bypassed,
M = the stage gain with the screen completely bypassed,

#: = the triode amplification factor,

# — the pentode amplification factor,
gn — the pentode mutual conductance,

i, — the plate current,

i, =— the screen current,
Zr — The plate load impedance,

r, = the pentode plate resistance,
R, — the resistance of the screen dropping resistor,
C, — the capacitance of the screen bypass condenser,
w = 2#f, and

f — the frequency at which M’ is to be calculated.

Decoupling.

When two circuits operating at the same frequency have an impedance
common to both there is coupling between them, and the phase relation-

*The derivation of this formula was given in Radiotronics 98, 23rd May, 1939,
Pages 34-35.
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ships may be such that the coupling is either regenerative or degenerative.
In the former case instability may result,

Sl A two-stage resistance coupled
audio amplifier has degenerative
4" coupling through the common
power supply since the plate cur-
= rents are out of phase. A third
stage should not be added without
provision for decoupling since the
plate currents in the first and
s >~ ‘ third stages would be in phase.

i This decoupling need only be in-
corporated in one stage, either first
or third, and the second stage may
be grouped with either first or third stage. When more than three stages
are operated from a common power supply serious difficulties usually arise
due to the high gain, and elaborate decoupling becomes necessary.

Vi Va2 va

Figure 4

Condition for Stability

In a typical three-stage resistance coupled amplifier (Fig. 4) it may be
shown* that the amplifier will be stable when

Mus Ry <3
1 1 1\2 1 1\2 =
Ry(rp3 + R3 + Ry) (— + — + ——) + [(“ + ——) /(szc)z]
B R rp1 By ™1
where M — gain from grid of V, to grid of V,,
us — amplification factor of V,,
r,; — plate resistance of V,,
r,s — Dplate resistance of V,,
w = 2xf.
C = coupling condenser to grid of V,,

and R,;, Ry, Ry, R, are as shown in the diagram.

For a high degree of stability this expression should be considerably
less than 1.

METHODS OF DECOUPLING

The application of decoupling is illustrated in Fig. 5, where V is a
resistance coupled audio frequency triode amplifier, but the method may
be applied to any type of amplifier. The load resistance RL is not affected.
but an addltlonal decoupling resistance of Rp is inserted with a bypass
condenser C returned to earth. If the reactance of
C at any frequency to which the amplifier will re-
spond is considerably less than Rp plus the internal
g resistance of the B supply, then the decoupling will

appreciably reduce the coupling through the com-
a mon supply. The factor by which the coupling is
reduced is

° Rp - Ry

where R, is the internal resistance of the B supply.

Figure 5

*Radiotronics 75, Page 27-29, 30th April. 1937.
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For resistance coupled audio frequency amplifiers Rp may be made one-
fiftth of RL, or greater if the voltage of the supply is sufficiently high, and
C may be 8 uF. The decoupling circuit (Rp, C) will also assist in reducing
the hum. In some circuits an arrangement is used for the reduction of
hum alone, the amplifier being inherently stable (see Chapter 24).

If the resistance of Rp is a disadvantage, a choke may be used in its
place. In audio frequency amplifiers a smoothing choke or speaker field
coil may be used, and may be common to two successive stages (Fig. 6).
Since with this arrangement the first stage would have insufficient smooth-
ing, the decoupling circuit is also used for smoothing.

6J7-G

6J7-G

= <& mg:
LOAD =
30, a
L ES
< Lo
P . rﬂ—
- 300 V. RECTIFIED AL,
4&

Figure 6

It is preferable to regard the voltage at the lower potential end of the
decoupling resistor as the “supply voltage” for the resistance coupled stage.
The characteristics of this stage may then be determined by reference to
the published data. For convenience in design it is desirable firstly to
select a suitable “supply voltage” for the stage; for a 300 volt source it
would be satisfactory to allow 50 volts drop in the decoupling resistor and
thus provide 250 volts “supply voltage.” The plate current, and screen
current if any, may be determined from the published data and the resist-
ance of the decoupling resistor may then be calculated from

Ep
Rp = X 1000
In + Ix-"l

where Rp — decoupling resistor in ohms,

Ep — voltage drop in Rbp,
I, — plate current in milliamperes, and

I;, — screen current in milliamperes.

