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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,
fllustrated 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)

PETER K. BEAM
1314 M ST.. N.W.
CHAPTER 1  wasSHINGTON, D.C.

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 megohin, 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,
the secondary of the transformer may
be loaded only by the grid input im-
pedance of the following stage and
the numerical value of the fimpedance
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
Figure 1 slight compared with the primary

loading.

Voltage Amplifiers may he divided into
(a) Transformer coupled,
(b) Resistance-Capacitance conpled, and
(¢) 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-
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2 Chapter 1.

primary turns-ratio of the transformer. A valve having a plate resistance
of from 7,600 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
conditions 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 659 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-coupled
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 :
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,)*R, 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.

o e,



Chapter |. 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 Ck,.

A convenient approximate formula

v, V. for the choice of a cathode bias re-
! r : sistor (Rk) for a resistance coupled
G} o c triode is
a4 r—
RL
I . JR“ Rgz RKk = "
-
= =M g ' = This should only be used when in-
Figure 3 sufficient data is 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.

It 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 Rk, RL, 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) Ri, should be several tiines as high as the plate resistance of V,
but preferably should not exceed one quarter of Rg, and

(3) RK, should be such as to give the optimum bias for selected values
of RL,, Rg, and Es.

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 harmonie 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 hias 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 R1,, since the plate resistance of the valve is normally much lower
than RL,, 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 Ry, 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 Rk,, 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 Rgs 4+ Xc% where X¢ = 1/271C.

If Rg = 1 megohm and t = 50 c/s, the following results will be obtained:

db.loss Eg/Ei Xc/Rg Xc 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 fidelityt amplifiers are:

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

ve

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 RrL, 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.
tOn the basis of approximately 1 dh. loss per stage at 12.5 c/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 inpnt 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.

vi V2 (b) Pentode Valves:

< === Ca The design and operating char-
-=" ' acteristics of resistance-coupled
Rgs pentodes are very different from
& T R L Rg2 those of triodes. Pentodes give
L L Rs higher gain per stage, higher out-
.L"I'I'--'L put voltage for the same supply
= - Eg '+ voltage, and less harmonic distor-
tion for the same output voltage,
Figure 4 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.

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 he 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 R1 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 RL are:

RL Upper Frequency Limit *
0.1 megohm 25,000 c/s
0.25 - 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 Rr, 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 wuF. 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 logs 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 screen should for preference be supplied through a dropping re-
sigstor 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 resistance 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 En — 250 volts and RrL = 0.25 meg-
ohm, I, should be 0.566 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 be maintained sufficiently negative to avoid
grid current and in the published data Rx 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 may be used:—

Epex == 0.21 EB for Rgs = 0.5 megohm
or 0.25 EB for Rg, = 1.0 megohm
where EDMk = peak audio output voltage
EB plate supply voltage

Rr, = 0.25 megohm.

and the distortion is 39 total.

Miscellaneous Types of Amplifiers

Choke-Capacitance-Coupling

The resistor Rr, in Fig. 3 may be replaced by an inductance. Under
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 be
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 ontput 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 timnes the plate resistance of the valve. Higher

values of RL result in decreased maximum output voltage and increased

distortion at low frequencies due to the elliptical lnad-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 20 2.0 1.0 0.5 05 uF.

These values of capacitaice are sufficiently high to avoid resonance at an
audible frequency. Use is sometimnes made of the resonance between C and
the inductance of the primary to give a certain degree of bass baosting.
By this means a transforiner 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 RL, forms a series
resistance in the resonant circnit. 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-Transforiner
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 secoundary
tuwrns 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.

The inductance between the tapping point and earth should be the
same as for a satisfactory transformer primary. With the parallel-feed
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 nececssary 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 serfes 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

(g8) negative feedback may be used to improve the frequency respouse
and reduce phase distortion.

If Television Pentodes (e.g. 1831, 1852, 1853) are employed the “Mjiller
Effect” and shunt capacitances wonld be sufficient to give serions 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
(6,000 to 9,000 umhos) is sufficient to give usable gain even with load re-
sistors of 2,000 to 3,000 ohms,

Low Impedance Resistance Coupling

When a power stage, for example, requires a very low grid circuit
resistance it is possible to use resistance coupling provided that a valve
of low plate resistance {s 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 Awmplifiers”
which should be divided into

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

(2) “Direct-Coupled” Amplifiers which do not respond to zero 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
obtaining sufficiently low imped-
ance between tappings. No con-
densers, not even in the power-
supbly or filter, are permissible for
uniform frequency response. The
grid bias for the first stage may be

; obtained from an un-bypassed

] cathode resistor Rk, if desired in

S HL_L LTI . place of the bhattery Ec,, but there
Ecy = [2Y will then he 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 hattery 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 #s 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

Figure 8 Figure 9

An alternative arrangement which does not require centre-tapping of
the transfornier 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

Ry + R:
NZ

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 ot
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 i8 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 rum
into grid current.
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An alternative method which
is sometimes used is to reduce _
the transformer to its simplest CENTRE - TAPPED CHOKE
form, namely that of an audio
frequency choke. If a centre
tapped choke is used it is pos- §—
sible by means of the circuit
shown in Fig. 10 to obtain reas-
onahly satisfactory push-pull
operation. This arrangement

has the disadvantage over a ‘L
correctly designed transformer < o

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 he 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 satisfaction. In this circuit valve 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 hoth 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

v2

1
L

Figure 11

actual gain between the input to V, and the output to eitber side of the
push-pull stage is slightly less than unity. In a practical case this is
generally found to he 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 inay 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
frequency fidelity. Owing to the capacitance between heater and
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cathode of Vi there will be a slight out-of-hbalance hetween the two
push - pull valves at high audio frequencies, but this is slight and eccurs
only at high frequencies, where no appreciable disadvantage results, It
will be noticed that the cathode bias resistor R, is not bypassed, this being
unnecessary since R, is considerably smaller than (R, + R,) and the loss
of gain through the omission of the bypass condenser is negligible. If a
low-u valve had been used there might have been an advantage in bypass-
ing R,, since R, would then be comparable in resistance with R, or R,. A
further advantage in using a valve having a fairly high ux 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 aimilar 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 22% 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 suificient to drive two push-pull
Class A 2A3 valves operating with 250 voits on the
! 4o plates. If the phase splitter is used to drive more
sensitive output valves there will be no difficulty in
INPUT ”, supplying the necessary excitation to the grids.

Ry If in the preceding arrangement the input to V, is

L o taken between grid and cathode instead of between

v grid and earth, the degenerative effect will be avoid-

R ed and the full gain of V, will be obtained. A cir-

.y cuit showing this is given in Fig. 12. It will be seen

0 that the input circuit is floating and for this réason

Figure 12 cannot generaily .be used satisfactorily with a pick-

up although it may be used under some eircum-

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.

*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
tformula Vi

R; + R T ' T
]
M Re
where M is the stage gain of ' — 1 E
A% 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 Va
two sides. Apart from the O +
necessity for accurate adjust-
ment, this circuit is ex- Figure 13
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 ouly 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
potential, the hum introduced in the stage is very low.

Vs

R2==

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- vy
tion to the voltage at the b
grid of V,,  When V, is re- - 1
placed, the voltage initially o
at point X will cause an am-
plified opposing voltage to —9
be applied to resistors R, L
and R,. If resistor R, is
slightly greater than R, it
will be found that the point
X is nearly at earth poten- Va >
tial. If the amplification of o+
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 circuit 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.

V3

Y
N

N
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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, ABl 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 Operatlon 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
fn 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" {s 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
fncreases with Class AB1, AB2 and B. It is less for Class Al triodes than
tor 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 consider-
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 fldelity.

As the bias is increased for Class AB1 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 ABI1 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 harmonic, 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 harmonic 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 maximumn 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 distortion on a
constant resistive load is small. On a loudspeaker load, however, the same
objections apply as for pentodes, and negative feedhack 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 ajl output
levels the regulation of the power supply is not important as regards the
output power. With Class AB1 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 ang increased
distortion. Class AB2, and particularly Class B Amplifiers, require ex-
tremely good power supply regulation owing to the large variations in
current drain.l

The use of self-bias reduces the variation of plate current due to change
of signal level, and frequently enables less expensive rectifler 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 fina] stage. These, together with the addi-
tional cost due to the good regulation power supply, should all be considered
in calculating the total cost. 1t 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 blas is required for a class ABl, AB2 or B amplifier, this
may be obtained from a battery or from a separate rectifler and filter. In
order to reduce the cost, back-bias with the addition of a heavy bhleeder
resistance is frequently used. Some varfation 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 DPower 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
bower supplies are required except for Class Al operation.



Chapter 2. 17
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 iimits of knowledge, demands
the application of methods involving successive approximations.  There
being so many dependent variables in this design, it will be 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 (Es).

2. Assume a value of plate-to-plate load resistance. This may be obtained
from the published data, although in some circumnstances advantage may
be gained by using some other value. 1If 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 ont-
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 VW.R[:

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

7. Determine the minimum plate voltage (e, m1..) Which occurs at the nega-
tive peak A.F. plate voltage;

Cp mine = Es — 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 instantanecus value
of grid current at the plate voltage (€, mia.) and positive grid voltage
just determined. This will be the peak grid current (I; yem).
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10. Select a 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; jex) 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 = Eu penk 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

Wg peak
Wi

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 pea
Y]

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 709%. 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 =~ 0.8 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

T — Ep mnx- "

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,/T*
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 R, ,... 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 blas stage, necessitating a lower ratio of r;’/Ry jear.

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

The foregoing trealment 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—y
e ()

It 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 circuit, 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—Output—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 ¢/s. and to a somewhat similar level
at 10,000 c¢/s. The impedance is resistive at two frequencies only, as shown
in Fig. 2, and at other frequencies is largely inductive or capacitive.

100 ] %'
| Ny
T >
60’ —GH
80 i L
5 N -
b4 K o)l b
60| < ; i 9 1 Vg
§ l ' A o< /|
s t w
ap| 2 - : J2
) A 30 I
2 A J 1%
ol 60 —=
!“"HN——..:-—'Frrn——r-*»—h g
V] . o,
10 102 103 104 10 102 103 104
FREQUENCY C/S. FREQUENCY C/s.
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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180 T If constant power were applied at
all frequencies the acoustic output
Tvre 6F6 _ of the loudspeaker would be very
Ecz = 250 V. much greater at all frequencies than
2 that at 400 c/s. In such a case the
100 &0 bass and high audio freqmencies
L~ —1 would be reproduced at excessively
oA high levels, and the reproduction
W 'ﬁ IS would be most unnatural,
§ (\ A N T
2| /N N = CON Shunt Reactance
=] e ~ Z
b3 L \ \ . A shunt reactance across the load
S~o ; =2 23 of a power valve results in an ellip-
05 200 20 tical load line as shown in Fig. 3.

PLATE VOLTS The load lice for the reactance alone
is shown with a broken line while
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.

‘Figure 3

Selective Distortion.

When the load imposes a greater

a 6J7-2A3 impedance to the harmonic than to
[ * the fundamental the measured har-
ouTPul monic distartion {increases. At a
frequency egual to onehalf of the
bass resonant trequency'thg second
harmonic rises to a peak since the
second harmonic frequency is equal
to that of the bass resonance (Fig.
4). Similarly at a frequency equal
to one-third the frequency of the
2”{' bass resonance, the third harmonic

4"& ] rises to a peak, and so with higher

-

DISTORTION PERCENT,

QUTPUT DECIBELS
e

-

o harmonics. For a similar reason at
%0

10 FR?;UEN;D ?/33 104 frequencies above about 1,000 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 is Increased, so the distortion de-

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

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 sl!ight 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-
tormer having high primary inductance Iis employed, 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 ls
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 RL/v,
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 i3 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
Rr 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 algo 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 s 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 avallable 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
situation. 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
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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 obtaining 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 bilas 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

—tp 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
A, Ec. The value of Rk may be found from the formula

Ec
RK = —— X 1,000
Is

where IB is measured in milliamperes.

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

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

sistor should be 1,000 ohms. The by-pass capacitance Ck 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-hias, but on the basis of the total current of the amplifier

*l.ow capacitance to earth is only a desirahle feature when the bias source !s
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,
It I8, == 6 mA.

18, = 10 mnA.

Ec, = 2 volts

Ecy = 8 volts

8
Then (R1 4 R2) = — X 1,000
6 + 10
| elidn = 500 ohms

[ T Since the whole of the bias is required
T FC2 fci| 1g010a 1 %2 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 bhias resistor

should be tappeil so that R2 = 123 ohms
and R1 = 375 ohmns, and the grid return of V1 taken to the junction of the
two resistances. With this arrangemnent 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-bfas has the advantage that individual variations in plate cnrrent
are to sonte 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 {s 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 shounld 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 he 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 aundio frequency voltage ampli-
fler stages wlere the regunired ouiput voltage is well below the maximum
available from the valve. Self-bias {s desirable in all cases where an audio
frequency amplifier i{s 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 {t 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 (Cx in
Fig. 1) in order
(1) to avoid degeneration and loss of gain, and
(2) to avoid hum.
[t 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 avold de-
generation should normally have a reactance which is low compared with
Rk 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. 3).
If a screen dropping resistor from B+ is used, a
comparatively small capacitance only is required
and 0.5 «F. 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 (about 0.1 xF.) 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.

A

Figure 3

When a common cathode resistor is used for two valves in push-pull
it is generally desirahle to use a by-pass condenser in order to by-pass
second harmonic components of the plate current. The second harmonic
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 «F. 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 sutficiently 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 whicl, 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 serles. 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. :
MT / I 4+ (wCip Ry)?
M|l N+ a MR + (wC Ry
1 1
where ¢ = —————

-+
M (RL -+ Tp) Rl

A

1/Rr 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 = 2qf,
f — the frequency at which M” is to be calculated,
Cy = the cathode bypass capacitance,
R, = the cathode hias resistance,
Rt = the plate load resistance, and

the valve plate resistance.

For ease of calculation on a slide rule

¢1) Find (1 + aMR,)*

(2) Find (wC,R,)?

(3) Make the necessary additions to find numerator and denominator,

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

A fairly close approximation for pentodes is to make «C, equal to 2.2
Zm for a drop of 2 db, (i.e. for M"/M — 0.8). This approximation is
particularly interesting since it is not affected by the value of R,.
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For resistance coupled audio frequency amplifiers Rp may be made one-
fifth 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 he used, and may he 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.

3

LOAD =
30,000 @

5 B I_o-

= 300 v. RECTIFIED aC.

0 +

Figure 6

It is preferahle 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 satisfactary 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
II' + Iz‘-‘
where Rp = decoupling resistor in ohms,
Ep = voltage drop in Rb.
I, — plate current in milliamperes, and
T = screen current in milliamperes.

It is desirable fn 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).

(3]

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).

Distortion of transients.

Cross modulation (audio frequency).

