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PREFACE

There are many good treatise on the various aspects of
design and analysis of audio amplifiers. Some of these deal
strictly with the problem of frequency response and others
go into the theory of feedback and other modifications,.
These articles deal primarily with the mathematical devel-
opment of the alternating current circuit theofy involved,
and in order to apply them to an actual analysis over a
wide band of frequencies, one must go through the laborious
process of computing the output at a number of frequencies.
Furthermore, they neglect to outline a complete usable
system of analysis that can be applied over a wide band of
frequencies. Finally, in order to gain the necessary knowl-
edge to design amplifiers for practical use, one must read
far and wide to fetter the information needed.

It is the object of this thesis to gather together as
much of the available information as is necessary and
outline a procedure for the analysis of audio amplifiers
which will yield an acceptable response with simple calcu-
lations at only a few strategic frequencies throughout an
entire wide band. At all times, the phase shift of the cir-
cuits, an often ignored factor, will be considered along
with the amplitude response. This is considered important
since the action of feedback applied to amplifiers 1is
affected equally as much by phase shift as by amplitude
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response.

The material in this thesis 1s not intended for the
beginner who 1s searching for the basic fundamentals of
amplifier circult action, but rather it is intended for the
practicing engineer who is already familiar with amplifier
and alternating current circuit theory and is searching for
a systematic approach to the problem of design and analysis,
The engineer in the field has a need for an approach to the
problem that is not too involved with mathematics and which
would allow a simple graphical interpretation to be applied
to either new or existing equipment for the purpose of
readily determining corrections to a design in order to
meet the specific requirements at hand.

The procedure outlined is an amalgamation of various
developments of circuilt theory. Each bit within itself is
not original with the writer, but taken togethe} it glves
a unique and satisfactory method for analyzing the perform-

ance of amplifiers, especlally when feedback 1is involved.
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CHAPTER I
INTRODUCTION

The problem of analyzing t%e performance of an elec-
tronic amplifier resolves itself to just one question;
what happens to the amplitude and phase of the output signal
voltage when the frequency of the input signal voltage 1is
varied? This appears to be a quite simple question. How-
ever, when applied to the modern multistage amplifier it
becomes a very tedious problem if attacked by conventional
alternating current circuit methods. Therefore, any less
laborious method, that can be satisfactorily applied, would
be most welcome.

All electronic amplifier circults contain a combination
of resistance and reactance., Because of this complex imped-
ance, the output voltage and its phase with respect to the
input voltage will not be constant over a wide range of
frequencies, In order to relieve the amount of computation
required to determine the output of a given circuit over a
wide band of frequencies, a complete network can be analyzed
as a specific combination of several elementary networks,
each containing only one resistance and reactance, respec-
tively. Since the response of an elementary resistance -
reactance combination always behaves in exactly the same
manner, the overall response of the complete network can be

determined by graphically adding together the logarithmic



frequency response of the several elementary circuits in-
volved in the complete network. The main problem, prelimi-
nary to the analysis of a network by this method, involves
the arrangement of the equation for output voltage as a
function of frequency in the desired form,

The results of laboratory tests on an amplifier do not
always coincide too closely with the calculated performance
due to unknown variations in circuit values., Resistors and
condensers used in this type of work have a usual tolerance
of ten to twenty per cent. Also, tube constants such as
plate resistance, transconductance, and interelectrode ca-
pacitlies, will differ from their typical published values
due to manufacturing differences and the choice of operating
potentials, Due to these unpredictable variations in cir-
cuit and vacuum tube parameters, the response performance of
an amplifier must be carefully checked experimently to see
if i1t meets the requirements of the original design. Also,
Quite often the engineer wishes to modify an existing ampli-
fier for a specific purpose or for an improvement in tonal
and fidelity performance which also requires actual labora-
tory tests. The procedure for measuring the phase response
of an amplifier is even more of a problem to the average
engineer. There are several excellent direct reading phase
meters on the market, but they are quite expensive. Further-
more, they do not respond to the wide band of frequencies
required in high fidelity audio work. Included in this

theslis 1s the description of a relatively inexpensive



direct reading'phase me ter which will fulfill all but the
more exacting requirements on audio amplifier phase measure-

ments.



CHAPTER II

BACKGROUND THEORY

Voltage Gain and Decibel Gain

A complete amplifier usually consists of several
stages in cascade, and if these individual stages are oper=-
ated class Ay, then each stage may be considered independ-
ent of the following stage except for the effects of the
input impedance of the tube. Therefore, the overall voltage
gain of the complete amplifier is determined by the product

of the gains of the individual stages.l

‘E;*—— AVLEn r*~

s E3 ; Eq.