It is desirable in all cases to reduce the internal resistance of the
power supply, so that even at very low frequencies there may be no
tendency towards the production of relaxation oscillations (‘“Motor-boat-
ing”). Power supplies having good regulation generally have low effective
internal impedance; in extreme cases thermionic valve type voltage regu-
lators are sometimes desirable and have the feature of retaining low
internal impedance characteristics down to the lowest frequencies.
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CHAPTER 5
Fidelity and Distortion

Classification of Distortion — Limits of Distortion of
Various Harmonics — Total Harmonic Distortion — Fre-
quency Distortion — Phase Distortion — Scale Distortion
— Distortion of Transients — Cross Modulation — Com-

bination Tones — Requirements for Fidelity Reproduction.

Fidelity and Distortion

True fidelity is perfect reproduction of the original. Distortion is due
to the addition of features not in the original or the absence of features

present in the original. Distortion may be classified under a number of
headings:—

1. Harmonic distortion (the production of harmonics not present in
the original).

2. Frequency distortion (unequal amplification of all frequencies).
3. Phase distortion (phase angle not a linear function of frequency).

4. Scale distortion (acoustic unbalance which is a function of output
level).

5. Distortion of transients.
6. Cross modulation (audio frequency).
7. The production of spurious combination tones.

A Harmonic, sometimes called an overtone, is a tone at a frequency
twice, thrice, etc., the frequency of a “fundamental tone.” For example, if
the fundamental has a frequency ‘of 100 ¢/s., the second harmonic will be
200 c¢/s., the third harmonic 300 ¢/s. and so on. All sounds have certain
relationships between the fundamental and harmonic frequencies, and it is
such relationships that give the sound its particular quality. If certain
harmonics are unduly stressed or suppressed in the reproduction, the
character of the sound will be changed. For example, it is possible for a
displeasing human voice to be reproduced, after passing through a suitable
filter, so as to be more pleasing, or vice versa. True fidelity, however,
is fidelity to the original.

The critical ability of the human ear to distinguish harmonic distortion
‘depends upon the frequency range being reproduced. Thus with wide
frequency range reproduction the limit of harmonic distortion which can
be tolerated is lower than in the case of limited frequency range. The

following arbitrary limits have been suggested * and are given as a guide

*F'. Langford Smlth “The Relationship between the Power Output Stage and the
Loudspeaker,” Proceedings of the World Radio Convention, Sydney, April, 1938:
also reprinted in ‘“Wireless World,” February 9 and 16, 1939,
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to the percentages of the various harmonics which may be permitted
under differing conditions.

Good Fidelity Fair Fidelity
Wide Range Restricted Range
Critical Listener Less Critical Listener
2nd Harmeonic 5% 10%
3rd ' 2.6% 5%
4th » Not important since small '
5th ” 0.5% 1%
Tth » (say) 0.1% (say) 0.2%

Higher percentages of harmonics exist in most radio reecivers at or
approaching full output with high percentages of modulation. The severe
restriction of the higher order odd harmonics is partly on account of the
production of spurious combination tones. In addition, the seventh har-
monic is not on the musical scale, and should therefore be below the
threshold of audibility.

The total harmonic distortion percentage is defined as
VI2 F L2+ L2
D=
I,

where I, — amplitude of the fundamental current and
I, — amplitude of the second harmonic current, etc.

.

X 100

If the perc‘entages of the various harmonics are known, the total harmonic
distortion may be found from

D= +VH2+Hg+ ...+ H?

where H; — second harmonic percentage,
H, — third harmonic percentage, etc.

The total harmonic distortion is not a measure of the degree of dis-
tastefulness to the listener, and it is recommended that its use should be
discontinued.* ‘When the class of amplifier is specified (e.g., Class Al
single triode) the ‘“total harmonic distortion” may be interpreted sufli-
ciently, but it is always preferable to specify each harmonic separately.

Frequency Distortion needs little comment. The audible band of fre-
quencies varies considerably with individuals and with age. For the pur-
poses of musical reproduction there is little lost by restricting the fre-

- quency range to 40 — 12,000 c¢/s., while good fidelity may be maintained by
a range 60 — 10,000 ¢/s. Mediocre reproduction may be restricted to 100 —
5,000 e¢/s., while many radio receivers are limited to 100 — 3,500 c¢/s. It
should be understood that the frequency range is taken as overall, includ-
ing the loss of sidebands and including the loudspeaker. Wide frequency
range is only comfortable to the listener so long as other forms of distor-
tion are negligible.

One form of frequency distortion which is particularly objectionable
is that due to alternate sharp peaks and troughs in the output, such as may
be caused by londspeaker cone resonances, especially at high frequencies.