N o

. 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 c/s.. the second harmonic will be
200 c/s., the third harmonic 300 c¢/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 {8 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
foliowing arbitrary limits have been suggested * and are given as a guide

*F. Langford Smith "The Relationship between the Power Output Stage and the
Loudspeaker,” Proceedings of the World Radio Convention, Sydney. Apeil, 1938:
also reprinted in '‘Wireless World."”” February 9 and 16, 1939,
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to the bercentages 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 Harmonic 5% 109,
3rd o 259 5%
4th o Not important since small
5th " 0.69% 19
Tth © (say) 0.1% (say) 0.29,

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 bercentage is defined as

VL + I 1 LE
D= X 100
I,

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

It the bercentages of the various harmonics are known, the total harmonic
distortion may be found from

D=\/H22+H32+...+Hn2

where H, — second harmonic percentage,
H; = third harmonic bercentage, 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 A1l
single triode) the “total harmonijc distortion” may be interpreted sufti-
ciently, but it is always preferable to 8pecify each harmonic separately,

Frequency Distortion needs little comment. The audible band of fre-
quencies varies considerably with individuals and with age. For the pur-
boses of musical reproduction there is little lost by restricting the fre-
Quency range to 40 — 12,000 c/8., while good fidelity may be maintained by
a range 60 — 10,000 c/s. Mediocre reproduction may be restricted to 100 —
6,000 c¢/s., while many radio receivers are limited to 100 — 3,500 c/s. It
should be understoogd 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-

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

Phasge Distortion, although serious in television work, doeg not appear
to be objectionable in sound reproduction.

*D. Massa, "Combination Tones In Non-linear Systems, Electronics, September,

1938, Page 20
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“Scale Distortion” may be due to operation of the loudspeaker at a
volume level other than that of the original sound, and may be carrected
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 wlen a variation in the amplitude of one
input signal affects the output amplitude of another signal of ditferent
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 increases, 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
so 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, etc.) 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).

. Langford Smith, Proe, World Radio Conventton, April, 1038; 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
occur so that the voltage which is fed hack is not wholly in phase or oul
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 Iz
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-

) < S

tage BE’ will he at an angle ¢ with OE. .
The effective negative feedback vol- ° A e
tage is therefore OA which is equal to At 0se  prcose

BE’cos¢’. When the angle 8 is 90°
there is no feedback. When the angle
¢ is greater than 90° it has a component SE”cos§” in phase with the input
voltage e, and therefore giving positive feedback.

Figure 1

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 is 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 low 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 hy 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 regeneration, brought
about through sufficient phase angle rotation to convert negative feedback
to positive. If one stage has a considerably flatter characteristic than
the other, the peaks hecome sinaller 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 snch stages a somewhat similar effect occurs,
but oscillation will take place if the feedback exceeds a certain critical
value. The feedback which may he employed hefore oscillation occurs is
increased if one stage has a considerably flatter characteristic than the
other two, or if two stages have considerahly flatterr 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 stahility, including constancy of characteristics with changes
in valves or applied voltages,

12

A reduction of harmonic distortion,

A reduction of phase distortion.

- W

An improvement in the linearity of the response with frequency.

o

A reduction of sensitivity,

6. A reduction of noise,

-2

A modification of the effective internal resistance of the amplifier.

*F. . Terman and Wen-Yaun Pan, "Frequency Response Characteristiec of Am-
plifiers Empioying 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,) RO O . —e a

across the load (RL) provides a T E_‘ m ¥t

voltage 8 E, where 8 = R,/(R, + R)),
which is fed back in opposition to the
input voltage e’. It is assumed that
(R, 4+ R,) is very much greater than
RL. Figure 2

T

pE

The gain of the amplifier without feedback is M where M — E/e. It
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
M = — = —
e’ e — BE
The gain reduction factor due to feedback is therefore
M E/e BE
——— ] = =1— M
M’  E/(e—BE) e

(The feedback factor 8 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 —BMD’.  Since this dis-
tortion —8MDr is out of phase with the distortion D which would be pre-
sent without feedback, the resultant distortion voltage will be

D’ = D 4 gMD’
D' (1—gM) =D
D
"D =
1 — AM

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.

. Langford Smith, Proc. World Radio Convention, April, 1938, pp. 9-10 and
bibliography.
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It will thus be seen that the harmonic distortion is reduced by a factor
approximately equal to the gain reduction factor,

The noise introduced in the section of the amplifier covered by the
feedback tends to be cancelled out in the same manner as the distortion.
There {8 no advantage however in applying this method for the reduction
of noise In low level amplifiers, since the loss of gain necessitates addi-
tional amplification which also brings up the noise. The hum from a
poorly flltered power supply tends to be reduced by feedback, but there
are other contributing factors such as the change of effective plate resist.
ance (due to feedback) which also affects the hum.

The Effect of Voltage Feedback on Frequency Response

Let M —= gain of amplifier at one frequency
and N = gain of amplifier at another frequency.

Then the ratio of gains without feedback will be M/N.
With feedback the gains will be

M
M=—
1 — M
N
and N = ———
1 — BN
.'. The ratio of gains with feedback will be
M’ M 1 — 8N M 1 — 8N
NN 1—gM N N 1-—pM

This is equal to the ratio of gains without feedback multiplied by tke factor
1— 8N
1—8M

and the result is that the gains at the two frequencies are more nearly
identical owing to feedback.

It can also be shown®* that

it f, — the frequency below the middle range at which the at-
tenuation without feedback is x db,

and f, — the frequency above the middle range at which the at-
tenuation without feedback is x db,

then the corresponding frequencies (f,’ and f.’) with feedback are given by
f,
4 = —m
1 — M
and f,’ = f, (1 — BM).
These results hold only for feedback over a single stage.

The Effect of Voltage Feedback on R.

Voltage feedback causes a reduction in the “internal generator im-
pedance” (R,) of the amplifier. The plate resistance of’ the final valve

*F. E. Terinan and Wen-Yaun Pan, Communications, pp. 5-7, Mareh (1939).
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in the feedback circuit is not changed by feedback, but owing to the
action of the feedback the effect is similar to that due to a change in the
plate resistance. However the effect is similar whether the feedback is
taken to the grid of the final valve, or to some earlier point, provided that
the gain reduction factor is constant.

Let E, — source of voltage inserted in the output circuit (see Fig. 3) with
no voltage applied to the input,

r, = plate resistance of final

valve, — 1
= “internal generator im- GAIN = M is’-“d R

pedance” without feed- P ToR = ~
back, r s

R, = internal generator im- b
pedance with feedback, A [Es-Rd)

Rr = load resistance, f

and I = current flowing in plate Figure 3

circuit.

Then the total voltage effective in producing the current I in the plate

circuit is
E, — B8r (Es; — RLI)

= (1 — Bu) E, + Bp Rul
The total resistance in the plate circuit is r, + RL.

The current (I) circulating in the plate circuit is given by

(1 -- Bx) E, + PuRLI

I =
r, + RL
"1 (tp + Ru — BuR1) = (1 — Bu) Ea
: (1 — Bp) E
' (1 — Bu) RL + 1,
£l
I

" RL o+ 1o/ (1—Bp) |

This is the current which, with an applied voltage E,, would flow through
a resistance

r,
1 — Bu

and therefore the "internal generator impedance” of the amplifier is given
by

R +

rp 1

R, — -
1 —Bp (1/ry)—B-gm

where g,, — Mutual conductance of the output valve.

It should be noted that the plate resistance is reduced by a factor
1/(1 — Bu) while the gain is reduced by a factor 1/(1 — SM). Since
B8 is negative (1 -- Bu) is greater than 1.
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Current Feedback

The arrangement for Current Feedback is shown in Figs. 4 and 5. A
resistance, R. in series with the load RL, provides a voltage drop
IR, which is fed back in opposition to the input voltage e’. For the same
gain reduction factor, Current Feedback provides the same decrease in Har-
monic Distortion as Voltage Feedback.

The Effect of Current Feedback on R. and Gain

A similar method to that used for voltage feedback gives the result
Ro =1rp +(u+ DR

The increase in the effective internal resistance makes this type of feed-
back less desirable for use with the final stage when this is a pentode or
tetrode feeding a loudspeaker, but in other applications (e g., phase splitter)
it is of value. The most common form of Current Feedback is that in
whicl: the plate load resistance is divided, part being common to both
input and output circuits (Figs. 4 and §).

GAIN = M £ Ay

e’ e'
) R
=

Figure 4 (above), and
Figure 5 (at right).

The gain of the stage shown in Figs. 4 and 5, considering the total
voltage across R, and RL as the output voltage, may be shown to be

E ¢ (R + Ru)
—_— = M’ =
¢ Re (s + 1) + Ru + 1,

It Re = RL = R as for a phase splitter,
2uR

M' = - ——— = =

R(p+2)+r

which is always less than 2.

It Re = R and RL = 0 as for cathode loading.
uR 1

M’ = =
R(v+1) +1 1+ [R+1)/uR]

which is always less than unity.
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The Effect of Current Feedback on Input Resistance

The input resistance (R,) of the phase split.
ter arrangement shown in Fig 6 is

e e (M/2)e e M ¢
R|=—=_—=— —_—

I I I 2 1
= Rg + (M"/2)R,

R,
“Ri=

1 — (M’/2)
It M’ = 1.8 then R, = 10 R,.

When RL = 0 as for cathode loading, R, = R,/ (1 — M’), where M’ is
calculated on R, as total load.

It M = 0.9 then R, = 10 R,.

Figure 6

Application of Negative Feedback

There are many methods of applying Negative Feedback, but reference
can only be made to a few. When a single power valve is used with
transformer coupling to its grid, the circuit of Fig. 7 may be used. In this
circuit the feedback factor 8 = R./(R, + R,), provided that the reactance

of C Is negligible,

When two valves are used in push-pull
with transformer coupling there is a ten-
dency for positive feedback to occur at
certain frequencies, possibly resulting in
instability. By means of a special design
of transformer* it is possible to avoid this
instability but the cost is considerable as

or compared with that for resistance coupling.

Figure 7 Alternatively the secondary sections of the

transformer may be shunted by a resistance

and capacitance in parallel, the values of both components being selected

by trial. On account of the cost of a special transformer together with

the risk of instability due to unpredictable effects of varying transformer
construction, resistance coupling is to be preferred.

With resistance coupling either Series or Parallel Feedback may be
used. A simple type of parallel feedback is shown in Fig. 8. The feed-
back factor is approximately R/(R + R,) where R is the resultant imped-
ance of R, in parallel with the plate resistance and load resistance of the
preceding valve. A serious disadvantage of this arrangement is that the
input impedance of the power valve is made very low, and C, must be
increased in capacitance to provide adequate bass response. C, is merely
a blocking condenser. An improved parallel arrangement is shown in
Fig. 9. In this the feedback factor is approximately R/(R + R,) where

1
Remw ——
1 1 1
p1 Rl Rz

*Radlotronics 76 (26th May, 1937), pp. 42-44.
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With all forms of parallel feedback it is found that as the teedback
factor is increased, a critical value will be reached at which the amplifi-
cation is zero and the attenuation of the stage is therefore infinite. This

Figure 8 Figure 9

effect has been used for the purpose of attenuation, but is not normally
encountered with practical amplifiers. The approximate formulae given
for the feedback factor should be applied only for small values of feedback.

A particularly satisfactory arrangement is the Series Feedback Circuit
(Fig. 10). In this, the feedback factor is

R, R.

R, 4R R,
R, (——+1) + Rs
R, + Ru.

rp . Ry

—

" T Y where Ry = ————
% L & + Re
"\ = It (R, + Ru) >> R, as is generally
89

3 the case, the feedback factor is ap-
l— £ proximately

) qe R. Ro

Fi .
o U R.+RL R, +R:

The Series Feedback Circuit has been fully described elsewhere®.

All these methods of obtaining Negalive Feedback with resistance

coupling are best used with a pentode in the preceding stage. This is
because

1. There is less shunting of the feedback voltage due to the plate re-
sistance of this valve.

2. A pentode may be used with any value of load resistance without
serious distortion, while a triode valve gives serlous distortion
when the load resistance is decreased much below the plate resist-
ance; in the extreme case the triode may even reach plate current
cutoff during part of the cycle and the distortion is then very
distressing,

3. The gain of the pentode is inherently higher, so that an appreciable
gain reduction still leaves a reasonable stage gain, whereas an
additional stage may be required with triodes.

eRadiotronics 74 (31st March, 1937), p. 18. Radiotronics 81 (13th November, 1937),
p. 87. Wireless World (17th November, 1938), pp. 437-438.

-
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Negative Feedback with a resistance coupled push-pull amplifier may
introduce instability at certain (usually very low) frequencies. The circuit
shown in Fig. 11, in which feedback is taken over three stages to the
screen of the first stage, is normally free from instability. However, as the
feedback voltage is taken from only one side of the output transformer,
there should be tight coupling between the two halves of the primary,
Although on a resistive load it is probable that this circuit would be re-
generative at very low and very high frequencies, as described earlier in
the Chapter, it is found on a loudspeaker load that no trouble is normally
experienced. The small condenser (100 uuF.) from the plate of the first
valve to earth has the effect of avoiding high frequency parasitics due
to lack of balance in the output transformer.

With the preceding arrangement any unbalance in the circuit, or im-
perfect coupling between the two halves of the transformer primary, has
the effect of increasing the overall distortion, even though it may still be
much less than without feedback. An improvement may be effected by

RADIOTRON 32 WATT AMPLIFIER
6J7-C 6L6-G
5
*&m
02 -—
%2 ==
¥
1 4
.,i
No. A 145-B
DRAWN w7 &J
chicn S A £ “gv
o 2
ODATE - 18739 TWO SIDES OF PRIMARY MUST BE TIG»TLY COURLID
Figure 11

taking the feedback voltage from both plates to suitable points in the cir-
cuit. Care should be taken to avoid instability which may arise it there
is any mutual coupling between the two sides of the amplifier.

In the circuit of Fig. 11, if ug,8, is the amplification factor of the first
valve from g, to g, the feedback factor will be

R, 1

Ry + Ry  pgige
referred to the grid of the first stage

where R, — resistance from screen to blocking condenser (in this case
0.03 megohm)

and R. = resistance from screen to plate of output stage (in this case
1.5 megohm),

It the value of ug,g, is not available, it mnay be taken as approximately
equal to the triode amplification factor u,. Its value may be determined
by direct measurement on a valve bridge, or may be calculated in certain
cases from published curves. In applying the usual formulae, the gain
(M) must then be calculated from the grid of the first stage to one plate
of the output stage (see Chapter 8).
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One of
feedback is
required to
feedback.

DESIGN
Let 8 =

R,

®
M

MI
N

b

NI

®
£m
Ip
D
D’
fq

NN

f-_-=

£’

and f.’ =

Formulae
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the outstanding advantages of this circuit is that, since the
essentially external to the amplifier proper, each stage is only
deliver the same output voltage as would be the case without

DATA FOR NEGATIVE VOLTAGE FEECBACK

fraction of output fed back to the grid, being negative for
negative feedback,

effective plate resistance with feedback,

effective amplification factor with feedback,

voltage gain of stage at one frequency without feedback,
voltage gain of stage at one frequency with feedback,
voltage gain of stage at a second frequency, without
feedback,

voltage gain of stage at the second frequency with
feedback,

amplification factor of valve,

mutual conductance of valve,

plate resistance of valve,

harmonic distortion without feedback,

harmonic distortion with feedback,

frequency below the middle range at which the attenuation
without feedback is x db,

frequency above the middle range at which the attenuation

without feedback is x db,

= frequency below the middle range at which the attenuation

with feedback is x db,
frequency above the middle range at which the attenuation

with feedback is x db.