Figure 1., Block Diagram of a Three-Stage Amplifier

If the gain of each stage in Figure 1 is A1/67, Ap/85, and

A3£93, respectively, then the overall voltage gain would be

= = Al - AzLBs - As/Bs (1)
= AcAr Az [+ 0.t Es (2)
It will prove convenient to express the gain in deci-
bels for use in the graphical system to follow in a later

chapter.

lsamuel Seely, Electron-Tube Circuits, p. 70.



By definition,2 the decibel gain of an amplifier stage is
proportional to the logarithm of the voltage gain. In Fig-

ure 1, the decibel gain of the first stage would be3
db, = 20Log_22 (3)
1 g_E_
il
The overall decibel gain of the amplifier shown in Figure 1
would beh
Total db gain = dby + db, + db> (L)

20LogA + 20Logh, + 20LogAy (5)
The total phase shift of the complete amplifier would
be determined in the same manner as in equation (2).

The Resistance Coupled Amplifier

The most common type of amplifier stage used in modern
audio equipment is the resistance coupled amplifier. Typi-
cal circuitsS of a triode and pentode amplifier are shown in

Figure 2.

Epb

(a) Triode Amplifier (b) Pentode Amplifier

Figure 2

2Ibid., pp. 55-56.
3The use of log implies logloo
kseely, op. cit.; p. 70.

SFredrick E, Terman, Radio Englineering, 3rd Edition,
Po 230




In order to analyze the gain and frequency response of
the resistance coupled amplifier, it is convenient to use
the constant-currentd equivalent circuit as shown in Figure
3¢ This circuit assumes that the cathode and screen con-

densers are fully effective in their by~-passing action.

Ce

Pl ' i( ! ' ¥
£=Gmks l :
|
|
Y

Rp /-\Cp e Ra ‘[ C.s

Figure 3. Equivalent Circuit of a Resistance
Coupled Amplifier,

o

It can be shown’ that throughout some middle range of
frequencies, the coupling condenser C, will have such a low
reactance that it can be considered a short circuit,
whereas the reactance of the shunting capacities will be so
high as to be the practical equivalent of an open circuit.
Applying these conditions, the equivalent circuit would take
8

the form shown in Figure l, and the voltage gain would be

Voltage gain in

Ay = the middle range = Eg = gm-Regq (6)
of frequencies Eg

where Req is the parallel combination of Rp, Rc, and Rgo

OLoc. cite
TIbid., p. 232.

8Loc. cit.
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R S

Figure li. Practical Equivalent Circuit of a Resistance-
coupled Amplifier for the Mid-=range of Frequencies

i
i
Ro Re Ry Fo
|
¢

At high frequencies, the reactance of the combined
shunting capacities is no longer infinitely large in compari=
son with other shunt impedances in the circuit, and there-
fore mﬁst not be neglected, The practical equivalent cir=-

cuit9 effective at high frequencies is shown in Figure 5.

I et T
A 1:?m£5

irep Re 4 TCP* Cg
[ |
| _ Lo

.

Figure 5, Practical Equivalent Circuit of a Resistance-=
coupled Amplifier for the High Frequencies

An analysis of this circuit shows that

Voltage gain at _ . =
high frequencies An L gmRe q (7)

2
V& + EE&
X‘O

where

= L T
Xy = 2??760 reactance of total shunting capacity Coe

R

eq equivalent resistance of Rps R., and Rg in parallel.

9Terman;, op. citey, Po 232,



It is significant to note that when the ratio Rgq/X,

becomes unity, the voltage gain will have decreased to

0,707 of the mid-range gainolo It is also important to real-
ize that this drop in voltage amplification represents a

loss in gain of 3 db, and the frequency at which X, becomes

equal to Req would be

£or= L 8
&} 2wk Foq O (£}

Figure 6 shows a more complete picture of how the gain

and phase varies in the high-frequency region,h

RELATIVE GAIN-db
$ 5
/
/ o7
S
= 4

U
A
///A(
<
3 8
X »

9y SINDIA ~LIIHS ISYHI

Taoifa 0.1 £ G e 1042 (]
FREQUENCY

Figure 6, Relative Gain and Phase Shift of a Resistance-
coupled Amplifier for High Frequencies

