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1.2 COMPONENT PARTS OF VALVES 5

Indirectly-heated cathodes consist of a cathode sleeve surrounding a heater. The
cathode sleeve may have a variety of shapes, including round (D), elliptical (E) and
rectangular (F) cross section. They are usually fitted with a light ribbon tag for
connection to the lead going to the base pin.

FILAMENTS I-HCATHODES  HEATERS
A B c D E F G H
FiG. 1.1

Fig. 1.1. A, B, Ctypes of filaments ; D, E, F types of cathodes ; G, H types of
heaters.

In an indirectly-heated valve, the function of the heater is solely to heat the cathode.
No emission should take place from the heater and the insulation between heater
and cathode should be good. The heater is generally made of tungsten or a tungsten
alloy wire coated wity a substance capable of providing the necessary insulation at
high temperature, such as alundum. In all applications where hum is likely to be
troublesome, the heater is preferably of the double helical type, as G in Fig. 1.1.
Power valves and other types having elliptical or rectangular cathode sleeves, often
employ a folded heater as in H. These are not generally suitable for use in very low
level amplifiers whether for radio or audio frequencies.

(ii) Grids

Grids are constructed of very fine wire wound around one, two or four side rods—
two being by far the most common. Some valves have two, three, four or five grids
inside one another, but all of these are similar in general form although different in
dimensions.

In the case of some grids it is necessary to take precautions to limit the grid tem-
perature either to avoid grid emission, in the case of control grids, or to limit the grid
temperature to prevent the formation of gas, in the case of screen grids. These may,
for berter heat radiation, be fitted with copper side rods and blackened radiators either
above or below the other electrodes. Grids are numbered in order from the cathode
outwards, so that No. 1 grid will be the one closest to the cathode, No. 2 grid the one
adjacent to it, and No. 3 the one further out again.

(iii) Plates

The plate of a receiving valve is the anode or positive electrode. It may be in one
of a great number of shapes, dependent on the particular application of the valve.
The plates of power valves and rectifiers are frequently blackened to increase their
heat radiation and thereby reduce their temperature.

(iv) Bulbs

The inside surfaces of glass bulbs are frequently blackened. This has the effects
of making them more or less conductive, thereby reducing the tendency to develop
static charges, and reducing the tendency towards secondary emission from the bulb.

(v) Voltages with valve operation
All voltages in radio valves are taken with respect to the cathode, in the case of
indirectly-heated valves, and the negative end of the filament with directly-heated
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23 RESISTANCE-LOADED AMPLIFIERS 25

The static operating point is the intersection of the loadline and the appropriate
characteristic curve. Fig. 2.16 shows several loadlines, corresponding to different
load resistors, drawn on a plate characteristic family. Zero load resistance is indicated
by a vertical loadline, while a horizontal line indicates infinite resistance.

A loadline may be drawn quite independently of the plate characteristics, as in Fig.
2.17. The point B is the plate supply voltage E,, (in this case 300 V); the slope* of
the loadline AB = —1/R and therefore AO = E,,/R, (in this case 300,50 000 =
0-006 A = 6 mA). The voltage actually on the plate can only be equal to E,, when
the current is zero (point B). At point A the voltage across the valve is zero and the
whole supply voltage is across R ; this is what happens when the valve is short-
circuited from plate to cathode. The plate current (E,,/R ;) which flows under these
conditions is used as a reference basis for the correct operation of a resistance coupled
amplifier (Chapter 12). As the plate voltage, under high level dynamic conditions,
must swing about the operating point, the latter must be somewhere in the region of
the middle of AB ; the plate current would then be in the region of 0-5 E,,/R; and
the plate voltage 0-5 E, ,—in other words, the supply voltage is roughly divided equally
between the valve and the load resistance. Actually, the operating point may be
anywhere within the limits 0-4 and 0-85 times E,,/R ;—see Chapter 12 Sect. 2(vi)
and Sect. 3(vi).

In most resistance-loaded amplifiers, the plate is coupled by a capacitor to the grid
of the following valve, which has a grid resistor R, to earth. This resistor acts as a
load on the previous valve, but only under dynamic conditions. In Fig. 2.18 the
loadline AB is drawn, as in Fig. 2.17, and the operating point Q is fixed by selecting
the grid bias (here —6 volts). Through Q is then drawn another line CD having a
slope of —(1/R; + 1/R,); this is the dynamic loadline, and is used for determining
the voltage gain, maximum output voltage and distortion (Chapter 12).

MA MA
°
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4 «
! E
L3N 3
w
4
2f <
P
a
[N 3
o L s o
[ 100 200 300 VOLTS o 100 200 00
riG 217 €y FIG. 2-18 PLATE vOLTS (E,,)

Fig. 2.17. Loadline is independent of wvalve curves.

Fig. 2.18. Loadlines of resistance loaded triode ; AQB is without any following grid
resistor, CQD allows for the grid resistor.

The dynamic characteristic is the effective mutual characteristic when the valve
has a resistive load in the plate circuitt. While the slope:of the mutual characteristic
is gm Or p/r, the slope of the dynamic characteristic is p/(r, + R 1) Owing to
(r, + R,) being more nearly constant than r,, the dynamic characteristic is more
nearly straight than the mutual characteristic.

*The slope of AB is negative since the plate voltage is the difference between the supply voltage and
the voltage drop in R 7, and the inverted form (1/R ) is due to the way in which the valve characteristics
'2¢ drawn with current vertically und voltage horizontally. The slope of AB is often loosely spoken
i a3 being the resistance of R 1 ,the negsiive sign and inverted form being understood.
+It does not make allowance for the fullowing grid remistor, and does not therefore correspond to
the dynamic loadline. It is, of course, possible to derive from the dynamic loadline a modifiea dynamic
characteristic which does make allowance for the grid resistor.
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44 (iv) EFFECT OF CHANGES IN OPERATING CONDITIONS 2.6

(C) Effect of change of grid bias

In any valve which is being operated with fixed voltages on all electrodes and without
any resistance in any of the electrode circuits, a change of grid bias will result in a
change of plate current as given by the expression

AID = AE. X Em (19)

where AI, = increase of plate current,
AE. = change of grid bias in the positive direction,
and g, = mutual conductance of valve at the operating plate current.

In most practical cases, however, the valve is being operated with an impedance
in the plate circuit and in some cases also in the screen circuit. The effect of a change
in grid bias is therefore treated separately for each practical case.

(@) On resistance-coupled triodes

In this case a plate load resistor is used, resulting in a considerable voltage drop
and a decrease in the effective slope of the valve.

The change in plate current brought about by a change in grid bias is given by the
expression

Al, =AE, X p/(r, + R}) (20)
where p = amplirication factor of valve at the operating point,
r, = plate resistance of valve at the operating point,

and R, = resistance of plate load resistor.

(b) On resistance-coupled pentodes
The change of plate current with grid bias is given by the expression.
Al, = AE, X g4 (21)
dynamic transconductance at the operating point,
slope of dynamic characteristic at the operating point.

where g4

il

The change of screen current (with fairly low screen voltages) is approximately
proportional to the plate current up to plate currents of 0-6 E,»/R,; and the change
in screen current is given by the expression

Alcz = L&Ib (I c2/10) approx. (22)
where I., = screen current
and E,, = plate supply voltage.

For further information on resistance coupled valves, see Chapter 12, Sects. 2 and 3.

(c) On i-f or r-f amplifier

In this case there is no d.c. load resistor and the full supply voltage reaches the
plate of the valve. The change of plate current is given by eqn. (19) while the change
in screen current may be calculated from the ratio of screen and plate currents, which
remains approximately constant. The voltage gain is proportional to the mutual
oconductance* of the valve, and is therefore a maximum for the highest plate current
at the minimum bias. A decrease in bias will therefore normally result in increased
gain, while increased bias will result in decreased gain. The limit to increased gain
is set by the plate or screen dissipation of the valve, by positive grid current, and, in
some circuits, by instability. In most cases the murual conductance curves are pub-
lished so as to enable the change of gain to be calculated.

(d) On power valves
This subject is covered in detail in Chapter 13.

*The voltage gain is also affected by the plate resistance, but this is quite a secondary effect unless
the plate resistance is less than 0.5 megohm. In most remote cut-off pentodes the plate resistance falls
rapidly as the bias is decreased towards the minimum bias, but this is more than counterbalanced by the
rise in mutual conductance.
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46 (i) CONSTANT VOLTAGE EQUIVALENT CIRCUIT 2.7

The interelectrode capacitances are shown in the equivalent circuit of Fig. 2.38,
and may be taken as including the stray circuit capecitances, This circuic may be
applied at frequencies up io nearly 10 Mc/s, beyond which the inductances of the
leads and electrodes become appreciable. It may also be applied to a screen grid
gtcuqdc) or pentode, provided that the screen is completely by-passed to the cathode ;
in this case C,, becomes the input capacitance (C,;.; + C,,.,2) and C,, becomes
the output capacitance (C, to all other electrodes).

(ii) Constant current equivalent circuit
i An alte{nauvc forq of rf:prcscnmrion is the constant current generator equivalent
circuit (Fig. 2.39), this being more generally convenient for pentodes, in which the

plate resistance is very high. Either circuit is equally valid for both triodes and
pentodes.

Fig. 2.38. Egusvalent circust of
valve on load, with interelectrode
capacitances.

T Fig. 2.39. Equivalent circuit of
e gE * e valve on load, using constant

current generator.

FIC. 2:39
& 5 Fig. 2.40. Equivalent circuit of
I valve on load, using constant
2 current generator, with inter-
L

electrode capacitances.

g
4§ %-I .'i » J. .
g Kt
FIGC.2-40

In the constant voltage generator equivalent circuit, the current varies with load
impedance and plate resistance ; in the constant current equivalent circuit, the voltage
across the load and plate resistance varies with load impedance and plate resistance.

A constant current generator equivalent circuit, in which account is taken of
capacitances, is shown in Fig. 2.40. This circuit may be applied at frequencies
up to nearly 10 Mc/s, beyond which the inductances of the leads become appreciable.
It will be seen that C,, (which may be taken to include all capacitances from plate
to cathode, and the output capacitance of a pentode) is shunted across both r, and Z,,.
In the case of a resistance-capacitance coupled stage, Z, would be the resultant of
R, and R, (following grid resistor) in parallel.

Maximum power output is obtained when the valve works into a load resistance
equal to its plate resistance provided that the valve is linear and completely distortion-
less over the whole range of its working, and also that it is unlimited by maximum
electrode dissipations or grid current. In practice, of course, these conditions do
not hold and the load resistance is made greater than the plate resistance.

At frequencies of 10 Mc/s and above, the effects of the inductance of connecting
leads (both internal and external to the valve) become appreciable. Although it
is possible to draw an equivalent circuit for frequencies up to 100 Mc/s, in which
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2.7 (ii) CONSTANT CURRENT EQUIVALENT CIRCUIT 47

each capacitance is split into an electrode part and a circuit part (Ref. B21 Fig. 38)
the circuit is too complicated for analysis, and the new circuit elements that have
been introduced cannot te measured directly from the external terminals alone.

At frequencies above about 50 Mc/s, transit time effects also become appreciable.
The circuit which is commonly used for frequencies above 50 Mc/s is Fig. 2.47 in
which the valve is treated as a four terminal network with two input and two output
terminals. This is described in Sect. 8(iii)e.

VOLTAGES.
Epd T I

Ep=
(R

p=—t,

l
N
i

Cq
° ; i Fig. 2.41. Voltage and current
| relationships in a resistance-
l loaded wvalve.
CURRENTS.
" 2P |
° |
° TIME
£1G.2- 41

(iii) Valve vectors

Vectors [see Chapter 6 Sect. 5(iv)] may be used to illustrate the voltage and current
relationships in a valve, but great care must be taken on account of the special con-
ditions. Vectors are normally restricted to the representation of the a.c. voltages and
currents when the grid is excited with 3 sine-wave voltage limited to such a value that
the operation is linear. The grid and output voltages (with respect to the cathode)
are normally of opposite polarity when the load is resistive ; under the conditions
noted above this is almost the same as being 180° out of phase except there is no half-
cycle time lag between them.

The voltage and current relationships for a resistance loaded valve are shown in
Fig. 2.41 ; peak total plate current occurs with peak positive grid voltage and results
in maximum voltage across the load (e ;) and minimum voltage from plate to cathode
(ep). It will be seen that e, + e, =: E,, (the supply voltage) under all conditions,
and that e, is naturally measured in the downward direction from E,,. If only
alternating components are considered, a negative peak e, corresponds to a positive
peak ¢, and a negative peak ¢,;. If the supply voltage E,, is omitted from the equival-
ent circuit, we are left with e, = —e,

Each case must be considered mdxvxdually and the vectors drawn to accord with
the conditions. The only general rule is that E, and pE, are always either in phase
or of opposite phase.

Fig. 2.42 shows the vector diagram (drawn with respect to the cathode) of an
amplifying valve with a resistance load and a.c. grid excitation. Commencing with
the grid-to-cathode voltage E,, the vector pE, is drawn in the same direction but is
n times as large. The output voltage E, is also in the same direction as pE,, but
smaller by the value I,r,. All of these voltages are with respect to the cathode and
the centre-point of the vector diagram has accordingly been marked K. The a.c.
compornent of the plate current (/,) is in phase with E , since E, is the voltage drop
which it produces in R,. The grid-to-plate voltage E, is the sum of E, and E,
owing to the phase reversal between grid and plate.
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2.8 (iv) TYPICAL VALUES OF INPUT CONDUCTANCE 55

Phase angle of added component = phase angle of voltage gain 4 phase angle

of feedback admittance. (36)
Grid input admittance (Y,) = Y. + AY;,
Y!or Ytb
= “for T1b 7
Y + Your & Y, 37

See also Ref, B21,
The measurement of the four short-circuit admittances i8 covered in Chapter 3
Sect. 3(vi) A, B, C and D and also Refs. B17, B21.

(iv) Typical values of short-circuit input conductance
Pentodes tested under typical operating conditions (Ref. B17).

Type Input conductance approx. (micromhos) Mutual
f=50 60 80 100 120 150 Mc/s Conductance
pmhos
6AB7 200 310 600 980 5000
6AC7 380 600 1200 1970 9000
6AG5 100 145 280 326 480 5000
6AKS5 40 57 92 134 185 5100
6AU6 180 280 490 759 1100 5200
6BA6 150 230 410 603 950 4400
6CB6 125 170 300 460 (Ref. B20) 6200
6BJ6 275 (Ref. B19) 3800
6SG7 190 270 430 604 670 4700
6SH7 200 300 470 632 880 4900
6S)7 260 380 528 1650
6SK7 138 190 320 503 660 2000
9001 4 60 96 14] 1400
9003 48 66 100 145 1800
AN 110 at 45 Mc/s (Data from M.0.V.) 7500

(v) Change of short-circuit input capacitance with transconductance
(f = 100 Mc/s). Ref. B17 unless otherwise indicated.

Increase in capacitance (uuF) from cut-off

Type to gm = 1000 2000 4000 Typical operation

npF pmhos
6AB7 0-55 1-0 1-7 1-8 5000
6AC7 0-65 1-2 1-8 2:4 9000
6AGS5 0-5 0-8 1-25 1-4 5000
6AK5 03 0-6 1-0 1-1 5100
6AU6 0-6 1-1 2-0 25 5200
6BA6 075 1-4 22 22 4400
6BH6 (Ref. B18) 1-8 4600
6CB6 (Ref. B20) 1-54 6200
6BJ6 (Ref. B19) 1-6 3800
6SG7 0.8 15 22 23 4700
6SH7 075 13 2-05 23 4900
6S]7 08 — — 10 1650
6SK7 0-65 1-18 — 1-2 2000
9001 035 — — 05 1400
9003 0-39 — — 05 1800
277 (M.O.V.) 2:2 7500
Limits 0-3-0-8 0-6-1'5 1-0-22 0-43-2-38
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2.9 (ii) RESISTANCE LOAD 59

Substituting this value of e, in equation (9) we obtain

_ =i, R; + pey
1= —2 L 77
Ty
. . wey (
ie. Iy = ——2__ (16)
® r,+RL

which is a fundamentally important relation but which holds only in the region where
u, £m and r, are constant.
Substituting — e, (eqn. 14) in place of e, in equation (9) we obtain, for the valve
alone,
_ T€L Tt pe
r‘D

1p

ie. e, = pe, —iyT, an
which is the basis of the constant voltage generator equivalent circuit as in
Sect. 7(i).
Eqn. (17) may be put into the form

e; =1, (8m ey — ip). (18)
This voltage ¢, across the valve and the load can be developed by means of a current
£ m €, passed through r, in the opposite directior to i, so that the total current through
ry 18 (gm e, —ip). Eqn. (18) is the basis of the constant current equivalent
circuit as in Sect. 7(ii).

The voltage gain (A) of an amplifying stage with a load resistance R is

A= €y LRy — uR, [ . (19)
€g €y || rs + RL , ’
Wiien the load is an impedance Z, the voltage gain may be shown to be
N N # (20
ro+2Z; 1 +ry/Z,; )
where 7, and Z are complex values (see Chapter 6).
IfZ, = R, + jX, the scalar value of A4 is given by
2
VR XS @)
Vi, + R+ X,
The voltage gain may also be put into the alternative form
rZ
A=|gm —122L 22
o r, + 2, 22)
~NlgmZ | ifr, > Z,. (23)

(iii) Power and efficiency

When the operation of a valve as a Class A, amplifier is perfectly linear we may
derive* the following :—

Zero-Signal ;

Plate current = I,,.

Power input from plate supply P,, = Ey Iy,

D.C. power absorbed in load Py, = 11 *R; == Ey. I,

Quiescent plate dissipation Py, = Eyols

But Eyy = Eyo + Ep,.

Therefore P,, = Epolpo + Epoly..
=Pno+P4c~ (24)

Signal Condition :
Average value of total input = P,, = E,, I, (25)
which is constant irrespective of the signal voltage.

'Aﬁ? r;;k by M.LT. Steff * Applied Electronics ** (John Wiley & Sons Inc. New York, 1943)
Pp. 419-425.
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60 (iii) POWER AND EFFICIENCY 29

Power absorbed by load = P,

1 27
PL ZF Ibz RL d(wt) (26)
o

1 2m
= (Tso + 15)* R jd(we)
o

1 2 1 (2n 1 (27
= — Io*R jd(wt) + 3 21,00 ,R jd{wt) + 2 1R jd(wr) (27)
o

2n
o 0
= IbozRL + 0 + Par
ie.P, = Py, + P.. (28)
1 27
where P,, = = 1,2R ;d(wr) (29)
2n
o
1 (%
Plate dissipation P, = 5~ eyt pd(wt) (30)
o

From egns. (28) and (29) it will be seen that the power absorbed by the load increases
when the signal voltage increases, but the power input remains steady ; the plate
dissipation theretore decreases as the power output increases,

ie. P, =Py_P, 31
from (26’, (28) = Ebblbo - ELoIbo - Par (32)
= Ebulbo - Pae
= on - Pae (33)
where P,, = Epols,.

That is to say, the plate dissipation (P,) is equal to the apparent d.c. power input
to the valve (P,,) minus the a.c. power output.
power output

The plate efficien =
¢ plate elclency 7> = 4. power input

P,
= . 34
BT, G
For non-linear operation 7y = Pa. (35
E,I,

With sinusoidal grid excitation, linear Class A, valve operation and resistive load,
P,. = E,J, = I,®R,.
Applying equation (16),
_ _ME szL_
(rs + RD?

Differentiating with respect to R, and equating to zero in order to find the condition
for maximum power output,

P,. (36)

dP,. _ ag 2 (r, + R —2R,(r, + R | _ 0
dRL Hoe (r» + RL)‘
i.e. when (r, + R)* —2R,(r, + Rp) =0
or when R, =r, €

and the maximum power output is
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64 (vi) EQUIVALENT PLATE CIRCUIT THEOREM 2.9

The statement may therefore be made, that the plate dissipation is equal to the d.c.
plate dissipation minus the a.c. power output.

A more general statement covering all types of valve amplifiers and oscillators is
that the plate input power is equal to the plate dissipation plus the power output.

This analysis, based on the equivalent plate circuit, reaches a conclusion in eqn. (46)
which is identical with eqn. (33) derived from a direct mathematical approach. It is,
however, helpful in clarifying the conditions of operation of a distortionless Class A,
amplifier.

The preceding treatment only applies to amplifiers (¢ = ¢, in eqn. 41), but it
may be extended to cover cases where the load impedance contains other e.m.f’s,
by using the principle of superposition—see Chapter 4 Sect. 7(viii).

It is possible to adopt a somewhat similar procedure to develop the Equivalent
Grid Circuit, or that for any other electrode in a multi-electrode valve.

(vii) Dynamic load line—general case
If the a.c. plate current is sinusoidal,

i, = I,, sin wt
and ep = — I, nlZ,|sin (wt + 6
where 6 = tan 'X,/R,.
From this it is possible to derive*
ey? + 2¢,0,R; + 1,2 Z,% = 1,2 X" (54)

which is the equation of an ellipse with its centre at the operating point, this being
the dynamic path of operation.

(viii) Valve networks ; general case

The ordinary treatment of a valve and its circuit—the Equivalent Plate Circuit
Theorem in particular—is a fairly satisfactory approximation for triodes or even
pentodes up to frequencies at which transit-time effects become appreciable. If it
is desired to calculate, to a higher degree of precision, the operation of a valve in a
circuit, particularly at high frequencies, a very satisfactory approach is the preparation
of an equivalent network which takes into account all the known characteristics.
This method has been describedt in considerable detail, and those who are interested
are referred to the original article.

(ix) Valve coefficients as partial differentials
Valve coefficients, as well as other allied characteristics, may be expressed as partial
differential coefficients—see Chapter 6 Sect. 7(ii).

Partial differential coefficients, designated in the form 62 are used in consider-

O0x
ing the relationship between two of the variables in systems of three variables, when
the third is held constant.

“gy " is equivalent to “Z—z (z constant)” when there are three variables, x, y
x x

and z. Partial differentials are therefore particularly valuable in representing valve
coefficients.

Let e, = a.c. component of plate voltage,
e, = a.c. component of grid voltage,
and i, = a.c. component of plate current.

(These may also be used with screen-grid or pentode valves provided that the screen
voltage is maintained constant, and is completely by-passed for a.c.).

*Reich, H. J. ** Theory and application of electron tubes ”’ (2nd edit.), p. 99. .
’rLfelwe’llyn, . B. and Ll:yC. Peterson “ Vacuum tube networks,’’ Proc. I.R’.E. 32.3 (March, 1944), 144.
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SECTION 10 : REFERENCES
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Al Reich, H. J. “Theory and Applications of Electron Tubes.” (McGraw-Hill Book Company,
New York and London, 2nd edit: 1944) Chaﬁten 1, 2,3, 4: Appendix pp. 671673,

A2. Massachusetts Institute of Technology *“ Applied Electronics ** (John Wiley and Sons, New York ;
Chapman and Hall, London, 1943) Chapters 4, 8, 12.

A3, Sturley, K. R. ‘‘Radio Receiver Design* (Chapman and Hall, London, 1943 and 1945) Part 1,
Chapter 2 ; Part 2, Chapters 9, 10.

A4. Everitt, W. L. ‘Communication Engineering" (McGraw-Hill Book Company, New York
and London, 2nd edit. 1937) Chapters 12, 13, 14, 15.

A5. Chaffee, E. L. * Theory of Thermionic Vacuum Tubes *’ (McGraw-Hill Book Company, New
York and London, 1933) Chapters 4, 5, 6, 7, 8, 10, 11, 12, 15, 19, 20, 21, 23.

A6. }‘edrm:g, !iqf_,) ‘“ Radio Engineering »’ (McGraw-Hiil Book Company, New York and London
rd edit. .

A7. Terman, F. E. ' Radio Engineers’ Handbook ” (McGraw-Hill Book Company, New York and
London, 1943) Sections 4, 5, 7. .

AS. Eve7ritt, W. L. (Editor) * Fundamentals of Radio*’ (Prentice-Hall Inc. New York, 1943) Chapters

4, 7.

A9. Henney, K. (Editor) *“ The Radio Engineering Handbook ** (McGraw-Hill Book Company, New
York and London 3rd edit. 1941) Section 8.

Al0. Albert, A. L. ‘Fundamental Electronics and Vacuum Tubes” (Macmillan Company, New
York, 1938) ChaPters 4, 5, 6, 12, .

All. Preisman, A. “ Graphical Constructions for Vacuum Tube Circuits’” (McGraw-Hill Book
Company, New York and London, 1943).

Al2. Valley, G, E,, & H. Wallman. *Vacuum Tube Amoplifiers  (M.L.T. Radiation Laboratory
Series, McGraw-Hill Book Co., New York and London, 1948).

(B) GENERAL . .

Bl. Chaffee, E. L. * Variational characteristics of triodes ** (Book * Theory of Thermionic Vacuum
Tubes” p. 164 Sect. 79). .

B2. R.C.A. ‘‘Application Note on receiver design—Battery operated receivers” (grid blocking)
No. 75 (May 28, 1937).

B3. Jonker, J. L.'H, ‘ Pentode and tetrode output valves * Philips Tec. Com. 75 (July, 1940).

B4. ‘;gzznlaflication of sliding screen-grid voltage to variable-mu tubes ** Philips Tec. Com. 81 (April

B5. Chaffee, E. L. * Characteristic Curves of Triodes” Proc. I.LR.E. 30.8 (Aug. 1942) 383—gives
method for obtaining static characteristic curves from one experimental curve.

B6. '}‘l;o’r;\pson, B. J. ““Space current flow in vacuum tube structures” Proc. LLR.E. 31.9 (Sept.

94’ .
B7. ggczkrlr}‘gns 11_941‘) ;‘ The dependence of inter-electrode capacitance on shielding*’ Proc. LR.E.
.2 (Feb. .

B8. Zabel,L. W. * Grid-current characteristics of typical tubes *’ Elect. 17.10 (Oct. 1944) 236. (Curves
of 6]5, 6S]7-GT, 6K6-G triode, 6V6-GT triode, 38).

B9. Thurston, J. N. * Determination of the quiescent operating point of amplifiers employing cathode
bias "’ Proc. I.R.E. 33.2 (Feb. 1945) 135,

B10. Radio Design Worksheet No. 49 ‘‘ Perveance” Radio (June 1946) 29.

Bl1. Haefner, S. J. “ Dvamic characteristics of pentodes * Comm. 26.7 (July 1946) 14.

Bl12. Warner, J. C., & A. V. Loughren. ‘ The output characteristics of amplifier tubes ** Proc. L.R.E.
14.6 (Dec. 1926) 735, . .

Bl3. Zepler, E. E. ‘ Triode interelectrode capacitances ' W.E. 26.305 (Feb. 1949) 53.

Bl4. Pull)lerll. l%) A21 0 “ The use of G curves in the analysis of electron-tube circuits '’ Proc. I.R.E. 37.2

+ (Feb. 194 . .

Pullen, K. A, *' G curves in tube circuit design *’ Tele=Tech. 8.7 (July 1949) 34 ; 8.8 (Aug. 1949)

33,

Bl5. Jones, T. I. *“ The dependence of the inter-electrode capacitances of valves upon the working
conditions "’ Jour. LLE.E. 81 (1 . . .

B16. Humphreys, B.L., & B.G. James, “ Interelectrode capacitance of valves—change with operating
conditions ** W.E. 26.304 (Jan. 1949) 26. .

B17. R.C.A. ‘‘ Application Note on input admittance of receiving tubes " No. 118 (April 15, 1947).

B18. R.C.A. Application Note ‘‘ Use of miniature tubes in stagger-tuned video intermediate frequency
systems "’ No. 126 (Dec. 15, 1947). Reprinted in Radiotronics No. 134,

B19. R.C.A. Application Note * A tube complement for ac/dc AM/FM receivers ** (Jan. 2, 1948),

B20. R.C.A. Application Note * Use of sharp cut-off miniature pentode RCA-6CB6 in television re=
ceivers ' No. 143 (March 31, 1950). .

B21. ““ Standards on electron tubes—methods of testing 1950 ** Proc. I.R.E. Part 1 38.8 (Aug. 1950) ;
Part 2 38.9 (Sept. 1950). o .

B22. Pullen, K. A. “‘ Use of conductance, or G, curves for pentode circuit design ** Tele-Tech. 9.11
(Nov. 1950) 38.

Additional references will be found in the Supplement commencing on page 1475.

(C) INPUT IMPEDANCE ; HIGH FREQUENCY OPERATION
Cl. North, D. O.  *‘ Analysis of the effects of space-charge on grid impedance” Proc. L.LR.E. 24.1

8.
C2. Bakker, C. ]. * Some characteristics of receiving valves in short-wave reception* Philips Tec.
Rev. 1.6 (June 1936) 171. . X .
C3. Strutt, M.1.0., & A.Van Der Ziel. ** The behaviour of amplifier valves at very high frequencies
Philips Tec. Rev. 3.4 (Apr. 1938) 103, o ; o
C4. R.CA. “ Apgg)cation Note on input loading of receiving tubes at radio frequencies ' No. 101
an. 25, 1939).
C5. gudson,'l’. K. *Input admittance of vacuum tubess ’ Comm. 23.8 (Aug, 1943) 54.
Cé6. R.C.A. ““ Application Note on use of miniature tubes in stagger-tuned video intermediate-frequency
systems ** No. 126 (Dec. 15, 1947). X L N
C7. Zepler, E. 5.1,48; S. S. Srivastava *‘Interelectrode impedances in triodes and pentodes’ W.E, 28,332
May 1951 .
(See {lso B1)7, B18, B19, B20, B21 and Chapter 23 Sect. 5.
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H2. Crawford, K. D. BE. “H.F. Pentodes in electrometer circuits ** Electronic Eng. 20.245 (July
1948) 227.

www.pmillett.com


http://www.pmillett.com

CHAPTER 3.