1 1
= approximately, — -—

(1/p) —8

1 1
- = approximately, —
(l/rp)_‘ﬁ-gm Bgm
I — (Ro/rp) !
- — = approximately, —
Ro < 8m R° - Bm
1 — B.M = gain reduction factor
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M
M -
gain reduction factor
M
M’ - e——
1 - gM
M- M
B — —
MM’
To reduce gain to half (ie. M/IM' = 2) - B = — 1/M
D
D" = approximately
1 - gM

M M 1—§N

N’ N 1—gM

f1
f)) =

1 — gM
f2" = £, (1 — gM)

Power sensitivity without feedback
Power Sensitivity =

(gain reduction factor)?

DESIGN DATA FOR NEGATIVE CURRENT FEEDBACK

Let R. = portion of load (RL + R¢) common to both input and
output circuits,
Ri. = portion of load solely in output circuit.
= grid resistor from grid to cathode,
p == amplification factor of valve,
= plate resistance of valve,
= effective plate resistance with feedback,

gain with feedback (output voltage taken across RL + R¢).

Ry == 4+ » R
F(Rc‘*‘RL)

M = . ... for general case

Re(s+1) +RL + 1,
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2uR
M = —————— . ... for phase splitter
R(p+2) +1, (R. = Ri. = R)
2R
M = —— . ... for cathode loading
Rp+1)+ry (R = R and RL = 0).

Input resistance of phase splitter

R,

-_——

(-3)

= 10 R, when M’ = 1.8.

Editor’s Note

Since the preparation of this chapter, a careful investigation has been made of a
stage having a divided plate load resistance (Fig. 5). One result of the investigation
{which has not yet been published) is to show that the cathode portion of the load
resistance (R.) is subject to negative voltage feedback, while the plate portion (RL)
is subject to negative current feedback. The output resistance across RL is given by

Ro = rp +tu + 1 Re

while that across R is given by

R, =

1

gn + 1/R. +
r, +RL

or when RL == 0 as for cathode loading,

1
R, =
1 1
Bn 4 — 4 —
Re 1

which is approximately equal to the inverse of the mutual conductance.

(o]




CHAPTER 7

Miller Effect

The Miller Effect — with resistive load — example —
with partially reactive load—effect on tuned R.F. amplifier—
change of input capacitance with grid bias — method of
avoiding change of input capacitance with grid bias —
automatic tone control.

Miller Effect

The grid input impedance of a valve with a load in the plate circuit is
different from its input impedance with zero plate load: This effect is
known as the Miller Effect. If the load in the plate circuit is a resistance,
the input impedance is purely capacitive, but if the load impedance has a
reactive component the input impedance will have a resistive component.

The case for a resistive load is readily

calculated with reference to Fig. 1. The 5”

voltage on the grid is e, and therefore R,
the voltage on the plate is—M.e, Eps-Mes
where M is the voltage gain from grid Coe

e
to plate. The difference in voltage be- :

tween grid and plate is therefore

es — (—M.e) or ¢ (M4 1).

T Es

.._
| s

Figure 1
In any condenser, Q — C.E. and therefore the charge on the grid due
to the grid-cathode capacitance C, is q, = C,, . e,.

In a similar manner the charge on the grid due to the grid plate
capacitance C,, and the potential difference’e, (M + 1) isq. = C,, (M + 1) e,.

o+ = [Chk + (M + 1) C.i] ex

The input capacitance corresponding to a charge of (q, + q,) is
therefore

CG=Ca+ M+ 1)Co .. .. .. (1

As a practical example take a 6B6-G (75) valve with
Cex = L7 upF
Cep = 1.7 uuF
and M = 60 times.
We have therefore C, = 1.7 4 (60 + 1) 1.7 uuF
= 1.7 4+ 61 X 1.7
= 105 puF,
which is 31 times the input capacitance with no load in the plate circuit.
The fact that the input capacitance of a pentode valve is very much less
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than that of a high-mu triode is one reason why pentodes are often pre:
ferred as A.F. amplifiers. In all practical cases, of course, the stray
capacitance from grid to plate should also be considered.

When the load is partially reactive the input impedance is equivalent
to that of a capacitance C’ and a resistance R’ in parallel from grid to
cathode where

C =Cu+(14+Mcos8) Cgp .. .. .. .. ......(2

1
27 fCpp M sin 6

and 6 is the angle by which the voltage across the load impedance leads
the equivalent voltage acting in the plate circuit (8 will be positive for an
inductive load).*

When 0 — 0, 8in 8 — 0 and cos # = 1, and these two expressions be-
come similar to the results previously obtained for a resistive load (1).
When the load is inductive, R’ is negative and self-oscillation may occur.
When the load is capacitive, R’ is positive and there is reduced tendency
to instability. When the load is purely reactive the input capacitance
hecomes the same as for no load (C’' = Ci + Cg,).

With an R.F. amplifier having a tuned plate circuit, when tuned to
resonance the load is resistive and the input capacitance is given by (1);
when tuned to a frequency lower than the resonant frequency the load
becomes inductive, the input capacitance decreases, and the input resist-
ance becomes negative and tends to cause self-oscillation: when tuned to
a frequency higher than the resonant frequency the load becomes partially
capacitive, the input capacitance decreases, and the input resistance be-
comes positive.

One of the results of the Miller Effect is that in an R.F. or LF. amplifier
with A.V.C. applied to the signal grid, the capacitance across the tuned
grid circuit varies with the signal strength and a certain amount of de-
tuning occurs. In such amplifiers it is usually satisfactory to align the
tuned circuits on a weak signal and to accept the detuning on strong
signals. However in a sharply tuned (e.g.. I.F.) amplifier, it is desirable
to adopt a tuning capacitance of not less than 100 uxF, and a value of
200 uuF is frequently adopted bhecause, amongst other reasons, it more
completely *“swamps” the change of input capacitance. In a variable
selectivity LF. Amplifier the Miller Effect is undesirable, and it is pre-
ferable to employ a low gain (low M) buffer stage to which A.V.C. may
be applied without appreciable detuning.

Negative Feedback may be used ** to compensate for this change in
input capacitance. An unhypassed cathode resistor of suitable resistance
provides negative current feedback which gives approximately constant
input capacitance with change of grid bias when

(Cs + Co)
Ry == —ou——
Cuk - 81k
where R, = cathode resistor,

C, — increase in input capacitance due to space charge,

spor derivation see F. E. Terman “Radio Engineering.”" pp. 231-233, McGraw-Hill,
Second Edition (1937); also Bibhography at end o Chapter.

**R. L. Freeman ‘Use of feedback to compensate for vacuum-tube input capacit-
ance variations with grid bias’” Proc. LLR.E., Vol. 26, pp. 1360-1366; November
(1938)
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C, = increase in input capacitance due to feedback through C,,,

and 8n = transconductance between the grid and all other elements
whose current flows through R,.

It will be seen that not only the effect of feedback through C,,. but
also the change in input capacitance due to space charge, are avoided by
a suitable selection of R,. Fortunately it is found that the required value
of Ry is very close to the value required for self-bias, so that all that is
necessary in many cases is to omit the cathode bypass condenser. This
results in a loss of gain, but its use may frequently be justified by the
advantages conferred in the way of constancy of input capacitance, in-
creased plate resistance and improved stability. When this arrangement
is used, it may be found practicable to decrease the tuning capacitance of
the LF. transformers and obtain increased transformer gain and selec-
tivity which may partly offset the loss of valve gain. Alternatively the
cathode resistor may be included in the secondary circuit of the input
transformer by returning the condenser to cathode and the inductance
to earth, but in this case the resistance should be only about 10 or 20 ohms.
With the latter arrangement the loss of valve gain is negligibly small.

The Miller Effect may be utilised to provide Automatic Tone Control
in an audio A.V.C. stage. An artificial increase in C,, is made by the
addition of a small condenser, and the input capacitance, being approxi-
mately proportional to the gain, varies from (C, + C,;) to [Co + (M 4 1)
Cir]. Since the highest input capacitance occurs with weak signals there
is a consequent attenuation of the higher audio frequencies on weak signals
similar to that provided by the conventional manual tone control. The
principal difficulty in the application of this arrangement is to obtain suf-
ficient variation of M through audio A.V.C. action, without introducing
distortion and overloading elsewhere in the circuit.

One of the most valuable applications of the Miller Effect is to the
Control Valve or Electronic Reactance used in A.F.C. Circuits (see under
Automatic Frequency Control).
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CHAPTER 8

Audio Amplifier Design

Input and output specifications — Examples of design —
(1) Amplifier with triode output — (2) Amplifier with
pentode output — (3) Push-pull amplifier with triode out-
put stage — (4)Push-pull amplifier with pentode output
stage — (5) Single beam power tetrode with feedback —
Frequency Response — Examples — Equivalent  Circuits
for resistance capacitance amplifiers.

Amplifier Design

In this chapter it is propnsed to give an outline of the methods to be
used in the accurate design of amplifiers on the basis of information which
is available to the radio engineer. A high degree of accuracy is possible
and there is no reason for leaving to chance the gain, frequency response
or distortion of an amplifier.

The first step in the design of an amplifier is to set out the input
voltage and output power which are required for the particular application.
It these values are given in terms of decibels it is recommended that they
be converted into volts and watts respectively before commencing the de-
gign. Reference may be made to the chapter on decibels for remarks on
errors which are possible in decibel calculations and which are likely to
be encountered in practice. Since the rating of microphones and similar
sources of input voltage is often misunderstood, it is suggested that in place
of these published ratings the approximate input voltage from the chosen
microphone or pick-up should be determined. In order to allow for vari-
ations in recording, or distance from the microphone, it is preferable to
allow an amplifier voltage gain of three of four times the calculated mini-
mum gain. An attenuator (volume control) in the amplifier may then be
used to give any desired gain.

A number of examples are given, and it is suggested that the general
method of such calculations be followed if accuracy is desired.

Gain

Example 1. Amplifier with Triode Output

Let us assume that an output of 3.5 watts is required from a triode.
The obvious choice will be a 2A3 valve which gives an output power of 3.5
watts with a load of 2,500 ohms, a plate voltage of 250 volts, and a grid
bias of —45 volts. Actually the peak grid voltage for the commencement
of grid current will be less than 45 volts since the filament is directly
heated and the centre tap returned to earth but it will be convenient to
work to the value of 45 volts. If self-bias is used, and it is recommended
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that it should be used in every case where permissible, the maximum grid
resistor is 0.5 megohm; in order to suit this resistor, the coupling conden-
ser may he 0.05 uF. (see Chapter 1). 1t is now necessary to consider a
suitable earlier stage capable of delivering 45 volts peak into a load of 0.5
megohm.

Type 6J7-G (6C6). with 250 volts supply. plate load resistance 0.25
megohm, screen dropping resistor 1.5 megohm, cathode resistor 2,000 ohms
and following grid resistor 0.5 megohm, gives a gain of 125 times at 0.25
volt R.M.S. input, these values heing obtained from the Radiotron data
sheet on Resistance Coupled Pentodes. Suitable values of by-pass con-
densers are 0.5 uF. from screen to carth and 25 xF. from cathode to earth.
The input voltage will be 45/125 — 0.36 volt peak. The grid resistor of the
6C6 should not exceed 1 megohm maximum: values of 1.0 or 0.5 megohm
could be used. The coupling condenser may be 0.02 uF. for 1 megohm or
0.05 uF. for 0.5 megohm. The input voltage of this stage is suitable for an
ordinary magnetic type of pick-up and the grid resistor may he made the
volume control. A crystal pick-up may also be used but the volume control
will need to be turned down lower than with a magnetic pick-up owing to
the greater output voltage. Note that no decoupling is required with a
two stage amplifier (see Chapter 4).

It it is desired to operate the amplifier from a inicrophone it will be
necessary to add a preamplifying stage which may consist of a second 6J7-G
(6C6) valve. Since this makes three stages in all, it will be necessary to
decouple one stage which may be the first stage. With the same operating
data as for the second stage and with a 1 megohm resfstor following, the
gain will he 150 times and the input voltage 0.36/150 — 0.0024 volt peak.
If a 0.5 megohm resistor is used for the following valve, this voltage will
be 0.36/125 — 0.0029 volt peak. Since the output of a crystal microphone
of the sensitive (diaphragm) type is approximately 0.01 volt R.M.S, it will
bhe seen that the voltage gain of the amplifier is flve or six times
as high as is necessary for the full power output specified. If the specified
load resistance for the microphone is 5 megohms and only 2 megohms are
inserted in the grid circuit of the first valve, it will then he necessary to
insert 3 megohms in series with the microphone so that the input voltage
to the amplifier will therefore be 2/(2 4+ 3) or 0.4 of the voltage developed
by the microphone. Alternatively a 5 megohm grid resistor may be used,
and the heater voltage reduced to 4.5 volts. For further information see
Chapter 11.

It is necessary to insert in the amplifier a volume control which should
not be in the first stage since the level is too low and noise may be encount-
ered. It is suggested that this control should be in the second stage where
it may form the control either for microphone or for pick-up input.

The amplifier thus consists of three stages and the inputs to the first
and second stages are 0.0024 and 0.36 volt peak, respectively. The distortion
in the first stage will be negligible since the level is so low, while in the
second stage the output voltage is well under the maxiinum output voltage
(which is given for 3% distortion) and the distortion may therefore again
he neglected. The sole remaining distortion is therefore that of the power
stage which is approximately 59, second harmonic distortion and negligible
third and higher harmonic distortion on a resistive load. On a loudspeaker
load the distortion will vary with frequ2ncy, but normally will never exceed
§Ce over the audio frequency range.

Example 2. Amplifier with Single Pentode Valve Qutput

The method to be adopted In this case Is identical with that of
Example 1.

- S h———
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Example 3. Push-Pull Amplifier with Triode Output Stage

(See Chapter 1, Fig. 11, for circuit diagram)

Let us assume that an output of 7 watts is required; in this case two
type 2A3's in Class Al push-pull will he suitable. Reference to the char.
acteristics shows that the load resistance plate to plate should be 5,000
ohms and the input voltage 90 volts peak from grid to grid. If self-bias
is used the grid resistor may he 0.5 megohm and the coupling coandenser
may be 0.05 uF. for each grid. A resistance coupled phase splitter is
recommended in preference to a transformer, and if one having equal plate
and cathode resistors is adopted, it may he treated (so far as its output
voltage is concerned) as a straightforward resistance-coupled amplifier
working into a total load equal to the sum of the cathode and plate load
resistors. Type 6J7-G (6C6) connected as a triode is suitable for this
position but any other general-purpose triode could be used with no
appreciable difference in either gain or output. Reference to the table of
resistance coupled amplifiers®* shows that a peak output of 88 volts is
obtainable with a supply of 300 volts, but since this is barely sufficient for
requirements the supply voltage should be increased to 400 volts, which
will decrease the distortion in the stage and alsc allow for decoupling, if
required. Loads of 0.05 megohm in cathode and plate circuits give a total
load of 0.1 megohm; a decoupling resistor of one-fifth this value, namely.
20,000 ohms, is suitable. For this load a cathode resistor of 4,000 ohins
has been found suitable. The gain is approximately 1.8 times from the input
(grid of the phase changer to earth) to the output (from grid to grid).
The input voltage is therefore 90/1.8 = 50 volts peak from grid to earth.
Note that the input voltage from grid to cathode will be 5 volts peak and
that there will be no overloading in this stage due to grid current since
the remaining 45 volts peak of the input go towards counteracting the
degenerative voltage in the cathode resistor. it a 1 megohm grid resistor
were used for the phase splitting stage, this would be returned to the
junction of the cathode bias resistor and the 0.05 megohm cathode load,
and the input impedance of the stage would then be 10 megohms owing
to negative current feedback (see Chapter 6). The coupling condenser
therefore need only be 0.005 uF. but it is suggested that as 0.05 pF. I8
used for other stages, its use should be standardised although such a high

capacitance is not necessary.