10If X,/Req = 1, then Ay =ﬁ?%fizzfi%= =0 707

and 20Log(0,707) = =3 db., Furthermore, when Xy =

2 1] o I
-gﬁ%gg— , then solving for f yields f= ETReqCo *

Req =

llrerman, op. cit., p. 235.
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At frequencies below the mid-range, the shunting capac-
itance Cy has such a high reactance that it may be con-
sidered an open circult without introducing appreciable
error in the circuit analysis. The reactance of the coupling
capacitance C, also increases and becomes sufficient to
reduce the output voltage developed across the grid resis-
tor Rgo For this condition, the equivalent circuitl? shown

in Figure 7 (a) is used,

1
-
O
(8

J-'—‘?mEs

Rp Re Rq

| ]

Figure 7 (a). Practical Equivalent Circuit of a Resistance-
coupled Amplifier for Low Frequencles.

-n-——-&‘l’l - ===

The gain of the circuilt is now

Voltage gain at _ _ —”“‘_"me_“'.
low frequencies ~ Ag = V‘_“*"__(%*‘ gm Req (9)

where

It will be noted that in equation (9) the voltage gain
will again be reduced to 0.707 of the mid-range value when

X, = Ry and the frequency at which this occurs would be

o ol
b= pwRc,

(9A)

2rerman, op. cit., p. 23l
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Figure 7 (b) shows how the gain and phase vary in the

low frequency region,

. / =
\/ ':E
3 -0 %
) 3y m
Zz = % 1)
< % I
() T
w 7
Z_ 0
; wd

-2
W r &
14 r
m
4
.‘-.“"-hn-.\__
40:&0!.{,, AR =X lﬁo'a

FREGUENCY
Figure 7 (b). Relative Gain and Phase Shift of a

Resistance-coupled Amplifier for Low Frequencies

Other factorsl391h which may affect the gain at low
frequencies are the screen, cathode, and plate supply by-
pass condensers., In order to provide nearly perfect by=
passing action, the reactances of these condensers should
be as low as possible, and under any circumstance, each of
these reactances should be much smaller than any parallel
impedance. In actual practice it is not too difficult to
achieve and maintain these requirements in the screen and
plate supply circuits. A screen by=-pass condenser of one-
tenth to one-half microfarad capacity will satisfy all but
the most unusual case, while a twenty to forty microfarad
electrolytic condenser will usually be adequate for the

plate decoupling circuit. It might be necessary to shunt the

13Terman, op. cit., p. 236.

1”George E, Valley, Jr. and Henry Wallman, Vacuum Tube
Amplifiers, pp. 87-88.
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electrolytic with a small paper or mica type of condenser
to insure good by-passing at highufrequencies,l5 since most
of the electrolytic types show an increase in power factor
and also displays an Iinductive characteristic at higher
frequencies,

The by-passing of the cathode bias resistor presents
a more involved problem, Since the cathode resistor is
usually not more than a few thoﬁsand ohms, the by-pass
condenser would have to be very large in order to provide
a sufficiently low reactance., Large condensers of several
hundred microfarads are easily obtainable, but they would
be of the low voltage electrolytic types which tend to de-
velop an increase in leakage and power factor with age.
This increase in internal resistance of the condenser would
also increase the cathode blas impedance and degeneration
in the amplifier would result, By leaving out the cathode
by=-pass condenser entirely, the degeneration produced would
be uniform at all frequencies, but in many instances the
accompanying reduction in gain might not be tolerable,
Therefore, it seems desirable to be able to analyze the
effect of the cathode by-pass condenser in some detail.

This action will be discussed more completely in Chapter IV,

15Terman, op. cit., pp. 265-266,
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Transformer-Coupled Output Amplifier

The amplifier stage providing power to a low resist-
ance load, such as a loudspeaker, must have a low power loss
coupling circult between the tube and the load. In most all
cases, a transformer with a step-down turns ratio is used
for this purpose, The analysis and performance prediction
of an amplifier with an output transformer is somewhat more
indeterminate than the case of the resistance-coupled ampli-=
fler. This is due to several notable effects., First, the
impedances of the transformer are not lumped and must be
measured by more involved procedures, Second, some of the
impedances of the transformer are non=linear to an extent
which makes it impossible to assign a definite value for all
operating conditions encountered. Third, if all of the im-
pedances were to be included in the analysis, a very un-
wieldy problem would be encountered., However, by making
certain simplifications in the equivalent circuit, an ap-
proximate analysis can be made which will be sufficiently
accurate for practical work. The usual circuit16 and its
exact equivalent circuit is shown in Figure 8,