THE TESTING OF OXIDE-COATED CATHODE HIGH VACUUM
RECEIVING VALVES

by N. V. C. Cansick, B.Sc.*
and F. LANGFORD-SMITH, B.Sc., B.E.

Section Page
1. Basis of testing practice ... ... 68
2. Control of characteristics during manufacture ... .. B85
3. Methods of testing characteristics ... 89
4. Acceptance testing ... . .. 120
5. Service testing and service tester practice w121
6. References ... ... 125

SECTION 1: BASIS OF TESTING PRACTICE

(i) Fundamental physical properties.

(i) Basic functional characteristics.

(iii) Fundamental characteristic tests.

(iv) Valve ratings and their limiting effect on operation :
(A) Limiting ratings.
(B) Characteristics usually rated.
(C) Rating systems.
(D) Interpretation of maximum ratings.
(E) Operating conditions.

(v) Recommended practice and operation :
(a) Mounting.
(b) Ventilation.
(c) Heater-cathode insulation.
(d) Control grid circuit resistance.
(e) Operation at low screen voltages.
(fy Microphony.
(g) Hum.
(h) Stand-by operation.

#Senior Engineer, in charge of Quality Control and Valve Application Laboratory, Amalgamated
Wireless Valve Co. Pty. Ltd.
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3.1 (i) FUNDAMENTAL PHYSICAL PROPERTIES 69

(i) Fundamental physical properties

The characteristics and operation of a high vacuum oxide-coated cathode- or
filament-type valve under normal conditions of operation, initially and throughout
life, are determined primarily by the following fundamental general physical proper-
ties —

(a) the vacuum within the envelope surrounding the cathode and electrode struc-
rure,

(b) the total available cathode emission and uniformity of activation of the
cathode surface.

(c) the geometrical configuration of the electrode system.

(d) the electrode contact potentials with respect to the cathode.

(e) primary and secondary emission from electrodes, other than the cathode.

(f) the interelectrode admittances.

(g) the stability of the electrical characteristics.

(h) the stability, robustness and durability of the mechanical construction.

(j) the external size and shape, and the system of electrode connections.

The maintenance of a satisfactory vacuum under maximum rating conditions and
continued operation, together with the availability of an adequate cathode emission
under all prescribed electrode conditions and normal variations of heater/filament
power, are essential to the fundamental operation of a valve, since an activated cathode
surface requires a certain degree of vacuum to be maintained for its emissive properties
to remain unimpaired, while the emission available from the cathode must always be
sufficient to supply the total peak and average space currents required.

At the same time, it is necessary that the cathode surface be uniformly activated
over the regions from which emission current is supplied, since the parameter trans-
conductance is directly proportional to the activated cathode area.

The electrode geometry determines the electrical static and dynamic character-
istics, within the limitations imposed by the available cathode emission, to the extent
to which the emission is incompletely space charge limited and the capacity of the
gettering to maintain a satisfactory vacuum.

Electrode contact potentials and electrode primary and secondary emission
depend upon the electro-chemical condition of the electrode surfaces. This is deter-
mined usually by the extent to which contamination of these surfaces has occurred
during manufacture or operation, due to the deposition of active material from the
cathode or getter. Contact potential is of importance in the case of a low- or zero-
voltage electrode since it may contribute a sufficiently large fraction of the total
electrode voltage to modify significantly the characteristics determined by the electrode
geometry and applied electrode voltages alone.

Primary and secondary electrode emission may occur if electrode temperatures
become sufficiently high and the deposited films of active material in combination
with the electrode material have a low work function. The effect on operation of
primary or secondary electrode emission depends on the value of resistance in series
with the emitting electrode.

The interelectrode short-circuit admittances are determined both by the
geometry of the electrode construction, the d.c. and r-f properties of the insulation
supporting the electrode system and electrode connections, and the frequency and
conditions of operation. The susceptive components are dependent mainly on the
interelectrode and lead capacitances and inductances. The conductive components
are due to transit-time effects and the interelectrode resistances which are determined
mainly by the d.c. resistance of the interelectrode insulation, but may also include a
frequency-dependent component. The d.c. insulation resistance is determined by
the surface condition of the electrode supports (mica, glass, ceramic), the extent to
which contamination of these surfaces has occurred, and also by leakage between
electrode leads within the base or between base pins due to leakage over or through
the base material. A high value of interelectrode resistance is required throughout
the life of a valve in order to avoid—
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where 1, = total cathode space current,
e, = voltage of the first electrode,
e, = contact potential of the first electrode,
€ ey € cay
etc. = voltages of the successive outer electrodes,
e, = voltage of the outer plate current collecting electrode,
-3 = amplification factor of the first electrode with respect to the second
electrode,
u,— 3 = amplification factor of the first electrode with respect to the third electrode,
#— » = amplification factor of the first electrode with respect to the outermost

electrode,
and G = perveance of the cathode-control-electrode region

cathode area
-6
A~ 2.33 X107¢ x (cathode-to-first-electrode spacing)?®

In eqn. (1), the terms within the brackets represent the effect of the various electrode
voltages considered as acting in the plane of the first electrode, so that the sum of the
terms combined represents an * equivalent electrode voltage *’. For purposes of space
current calculation, the factors depending on the geometry of the electrode system
and on the effect of the electrode voltages may thus be reduced to the perveance of the
cathode-to-first-electrode space and the equivalent electrode voltage acting in the plane
of the first electrode, so that the space current equation becomes—-

i, &+ G [equivalent electrode voltage] 3/2 )

The equations for the total cathode current in diodes, triodes, tetrodes and pentodes
follow directly from eqn. (1).

In the case of electrode systems having two control electrodes and which operate with
a virtual cathode before the second control electrode, as in converter and mixer
valves, the space current cannot be expressed in a simple form. Such systems may
be regarded as consisting of two separate but related systems, and reduced to equiva-
lent diodes, with the space current of the outer equivalent diode supplied from, and
controlled by, the space current of the equivalent diode adjacent to the cathode.

Generally, it can be stated that whatever the electrode system, the total space
current from the cathode depends primarily upon the total activated cathode surface
area, the total available emission, the cathode temperature, the extent of temperature
and space charge limiting of emission, the geometry of the electrode system and the
electrode voltages.

The distribution of the space current to the various electrodes depends only
upon electrode geometry, space charge effects and the electrode voltages and, in general,
cannot be expressed in a simple form,

In addition to the electron space current from the cathode, there are always some
positive ions present due initially to the presence of the infinitesimal traces of residual
gases remaining after the exhausting and gettering processes and, during life, to the
release of absorbed gases from the surfaces of the electrode structure and envelope
walls, and the gases produced as a result of physical-chemical changes occurring in the
cathode coating during the emission processes. The positive ions, so produced,
flow to the negative voltage electrodes and are prevented from bombarding the cathode
surface during operation, when space current is flowing, by collision effects and the
presence of the space charge surrounding the cathode.

A primary or secondary electron emission current may also flow from the surface of an
electrode and represents a negative electrode current. Small positive or negative
leakage conduction currents, due to conducting or semi-conducting leakage paths
over or through the interelectrode insulation, may also contribute to the electrode
currents ; their values depend on the voltages of the electrodes concerned, and the
conducting properties of the contaminated surfaces or insulating material, and often
on their temperature. When the effects above are present, the total current of an
electrode is the algebraic sum of the positive and negative components.

Static Characteristics—The various electrical characteristics, which result from
the electrode geometry and the application of steady direct voltages only to the
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electrodes, with the cathode emitting, are termed * static characteristics . These
characteristics consist of—

(a) the voltage-current relationship for each electrode, when constant voltages are
applied to all remaining electrodes.
eg., Diode, — I, — E,,
Triode, —1I1, - E,, E ., constant
Ilga —E,, E, constant
and similarly in the case of other types.
(b) the mutual voltage-current relationships between electrodes, when constant
voltages are applied to all electrodes except the voltage-varying electrode.

e.g., Triode, — I, — E,, E, constant
Pentode, — I, — E, E,, E .y, E ., constant
1 3 E el Eb) Eca: Eez constant
I —Eq E,, E .4, E ., constant

and similarly in the case of other types.

Derived Characteristic Parameters—By considering infinitesimal changes of
voltage and current of the static characteristics, described under (a) and (b) above, the
characteristic parameters—amplification factor, transconductance and variational plate
resistance are obtained, which are related as follows,

Amplification Factor

Plate Resistance

These characteristic parameters are derived by the following relations—

Transconductance =

81
transconductance = 5E 2 ;5 Ey E csy E o, constant 3)
cl
. . SE, .
amplification factor = _——3 E 5, E ., constant “)
1
. SE,
plate resistance =35} E (3, E o E ., constant ()
1

The amplification factor is a function of the electrode geometry only, but becomesalso
dependent on the control grid voltage as the cut-off condition is approached. The
transconductance, as defined by eqn. (3) may be derived from the general space current
eqn. (1), and is a function of the electrode geometry, the total cathode space current
and uniformity of activation of the cathode surface.

The characteristic parameters normally used to describe the electrode geometry,
and in terms of which performance is interpreted, are—the amplification factor,
transconductance of the control grid with respect to the plate and the (a.c.) plate to
cathode resistance.

Dynamic Characteristics—By superimposing alternating voltages on the direct
voltage(s) of the control electrode(s), with suitable impedances in series with the
output electrode(s), dynamic characteristics are obtained which depend directly on
the static characteristics and characteristic parameters. These dynamic characteristics
include rectification, frequency conversion, voltage and power gain, oscillation, and
impedance transformation characteristics.

The static characteristics, characteristic parameters and the fundamental properties
previously described comprise the basic mechanical and electrical characteristics,
which determine the serviceability and application of a valve and its performance under
given conditions.

In order to appreciate the significance and limitations of the various tests, which
normally are applied to determine the condition of a valve and the probability that it
will continue to operate satisfactorily, the performances and individual tests must be
properly interpreted in terms of all the relevant characteristics and corresponding
fundamental physical properties. The manner and extent of the dependence and inter-
dependence of the varicus characteristics and fundamental physical properties must also
be recognized and understood.
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74 (i) FUNDAMENTAL CHARACTERISTIC TESTS 3.1

Transconductance (see Ref. 47).
Amplification factor.

Plate resistance.

Noise (a-f and/or r-f).

Microphony.

(c) Tests common to diodes only*

Signal dindes Plate current commencement or zero
signal plate current.

Power diodes Back emission.

(d) Dynamic performance tests*

Signal diodes Rectificacion (operation)

Power diodes Rectification (operation)

A-F amplifiers A.C. amplification

R-F and I-F amplifiers Stage gain.

Converters Conversion stage gain or conversion
transconductance

and

Oscillator transconductance or oscillator
grid current,
Power output types Power output.

(¢) Dynamic performance tests at reduced heater/filament voltage*

Dynamic performance tests are also performed at reduced filament/heater voltages
during manufacture, in order to control initial characteristics and performance, and
also to provide a manufacturing process control of the uniformity of activation of the
emitting surface. In some cases, with the reduction of filament/cathode temperature,
changes occur in contact potential and/or reverse grid current, which make the
normal-voltage tests ineffective or unsatsfactory as a control of activation, depending
on the conditions of operation. In such cases a transconductance test is normally used
instead.

Notwithstanding the control exercised by such tests over initial characteristics and
performance, it is a very difficult manufacturing problem to avoid the wide variations
and deterioration of characteristics which often occur under conditions of reduced
filament/heater operation throughout life although the characteristics at normal fila-
ment/heater voltage may be satisfactory. For this reason, and also as performance
may be critically dependent on circuit design and eléctrode supply voltages, particu-
larly the operation of the oscillator circuits of a converter valve and the power output
and distortion of a power output valve, it is not in general normal practice for valve
specifications to specify any minimum requirements for characteristics or performance
at reduced filament/heater voltage during life. Reasonable performance at reduced
filament/heater and electrode voltage conditions is achieved by most manufacturers,
however, as a result of the pressure of competition combined with the user’s demand
for acceptable performance under slump voltage conditions.

Under American practice the reduced heater/filament voltages at which specified
dynamic performance tests are normally performed during manufacture are as follows :

0.625 volt types 0.55 volt
1.25 volt types 1.1 volts
1.4 voit types 1.1 volts
2 volt types 1.6 or 1.7 volts
2.5 volt types 2.2 volts
6.3 volt types 5.5 volts
7.5 volt types 6.0 volts
12.6 volt types 11.0 volts
19 volt types 16.5 volts
25 volt types 22  volts
26.5 volt types 23.5 volts

*Under specified operating conditions.
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permitted. In such cases it may be inferred that the gtid has not been suitably treated
to permit dissipation.
(E) Operating conditions

Typical operation—In addition to maximum ratings, information is published
on typical operating conditions for most of the various types, when used in particular
applications. These typical operating conditions are intended to provide guiding infor-
mation for the use of each type. They must not be considered as ratings, because each
type can, in general, be used under any suitable conditions within its rating limitations.

Datum point for electrode potentials—In published data, it is standard practice
for the values of grid bias and positive-potential-electrode voltages to be given with
reference to a specified datum point, as follows :—For types having filaments heated
with direct current, the negative filament terminal is taken as the datum point to which
other electrode voltages are referred. For types having filaments heated with alter-
nating current, the mid-point (i.e., the centre tap on the filament transformer secondary,
or the mid-point on a resistor shunting the filament) is taken as the datum point. For
types having equi-potential cathodes (indirectly heated) the cathode is taken as the
datum point.

Grid bias for a.c. or d.c. filament excitation—If the filament of any type whose
data are given for a d.c. filament voltage is to be operated from an a.c. supply, the grid
bias given for d.c. filament operation should be increased by an amount approximately
equal to one half the rated filament voltage and be referred to the filament mid-point.
Conversely, if it is required to use d.c. filament excitation on any filament type whose
data are given for an a.c. filament voltage, the value of grid bias given should be de-
creased by an amount approximately equal to one-half the rated filament voltage, and be
referred to the negative filament terminal, instead of the mid-point as in a.c. operation.
This rule is only approximate and does not, in general, provide identical currents for
both types of filament excitation.

(v) Recommended practice and operation

The following additional limitations on valve practice and operation are based partly
on the recommendations of the British Standard Code of Practice (Ref. 49) also on the
B.V.A. Radio Valve Practice (Ref. 48), and on established design practice.

(a) Mounting—(1) Unless otherwise stated it is desirable that valves should be
mounted base down and in a vertical position. Where it is necessary to depart
from vertical mounting, the plane of the filament of directly heated valves should be
vertical. Similarly, the plane of the grid side rods (or major axis of the control grid)
of indirectly heated valves having a high transconductance and/or a long unsupported
cathode, should be vertical. This reduces the possibility of filament- and cathode-to-
grid short circuits and microphony in filament valves.

It is particularly undesirable that valves having high plate dissipation ratings should
be mounted base upwards without agreement from the valve manufacturer, as this
method of mounting seriously affects the flow of air around the bulb and may result
in the limiting temperature being exceeded.

Depending on the distribution of the bulb temperature, gas may be released from
the getter deposit under these conditions and the vacuum and emission affected.

(2) It is particularly important that the connections to floating contacts of sockets
for glass based valves should be as flexible as possible and that the contacts themselves
should float properly and not become rigidly locked in position. The use of a wiring
jig, having the nominal specified dimensions for the base type, inserted in the valve
socket during wiring, is desirable in order to locate the socket contacts correctly, so
that strain on the base pin seals is minimized when the valve is inserted. Prior to
insertion, the base pins of miniature valves should be straightened by means of a
pin-straightener, if misaligned. The pin-straightener may consist simply of a steel
block drilled with countersunk holes of the correct diameter and location, to slightly
larger tolerances than those specified for the pins of the base type. For specific
information and design, reference should be made to the valve manufacturer.

(3) It is undesirable to use socket contacts as connecting tags in circuit wiring because
of circumstances which may arise if the valve is subsequently replaced by another
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having different or additional pin connections. In particular, contact No. 1 of octal
sockets should not be used in this connection, as frequently internal base shielding is
brought out to pin No. 1 of octal-based valves, which should be connected to chassis.
Furthermore, in glass-based valves the above-mentioned practice may adversely
affect the valve characteristics by the application of a voltage to pins which are not
connected to any valve element, but which project into the envelope.

(4) Valves with rigid pins in glass bases and valves without bases which have short
rigid lead-out wires are normally intended to be mounted in sockets, and it is recom-
mended that such valves should not be soldered directly into the wiring, as such con-
nections can impose sufficient strain to endanger the seals.

(5) If valves are to be subjected to continuous vibration, means should be employed
to damp out such vibration by the use of cushioned valve socket mountings.

(b) Ventilation

(1) The layout and design of equipment should afford sufficient ventilation to ensure
a safe bulb temperature under all conditions. As a general guide, the maximum
temperature of the hottest part of the bulb under operating conditions in the equipment
should not exceed by more than 20°C. that temperature which would be attained if
the valve were operated at its maximum ratings under conditions of free air circulation
in an ambient temperature of 20°C. Where exceptional increases of temperature may
occur (e.g., when valves are used in screening cans or in equipment working in tropical
conditions) the valve manufacturer should be consulted on each type concerned.

The present trend in valve design is to reduce dimensions with the object of saving
space and of improving efficiency at high frequencies, and the extent to which the
reduction can be made is usually limited by the amount of heat which can be dissipated
from the exterior surface of the bulb.

For valves of present day sizes operating at normal temperatures, about half the
heat is dissipated by convection and half by radiation. It is therefore necessary to allow
free convection of reasonably cool air past the bulb and free radiation from the surface
of the bulb to cooler surroundings.

The increase in the temperature of air in convective cooling is very small and it is
therefore more important that the flow of air should be copious and unimpeded than
that it should be particularly cold. No great risk is incurred if the air is slightly warmed
by passing near other components if this allows it to flow through a less obstructed path.

In order to improve radiation from a valve, surrounding surfaces should not be
polished but should be kept as cool as possible. The temperature of a valve surrounded
by a plated shield can, or by components at about its own temperature, may rise
seriously.

(2) When valves are mounted in other than upright vertical positions, greater care
should be taken to ensure that adequate ventilation is provided.

(3) Adequate ventilation is particularly important in the case of output valves and
rectifiers.

(c) Heater-cathode insulation

(1) It is generally desirable to avoid a large potential difference between heater and
cathode. This potential should not normally exceed 100 volts except in the case of
certain indirectly-heated rectifier valves and valves specially designed for a.c./d.c.
operation. Where a design necessitates higher heater-cathode potentials, a recommenda-
tion of the maximum permissible value should be obtained from the valve manufac-
turer. For convenience, the maximum heater-cathode voltage rating is usually given
as a d.c. value.

(2) The insulation resistance between the heater and the cathode should not be
included in r-f circuits where frequency stability is required or in a-f circuits followed
by a high gain amplifier.

The leakage currents make themselves apparent as noise or hum, which may assume
serious proportions if the valve in which they originate is followed by a large degree of
amplification. Moreover, if the heater-cathode insulation is included in a tuned circuit,
any alteration to the physical or electrical properties of the insulation will alter the
frequency to which the circuit is tuned, and if both r-f and mains frequency voltages
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SECTION 2: CONTROL OF CHARACTERISTICS DURING
MANUFACTURE

(#) Importance of control over characteristics (it) Basic manufacturing test specifica-
tion (i) Systematic testing (1v) Tolerances on characteristics.

(i) Importance of control over characteristics

The successful design and continued satisfactory operation of electronic equipment
require that the valves used have certain prescribed characteristics, the initial values of
which do not vary from valve to valve sufficiently to affect operation seriously and
which, throughout life, remain within a prescribed range with only gradual change
until the end of useful life is reached Owing however to the highly complex nature of
the physical-chemical processes involved in manufacture and the difficulty of controlling
the variations of many of these processes under mass production conditions, the ulti-
mate degree of uniformity obtainable in the final product, both in initial characteristics
and their variation throughout life, must always be a compromise between the per-
formance required by the equipment designer and user and the manufacturing cost in
obtaining that performance. In any individual case, however, the degree to which
variation of one or more characteristics affects operation, either initially or during life,
depends entirely on the particular application and the critical features of the circuit
design. For good circuit performance, it therefore is essentiai to take into consideration
the range of variation of the various characteristics on which operation depends and to
ensure that operation, so far as is practicable, is independent of the variation of
characteristics, particularly of critical characteristics and characteristics over which
limited or no control is exercised in manufacture by the valve test specification.

(ii) Basic manufacturing test specification

Owing to the relatively limited range of variation of mechanical and electrical
characteristics for which usability and performance of the various types of valves in
their intended applications may be satisfactory, it is necessary to apply tolerances, or
‘‘ limits ’ to control the range of characteristics obtained under mass production
conditions. For commercial applications these tolerances are chosen to be both satis-
factory to the equipment designer and sufficiently wide to be economical and thus
enable valves to be manufactured in large quantities at a reasonable cost. These
requirements are embodied in the complete manufacturing test specification,
which normally comprises—

(1) Maximum permissible conditions of operation or ratings, as determined by
emission capability, goodness of vacuum maintenance and interelectrode insulation.

(2) Nominal values for the principal physical dimensions and electrical characteris-
tics, relevant to intended applications under specified operating conditions.

(3) A schedule of mechanical and electrical tests (including tolerances and sequence)
sufficiently comprehensive to ensure that the prescribed dimensions, and electrical
characteristics are maintained in production, and sufficiently severe to indicate likely
failure, during life, when operated under maximum ratings.

(4) A life test schedule sufficiently severe in conditions of operation and permissible
deterioration of the main functional characteristics, to indicate reliability and per-
formance of the product on life, under both normal recommended and maximum
rating conditions.

As most valve types are designed to give a certain performance and life in a specific
application or limited range of applications, it is important to note that each type is
processed accordingly and that, in general, the test specification for a2 particular type
normally inciudes only those tests which are necessary for adequate and economic
control of the characteristics, and are required for satisfactory performance and life
in the intended applications. Unintended applications not covered by the maximum
ratings or test specification should be referred to the valve manufacturer, as perform-
ance and life in many cases can often be decided only by laboratory investigation and
special life tests.

Reference to quality control : Ref. 45. Reference to life testing : Ref. 97.
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however comprehensive, the performance obtainable from any particular valve under
operating conditions, and it is necessary to rely on recorded observations of characteris-
tic variation during continuous or intermittent operation under controlled test condi-
tions, to determine ultimate performance. Such tests are known as Life Tests.

Provided maximum ratings have not been exceeded, the life of most oxide-coated
cathode high vacuum valves, assuming that the initial emission and electrode insulation
are satisfactory, is determined almost entirely by the extent to which the initial vacuum
is maintained during storage and during periods of operation and non-operation, as in
general the supply of emission-producing material available on the average filament or
cathode greatly exceeds that required for the lives ncrmally obtained in practice.

The average rate and uniformity of deterioration of the vacuum- and emission-
dependent characteristics which normally occur slowly and uniformly in all valves
during operation, and which vary from valve to valve, and any excessive deterioration of
mechanical and electrical characteristics due to defective manufacture are controlled by
regular life tests of small samples of each type. These life tests are operated normally
under maximum rating conditions, for a specified period during which the performance
determining characteristic(s) may not deteriorate beyond prescribed values, or for the
period (which may not be less than a prescribed minimum) required for such deteriora-
tion to occur.

Owing to limitations of equipment and cost, regular control life tests are run usually
for periods of 500 to 1000 hours on small samples of the order of 5 valves per type per
week for types in continuous production. As variations in characteristics are most
liable to occur early in life, readings are usually spaced at increasing intervals to give
an indication of the complete life characteristic over the control periods.

A typical life test acceptance criterion of satisfactory life is that the average life
obtained per valve, considering all valves of the sample, must be not less than 80 per
cent. of the specified duration of the life test. The valves used must also be selected at
random and comply with the production and design test acceptance criteria.

In the event of the completed product failing to comply with the life test criteria,
delivery of the product is then withheld from *he warehouse, until satisfactory life has
been re-established.

(E) Warehouse tests

When quality is uniform, the controls normally imposed prior to packing are retests
of electrode mechanical stability and continuity, and maintenance of the vacuum, by
means of a suitable interelectrode hot *‘ shorts and continuity ** test during which each
valve is tapped lightly with a specified mallet. Each valve is also re-inspected for any
deterioration of the envelope in the case of glass valves, cementing of phenolic bases
and top caps, dry or badly soldered pin and top cap connections, type designation and
general mechanical finish, Pins of miniature valves are also straightened, if necessary.

(iv) Tolerances on characteristics
(a) Initial characteristics

The tolerances on types of American origin to-day are substantially those published
for these types in the American JAN-1A Specification which is based on common
valve manufacturing practice in that country and was compiled by a committee which
included the major valve manufacturers (Ref. S2 ; for tabulated characteristics see
Ref. 65).

(b) Life test end points

Apart from the information published in the relevant American and British Service
Specifications, no information is generally available concerning accepted life test end
points. In R:M.A. Standard Specification ET-107 (Ref. S7) there is published a list
of life test end points which may be regarded as typical of the practice followed by
American valve manufacturers. A valve is considered to have reached its life test end
point when, at rated filament or heater voltage and specified electrode voltages, the
following values have been reached :
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1. 659% of rated transconductance for r-f and i-f amplifiers.

2. 509 of rated conversion transconductance and 659% of rated oscillator grid
current for converter and mixer types.

3. 509 of rated transconductance for general purpose triode types.

4, 509, of rated power output for power output types.

5. 409, of minimum rated direct current for diode types.

6. 809, of rated current or voltage for rectifier types.

7. 709% of normal alternating output voltage for resistance-coupled amplifier
types.

Note.—Rated values are those referred to on R.M.A. Electron Tube Characteristic
Sheets under maximum typical operating conditions.

SECTION 3: METHODS OF TESTING CHARACTERISTICS*

(i) General conventions

(ii) General characteristics
(a) Physical dimensions
(b) Shorts and continuity
(c) Heater (or filament) current
(d) Heater-to-cathode leakage
(e) Inter-electrode insulation
(f) Emission
(g) Direct interelectrode capacitances

(iii) Specific diode characteristics
(a) Rectification test
(b) Sputter and arcing
(c) Back emission
(d) Zero signal or standing diode current

(iv) Specifio triode, pentode and beam tetrode characteristics
(A) Reverse grid current
(B) Grid current commencement voltage
(C) Positive grid current
(D) Positive voltage electrode currents
(E) Transconductance or mutual conductance
(F) Amplification factor
(G) Plate resistance
(H) A.C. amplification
(I) Power Output
(J) Distortion
(K) Microphony
(L) Audio frequency noise
(M) Radio frequency noise
(N) Blocking
(O) Stage gain testing
(P) Electrode dissipation

(v) Specific converter characteristics
(A) Methods of operation including oscillator excitation
(1) Oscillator self-excited
(2) Oscillator driven
(3) Static operation

®*The assistance of A. H. Wardale, Member I.R.E, (U.S.A.) and D. H. Connolly, A.S.T.C., ie ack-
nowledged.
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(B) Specific characteristics
(a) Reverse signal-grid current
(b) Signal-grid current commencement
(c) Mixer positive voltage electrode currents
(d) Mixer conversion transconductance
(e) Mizxer plate resistance
(f) Mixer transconductance
(8) Oscillator grid current
(h) Oscillator plate current
(i) Osdillator transconductance
() Oscillator amplification factor
(k) Osdillator plate resistance
() Signal-grid blocking
(m) Microphony
(n) R-F noise
(vi) Tests for special characteristics
(A) Short-circuit input admittance
(B) Short-circuit feedback admittance
(C) Short-circuit output admittance
(D) Short-circuit forward admittance
(B) Perveance
(vii) Characteristics by pulse methods—point by point
(viii) Characteristics by curve tracer methods

(i) General conventions

The methods described in this section are typical of good practice and should only
be taken as a guide of good practice. They represent, in general, the main operational
tests which are used to control the performance of various types of receiving valves.

The valve under test should have its heater (or filament) operated at the specified
voltage for constant voltage types or at the specified current for constant current types.
Direct current is generally specified for all characteristic testing, although a.c. may be
used for indirectly heated types and directly-heated a.c. power types, but it is essential
that the filaments of all directly-heated battery types be operated from direct current.

The positive electrodes (e.g., plate, screen) should be supplied from suitable direct-
voltage sources the voltages of which can be adjusted to the values specified. Good
regulation (i.e., good voltage stability) is highly desirable for characteristic testing but
is expensive to attain with valves drawing high cathode currents. The recommended
source is an electronic voltage regulator such as that of Fig. 33.10, the output terminals
being shunted by 2 r-f by-pass capacitor (e.g.,0.01 pFmica). A large capacitance should
not be used since this results in a tendency for the voltage regulator to “ hunt . In
other cases all supply voltages should be adequately by-passed for a.c. components.