An additional stage is required before a pick-up can be operated, and
a second type 6J7-G (6C6) is recommended as a resistance coupled pentode.
The gain is given in the table as 150 times with a grid resistor of 1 megohm
for the following stage, and it will therefore be slightly greater than 150
times with 10 megohms. The input voltage is therefore approximately
50/150 or 0.33 volt peak, which is within the capabilities of most pick-ups.
1t a volume control be included in the amplifier it is suggested that it be
incorporated in this grid circuit.

if a preceding stage is required for cperation from a microphone, the
same method may be adopted as for Example 1.

Example 4. Push-Pull Amplifier with Pentode Output

The treatment of this amplifier is identical to that for Example 3.

Example 5. Single Beam Power Tetrode with Feedback

(See Chapter 6, Fig. 10, for circuit diagram)

In order to demonstrate the method by which the gain of an amplifier
with feedback is calculated, let us assume a 6V6-G valve and the ‘‘series
teedback” circuit. This valve gives 4.25 watts output into a load of 5,000
ohms with 12.5 volts peak grid input voltage. Firstly it is necessary to

sRadiotron loose-leaf valve data hook.
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calculate the gain of the preceding stage without feedback. Since the
6V6-G grid resistor is limited to 0.5 megohm with self bias, the gain of a
6J7-G (6C6) stage will be 125 times, and the input to its grid 12.5/125 or
0.1 volt peak. Since this gain is unnecessarily high, a gain reduction factor
of 2 or 3 times due to feedback is quite permissible. Since it is the gain
reduction factor and not the percentage of feedback which is important it
is now necessary to choose a percentage of feedback to give such a gain
reduction factor. Since the load resistance is 5,000 ohms, let us assume
that the percentage of feedback is sufficient to reduce the effective plate
resistance to 2,500 ohms (i.e, RL/r, = 2) to be comparable with a triode.
Reference to Chapter ¢ gives the approximate formula: The feedback
factor 8 is given by

B = —1/(R,. gm)

where R, is the effective plate resistance in ohms (2,500 ohms)
and g, is the mutual conductance in mhos (4,100 gmhos or 0.0041
mho).

This formula gives 8§ — —0.098 or —9.8% approximately. The gain reduc-
tion factor is (1 — BM) where M is the voltage gain of the 6V6-G from grid
to plate under working conditions without feedback. The peak grid voltage
is 12.5 volts for 4.25 watts output into 5,000 ohms, and therefore the audio
plate voltage is V'4.25 X 5,000 or 146 volts R.M.S. which is equivalent to
146 VvV 2 or 206 volts peak. The voltage gain is therefore 206/12.5 or 16.5.
The gain reduction factor (1 — gM) is therefore 1 4 0.098 X 16.5 which is
2.62 times approximately. If the accurate formula given in Chapter ¢ had
been used the gain reduction factor would have been calculated as 2.53
8o that the error due to the approximate formula is small. The voltage
input to the 6J7-G (6C6) is therefore 0.1 X 2.53 or 0.253 volt peak (0.179
volt R.M.S.), the gain reduction factor 2.53 and the effective plate resistance
half the load resistance. The distortion produced by a 6V6-G with a re-
sistive load is given as 4.5¢% second harmonic and 3.5% third harmonic;
since the distortion is reduced by a factor equal to the inverse of the gain
reduction factor, the distortion with feedback will be approximately
457253 or 1.78¢ second harmenic and 3.5/2.53 or 1.38% third harmonic.
On a loudspeaker load the distortion will vary with frequency but will
not rise much above these levels over the audio range.

In order to provide 9.8¢5 feedback, the voltage divider across the load
must be such as to allow for the shunting effect of the grid resistor (0.5
megohm) and the plate resistance of the preceding valve nnder working
conditions (say 4 megohmns) in parallel, or an effective shunt of 0.445
ntegohm from grid to earth. The fed-back voltage at the grid is therefore
0.445/(0.445 + 0.25) or 0.64 of the volltage fed bhack from the voltage
divider counected across thic load. The voltage divider across the load
must therefore feed hack 9.8/0.64 or 15.3% of the audio plate voltage. The
total resistance of the voltage divider should he high compared with the
load resistance. Suitable resistances are 9,000 and 50,000 ohms. If a
higher input voltage is permissible the percentage of feedback may be
increased up to 20% as desired.

Example 6. Push.Pull Beam Tetrodes with Feedback

When it is desired to use push-pull beam tetrodes with feedback, the
calculation depends largely on the circuit arrangement. The circuit of Fig.
11 of Chapter 6 will be adopted for this example. Let us assume that ap
output of 32 watts is required from GL6-G valves with self-bias. A peak
grid voltage of 28.5 volts is required for each valve for self-bias operation
giving 32 watts into a load of 6,600 ohms plate to plate. If no feedback is
used and the first stage is a 6J7-G (6C6) resistance coupled pentode and
the second stage a similar type connected as a triode phase splitter, the
total gain from the first grid to one grid of the push-pull stage will be
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approximately 150 X 0.9 or 135 times as in Example 3. The input voltage
to the first grid will therefore be 28.5/135 or 0.211 volt peak.

Let it be assumed that the feedback is taken from the appropriate
6L6-G plate through a voltage divider to the screen of the first valve. The
gain in a 6J7-G (6C6) from control grid to screen is approximately 20
times, and therefore the gain from 6J7-G screen to one 6L6-G grid is
135/20 or 6.75 times. The R.M.S. plate voltage of each 6L6-G at full output
is calculated from the square root of half the power output times half the
load resistance plate to plate, i.e. V16 X 3,300 = 230 volts R.M.S. or 325
volts peak. The gain in each 6L6-G is therefore 325/28.5 or 11.4. The
total gain from 6J7-G screen to one 6L6-G plate is therefore 6.75 X 11.4
or 717.

iIf a gain reduction factor of say 2 or 3 is required we may use the
formula

Gain reduction factor = 1 — Mg

gain from 6J7-G screen to 6L6-G plate
feedback factor (being negative for negative feedback).

where M =

and 8 =
it a voltage divider consisting of 30,000 ohms and 1.5 megohm is adopted
for convenience, § will be —0.03/1.53 or —0.0196 and the gain reduction
factor 1 4+ 77 X 0.0196 or 2.51. The input voltage will therefore be 0.211
% 2.51 oF 0.53 volt peak, equivalent to 0.37 volt R.M.S. The input voltage for
any cther feedback factor may be calculated similarly, and the effective
plate resistance may be calculated as in Example 5.

In the forcgoing treatment it has been assumed that there is no shunting of
the arm of the voltage divider between screen and earth, caused by the valve. Such
shunting will resull in a slight reduction in the effective feedback factor.

Frequency Response

In any amplifier it is necessary to commence at the output end and
work towards the input in order to determine the frequency response.

EXAMPLE: To find the amplification of the circuit of Fig. 1 at 10,000 c/s.
and at 50 c/s.

In this case the output valve is a 2A3 and the maximum output power
is 3.6 watts into 2,500 ohms. The voltage across the load is therefore

V35 X 2,500 = 94 volts R.M.S,, or 132 volts peak.

For this output a peak input
2A3 voltage of 43 volts is requir-
ed, and the voltage stage
gain is 132/43 or 3 approxi-
mately.

The interelectrode cap-
acitances are

2A3: Cet = 9 upF.
Cgp = 13 upF.
Cpe = 4 wpF.
+ +205V. 6C6: Clnput = gog!;F o
o — V. max. puk.
Flgure ! sutput — 6.6 #‘LF.

The input capacitance of the 2A3 is therefore (see Chapter 7)
9 4+ [(3 + 1) X 13) or 61 wuF.

Allowing 7.6 uuF. for stray capacitances and adding 6.5 auF. for the ouput
capacitance of the 6C6, the total shunt capacitance across the input to the
2A3 is 76 uuF. At 10,000 c/s, the reactance (X.) of 75 puF. is 0.212 megohm.
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The resistance of the load resistor (0.25 megohm) and the grid resistor
(0.5 megohm) in parallel is

0.25 X 0.5
. or 0.167 megohm.
0.75

The ratio X./RL is therefore 0.212/0.167 or 1.27. Reference to the Table
of Shunt Capacitances (Chapter 9) gives, by interpolation M’/M — 0.80
approxiinately. The only other source of high frequency loss is in the
input to the 6C6. The gain of the 6C6 stage is 125 times and the iffput
capacitance is

5 4+ [(125 4- 1) X 0.007]) or 5.88 ppF. maximum.

This is negligible at 10,000 c/s. even with an input source (Z) of very
high impedance, while with a comparatively low value of Z the effect is
still less. An interesting feature occurs with a low impedance input
source when the volume control is moved. When the contact is at maxi-
mum (A, Fig. 1) the grid input impedance is the resultant impedance of
Z and 1.0 mégohin in parallel, this being lower than Z. The effect of even
a large input capacitance is therefore quite slight. As the contact is moved
towards the centre (B) the resistance from grid to earth may rise, and
the point of greatest input resistance is the point of greatest high frequency

attenuation.

In the case of Fig. 1 the input capacitance is so small that the effect
of the input circuit on the high frequency response is negligible under all
conditions. The overall response at 10,000 c/s. is therefore 80% of that at
400 c/s., this corresponding to a drop of 2 db. If less drop is desirable
and a slight loss of average gain is permissible the 0.25 megohm plate
load resistor might be reduced to 0.1 megohm. If the 2A3 were replaced
by a pentode, or if the 6C6 were replaced by a general purpose triode, the
high frequency loss in the coupling between the stages would be reduced.
If however a high-mu triode were used in place of the 6C6, the input
capacitance would be very high and high frequency loss would occur unless
a low resistance grid input circuit were adopted.

The amplification at 50 c/s is affected by the 0.05 uF. grid coupling con-
denser and the three bypass condensers.

Grid Coupling Condenser

The reactance of 0.05 uF at 50 ¢/s {s 63,700 ohms. This is in series with
a total resistance of

rp X RL
r» + RL

or in other words the grid resistor plus the combined resistance of the plate
resistance and the load resistor in parallel. In this case

R, +

Ry = 0.5 megohm
tp == 4 megohms (approximately)
RL = 0.25 megobhm

and the total resistance is

4 X 025
0.5 + —————— or 0.74 megohm
4.25
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The input voltage to the 2A3 is therefore

0.74

V0.74* ++ 0.0637°

or 0.996 of that at 400 c/s.

Cathode Bypass Condensers

The effect of the cathode bypass condenser of the 2A3 may be calculated
from the formula given in Chapter 4.

M”72 1 + (wCk - Rk)?
| M| (1 + aMRE)® + (wCk - RK)?
1 1
where a = — + —
M(RL 4 1) RL
1 1
_ + — 0.0005

3 (2500 4 800) 2500

Rk == 750 ohms
M =3
and o0CK = 2750 X 25 X 108 = 0.00785.

“. (1 + aMRK)? == (1 4 0.0005 X 3 X 750)* = 4.52
(oCk Rk)® = (0.00785X750) — 34.6

M”|? 1 4+ 346 356
= - - = = 0'9]
M 452 4+ 346 39-12
M”
= 0-954
M

The effect of the cathode bypass condenser of the 6C6 stage may be
calculated similarly. In this case

1/R1 approx. = 4 X 107 approx.

a =
RK = 2000 ohms
M =125 ,

and oCk = 2250 X 25 X 10~* = 0.00785.

. (1 4 aMRK)? = (1 4 4 X 108 X 125 X 2000)2 = 4.0
(«Cx RE)? = (0.00785 X 2000)2 = 246.

M"|2 1 + 246
= = 0-988
M 4 4+ 246

= 0-004

e e —— -
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Screen Bypass Condenser

The effect of the screen bypass condenser of the 6C6 may be calculated
from the formula given in Chapter 4.

ks / o + aPRyalCyf
| M | (@ + Rg)2 4+ a®R20C,?
where Ry = 1.5 megohm = 1.5 X 10* ohms
wCy = 2750 X 0.5 X 10% = 1.57 X 10~
pe = 20 approximately
gm = 750 umhos = 750 X 10-% mhos
i 20
—_——— = 4
ia 0.5 '
Uy ip
a = — ¥ — approximately
gm in
20
= ———— X 4 = 1.07 X 10% approx.
750 X 107
J. a? = 1145 X 101
(@ + R — 2.582 X 10'
a’R0’Ce = 5.798 X 10
M’ \/1'145 X 1010 4 5-798 > 1014
M 2:582 x 1012 4 5798 x lo4
7981 x 1014
5-8238 x 10w

0-99557
= 0-998

The total reduction of gain at 50 ¢/s is approximately the product of the
four individual gain ratios

il

f.e, 0.996 X 0.953 X 0.994 X 0.998 = 0.941
or approximately 0.5 db.

The gain of the complete amplifier is therefore approximately down 2
db. at 10,000 c/s and down 0.5 db. at 50 c/s.
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Equivalent Circuits for Resistance Capacitance Amplifiers

Equivalent circuits are frequently of use in amplifier calculations. An
equivalent circuit is generally restricted to audio (or radio) frequencies
only, and no regard is paid to D.C. so that care is necessary to avoid errvors
due to misunderstanding. A valve may be considered as a generator of a
constant voltage equal to —u.e, in the plate circuit, the negative sign indi-
cating the change of phase in the valve. The internal resistance of the
“generator” is the plate resistanee r,. From this understanding the equiva-
lent circuit tor Fig. 2 may be evolved.
Fig. 3 shows one form of equivalent
circuit at high frequencies when the
reactance of C may be neglected. The
load resistance R is obviously equal
to that of Rr and R, in parallel.

For certain purposes it is some-
times convenient to adopt a different
Figure 2 form of equivalent circuit as shown in

Fig. 4. In this arrangement the
generator is assumed to deliver a constant current of —g, .¢e,. In this case
the load is equivalent to r, RL and R, in parallel. For further information
see F. E. Terman “Radio Engineering” (Second Edition) McGraw-Hill 1937,

(3

T -y
b e :
_ - .1
Heg R{.%/g TC‘ e}’ R kK, TC‘ s
i |
Figure 3 ’ Figure 4

Page 172 et seq. also W. G. Dow “Fundamentals of Engineering Elec-
tronics,” McGraw-Hill 1937, Pages 266, 281, 318 et seq., also W. A. Barclay
“The Variation of Magnification with Pitch in Resistance Capacity Coupled
Amplifiers,” Wireless Engineer, Vol. 8, No. 94, pp. 362-369, July (1931).
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CHAPTER 9
Tone Compensation and Tone Control

Types of Tone Compensation circuits — (a) Resonant —
effect of plate resistance of preceding valve — method for
increasing effective plate resistance — typical circuits and
frequency characteristics — boosting at resonance — attenu-
ation at resonance — effect on apparent volume — parallel-
fed audio transformer — defects of resonant circuits — (b)
Non-resonant circuits — using inductances — using combina-
tions of resistance and capacitance — (1) shunt capacitance
— (2) grid coupling condenser — (3) screen and cathode
bypass condensers — (4) general filter circuit for constant
voltage supply — (5) for constant current supply — (6)
negative feedback — using tapping switch — selective har-
monic distortion — to avoid effect on apparent volume —
compensation for change in volume level — bass boosting
for pick-up — Summary — Bibliography.