Phase Distortion, although serious in television work, does not appear
to be objectionable in sound reproduction.

*D. Massa, ‘“Combination Tones in Non-linear Systems, Electronics, September,
1938, Page 20.



Chapter 5. . 33

“Scale Distortion” may be due to operation of the loudspeaker at a
volume level other than that of the original sound, and may be corrected
by the use of suitable compensation networks.

Distortion of Transients is a serious form of distortion which is notice-
able through the “hang-over” effect following a percussion noise. While
many factors contribute, the damping of the loudspeaker, both internal
and through the plate resistance of the power valve, is extremely impor-
tant. A very wide frequency range is also essential for realistic repro-
duction of transients.

Cross Modulation occurs when a variation in the amplitude of one
input signal affects the output amplitude of another signal of diiferent
frequency, but having constant input. This effect is sometimes observed
while listening to a violin or similar instrument with an organ accompani-
ment, the amplitude of the higher frequency sound varying in accordance
with the more powerful low frequency accompaniment.

Combination Tones only occur when two or more input frequencies
are applied to a non-linear device, such as an amplifier producing har-
monic distortion. The output in such a case will consist of the two original
frequencies together with various sum and difference combinations be-
tween the fundamental or any harmonic of one and the fundamental or
any harmonic of the other.* The number and strength of these combina-
tion tones increase as the harmonic percentage imcreases, and also increase
as the order of the harmonic increases; in other words, fifth harmonic
produces more serious combination tones than an equal percentage of third
harmonic, seventh more than fifth, and so on. It is largely for this reason
that the percentages of the higher order odd harmonics must be limited
80 severely. It is probable that the indirect effects of harmonic distor-
tion which become evident as ‘'spurious combination tones are far more
distasteful to the listener than the harmonics themselves.

Requirements For Fidelity Reproduction.

In addition to the reduction of the previously-described forms of dis-
tortion to negligible magnitude, it is necessary for certain other require-
ments to be met. Among these are:—

1. Sufficiently high maximum undistorted power output

and 2. Sufficiently low residual noise (hum, etec.) to give the required
dynamic range.

In all these considerations, the amplifier and loudspeaker should be
considered as a unit, and measurements should be made, if possible, on
the acoustic output. Failing this, it is at least desirable to make all tests
on the secondary of the output transformer with normal voice coil loading
(see Chapter 3).

*F. Langford Smith, Proc. World Radio Convention, April, 1938; F. Massa, Elec-
tronics, September, 1938.
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CHAPTER 6

Negative Feedback

Feedback, Positive and Negative — Feedback over single
stage — two stages — three or more stages — The Effect
of Feedback — Negative Voltage Feedback — Negative
Current Feedback — Derivation of Formulae for Negative
Voltage Feedback — Gain — Gain Reduction Factor —
Harmonic Distortion — Noise — Frequency Response —
Plate Resistance — Derivation of Formulae for Negative
Current Feedback — Plate  Resistance — Gain — Input
Resistance — Application of Negative Feedback — Single
Ended and Push Pull Amplifiers — Summarised Design
Data for Negative Voltage Feedback and Negative Current
Feedback.

Feedback — Positive and Negative

Positive Feedback is feedback which has a component in phase with

the input voltage. Negative Feedback is feedback which has a com-
ponent out of phase with the input voltage.

Due to the effect of reactances in the circuit, phase rotation may

oceur so that the voltage which is fed back is not wholly in phase or out
of phase with the input voltage.

For example in Fig. 1 if e is the input
voltage, then the output voltage E
and the feedback voltage BE will e

ideally be 180° out of phase for an odd
number of resistance coupled stages.
If there is a change of phase due to a
reactive component, the effect may be
as shown at E’, and the feedback vol-
tage SE’ will be at an angle ¢ with OE,

o

1]
7

The effective negative feedback vol- A R
tage is therefore OA which is equal to PECOS8  pECos o
BE’cos#. When the angle 6 is 90° Figure 1

there is no feedback. When the angle

¢ is greater than 90° it has a component S8E”cos¢” in phase with the {nput
voltage e, and therefore giving positive feedback.

A single resistance-capacitance coupled stage can never cause a phase

angle rotation of more than 90°, even at the extreme limits of frequency.
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It is possible (generally at very low or very high frequencies) for regene-
ration to occur with feedback over two or more resistance stages, although
by careful design and by limitation of the feedback it is possible to retain
stability up to 3 or even 4 .stages. In such cases it iIs desirable to arrange
one stage to have the maximum permissible attenuation at low and at high
frequencies, and to design the remaining stages for very low attenuation,
and hence very Iow phase angle rotation.