In the case of emission testing, a special low voltage high current source of low
internal resistance is essential. Where operation is required from a.c. mains, a selenium
rectifier supply is usually the most suitable and inexpensive for high current emission
testing.

The negative electrodes (e.g., control grid, suppressor) do not normally draw much
current, and the voltage regulation of the current source is therefore not very important,
but the voltage applied to the terminals of voltage divider supplies, as normally used,
must be well stabilized. Either an electronic voltage regulator or a gas type voltage
regulator tube, or both, may be used. If the characteristics are to be tested with the grid
positive, the * screen ” source may be used for triode grids ; otherwise an additional
electronic voltage regulator (of the same type as for the plate and screen) should be
used. All direct electrode voltages are to be measured with respect to the cathode. In
dynamic tests the voltages are to be measured under operating conditions.

In all methods of testing, depending upon the particular characteristic, well filtered
supplies both positive and negative should be used.

The basic circuit for testing electrode currents with variable applied voltages is
indicated in Fig. 3.1 for use with diode, triode or pentode valves and negative grid
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chosen to suit the majority of receiving type valves in that the dissipations of the normal-
ly negative electrodes are kept low for reasons previously stated—see (b) above—and
may not be satisfactory for all valve types. In the case of a semi-universal tester it is
essential that the requirements above be observed, and also that all electrode dissipa-
tions and peak and average currents be kept within their maximum ratings, otherwise
valves may be damaged. Itis also essential as in any shorts tester that the cathcde-
to-grid voltage, and battery-type filament-to-grid voltage particularly, be
kept to a value not exceeding approximately 100 volts, owing to the small
spacing between these electrodes resulting in unreliable * flick ’ indications of the
neon lamps in normally good valves. The test is carried out with the cathode hot, and
the resistor R, is for the purpose of limiting the peak cathode current to a safe value
(3 mA per 50 milliamp. filament strand for 1.4 volt battery valves). The tester uses
split anode neon lamps and continuity of each valve electrode is indicated by the
glowing of one half of the split-anode neon lamp connected to that electrode. In the
case of a short-circuit to cathode, one lamp will light on both electrodes, while in the
case of a short-circuit between two or more other electrodes, two or more lamps will
so light. There is an optimum arrangement of connections from the terminals
A, B, C, D and E to give fairly low voltages between cathode and control grid or other
low-dissipation electrodes and to give uniform illumination on all lamps. In some cases,
experimenting may be necessary in changing over connections to obtain fairly uniform
illumination on all lamps. It is necessary that the insulation of the sockets and
wiring be sufficiently good to avoid residual glows on the neon lamps when a valve is not
in the socket. This is particularly important in humid climates.

3 PHASE 6 PHASE OUTPUT
INPUT
O
220/0
/220

f

1 Heater of AC Types
.
3R N
FIG. 3,2 S Ry
AARA

A'A4 A Aund

Fig. 3.2. Hexaphase shorts and continuity tester. Suitable values are R=5000 ohms,
R;=R;=7500 ohms, R,= 1500 ohms, R,=5000 ohms, R,~=50 000 ohms for battery
valves other than power output, 33 000 ohms for normal a.c. types, or 15 000 ohms for
power output valves. Lamps (N) are 110 volt 4 watt split-anode neon.

If more than six lamps are required, additional lamps may be incorporated at suitable
points in the * ring ”’ network, but all such arrangements have the limitation that one
or more conditions exist where no shorts indication is possible on one or more pairs
of lamps.

In addition to the neon shorts and continuity test, filament type lamps may be used
to indicate continuity from shield to cathode or along a *‘ jumper ** linking two pins.

Continuity of heaters and filaments is indicated by means of a current meter of
suitable scale in series with the heater or filament, an open-circuit being indicated by
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In multiple unit valves, the capacitance between the grid of one section and the
plate of the other is measured with all other electrodes carthed ; similarly from one
plate to the other.

The input capacitance of a diode is measured between its plate and cathode,
the latter being connected to heater and shields ; other sections are earthed.

The capacitance between diode-plate and grid or plate of other sections is
measured with all other electrodes earthed.

In a converter, the r-f input capacitance is measured between the signal grid
and all other electrodes connected together.

The mixer output capacitance is measured between the mixer plate and all other
electrodes connected together.

The capacitance from oscillator grid to oscillator plate is measured with all
other electrodes earthed.

The oscillator input capacitance is measured between oscillator grid and cathode,
the latter being connected to heater and shields ; the oscillator plate and all electrodes
of the other section being earthed.

The oscillator output capacitance is measured between oscillator plate and
cathode, the latter being connected to heater and shields ; the oscillator grid and all
electrodes of the other section being earthed.

The capacitance between oscillator grid and signal grid, or oscillator plate
and signal grid, is measured with all other electrodes earthed.

In converters in which there is usually a r-f voltage between cathode and
earth (e.g., 6BES), the oscillator output capacitance is measured between cathode
and heater, the latter being connected to screen and shields ; the oscillator grid being
earthed.

The oscillator input capacitance is measured between oscillator grid and all other
electrodes connected together. The capacitance between oscillator grid and cathode
is measured with all other electrodes earthed.

Standard sockets, cap connectors and shields for use in the measurement of
valve capacitances (R.M.A.-NEMA, Ref. S8).

(1) Sockets

The construction and shielding of capacitance sockets and leads shall be such that
when the holes for the insertion of the base pins are covered with a grounded, flat metal
plate, the capacitance between any one socket terminal and all other socket terminals
tied together does not exceed 0.000 10 puF for receiving valves.

Fig. 3.4A. RMA-NEMA Standard Capacitance Sockets (Ref. S8).

The hole for the accommodation of the locating lug of octal and lock-in bases shall
be less than 0.500 inch diameter.

The diameter of holes for the insertion of the base pins (see Fig. 3.4A) shall be
limited to the values shown in Table 1. The socket face plate shall be flat and shall
have a minimum diameter as shown in Table 1. Any structure above the face plate
shall have negligible effect on the capacitance being measured.

A thin insulating film may be permanently attached to the face plates of capacitance
sockets to provide insulation for ungrounded shielding members.
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value, the test will not be so severe since it will reduce tiie peak plate current and also
reduce the output voltage or current.

In view of this limitation, a rectification test which may be used and which should
be satisfactory for all practical purposes is to make use of the maximum published
conditions with a condenser input filter. These conditions include the maximum
r.m.s. applied voltage, the maximum d.c. load current, the minimum plate supply
impedance per plate and the maximum filter capacitance for these conditions, if
published. In cases where the latter information is not available, it is usually safe to
test with the maximum value of filter capacitance used in the published curves or
typical operation data, provided that the plate supply impedsnce per plate is equal to
the minimum rated value or to the value used for the curves or typical operation data,
whichever is the greater. In all cases it is essential that the maximum peak plate
current rating per plate be not exceeded.

The rectification test may be used for the purpose of checking the output voltage
and so determining end of life. The circuit constants for the rectification test may te
obtained by the following procedure. The value of R, is given by E,/I, where E,
and I, are the direct voltage and current respectively across the load resistance under
maximum ratings. The value of E, is obtainable from the usual operational curves
published by valve manufacturers, and is the direct voltage for the maximum rm.s.
applied voltage at the maximum value of load current (l,). If curves are published
for more than one value of filter capacitance, the curve corresponding to the highest
capacitance should be selected. The rectification test should be carried out with the
value of C, equal to that used for the derivation of E,, while the total effective plate
supply impedance per plate should be as specified above. Under these conditions
an average new valve should give a voltage E, and a current I, approximately equal to
the published values, and individual valves will have values either higher or lower than
the average as permitted by the manufacturing tolerances. The end-of-life point is
commonly taken as 80 per cent. of the value obtained with a valve having bogie charac-
teristics (R.M.A., Ref. S7).

The rectification test may be carried out either with full-wave rectification as in
Fig. 3.5 or with half-wave rectification, each unit being tested separately with half the
total average load current. The test is usually performed by inserting a cold valve and
waiting until it has attained normal temperature.

In all cases, rectifier valves are required to operate satisfactorily in the rectification
test without arcing or sputtering.

Where valve failure has been due to arcing or sputtering, the conditions under
which this occurred may be reproduced for the purposes of testing either by

(1) allowing the valve to heat up to normal temperature from cold, the heater and
plate supply voltages being applied simultaneously, or

(2) operating the valve at normal temperatures with heater and plate voltages
applied, and then “ keying " the plate: voltage.

(b) Sputter and arcing

Sputter and arcing are closely akin. When an indirectly-heated close-spaced
rectifier is warming up with plate voltage applied, there is no space charge and the
electrostatic field gradient at any sharp peaks on the cathode surface may be high
enough to vapourize the coating material and lead to the formation of an arc. Even
when there are no sharp points on either cathode or plate, a discharge of gas leading to
an arc may occur when there is no space charge, and the peak current required is
greater than the available emission. Sputter does not usually occur with directly-
heated rectifiers.

Signal diodes may be tested in a rectification test as an alternative or addition
to the emission test. Diodes in diode-amplifier valves may be tested as half-wave
rectifiers with R; =0.25 megohm, C;=2uF and an applied voltage of 50 volts
r.m.s.

(c) Back emission—Back emission is emission from the plate to the cathode during
the half-cycle when the cathode is positive with respect to the plate. Any appreciable
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156 (v) CONDUCTANCE, SUSCEPTANCE, ADMITTANCE 4.6

On collecting the terms we get
Y = (G, + G,) —j(B, + By)
_ R, 4 «*C*RRy (R; + R;) + w'L*C*R,
- (Ry? + w?L2)(1 4+ w?C?R,?)

. | CRy?* — L + w?LC (L — CR,?)
+ Jw (52)
(R)* + w?L?)1 + w?C?R,?
Example (B) : Fig. 4.21B.
This is a special case of (A) in which R, = 0. From eqn. (52)
R — jw[L(l — w?LC) — CR?]
Y = RT T i (53)
Example (C): Fig. 4.21C.
This is a special case of Example (A) in which X, = (1/wC) = 0.
R (R, + R)) + wilL? — jwLR,
YRR WL ey
Example (D) : Fig. 4.21D.
. R, . X,
Vi =GB =Ry xr IR+ X8
. R, . X,
Yo =G —iB = poi X IR X
Rl Rz . 1 X2
Y=Ri+xT TRit X7 ! {_R,’ X PRI X
_ RiR(R +Ry)+ R X, + Ry X —j[ R * X2 + R X, + X1 Xo(Xi + X)) (55)

R 2 +X,)(R2+X,%)

Chart for conversion between resistance and reactance, conductance and
susceptance.

Fig. 4.21F can be used in conversions between resistance and reactance, and con-
ductance and susceptance.

Example 1. The impedance of a circuit is 1 + j 0.3 ; determine its admittance.

Method: Z = 1.0 + ;5 0.3. Enter the chart on the semi-circle R = 1.0 and
follow it until it meets the arc X == 0.3. The corresponding values of G and B are
0.917 and 0.275. Thus Y = 0.917 — j 0.275.

Example 2. The admittance of a circuit is 0.000 004 + ; 0.000 013 ; determine
its impedance.

Method : Y = 0.000004 + ; 0.000013 = (0.4 + j 1.3) x10%.

Enter the chart on the lines G = 0.4 and B = 1.3.

The intersection is at R = 0.22, X = 0.7. Thus

Z = (0.22 — j 0.7)10° = 22000 — ; 70 000.

At series resonance, wL = 1/wC FIG. 4.22
and X =0, so that Y = G = 1/R.

The admittance at any frequency is

given graphically by the Admittance /
Circle Diagram (Fig. 4.22) in which

the vector OY represents the admit- feafs
tance, where Y is any point on the circle.

The diameter of the circle is equal to

1/R and the admittance at series re- -
sonance, when the frequency is f,, is
represented by OA.

(ru.onoo nce)

As the frequency of the voltage ap- ! /R {
plied to the series tuned circuit (Fig.
4.20A) is increased from zero to in- Fig. 4.22. Admittance circle diagram.
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5.1 (i) IMPEDANCE CALCULATIONS—SINGLE LOAD 201

For an ideal transformer with a centre-tapped primary as shown in Fig. 5.4,
the transformed load measured across the whole primary (between terminals, P, P)
is equal to the transformed value R,. If however only one half of the primary is used
(between either of terminals P and terminal C.T.) the transformed load presented
is 1 R,.

B _N 8o A
et W s i
R, = (N,/Ny)*R, . R ¢ R

= (E1/Ep)*.R,y 'l'"ﬁi k-

FIG. 54

Fig. 5.4. Ideal transformer with primary centre-tap and loaded secondary.

As a practical example of the primary centre tap, consider the use of the trans-
former of Fig. 5.4 to feed a 500 ohm line (R, = 500 ohms). If the transformer has
an impedance ratio (N,/N;)? equal to 10 : 1, the transformed load across the whole
of the primary, e.g., when the primary is fed by a push-pull amplifier, is 10 x 500 =
5000 ohms. If, however, only one half of the primary were used for connection to a
single-ended amplifier, the load presented to the amplifier would be 1250 ohms.

For an ideal transformer with a winding tapped for load matching, as
shown in Fig. 5.5, the calculation of the tap to be selected for any particular load
follows from the application of eqn. (1).

Po —ot

I R, = (N,/N,p)*.R 1

— or Ry = (N,/Nyp)'R,
Ry Irmus and so on.

o

® 0

FIG.53

Fig. 5.5. Ideal transformer with secondary tapped for load matching.

In these equations a load connected across terminals A'and B is denoted by R ,; and
the number of turns in the secondary between these two terminals is given by N, ,
and corresponding designations apply for any pair of terminals across which the load
is connected.

If, for example, the terminals A, B provide a match with a 10 ohm secondary load
with a total of N, secondary turns, the number of turns N ,, required between
terminals A and D to provide a similar match to a 500 ohm line is given simply by

(N 4p/N 45)* = 500/10 = 50, so that
N,p/N 5 = V50 = 7.07.

The number of turns in the 10 ohm winding is approximately one-seventh of the
number of turns for matching to 500 ohms. It is, of course, permissible to use any
pair of secondary terminals such as B, C or C, D and so on, so that a wide range of
transformation ratios is available from a transformer arrangement such as that shown
in Fig. 5.5.

(iii) Impedance calculations—multiple loads

Where two or more loads are connected simultaneously to the windings of a trans-
former, the conditions for matching may be determined readily by the following
methods.
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226 (v) WINDING CAPACITANCE 5.3

layer size, as before ; variation of both T, and T varies the number of layers in direct
proportion to Tt or T. Thus the whole expression for variation of capacitance can
be written,

LM‘LWSIZ

C, TATT

Figures 5.13T and 5.13U are based on this relation and empirical values obtained
from average results with random windings.
Example 1

A push-pull output transformer is arranged as at Fig. 5.13N : primary winding
has a total of 12 layers, T, = 3, & = 2 : insulation between primary and screen,
T4=15 k =5; main dimensions, L, = 2 in., L, = 8 in.

Distributed capacitance, using Figs. 5.13R and 5.13S, L, = 2 in., L,,, = 8 in.,
Ty=3,k=2and n =12, is C, = 240 upF.

Capacitance from each primary to screen, substituting T, = 15, k = 5, is C, =
1200 ppF. The capacitance factors for the arrangement of Fig. 5.13N are : (a) 0.25 ;
(b) 0.5 (c) 0.375. Thus the total capacitance referred to the whole primary for each
method of connexion is,

(a) 300 upuF + 240 puF = 540 uuF.

(b) 600 uuF -+ 240 uuF = 840 uuF.

(c) 450 puF + 240 ppuF = 690 puF.
Example 2

An intervalve transformer, to operate from push-pull to push-pull, uses a simple
arrangement having both windings all in one section: L, = 0.6 in, L,,, = 2.5 in,
T, (each winding) = 0.1 in.; insulation between windings, T, k = 3; Turns,
4000 c.t./12000 c.t.

Distributed capacitance, using Figs. 5.13T and 13U L, = 0.6 in., L,,, = 2.5 in,,
T, = 0.1 in., T (primary) = 4000, is C, = 58 puuF. For secondary, T = 12 000,
C, =34 uuF.

Capacitance coupling between one-half primary and one-half secondary, using
Figs. 5.13R and 13S, actual capacitance, L, = 0.6 in., L,, = 2.5 in.,, T, = 10,
k =3,is C, = 100 puuF. Both windings wound in same direction, turns factor
across this capacitance referred to whole primary is $ + 14 = 2, so referred capacit-
ance is 400 puF. Windings wound opposite directions, turns factor referred to
primary is 14 — 4 = 1, so referred capacitance is reduced to 100 uuF. Referring
these two values to secondary, turns factors are 1/2 + 1/6 = 2/30r1/2 — 1/6 =
1/3, giving capacitance values referred to whole secondary of 45 uuF or 11 puF
respectively.

A complete analysis would need to consider leakage inductance between each prim-
ary and each half secondary, and separate source and load impedances applied to each
half. For this purpose, the primafy and secondary shunt capacitances across each
half would be 1164 uF and 68 uuF respectively, while the capacitance coupling would
be 1,600 uuF or 400 puuF referred to half primary. The secondary shunt capacit-
ances referred to the half primaries would be 610 uuF.

Example 3

A direct coupled inter-valve transformer is arranged as at Fig. 5.13M : L, = 1.5
in,L,, = 6in., T, = 20, & = 1 (air spaced) ; T, (each whole winding) = 0.2 in. ;
Turns 4 000/12 000 c.t.

Distributed capacitance, using Figures 5.13T and 5.13U,L,, = 1.5in,L,, = 6in,,
T, = 0.2in., T (primary) = 4 000, gives C, = 400 puF. Secondary, T = 12 000
gives C, = 225 uuF (or 450 upF per half secondary).

Interwinding capacitance, using Figs. 5.13R and 5.13S, actual capacitance, L, =
15in, L., = 61in.,, T, = 20, & = 1, give RC, just over 90 puuF say 100 puF.

Vertical sectionalizing will reduce the distributed component in each case, but
will also vary the interwinding capacitance. Using the information in Table 4 the
results may be presented as in Table 6.

In practice three sections for the primary and four or five sections for each half-
secondary will be best, remembering capacitance reduction is more important in the
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268 (xvii) LOGARITHMIC AND EXPONENTIAL FUNCTIONS 6.2

log VVa® — b = }log(a + b) + }log(a — b) n

Logarithmic Functions are closely related to Exponential Functions, and any
equation in one form may be put into the other form. If the curves are plotted, the
two will be the same.

Example : Exponential form y=r"

Logarithmic form x = log, y

Numerical example :

If r =10 and x =3

Then y = 10° = 1000.

This may be handled by the logarithmic form of the equation,

x = log, y = log,, 1000 = 3 as before.

Logarithmic decrement : If the equation is of the form
y = ae™®
where ( — b) is negative, the value of y decreases as x is increased, and (— b) is called
the Logarithmic Decrement.

(xviii) Infinite series

It was noted, when dealing with Geometrical Progression, that it is possible to take
the limit of the sum of a very large number of terms, as the number approaches in-
finity, provided that the terms become progressively smaller by a constant ratio.
Such a series is called ‘‘ convergent ” and is defined as having a finite limit to the sum
to infinity. Infinite series which do not comply with this definition may be *‘ diver-
gent ”’ (these are not considered any further) or else they may be ‘‘ oscillating.”

(a) Binomial series :
mm — 1) mim — 1)(m — 2)
12~ 123

1+ mx + x* + etc. (78)

The nth term is
mm — 1)Y(m —2)...(m —n + 2)
123...(n— 1) x

The denominator is usually written in the form
(n—1)1
which is called ¢ factorial (n — 1).”
This Binomial Series is convergent, provided that x is numerically less than 1.

an, = not (79)

(b) Binomial theorem :
Case 1:

(Ut m=1+mxt m(m — 1) x2 m(m — 1)(m — 2)x*

2! 3!
mm —1)...(m —n + 2)x*— 1
+ TS + ... (80)

which holds for all values of x if m is a positive integer, and for all values of m provided
that x is numerically less than 1.

The Binomial Theorem is useful in certain approximate calculations. If x is small
compared with 1, and m is reasonably small,

Q4+ x™ ~1+ mx

A —x" ~1— mx

A4+ x)"~1— mx ( 81)
1 —x"~a~1+ mx J

To a closer approximation (taking three terms),
A+ x)™ ~1+ mx+ $ mim — 1) x*
A -—-x)" ~1 —mx + $mm — 1) x* (82)
A+ xym"x~1—mx+ $ m(m+ 1) x?
A —=—xy "1+ mx+ $mim+ 1) x?
Numerical example : To find the cube root of 220.
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272 (x) GENERAL APPROXIMATIONS 8.2

sin § & 3 cos § &~ 1 tan § & & (143)

sinT 18 & cos”'das fn(4K — 1) + & tan~ 8 & § (144)
where K is any integer. See Sect. 3(iii) for inverse functions.

sin (x + &) & sin x + 8 cos x sin (x — 8§) & sin x — 8 cos x (145)

cos (x + 8) A cos x — dsin x cos (x — 8) As cos x + & sin x (146)

tan (x + 8) &~ tan x + §/cos? x tan (x — 8) &2 tan x — &/cos® x (147)

SECTION 3 : GEOMETRY AND TRIGONOMETRY

(1) Plane figures (it) Surfaces and volumes of solids (ii1) Trigonometrical relation-
ships.

(i) Plane figures
Angles
Two angles are complementary when their sum is equal to a right angle (90°).
Two angles are supplementary when their sum is equal to two right angles (180°).
The three angles of a triangle are together equal to two right angles (180°)
27 radians 360°
« radians 180°
1 radian & 57.29578°
1° &4 0.0174533 radian.

When an angle is measured in radians, and incorporates the sign =, it is usual to
omit the word * radians ** as being understood—e.g. =, 27.

I

Right Angle Triangles (Fig. 6.1)
a

Sine :* - =sin 4 a=csinA4 ¢))
c
Tangent : §=tanA a=>btan A 2)
Cosine : b_ cos A b=ccos A 3)
c
Cosecant: < = cosec A4 =1 /sin A 4)
a
Secant : ; = sec A = 1/cos A 5)
Cotangent : b _ cot A = 1/tan A4 (6)
a
¢ is called the hypotenuse.
FIG. 6.1

a? + b = o ©)
a =V +bc—b =+vVm (8)
a =csin4d =btan 4 o )
b = V(e +a)ec—a)=Vne (10)
b =ccos A =acotA =a/tan A (11)
c =Va+b=m+n (12)
¢ —acosecA =a/sin A =bsec A =>b/cos A (13)
Area =4 ab = $a*cot A = $ b*tan A (14)
=}ctsin2A = $bcsin A = }acsin B (15)

The perpendicular (p) to the hypotenuse is the mean proportional (or mean geo-
metrical progression) between the segments of the hypotenuse,

*See Sect. 3(iii) for trigonometrical relationships.
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314 (iv) BRIDGE NEGATIVE FEEDBACK AT MID-FREQUENCY 7.1

Therefore A’ = A_E' AE;

E/ T E, + AER,/(R, + Ry + R.AE,/R,
A
Theref A
e © T TV ARJR, + Ry + ARy/R, (32)
Comparing this with (2b) and (24a), it will be seen that the denominator in (32)

includes the second terms of the denominators of both (2b) and (24a). Equation (32)
may be put into the alternative forms

4 = — eRy 33)
r, +(p + DRy + RL(I + uR)/(R, + Ry)
n R
dA4A = —— - . _ “L
a I+ uR/(R, + B 7y £ (u + DR, €0

11 aRJR, 1+ Ry R

Equation (34) indicates that—
(1) the amplification factor is reduced by the factor
1 1 N
177 WRi/(R, © RJ =1 B which is the same as for voltage feedback

alone (equation 18).
(2) the effective plate resistance is given by

., rs+ (p+ DRy — (b + DR

S WRJR TRy 1B (352)
Compare this with equation (25a) for current feedback alone and (19) for voltage
feedback alone.

If the amplifier has more than one stage, p must be defined as
p = Ap, (35b)
where 4, = amplification between input and grid of final stage (with due regard to
phase reversal)
and pu, = amplification factor of final stage, thus giving the expression for effective
plate resistance

, o= Ty + (Aipa + DR, Ty - (Ayp: + D(¥R)) (35¢)

? 1 — AipsB 1 — A,p,8
where y = — R;3/R,.

Special applications of bridge feedback (Ref. A9)
(A) The output resistance may be adjusted so as to equal the load resistance.
If the voltage and current feedback resistors are adjusted so that
R,/(R, + Ry) = Ry/R, that is B = v,
then r,’~ R
provided that (— Bu) >1
and that (— BuR;) >r,.

(B) Negative voltage feedback may be combined with positive current feedback
to decrease the plate resistance r,” to zero or even to make it negative. -This is little
used in amplifiers because the positive current feedback increases the harmonic dis-
tortion. However, it is possible to combine negative feedback in the output stage
with positive feedback in an earlier stage to give very useful results—see Sect. 2(xi).
This somewhat resembles one form of the balanced feedback in (v) below, except
that the design is less restricted.

(C) Negative current feedback may be combined with positive voltage feedback
to give very high effective plate resistance.

(v) Combined positive and negative feedback at the mid-frequency

The distortion in a two or three stage amplifier is mainly in the output stage, and
the distortion in a well designed first stage will be relatively quite small. It is practic-
able to apply positive voltage feedback to the first stage only, and then to apply nega-
tive voltage feedback over two or three stages in order to secure very low distortion
and low output resistance.
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7.2 (vi)(B) FEEDBACK FROM OUTPUT TRANSFORMER SECONDARY 339

‘ s ~ | = ‘ ~ | Lines 3 and 4 are the values
: " N2 el 2] a ~ for the sine and cosine of the
! © 1 N NN N angle of phase shift [see
! X © ‘ Q! N, I S | Chapter 38 Table 72 for magni-
‘ - I N e \ tude ; Chapter 6, Sect. 3(iii)
[om—— ‘ N S for sign]. Line 5 expresses
» %« & RS 1 — BA in the form a + jb.
! Py < N J NEEN Multiplying the magnitude of
! © - ) ~ - | BA in line 2 by the sine of the
‘ i N S q i I associated angle gives the j term
. - T o < and multiplying by the cosine
@ vl 2 2 E E and adding 1 (because of the 1 in
) N N 3 SEEN 1 — BA) gives the real term. For
by n - ~ * |8 example, at 100 ¢/s, 1 + 6.3 X
- - o < R 0.4848 = 4.05and 6.3 x 0.8746
5 c o | =055s0thatl — BA4A = 4.05 +
[ o [o¢] @ [*¢] .
« I @© v} o | © J 5.5.
by Q fJ :J' ; :J' Lines 6 and 7 convert 1 — BA
g - \n - N o to polar co-ordinates again (the
- «© < oo change to rectangular co-ordin-
. . iﬁ' | on ates was necessary to add 1 to
@ 5 3 0 0 | N BA), line 6 being expressed in
I3 N N N NERN the form of the square root of the
q < < < =~ | sum of ‘the squares of the two
- =~ a o« terms in line 5 at the angle whose
0 . % % | tangent is the imaginary term
2 © @ N Qi divided by the real term, e.g. at
= _: N N N NERN 100 c/s the angle is tan~! 5.5/
w 5 2 :"! 2 2 2 4.05 = tan~! 1.36 = 54° to the
- — ! nearest degree. Where negative
Sca 0 o | . % | &% | terms occur the appropriate
= d = Q. = S !9 quadrant is determined from the
© N N N NN knowledge of the sign of the sine,
R g 2 g @ : cosine and tangent, all of which
! — are known at this stage.
O o | s 1 o . Line 8 is the reciprocal of line
<z S 5! 3 3|3 7, so that magnitudes are divided
o N N NN into unity, and angles are re-
| § = 2 S IS versed in sign. In line 9 the
| i N | = | magnitudes are expressed in db,
o | ° o o and in line 10 the original gain A4
= % X a QL at each frequency is multiplied by
° N D N N | N 1/(1 — BA) to give the response
= i pU 2 el of the amplifier with feedback.
! N |~ Since lines 9 and 4 are both ex-
> | pressed in db, the multiplication
- > S | > PN is carried out by adding the
251 NN N | N | N | values in decibels. Line 10 is
=g e e i e 5| p plotted in curve C of Fig. 7.36.
& : N Table 3 gives similar calcula-
g X tions when 8 = — 1/8 and the
o +°e - result is plotted in curve B of
Sl o] ~2 < Fig. 7.36, while the smaller 8A4
—~% |~a" S . . :
o | e~ | &8 = pqlar diagram is also plotted in
Sg|Eg|8< <3| < Fig. 7.37. .
83| &g | & &< | & Several interesting aspects
23182138 T 6 which are common ta all feed-
© é 8 g 2’“ 2 EXN = back amplifiers are brought out
SRR EORSCA RO NG by these calculations and curves.
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7.2 (vii) VOLTAGE FEEDBACK OVER THREE STAGES 345

the first valve to earth, with the results on frequency response shown in Fig. 7.43,
for resistive loading.

FIG. 7.43
o4 o XY v

Pr—_ Fig. 1.43. Frequency  res-
P ponse curves for amplifier of
H oS . Fig. 7.42 on resistive load with
@ - several values of C,.

o poogur
= o S———— b

In the absence of C, and on a loudspeaker load, parasitic oscillations may occur at
a fairly high output level. These are largely independent of the input signal frequency
but are found to occupy a small part of the cycle, with a parasitic frequency in the region
of 30 000 to 40 000 c/s. The effect on music is not very apparent, but a single input
frequency shows a slight * breaking up * effect when the parasitics appear. The
best check is by the use of a C.R.O.