Tone Compensation and Tone Control

An “ideal” audio frequency amplifier is one having a response which
is linear and level over the whole audio frequency range. It is sometimes
desirable to control the Trequency response so as to compensate for certain
non-linear components such as pickups or loudspeakers, or to enable the
listener to adjust the tone to suit his taste. Such methods of control are
known by many narhes, such as Tone Compensation, Tone Control, and Bass
Boosting.

There are various methods which may be used to obtain special forms
of tone compensation. Complicated “electrical networks” with many com-
ponent inductances, resistances and capacitances are used largely by tele-
phone engineers, in broadcast transmitting stations, and for the compensa-
tion of high quality pickups, but their design is beyond the scope of this
handbook.

Comparatively simple combinations of resistance, capacitance and in-
ductance may be used, in conjunction with amplifying valves, to produce
a fairly wide range of frequency characteristics. These combinations may
be divided into two principal groups

(a) Resonant

(b) Non-resonant.

RESONANT types of tone compensation circuits incorporate values of
Inductance and capacitance which resonate within or close to the audio fre.
quency range. Fig. 1 shows a parallel tuned resonant circuit L, C, in the grid
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circuit of V2. At frequencies far from rcsonance, the presence of L and
C has no appreciable effect. At resonance, however, the dynamic resistance
of the tuned circuit becomes large, and

vi v2 the total impedance from the grid to V2
to earth is increased. If R1 is counsider-

-—)(—-Ic’ ably less than the value of Ri and the

plate resistance (r,) of V1 in parallel,

AL Ry there will be an increase in the gain of
‘ the amplifier at the resonant frequency.
If, however, R1 is nearly as great as, or

greater than, RL and r, in parallel the
effect at resonance will be slight. -If
v [-Ad i V1 is a resistance-coupled pentode, its
Figure 1 plate resistance will be very great, and

as a fair approximation may be regarded

as having no shunting effect in comparison with that of RL. If, on the
other hand, V1 is a triode, then its plate resistance wlll normally he less
than RL, and R1 must be considerably lower than r, for there to be any
appreciable rise of output voltage at resonance. With a triode valve the
load resistance should preferably be higher than the plate resistance, for
if lower than the plate resistance there is danger of serious distortion
unless the input voltage is very small. It is for these reasons that the

circuit of Fig. 1 is more satisfactory with a pentode valve than with a
triode.

A resistance inserted (point X in Fig. 1) between the plate of V, and
the coupling condenser C, may be used with a triode valve to increase the
effective “internal generator impedance’ so as to be equivalent to the use
of a pentode valve. This results in a serious drop in gain but may be
permissible in certain cases. An equivalent arrangement is used in Figs.
11, 13, 15, 16 and 17 which are described later in this chapter,

cuRveE C
~

o OUTPUT OECIBELS

T T 0

-

104 10
FREQUENCY C/s.
Figure 2 (left) and figure 3 (right). Frequency Characteristics
in fig. 3 are obtained when V1 = Pentode; RL — 40,000 ohms;
L = 2.5 henries; — 0.01 uF.; C, = 0.02 gF. or higher;
R, = 1.0 megohm; and R is (curve C), infinity, (curve B),
50,000 ohms, (curve A), 15,000 ohms.

Fig. 2 is a variation of Fig. 1, with the resonant circuit in series with
the plate load resistance. The increase of gain at resonance is only
appreciable when R is considerably smaller than r, and R1 in parallel
For this reason the circuit of Fig. 2 is more suitable for use with a pentode
than with a triode.

Fig. 3 shows the effect of a typical amplifier using a pentode valve
sor V1 and the circuit of either Fig. 1 or Fig. 2. Three curves are shown,
“A" corresponding to fairly heavy damping of the tuned circuit, “B” to
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decreased damping, and “C” to minimum damping. In Fig. 1 the total
shunt resistance across the tuned circuit, with the resistance R omitted, Is

p RL
R, + ——)

r, + RL
and in Fig. 2 it is
p Ry
Ry 4 ( -_— )
r, + R

The damping on the tuned circuit may be increased by the addition of the
shunt resistance R shown in Figs. 1 and 2.

v
CURVE A

9

[

o B

3

3

-20 . ,
10 10¢ 10° 104

FREQUENCY  C/8.

Figure 4 (left) and figure 5 (right). Frequency Characteristics
in fig. 5 are obtained when V1 — Pentode; RL = 0.25 megohm;
L = 25 henries; C = 0.01 #F.; C, = .05 pF. or higher; R,
= 1.0 megohm; and R is (curve A), 0.2 megohm, (curve B),

75,000 ohimns, (curve C), 35,000 ohms.

A series resonant circuit is shown in Fig. 4 and the corresponding
frequency response curve in Fig. 5. At the resonant frequency the tuned
circuit acts as an ahsorption filter and reduces the gain of the amplifier.
Curves A, B, C in Fig. 5 correspond to varying values of the series resist-
ance R. At resonance, the total load on the valve is approximately the
resultant of Rr, R, and R in parallel. A pentode valve is desirable for Vi,
but a triode valve may be used provided that the input voltage is very low.

A slightly modified arrangement is shown in Fig. 6 with the correspond-
ing experimental frequency response curves in Fig. 7. This arrangement
may be used to compensate for the apparent loss of bass and treble when
listening at a low volnme level.

All simple methods of continuously-variable tone control have an
effect on the apparent volume, and a movement of the tone control generally
necessitates a further adjustment of the volume control. The effect may
be seen clearly from Fig. 7 in which there is a loss of nearly 12 db at
1000 c/s. between curves A and C. This is because these circuits merely
attenuate certain freqnencies, and the maximum gain at any frequency
must always be less than the maximum gain of the amplifier under normal
conditions for resistance-coupling.

A special case of a resonant tone compensation circuit is that of a
parallel-fed audio-frequency transformer, in which the frequency at which
resonance occurs may be arranged to provide bass boosting, or to offset
the bass attenuation due to low primary inductance (see Chapter 1).
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There are certain defects in all resonant types of tone compensation
circuits, among which are the following:—

(1) 1f the resonant circuit be lightly damped there is a danger of
distortion, particularly with transients. Any sudden electrical dis-
turbance causes the tuned circuit to oscillate at its natural fre-
quency. The lower the damping, the longer this undesirable
oscillation persists before it has decayed to a negligible level.

(2) The shape of the characteristic is such that, for light damping
and hence for large ricse in gain at the resonant frequency, the
response is too sharply peaked.

(3) The resonant frequency is often critical, and in such cases both
the inductance and capacitance should be within rigidly narrow
limits. The inductance of iron-core inductances varies with change
of either direct-current or A.C. tlux.

(4) The inductance tends to pick up stray electromagnetic fields, and
may give rise to hum, etc. Electrostatic screening (e.g. in
aluminium can) is frequently of little value, while heavy iron
ghield cans are generally undesirable.

+
=]

OUTPUT DECIBELS
+
[

’ 8 < v v Be = =1
Figure 6 (above) and Figure 7 (right). =S e s T
Frequency characteristics shown in I e o o o 51 ) 4 11l
Fig. 7 correspond to positions A, B 02 103 10°
and C, respectively, of control in FREQUENCY /S
Fig. 6.

Non-Resonant Circuits

Non-resonant circunits including inductances have certain drawbacks
«compared with circuits using capacitances, among which are the following:—

(1) The cost of inductances is very high compared with that of con-
densers for the values usually required.

(2) Inductances resonate with the stray self and circuit capacitances
causing a peak or dip which may fall within the desired range of
uniform response.

(3) Inductances are liable to pick up considerable hum voltages from
a nearby power transformer, and are therefore unsuitable for use
in the early stages of an amplifier.

On account of these defects, the following treatment will be limited to
combinations of resistance and capacitance.

(1) Shunt Capacitance

One of the most common methods of tone control is to shunt the plate
circuit of a valve by a capacitance, so as to attenuate the higher audio
frequencies. The attenuation is a function of the plate resistance of the
valve and the load resistance as well as of the frequency and capacitance.
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The following formula may be used to calculate the relative amplification
with and without a shunt capacitance:—

M’ 1

M VT + (R¥/XS)

Ru X r,

where R — ——— |
RL + 1,

RL = total effective load resistance in plate circuit.

v, plate resistance of valve,
X, reactance of shunt capacitance across RL,
and X/ — 1/,C?

In many cases this formula may bhe used directly, and is reasonably

simple for slide-rule calculations. In cases in which there is a following
grid resistor (R;) as well as a plate load resistor (Rr). Rr should be
taken as the resultant of R1’ and R, in parallel. The formula may also be
stated as a function of RL/X. provided that the ratio of Ri/r, is known.

The following table has heen calculated from this formula, and gives
the relative gain with and without a shunt capacitance.

Table
Gain with capacitive shunt as a fraction of gain without shunt
x, | M’ /M
RL RL/tp =10 I RL/r, = 5* ‘ Ru/r, = 2**', Pentodes
0.05 0.48 0.29 0.15 0.05
0.10 0.74 0.51 0.29 0.10
0.20 0.91 0.77 0.51 0.20
0.30 0.957 0.87 0.67 0.29
0.40 0.974 0.92 0.77 0.37
0.50 0.983 0.95 0.83 0.45
0.60 0.988 0.96 0.87 0.51
0.80 0.994 0.98 .92 0.63
1.0 0.996 0.986 0.95 .71
2.0 0.999 0.997 0.986 0.90
5.0 0.9999 0.4995 0.998 0.98
10.0 0.99996 0.99956 0.9995 0.995
20.0 0.99999 0.99997 0.99986 0.999

*Suitable for most general purpose triodes.
**Suitable for most high-mu triodes.
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(2) Grid Coupling Condenser

The low audio frequency attenuation due to a grid coupling condenser
may be used for purposes of tone control where bass attenuation is requir-

O1,F Q
05 -

[en/e;] ™ DECIBELS
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51 Fhat v 5 s -
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FREQUENCY w CYCLES PER SECOND

§

Figure 8. Frequency characteristics due to grid coupling condenser
with a grid resistor (Rg) 1.0 megohm. It is assumed that the plate
resistance and load resistance in parallel of the preceding valve are
negligibly small in comparison with Rg. When this does not hold
(as with a pentode valve in the preceding stage), the attenuation is
iess than is shown by the curves, but may be obtained accurately
by making Rg represent the grid resistor, in series with r, and
RL in parallel. These curves may be appliec to any value of Rg
by multiplying the values of C shown on the curves by a factor
equal to that by which Rg is reduced (e.g, for Rg = 0.5 megonm
multiply values of C by 2.).

ed. The calculation of the loss of gain is treated in Chapter 1, to which
reference should be made. The attenuation curves obtained under typical
conditions are shown in Fig. 8.

If the bass attenuation is required to be

more gradual, or not to exceed a given
value, the circuit of Fig. 9 may be used. In

Gh

@ G this circuit C2 is a blocking condenser
Rg and may be large in comparison with Cl.
The resistor R1 limits the loss of gain to
XS e+ the value
Figure 9 R1
RI £ R,

at very low frequencies, neglecting the effect of C2. This circuit is a par-
ticular case of the general type to be considered.

Two or more stages having similar attenuation characateristics may
be arranged in cascade to provide a steeper attenuation characteristic.
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(3) Screen and Cathode Bypass Condensers for Tone Control

A low value of cathode bypass condenser results in limited* bass at-
tenuation, A low value of screen bypass condemnser results in bass
attenuation, particularly when the screen supply is from a high resistance
dropping resistor. A sharper attenuation characteristic may be obtained
by adjusting both screen and cathode bypass capacitances to produce
simultaneous cominencement of attenuation at the specified frequency. A still
sharper attenuation eharacteristic may be obtained by using two or more
such stages in cascade, or by combining with the above arrangement the
simultaneous commencement of attenuation due to the grid coupling con-
densers.

Reference should be made to Chapter 4 for the calculation of the
attenuation due to inadequate screen and cathode bypassing.

(4) General Filter Circuit for Constant Voltage Supply

The circuit shown in Fig. 10 may be used for the purpose of obtaining
many forms of tone compensation. The values of the six components
may be varied as desired to provide bass boosting or attenuation as well
as treble boosting or attenuation. It is to e understood that the choice
of values extends from zero to infinity, this being equivalent to the
optional short-circuiting or open-circuiting of any one or more resistors
or condensers. This form of filter is intended for use with a constant
input voltage (E,). This holds approxiinately when a triode valve is used

° Figure 10. General fllter circuit for constant
e Ry voltage 1mput. In the following treatment
8 (Figures 11-18, inclusive), the values selected
] a4 for the components as a basis for the fre-
& ? quency characteristics are :—
l Ra R, = R; = 0.1 megohm.
R; = R, == 15,900 ohms.
*=C, C, = C; = 0.01xF. (Xc == 15,900 ohms at 1,000 c/s.)

to supply the input voltage provided that the minimum load presented to
the valve is not less than about 5r,. A pentode valve may be used provided
that the minimum load presented by the filter network is not less than
tive times the plate load resistor.

A number of special cases of this general circuit are shown in Figs.
11 to 19 inclusive,

€ -
s
Ry ol
€ H
YT &
.
25 o
=Co |
& .
10 o2 3 4
H . 1c 10
Figure 11

*Even with no bypass, the attenuation is limited since it is due to negative cur-
rent feedback brought about by the cathode resistor bsing common to both input
and cutput circuits (see Chapter 6). Under no conditions is i{nfinite attenuation
possible by this means.
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Fig. 11 shows an arrangement which may be used for bass boosting
or for limited treble attenuation. The curve of frequency response may
be moved bodily to the left or to the right by increasing or decreasing re-
spectively the capacitance of C,, The curve is asymptotic*®* to the values

R. i R,
E, == E, ( ) andE0=-E‘( -——-)
Ry + Re \

R: + R,

’Rz R4'

where R, = (———)
R, + Ry

This network is equivalent to any valve (pentode or triode) in which R,
represents the plate resistance, and R, represents the resultant of the
plate load resistance and the grid resistance in parallel. Resistor R, (Fig.
11) may be in the form of a volume control.

(Rpooo

Ry Ry
£
i ? €

R, €0

i 10 102 103 104
§ —
Figure 12

Fig. 12 is identical with Fig. 11 except that it is inverted, and may be
used for limited bass attenuation or for limited treble boosting. The
curve is asymptotic to the values

Rg R2
Eo-El( —_— )andEo==E‘ (-————)
R, 4+ R. Ri + R

where R; = ( -—»———)
R| + R.’i

P

I !

€, ? Eo

1
L =C, 1)
1
)

*A curve is asymptotic to a straight line when it approaches it gradually, but does
not reach it except at an infinite distance.
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Figure 13
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Fig. 13 is a simple arrangement frequently used for treble attenuation.
the curve is asymptotic to

E, = Eiand E, = 0.

66

s

Rz

6— & —0

104

<
o
©
-
©

o
-
U

Figure 14

Fig. 14 is the inverse of Fig. 13 and may be used for bass attenuation.
It is equivalent to the common arrangement in which C, is the grid coup-
ling condenser and R, is the grid resistor. The curve is asymptotic to

E, = E;and E, = 0.