Since the impedances in the secondary circuit of the
transformer appear to the tube to have been modified by the
square of the turns ratio, the equivalent circuit should be
redrawn as though the transformer was reduced to unity turns

ratio. At the same time, several of the impedances can be

neglected since they are either too small or too large to

16Terman, op. cit., p. 291.
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produce noticeable effects on the performance, After making

these changes, the total equivalent circuit will be as shown

in Figure 9.

|
] i Feb

|{Cm
R ki o L2 R
e e b
5 L -~ Eo
% § sl § '
4

(a) Actual Circuit of
Transformer-=coupled
Output Amplifier

. amplification factor

o
P

=

plate resistance

Ry ~ d-c resistance of
primary winding

L! - leakage inductance

of primary

L, - leakage inductance
of secondary

Rp - d-c resistance of
secondary winding

Ry = load resistance

(b) Exact Equivalent Circuit

of Transformer-coupled
OQutput Amplifier

Cp"’

cy -

shunt capacitance of
primary

shunt capacitance of
secondary

- hysteresis losses

eddy current losses

capacitance between
primary and secondary
primary inductance

Figure 8
Ry Ly Lz R
 AARA—TEE T
| |
|
Re |
Llé RS ne

~UEg

|
|
I
¥

Figure 9, Practical Equivalent Circuit Reduced to

Unity Turns Ratio



Throughout some middle range of frequencies,17 the
reactance of the primary inductance will be so large as
to be the practical equivalent of an open circuit, while
the reactance of the leakage inductance will be so small
as to be considered a short=-circuit. By applying these
simplifications, the equivalent circuit can be drawn as

shown in Figure 10,

Rp = RP+R|

ues ©

RL=7"(Ry+ Ru)

Figure 10. Equivalent Circuit of a Transformer-coupled
Output Amplifier for the Mid-range of Frequencies

The voltage gain for this relatively simple circuit

can be seen to be

Voltage gain at the = Ay = unRy, (10)

mid-range of fredquencies M R' 4 RI

where

o
B =
It

17Terman9 Oops, cit., pPp. 291=292,
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When the frequency of the applied signal is low, the
reactance of the primary inductance will become small and
must not be neglected, The circuit shown in Figure 11 (a)

will be accurate in the low=frequency region.

—AAANA
RE=Rp+R,

HEs ©) o 2

Figure 11 (a). Equivalent Circult of a Transformer-
coupled Output Amplifier for the Low-frequency Range.

An analysis of this circuit gives

Voltage gain at - p =[&NR e e 11
low frequencies L [Rpt+RL ’V|+(B£)2 i
. X
where
g1 = R3 R{
1 |
p* 5
Xl = 2ﬁfL1
The frequency at which the low-frequency gain is
down 3 db from its value at mid-range is
R
fl | (12)

ZnLl
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In the high-frequency region, the reactance of the
leakage inductance becomes appreciable and must be cone-
sidered; while the primary reactance will be so large as to
be an effective open circult. These stipulations produce

an equivalent circuit as shown in Figure 11 (b).

Rp= Rp+R, Lo= L +La

juEség

R = M {(Ra+RL)

Figure 11 (b). Eguivalent Circuit of a Transformer-
coupled Output Amplifier for the High-frequency Range

The voltage gain for this circuit would be

-

Voltage gain at = A = AR | (13)
high frequencies H Ke +RL X o\
|+ (53

where

X = 2nfLo

Rt = R'_ + Rt?
P

The frequency at which the high-frequency gain is

down 3 db from its value at mid-range is

f2: ..__.R;L.._. (1!4.)
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It will be observed that in Figure 9 and Figure 11 (b)

the primary shunt capacity C?p has been disregarded.
When these circuits are associated with a pentode or beam

power tube, some error will be introduced when neglecting

this capacity.

the moment,

this concession will be endured,

However, for the sake of simplification at

Figure 12 shows the more complete typical gain and

phase response of a transformer-coupled output amplifier

stage.

i
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Figure 12,
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Typical Gain and Phase Response of a
Transformer=-coupled Output Amplifier Stage
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CHAPTER TIIT
THE TRANSFER FUNCTION

General Form and Operator Notation

The ratio of output voltage to input voltage of a net-
work may properly be called a transfer functionl’z’3 and
will be designated by the symbol A. The function for the
gain of an amplifier stage i1s also defined as the ratio of
output to input voltage and thus would be the transfer
function of the amplifier,

When writing the transfer function of a network it is
expedient to incorporate the notation used by Oliver
HeavysideoLL The Heavyside system makes use of an operator
which designates the mathematical operation of differenti-
ation as d = p. Conversely, the integral operator Jndt

dt
is denoted by 1.