The feedback is equivalent to overall voltage feedback, and follows the usual
formulae, except that it is necessary to allow for p,,,, of the first valve in the calcu-
lations for B and A. In this case:

B = 16 000/(16 000 + 2 000 000) = 0.008
A = amplification from first grid to final plate divided by p,1,2
= 2730/20 = 136.5

Calcylated gain reduction 1/2.1

Measured gain reduction 1/2.2

Input voltage for 30 watts output = 0.2 volt r.m.s.

Distortion at 30 watts output : H, = 0.7%, H; = 099%, H, = 0.1%, H; =
0.29%. Total 1.16% r.m.s.

Intermodulation distortion (Amplifier A513) :

Conditions of test—input frequencies 60 c/s and 2000 c/s (voltage ratio 4:1)

Power output (r.m.s.)* 4 10 14 20 24 watts
Equivalent power** 59 14.7 20.6 29.4 35.4 watts
Intermodulation 29 7.7 10 17.5 429,

*r.m.s. sum of two output frequencies
**rm.s. sum X 25/17 to give the single frequency power having the same peak
voltage swing (see Chapter 14 Sect. 3).
Any further increase in the degree of feedback is likely to prove difficult (see Sec-
tdon 3).
When a circuit is used which applies negative feedback to the screen of a
pentode, the input capacitance is increased by
F’tCalaZ |B |A
where p, is the * triode amplification factor
C,10¢ is the capacitance from control grid to screen
|B| is numerical value of B
and A4 is voltage gain from grid to the point from which the feedback is returned.

(B) Feedback from secondary of output transformer

This introduces additional phase shift in the amplifier and requires very careful
design of the output transformer for all but small degrees of feedback. The feedback
voltage is usually taken to the cathode of the first valve, but if there is transformer
input to the first stage then it may be returned to the transformer secondary (as Fig.

7.26). This method may be applied equally to both single-ended and push-pull
amplifiers.
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7.2 (ix) (C) HUM ORIGINATING IN THE PLATE SUPPLY VOLTAGE 351

capacitance by-pass to cathode (C in Fig. 7.16) may be adjusted to neutralize hum
(Ref. Cl4).

Case (5) Transformer-coupled output with feedback from an unbypassed
cathode resistor (Fig. 7.49)

The hum arising from the plate and screen circuits is the same as for Case (2) except
that r,’ is now greater than r, (Eqn. 51): r,” =r, + (40 + )R,. With a triode
the hum is less with current feedback than without feedback. [Example type 243 :
E,,=0.54E,). With a pentode the total hum from plate and screen is always de-
creased by current feedback

E,y/ = E».I: Re + rooRy
R, +r;+Rp+1)  Rp+r,+ (b + nunlRy
where the first term is for the plate, and the second for the screen circuit.

[Example : E,, = (0.04 + 0.97)E, = 1.01E, for type 6V6-GT.]

(59

FIG. 7.49 FIG. 7.50

Fig. 7.49. Transformer-coupled output with feedback from an unbypassed cathode
resistor.
Fig. 7.50. Parallel-fed transformer-coupled output with feedback from an unby-
passed cathode resistor.

Case (6) Parallel feed, with feedback from an unbypassed cathode resistor
(Fig. 7.50)

With a pentode, the * plate >’ hum is increased by feedback from an unbypassed
cathode resistor, while the *‘ screen ” hum is the same as for transformer-coupling
(Eqn. 59) except for the sign.

- r, + R(p + 1) BoasR
B~ B R D Ry Tt T 0

The first term also applies to a triode. The approximation is from regarding R,
as the load, instead of R, in parallel with L.

[Example of triode : E,," = 0.46E, for type 2A3.

Example of pentode : E,,, = (095 — 097)E, = — 0.02E,.

This gives almost exact hum neutralization.]

References to hum : B3, B4, B5, B7.

Summary—hum originating in the plate and screen supply voltages

With triodes, the output hum voltage is always less than the hum voltage from
the plate supply. In the examples given above, it varies from 46%, to 859, of the plate
supply hum voltage with one exception. The exception is transformer-coupled output
with parallel-feed, feedback being taken from the plate, for which the output hum is
only 1.5%, of the plate supply hum voltage (Case 3).

With pentodes or beam power amplifiers t :e output hum may exceed the plate
supply hum voltage, owing to the effect of the screen. This occurs with Case (2)
which is the conventional transformer-coupled output both without feedback and
with voltage feedback from the plate. The only circuit giving very low output hum is
Case (6) which applies to transformer-coupled output with parallel feed and with
feedback from an unbypassed cathode resistor. The second best is Case (1) with
feedback from the secondary, while the third best is Case (3) with parallel feed, having
feedback from the plate.

The examples given above have been tabulated for ease in comparison, including
some cases also without feedback, and some with the screen circuit perfectly filtered.
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358 (ii) CONDITIONS FOR STABILITY 73

otherwise oscillation may occur during the warming-up period ; such an amplifier
is said to be conditionally stable. In the case of more complicated circuits, particu-
larly those with peculiarly shaped BA loc, it is advisable to plot loci for successively
increasing values of f up to and somewhat beyond the desired value of 8. The
criterion of stability should be applied to each—that the locus should not enclose
the point K (1,0).

The following rule is also helpful as it covers most cases and avoids having to draw
a.BA locus. If BA is less than unity at ¢ = + 180° and at ¢ = — 180° the
amplifier is stable.

Another useful rule is that the maximum permissible value of 84 is equal to
the maximum value of A (i.e. 4,) divided by the value of 4 at ¢ = - 180°
(whichever is the larger).

Also, if the phase shift is not more than 180° at zero and at infinite fre-
quencies, the amplifier is always stable with any value of 8.

The *“ attenuation ™’ is the attenuation with respect to the maximum value of 4
(i.e. A,). Both the attenuation and the loop amplification 84 may be expressed in
decibels.

S
Gl ©
%0 &
NS
/S
0/ <
YA
+3 o
o
oy 20
o°
+2 S“ho‘“\“
Positive feedback inside G
this circle wey \50
Negative feedback outside Srabts
+i Ware'"
I3
E
C
/8 R
[ X Stability o
-2 -1 P l‘ 2 3 4] Margin
128
+64v
TS Gain unchanged by feedback
- d
Gain increased 6db
6 db gqain reduction
Goin increased 12db
-2 Py
~6do 95db gain reduction
T~~~
-3 ~95dbd

FIG. 7. 54

Fig. 7.54. Additional information furnished bv a “ Nyquist diagram” (see also
Fig. 7.53 A and B)

Certain aspects of the polar diagram for amplifiers with feedback are shown in
Fig. 7.54. Circles are shown with centres at point K (1,0) with radii of 0.25, 0.5,
1.0, 2 and 3 units. The circumference of the circle with a radius of 1 unit indicates
the locus of points at which the gain is unchanged by feedback. At all points outside
this circle, the feedback is negative and degenerative. For example, the circum-
ference of the circle with a radius of 2 units is the locus of points having a gain reduc-
tion of 6 db. At all points inside the circumference of the circle with a radius of
1 unit, the feedback is positive and regenerative although not necessarily unstable.
For example, the circumference of the circle with a radius of 0.5 unit is the locus of
points having a gain increase of 6 db.

Instability occurs when the point K is included by the 8A4 locus. Straight lines
are drawn radiating from the origin with stability margins of 15°, 30°, 60°, and 90°.
The 30° line is tangential to the circle with a radius of 0.5 unit, so that the point of
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7.3 (iii) PHASE ANGLE AND ATTENUATION 361

Screen by-passing
This has an effect similar to that of cathode by-passing

B = 2.5 5 10 20

Max. loss = 8 14 20 26 db

Max. slope = 24 4 4.5 5.4 db/octave
Max. angle = 25° 42° 54.5° 64.5°

Rigm

where B = 1 +m

R, = series screen resistor in ohms
g£m = mutual conductance at operating point, in mhos
m = ratio of plate to screen currents
u, = triode amplification factor
R, = plate load resistance in ohms
and r, = plate resistance in ohms.

Phase angle characteristics of ‘ step circuit”

The step circuit of Fig. 7.59A has a maximum phase angle displacement at the fre-
quency of the half-attenuation point, and approaches zero at lower and higher fre-
quencies. The curves for a particular case are plotted in Fig. 7.54B, and the value
of the maximum phase angle as a function of the attenuation in Fig. 7.54C.

— 0
.‘ -
=< -3
\\‘ -6
IS
LS
SC -2
\:\\ -15
~~
%’ St L)
00. -2l
[ ]
z ™ 7
< 60. / \\
. SO. /_—“"‘ """ N
i o NS
° i \
. > S
20 5 NN
10° - N TR-L
[}
SIA ), f s, 10f, 10f, 100f,

FIG. 7.548
Fig. 7.54B. Attenuation and phase characteristics of *“ step circuit” Fig. 7.59A
for particular case with step attenuation 20db (Ref. H18).

70° T

60°
¢ s |
E =
LI 7 Fig. 7.54C. Muximum
¥ // phase shift as a function
2 p of attenuation in the
: // circuit of Fig. 7.59A
§ 20 — (Ref. H18).

10 <

v
[

o 2 4 6 8 10 12 4 16 18 20 22

Step Attenuation (ab) FIG. 7. 54C
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73 (v) (E) DUERDOTH’S METHOD OF MULTIPLE FEEDBACK 375
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FIG. 7.64

Fig. 7.64. Summation of two attenuation characteristics having slopes of zero
and 11 db/octave.

attenuation portion of the amplitude characteristic without appreciably affecting the
characteristics within the working frequency range.

With subsidiary feedback applied over the first stage of a 2-stage amplifier and loop
feedback over the whole amplifier, the ratio of gain with and without feedback is

given by
A 1
A~ T hd = pd o
where A = overall amplification without feedback
A’ = overall amplification with feedback
A, = amplification of first stage without feedback
B, = value of B for subsidiary feedback over first stage only

and B, = value of B for loop feedback over whole amplifier.

It is evident that when subsidiary feedback is used, the several feedback voliages
must be added at their common point. This holds even when the subsidiary voltage
is entirely inside the feedback loop.

Under the same conditions, the ratio of distortion in the final stage with and without
feedback is given by

D’ 1 — 84, A
D _l—ﬁlAl—BzA—A(l_‘B‘A‘) @

Thus the application of negative subsidiary feedback to the first stage increases
the distortion in the final stage in the same proportion that the gain of the first stage
is reduced, provided that the overall feedback loop is unchanged.

If, however, the subsidiary feedback is positive, the gain of the first stage will be
increased and the distortion in the final stage will be reduced further. The use of
positive subsidiary feedback need not present any stability problems, since the stability
criterion is dependent on (8,4, + B:A). See Sect. 2(xi) and Refs. F11, F12.

With multiple loop amplifiers, the usual Nyquist stability criterion applies to any
loop, provided that the amplifier remains stable when the particular loop is broken.
Even with amplifiers which are always stable, the Nyquist diagrams obtained by
measurements of the several loops in turn may have different shapes and the definition
of stability margin becomes meaningless. However, if a mesh of the amplifier can
be found which, if broken, simultaneously breaks all the loops, then there is no possi-
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73 (vii) (C) CONDITIONS FOR CRITICAL DAMPING 387

feedback amplifier is made identical with that of an amplifier without feedback having
two stages, each having an inverse time constant equal to the geometrical mean of
the inverse time constants of the two stages multiplied by the square root of the feed-
back factor (eqn. 38).

A particularly simple special case is obtained when
2 = a(1 — BAy) ;
then ¢« = a3 = a, = a,(1 — BA).
Values of «, for critical damping may be derived from the curves of Fig. 7.82 and
values of « from Fig. 7.83.

Three-stage amplifier
Critical damping cannot be obtained in a three-stage amplifier with constant 8.

Three-stage amplifier with single time constant in feedback path
In this case there is only one value of feedback factor as given by egn. (39) for
which critical damping can be obtained.

(2 + a5 + a3)?

1 — BA, = Taa, (39
a = (a; + a; + a5)/3 (40)

= [(ay005(1 — BAy)® (41)
o — 3ay2,084, (42)

oy 4 @ + e — (0 + apxy + aay)
where a; = inverse time constant of third stage

«, = inverse time constant of feedback path
and « = inverse time constant of amplifier.

100 7
1
7/
I 4
11 /;
[ |/

| g/
GA 71/*/:///

}_o*"' "
-~

\

N

' 10 100
oo/, FIG. 7.82

Fig. 7.82. Curves for determining a, for critical damping of two-stage compensated
amplifier (Ref. H15).
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15 (i) PENTODE CATHODE FOLLOWER 393

current cut-off. A somewhat lower load resistance may be used for fairly high output
voltages.

The transformer primary inductance should have the same value as for plate loading
under similar conditions, if full power output is desired at low frequencies. A trans-
former with low primary inductance will give uniform gain at low level output, but
at high output it will cause plate-current cut-off and grid current as for loadline EF
in Fig. 7.86.

References C14, C16, C17, C29, D1, D2, D3, D8, D9, D10, D11.

(ii) Pentode cathode follower

A pentode (or tetrode) may be connected in several ways arising from the screen
supply and by-pass—

FIG. 7.87 s+ (A) Triode connection (screen tied to plate)

The published * triode ”’ characteristics may generally
be used. If no triode characteristics are available, ascer-
tain the characteristics for the screen voltage corresponding
to the desired conditions (the plate voltage may be equal

or higher).
Thenlgmlu’*‘lez (4)
- e- gm A (pentode g,.) X (I/1,) ©)]
Fig. 7.87. Pentode p & E.,/E. (cut-off). (6)

cathode follower, trans-
former-coupled, screen (B) Screen by-passed to earth

by-passed to cathode. There is no exact method using published characteristics.
An approximate method has been described by Shapiro (Ref. D2).
(C) Screen by-passed to cathode—Transformer-coupled (Fig. 7.87)

The cathode follower characteristics may be drawn by the same method as for a
triode (Fig. 7.88). . The procedure for calculating the power output and distortion is :
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FIG. 7.88
Fig. 1.88. Cathode follower characteristics of beam power tetrode and typical of all
pentodes. Loadline AOB is normal ; CD high resistance ; EF low resistance tllus-
trating grid current and plate current cut-off.
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CHAPTER 10
CALCULATION OF INDUCTANCE
based on original chapter in the previous edition by L. G. Dobbie, M.E.

Revised by G. Builder, B.Sc., Ph.D., F. Inst.P. and E. Watkinson, A.S.T.C,,
A.M.LE. (Aust.), SM.ILR.E. (Aust.).
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SECTION 1 : SINGLE LAYER COILS OR SOLENOIDS

(1) Current-sheet inductance (i1) Solenoid wound with spaced round wires (iff)
Approximate formulae (iv) Design of single layer solenoids (v) Magnitude of the
difference between L, and L, (vi) Curves for determination of the * current sheet "
inductance (vii) Effect of concentric, non-magnetic screen.

(i) Current-sheet inductance

For the ideal case of a very long solenoid wound with extremely thin tape having
turns separated by infinitely thin insulation we have the well-known formula for the
low frequency inductance which is called the ‘ current-sheet inductance” L, :

L, = 4nN*A’/l electromagnetic units ¢))
where N is the total number of turns, A’ is the cross-sectional area in cm.? and / is
the length in cm. This result for L, may be expressed also as

L, = 0.100 2842N?/! microhenrys )
when / is measured in inches, and q is the radius of coil, also in inches.

For solenoids of moderate length—more precisely, for those for which a/! is not
small compared with unity—there is an end-correction, and we find that

L, = (0.10028a2N?/1)K, 3
where K is a function of a/l, which approaches unity as a// tends to zero. Values
of K, computed by Nagaoka (Bulletin, Bureau of Standards, 8, p. 224, 1912), are
shown by the curves in Fig. 10.1.

The concept of current sheet inductance is introduced because such (theoretical)
inductances can be calculated with high precision, and the formulae used in practical
cases can be derived from these results by making approximate allowances for the
deviations from the ideal case. In many cases these deviations are less than 19,

429
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442 (i) FORMULAE FOR CURRENT SHEET INDUCTANCE 10.2

When the dimensions / dand ¢ are small in comparison with a (see Fig. 10.7) the in-
ductance is given closely by Stephan’s formula, which, for / > ¢, takes the form :

2 c? 8a 12

L, = 0.031 93aN? [2.303(1 + 247 + W)logw E’ -+ lGi::I 3
while for / < ¢, that is for pan-cake coils, the formula becomes :

L, = 0.031 93aN® [2.303(1 b o log o~y iy’] @

32a2 ' 96a® g ! 16a®

where ¢’ = Ve + I*and Y1, 2 and y; are functions of ¢// I‘—‘ —
which are tabulated in the Bureau of Standards Circular T 7z
No. 74 (p. 285). 3

The formulae of this section have been put in the form
of a family of curves by Maynard (Ref. 38).

(ii) Correction for insulation thickness 7

Unless the percentage of the cross section occupied by /////A
the insulation is large the formulae given in Sect. 2(i) Z
apply very well to an actual coil. When the spacing P FiG.10.7
is appreciably greater than the diameter of the wire D a correction term should be
added to L, to give L,. Thus:

L, =L, + 0.073 35aN [log,, (P/D) + 0.0675] (5)

(iii) Approximate formulae
(A) Long coils of a few layers

For long coils of a few layers I/c > 10and B & 0.3, so that we obtain from equation
a;

0.1003a’N’KI: p :I
e B R ®
a'N? [ c :I
A _ 9a + 100) | ;
o2 1 10iL! ~ Tosm e 10D ™
2 2 2
or L, ~ a'N cal’ (8)

9a + 10/ 10ml

(B) Short coils
For short coils such that both / and ¢ are much less than g, it follows from Stephan’s
formula that :

8a :I
= 2 __%a
L, = 0.073 35aN [logu, o 0.4343y, 9
aN? 3.6a l ¢
=135 logl.,ln—+c—n when z or 7 lies between 0.35 and 1 (10)
aN? 4.02a 1 c..
=35 logl.,\/laT+_cn when z or i lies between 0.15 and 0.35 (11
1 4.55 1
- 2 when - or ; lies between 0 and 0.15 (12)

135 logu,‘ /T + ¢ c 1

These results are accurate to 5% as / and ¢ approach a, and are increasingly accurate
as / and ¢ decrease compared with a. When //a and ¢/a are both very small, it is
sufficient to use the approximation :

4

"~ 135 Og‘"\/la )
for all values of the ratio //c.
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11.5 (i) DESIGN 465

(a) The ratio of wire diameter to wire spacing must approximate to the optimum
shown in Fig. 11.6A.

(b) The formulae apply only for very high frequencies because of skin effect con-
siderations. However the following table, giving the thinnest wire for which the
formula applies within J- 10%, shows that most practical solenoids will be covered—

f (Mc/s) 1.0 4.0 16
wire 22 S.W.G. 28 S.W.G. 37 S.W.G.

(c) The formulae do not hold for coils of very few turns (or extremely short coils).:

(d) Dielectric loss is not allowed for. This is unlikely to be serious except where
the coil has a rather poor dielectric (bakelite or worse) and is used in a circuit having
a low parallel tuning capacitance.

10
-
[°]
2 o9
: 09
@
g oe
(7]
< /V
% 09 -
3
3
2 06
K
o
s
° [ 2 3 4 I 7 8 9 10
COIL LENGTH [ COIL OIAMETER €6 1 6a

Fig. 11.6A. Variation of optimum spacing ratio with length/diameter (Ref. D6).

(H) Meyerson (Refs. G3 and G11) gives the results of measurements on a large
number of coils tuned over a range between 25 and 60 Mc/s. The following informa-
tion is obtained from his work :—

(a) Q at any frequency within the band, and the frequency for maximum Q, both
increase with an increase in wire size for a given coil diameter. 10 A.W.G. wire (the
largest used) was nearly 109, better over the range than 12 A.W.G. wire on a one inch
diameter former.

(b) Maximum Q increases, and the frequency for maximum Q decreases, with an
increase in coil diameter for a given wire size, number of turns and number of turns
per inch.

(c) The coil diameter required for highest Q throughout the tuning range decreases
with increasing frequency for a given wire size, number of turns and number of turns
per inch.

(d) Maximum Q is obtained with a spacing between adjacent wires which is slightly
greater than the bare wire diameter.

(e) No variation in Q was detected between coils wound with bare wire, enamelled
wire or silver plated wire.

On the other hand, cotton covering decreased Q by as much as 59, at 50 Mc/s and
annealing of the copper wire increased Q by less than one per cent.

(I) In Refs. G10 and G12 Meyerson gives details of work with frequency ranges
between 60 and 120 Mc/s on the Q and frequency stability of inductors made of wire,
tubing and strip in various shapes e.g. disc, hairpin, folded lines, etc.

(J) Other points taken from various references are given below. Dielectric losses
present in the self capacitance of the coil are reduced by altering the shape to separate
the high potential end from all low potential parts of the circuit. These losses become
relatively more important the higher the frequency. Thus, the shape of a solenoid
for minimum total losses may need to be increased beyond what would otherwise be
the optimum length.

The high frequency alternating field of a coil produces eddy currents in the metal
of the wire, which are superimposed upon the desired flow of current. The first
effect is for the current to concentrate at the outside surface of the conductor, leaving
the interior relatively idle. In a coil where there are numbers of adjacent turns carry-
ing current, each has a further influence upon its neighbour.
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115 (ii) MISCELLANEOUS FEATURES 471

At frequencies of the order of 100 Mc/s the difficulties of manufacturing suitable
iron cores are greater although they are made and used (Ref. A22) but it is compara-
tively simple to wind air cored coils with a Q of say 300. Because of this, inductance
adjustment can also be carried out by means of copper slugs which are adjusted in
the field of the coil in the same way as are iron cores at lower frequencies. The slugs
are sometimes silver plated to minimize losses, but on the other hand brass slugs are
also used, apparently without undue losses.

100
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20 t TPIL. 20
Il L
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»
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9 — H 28
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s 4 +—150
«FH - = ass = hd
— v -
3 — H L%
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z 2 0P
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H .
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.8 + ! S
-4 4
T n
3 = 3
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2] 14 [16] 18 20] 22 [24]26 |28 [30[33434] 36 {38 ] 40 [42 SweG
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Fig. 11.11. Opumuwn Q, % in. former (Ref. G17).
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472 SHORT-WAVE COILS 11.5

(B) Self-capacitance

To reduce capacitances in a coil with an interwound primary winding without
noticeably decreasing the coupling, it is possible—if the spacing factor of the secondary
winding allows it—to wind the primary against the wire on the low potential side of
each space between secondary wires. A definite advantage is gained from this method
of winding and at the same time the cause of appreciable random deviations in coil
capacitance is removed,

It is usually advisable to start an interwound primary winding just outside a tuned
secondary winding for a desired coupling with minimum secondary capacitance.
Best results will probably be obtained with the primary started between one half

100 A
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Fig. 11.12. Optimum Q, } in. former (Ref. G17).
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12.2 (v) GRID LEAK BIAS 489

(D) Damping due to positive grid current

Itis shown in Chapter 2 Sect. 2(iii) that damping on the positive peaks of grid input
voltage may be quite serious, even when the peak grid voltage does not reach the grid
current *‘ cross-over point.”” This damping on positive peaks introduces an object-
tionable form of distortion which is particularly important when the preceding stage
has high effective impedance (looking backwards from the grid of the stage being con-
sidered) as, for example, with a high-mu triode or pentode. The damping at the
positive peak of the input voltage is proportional to the grid conductance at this point,
which value increases rapidly as soon as electrons commence to flow from cathode
to grid, and even while the resultant grid current is still negative.

If grid current damping is to be avoided, the grid bias must be increased sufficiently
to avoid this region.

(v) Grid leak bias

If a grid resistor of 5 or 10 megohms is used, it is possible to obtain the grid bias
for a high-mu triode by means of the voltage drop in R, [see Chapter 2 Sect 2(iii)].
This imposes damping on the input circuit due to the grid current, and the average
input resistance is approximately R,/2. The distortion is approximately the same
as with the optimum fixed bias, but the great advantage is that it accommodates itself
to variations from valve to valve, while fixed bias is critical.

It may also be used with general purpose triodes operating with input voltages not
exceeding, say, 1 volt peak.

Grid leak bias is not very suitable for use with low-level (pre-amplifier) stages owing
to hum,

FIG. 12.6

(vi) Plate voltage and current 1 a

As discussed in Chapter 2 Sect. 3(i), the
voltage on the plate is less than the supply
voltage by the voltage drop in the load re-
sistor. This is illustrated in Fig. 12.6 in
which the loadline is fixed by the plate sup-
ply voltage E,, and the load resistance R L
The quiescent operating point Q is fixed
by the intersection of the loadline and the
grid curve for E.,, the bias voltage having

l‘nb’"

& CURRENT

g
3

PLATE

been previously determined. Alternatively, A J
the cathode bias loadline may be drawn by o, BEh By By Eu
. )
the method described above, thus de- ! volioge Acrou e TE VOLTS  Eb)
termining the operating point. istor

Having fixed Q, the quiescent plate cur- S;idelzn?h ,,5,-1:,5:1 7::5;::;7};1’31,‘ i;;{nrztircrg
rent I,, and plate voltage E,, will auto- point Q, and working loadline EQF
matically be fixed. If due to grid resistor shunting.

Iy KI.,, where K is a constant less than 1 and I, = E, /R, then

Ey (I — K)E,,. If K = 0.5, for example, then

Ioo = tIn = 4E,,/R; and Ey, = $E,,; in this case the voltage across the
valve is equal to the voltage across the load resistor. In practicey K may have values
between about 0.25 and 0.85.

Typical values of K are tabulated below

Intermediate
Low level level High level®*
General purpose triodes 0.75 — 0.85 0.6 — 0.75 0.5 — 0.6
High-mu triodes 06 — 065 05 —06 045 — 0.55(R; = 0.5MQ)

04 — 05 (R; = 0.25MQ)
*If Ry, is less than 2R, then the values of K for high level operation should be
decreased.
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Distortion
The percentage second harmonic distortion—see Chapter 13 Sect. 2(i)—is given by
EQ — QF
o/ _ ~* =
HY, = 3EG T OF) 100 (10)

(viii) Dynamic characteristics

The dynamic characteristic of a resistance-loaded triode is described in Chapter 2
Sect. 3(i) and Fig. 2.19. In shape it closely resembles the dynamic characteristic
of a resistance-loaded pentode, and a comparison between the two is made in Sect.
3(viii) below and Fig. 12.15. With the triode dynamic characteristic the greater
part or the whole of the ‘“ top bend ” is in the grid current region and therefore can-
not be used. The most nearly straight portion is therefore that of minimum bias.

An ““ideal " (linear) dynamic characteristic of a general purpose triode is shown in
Fig. 12.7A. It is limited at the lower end by plate-current cut-off at A, while the
other end is in the grid current region. The usable part extends from A to G, but
in reality the lower part is curved, and is avoided as far as possible. The upper end
(GB) is also curved, but as this is in the grid current region it cannot be used in any
case. The curves are to scale for p = 20, r, = 10000 ohms, R, = 0.1 megohm
and E,, = 250 volts.

PIG. 12.7

Ty, e " Iy lbnc—bb- imA
E; . A
LT !
ZI,, XTIl |
] |
[ A N T Y
I | RN
| |
Y
Lcm Current toar s, | Grid
| on ¢ {Curren]
| I,,70-28 | Region
b
I k ]
, . . A |
-10 -9 o +5 -2 -
£ 4 3 [ o +1
€or-Ebba isv I G, 12.7

Fig. 12.7. “ Ideal™ lincar dynamic characteristics (A) for gemeral purpose triode

with p = 20, r, = 10000 ohms, R; = 0.1 megohm and E,, = 250 volts; (B) for

high-mu triode with p = 100, r, = 0.1 melgohm, R; = 0.25 megohm and E,, = 250
voits.

Point C at E, = 0 has a plate current I, = E,,/(R; + r,) which in this case is
0.91 E,,/R;, This point and point A may be used as the two basic points for plotting
the loadline. Alternatively, point B may be plotted, since FB = E,,/gnR ;- Point
G is the commencement of grid current (E, = — 0.5 volt) and in this case its [,, =
0.86 E,,/R;. The highest operating point cannot exceed 0.85 E;,/R,, and this is
only possible for extremely small input voltages. The lowest useful operating point
(for high-level operation) is D, which is the mid point of AG, with I, = 043 E,,/R L
Thus the operating point must be within the limits 0.43 and 0.85 x E,,/R L

The dynamic characteristic in Fig. 12.7B applies to a high mu triode with x = 100,
ry = 0.1 megohm, R; = 0.25 megohm and E,, = 250 volts, The grid current
is taken as commencing at E, = — 0.75 volt. The usable part of the characteristic
extends from A to G, and the operating point must be within the limits 0.25 and 0.5
multiplied by E,,/R;. The upper limit would be somewhat extended if the load
resistance were increased to 0.5 megohm.