€
£ ‘f Eo
faogg
-y I .
) 10 102 103 104
fF —
Figure 15

Fig. 15 is similar to Fig. 11 except that the resistor R, has been re-
moved. This circuit is particularly useful for bass boosting, but has the
disadvantage that there is no resistor in the filter network which may be
used as a volume control. The curve is asymptotic to

R4
Eo == E| and Eo == E| —————— )
Ry + Ry
9] -

‘ 4

Ay ,

=<, :

€ ﬂ E;-_)
fy Eo
|

—0 7 ‘°2( . 0} 104

Figure 16
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Fig. 16 is the inverse of Fig. 15 and may be used for bass attenuation.
This circuit is equivalent to a valve in which R, represents the plate resist-
ance and plate load resistance in parallel, C, represents the grid condenser
and R, the grid resistor. The curve is asymptotic to

R,

E, = E (——)andEo=0
R: 4+ Ra
ELL---
€ ?
€
, Rg mC; Eg
o J 10 102F |c‘§ 104
Figure 17

Fig. 17 may be used for treble attenuation. {t is equivalent to an
arrangement in which R, is the valve plate resistance, R, the plate re-

sistor, and C, a shunt capacitance from plate to cathode. ‘The curve is
asymptotic to

R,
E. = E; (——— )andEo==O

Figure 18

Fig. 18 18 the inverse of Fig. 17 and may be used for limited bass at-
tenuation or treble boosting. The curve is asymptotic to

R,
5 = [ o) By == [5) (______)
Ri + R;

(5) Filter Networks for Constant Cutrent Supply

A pentode valve, when operated with a load which is always very much
smaller than its plate resistance, may be considered as a source of constant
current. Some typical filter networks which may be used with a source
of constant current (1) are shown in Figs. 19 and 20.
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Fig. 19 is a network which may be used for bass boosting or treble
attenuation. R, may represent the plate load resistor in parallel with the

O
[

Ry

m‘l
° : e

10 102
f —

Figure 19. General filter circuit for constant current

Input (I). The frequency characteristic is obtained

when R, = 0.1 megohm; R, = 15,900 ohms; and C, =
0.01xF.

grid resistor: the grid coupling condenser is assumed to have negligible
reactance. The curve is asymptotic to

Ri R
‘ EO=IR1andE.,=I( I )
R; + Ry

Iy
o—
——
1
Ry WeC, gy
€0
o= 10 102 103 104
f —

Figure 20. Filter circuit for constant current input ().
The frequency characteristic is ohtained when R, = 0.1
megohm and C, = 0.01 uF.

Fig. 20 is similar to Fig. 19, but with R. short-circuited. The curve
is asymptotic to

Eo === IR] and E(, = 0

(6) Tone Control by Negative Feedback

One of the most attractive methods of Tone Control is by the use of
Negative Feedback. If the feedback network is designed to feed back at
one frequency a greater voltage than that at a second frequency, the de-
generation will be greater at the first frequency than that at the second
frequency. For example, if the voltage fed back at 400 c/s is greater than
that at 50 c/s, there will be greater degeneration at 400 ¢/s than at 50 c¢/s,
this being equivalent to bass boosting. By suitable choice of circuits and
constants it is possible to obtain any combination of bass boosting or
attenuation and treble boosting or attenuation.

It is unfortunate that this method of tone control is liable to produce
instability due to change of the phase angle of the voltage which is fed
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back. This is less likely to occur when the voltage is fed hack aver one
stage only, but under all circumstances care should be taken to check for
stability. Instability may occur at very low or at very high frequencies
which may be beyond the range of audible frequencies, but may, never-
theless, result in distortion or “motor-boating.”

Reference should be made to numerons articles in periodicals, some of
which are included in the Bibliography at the end of the chapter.

TONE CONTROLS USING TAPPING SWITCH

A tapping switch with two or more positions may be used to provide
pre-selected tone combinations.

For Speech it is desirahle to give slight bass attenuation, particularly
if the loudspeaker has a pronounced bass resonance at a frequency at or
above 100 c/s.

For Short-wave Reception it is desirable to give (at least as an alter-
native) both bass and treble attenuation.

For Music it may be desirable to have two positions, the flrst giving
slight bass boosting alone, and the second increased bass boosting and
either treble boosting or, preferably, wide LF, band-pass.

Special combinations may be arranged to suit individual requirements.

Selective Harmonic Distortion:

When a signal containing harmonics is applied to the grid of a tone.
compensating stage, the harmonic distortion components may be either in-
creased or decreased owing to the frequency response characteristic of the
stage. This effect is quite independent of any harmonic distortion which
may be introduced by the tone-compensating stage.

For example, consider a tone-compensating stage which has the fol-
lowing characteristic:—

Frequency Gain above that at 400 c/s
1,000 ¢/s .. .. .. .. .. .. .. .. 0dh
2000 ¢/8 .. .. .. .. .. .. .. 44dd

3000c/s .. .. .. .. .. .. .. .. 8db

If now an input voltage having a fundamental frequency of 1,000 c¢/s, with
5% second harmonic and 3% third harmonic distortion, is applied to the
grid. the output will have 7.9% second harmonic and 7.5% third harmonic
components., Since these harmonic frequencies were not present in the
original signal their presence in the output voltage constitutes genuine dis-
tortion. It is this distortion which is one of the most objectionable features
of amplifiers which give a large degree of treble boosting, and cannot be
avoided by any circuit arrangement or special device.

The converse of this effect aiso holds. and treble attenuation results
in a reduction of harmonic distortion for freguencies having greater at-
tenuation of the harmonic frequencies than of the fundametal. A similar
reduction of harmonic distortion for a certain band of frequencies results
from the use of hass hoosting. In both cases it is assumed that the tone-
compensating stage itself does not introduce any distortion.

To Avoid Effect on Apparent Volume

Whenever possible. it is desirable to reduce the effect on the apparent
volume brought ahout by so-called “hass boosting.” which in reality
amounts to attenuation of a wide hand of frequencies in the middle of the
audio range. If the “boosting” does not extend appreciably into the range
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of middle frequencies, it will be satisfactory to maintain the middle fre-
quencies at a constant level. In an amplifier using a tapping-switch tone-
control it is possible to remove the bass (or treble) boosting without any
serious effect on the apparent volume by short-circuiting the reactance
which provides the increased impedance at the frequeucies being boosted.
For example in Fig. 11, a typical circuit for bass boosting, condenser C2
may be short-circuited to remove the bass boosting without a serious effect
on the apparent volume. If the degree of boosting is pronounced, or if
it extends somewhat into the range of middle frequencies, a closer approxi-
mation to constant volume on both positions may be made by switching
C2 (Fig. 11) out of circuit and replacing it by a suitable resistor, the resist-
ance of which may be determined by trial.

With resonant methods of tone compensation (Figs. 1 and 2) a similar
effect may be obtained by cutting out the tuned circuit and replacing it by
a suitable value of resistance. In any other particular arrangement the
method to be adopted should be sufficiently obvious to need no description.

Although change in apparent volume may easily be avoided with a
tapping-switch type of tone control, it is very difficult to avoid with a
continuously variable type of control. One practicable arrangement is to
use two audio channels, one of which handles the extreme bass without
attenuation, and portion of the middle frequencies with progressively in-
creasing attenuation, and the other handles the extreme treble without
attenuation and portion of the middle frequencies with attenuation. A
single control may then be used to give a suitable balance between bass
and treble. The same principle may be extended to cover three or more
frequency bands.

Compensation for Change in Volume Level

If the whole of the equipment from microphone to loudspeaker in-
clusive has a uniform frequency response, the reproduction will only sound
natural if the acoustic level of the reproduction is the same as that of the
original sound. At lower levels, due to the characteristics of the human
ear, there will be a pronounced drop in the apparent bass, and a less pro-
nounced drop in the apparent treble. If the closest possible approach to
the impression of the original sound is required at a lower acoustic level,
it is necessary to provide the requisite degrees of bass and treble boosting.

One method which-has good features is to combine the requisite tone-
compensation with the volume control, so that at high settings of the
volume control there is very little tone-compensation, while the degree of
compensation increases as the setting is reduced. This method is only
satisfactory if the input voltage to the volume control remains nearly
constant over the whole range of conditions for which compensation is
required. The method is only a compromise when used with a normal §
valve receiver with A.V.C., since the signal voltage may vary by as much
as 16 db or more over the range of signal strengths likely to be encountered.

-

A typical arrangement is shown in Fig.
21 in which a tapped volume control is
used. The maximum degree of coinpensa- —
tion is ohtained when the moving contact
is at the tapping point, and this point
should therefore be arranged so as to suit

the conditions found in a particular re- -01
ceiver. The filter circuit may be of any
. design, and may he arranged to give bass 2:5H.
boosting only, or a suitable halance between o
bass boosting and treble boosting. The
one shown is only for the purpose of illu- Figure 21

stration, and incorporates a series resonant circuit tuned to 1,000 ¢/s which
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provides both bass and treble boosting. A more effective arrangement

maykbe devised by the use of two tappings, each with a suitable filter net-
work.

It should be noted that the lower portion of the volume control acts
as a shunt on the filter circuit and thereby affects the frequency charac-
teristic.

Bass Boosting for Pickup

The circuit of Fig. 22 may be used for insertion between the pickup
and the amplifier to give bass hoosting. As with other such circuits there
is a considerable loss of gain at middle frequencies, and it is only at low
audio frequencies that the output voltage more nearly approaches that
given by the pickup. As a close approximation, the maximum voltage
output at middle and high frequencies imay be taken as

R: Rj
ny Ei
) Ri R: + Ry Ry 4+ Rz R3
2
@ fe—o where E, is the input voltage from the
3 rosusurts  pickup.
b At very low frequencies the voltage

Figure 22. Filter circuit for output may be taken as being approxi-
bass boosting, intended for  mately
insertion between the pick-
up and the grid of the first Ry
amplifier stage. — E

Ry 4+ Rs

It is desirable for the load presented to the pickup at middle and high
frequencies to be that recommended by the manufacturer of the pickup.
This load is equal to

R: R;
Ry 4 ————
Rg + R3
At low frequencies the load will approach the value (R, 4+ R,).
°or edé PER OCTAVE or 3 aé PLR OCTAVE
\ g N
I b
] & R
T b | R
- L - |
g 2
3201 3-2d]
0 I l ] 10 : 3 ot

102 103 w0* 109
FREQUENCY C/S. FREQUENCY C/S.

Figure 23 (left). Frequency characteristic (solid line) of Fig. 22

when R, = 0.225 megohm; R, = 25,000 ohms; R, = 1.0 megohm

potentiometer; and C = 0.02 pF. Under these conditions, the

bass boost approaches the ¢ db. per octave (broken line) required
for complete compensation of recording loss.

Figure 24 (right). Frequency characteristic (solid line) of Fig. 22

when R, — 0.1775 megohm; R, — 75,000 ohms; R, = 1.0 megohm

potentiometer; and C = 0.01 xF. Under these conditions the

arrangement provides only partial compensatfon (approaching 3 db.
per octave) for recording loss.
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The frequency response curves obtained with selected values of com-
ponents are given in Figs. 23 and 24. Fig. 23 shows an arrangement
which provides approximately the full compensation (6 db. per octave*) re-
quired by a pickup which, in itself, provides no increased bass response.
The output curve of the pickup is assumed, for simplicity, to be straight
and horizontal. Such a degree of compensation should not be used with
a pickup which, as is generally the case, itself provides a certain amount
of bass boosting, unless an exaggerated hass response is required. Fig. 24
shows the frequency curve of an arrangement giving less pronounced
bass boosting.

Both Figs. 23 and 24 are taken for values of components which give
2 load on the pickup of 0.25 megohm at middle and high frequencies. If,
for example, the load on the pickup is required to be 0.5 megohm, then the
values of the three resistances should be multiplied by 2, and the value
of the capacitance should be divided by 2, to give a similar frequency curve.

Summary of General Features

1. All methods of tone compensation result in a serious loss of gain over
the portion of the frequency band which is not required to be “boosted.”

2. Most methods of tone compensation give a more or less slight decrease
in gain at the frequency of greatest gain as compared with that obtain-
able with normal resistance coupling.

3. The frequency characteristic is dependent upon the impedance of the
source of input voltage as well as upon the filter network.

4. The maximum input voltage which may be applied without distortion
fo the grid of a valve having a filter network in its plate circuit is, in
most cases, very much less than would be the case with normal
resistance coupling.

5. If any appreciable degree of “boosting” is required, it is at least desirable,
and in many cases necessary, to have an additional stage of amplifica-
tion. In most cases this stage should be the first stage in the amplifier.
and in all cases should be operated at a low volume level.
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CHAPTER 10

Volume Expansion and Compression -

Volume Expansion — Volume Compression — Typical
volume expander — Requirements for received sound to be
identical with that in the studio.

It is possible in an amplifier to vary the gain in such a manner that
the greater the input the greater the gain. Such procedure is called
volume expansion and the reverse action is called volume compression. It
is not possible here to comment on the desirability of such systems since
many factors have to be considered. Various types of expansion or con-
traction characteristics can be produced and a wide variation of the time
constant can be obtained. In general a time constant of about one-fifth
of a second is usually considered reasonably satisfactory, but with elaborate
amplifiers it is possible to obtain a more rapid pickup and a slower decline.

A typical arrangement of a
volume expander is a resist-
ance - capacitance coupled
super-control pentode which
is used to amplify the incom-

ing signals, and a separate ‘“°V7 ! i

amplifier also operated from o- 4+, !

the incoming signal, the out-

put of which is used to feed bz

a diode rectifier and thence = N\6C5 f/}/,g_H:e
to provide negative bias to ! D A R LR e Lo
the control grid of the super- B - . 230
control amplifier. Many - .01 K .29 L——0 + 100
arrangements may be adopt- §£o0
ed, either single or push-pull, = 0 - 10
the push-pull arrangement L ——90-13
being preferable since even .

harmonic distortion is bal- Figure 1

anced out. The super-con-

trol valve may he either an ordinary R.F. pentode or one of the 6L7-G type.
In the latter case use is made of the two separate grids, one being used
for the signal input and the other for the control. A very widely used
arrangement is shown in Fig 1, which is reasonably satisfactory provided
that the input voltage does not exceed 0.25 volt R.M.S.; at higher input
voltages the distortion hecomes appreciable. In order to avoid micro-
phonic troubles the controlled stage should he Radiotron 1612, this being
a non-microphonic equivalent of the 6L7.

Volume compressors are somewhat similar to volume expanders ex-
cept that the action is inverted.

All existing types of volume expanders and compressors necessarily
need to be a compromise. If it is desired to inake the received sound
identical with that in the studio, it is necessary to have identical contrac-
tion and expansion characteristics, and zero time delay. This can only
be obtained or approached closely by a system in which a monitor signal
is transmitted in order to control the gain in the reproducing amplifier to
correspond with the comnpression in the studio.
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CHAPTER 11

Recording, Pickups, Microphones and Microphone
Amplifiers

Gramophone records — Pickups — Microphones — High
and low impedance types — Microphone transformers —
Mixing and attenuation — Ratings of output level —
Coupling of crystal microphones — Microphone amplifiers
— Appendix.