By this means the phase angle rotation for a given attenuation is
reduced, and a higher feedback factor may be used before instability occurs.
Even with feedback over two stages it is desirable for one stage to have
considerably greater attenuation than the other at low and high frequencies.

When increasing feedback factors are applied to a single resistance-
capacitance coupled stage the effect on the frequency response is to in-
crease the frequency range for a given maximum attenuation. The effect
is identical to that obtained by conventional methods of increasing the
frequency range without feedback.

With feedback over two such stages the effect* is to produce peaks of
response at low and high frequencies at which the phase angle rotation
with feedback is +90°  As the feedback factor is increased, the frequen-
cies at which the peaks occur become somewhat more remote, but the
peaks become much more pronounced and may be the cause of serious
distortion. These peaks of response are caused by regemneration, brought
about through sufficient phase angle rotation to convert negative feedback
to positive. If one stage has a considerably flatter characteristic than
the other, thé peaks become smaller and further removed in frequency. A
two stage resistance loaded amplifier will not oscillate if adequate screen
and cathode bypassing is used.

With feedback over three such stages a somewhat similar effect occurs,
but oscillation will take place if the feedback exceeds a certain critical
value. The feedback which may be employed before oscillation occurs is
increased if one stage has a considerably flatter characteristic than the
other two, or if two stages have considerably flatter characteristics than
the remaining one.

Instability in Push-Pull Amplifiers is considered under “The Applica-
tion of Negative Feedback.”

The Effect of Feedback

Positive Feedback in audio frequency amplifiers tends to produce in-
stability and to increase distortion; Negative (or Inverse) Feedback pro-
vides— .

1. Greater stability, including constancy of characteristics with changes
in valves or applied voltages,

2. A reduction of harmonic distortion,
3. A reduction of phase distortion, ‘
4. An improvement in the linearity of the response with frequency,

5. A reduction of sensitivity,

[~5

. A reduction of noise,

-3

A modification of the effective internal resistance of the amplifier.

*F. E. Terman and Wen-Yaun Pan, “Frequency Response Characteristic of Am-
plifiers Employing Negative Feedback,” Communications, pp. 5-7, March (1939).
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Negative Feedback

“Negative Voltage Feedback” occurs when the voltage which is fed

back is proportional to the voltage across the output load, and provides a
reduction in the effective internal resistance of the amplifier.

“Negative Current Feedback” occurs when the voltage which is fed
back is proportional to the current through the output load, and provides
an increase in the effective internal resistance of the amplifier.

The arrangement for voltage feed-
back is shown in schematic form in
Fig. 2. A voltage divider (R,, R,)
across the load (RL) provides a : :
voltage 8 B, where 8 — R,/(R, + R.), E ?
which is fed back in opposition to the

input voltage e’. It is assumed that

(R, 4+ R.) is very much greater than X
RL. Figure 2

2y

The gain of the amplifier without feedback is M where M = E/e. If
the overall gain with feedback is M’, then if the input voltage e’ is in-
creased to give the same output voltage E

E E
Y (O
e e—pBE
The gain reduction factor due to feedback is therefore
M E/e BE
—_—_—— ] — =1— M
M’ E/(e-—pBE) e

{(The feedback factor g is negative for negative feedback, and therefore M’
will be less than M).

The Reduction of Harmonic Distortion

Let D — distortion voltage in the output without feedback,
and D’ — distortion voltage in the output with feedback, at the same out-
put level,

Then the distortion voltage which is fed back to the input is —gD’, and
since this is of different frequency from the input voltage there is no
cancellation and the output voltage due to it is —gMD’. Since this dis-
tortion —SMDr is out of phase with the distortion D which would be pre-
sent without feedback, the resultant distortion voltage will be

D’ — D + gMD’
. D (1—BM) =D
D
D = —
1 — gM

This treatment is not entirely.rigorous, and certain assumptions are made
which are not quite correct.* It is however a fairly close approximation
for practical purposes.

*F. Langford Smith, Proc. World Radio Convention, April, 1938, pp. 9-10 and
bibliography.



Chapter 6. 37

It will thus be seen that the harmonic distortion is reduced by a factor
approximately equal to the gain reduction factor.