(ix) Maximum output voltage and distortion

It is difficult to lay down any limit to the maximum voltage output, since over-
loading occurs very gradually. It is assumed that in all cases the grid bias is sufficient
to avoid positive grid current.
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492 (ix) MAXIMUM OUTPUT VOLTAGE AND DISTORTION 122

An approximate method for determining the conditions for maximum output
voltage are given by Diamond (Ref. A16). In Fig. 12.7C, the tangent FCAat E, = 0
cuts the voltage axis at F where £, = ¢,. The dynamic loadline AQD corresponds
to R, in parallel with the following grid resistor R,,. Point B is predetermined by
the minimum plate current permissible on account of distortion (I ,,).

The optimum value of R, is given by

r
R N———’———
T8+ V6 + v/

and the maximum value of peak-to-peak voltage swing is then

1 -3
Fom Coo =@ + 26 + 15 1 97w
where r, = plate resistance at point C (as given by slope of FC)
8= Imlnrﬂ/(Ebb —e)

x = Ry,/ry
“ positive ’ swing GK
Y = "total swing ~ GH

E,, = plate supply voltage
E, = peak-to-peak total voltage swing = GH
and e, = plate voltage corresponding to intersection of tangent FC with voltage

axis.
4
A /

PLATE CURRENT

E)
el

PLATE VOLTAGE FiG. 12.7C

Fig. 12,7C. Approximate method for determining conditions for maximum output
voltage (Ref. A16).

The value of y for low distortion in a single valve is 0.5 ; values appreciably higher
than 0.5 are possible with push-pull operation. The value of ¢, is a function of the
valve characteristics, the load resistance and the plate supply voltage ; it is usually
less thar 10 volts for R; not less than 0.1 megohm and E, , not greater than 300 volts.

Example : Type 6]5, r, = 10 000 ohms, e, = 5 volts, E,, = 250 volts, R,; = 0.5
megohm, I, = 0.2 mA, y = 0.5. We obtain x = 50, § = 0.008 17, y/x = 0.01,
and irom the equations, R; &~ 70 000 ohms optimum ; E, = 186 volts peak-to-peak.
Output voltage and distortion

The maximum output voltage for a general purpose triode (e.g. type 6]5) for 149,
intermodulation distortion* and E, , from 180 to 300 volts is given approximately by :

Load resistance Followmg grid Maximum output
resistance voltage r.m.s.
0.1 megohm 0.1 megohm 0.155 x E,,
0.2 megohm 0.19 x E,,
0.4 megohm 0.215 x E,,
0.25 megohm 0.25 megohm 020 X E,,
0.5 megohm 024 x E,,
1.0 megohm 0.27 x Eu,

*For details of intermodulation distortion see Chapter 14 Sect. 3.
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123 (vi) DYNAMIC CHARACTERISTICS OF PENTODES 505

Output voltage (r.m.s.)
Output voltage (r.m.s.)*
Optimum K
*For E,, = 250 volts.
where K = I,/I,,, and I,, = E4,/R;, and R, = 2R,.
For example, with E,, = 250 volts and R; = 0.25 megohm, /,, = 1 mA.
The voltage between plate and cathode is a function of K: E, = (1 — K) E,,.
When K = 0.78 0.76 0.70 0.62
Then E, = 0.22E,, 0.24E,, 0.3E,, 0.38E,,

0.04E,, 0.08E,, 0.16E,, 0.24E,,
10 20 40 60
0.78 0.76 0.70 0.62

e

(C) Determination of series screen and cathode bias resistors when plate
and screen current curves are available

If curves of both plate and screen currents versus grid voltage under resistance
loaded conditions (e.g. Figs. 12.14A and 12.18) are available, the procedure is—

1. Determine E.—sce (v) above.

‘2. Determine the optimum value of K—see (vi)B above.

3. From the I, curves, determine E., to give the required values of E,, and K ;
also determine I, at the operating point.

4. From the I, curves, determine I ., at the operating point.

5. Then R, = E.,/(I, + I.3) (5d)
and R, = (Eccz - Ecz)/lcz (56)

(D) Calculation of series screen and cathode bias resistors
The procedure for calculating R, and R, is—
1. Determine E., as for fixed bias—see (v) above.
2. Determine the optimum value of K—see (vi)B above.

E,R/m
3. Then R, ~ RE,m ¥ D (56)
where E,., = conrtrol grid voltage (taken as positive)
and m = I,/I,..

Typical values of m at normal voltages are :
Type 6J7 6SJ7 6SF7 6SH7 6AC7 6AU6 1S5 1U5
m 4.0 3.75 3.75 2.63 4.0 2.54 4.0 40
Equation (5f) is perfectly general, and may be used with any screen voltage source.

The only approximation is the assumption that m is constant.

KE R
4, Then E,, ~ Ep, + Ey — "”“(1 - —“) (58)
Rl_xgma RL
where E., screen voltage
e triode mu
E, creen voltage at which J, = 2mA for E,, =0

22 (for 6AUG), 25 (for 6S]7), 39 (for 6]7)
R, = 0.1 M@

and Ema max. slope of dynamic characteristic with R; = 0.1 MQ.
Equation (5g) may also be used with fixed bias E.,.

L&

mR
5. Then R, &~ m(ﬁ,,, — Eun) (5h)

Note : This procedure is based on several approximations (e.g. that m, g, 4 and E,
are constant) but is sufficiently accurate for all practical purposes for any pentode.

It will be seen that a single operating condition is incapable of giving optimum
performance for both low and high levels. For low level operation, E ., may be taken
as — 1.3 volts, while for high level operation E, may arbitrarily be taken as 0.24E,,
volts r.m.s. unless it is desired to determine some intermediate condition.

It will be seen from egn. (5g) that the optimum screen voltage is a function, not only
of E ., but also of R ;—a higher value of load resistance permits a lower screen voltage.
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124 TRANSFORMER-COUPLED VOLTAGE AMPLIFIERS 517

(xviii) Comments on tabulated characteristics of resistance-coupled
pentodes

Comments are as for triodes—Sect. 2(xiv). See Sect. 3(v), (vi)B and E for optimum
operating conditions.

SECTION 4: TRANSFORMER-COUPLED VOLTAGE
AMPLIFIERS

(5) Introduction (if) Gain at the mid-frequency (iti) Gain at low frequencies
(tv) Desirable valve characteristics (v) Equivalent circuits (vi) Gain and phase shift
at all frequencies (vit) Transformer characteristics (viii) Fidelity (ix) Valve load-
lines (x) Maximum peak output wvoltage (xi) Transformer loading (xii) Parallel
feed (xiti) Auto-transformer coupling (xiv) Applications (xv) Special applications.

(i) Introduction
Transformer-coupled voltage amplifiers usually employ general purpose triode
valves with plate resistances about 6 000 to 10 000 ohms. Valves having higher
plate resistance require excessively large transformer inductances, while valves having
lower plate resistances are only used in special
applications, with transformers designed to
handle the higher plate currents.
A7)

T os % )

“ 15
gain from the grid of V, to the grid of V,. L
Push-pull transformers are covered in Section )
6. Read also Chapter 5 Sections 1, 2 and 3. Fig. 12.23. Circuit diagram of
transfor mer-coupled voltage amplifier

F1G. 12.23

A typical transformer-coupled amplifier
stage is shown in Fig. 12.23 where V, is the
valve under consideration, with transformer
T coupling it to the grid of the following
valve (V,). The stage gain is the voltage

(ii) Gain at the mid-frequency
An unloaded transformer with high inductance and low losses has a very high
impcdance at the mid-frequency ; an input impedance of 1 megohm at 1000 c/s
is not uncommon.
With the circ;_xit of Fig. 12.23, the voltage gain at the mid-frequency is very nearly
= p 0))

[

where p = amplification factor of valve
T = turns ratio = N,/N,
N, = primary turns

and N, = secondary turs.

The gain with loaded transformers is dealt with in (xi) below.

(iii) Gain at low frequencies

At low frequencies the gain is reduced by the shunting effect of the primary induct-
ance. The gain relative to that at the mid-frequency (4,) is given in Chapter 5
Sect. 3(iii)a particularly eqn. (1).

(iv) Desirable valve characteristics
(a) Low plate resistance—gives better bass response.
(b) High amplification factor—gives higher gain.
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524 (i) PHASE SPLITTER 12.6

The out-of-balance, being about 1.2%, in this example, is negligible.

(E) A further type makes use of a heptode (mixer) valve in which unequa!
‘load resistors are placed in both plate and screen circuits, the push-pull output being
taken from plate and screen. The input is taken to grid No. 3.

Ref. C20.

(F) A further modification makes use of a pentode with an unbypassed
screen. The two output voltages are taken from plate and screen, and the sup-
pressor grid is maintained at a negative potential with respect to the cathode (Fig.
12.29C and Ref. C23).

(iii) Phase inverter (Fig. 12.30A)

This is a popular arrangement with twin triode valves, either general purpose or
high-mu. It is not self-balancing, and requires individual adjustment for accurate
balance both during manufacture and after the valve has been replaced. It is slightly
out of balance at very low frequencies owing to the two coupling condensers operating
in the lower channel, but C, may be made larger than C, if desired. It gives a gain
(to each channel) equal to the normal gain of one valve.

If it is preferred to avoid individual balancing, the value of R, is given by
R, = (R, + R,;)/A where A is the voltage gain of valve V,. If R, and R; both have
+ 109% tolerances, the maximum possible out of balance will be nearly 209, due
to the resistors alone, plus.valve voltage gain tolerances.

Separate cathode resistors, each by-passed, are helpful in rcducmg valve gain
tolerances, but require independent cathodes. If a common cathode resistor is used,
it may be unbypassed, thus introducing negative feedback for out-of-balance voltages.
The hum level is quite low.

N.B. This circuit was originally named Paraphase, but the latter name covers a
large number of different circuit arrangements and cannot therefore be used to dis-
tinguish one from another.

References Cl, C3, C7, Cl11, Cl4.
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Vg :)R. R, .
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Fig. 12.30A. Conventional form of phase inverter in which V, excites V,, and V,

excites V,, the grid of V, being connected to a tapping on the gnid resistor of V.

Fig. 12.30B. Phase inverter with pentodes using the suppressor grids for self- balancmg
(Ref. C19).

(iv) Self-balancing phase inverter (Fig. 12.30B)

In this circuit V, and V, are pentodes, and any unbalanced voltage appears across
the common plate resistance R, and is fed to both suppressors through the blocking
condenser C,, thus causing degeneration in the valve producing the larger signal
output, and regeneration in the other. Ref. Cl19.

(v) Self-balancing paraphase inverter
(A) Floating paraphase (Fig. 12.31)

This circuit is, to a considerable extent, self-balancing thereby avoiding any neces-
sity for individual adjustment except in cases where a very high accuracy in balancing
is required.
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12.6 (v) SELF-BALANCING PARAPHASE INVERTER 525

In order to visualize 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 proportion to the voltage at the grid of V,. When V, is
replaced, the voltage initially at point X will cause an amplified opposing voltage to be
applied to resistors R, and R,. If resistor R, is slightly greater than R;, it will be
found that the point X is nearly at earth potential. If the amplification of V, is high,
then R, may be made equal to R, and point X will still be nearly at earth potential.
The point X is therefore floating, and the circuit a true Paraphase ; the derivation
of the name ° Floating Paraphase ™ is obvious.

FIG.12.32

FiG.12.31

Fx:g. 12.31. The Floan'.ng Paraphase self-balancing phase inverter with cathode bias.
Fig. 12.32. The Floating Paraphase circuit with fixed bias in the following stage.

The degree of balance is given by

ENR TaA\N' TR TR, =
where 4, = voltage gain of V, into plate load resistor R, and following grid resistor R;.
If R, = R, = Ry, then E,/E, = 1 + 3/4, )

If V, is type 6]5 (or half type 6SN7-GT) R, = 0.1, R; = R, = R, = 0.25 megohm,
then 4, = 1.4 and E,/E, = 1.21 which is too high to be acceptable. In such a case
R, may.be increased to, say, 0.3 megohm giving E,/E, = 1.03. )

If V, is type 6SQ7 with R, = Ry = R, = R, = 0.25 megohm, then 4, = 48 and
E,/E, = 1.06 which is generally acceprable.

If V, is a pentode (e.g. type 6]7) with R, = R, = R, = R, = 0.25 megohm, then
A; = 104 and E,/E, = 1.03; which is very close.

The gain from the grid of V, to the grid of V, is slightly greater than the gain
with R, = 0.

FiG. 12,93 If fixed or partially-fixed bias is employed, it is
necessary to couple the grid of V, to point X through
H—— a suitable condenser (C in Fig. 12.32). In addition,

a hum filter (R,q, C,,) may be required, because

LN
most partially-fixed bias sources contain appre-
VI ciable hum voltage ; any hum voltage appearing
across the grid resistor of ", is amplified by V., and
R V4 References C12, Cl4, C16.
¢ (B) Common plate impedance (Fig. 12.33)

This follows the same principle as the Floating
. Paraphase, except that the com i i
Fig. 12.33. Common plate . P g P S m<.)n impedance s
impedance self-balancing in the d.c. plate circuit instead of in the shunt a.c.
phase inverter. (following grid) circuit. Here similarlv
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532 (v) PHASE INVERTER 12.9

(v) Phase inverter

A direct coupled amplifier having in the first stage a resistance coupled pentode,
and in the second stage a twin triode phase inverter, is shown in Fig. 12.47B. The
voltage gain is 67 db, with uniform gain up to 12 000 c/s.

References D14, D15,

(vi) Screen-coupled

The preceding stage may be directly-coupled to the screen of a cathode follower
pentode (Fig. 12.48). This circuit has a voltage gain of 30 db with 0.59% total har-
monic distortion at 0.85 volt peak output. Output terminal 4 has a d.c. potential
of — 1.5 volts, which may be used as bias for the following stage.

Screen-coupled cathode followers are stable, with a wide-band frequency response,
but the distortion is higher than with normal operation owing to the non-constant
ratio of plate to screen currents. About 859 of this distortion can be cancelled by a
push-pull arrangement.

References D14, D19.

(vii) Gas tube coupled

Fig. 12.49 shows the simplest form of gas tube coupling in which a gas tube (GT)
provides the desired voltage drop from the plate of V, to the grid of V,. The gas
tube here must be a glow tube or neon lamp, a voltage regulator tube being unsuitable
because its d.c. plate resistance is of the same order of magnitude as the plate load
resistor. The values of R;, and R, must be carefully selected to meet the various
limitations.

FIG. 12.49

FIG 12,48

+45V +250v

Fig. 12.48. Two stage amplifier with the plate of the first stage directly-coupled to the
screen of the second siage (Ref. D14).
Fig. 12.49. Two stage amplifier with gas tube couphng from the plate of the first stage
to the grid of the second stage.

Fig. 12.50 is an improved circuit in which an additional valve (6]J5) is used as a
cathode follower with its cathode impedance composed of the voltage regulator tube
and the resistor R,. With this arrangement there is no d.c. load on the first amplifier
and the input impedance of the cathode follower is so high that it does not affect the
gain of the first stage. Almost all the signal voltage drop occurs across R,. The
design of the first stage is independent of the d.c. resistance of the V.R. tube, but R,
must be much larger than the dynamic impedance of the V.R. tube. Negative feed-
back for improved stability is provided by R, in the second stage.

The gas tube introduces noise, hence should not be used in low-level amplifiers.

For design, see Reference D13.

(viii) Modulation systems

Although not strictly direct-coupled amplifiers, they may be used in many applica-
tions. The d.c. signal to be amplified modulates a carrier wave, and after sufficient
amplification the modulated wave is detected to obtain the amplified signal. In a
modified arrangement, the input signal is interrupted or ‘‘ chopped.”

References D2, D8, D9, D11, D20, D21, D22, D28.
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FIG.12.50

omag 6J58, Ebb,
>

Fig. 12.50. Improved two stage am~

plifier with gas tube coupling, in

which o cathode follower is introduced
for better performance.

(ix) Compensated direct current amplifiers

In these, some variable characteristic of the amplifying valve is balanced against
the same variations in another valve, or against a different characteristic of the same
valve.
(A) Cathode compensation

A typical circuit is Fig. 12.51A and makes use of a twin triode with common cathode
resistance. This largely compensates for contact potential drift, and provides a stable
amplifier provided that an accurately regulated power source is used. Valves with
common cathodes are also used (e.g. 6SC7).

A diode-triode or diode-pentode valve with a common cathode may also be used
(Refs. D36, D39). F1G. 12,514

Both cathode and B supply compensation —oB+
may be obtained by returning the lower {
input terminal of Fig. 12.51A to a tapping 3
point (+ E,/A) on the voltage divider —
(broken line) instead of to earth (Ref. D8). 1:,___ outeuT
Other circuits used are series balance, 3 !
and cascode series balance (Ref. D39); 0
also cathode coupled phase splitter with :
single ended output (Refs. D1, D39). :
References D1, D4, D8, D15, D23, D24, !
D36, D39. !
>—08-

(B) Compensation for filament and
plate voltages @ 0 beeeoeo.o. R L P L 4

This is used in the electrometer tube . . .
circuit, and has low drift but cannot be £%. 12.51A. Cathode-coupled twin-
cascaded. Ref. DS, triode used as d.c. amplifier with
(C) Compensation for emission cathode compensation.

This can be obtained by a circuit using a pentagrid valve. Refs. D4, D8.
(D) Push-pull operation

A degree of compensation is provided by any push-pull amplifier ~An alternative
form is a push-pull circuit in which one half only of each stage is used as an amplifier,
and the other half as a dummy to reduce drift (Ref. D25).

(x) Bridge-balanced direct current amplifiers

With this type of direct current amplifier the regulation of plate and filament
supplies usually becomes unnecessary. These are normally used only in laboratory
instruments. Ref. DS8.

(xi) Cascode amplifiers

The cascode amplifier fundamentally consists of two triodes connected in series
(Fig. 12.51B). The usual arrangement in practice is to provide a fixed positive voltage
for the grid of V,.
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133 (viii) LOUDSPEAKER LOAD 567

shunt filter—a resistance R in series with a capacitance C. If R is variable, the com-
bination is the simplest form of tone control. If R is fixed, typical values are :
R =13R,; C = 0.025uF for R; = 5000 ohms.

This does not affect the rise of impedance at the bass resonant frequency, which
is a function of the loudspeaker design and the type of baffle—see Chapter 20 Sect.
2(iv) and Sect. 3.

At maximum signal voltage the conditions are somewhat different (Fig. 13.26).
The power output in this case reaches a maximum at R; = 9000 ohms. The second
harmonic reaches a minimum (practically zero) at about R; = 14 000 ohms, and then
rises steadily ; actually it undergoes a change of phase near R; = 14 000 ohms.
The third harmonic rises all the way from zero to the limit of the graph. Minimum
“ total distortion " occurs at R; = 10 000 ohms, which is the published typical load,
being a close approach to maximum power output. In this particular case the load
resistance for zero second harmonic is not that for maximum power output.

In the case of a loudspeaker load, the load resistance may rise from the nominal
value to (say) 6 or 8 times this value ; all the variation is in the upwards direction. If
full signal voltage is maintained for all frequencies, the distortion will be very severe
and the maximum power output will be reduced at low and high frequencies. The
only methods of minimizing the trouble are the use of a loudspeaker and baffie with
less prominent impedance peaks, and the use of negative voltage feedback
(see Chapter 7) or reduced signal voltage on the grid. A pentode, operating well
below its nominal power output, is capable of giving reasonable fidelity even on
an ordinary loudspeaker load. In a normal radio receiver, a power pentode with a
nominal maximum power output of 4 or 5 watts can give reasonable fidelity up to
somewhat over 1 watt, but it has the advantage of being capable of delivering its full
power output when the distortion can be tolerated.

The effect of these high impedance loads, which are here assumed to be purely
resistive for the purpose of illustration, is shown by the beam power amplifier plate
characteristics in Fig. 13.27. The effect may be minimized by reducing R; slightly
below the optimum value.

2001 €0
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FIG. 13.27 PLATE VOLTS

Fig. 13.27.  Plate characteristics of 6L6 or 807 beam tetrode with loadlines of optimum
resistance also twice, four times and eight times optimum. The loadlines have been corrected
for the rectification effect.

The impedance of a loudspeaker is, however, far from being resistive (see Chapters
20 and 21), having a reactive component varying with frequency, which must be com-
bined with the shunt reactance of the transformer primary at low frequencies and that
of the shunt capacitance from plate to earth at high frequencies. The combined
reactive components increase the distortion and reduce the power output [see also
Chapter 5 Sect. 3(iii)c and Chapter 2 Sect. 4(vi) ; Ref. C4].

The published values of power output apply to highly efficient output transformers.
The available power output from the secondary of a normal power transformer is
equal to 7 times the published value, where 7 is the efficiency [see Chapter 5 Sect.
2(ii) and Sect. 3(vi)]. Typical efficiencies are from 70% to 95% (depending on the
price class) for well-designed transformers.
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582 (v) MATCHING AND THE EFFECTS OF MISMATCHING 13.5

The fact that two valves so different in characteristics can be used in Class ‘A, push-
pull to give what is generally classed as good quality (5% second harmonic) indicates
the wide latitude permissible, provided that the bias is retained at the value for a single
valve and also that the load resistance is not much less than the sum of the single
valve loads (or 4 times the average plate resistance).

For Class A, triodes it has been suggested (Ref. E8) that the following are reasonably
satisfactory limits in conjunction with ordinary commercial tolerances for valves :

Max. unbalance

Signal input voltages on the grids of V, and V, : 5%
Phase unbalance at high and low frequencies :

Quadrature component = 39,
These are easily achieved by attention to the phase splitter or other source (see Chapter
12 Sect. 6). When testing for balance with a C.R.O. on the grids of V, and V,, it is
important to reverse the connections of the B.F.O. when changing from one grid to
the other.

(vi) Cathode bias

In an accurately balanced push-pull Class A, amplifier there is no point in by-
passing the common cathode bias resistor, since there is no fundamental signal current
flowing through it. In Class A, amplifiers which are not accurately balanced, there
will be some degeneration, and it is usual to by-pass the cathode bias resistor, al-
though this is not essential.

In Class AB, amplifiers it is essential to by-pass the cathode bias resistor.

Provision may be made, with cathode bias, for balancing the plate currents provided
that they do not differ too seriously. One excellent arrangement is incorporated in
Fig. 7.44 which may be used, with the necessary adjustments in the values of the re-
sistances, for triodes, pentodes or beam power amplifiers.

The value of cathode bias resistance may be determined, in the same way as for a
single valve, on the basis of the maximum signal total plate current and desired bias
voltage. This will give the same performance as fixed bias, but it is necessary to check
for plate dissipation at zero signal [for method see Sect. 2(ii)E]. If the dissipation
at zero signal is too great, it will be necessary to increase the bias resistance. This
will introduce a tendency to change from Class A, to AB,, which may be undesirable ;
it may be minimized by the use of a bleed resistor to pass current from E,, to the
cathode, and thence through the bias resistor, thus giving an approach towards fixed
bias. Alternatively, the load resistance may be increased, thereby reducing the maxi-
mum signal plate current and grid bias ; this will also reduce the power output.

Cathode bias causes a smaller change in average plate current from no signal to
maximum signal than fixed bias. This permits a poorer regulation power supply
than may be used with fixed bias. However, the regulation and by-passing of the
power supply also affect the minimum frequency which can be handled satisfactorily
at full power output-—see Sect. 1(iv).

Changes in effective gain occur in Class AB, amplifiers employing cathode bias,
during heavy low frequency transients, which add to the distortion measured under
steady conditions.

(vii) Parasitics

Parasitic oscillations in the plate circuit may occur with Class AB, operation when
the plate current is cut off for an appreciable part of the cycle, as a result of the trans-
former leakage inducrance and the rapid rate of change of current at the cut-oft point—
see Sect. 5(i)C. They may usually be cured by the use of a RC network shunted
across each half of the primary of the output transformer---see Sect. 7(i)-—-and, if
necessary, by the use of a transformer with lower leakage inductance—-see Chaprer 5
Sect. 3(iii)c.

Parasitics in the grid circuit are not usually troublesome except when the valves
are driven to the point of grid current flow.” Grid stoppers up to 50 000 ohms are
often used with both Class A and AB, operation to give a smoother overload without
parasitics.
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620 (i) VOLUME RANGE AND HEARING 14.7

SECTION 7: DYNAMIC RANGE AND ITS LIMITATIONS

(1) Volume range and hearing (i) Effect of volume level on frequency range (i1)
Acoustical power and preferred listening levels (iv) Volume range in musical repro-
duction (v) The effect of noise. .

(i) Volume range and hearing :

Every source of sound, for example speech or music, has a variation in sound level
from its minimum to its maximum. The loudness level is measured in phons (see
Chapter 19 Sect. 5) while the maximum variation in level may be expressed in decibels
~—this is known as the volume range, and is measured by a standard sound-level
meter or volume indicator. As this instrument does not indicate short sharp peaks,
the peak dynamic range is usually 10 or occasionally up to 20 db greater than that
indicated by the instrument.*

AN
R

\\N 1]

Fig. 14.2. Threshold of auds-
—  bility curves for average and
very critical (59, most acute)
listeners in the absence of
noise. Reference level 0 db =

NTENSITY LEVEL, DECOENS
Z
— /'
ﬂ |
j\- l

: N AVERAGE LISTENER 0.0002 dyne per sq. om.
\\\T: Il - Curves by courtesy of Fensen
0 T » Radio Manufacturing Com-
eamcac ustenea N |{]] ] pany, based on Fletcher (Ref.
0 l A3).
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FIG. 14.2 FREQUENCY, CYCLES PCR SECOND

A symphony orchestra, with a peak dynamic range of up to 70 db provides the most
difficult problem for the reproducing equipment. This range is equivalent to a power
ratio of 10,000,000 : 1. L

Before proceeding further, it is necessary to consider some of the characteristics
of hearing. Fig. 14.2 shows the hearing characteristics of average and very critical
listeners in the absence of noise—at any one frequency, a listener is only able to hear
sound intensity levels above the curve.

a (N

Fig. 143. Masking levels g

for noise in average and very g S avenact resioence

quiet residences. Curves by 2 N (TOTAL NOISE LEVEL 434db)

courtesy of fFensen Radio 3

Manufacturing  Company, r 20 P~ =7

based on Refi. 43, Do, @ e e -
» B9, 2 o1 | [IIII

100 200 S00 1000 2000 5000 10000 20000
FREQUENCY, CYCLES PER SECOND

3

FIG. 14.3

The maskingt effect of room noise is shown by Fig. 14.3 for average and for very
quiet residences. These curves may be applied directly to the hearing characteristics
of Fig. 14.2. The result is shown in Fig. 14.4 for average conditions and in Fig. 14.5

*The 10 db ratio is given in Ref. A51, quoting Refs. E7, E16. The 20 db ratio is mentioned in Sect.
6(ii), based on Refs. E15 and A3.

T'i'he masking level is the level of pure tones which can just be perceived in the presence of noise.
The masking level is higher than the noise (spectrum) level at the same frequency by a margin of 15db
up to 1000 c/s, increasing to 28 db at 10 000 c/s (Ref. A53).
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14.7 (i) VOLUME RANGE AND HEARING 621

for a very critical listener and low room noise level (these latter are the extreme con-
ditions for high fidelity). In each case the room noise reduces the effective hearing
over a frequency range from about 150 to 6000 or 9000 c/s.

The effect of noises other than room noise is covered in (v) below.

20 M ' ’
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.. . a 1 |
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tener with average noise level. & N ]
Curves by courtesy of Fensen r h ‘ /
. B
Manufacturing Company. & \.(‘ /
z H /
2 35 O
o noise 44
T T
0” S0 100 200 300 1000 2000 $000 10000 FOO00
FREQUENCY, CYCLES PER SECOND
£G. 14.4
20
‘ T T
T O 4
CRITIC, JE‘lellnla
o ITICAL LIV M
LOw NOfSE LEVEL (33 db
o \ | | .
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FIG. 14.5

(ii) Frequency range

When listening to the rapidly varying intensity levels which occur with speech or
music, the ear appears to integrate these varying sounds over about 1/4 second in-
tervals. When considering frequency range, the measurements of the sound levels
created by the various types of musical instruments should therefore be reduced to
their equivalent sound levels in 1/4 second intervals.

If we compare the loudness of a narrow band of thermal noise with that of a pure
tone having the same intensity, the two will be judged to have equal loudness if the
width of the transmitted frequency band of noise is limited to a critical value called
the critical bandwidth (Ref. A3). For this reason, measurements on the sound
levels of musical instruments should be reduced to intensity levels which would have
been obtained if the frequency bandwidths used in the filters had been equal to the
critical bandwidths (Ref. A3),

The integrated sound energy in a critical band over a 1/4 second interval will sound
as loud as a pure tone in the same frequency band which produces the same sound
energy in each 1/4 second interval (Ref. A3).
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15.2 (ii) (A) CONVENTIONAL BASS BOOSTING CIRCUIT 643

Several values of C, may be selected by means of a tapping switch, leaving the total
boost unchanged, but this merely moves the frequency characteristic horizontally
and is not satisfactory, on its own, for tone control purposes.