Gramophone Records

Standard “lateral-cut” gramophone records are recorded with
a characteristic in which the amplitude of the needle move-
ment {is proportional to the input voltage for frequencies above
250 c/s. Due to the fact that for constant acoustic power
the amplitude increases as the frequency is decreased, a point is reached
beyond which there |is
HHEE | danger of one groove cutting
e ] i into the next. Consequently
.18 N A - ®  below 250 c/s. the recording
n j\mﬁyxmm : fHels s made to follow a “Con-
1
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RATIO

=n" ; . 2 stant Amplitude Characteris-
39R0 svarcct to_ | tie,” which means that the
> D , same amplitude holds for a
N _l l given applied acoustic power
2> at all frequencies. This is
12 equivalent to a drop in out-
l r-r put of 6 db. per octave (1
e octave = frequency ratio
ngumu (cveLes Dcnsr,couo) 2 : 1), or to a voltage ratio
of 2 : 1 per octave. The
diagram (Fig. 1) shows the
theoretical output given by an ideal uncompensated pickup, and also the
compensation required (upper curve with broken line) for overall level
response.
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Figure 1

Pickups
There are many types of pickups in use and a complete survey is not

practicable in this Handbook. All types, including crystal tyvpes, suffer to
a greater or less extent from the following:—

(1) Mechanical resonances of the pickup either in part or whole.
(2) Mechanical resonance of the arm and pickup as a whole,

(3) Harmonic distortion of the output due to non-linear relationship
between the movement of the needle and the output voltage,

(4) Non-uniform output voltage at all audible frequencies.

(6) Wear of the record due to weight, poor tracking, mechanical
damping, etc.
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Mechanical resonances at the higher audio frequencies are objection-
able, and may only be reduced by a modification in the internal structure of
the pickup. Nearly all pickups employ some form of damping (usually
mechanical) to reduce these resonances to some extent, but complete
elimination is not practicable owing to wear caused on the record.

Resonance of the arm as a whole is unavoidable, and is frequently
used in popular types to improve the bass response, thereby giving some
compensation for the recording characteristic.

Harmonic distortion from many types of pickups is quite appreciable.

The frequency response i
is one of the few character- I
istics generally available. In i
the case of most types for '3 4411
home use there is some in- g, i
ternal bass compensation, ¢ g
but the compensation is gen- %° '
erally rather poor, being too ¢ ~— ey . .l
great at some frequencies & b Al _|| i i
and too small at others. . ma i {:I}-——— b g :
Most crystal pickups give an TR i o th | |
accentuated response from a N B i ! :
very low frequency to a fre- - : I.o? e ! L
quency above 400 c/s. A emcavencr o5, ©
typical crystal pickup re- Figure 2

sponse curve is shown in

Fig. 2 so that it may be compared with the desired characteristic. "' The
relative placing of the two characteristics was arranged so that the response
above 900 c¢/s. agrees very closely with the desired characteristic. The
output of the crystal pickup is then 5 dbh. above the desired characteristic
at 125 and 400 c¢/s., and 7 db above at 200 to 250 c/s. At very low fre-
quencies the output from the pickup does not continue to rise so rapidly
as the desired characteristic, and the difference between the two curves
becomes less. The overall result is that this crystal pickup gives an
output which is accentnated at all frequencies bhelow 800 c¢/s., with
the greatest accentuation between

200 and 260 c/s. This is not true €OUIVALENT CIRCUIT
bass boosting, nor does it give 3 A n 3
correct bass compensation for the
recording A close approach to :nvsm o, . A
the desired characteristic may, i

however, be made by adding an
absorption filter tuned to about
250 c/s. Figure 3

The equivalent cirenit of a crystal pickup (Fig. 3) is a voltage source
(E) in series with a low resistance (R) and a capacitance (C) equal to
that of the crystal. This series capacitance may be looked upon as the
coupling condenser to the amplitier aud load resistor. The bass response
will be reduced if the resistance of the load resistor is low in the same
manner as with a coupling condenser and grid resistor in a resistance
coupled amplifier (see the Appendix at the end of this chapter for the
mathematical formula).

All popular types of pickups require a frequency correction filter in
order to obtain correct compensation. A correction filter which gives
compensation in accordance with the theoretical curve (Fig. 1) will not
provide correct compeusation if there is any non-linearity in the pickup
response curve. For further information on simple [requency correction
circuits see Chapter 9.
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Record wear is unavoidable with all popular types of pickups, due to
the weight which is necessary to prevent the needle from leaving the
bottom of the groove. Wear of the walls of the groove is more serious than
wear on the bottom, and may be caused by bad tracking, needle wear or
heavy mechanical damping of the pickup. It is not possible to obtain good
tracking with a simple straight arm, although a long arm is less harmful
than a short one. Most good pickups have either a bent arm or inclined
needle in order to provide good tracking. In all cases the instructions
provided by the pickup manufacturer should be followed in mounting the
arm.

The volume control should have a resistance value as recommended
by the manufacturer. It must be understood that the resistance of the
volume control should not be made equal to the impedance of the pickup.
Operation with an incorrect resistance of volume control will in most cases
affect the frequency response.

The leads from the pickup should be as short as possible, shielded
and earthed. The pickup arm or case, if of metal, should be earthed.
It is generally also advisable to earth the motor and turntable. Even with
these precautions hum may be experienced. Some types of motors induce
hum into certain pickups, and this can be discovered by moving the pickup
to and from (or across) the record. It may also be found with certain
motors that the hum may be reduced by reversing the connections to the
motor. If there is any difference in hum level with the motor switched on
or off it is preferable for the connections to be arranged so that the hum
is a minimum with the motor running.

With high resistance volumne controls it may be found that the hum is
worst when the moving contact is about midway, since at higher settings
the impedance of the pick-up is in parallel with the resistance of the
volume control. This latter type of hum may be due to hum voltage picked
up by the lead from the volume control to the grid of the valve. This lead
should be short and thoroughly screened.

Microphones

Microphones may be divided into two groups:

(1) Low impedance

(2) High impedance.
In the first group are various types of carbon or granule, velocity (or
ribbon), and dynamic microphones. In the second group are condenser
and crystal microphones. The latter may be subdivided into:

(a) Diaphragm types, giving greater output but having poorer fidelity,
and (b) Sound cell types in which the air pressure operates directly on the

crystal face.

All low impedance types of microphones are normally used with transforn-
ers which operate into a loaded line and which reflect into the primary a
load suited to the particular type of microphone (Fig. 4).

It the rated load for a particular microphone is R, and the transformer
has a step-up turns ratio of N times, then the secondary should be loaded

by a resistance N°R.
YuﬂlN‘SNM'IO

3 GRID If the rated microphone load resist-
- + s ance is 50 ohms, and the secondary is
1wBLDANC € g% §~2n to feed a 500 ohm line, then the trans-
e ' foriner turns ratio (neglecting losses)
- should he
e fs55 750
N = 1/500/50 = 3.16
Figure 4

The “loading” is not due to the microphone or to the tramsformer,
but must be introduced by a resistance. If this load resistance Is applied
to the secondary of the transformer the “reflected” load resistance on the
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primary is equal to this resistance divided by the square of the transformer
step-up turns ratio. For further information on transformers see Chapter 26.

If the secondary of the transformer is to feed directly into the grid of
a valve (as is generally the case with low level niicrophones) the trans-
former step-up ratio may be very high. There is difficulty in the design
of very high-ratio transformers owing to imperfect coupling between wind-
ings (i.e., leakage inductance) and the ratio may be restricted for this or
other reasons. A secondary load impedance of 100,000 ohms is a fairly
typical value under these conditions.

Mixing and attenuation with low level microphones is preferably carried
out after pre-amplification so as to avoid any increase of noise level. With
high level microphones (say '—45 db or above where 0 db — 6 mW.) mixing
may be carried out, if desired, between the microphone and the first grid.
For mixing methods see Chapter 12.

The “level” of iicrophones is frequently given in terms of decibels
(see Chapter 13) but care should be taken to avoid errors due to confusjon.
Some low impedance microphones appear to be rated In terms of decibels
of power on a basis of 0 db — 6 mW. although the basis of 0 db — 1 mW.
is used very widely. Other reference levels used by certain microphone
manufacturers are 10 mW. and 12.5 mW.,* the latter being used by R.C.A.
At least some crystal microphones are rated in terms of decibels of
voltage, on a basis of 0 db = 1 volt for a sound wave having a pressure
of 1 dyne per square centimetre. The reason for the voltage rating is that
the internal resistance of crystal microphones is very small compared with
the load resistance, and their output voltage at middle and high frequencies
is therefore approximately constant for widely differing values of load
resistance. A further rating of microphone level, and one which has much
to commend fit, {s in Volume Units (vu)t. The level in “vu” is numerically
equal to the number of decibels above a standard reference volume level
of 1 milliwatt. For further information see Chapter 13.

It is impossible to stress too strongly the necessity for stating the zero
reference level in connection with all decibel ratings for microphones.
Serious errors have frequently arisen owing to the omission of the reference
level in specifications. Many manufacturers of microphones fail to state
what reference levels are used. and as a consequence the output voltage
can only be guessed at.

It is also necessary for the sound pressure to be stated, but fortunately
a pressure of 1 dyne per square centimetre is becoming standardised for
studio type microphones. A sound pressure of 10 dynes per square centi-
metre is frequently used for microphones which are intended to be used
in close proximity to the speaker, as more closely resembling typlcal
operating conditions. To convert from a pressure of 10 dynes/cm.? to
that of 1 dyne/cm.? it is only necessary to subtract 20 db. It is advisable
to avoid using the term *“1 bar” as indicating 1 dyne per square centimetre,
since 1 bar (correctly used) represents 10° dynes per square centimetre.

Coupling of Crystal Microphones

Crystal microphones require a high load resistance, generally of the
order of 5 megohms. Since this is well above the maximum permitted in
the grid circuit of a valve it is necessary to find a way out of the difficulty.

*The reference level of 12.5 mW. appears to be used in conjunction with a sound
pressure of 10 dynes per square centimetre, and due allowance should be made
for the latter.

tHoward A. Chinn, “Broadcast Studio Audio-Frequency Systems Design,” Proc.
I.LR.E. February, 1939, page §3.

H. A, Affel, H. A. Chinn and R. M. Morris, A Standard VI and Reference Level,”
Communications, April, 1939, pp. 10-11 ff.
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Fig. 5 shows one method which is satisfactory with all types of resist-
ance coupled valves. The load is divided into sections of 3 and 2 megohms,
and the 2 megolims section only is in the grid circuit. This results in a
loss of gain of approximately 8 db.

An arrangement which may be used only with particular types af valves
is to reduce the heater voltage until grid emission in the valve is negligible,
in which case the grid resistor may be increased to 5 megohms (Fig. 6).

3

p— GRID o——e————- 10 GRIUTF
6J7-G witn
CRYSTAL CRYSTAL o [TEXENY
MICROPHONE amMQ MIC ROPHONE
(o Samm— O'ﬁr_b
1 =
Figure 5 Figure 6

This is possible with types 6J7-G or 6C6, in which the heater voltage may be
reduced to 4.5 volts. Only resistance conpling may be used with such a
high grid circuit resistance. and the total cathode current is limited to
1 mA. Other types of valves should not be used at low heater voltages
unless specifically recommended for this application by the valve
manufacturers.

Microphone Amplifiers

Either triode or pentode valves or combinations of both, may be used
in microphone amplifiers. Pentode valves have the advantage that the
fnput circuit is very little influenced by the Miller Effect and a high imped-
ance source may be used. Low Mu triodes may also be used with a high
impedance input circuit, but have the disadvantage of low stage gain. High
Mu triode valves may only be used for fidelity with a low impedance source.

The pentode has the advantage of giving a very high gain (40 db or
more) in a single stage, but is more subject to hum pickup in the plate
circuit or the grid circuit of the following stage. Due to the high imped-
ance of the combined plate and grid circuit, extreme care is necessary to
avoid hum pickup due to the proximity of A.C. leads. For this reason, a
valve having a grid brought out to a top cap is desirable, since the grid
circuit may be screened effectively from the heater leads. The lead to
the grfd should be completely screened. Heater leads should be twisted
and wired so as to be least likely to cause induction into other leads.

Owing to the characteristics of a pentode valve, it i{s necessary tor the
tfollowing stage to have low input capacitance, and hence low Miller-Effect
capacitance. A pentode may be followed by a low Mu triode stage or by
a second pentode stage, but should not be followed by a high Mu triode
stage owing to the excessive Miller-Effect capacitance. See also Chapter 8.

The use of a valve which has been specially designed for low level micro-
phone amplifier work is strongly to be recommended. Type 1603 is a glass
valve particularly suited for use with A.C. operated amplifiers, and in addi-
tion to being non-microphonic it should be found less likely to cause hum.
An equivalent valve in the metal series is type 1620. The retarn point
from the heater circuit may be made from a centre tapped resistor across
the heater terminals, although in certain cases a slight advantage is ob-
tained through varying the tapping point slightly to one side or the other
along the divider. 1t will generally be found that there is a point at which
minimum hum occurs. In many cases it will be sufficient merely to centre-
tap the resistor across the heater terminals and to return this point to
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earth. When extremely high gain is used the heater may be returned
to a point of variable D.C. voltage, having a range of up to say 12 volts
either positive or negative with respect to the cathode.

Low level microphones require extremely high amplification so that
noises, due to electron movements either in circuit impedances or in the
valve, assume large proportions. Care should he taken to select resistors
which have the minimum of noise, since considerable variations exist be-
tween different makes. However, even with perfectly made resistors, the
residual noise is unavoidable, and any decrease of impedance with a view
to decreasing the noise results in a greater decrease of signal level. The
valve noise and resistor noise are due to the fact that an electric current is
not a perfectly smooth uniform stream, but is equivalent to the passage
of large numbers of discrete electron charges. Due to the nature of elec-
tricity, it is impossible to avoid such noise when extremely high amplifica-
tion is used.

In order to avoid noise fromn attenuators, it is advisable to carry out
attenuation or mixing at an intermediate level. Thus, the amplifier
usually consists of a preamplifier between the microphone and the attenua-
tor, and a main amplifier beyond the attenuator.

Appendix

A crystal microphone or crystal pickup is equivalent to a capacitance
having small internal resistance. Owing to the low internal resistance, the
output voltage at middle frequencies is almost entirely independent of the
load resistance. The loss of gain due to long leads is given in decibels by

20 lOgln (1 + C]/Cz)

where C, represents the capacitance of the load and C, that of the crystal
device.

The capacitance of the crystal may be considered as a coupling
capacitance between the source of voltage and the load (Fig. 3). The
lower the load resistance, the greater the loss of low frequencies, so that
attenuation of the bass may he obtained by operating with a lower value
of load resistance than is recommended.

The loss in db. at a frequency f is
10 logio [1 4 (159,000/fCRL)"]

where RL — load resistance in ohms
and C = capacitance of crystal together with capacitance of cable (if
any) in uF.
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CHAPTER 12

Audio Frequency Mixing Systems

Simple mixing devices — Series and parallel arrangements
— T attenuators — Bridge circuit — Common plate load
for two valves — Means for preventing loading of one stage
by the plate resistance of the other — Use of pentode valves
— Complete mixing systems.

In studio equipment, it {is generally necessary to provide
some convenient method of changing the source of input. The simplest
method i8 to use a change-over switch (Fig. 1), which may have as many
contacts as desired. Rotating snch a switch, however, gives rise to volt-
age surges, which if not injurious to the output valves, at least cause
objectionable “thumips’” in the reproduction. Hence it is usually necessary
to insert a volume control after the switch, which may be turned down
during the change-over.

When it is desired to “mix” the inputs in controllable proportions,
more complicated circuits become necessary.