FIG.15.5
[e] r I o T ? —
Ry = INFINITY —] Ry=s0p00n
. :;n,-spoon 4
08 Ry 2MA l?,i;c,-oq,.r "
INPUT _ 3
§ <\ R.:: ouTPuT
g o6 15-6
H n-sq,oooN G gR
. -k‘\\ §
2
r O4 12
<
- =
g Ry 2|s%\ \ a
R,=10,0000
o2 i 6
Rg"0N 5
oL
o o o B
- N n
IR

FREQUENCY C/S

Fig. 15.5. Frequency characteristics with conventional bass boosting circuit, having
variable resistor across C. (Ref. 9).

A modification which has some advantages is shown in Fig. 15.6. Here R, has been
moved from the grid circuit of V; to reduce the shunting effect on R, and C,. The
total grid circuit resistance of V, is (R, + R;). Ref. 11.

References to conventional bass boosting circuit—9, 10, 11, 20, 23, 38, 51, 55.

(B) Plate series compensation (Fig. 15.7)

This is a simple method of providing a fixed amount of bass boosting which uses
the plate decoupling circuit. It is generally limited to use with r.c.c. pentodes.
With the values of components shown, the frequency response curves for two values
of C are given in Fig. 15.8.

References to plate series compensation : 38, 52, 53.

B+
FIG. 15.6 FIG. 15,7
RL
c
vI
L
Fig. 15.6. Modified  form of Fig. 15.71.  Bass boosting—plate
Fig. 15.3. series compensation.

(C) Grid series compensation

This is the same in principle as plate series compensation (Fig. 15.7) except that
C, is taken to a tapping point on R, instead of on R,. This is often preferred in
wide-band amplifiers as C, will be smaller for the same frequency characteristic than
with plate series compensation.

Reference to grid series compensation : 38.
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154 (i) STEPPED CONTROLS 653

SECTION 4: COMBINED BASS TONE CONTROLS

(1) Stepped controls (ii) Continuously wvariable controls.

(i) Stepped controls

A typical stepped control (Fig. 15.28) has 2 positions giving bass boost, 1 giving
‘“ flat  response, and 2 giving bass attenuation. The values of capacitance may be
selected to give the desired frequency characteristics.

See also Sect. 8 for combined bass and treble tone controls, particularly Figs.
15.37A, 15.37B, 15.39, 15.40.

References 17, 50, 54, 55, 64.

FIG, 15,28 O+250V Bass Cur Bqss Boost

Fig. 15.28. Step-control giving bass boosting and bass attenuation.

(il) Continuously variable controls

Circuits providing only bass boosting or attenuation with a single continuously
variable control are not widely used.

SECTION 5: TREBLE BOOSTING

(1) General remarks (i) Circuits not involving resonmance or negative feedback
(555) Methods incorporating resonant circuits (iv) Circuits involving feedback.

(i) General remarks

Treble boosting, mainly on account of the increased distortion which it causes, is
usually avoided altogether or else used only for the purpose of equalizing an un-
avoidable attenuation in the amplifier at the maximum frequency limit.

The subject of distortion has been covered in Section 1(iv).

(ii) Circuits not involving resonance or negative feedback

(A) Conventional treble boosting circuit (Fig. 15.29)
This is an adaptation of the fundamental circuit Fig. 15.2. It may be shown that

. L KRR,
Gain at low frequencies = (R, + R)R +r) + Rr. 1)
Gain at very high frequencies = I_Q’_—f_-r_, 2

where R = R,/ (R, + Ry)/(R; + Ry + Ry)
and R = RR;/(R; + R)).

Then B = ratio of amplification at very high frequencies to amplification at
low frequencies
=1 __L
=1+ 5% ®

where R = r, R, /(r, + Rp).
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676 OTHER METHODS OF TONE CONTROL 15.12

The frequency of maximum attenuation may be varied by varying one element in
each of the component T’s (see Ref. 85).

(v) Filters incorporating L and C
Constant & and M-derived filters may be used to attenuate a very narrow band of
frequencies, but the cost precludes their general use.

SECTION 12: OTHER METHODS OF TONE CONTROL
(1) Multiple-channel amplifiers (i) Synthetic bass.

(i) Multiple-channel amplifiers
With a three-channel amplifier, or one having more than three channels, it is possible
to exercise a certain amount of tone control by controlling the volume of the bass and
treble amplifiers. For this to be satisfactory for tone control, the cross-over fre-
quencies should be :
Bass—not higher than 200 c/s.
Treble—not lower than 3000 c/s.
In each case the cross-over network may produce an attenuation of 6 or 12 db/octave
nominal,
An amplifier in this class is described in Ref. 5. See also Sect. 10(iv) and Ref. 21.

(ii) Synthetic bass

In small receivers, in which the loudspeaker is incapable of reproducing the bass
at all adequately, a device is sometimes used to introduce distortion of the bass fre-
quencies. The fundamental bass frequency is heavily attenuated to avoid overloading,
but the harmonics are reproduced and provide * synthetic bass.” One such circuit
is Fig. 15.64 (Ref. 73, based on Sonora Model RCU-208). Positive feedback at low
frequencies is applied from the cathode of the second valve to the cathode of the first
by means of the network R, R,, R, and C,.

35L6-GT Ovtput

125K7
2nd Audio
“003F, 4
i 1 3 Spur
LAY p: -
472
mag
l: C'_;
'OSyf
S
- [ S ’40 F
= 14
F
4O
1C
FIG, 15.64 . L

Fig. 15.64. Amplifier providing synthetic bass (Ref. 73).

Another circuit (Ref. 87) has a supplementary channel with a distorting valve (triode
6SF5) functioning effectively only below about 100 c/s. Grid distortion is produced
through zero bias operation. A plate load resistor of 0.5 MAQ is used, and the plate
coupled to the grid of the output pentode. It is stated that the loudspeaker bass
resonance should preferably be less than 60 c/s, and that the results sound unnatural
to the ear on music when the loudspeaker resonance is about 150 c/s.

The principles of synthetic bass are given in Chapter 14 Sect. 3(viii).
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CHAPTER 16

VOLUME EXPANSION, COMPRESSION AND LIMITING

By F. LANGFoRrRD-SMITH, B.Sc., B.E. )
with assistance from D. G. Lindsay (Fellow I.R.E. Australia)

Section Page
1. General principles ... ... 679
2. Volume compression ... 681
3. Gain control devices ... 684
4. Volume expansion ... ... 686
5. Public address a.v.c. ... 693
6. Speech clippers ... 693
7. Noise peak and output limiters ... ... 694
8. References ... ... 699

SECTION 1: GENERAL PRINCIPLES

() Introduction (ii) An ideal system (iif) Practical problems in volume expansion
(7v) Distortion (v) General comments.

(i) Introduction

The maximum volume range of any sound reproducer is the difference in decibels
between the maximum sound output and the level of masking by background noise
which latter may include hum, random noise, needle scratch or microphone noise.

The volume range transmitted by a broadcast station may vary from a low value
up to at least 60 db for a F-M transmitter (F.C.C.), the value depending on the type
of programme. In the case of an A-M transmitter the maximum volume range is
about 50 db—see Chapter 14 Sect. 7(iv).

If the original sound has a volume range greater than the maximum volume range
of the transmitter, it is usual to compress it in some way. The compression may be
accomplished manually by the control engineer, or automatically by a device known
as a peak limiter or a volume compressor.

A similar case arises with recorded music, where the maximum volume range may
be as low as 35 db for shellac lateral-cut disc records.

Many types of programme have a maximum volume range less than 35 db, and
therefore do not require compression. However, most broadcast transmitters have
an automatic peak limiter permanently operating, while it has even been found bene-
ficial to use volume compression in F-M broadcasting (Ref. 29).

If reproduced music is to have the same volume range as in its original form, some
kind of volume expander is required. But, as will be shown later, volume expansion
cannot be applied indiscriminately and cannot be perfect.

One advantage of the use of volume expansion is that it reduces the background
noise, other than room noise. This is a considerable advantage when the source is
a disc record.

A serious shortcoming of automatic volume expansion is that the circuit can never
duplicate the original volume range because it has no way of knowing what these

679
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17.5 (v) EQUALIZERS FOR ELECTRO-MAGNETIC PICKUPS 739

mately 100 mH and that of the G.E. pickup*l20 mH. The correct value of shunt-
resistance is given by
R (ohms) = 1.2 f, for the Pickering pickup
and R (ohms) = 0.9 f,. for the G.E. pickup
where f, is the frequency at which the attenuation is 3 db. Beyond this frequency
the rate of attenuation is approximately 15 db/octave.
The shunt capacitance required for various values of the cut-off frequency is:

Frequency 4000 5000 6000 7000 c/s
Capacitance Pickering 0.02 .013 .009 - .0065 pF
G.E. 0.03 .019 .013 .0095 uF

Fig. 17.25. Egqualizer for T e won _ugn—i

Pl

use with EM.I. and Mar- | F = A AP MO

coniphone  Model 124 . -0ty

pickup. Output as shown RU. | : | 4009 V2 ‘rg 1

is 200 ohms; with link NPYT ! 9

;{osedbou;p:t 1'5561(‘)4010th. ' : | ‘ ”1'.‘3,‘;’[\.6,,: Ta,,p T outeur
or Englis M.I. re- -

cords. join terminals 1 and —_———————————

2, also 3 and 4; for < )
N.A.B. and American records leave unjoined. (E.M.I. Australia).

Pre-amplifier for E.M.I. and Marconiphone Model 12A
A suitable equalizer is shown in Fig. 17.25 which gives the following output levels
at 1000 c/s with Decca Z718 frequency record.

L4

FIG. 17.25

Termination Equalizer English Equalizer N.A.B
200 ohms — 49 dbm — 50 dbm
600 ohms — 54 dbm — 55 dbm

.Pre-amplifier for use with G.E. variable reluctance pickup

The circuit of Fig. 17.26 is suitable for use with the G.E. variable reluctance pickup.
This pickup gives an output of about 10 mV (with recorded velocity of 4.8 cm/sec.),
the amplifier has a voltage gain of 35 db at 1000 c/s, so that the output voltage is
about 0.6 volt. The input shunt resistor of 6800 ohms (which is suitable for the N.A.B.
characteristic) may be varied to control the frequencv response, a higher value in-
creasing the high frequency response. A low plate voltage is desirable. A slight
improvement in response may be effected by shunting the 0.01xF condenser by a
resistance of 180 000 ohms (Ref. 187). See also Fig. 17.34 for input transformer
arrangement and Fig. 17.24B as an alternative pre-amplifier.

+100V 33,0000 68,0000 92pF
OuTeuT

j_es,ooon )
Threwf 6uF T, Fig. 17.26. Pre-amplifier and equalizer
[ for use with the G.E. pickup (Ref. 187).
INPUT %67300‘1
o——
FIG. 17.26

Continuously-variable equalizing pre-amplifier

If a sufficiently flexible equalizer is used, it does not require any additional tone
control. Such a circuit is shown in Fig. 17.27A in which the additive method of
equalization is employed. This has three transmission channels, one channel having
a characteristic which is essentially flat below 1000 c¢/s, falling off at the rate of 12
db/octave at higher frequencies ; a second channel having 40 db more gain than the
basic channel at very low frequencies but with its gain falling off at the rate of 12 db/
octave above about 50 ¢/s'; and a third channel whose gain rises at the rate of 12 db/
octave up to 15 000 c/s, above which frequency its gain is 40 db more than the basic

*Later models of G.E. pickups have inductances of 250 mH (Broadcast type RPX-046) and 520 mH
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18.1 (xii) THE EQUALIZATION OF MICROPHONES 781

(xii) The equalization of microphones

It is usual, both in broadcasting and recording, to provide frequency equalization
in the microphone or in its pre-amplifier to give a flat or any other desired characteris-
tic. In other applications it is advisable to equalize, or at least to attenuate any high
peaks in the response characteristics, so as to reduce acoustical feedback and other bad
effects.

It is sometimes desirable to reduce the low-frequency response of a microphone
(e.g. velocity type) to reduce the effects of accentuated low frequency response due to
““ close talking ” or to reduce ‘‘ building rumble.”

(xiii) Microphone transformers

There is at present a very unhappy state due to the lack of accepted standards for
microphone transformer output impedances. The American R.M.A. Standard for
broadcasting is 150 ohms (Ref. A16). See also (xiv) below.

Most microphones are designed to work into an unloaded transformer. The best
quality microphone transformers have special provision for reducing hum, such as
outer steel shields, inner alloy shields and hum-bucking core construction. By this
means it is possible to reduce hum to a level far below the level of random noise.

(xiv) Standards for microphones
(A) Microphones for sound equipment

The following summary is based on R.M.A. Standard SE-105 (Ref. A20).

A microphone is defined as an electro-acoustical transducer which converts
acoustical energy into electrical energy, the waveform in this conversion remaining
substantially unaltered.

The field response of a microphone at a given frequency is defined by

20 log,o (E/P)
where E is the open circuit voltage generated by the microphone at its accessible
terminals and p is the undisturbed sound pressure in dynes/cm? at the specified
frequency . . . ., the microphone being placed at a specified angle with respect to the
wave front.

The electrical impedance of a microphone at a given frequency is equal to the
complex quotient at the specified frequency of the alternating voltage applied to the
accessible terminals divided by the resulting alternating current when the microphone
is placed in a free air field . . .. It shall be expressed in terms of its magnitude and
phase angle and plotted as a function of frequency.

The nominal microphone impedance is the electrical impedance at 1000 c/s.
The nominal impedance of low-impedance microphones shall lie between 120 and
180 ohms, or between 19 and 75 ohms. The nominal impedance of high impedance
magnetic microphones shall lie between 20000 and 80 000 ohms. The nominal
impedance of any other microphone shall be specified.

The microphone system rating G,, (sensitivity) is described in Chapter 19
Sect. 1(iv)D.

The microphone rating impedance (R,, ) is a pure resistance to be taken from
the table below

Magnitude of nominal microphone impedance Rating impedance

19 to 75 ohms 38 ohms

75 to 300 ohms 150 ohms

300 to 1200 ohms 600 ohms

1200 to 4800 ohms 2 400 ohms

4 800 to 20 000 ohms 9 600 ohms

20 000 to 80 000 ohms 40 000 ohms

80 000 ohms or more ohms 100 000 ohms

The directional pattern of a microphone at a specified frequency is the variation
in the field response at that frequency for different angles of sound incidence measured
from a specified zero position. Zero position refers to that microphone orientation
in which the directioa of the wave propagation lies along the axis of normal usage . . . .
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18.2 (vi) MICROPHONE PRE-AMPLIFIERS 789

n
_smo 8+ 1800250V

o,
S BpF
ouTPUT
A Fig. 18.5. Single stage
rov. e, pentode pre-amplifier for
rms. use " with diaphragm-type
.smng Input Circuit crvstal microphone.
to Main
| Amplifier
]
8 FIG. 18.5

sound pressure of 10 dynes/cm?, allowing a margin of 5 db for attenuation by the
volume controls.

This is reasonably satisfactory for simple public address systems, home recording
and amateur transmitters, although the margin of gain is small. It may also be used
to feed the pickup terminals of any normal radio receiver.

Higher gain (45 dbvg*) may be obtained by the use of a selected type 6AU6 with
R, = 0.22 megohm, R, = 0.43 megohm and R, = 1700 ohms. Under these con-
ditions V' C, may be adjusted to give about 10 db attenuation, V' C, set to provide the
desired output level under average conditions, and VC, then used as the control—
this will prevent overloading of the valve.

The recommended maximum value of V'C, is 1 megohm. Higher values may be
used without damage to the valve, on account of the plate and screen resistors, but the
operating point may be seriously shifted by reverse grid current, leading to distortion
and loss of gain. Normally V'C, would be set at maximum, and only reduced for
very close working.

This arrangement has many limitations, and the noise level is high, but it is good
enough for the simplest and cheapest applications mentioned above.

(B) Single stage pentode pre-amplifier followed by cathode follower (Fig.
18.6)

This circuit has the advantage over Fig. 18.5 that the pre-amplifier may be some
distance from the main amplifier, the two being linked by a low impedance line,
and that low impedance mixing may readily be applied. The gain and performance
are very similar to those of Fig. 18.5 except that the second volume control would

normally be incorporated in the low impedance line (reflected impedance about 400
ohms).

50,0000 10,0009
~AAV—OB +
1800250V
N OpF
Fig. 18.6. Single stage
pentode pre-amplifier fol-
lowed by cathode follower,
for use with diaphragm-rvpe
crystal microphone.
LINE
O_-_-
FIG. 18.6

This circuit has the disadvantage that the cathode follower stage may give rise to
audible hum. It should therefore be restricted to use with a sensitive type of crystal
microphone or to applications where a low hum level is not essential.

(C) A preferred arrangement is a good transformer in the cathode circuit of the 6J5,
stepping down from 20 000 ohms primary impedance to any desired line impedance.
(D) Cathode follower as low-noise input stage

Fig. 18.6A shows the conventional cathode follower, and Fig. 18.6B shows the modi-

fied circuit for use as a low-noise input stage in connection with crystal microphones
*dbvg = decibels of voltage gain—see Chapter 19 Sect. 1(ii).
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798 (v) ELECTRONIC ATTENUATORS 18.3

[ L

N —

-
o

o ATTENUATION in db
8

3

N

T

<00 -0l g o] 0
ImR

FIG. 18.18
Fig. 18.18. Universal design curve for electronic attenuator (Ref. C15).
an output of 5 volts is 0.199, with input to grid 1, and 1.49, with input to grid 3. A
plate load resistor of 50 000 ohms gives lower gain and distortion. For electronic

gain control purposes, it is advisable to apply the signal to grid 3 and the control
voltage to grid 1 (Ref. C20).

‘9mA
6BES IMa o
-0l pf, == oty
i€ =250 )3ema

LAY I VAV
V000 500009, Fig. 18.18A. Fader-mixer
OlyF w Q 1g er-m1
l l # g"“"' circutt using type 6BE6
Tnput  Input IMALS IMAL . MA Output (Ref. C20).
T T 25"FT soon)l

L L
FIG. (8.18A : +asov— :

(vi) Mixers and faders—general

When more than one input source is employed, some form of control is necessary
to enable the operator to change from one to the other, or to mix the outputs of two
or more sources. A properly designed mixer and fader system enables these objects
to be achieved without perceptible jumps.

Mixers (as the complete system will here be called) may be divided into high im-
pedance and low impedance ; constant impedance and non-constant. In addition
there are those that have sources at approximatély the same level and those with
sources having a considerable difference in level. To achieve correct functioning
of mixers, it is necessary to provide for the control of the level of individual input
sources. Any frequency equalization of input sources is applied prior to the mixer.

(vii) Non-constant impedance mixers and faders

These are commonly used in public address systems, amateur transmitters and other
applications which do not require precise adjustment to a predetermined level. The
controls are of the continuously variable potentiometer type, and the mixing is usually
carried out between a pre-amplifier and a subsequent amplifying stage—under these
conditions there is no necessity for maintaining either constant input or output im-
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804 REFERENCES 18.4

Where there are long circuits between pre-amplifier outputs and mixer outputs,
it is usually considered wise to use balanced transformer inputs to avoid the possi-
bility of cross-talk or noise affecting the programme.
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18

A26. }iillinrd, J. K. * Miniature condenser microphone ”* Jour. S.M.P.E. 54.3 (March 1950) 303.
A27. Anderson, L. J., and L. M. Wigington ‘“ The Bantam velocity microphone >’ Audio Eng. 34.1
an. 1950) 12.

AZS.UAnderson, L. ]J., and L. M. Wigington ‘‘ The KB-3A high-fidelity noise-cancelling microphone *
Audio Eng. 34.4 (April 1950) 16. R . ) ]

A29. Beaverson, W. A,, and A. M. Wiggins ‘‘ A second-order gradient noise cancelling microphone
using a single diaphragm ** J. Acous. Soc. Am. 22.5 (Sept. 1950) 592.

A30. Radio Manufacturers Association ‘‘ Standard amplifiers for sound equipment ”’ SE-101-A (July
1949). .

Additional references will be found in the Supplement commencing on page 1475.

(B) PRE-AMPLIFIERS, NOISE AND HUM

Bl. Landon, V. D. * The distribution of amplitude with time in fluctuation noise " Proc. I.R.E. 29.2
Feb. 1941) 50.

B2. écll, D. A. “ Measurements of shot and thermal noise " W.E. 18.210 (March 1941) 95; (letter)
W. H. Aldous and E. G. James, W.E. 18.214 (July 1911) 278.

B7. Bell,"D. A. (letter) ¢ Shot noise and valve equivalent circuits ** W.E. 20.242 (Nov. 1943) 538.

B8. Merchant, C. J. *“ Thermal noise in a parallel r.c. circuit " Elect. 17.7 (July 1944) 143.

B13. Campbell, N. R., and V. J. Francis *‘ A theory of valve and circuit noise ** Jour. LE.E. Part 3;
93.21 (Jan. 1946) 45. . o o o N _

B14. Hooke, A. H. ‘“ A method of measuring grid primary emission in thermionic valves ** Electronic
Eng. 18.217 (March 1946) 75. i N .

B15. Crawford, K. D. E. “ H.F. Pentodes in electrometer circuits *’ Electronic Eng. 20.245 (July 1948)
227

B16. Heacock, D. P., and R. A. Wissolik *“ Low-noise miniature pentode for audio amplifier service *
Tele-Tech 10.2 (Feb. 1951) 31. See also Rcf. B56. , .

B17. Knight, C. A. and A. P. Haase ** New low noise input tube '’ Radio and T.V. News 12.3 (March
1949) 15.

. Amalgamated Wireless Australasia Ltd., Consolette G52107.
g{g Mcye%, R. J. *“Open-grid tubes in low-level amplifiers ** Elect. 17.10 (Oct. 1944) 126.
B20. Shipton, H. W. “ Valve and circuit noise in high gain amplifiers " Electronic Eng. 19.229 (March
81.

B23.ll\)};/1;,l)tcr, W. G., H. W. Shipton and W. J. Warren ** Demagnetising valves—as a cure for residual
ripple ** Electronic Eng. 20.245 (July 1948) 235 ; Correspondence 20.248 (Oct. 1948) 339 ; 20.250
(Dec. 1948) 406 ; 21.251 (Jan. 1949) 30. . .

B25. Smith, F. W. * Heater supﬁhcs for amplifier hum reduction’’ Audio Eng. 32.8 (Aug. 1948) 26.

B26. Britton, K. G. * Reducing heater hum * W.W. 54.10 (Oct. 1948) 360.

B28. Chinn, H. A. * Audio system design fundamentals * Audxo"En . 32.11 (Nov. 1948) 11.

B40. Pierce, J. R. ““ Noise in resistances and in electron streams ** B.S.T.J. 27.1 (Jan. 1948) 158.

B4l. Ellis, H. D. * Swudio equipment—a new design ** B.B.C. Quarterly (April 1946).

B42. Dickerson, A. F. ‘“ Hum reduction ” Elect. 21.12 (Dec. 1948) 112.

B43. Le Bel, C. J. *“ New developments in preamplifiers ** Audio Eng. 33.6 (June 1949) 9.

B4s. Thompscn, B. J., D. O. North snd W. A. Harris ** Fluctuaticns in space-charge-limited currents
at moderately high frequencies '* R.C.A. Rev. Jar., April, July,"Oct 1940, Jan., April, July, 1941.

B45. Williams, F. C. * Thermal fluctuations in complex networks ** Jour. L.E.E. Wireless Section 13
(1938) 53.
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808 (iii) ABSOLUTE POWER & VOLTAGE EXPRESSED IN DECIBELS 19.1

widely used at the present time. As an example, a power of 1 watt may be described
as
30 db (reference level 1 mW)
or 30 db (0 db = 1 mW).
or 30 dbm®*.

The abbreviation db 6m is sometimes used to indicate a level in decibels with a
6 milliwatt reference level.

To convert from a reference level of 1 mW to 6 mW, add — 7.78 db.

To convert from a reference level of 1 mW to 10 mW, add — 10.00 db.

To convert from a reference level of 1 mW to 12.5 mW, add — 10.97 db.

To convert from a reference level of 6 mW to 1 mW, add + 7.78 db.

To convert from a reference level of 10 mW to 1 mW, add + 10.00 db.

To convert from a reference level of 12.5 mW to 1 mW, add + 10.97 db.

With any reference level, a power with a positive sign in front of the decibel value
indicates that this is greater than the reference power, and is spoken of as so many
““ decibels up.”” A negative sign indicates less power than the reference power, and
is spoken of as so many ‘ decibels down.” 0 db indicates that the power is equal to
the reference power.

A statement of power expressed in decibels is meaningless unless the reference
level is quoted.

References 1, 5, 8, 9, 10.

(B) Voltage
A reference level of 1 volt has been standardized in connection with high impedance

microphones. The abbreviation dbv has been standardized (Ref. 38) to indicate
decibels referred to 1 volt.

(iv) Microphone output expressed in decibels

The output of a microphone may be expressed either in terms of voltage or power.
(A) In terms of output voltage

The response of a microphone at a given frequency may be stated in decibels with
respect to a reference level 0 db = 1 volt (open-circuit) with a sound pressure of
1 dyne per square centimetre (Ref. 36). The abbreviation dbv is used to indicate a
voltage expressed in decibels, with reference level 1 volt (Ref. 38).

For example, the output of a microphone may be stated as — 74 dbv with a sound
pressure of 1 dyne per square centimetre. This is the open-circuit voltage developed
without any loading such as would be provided by the input resistance of the amplifier.
Table 1 [Section 1(x)] may be used to determine the corresponding open-circuit
voltage, which for the example above is approximately 0.0002 volt r.m.s. (Column 1).
If the input resistance of the amplifier is equal to the internal impedance of the micro-
phone (here assumed to be resistive as the worst possible case) the voltage across the
input terminals will be only half the generated voltage, giving a loss of 6 dbor an
effective input voltage of — 80 dbv.

FIG. 19.]

Fig. 19.1. Amplifier ith
source of input woltage E
having internal resistance R.

In the general case, the input voltage to the amplifier will be (Fig 19.1):
E, = ER,/(R -+ R)) _
where E = open-circuit voltage developed by the microphone
R, = input resistance of amplifier o
and R internal resistance of microphone (here assumed purely resiscive).
(B) In terms of output power ) .
Alternatively the output of a microphone may be given in terms of output nowes
for a stated sound pressure.
*dbm indicates a power expressed in decibels with a reference level 1 mW.

{
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816 (x) TABLES AND CHARTS OF DECIBEL RELATIONSHIPS 19.1

Voltage Power Ratio Voltage Power Ratio
or Current (= mW to Reference| db or Current |(= mW to Reference

Ratio Level 1 mW) Ratio Level 1 mW)
3.98 x 10-% 1.585 x 10-*° 88 25 120 6.310 x 108
355 x 10-3 1.259 x 10-® 89 28 180 7.943 x 108
3.16 x 10-3 1.000 x 10-° 90 31 620 1.000 x 10?
2.82 x 10-° 7.943 x 10— 91 35 480 1.259 x 10°
2,51 x 10-3 6.310 x 10-1° 92 39 810 1.585 x 10°
224 x 10-3 5.012 x 10-1° 93 44 670 1.995 x 10°
1.99 x 10-3 3981 x 10-'° 94 50 120 2,512 x 10°
1.78 x 10~ 3.162 x 10-1!° 95 56 230 3.162 x 10°
1.58 x 10-3 2,512 x 10-1° 96 63 100 3981 x 10°
1.41 x 10-3 1.995 x 10-1° 97 70 790 5.012 x 10°
1.26 x 10~ 1.585 x 10-1° 98 79 430 6.310 x 10°
1.12 x 108 1.259 x 10-1° 99 89 130 7.943 x 10°
1.00 x 10-3 1.000 x 10-1° 100 100 000 1.000 x 10t°
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19.1 (x) TABLES AND CHARTS OF DECIBEL RELATIONSHIPS 817

TABLE 2: POWER AND VOLTAGE OR CURRENT RATIOS EXPRESSED
IN DECIBELS

db db db db
Ratio (Power (Voltage* Ratio (Power (Voltage*
Ratio) Ratio) Ratio) Ratio)

1.0 1] 0 5.7 7.559 15.117
1.1 0.414 0.828 5.8 7.634 15.269
1.2 0.792 1.584 59 7.709 15.417
1.3 1.139 2.279 6.0 7.782 15.563
1.4 1.461 2.923 6.1 7.853 15.707
1.5 1.761 3.522 6.2 7.924 15.848
1.6 2.041 4.082 6.3 7.993 15.987
1.7 2.304 4.609 6.4 8.062 16.124
1.8 2.553 5.105 6.5 8.129 16.258
1.9 2.788 5.575 6.6 8.195 16.391
2.0 3.010 6.021 6.7 8.261 16.521
2.1 3.222 6.444 6.8 8.325 16.650
2.2 3.424 6.848 6.9 8.388 16.777
2.3 3.617 7.235 7.0 8.451 16.902
24 3.802 7.604 7.1 8.513 17.025
25 3.979 7.959 7.2 8.573 17.147
2.6 4.150 8.299 7.3 8.633 17.266
2.7 4.314 8.627 7.4 8.692 17.385
2.8 4.472 8.943 75 8.751 17.501
2.9 4.624 9.248 7.6 8.808 17.616
3.0 4.771 9.542 7.7 8.865 17.730
3.1 4914 9.827 7.8 8.921 17.842
3.2 5.051 10.103 7.9 8.976 17.953
33 5.185 10.370 8.0 9.031 18.062
34 5.315 10.630 8.1 9.085 18.170
35 5.441 10.881 8.2 9.138 18.276
3.6 5.563 11.126 8.3 9.191 18.382
3.7 5.682 11.364 8.4 9.243 18.486
3.8 5.798 11.596 8.5 9.294 18.588
3.9 5.911 11.821 8.6 9.345 18.690
4.0 6.021 12.041 8.7 9.395 18.790
4.1 6.128 12.256 8.8 9.445 18.890
4.2 6.232 12.465 8.9 9.494 18.988
43 6.335 12.669 9.0 9.542 19.085
4.4 6.435 12.869 9.1 9.590 19.181
4.5 6.532 13.064 9.2 9.638 19.276
4.6 6.628 13.255 9.3 9.685 19.370
4.7 6.721 13.442 9.4 9.731 19.463
4.8 6.812 13.625 9.5 9.777 19.554
49 6.902 13.804 9.6 9.823 19.645
5.0 6.990 13.979 9.7 9.868 19.735
5.1 7.076 14.151 9.8 9.912 19.825
5.2 7.160 14.320 9.9 9.956 19.913
5.3 7.243 14.486 10.0 10.000 20.000
5.4 7.324 14.648 100 20 40

55 7.404 14.807 1000 30 60

5.6 7.482 14.964 10000 40 80

*Or Current Ratio.
To find the decibels corresponding to ratios above 10, breuk the raric into two factors
and add the decibels of each. For example---
Voltage ratio = 400 = 4 x 100. Decibels = 12.041 4 40 = 32.041.
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842 (x) DAMPING 20.2

Another method is to wind a separate feedback coil of very fine wire over the
existing voice coil in a conventional loudspeaker. The voltage induced in this coil
by the motion 6f the voice coil is a pure.motional voltage at most frequencies. This
voltage may be used as a feedback voltage to increase the damping and to reduce
distortion arising from non-linearity of the cone suspension and from fringing of the
magnetic field..

At very high audio frequencies the mutual inductance between the driving voice
coil and the feedback coil produces in the feedback voltage a component which is
dependent on the induction between the coils rather than on the motion alone. This
difficulty is overcome by incorporating additional mutual inductance equal in value
but of opposite sign, between the voice coil and feedback circuits at a point external
to the magnetic field (Ref. 148).

SECTION 3: BAFFLES AND ENCLOSURES FOR DIRECT-
RADIATOR LOUDSPEAKERS

(1) Flat baffles (if) Open back cabinets (iii) Enclosed cabinet loudspeakers (iv)
Acoustical phase inverter (‘‘ vented baffle’) (v) Acoustical labyrinth loudspeakers
(vi) The R-J loudspeaker (vit) Design of exterior of cabinet.

(i) Flat baflles

The baffle is intended to prevent the escape of -air pressure from the front to the
back of the cone, which is out of phase at low frequencies. In many theoretical
calculations an infinite flat baffle is assumed, but in practice a baffle is only made just
large enough to produce the desired results. When the air distance around the baffle
from front to back of the cone is equal to the wavelength, there is a dip in the response.
For this reason, baffles are frequently made of irregular shape or the loudspeaker is
‘not mounted in the centre, the object being to produce air distances from front to
back of the cone which vary in a ratio at least 5 : 3. For example, with a 4 ft. square
baffle and a 10 in. cone, the centre of the cone may be 18 inches from each of two
adjacent sides.

The size of a square baffle, with the loudspeaker mounted off-centre, for desired
bass response is given approximately by the following table for a 10 inch diameter
cone (Ref. 13A):

Minimum frequency 300 170 80 c/s
Side of square 2 4 8 feet

Below this minimum frequency, and below the loudspeaker bass resonant fre-

quency, the response falls off at the rate of 18 db/octave.

The best flat baffle is provided by mounting the loudspeaker in a hole in the wall
of a room, with the rear of the cone radiating into another room.

In a very large flat baffle, a loudspeaker which has a sufficiently high Q will have
a peak in the response characteristic at, or somewhat above, the bass resonant fre-
quency ; below the peak frequency the attenuation is at the rate of 12 db/octave.
Refs. 13, 13A, 14, 15 (Part 2), 75, 147, 151, 177.

(ii) Open back cabinets

An open back cabinet, as commonly used with radio receivers of the console, table
or mantel type, has a resonance in the enclosure to the rear of the cone. This resonance
causes a peak in the response characteristic at a frequency which is mainly a function |
of the cabinet although also influenced by the loudspeaker characteristics. For
example, a cabinet 2 feet x 2 feet x 8 inches depth gave peak response at 180 c/s
with a loudspeaker having a bass resonant frequency of 20 c/s, while the same cabinet
gave a peak response at 110 c/s with a loudspeaker having a bass resonant frequency
of 100 c¢/s. (Ref. 13A, Figs. 6.19B and 6.20B). The height of the peak is about
3 to 6 db for shallow cabinets or about 6 to 10 db for deep cabinets.
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20.3 (iii) ENCLOSED CABINET LOUDSPEAKERS 845
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Fig. 20.12. Theoretical response of enclosed cabinet loudspeaker for various values
of the effective damping resistance R,. Resonance frequency 45 c/s. (Ref. 135).
References to enclosed cabinets : 13A, 29, 36, 80, 81, 84, 116, 116A, 135, 147,

151, 166, 168, 188.

(iv) Acoustical phase inverter (“ vented baffle »)
Also known as a bass reflex baffle.
This has a vent* or duct in the front of the cabinet which augments the direct

radiation from the cone at low frequencies (Fig.

/\ 20.13). The box should be at least partially lined
AN 20-4’-. with sound absorbent material to absorb the
\\ higher frequencies, but should not be too heavily
\\>’ damped at frequencies below about 150 c/s.
The cabinet should be strongly made of heavy

a3 \;ﬁ timber with adequate bracing to prevent vibration.
< L— "—*-I
203

Many cabinets which have been built for
this purpose are partially ineffective as the

INCH PADDING ON ALL
INSIDE FACES

A<—! /
-

£
4 1. BVARE)
\
X ol /
s
4 HOLES = DIA. s
|+ i6
. .
-] EQU'ISPACED ON 912_ | L’ N tg_l
113 PC.OIAS 4
! a *
[ .
r<—l.2 — ; g
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A=l FIG. 20. 13 SECTION A=A

Fig. 20.13. Typical corner cabinet with vented baffle, designed for a Goodmans Axiom

12 inch loudspeaker with a bass resonant frequency of 55 c/s, which can be used with

a speaker resonant at 75 c/s by removing the tunnel. Cubic capacity about 8000
cu. ins. = 4.6 cu. ft. (Ref. 182).

*An alternative form uses several tuned resonators from the inside to the outside of the cabinet (Ref. 18).
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Fig. 20.14. Curves showing tunnel length for 10, 12, 15 and 18 inch Goodmans
loudspeakers with bass resonant frequencies from 20 to 100 c/s. The tunnel length
should not exceed 1/12 of the wavelength of the speaker bass resonant frequency ;

points to the right of the broken lmes should not be used (Ref. 182).
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203 (iv) ACOUSTICAL PHASE INVERTER 847

result of wall vibration under the extremely arduous conditions of operation. Other
materials which have been used satisfactorily include brick and concrete.

Vented baffles are normally designed so that the loudspeaker bass resonant fre-
quency is matched to the acoustical resonant frequency of the cabinet ; unmatched
combinations are, however, also used.

(A) Matched vented baffles

The merits of the vented baffle, when correctly applied, include

(1) improved bass response,

(2) much reduced amplitude of movement of the cone at the resonant frequency,
and hence reduced distortion at the same power output or increased power
handling capacity for the same distortion,

(3) decreased peak electrical impedance,

(4) increased acoustical damping over a limited range of low frequencies (not
including the vent resonance),

(5) increased radiation resistance and decreased reactance of the loudspeaker
at low frequencies.

The vented baffle appears to be preferred by most engineers to the acoustical
labyrinth, even apart from cost.

The vent area should normally be the same as the effective radiating area of the
cone, and the curves in Fig. 20.14 are based on this relationship. Thus the cross-
sectional area of the tunnel is given by #R? where R is the radius of the piston equiva-
lent to the speaker cone at low frequencies. The tunnel may have any length from
the thickness of the timber (i.e. when no tunnel, as such, is constructed) to a maximum
of approximately one twelfth wavelength, indicated by the broken curves in Fig. 20.14 ;
consequently the area to the right of the broken curves should not be used.

A reasonable length of tunnel enables a smaller enclosure to be used, but the space
between the end of the tunnel and the rear of the cabinet should not be less than R.
The volume occupied by the loudspeaker must be 3added to the volume derived from
the curves to obtain the volume of the enclosure. If the volume of the loudspeaker
is not known, the following approximation may be used :

Volume displaced by loudspeaker :

Loudspeaker dia. 8 10 12 14 16 18 ins.

Volume (approx.) 250 400 650 1000 1600 2300 cu. ins.
Also add volume displaced by internal timber bracing.
Note that no allowance should be made for the thickness of the damping material.
The curves for the volume of the cabinet are derived from the relationship

1.84 x 108 1 ]
— 2
voolr[ME0 W
where V' = volume in cubic inches,
R = radius of equivalent piston in inches,
L = length of tunnel in inches
and o = 27 X frequency of vent resonance.

When correctly designed a vented baffle loudspeaker has two impedance peaks,
one above and one below the vent resonance, while the same loudspeaker on a flat
baffle has only one impedance peak—see Fig. 20.15. In all cases where optimum
performance is desired, the electrical impedance characteristic below 150 c¢/s should
be measured using a constant current source and a voltmeter. The ratio of the two
peak frequencies should not exceed about 2.4 : 1 nor be less than about 1.5 : 1 and
any subsidiary peaks caused by standing waves should be removed by the addition
of damping material (as for the enclosed cabinet above ; see also Fig. 20.17).

Tests for acoustical output should not be made until the cabinet dimensions and
damping have been adjusted to give the correct impedance characteristic. in general,
with a vented baffle the bass range over an octave or more is increased by several
decibels over either a very large baffle or an enclosed cabinet loudspeaker.

The power gain may be greater than 3 db since the air loading of the cone may be
increased appreciably over the lower octave of the frequency range. For about one
third of an octave above and below the resonant frequency of the system, the, greater
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20.3 (iv) ACOUSTICAL PHASE INVERTER 849

I, and I, represent the alternating air current flow in the cone and vent respectively.
I, originates at the back of the cone and I, must therefore be reversed in phase with
respect to I, if the acoustical output of the vent is to reinforce that from the front of
the cone. At f,, the frequency of the vent resonance, I, and I, are approximately
in quadrature ; above f,, the desired reinforcing condition is approached, but below
fy the two air currents oppose one another.

The performance of the system is determined by the value of f,,, which is normally
made equal to the loudspeaker bass resonant frequency, and also by the ratio L,/C .
With a large cabinet and large vent (C large, L, small) the response can rise to a
peak in the bass, while a small cabinet and a small vent (C small, L, large) will give
much the same effect as a completely closed cabinet, i.e. there may be bass loss.
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Fig. 20.17. Free-air axial response of a vented baffle loudspeaker and corresponding
impedance characteristics (a) conventional damping (b) optimum damping (c) excessive
damping of partition. (Ref. 135.)

Between these two extremes, there will be a pair of values for L, and C which gives
the best approximation to a flat frequency response. The cabinet volume required
for this last condition depends on the efficiency of the loudspeaker unit and the output
impedance of the amplifier. Fig. 20.17 shows the response and impedance charac-
teristics of a 15 inch unit in a 10.5 cu. ft. cabinet. Curves (a) are for the cabinet lined
with kapok quilt and carpet felt, with internal space left free ; a serious internal
resonance shows at about 120 ¢/s. Curves (b) show how this resonance was sup-
pressed by introducing into the cabinet a partition having a window of area about
170 sq. ins. covered with three layers of } in. carpet felt. This damping does not
seriously affect the frequency response but it suppresses the lower frequency impedance
hump. Curve (c) shows the effect of too many layers of felt on the window. In
this case the design aimed at a nearly level frequency characteristic down to 50 c/s.

See also Ref. 211 for other form of equivalent circuit.

(B) Unmatched vented baffles

Unmatched vented baffles preferably incorporate a loudspeaker having a very low
bass resonant frequency. The cabinet is designed quite independently of the loud-
speaker and may, if desired, be fitted with an adjustable vent. In the latter case
the maximum vent area may be somewhat greater than the loudspeaker cone area,
while in the other extreme the vent may be completely closed. Using a cabinet
2 ft. x 2 ft. x 18 ins. (volume 6 cu. ft.) and a loudspeaker with a bass resonant fre-
quency of 30 c/s, the frequency of maximum acoustical pressure increases from 40
to 60 thence to 75 c/s as the vent area is varied from small to medium to large respec-
tively. The height of the maximum response above that at 400 c¢/s rises from 4 db
(small vent) to 6 db (medium vent) thence to 8 db (large vent) (Ref. 13A).

In other cases a loudspeaker is used which has a bass resonant frequency of con-
ventional value, but here also the vent frequency is higher than the loudspeaker bass
resonant frequency. This permits the use of a smaller cabinet while still retaining
some of the good features of a matched vented baffle, although it is not so good on
transients. In all cases an adjustable vent area is desirable. Tunnels are not gener-
ally used, since they give no flexibility of adjustment.

The vent frequency should not exceed (say) 90 c/s, otherwise the tone will be poor.
This limits the reduction in cabinet volume to about 24 cubic feet.
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The shape of the cabinet, as well as its volume, affect its frequency response and
impedance characteristics. For example, a change from 30 ins. x 15 ins. x 8 ins.
to an equivalent volume 15 ins. X 15 ins. X 16 ins. caused an increase from 45 to
58 c/s in the lower impedance peak and from 75 to 110 c/s in the higher peak (Ref.
117). In the cubic shape of cabinet the addition of an internal partition between
loudspeaker and vent, extending approximately half-way from front to back, causes a
reduction in the frequencies of both impedance peaks, and is claimed to give improved
results on both speech and music (Ref. 117).

Careful attention to damping, along the lines given above for both enclosed cabinets
and matched vented baffles, would be well repaid.

(c) Special types of vented baffie loudspeakers—see Supplement.

Refs. to vented baffles : 4,9, 12, 13, 13A, 29, 36, 76 (Part 2), 85, 96, 113, 116, 116A,
117, 118, 135, 143, 144, 147, 150, 151, 166, 168, 175, 182, 188, 202, 209, 211, 225,
229, 230.

(v) Acoustical labyrinth* loudspeaker

The acoustical labyrinth gives a performance somewhat similar to that of a vented
baffle. The rear of the cone drives a long folded tube, lined FIG. 20.18
with sound absorbing materials, the mouth of which opens in
front of the cabinet (Fig. 20.18). The length of the tube is
approximately 7 feet (measured on the centre-line) for nearly
linear response down to 70 c¢/s. The loudspeaker bass re-
sonance loaded by the labyrinth is preferably at a frequency at
which the wavelength is four times the length of the tube ; in
the example this is 40 c¢/s. If this latter condition is not ful-
filled, the frequency response will not be linear.) The loud-
speaker resonance frequency in the example was réduced from
50 to 40 c/s by the loading of the labyrinth. This is the only
form of baffle which reduces the bass resonant frequency of a
loudspeaker. The rise of impedance from 400 ¢/s down to the
bass resonant frequency is reduced considerably by the acous- Fig. 20.18 Sec-
tical labyrinth—in one case the ratio was reduced from 10 : ) to T IR
4.3 : 1 (Ref. 27).

References 13, 14, 27, 28, 188, 204, 225 Part 2.
(vi) The R-J loudspeaker

The R-J loudspeaker has a particularly compact bass unit, to which any desired
tweeter can be added. In one design a 15 inch woofer unit is mounted in a cube with
18 inch sides and fundamental bass reproduction is claimed down to 20 c¢/s. Only
the forward radiation is used, but both sides of the cone are loaded. The back of the
speaker is completely enclosed within a small stiff cavity. The front of the woofer
works into a carefully designed rectangular duct, and the sound issues from a slot
extending across the base of the enclosure.

Refs. 189, 190, 219, 234. See also Supplement.

(vii) Design of exterior of
cabinet

The sharp corners on the usual more-
or-less box shaped cabinet, particularly
those of the side in which the loud- fe
speaker is mounted, produce diffraction 2t.61ns
effects causing a sequence of peaks and
valleys up to + 5 db in the response
characteristic.  The best shaped en-
closure is a complete sphere, while the

tional view of
acoustical labyrinth
loudspeaker.

worst is a cube with the loud-speaker -l Sion |t £t -]
in the centre of one side. A rectangu- l « l"'z"" o smbaite
lar parallelepiped (box shaped) with FIG. 20 19

the loudspeaker closer to one of the Fig. 20.19. Loudspeaker enclosure to
short sides than to the other is an im- mimimize diffraction effects (after Ref. 193).

*'*Acoustical Labyrinth'’ is a registered term%WUmCarlson Co.
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20.6 (ii) POWER REQUIRED 863

Again, the loudspeaker percentage efficiency may be known, say 39, and it is
desired to calculate the intensity at a distance of, say, 30 feet with an input of 8 watts.
The unknown factor is the angle of radiation, but at frequencies up to 500 c/s this
may be taken as approximately 180° (assuming a direct radiator with a large flat
baffle) and we may therefore make use of Fig. 20.29. In this case the acoustical
output will be 8 x 0.03 = 0.24 watt and the intensity will be 87 db at 30 feet (Fig.
20.29).

At higher frequencies there will be an increasingly greater focusing effect, and the
intensity on the axis will be somewhat greater than the value calculated above.

(B) Power required indoors

When a loudspeaker is operated indoors the direct radiation is supplemented by
the reflected sound.

The reverberation time is the time in seconds for a sound to fall to one millionth
of its original intensity (— 60 db) after stopping the source. Eyring* gives

T 0.05 V
T — Sloge (1 —
where T = reverberation time in seconds,

V = volume of room in cubic feet,
S = surface area of walls, ceiling and floor in square feet,
and « = average absorption coefficient per square foot, in sabins (values are less

than unity).

The sabin is an absorption unit representing a surface capable of absorbing sound
at the same rate as does 1 sq. ft. of perfectly absorbing surface, such as an open window.

In a typical living room, the reverberation time is about 0.5 second at 500 c¢/s and
the absorption coefficient is about 0.25. The reverberation time falls to possibly
0.3 second at 5000 c/s and rises to possibly 0.75 second at 200 c/s.(Ref. 14, Fig. 13.26).

In a very large living room, the reverberation time would probably be about 0.8
second at 1000 c/s.

FIG. 20.30
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Fig.20.30. Acoustical power required to produce an intensity level of 80 db as a function

of the volume of the auditorium for optimum reverberation times (after Olson, Ref. 13,

by kind permission of the author and of the publishers and copyright holders, Messrs.
D. Van Nostrand Company Inc.).

*See Ref. 13A page 399.
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21.1 (iiy OPTIMUM PLATE RESISTANCE 881

less than the maximum electrical power output, because the signal plate current is
reduced by the high load resistance. This effect is most pronounced with low values
of plate resistance, and with triode valves or negative feedback the loudspeaker
acoustical output may actually fall at the bass resonant frequency. With pentodes
without feedback the reverse occurs, since a pentode approximates to a constant
current source, and there is a high peak of output at the bass resonant frequency.

A similar effect occurs at the higher frequencies, the highest level of response
occurring with pentodes, an intermediate value with triodes having R, = 2r,, and
the lowest with constant voltage at-all frequencies (a condition approached when a
high value of negative feedback is used).

For any one loudspeaker, there is a value of plate resistance which pro-
vides most nearly constant response at all frequencies.

Reference 5.

(iii) Procedure for ¢ matching * loudspeakers to various types of
amplifiers

When the load resistance is constant, the only procedure necessary is to select a

transformer ratio so that the resistance reflected into the primary is the correct load

for the amplifier. When the load is a loudspeaker, the procedure is outlined below.

Class A Triodes, either singly or in push-pull, may be treated very simply by
arranging for the loudspeaker impedance at 400 c/s to equal the correct load for the
amplifier. Thanks to the shape of the triode characteristics, the rise of impedance
at the bass resonant frequency decreases the distortion, and although the power output
from the valve is lower than at 400 c/s this is counterbalanced by the rise of loud-
speaker efficiency at this frequency. The rise of impedance above 400 c/s results
in a tendency towards a falling response, but loudspeakers specially designed for
use with triodes are capable of giving fairly uniform response up to their limiting
frequency. As a result, the designer of an amplifier with a triode output stage need
not consider the impedance versus frequency characteristics of the loudspeaker. but
only the response.

The ratio of the nominal load resistance R ; to the output resistance R, of the ampli-
fier is not unimportant. If R, /R, is very high, the loudspeaker is being operated
with nearly constant voltage at all frequencies. If R,;/R, is around 2 or 3, the voltage
applied to the loudspeaker is slightly greater at frequencies where the loudspeaker
impedance rises—-this is generally an advantage. See also Chapter 13 Sect. 2(iv).

Pentodes without feedback are very critical with regard to load impedance
[Chapter 13 Sect. 3(viii)]. Steps which may be taken to minimize the serious dis-
tortion include :

(1) The choice of a loudspeaker with a smaller variation of impedance with fre-
quency, at least over the low frequency range [Chapter 20 Sect. 1(v)].

(2) Shunting the load by a capacitance, or a capacitance in series with a resistance,
to reduce the impedance somewhat at high audio frequencies [Chapter 13 Sect. 3(viii)].
However, if the capacitance is sufficient to reduce the impedance to a more or less
horizontal curve, there will inevitably be attenuation of the higher frequencies.

(3) Shunting the load by an inductance, through the use of a fairly low inductance
of the transformer primary [Chapter 5 Sect. 3(iii)c ; Chapter 13 Sect. 3(vii), (viii)].
This only affects the low frequency peak, and is undesirable because of the resultant
distortion.

(4) The use of a vented baffle to reduce the low frequency impedance peak [ Chapter
20 Sect. 3(iv)].

(5) The selection of a loudspeaker impedance at 400 c/s rather lower than the
nominal value, so that there is a variation on both sides of the nominal value instead
of only cn the upper side [ Chapter 13 Sect. 3(viii)].

(6) The selection of an output valve capable of giving considerably more—say
3 times—the desired power output, so as to reduce the distortion with an incorrect
load impedance.

(7) The use of negative voltage feedback (see below).
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21.2 (i) MULTIPLE LOUDSPEAKERS—GENERAL 883

The simplest arrangement is to connect the secondaries in parallel as for extension
loudspeakers (Fig. 21.5).

Loudspeakers may also be connected in series or in series-parallel, provided that
the units are identical, with identical impedances. If loudspeakers having different
impedances are connected in parallel, the power output from each will be inversely
proportional to its impedance—

Loudspeaker No. 1. Impedance R, Power output P,
Loudspeaker No. 2 Impedance R, Power output P,
Connected in parallel with applied voltage E :
P, = E?*/R,; P, = E?/R, etc. for any number.
If it is desired to operate two loudspeakers with power outputs in the ratio 4 to 1,
where A is greater than 1 :
P,/Py, = A; Ry/R, = A
The impedance of the two in parallel will be
R = R\R;/(R, + Ry).

Example : A monitor loudspeaker is to operate with an input power of 1 watt
and is to be connected across a combined loudspeaker load of 30 watts with a total
(line) impedance of 500 ohms. The ratio of power is 30 : 1 so that the impedance
of the monitor loudspeaker (measured across the primary of its transformer) should
be 30 x 500 = 15000 ohms. In this case the monitor will have negligible effect on
the combined impedance.

(ii) Sound systems

. In medium and large installations it is convenient to design amplifiers for a constant
output voltage. The usual output voltage in U.S.A. is 70.7 volts but higher voltages
100, 141, 200 etc. are also used (R.M.A. SE-101-A, July 1949, SE-106, July 1949).
Each amplifier normally has its own distribution line suitably loaded by loudspeakers.
Each loudspeaker may be arranged—by the use of transformer tappings—to take
from the line any desired power, while any loudspeaker may be moved from one
line to another without affecting its output level. If the loudspeaker transformers
are correctly matched to the voice coil impedance and the line voltage, the matching
of the whole distribution line to the amplifier will be correct when the line is loaded
to the full capabilities of the amplifier.

The American Standard (R.M.A. SE-106) specifies transformer secondary im-
pedances of 4, 8 or 16 ohms ; this does not apply to transformers which are furnished
only as part of a loudspeaker. The primaries are tapped to provide output power
levels of 1 watt and proceeding upwards and downwards in 3 db steps (i.e. 1, 2, 4
watts etc., 0.5, 0.25 etc.) when the standard input voltage is applied.

(iii) Extension loudspeakers

An extension loudspeaker is one which may be added to the existing loudspeaker
in a radio receiver, for which provision may or may not be made by the set manu-
facrurer.

1 The most common provision for an extension loud-
@ TC ﬁ.“ speaker is shown in Fig. 21.3 in which the extension
\Y &L

loudspeaker (marked “ EXT ) is fed through a

? 9 = blocking condenser connected to the plate of the

B+o 6 EXT, power valve. It is necessary for the user to arrange

i %n for flexible leads to be taken from two terminals on

FIG. 21.3 the chassis, across the primary of the stepdown trans-

. former, to the permagnetic extension speaker. If

Fig. 21.3. Common form of the extension speaker has the same reflected load

extension loudspeaker. impedance as the transformer of the original speaker,

the power output will be shared equally between the two, but the impedance of the two

speaker primaries in parallel will be only half what it should be for maximum power

output. If no provision is made to provide correct matching, the arrangement will be

quite practical, except that the power output of both speakers together will be less than
with correct matching.
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938 (i) SHOT NOISE 23.6

TuBE PLATE SCREEN TRANSCONDUCTANCE EOUVIVALENT
TYPE ApPLICATION voLTs® | vours MICROMNOS NOISE RESISTANGE
ONMS
6ACT PENTODE AMPLIFIER 300 150 9,000 120
6ACTY PENTODE MIXER 300 150 2,200 2.800
6AGS PENTODE AMPLIFIER 2%0 150 5,000 1,650
6AGS PENTODE MIXER' 250 150 1,250 6,600
6AGT PENTODE AMPLIFIER 300 150 11,000 1,540
6AKS PENTODE AMPLIFIER 180 120 8,100 1,880
6AKS PENTOOE MIXER 180 120 1,280 7,520
6AKE PENTODE AMPLIFIE R 180 180 2,300 8,800
6ATE TRIODE AMPLIFIER 250 —_— 1,200 2,100
6AVE PENTODE AMPLIFIER 250 150 5,200 2,660
6BA G PENTODE AMPLIFIER 260 100 4,400 3,520
68A6 PENTODE MIXER 250 100 1,100 14,080
(110 CONVERTER 250 100 475" 190,000
(11 TRIODE AMPLIFIER 100 —_ 3,100 810
6ce TRIODE MIXER 100 —_— 770 3,240
6CS TRIODE AMPLIFIER 250 — 2,000 1,250
6cs TRIODE MIXER 250 —_ 500 $,000
X1y TRIODE AMPLIFIER 290 —_ 2,600 960
6Js TRIODE MIXER 250 —_— 650 3,840
646 TRIODE AMPLIFIER 100 —_— 5,300 470
TeJe TRIODE MIXER 100 -_ 1,320 1,880
30 CONVERTER 250 100 3%0° 290,000
6SAT CONVERTER 250 100 450" 240,000
6sa7-v CONVERTER 250 100 950 62,000
6SC7 TRIOOE AMPLIFIER 250 — 1,328 1890
6SG7 PENTODE AMPLIFIER 2%0 128 4,700 3,100
6SG7 PENTODE MIXER 2%0 128 1,180 12,400
6847 PENTODE AMPLIFIER 2%0 100 1650 6,100
6SKT PENTODE AMPLIFIER 2%0 100 2000 11 000
6SLT TRIODE AMPLIFIER 250 —_— 1,600 1,360
6SQ7 TRIODE AMPLIFIER 250 —_— 1,100 2,300
(@) VALUES OF PLATE VOLTAGE ANO CURRENT ANO SCREEN
VOLTAGE AND CURRENT ARE FOR TYPICAL OPERATING
CONDITIONS.
(=) CONVERSION TRANSCONOUCTANGE - MICROMNOS FIG. 23,20

After the equivalent noise resistance is known the value of r.m.s. noise voltage at
the grid of this tube can be calculated by applying the same expression that is used for
thermal agitation noise, ‘

e,? = 1.6 x 10-®4FR
or, by using the graph of Fig. 23.18.

Fig. 23.20 presents calculated equivalent noise resistance values for a number of
commonly used tubes acting as various types of circuit elements. These are, of
course, approximate figures.

It can be seen from Figs. 23.19 and 23.20 that the noise resistance or voltage is at
a minimum for a triode, increasing for the pentode and the multigrid tube, following
in that order.

Shot noise is unique among the noise sources in the sense that the shot-noise voltage
should be considered to exist in series with the grid inside the tube. The reason for
this is that nothing can be done to the external grid circuit that will alter the magnitude
of this component. Even though the shot noise must Be tolerated, its effect can be-
minimized by designing the input circuit for maximum signal at the grid. This
does not reduce the magnitude of the noise but does improve the signal-to-noise-ratio
of the receiver.
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25.1 (iv) MIXER SECTION OF CONVERTER STAGE 975

In some cases, another effect is a flow of grid current to the signal grid ; this may
happen when the oscillator-frequency voltage across the signal-grid circuit exceeds
the bias. Grid current caused by this effect can usually be distinguished from grid
current due to other causes. By-passing or short-circuiting the signal-grid circuit
reduces the oscillator-frequency voltage across the signal-grid circuit to zero. Any
remaining grid current must, therefore, be due to other causes.