The simple series mixer of Fig. 2 has three serious drawbacks. (a)
Both sides of input B are ahove earth. (b) Stray capacitances to earth
of channel B tend to by-pass the high frequencies of channel A. (c) Any
hum picked up in channel B is fed withont appreciable attenuation to the
following grid. With care the syste:n may be made to give reasonable
results, but is limited in its usefulness.

A more satisfactory cirenit is shown in Fig. 3. The inputs are really
in parallel and one side of each is returned directly to earth. The series
resistors R, and R, prevent either control short-circuiting the other. Too
low a value will reduce their effectiveness. The upper limit {s set both by
the maximum permissible grid resistance and the input capacitance of the
following valve.

* For very high-Mu triodes, such as type 75, which have a comparatively
large input capacitance, attennation at high audio frequencies becomes
serious if Ry, and R, exceed 0.25 megohm. For most other valves, 05§
megohm may be considered a practical limit.

It R, and R, be each 0.5 megohm, then the potentiometers R, and R,
may have any values up to 0.5 megohm, which is the correct load for high
impedance or crystal pick-ups. Under these conditions the maximum loss
is 6 db.

Figs. 4 and 5 show two methods widely used in communication engi-
neering. The first uses a pair of T-attenuators, which provide econstant
input and output impedances for all settings. .The second is a bridge
circuit. Both circuits are intended for use with low impedance lines, and
are too costly for the average experimenter.
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Possibly the most satisfactory arrangement is to feed the two inputs
to the grids of two valves which have a common plate load. In this way
the input circuits are quite isolated and the setting of one control can
have no effect on the other.

Figures 1 to 9, inclusive

Fig. 6 shows the simplest possible arrangement, using a 6N7-G twin
triode valve. It is obvious that the plate resistance of the two sections
are in parallel, so that each triode works into an A.C. load less than its own
plate resistance. Under such conditions the voltage output for a given
percentage of distortion is seriously limited.

The effect is greatly reduced by the insertion of isolating resistors
as in Fig. 7. With this arrangement a stage gain of 10 may be obtained
with a peak voltage output capability of 35 volts.

The performance of such a mixer may still further be improved by re-
placing the two triode units with a pair of pentodes. The plate resistance
of Radiotron 6J7-G as a resistance coupled amplifier is in the order of 3
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megohms, 8o that the isolating resistors of Fig. 7 are not necessary, and
very nearly the full gain of the pentode stage may be realised. @With the
circuit as Fig. 8 the stage gain will be 120, with a peak voltage output of
approximately 45 volts. Omission of the cathode by-pass condenser re-
duces the gain by one-half, but improves the linearity of the stage.

In any mixing system it is desirable that the inputl voltages to all
channels be as nearly equal as possible, so that similar settings of the
controls will produce similar output voltages. Hence where the output
tfrom a pick-up is to be mixed with that of a low-level microphone, it will
generally be des8irable to incorporate one stage of amplification between
the microphone and the mixer stage to raise its level to that of the pick-up
(cf. Fig. 1).

Fig. 9 illustrates a fairly large mixing system which provides adequate
control of two microphones and two pick-ups and has sufficient gain to
provide from them an output of about 30 volts. Note that no controls
have been used in the grid circuits of the 6N7-G. since the low level micro-
phones can never overload that valve.
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CHAPTER 13

Decibels, Nepers, Volume Units and Phons

Bels — Decibels — Reference level — Application of
decibels — Barely perceptible changes — Use of decibels for
voltage ratings — Errors due to incorrect use — Microphone
ratings — Nepers — Volume units — Phons.

Bels and Decibels

It has been found that the impression of magnitude of many physical
quantities is approximately proportional to the logarithm of their magni-

tudes. Therefore a convenient method of comparing them would be on a
logarithmic basis.

The common logarithm of the ratio of two powers defines a number
which is expressed in “bels.” The more commonly used unit is the
“decibel,” which {s one-tenth of the bel.

Thus, the number of decibels difference in level between W, watts and
W, watts is
W2

10 logig —
1

Since W = E X I = E¥R, the ratio W,/W, is equal to Es/E;* provided
that R is the same in each case.

In this case the difference in mmagnitude is

E»* E.

10 logo — =20 logio — (R being constant)
E12 El

The same holds in the case of A.C. circuits provided that the impedances
Z, and %, across which E, and E, are measured are equal.

When the impedances are not equal the gain in decibels is equal to

E2 Zl kz

20 logio — -+ 10 logip —~ + 10 logyp —

E] 22 k]

I, Z, ko
== 20 logjo — + 10 logio ~- -} 10 logyo —
I, z, k;

where Z, and Z, are the corresponding impedances and k, and k. the power
factovs of these impedances. The expression for decibel gain of two power



Chapter 13. 85

magnitudes is not affected by the impedances.

Wa
te., the gain in decibels = 10 log),

db.

W,

Since decibels refer to ratios, they may only be used as a measure of
absolute magnitude when referred to a reference level. For example, “20 db.
(0 db. = 0.006 W.)" is a measure of power which may be expressed in
milliwatts by the use of the expression already given.

Let W, represent the power to be determined (expressed in Watts)
and W, be the reference level (=0.006\V.)

W, W,
= 10 logjy —-
Wa 0.006

A simple application of logarithms shows that log,, 100 = 2

W,

J.—— =100, .. W, = 100 X 0.006 = 0.6 W.
0.006

Unfortunately there is no reference standard which has been wuniversally
adopted and until such standardisation has been accomplished it is always
necessary to state what reference level is being used. In telephone prac-
tice 6 milliwatts into 500 ochms is generally used, although 6 milliwatts into
600 ohms is also used. Other reference levels in use are 1, 10 and 12.5
milliwatts.

Then 20 = 10 log),

The Application of Decibels.

The normal application of decibels is to indicate a change of power.
Suppose for example that a power valve driving a loudspeaker is delivering
1 watt which is then increased to 2 watts. To say that the power has
“increased by one watt” is misleading unless it is also stated that the
original level was 1 watt. A far more satisfactory way is to sfate that
a rise of 3 db. has occurred. This may be calculated quite simply since
the gain in decibels is

10 log\(n (2/1) = 10 log,o 2 =10 X 0.301 = 3.01 db.
or approximately 3 db.

In a similar manner a dcerease from 2 watts to 1 watt i{s a change
of approximately —3 db.

It has been found that a change in level of 1 db is Dharely per-
ceptible to the ear, while an increase of 2 db is only a slight apparent
increment. For this reason attenuators are frequently calibrated in steps
of 1 db or slightly less. In a similar manner an increase from 3 watts
to 4.75 watts is only a slight zudible increment, being an increase of 2 db.

In order to simplify the nnderstanding of barvely perceptible changes
the following table has been prepared, and it will be seen that a move
from one colmn to the nearest on left or right is equivalent to a change
of 2db. 1In this table 0 dbh is taken as 3 watts.

db.: |—10] —8 | —6 |-—4 _i)

‘Watts: |030| 471 0.75|

475

) —2| 0| +2|+4)+6|+8|+1D]412
1271930 .
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In addition to the application of decibels to indicate a change in level
at one point, they may also be used to indicate a difference in level between
two points such as the input and output terminals of a device such as an
amplifier or attenuator. For example, consider an amplifier having an input
of 0.006 watt into 500 ohms and an outpnt of 6 watts, The power gain is
6/0.006 or 1,000 times, and reference to the tables shows that this is equiva-
lent to 30 db. The amplifier may therefore be described as having a gain
of 30 db, this being irrespective of the input or output impedance. Since
the input is 0.006 watt into 500 ohms this also may be described as being
an input of 1.73 volt into 500 ohms, but care should be taken to state the
impedance of the circuit across which the voltage is measured.

Difficulty is experienced immediately an attempt is made to apply
similar methods to an amplifier having a “voltage” input.

Devices such as pickups and microphones are equivalent to a source
of constant voltage in series with the equivalent internal resistance and
calculations which do not take this fact into account are liable to be in error.
However, in order to demonstrate the principles involved in a simple cal-
culation, a typical example will be taken and the weaknesses of such a pro-
cedure will be emphasised.

Consider an amplifier having an it;put of 1 volt across 1 megohm, and an
output of 2 watts into a load of 5,000 ohms. The voltage across the load may
readily be calculated, since

= 7, .. Ey? = 10,000 . Ey =100 V.

5000

The gain in decibels is

E» A
20 log — + 10 log —
1 Z;
where E; = 1 volt
E. = 100 volts
Z; = 1 megohm
Z, = 5000 ohms

The gain is therefore

20 log 100 + 10 log 200

ie, 20 X 2 4 10 X 2.301
i.e., 40 4 23.01 or 63 db approximately.

A similar calculation shows that if the same output is obtained from another
amplifier having an input of 1 volt across 0.5 megohm, the amplifier gain is
60 db. Now it is a characteristic of a crystal pickup that the output volt-
age at middle frequencies is very nearly constant, irrespective of the load
resistance, and the difference in voltage developed across loads of 0.5 and
1.0 megohm {s very slight. Consequently it will be seen that in one case
the amplifier will be “rated” as having 63 db gain, and in the other case
60 db, although the same pickup and the same amplifier are used in each
case. Even greater errors are frequently encountered in such calculations.

There is no logarithmic unit for indicating the voltage gain of amplifiers
and as a consequence the decibel is frequently used, although incorrectly,
for a rating of voltage gain. The use of decibels in this manner is very
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undesirable and apt to be iisleading. In effect it is the result of omitting
the second term of the expression

E2 Z]

20 logio — + 10 logip —

) Z,
and therefore gives a so-called decibel gain which differs from the true
decibel gain unless Z, — Z,. If the use of some such unit i3 unavoidable,

it is suggested that it he termed “decibels of voltage” or dbv.

These errors may be avoided by making the necessary calculations in
voltages rather than in decibels and this method is recommended, although
if care is taken to interpret correctly the decibel ratings there is na reason
why they should not be used when preferred.

Microphones are sometimes rated in terms of decibels below 1 volt.
The voltage output in such cases may readily be calculated by reference to
the table. For example

—50 db. corresponds to 0.003162 volt R.M.S.

—55 db. . . 0.001778 volt R.M.S.
— 60 dh, . ., 0.001 volt R.M.S.
—65 db. . . 0.00056 volt R.M.S.
—70 db. . ,. 0.00032 volt R.M.S.

Care should he taken to avoid confusion through the rating of microphones
or other input sources in ‘“decibels” without any basis being stated.
Typical examples of correct specifications for microphones are:—

(a) —54 db. (0 dh. = 1 volt); sound pressure 1 dyne/cm.?; load re-
sistance 5 megohms.
(b) —78 db. (0 db. = 0.006 watt into 500 ohms); sound pressure 1

dyne/cm.?; load resistance 250 ohms.
In the specifications for amplifiers it is necessary to state

(1) The input impedance,

(i) The output impedance, and

(iif) Either (a) the decibel gain.
(h) the input or output level in decibels, and
(c) the decibel reference level,

or (a) the input in volts or watts, and

(b) the output in volts or watts,

Whether decibel or volts/watts ratings are used is largely a matter
of convenience. The examples given may he taken as preferable to the
alternatives in each particular case. For example, decibel ratings of micro-
phones are extremely convenient whereas voltage ratings are so minute
a8 to e difficult. In the case of pickups the oufput is sufficiently high to
be capable of overloading the grid of a valve in certain cases, and the
voltage output is very convenient since it can he used immediately for
checking overloading as well as for the calculation of gain.

Nepers
Two powers W, and W, are said to differ by N nepers when
N = & lOg( (W]/W'_l)

The Neper thus bears a resemhlance to the decibel, although differing In
numerical value. The Neper is based on Naperian logarithms to the base e.

To convert nepers to decibels, multiply by R.686.

10 convert decibels to nepers, multiply by 0.1151.
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Volume Units

The use of decibel ratings for indicating power has led to much
confusion owing to the lack of standardisation of the reference level. The
recently devised rating known as Volume Units* (vu) has the advantage
of a definite reference level. The volume level in vu is numerically equal
to the number of db above a reference levei of 1 milliwatt in 600 ohms.
To state the volume level of an amplifier in vu is therefore equivalent to
giving a definite power rating which may bhe converted immediately into
the equivalent power in watts. When a level is given in db it is necessary
also to state the reference level. When a level is given in vu there is no
necessity to state the reference level since it is implied in the definition.

It is desirable therefore to state a voluine level in vu, but where ratios
are involved the db should always be used. For example the output of
an amplifier or microphone should he given in vu, but the gain of an ampli-
fier or the loss in an attenuator should be given in db.

It should be noted that the programme volume level when given in vu
implies the use of the new standard Volume-level Indicator®*, although
where steady sine-wave power is concerned it may be measured with any
suitable instrument and converted to vu.

The Phon.
The Unit of Loudness.

This name is of recent origin and was standardised by the British
Standards Institution as a unit of loudness. There tends to be con-
fusion between the Decibel which is not a loudness unit but a unit of
change of power, and the Phon which is a true loudness unit. If the
ear were equally responsive to all frequencies, the Phon and the Decibel
would be identical. The Decibel bears no relation whatever to the fre-
quency response of the ear but rather to the conditions existing in an
electrical circuit. The Phon being a unit of loudness is directly affected
by the characteristic of the ear and therefore there is no direct relation-
ship between Decibels and Phons over the audio range. :

For convenience the fre-

quency of 1,000 c/s has been ., _ o
taken as a common bhasis so i °;_J:Lﬂ£q“% 1 }T =
that at this frequency the level ‘H_Hi : _\IL! =
in Decibels is identical numeri- :2 ' : *w-—% { 1 ,A/
cally with the level in Phons, --4| , Bidin . ’/A"J/
provided that the same zero - "t SRERIL :—:7,« i |
reference level is used in each = th_ L St
case. At other frequencies due ‘0_%“\. P ;J _ -}/
to the non-linear frequency re- i~ ——F ¥ ! Ly «
sponse of the ear, the level in \l‘ﬁf\\\t{;&& &;::" i
db and the level in Phons will \*@\\cl A ﬁ/
be different. The definition of f“:\\\:: SR ”‘“L,_.J-fﬁ/
the measure of loudness may P s Ty Thaa P4

be given as: “The loudness of @ I!,l— %'%;"?o% -Q"":Tj/ o
sound in Phons is numerically !T'"I s rﬁ.__‘w_‘::k(l‘;/
equal to the sound intensity in  o——+t el 1
Decibels of an equally loud  L-tlgtlln L L1 H—é il

1,000 c/s pure tone” It s

therefore possible to compare Figure 1

different sounds for loudness

by comparing each with a pure 1,000 ¢/s tone from an oscillator fed to a

:H. A. Affel, H. A. Chinn and R, M. Morris, A Standard VI and Reference
Level,”” Communications, April, 1939, pp. 10-11 ff,
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head phone and controlled by an attenuator calibrated in Decibels. The
attenuator is adjusted until the loudness from the head phone at one ear
is judged to be equally loud as the sound entering the uncovered ear. The
loudness of the sound in Phons is then said to be numerically equal to the
intensity of the reference tone in Decibels.

Zero reference level is taken as the average limit of audibility which
has been standardised as 0.0002 dyne per sq. cm. (10-16 watts per sq. cm.).

Taking as a typical case a level of 70 Phons which is somewhat like
the average loudness from an ordinary radio set, it will be obvious from
the definition that at 1,000 ¢/s the power 