Current to a negative signal grid of a tube operated with inner-grid oscillator in-
jection is sometimes observed at high frequencies (e.g. over 20 megacycles) even when
no impedance is present in the signal-grid circuit. This current is caused by elec-
trons whose effective initial velocity has been increased by their finite transit time
in the high-frequency alternating field around the oscillator grid. These electrons
are then able to strike a signal grid which is several volts negative. The magnitude
of the signal-grid current is not usually as great as with tubes applying the oscillator
voltage to an outer grid* although it may prevent the use of an automatic-volume-
control voltage on the tube.

An investigation of coupling effects in the pentagrid converter showed that the
coupling was much larger than could be explained by interelactrode capacitance.
It was furthermore discovered that the apparent coupling induced a voltage on the
signal circuit in opposite phase to that induced by a capacitance from oscillator to
signal grid. (Ref. 15). The coupling which occurred was due to variations in space
charge in front of the signal grid at oscillator frequency. A qualitative explanation
for the observed behaviour is that, when the oscillator-grid voltage is increased, the
electron charge density adjacent to the signal grid is increased and electrons are re-
pelled from the signal grid. A capacitance between the oscillator grid and the signal
grid would have the opposite effect. The coupling, therefore, may be said to be
approximately equivalent to a negative capacitance from the oscillator grid to the signal
grid. The effect is not reversible because an increase of potential on the signal grid
does not increase the electron charge density around the oscillator grid. If anything,
it decreases the charge density. The equivalence to a negative capacitance must be
restricted to a one-way negative capacitance and, as will be shown later, is restricted
also to low-frequency operation.

In general, the use of an equivalent impedance from oscillator grid to signal grid
to explain the behaviour of ‘‘ space-charge coupling’ is somewhat artificial. A
better point of view is simply that a current is induced in the signal grid which de-
pends on the oscillator-grid voltage. Thus, a transadmittance exists between the
two electrodes analogous to the transconductance of an ordinary amplifier tube.
Indeed, the effect has been used for amplification in a very similar manner to the use
of the transconductance of the conventional tube. (Ref. 32, 33).

It is found that the transadmittance from the oscillator to the signal electrode
Y mo—s is Of the form

Yoo = kBio® + jho.

At low frequencies (i.e., &, w? < k,w) the transadmittance is mainly a transuscept-
ance but, as the frequency rises, the transconductance component k, w? becomes of
more and more importance, eventually exceeding the transusceptance in magnitude.
The early work on ‘“ space-charge coupling ” indicated that the effect was opposite
to that of a capacitance connected from oscillator to signal grid and could be cancelled
by the connection of such a capacitance of the correct value (Refs. 15, 34). The effect
of such cancellation could be only partial, however, since only the transusceptance
was balanced out by this arrangement. For complete cancellation it is alsonecessary
to connect a conductance, the required value of which increases as the square of the
frequency, between the oscillator grid and the signal grid so that the transconductance
term is also balanced out. (Ref. 35, 36).

The cancellation of ‘“ space-charge coupling” may be viewed in another way.
A well-known method of measuring the transadmittance of a vacuum tube is to con-
nect an admittance from control grid to output electrode and to vary this admittance
until no alternating-current output is found with a signal applied to the control grid.

*The next part of this section contains a more detailed discussion of signal-grid current in outer-grid
oscillator injection tubes.
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990 (i) BROADCAST FREQUENCIES 25.2

amount of control for a given a.v.c. voltage. Such a circuit will also minimize cross-
modulation. However in converters without a suppressor grid the screen voltage
must not approach the plate voltage because secondary emission from the plate will
cause a large reduction in plate resistance and lead to damping of the first i-f trans-
former, so that some bleed from screen to ground may be needed. The best com-
promise can readily be determined with resistor boxes.

If maximum a.v.c. control is reguired from a triode-hexode converter, for example
when it is followed by a reflexed amplifier, and play-through must be reduced to a
minimum, a large screen bleed may be needed. )

Maximum a.v.c. control can be obtained in pentagrid converters by reducing the
oscillator plate voltage to a minimum consistent with satisfactory oscillator perform-
ance. For example with 20 volts bias on the signal grid, the conversion transcon-
ductance of a 6A8-G is reduced to less than-one half of the original figure when the
oscillator plate voltage is changed from 200 to 100 volts, although at minimum signal-
grid bias the oscillator plate voltage has little effect on the conversion transconductance.

Final operating conditions should not be decided upon until the tests outlined above
have been repeated with a number of valves, some of which should preferably have
characteristics near the upper and lower acceptance limits for the type.

(ii) Short waves
A. Alignment

Short wave alignment of the converter stage is complicated by two factors, firstly
by ‘“ pulling * of the oscillator frequency due to adjustments to the signal-grid circuit,
and secondly by the fact that in many cases the range of the oscillator circuit trimmer
is sufficient for it to be adjusted either to the correct response or to the image response.

1. Pulling : Pulling is due to coupling, either in the converter valve or extern-
ally, between the signal and oscillator. circuits, and unless suitable precautions are
taken it can result in faulty alignment at the high-frequency trimming point on the
short-wave band. The effect is that as the signal-frequency trimmer is adjusted
towards its correct setting, thus increasing the output, the oscillator is simultaneously
detuned, which decreases the output when the signal is detuned from the peak of the
i-f response. Thus the output rises to a maximum and then falls again, as is normal,
but the maximum, instead of being the correct setting, is the point at which the de-
tuning of the oscillator causes the gain to fall more rapidly than the increase due to the
approach towards resonance of the signal-grid trimmer.

The true maximum can be found by alternately peaking the signal circuit and re-
tuning the oscillator circuit to resonance (by means of the main tuning control on the
receiver) or by carrying out the two operations simultaneously—i.e. by slowly moving
the signal-grid trimmer and continually tuning through the signal, noting the amount
of output on each occasion and continuing until a maximum is reached. This pro-
cedure is known as “rocking’’ the tuning control.

If there is a noise source available with constant output over a band of frequencies
at the alignment point (e.g. valve noise in a sensitive receiver, or a noise d:ode) it is
possible to trim the signal-frequency circuit without rocking as the wide-band signal
source avoids the effects of detuning. The signal input should not be large enough
to operate the a.v.c.

2. Images : Some of the difficulty experienced in short wave alignment at the end
of the band is due to confusion between the correct response and the image. This
results from the fact that the correct signal appears to differ depending on whether the
signal generator is tuned or the receiver is tuned. For example, if a receiver with
a 450 Kc/s intermediate frequency and with its oscillator on the high-frequency side
of the signal frequency is correctly tuned to an 18 Mc/s signal the receiver oscillator
is set to 18.45 Mc/s. The generator can then be tuned to a frequency 450 Kc/s
higher than the oscillator i.e. 18.9 Mc/s and the image response will be found, or
alternatively with the generator still set to 18 Mc/s the receiver can be tuned to the
lower frequency of 17.1 Mc/s when the local oscillator will be at 17.55 Mc/s, 450
Kc/s from the signal, and an image will be heard again.
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998 (iii) TYPES OF CONVERTERS 25.2

Effect) from the plate circuit to the control grid through the relatively high (0.26 puF)
plate-to-grid capacitance. This effect is normally only just noticeable but may be
aggravated by locating the 6A8-G against the back of the signal-frequency section
of the tuning condenser so that appreciable capacitance is present between the plate
of the valve and the stator assembly of the gang. The effect shows up as apparently
poor aerial coil gain so that the cause may not be suspected. It is not of course peculiar
to the 6A8-G but the already high plate-to-grid capacitance, the size of the valve and
the lack of internal or external shielding make the effect more likely to occur with this
type. The effect may be minimized by external shielding of the valve.

Part of the oscillator plate (grid 2) current is due to electrons which have passed
from the cathode through grids 1 and 3 and then been repelled by grid 4 back through
grid 3 to grid 2 again. The oscillator characteristics and thus the oscillator frequency
stability are therefore very dependent on the potentials applied to grids 2, 3 and 4 and,
for short wave operation, a.v.c. should not be applied to the valve. In addition it
may be necessary to decouple the oscillator-plate voltage supply with an electrolytic
capacitor and even to obtain it directly from the rectifier output—suitably decoupled
to eliminate hum—in order to avoid feeding a-f variations from the output valve back
to the oscillator plate and thus causing flutter.

To obtain consistent performance it is desirable to keep the oscillator-plate voltage
higher than the screen voltage.

OSC.GRID N
OSC.GR(D: - SCREEN SIG.GRID —\ ﬁSCREE
oo oo A&

00000000000
00000000000
00000000000
00000000000
©0000000000
—00000000000
00000000000
©0000000000
©00000000000
00000000000

SUPPRESSOR PLATE

—o

O%C.PLATE LATE

ATHODE SIG.GRID

SHIELD TIED TO CATHODE

SHIELD
FIG. 25.54 FIG. 25. 27
Fig. 25.26. Electrode ar- Fig. 25.27.  Electrode ar-
rangement of the triode- rangement of the pentagrid
hexode type 6K8(G). type 6SAT(GT).

(2) Type 6K8-G : The structure of the inner-grid injection triode-hexode type
6K8-G is shown in Fig 25.26. It was designed to provide more stable short-wave
performance than the 6A8-G and has a higher oscillator transconductance and operates
with lower oscillator excitation. Its lower conversion transconductance (350 mic-
romhos) gives a lower conversion gain than that obtainable from the 6A8-G although
the plate resistance (0.6 megohm) is higher.

A.V.C. can be applied to the 6K8-G on short-waves but the frequency stability
with respect to changes in other electrode voltages is only fair.

(3) Types 6BEB and 6SA7(GT): The main point of interest in the structure
of the pentagrid types 6BE6 and 6SA7(GT), Figs. 25.27, and 25.29 is that there is no
electrode which functions only as an oscillator plate.

By the omission of this electrode, it is possible to obtain a relatively high oscillator
traasconductance, without greatly increasing the total cathode current.

The oscillator circuits employed with these types have certain unconventional
features and Fig. 25.28 may be taken as typical. The lack of a separate oscillator
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for geometrical-mean tracking.

Fig. 25.38. Chart giving high values of T Lyaz

FIG. 25.38
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26.4 «(vii) CALCULATION OF COUPLING COEFFICIENTS 1045

k; = km + k. (approximately).

For the case of the two forms of coupling being in opposition
k,,, - kc

kr = 1 — kpk.

and if k,k. < 1 then
k; = kn — k. (approximately).

The above expressions for & can be derived quite simply from data given in Ref.
101, or directly using a similar method to that set out below. The results are most
helpful in determining rapidly the effect of additional top capacitance coupling e.g.
an i-f transformer is connected between the last i-f amplifier valve and a diode de-
tector, and the a.v.c. diode is connected to the primary of the transformer in the usual
manner. Then clearly there is top capacitance coupling added across the i-f trans-
former due to the direct capacitance between the two diodes, and a knowledge of the

.value of this capacitance will allow the added coupling to be taken into account when
designing the transformer. If the capacitance value is not known its effect can be
estimated when a response curve is taken.

This method for finding &, can be applied in exactly the same way to a bridged T
coupling network in which the two main series arms are inductances with mutual
inductance coupling between them, the shunt arm is a capacitance and the T is bridged
by a capacitance.

An alternative procedure, and a most important one, for determining % will now
be discussed. This method can be applied quite generally to determining coupling
coefficients for /I and T networks which have L,C, = L,C,. The method is due to
Howe and the reader should consult Refs. 99 and 100 for a more detailed explanation.
This procedure uses the relationship

(.L)lz _— (.L)22
k=——"T"%
w,® + w,
where w, is the higher angular frequency of free oscillation in the circuit and w, is
the lower angular frequency of free oscillation.

FIG. 26.6 A FIG. 26.6B

w, is calculated from Fig. 26.6A, which shows a symmetrical T network with mixed
coupling, by considering the capacitors C to be charged as shown. During the dis-

charge of the capacitors it is clear that L ,,C,, have no effect on the resonant frequency
in this case, and

 J—
w,? = 1/LC.
w, is calculated from Fig. 26.6B in which the capacitors C are charged as shown.
In this case, when the capacitors are discharging, it is convenient to consider the
shunt arm as being made up of two equal parts each carrying the primary and second-

ary current alone ; the reactances of L ,, and C,, being doubled to allow for the single
current. Then

wa? = 1
- (L + 2Lm)(77 CC,/2
C + Cn/2
L —
so that & = nCm = LG

L.C., + LC + LC,,

A somewhat similar procedure can be applied to a /I network, or an equivalent T
network can be found and the above procedure applied.
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1054 (iii) DESIGN OF VARIABLE BANDWIDTH 26.6

where g, = mutual conductance of V,
Q = QxQz = 1/ ke
wy = 2m X i-f
and L =+/L,L, (always provided that L,C, = L,C,).
Combining egns. (31) and (32), the gain from the grid of V, to the grid of the next
amplifier valve (V,) is

. E, E, E z Quol
St _ ° o _ Lo =< L )(gm 3 )
gegun = p "X E, T E, " \Z, + Z, + Z, 4 33

Eqn. (33) gives a great deal of information about the circuit. For constancy of gain,
it follows that Z, should be very much greater than (Z’, + Z,). Since Z, (or R
at resonance) cannot be altered by the receiver designer, it is necessary to make Z’,
as small as possible. However, as Z’, is made smaller the overall gain will be affected
since it is a centre tap on the output of the input i-f transformer. The maximum value
for Z, will be limited by the maximum bandwidth requirements, and the permissible
values of circuit constants. The other factors affecting gain are g,.,, Q and L. For
a given valve under a fixed set of operating conditions, g, is practically outside the
designer’s control ; the value of L(=4/L,L,) is made as large as possible consistent
with the requirements of minimum permissible tuning capacitance ; Q =1/ 0,0,
is adjusted so that Q, is made as high as possible, and since we desire Z’, to be low a
suitable value is selected for Q,. The method of determining Q has a large effect
on the stage gain which can be obtained, as will be seen later in the illustrative example.

(C) Gain variation with bandwidth change

For constancy of maximum gain at f, (i.e. the i-f) it has been suggested that Z’,
should be small. There is a limit, however, to the minimum gain variation that can
be obtained for a given change from maximum to minimum bandwidth. From the
preceding equations it may be deduced that the maximum stage gain (A ..) is ob-
tained when the bandwidth is greatest, and the minimum gain (4 ,,; ,) when the band-
width is least. This limit in gain variation (since R for the crystal is fixed) is the con-
dition for which the voltage source impedance (Z’,) becomes zero, which occurs when

A min RTz(RTl - B

= = 34

= Ao Ry ®y =B (39

where RTl = total series resistance (at f,) when the bandwidth is least
(=R + Z'y + Z,; in which Z, has its smallest value)

and R, = total series resistance (at f,) when the bandwidth is greatest

2

(=R + Z', + Z, ; in which Z; now takes up its largest value).

To determine the voltage source impedance (Z’,) for the usual condition where
Z', is not zero, we use

RTz(RT1 — R) — azRTl(RT2 — R)

z, (35)
RTz — mRTl
which, for convenience, is rewritten in terms of eqn. (34) as
7 @y —
¢ ®o o (35A)
er — R RT2 — R
where er and RT: have the values given immediately above,
R = equivalent series resistance of crystal
Am n . . . .
and « = f = gain variation desired, and must always be less than one.
If a value is selected for Z’, then
Ry(R;y — Ry — Z',Ry
« 2 1 2 (36)

= Ry (R, — R — R Z',

www.pmillett.com


http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



CfC.JC.fi
http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com



http://www.pmillett.com

1074 (i) DIODES 27.1

LOAD 5000N
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260V

FIG.27-3 AUDIO AMPLIFIER CIVING LOW A.C. SHUNTING ACROSS DIODE LOAD

Another useful method of reducing a.c. shunting effects is to use a cathode follower
stage between the detector and the a-f voltage amplifier. This is often conveniently
accomplished by employing a double triode valve, one section serving as the cathode
follower and the other as an a-f voltage amplifier.

Distortion due to the a.v.c. system will be discussed in detail in Sect. 3 below. One
type of distortion often encountered is caused by delayed a.v.c. systems at the point
where the a.v.c. diode just starts to conduct. This form of distortion is called differ-
ential distortion and may be kept to low values by making the delay voltage small.
The conventional arrangement for obtaining a.v.c. voltage from the primary of the
last i-f transformer is generally preferred, as it reduces the a.c. shunting effect across
the detector diode circuit.

The a.c. shunting due to the addition of an electron ray tuning indicator to the diode
detector circuit is serious and difficult to avoid. In order to reduce the distortion to a
minimum the resistor feeding the grid of the tuning indicator may be made 2 megohms
and the effect will only then be apparent at high percentages of modulation. If the
tuning indicator is connected to the a.v.c. system it will not operate at low carrier
levels unless the delay voltage is extremely small. One possible method, where the
utmost fidelity is required, is to use the same circuit as for delayed a.v.c. but with a
delay voltage of zero, and to connect the tuning indicator to this a.v.c. circuit. With
this arrangement a.c shunting due to the a.v.c. circuit and the tuning indicator is

;A eliminated, while differential
AVC. W loading no longer occurs.
100ULF | 6H6 MO An interesting arrangement

R4 (Ref. 8) for counteracting the

effect of a.c. loading, and so in-

= creasing the maximum percent-

age of modulation which can be

handled without excessive dis-

tortion is accomplished by the

‘02 pF use of the circuit of Fig. 27.4.

In this arrangement a positive

bias is applied to the diode plate

iMa in such a way as to be propor-

<—> tional to the carrier input. A

fixed positive bias would not be

I'oou“r p’r satisfactory since it would only

= = = = give low distortion at one carrier
FiG.27-4 COMPENSATED - DIODE DETECTOR. level.
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27.1 (i) (C) QUANTITATIVE DESIGN DATA 1081

given the value determined. A suitable practical compromise would be to make
C, = C, = 50 puF and retain the values of R, R, and R, given in the example. If
improved decoupling is required then R, could be increased to say 0.1 megohm
This also permits a higher critical modulation ratio at the expense of some reduction
in available audio output. The difficulty with non-linear distortion is not encountered
when C, is charging, since the diode is conducting and the charging time constant is
approximately C,R’,; which in our example is, taking C, = 100 puF, 100 x 10-12
X 3.12 x 10* = 312 pu secs. The discharge time constant is approximately 100
x 10712 x 0.5 x 10® = 50 p secs.

(h) Estimate of magnitude of non-linear distortion

The distortion can be found from the curves of Fig. 27.6 in the same way as for power
amplifiers (Ref. 3, p. 100). The operating point corresponding to a given signal
input is marked on the a.c. loadline. The maximum and minimum excursions of
the modulation envelope are now marked on this same line. If only second harmonic
distortion is required (and higher order harmonic distortion is very small) these points
are sufficient. For distortion calculations which involve harmonics higher than the
second the methods detailed in Chapter 13 should be used. The expression to be
used here is

, 1/4 — 1) .
2nd harmonic percentage = A7)~ 100%, (10)

positive current swing

negative current swing'

Voltage swing would give the same results, since the load is taken as being a pure
resistance.

Suppose we take R,, = R, and use the 0.5 M loadline. The carrier input
voltage is 15 volts (r.m.s.) and is modulated 50%. The voltage swing is thus + 7.5
volts (r.m.s.) about 15 volts.

From Fig. 27.6 this gives (approximately)

4 _53—~33.5 -1
T 335 — 16

where 4 =

0.11 100 2.6
21/~ = =6

The true a.c. loadline would indicate somewhat more distortion than is given by
this simple example.

(D) Miscellaneous data

(a) With radio receivers using diode-triode or diode-pentode valves as combined
detectors and a-f or i-f amplifiers several effects require consideration. Where the
combined valve is used in the a-f application, difficulty is often experienced with
residual volume effect (‘‘ play-through ). This effect is quite distinct from the
minimum volume effect experienced with receivers using a reflexed amplifier. The
residual volume is heard in the receiver output when the audio volume control is
turned to zero (the grid may also be earthed as a further check). The cause of the
effect is capacitive and electronic coupling between the detector diode and the plate
of the a-f voltage amplifier.

In some cases there may be direct coupling at audio frequencies, but usually the
important factor is coupling of modulated i-f currents which are detected in the audio
amplifier.

A complete cure for the trouble is to combine the detector diode with the i-f voltage
amplifier. However, this can sometimes lead to difficulties with regeneration or
degeneration at i-f due to coupling between the detector diode and signal grid. When
the valve is retained as an a-f amplifier it is necessary to keep all stray coupling to a
minimum by careful layout and wiring. Diode pentodes are often helpful, particularly
when series screen feed is used, as adequate screen by-passing gives a marked improve-
ment. Adequate cathode circuit by-passing is essential in all cases. Neutralization
to reduce the effect is almost useless unless rather elaborate circuits are used. In
some cases different types of sockets offer an improvement. If simple a.v.c. is used,

1
2nd harmonic percentage = 5(
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27.2 (iii) (B) DESIGN DATA 1091

rection factors to allow for variations in E; deliberately introduced by the transformer
design. However, it is possible to determine two generalised curves for the design
conditions previously imposed, one curve for Qk = 1.5 and the other for Qk = 2.
The curves are shown in Fig. 27.18A, and relate the quantity X (which is a function
of bandwidth) to the relative output voltage E;;. Only the positive halves of the
curves are shown since the negative halves have substantially the same shape. To
determine the output voltage E,,, against frequency, it is only necessary to multiply
the horizontal scale by a factor determined by eqn. (14), and the vertical scale by a
factor determined by eqn. (20) or eqn. (21) (depending on whether Qk = 1.5 or 2
is used).
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FIG. 27-18A) GENERALISED PHASE DISCRIMINATOR CURVES OF RELATIVE VOLTAGE OUTPUT (erd) VERSUS X
WITH £5/€=2; Q&=15 AND 2,

The two curves shown in Fig. 27.18(A) are calculated from the following equations.
For Qk = 1.5, the relative voltage output is

B - 3254 2
" V(G2 — X + axe @2
and for Qk = 2,

Ero

B 54
V5 = X?)? + 4x?

— X 2 1\2
e =77 (2 () -
where A 1+ [:\/1+1+X’+1+X’/

\/(‘ ~ i +Xx=)2+(1 ix=>l:|

X = Q 24f/f,
Q magnification factor determined from eqn. (14). Equation (14) is the
condition for X =1
4f = frequency -deviation from f,
and f, = intermediate frequency.
To illustrate the design procedure, and to bring out additional points, a worked
example is appended.
(C) Design example
A phase discriminator is required for use with a 10.7 Mc/s F-M i-f channel. The
maximum frequency deviation of the carrier is + 75 Kc/s. To make the problem

(23)
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27.2 (iv) RATIO DETECTORS 1103

type the secondary tuning is adjusted so that the d.c. voltage at the audio take-off
point is equal to half the total rectified voltage. As an alternative an amplitude
modulated signal can be used, the primary trimmer is adjusted for maximum d.c.
output voltage and the secondary trimmer adjusted to give minimum audio output ;
the residual output is measured in the conventional manner. Circuit unbalance is
indicated if the two methods do not give the same secondary trimmer setting.

If sweep alignment is used, the primary can be accurately aligned by using a com-
paratively low deviation, and adjusting the primary trimmer for the maximum am-
plitude of output voltage. The secondary may be adjusted by using a deviation such
that the total frequency swing (twice the deviation) is equal to the peak separation.
This procedure makes it possible to adjust the secondary tuning so that a symmetrical
detector characteristic is obtained.

Peak separation

The separation between the peaks on the F-M output characteristic of a ratio de-
tector may be measured by applying a frequency modulated signal and increasing the
deviation until the response is just observed to flatten at the peaks. When this is
done, the peak separation is equal to twice the deviation.

If an attempt is made to measure the peak separation by plotting the output charac-
teristic point by point, the peak separation obtained will usually be considerably less
than that obtained under dynamic conditions with the output voltage stabilized. The
F-M detector characteristic may be plotted point by point provided a battery of the
proper voltage is connected across the stabilizing capacitor. The voltage of this
battery must be equal to the rectified voltage which exists at the centre frequency.
In practice it is convenient to use a 7.5 volt “ C” battery and to adjust the signal
input so that the capacitor-stabilized voltage at the centre frequency is equal to the
battery voltage.

It is worth noting that the peak separation is not constant for all values of input
voltage, and measurements should be made for several representative voltages of the
magnitude likely to be encountered under practical conditions of reception. The
peak separation is wider for larger input voitages, as a result of the increased diode
loading on the tuned circuits. Similarly the peak separation is less for smaller input
voltages because of reduced circuit damping.

Measurement of A-M rejection

The measurement of A-M rejection can be carried out using a signal generator
which can be simultaneously frequency and amplitude modulated.

Ref. 34 shows a number of the typical wedge-shaped patterns which are obtained
when visual methods are used for determining the amplitude modulation present
in the audio output. A pattern of the type to be expected is shown in Fig. 27.27.
] The measurement of the A-M rejection
of a ratio detector can be described in terms
of the pattern obtained for a given frequency
deviation and a given percentage of amplitude
modulation.

I0Y,AM

The measurements should be made for
several different values of input voltage.
Ideally the pattern obtained should be a
diagonal line regardless of the presence of
amplitude modulation. The amount by
which the pattern departs from a straight
line indicates the extent to which the de-
tector fails to reject amplitude modulation.

To measure A-M rejection with a genera-
tor which can only be frequency modulated
the procedure is as follows. A frequency
G, 2727 —  modulated signal fully deviated (+ 75 Kc/s
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273 (vii) AMPLIFIED A.V.C. 1113

(b) Ifacommon i-f channel is used, it 4
is possible to add a further i-f stage with
fixed bias for a.v.c. only, followed by a
separate a.v.c. rectifier. By this means o]

o—t

it is possible to avoid the distortion due

to shunting of the diode load resistor, or

to ‘“ differential loading ” at a point

where the a.v.c. delay is just being over-

come. AVC
(c) A d.c. amplifier may be used to B'AS

amplify the voltages developed at the .

rectifier. A typical circuit arrangement 4 f JVE‘ R2

giving d.c. amplified a.v.c. is shown in

" ! I FIG. 27.35 R 3
Fig. 27.35. Design methods are given B—
in Refs. 44 and 45. Circuit  Arranqement for Obtaining D.C. Amplified AV.C

A1
P4l

See also Fig. 27.43 and the description given in Sect. 4(ii) later in this chapter.

(viii) Audio a.v.c.

Audio a.v.c. is sometimes used in radio receivers in conjunction with a.v.c. applied
to the r-f and i-f stages to flatten out the overall a.v.c. characteristic. Whole or part
of the a.v.c. bias voltage is applied to an audio frequency voltage amplifier valve
having a grid with a variable-mu characteristic.

It should be clear that conventional a.v.c. systems cannot give a perfectly constant
a-f output with a varying input voltage, because conventional a.v.c. is a “ back-acting ”’
device in which the effect on the controlled stages must follow the change occurring
at a later stage in the receiver. Audio a.v.c. is ‘ forward-acting "’ and so a constant
or even a drooping characteristic is possible for increasing signal input voltages.
Simple audio a.v.c. systems tend to introduce a considerable amount of non-linear
distortion into the audio output voltage when the signal input voltage is large. This
is due to the curvature of the g,, — e, characteristic of the controlled valve.

The amount of distortion can be reduced to negligible proportions by the use of
elaborate circuits, but as these systems generally require an additional a-f amplifier
valve they are not used to any extent in commercial radio receivers.

If it is decided that audio a.v.c. is desirable, the usual procedure is to obtain the
best possible a.v.c. characteristic, apart from the a-f amplifier, and then to add just
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273 (xiv) IMPROVED FORM OF A.V.C. CHARACTERISTIC 1119

3. The power output corresponding to any selected input voltage and any position
of the volume control may be obtained. For example, with a delay of —3 volts
(curve B1) the delay voltage is overcome at an output level of slightly less than 2 watts
with the volume control set at maximum. As a further example (again assuming
400 c/s and 30% modulation) take the same curve at an input of 1000 uV, where the
output is shown as approximately 10 watts with the volume control at maximum.
The setting of the volume control to give 4 watts output and using 1009, modulation
instead of 30% is

1/(30/100)2 x (4/10) = 0.11
of the maximum resistance of the control. The actual amount of rotation will depend
on whether the volume control resistance is related to rotation by a linear or a logarith-
mic law.

4. The voltage at the detector may be calculated from a knowledge of the a-f gain
and the detection efficiency. The a.v.c. bias voltage can also be determined in-
directly by calculation from the data obtained.

5. The slope of the initial part of the curve can show up an under-biased valve in
the receiver. Cheap receivers frequently use a common source of bias for two or
more valves, and under these conditions it can happen that one of the valves has too
little bias and gives less than its maximum gain when there is no signal input to the
receiver. As the input is increased, a.v.c. is applied to each controlled valve and this
gives a comparatively rapid increase in gain from the under-biased valve. Such an
increase shows up as an early section of th