P

When analyzing a network in terms of its steady-state

lHendrick W, Bode, Network Analysis and Feedback
Amplifier Design, p. 230.

2Harold Chestnut and Robert W, Mayer, Servomechanisms
and Regulating System Design, Volume I, pp. 101=162,

3E., W. Tschudi, "Transfer Functions for R-C and R-L
Equalizing Networks," Electronics, Volume XXII (May, 1949),
pp. 116-120.

uEugene Stephens, The Elementary Theory of Operational
Mathematics, pp. 1 and 9=10.

18
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response to a sine-wave signal, the operator takes on the
meaning of? p = +jo, where j is the conventional operator
so familiar in alternating current circuit theory, and o
is the angular velocity of the voltage or current which is
numerically equal to 27f, The use of the operator p pro-
vides a short~hand method of writing the impedance equations
of a network, and reduces the amount of work required to
manipulate an algebraic expression through its various forms,

It might be of academic interest to note, that if it
were desired to analyze a network for its transient response,
the network equations written as a function of p would be in
the proper form for the application of Laplace transforma-
tions to the solution of linear differential equationso3

The impedance equations and transfer functions shown in
Figure 13 serve to illustrate the use of the operator p for
several simple circuilts,

In order to study the characteristics of a transfer
func tion in more detail it is desirable to plot the ampli=
tude and phase shift vs. frequency, and in order to do this,
it greatly simplifies the problem to write the equation of

the function in the form

Ko W TP+ TP)(1 +TsR)- - -« - (1+TmP)
— TP +TaP) (\+TeP): -+ -+ (1+ThaP) (15)

2Chestnut and Mayer, op. cit., pp. 100-102.

3Stanford Goldman, Transformation Calculus and
Electrical Transients, pp. Ul=l3.
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The transfer function for the circuit illustrated in

Figure 13(d) was shown to be
Eo _[_Rx T[_1tRCP (16)
Ez |:R:+R’:..] | +(__&Rx cB
=%

which is of the standard form

— s LETE (17)
A= K I+ T2 P
where
K= Rem
M= th
Ta= F,Ifmﬁ cP

The transfer function of almost any four terminal linear
network can be put in the form of equation (15) providing
it is not resonant. Tn is defined as the time constant
of the factor (1 + Tnp) in which the subscript n denotes
the order of magnitude of the time constant appearing in

the expression, but the exact order of the time constants

depend upon each individual solution,
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Plotting the Amplitude Response of the Transfer Function

An accepted procedure for graphical plotting of the
transfer function would be to make the substitution of jw
for the operator p, and then solve for the db response at
a sufficlent number of frequencies to allow accurate plot-
ting of the function. Although this method would give a
true graphical representation, it would be quite tedious

and would defeat one of the main objectives of this study.

TR !

1 i

] ]
E" T~ Eo
:: C = /890u¥ :

I \
Eo ) — o

EL~ 1+RCP T | +jwRC

Figure 1lli. A Simple Circuit and Its Transfer Function

If the decibel response of the circuit shown in
Figure 1l was plotted by the above method, it would appear
as shown in Figure 15, An examination of this plot reveals

that when

_ 0 = [ - i __ = \ooo
£ = 'FO T 2MRC T (.28)(105)(1590:107'*) .l cPs

(18)
the response is down 3 db from its maximum possible value,
and as the applied frequency is increased above fo’ the
response curve approaches a line which has a slope of

6 db per octave (20 db per decade) as an asymoptote.

On the other hand, at frequencies progressively lower than
fos the response curve approaches the O db ordinate as an

asymoptote. The intersection of the two asymoptotes will be
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at the frequency f, which is characterized as the corner
frequency. Since the graphical plot of the factor 1 ,

will always be of the form depited in Figure 15, ané ;hng
plot of (1 + jwT) will be precisely the inverse, the plot-
ting of the function would be much faster if the corner
frequency was first determined as in equation (18) and then
the asymoptotes drawn from that point with the proper slope.u
The actual response may be readily drawn by placing a pre-
pared template5 tangent to the asymoptotes. The scale fac-
tors of the template must be the same as the graph paper

being used.

0 ""-.‘!C»Q*
==y
B | e -_--“‘:‘a“ 1\5‘;
~\%
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N
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ul
v
&
()
w -2o0
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A |
]
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D
o -30
405 100 3 oK 100K

FREQUENCY -CPS

Figure 15. Amplitude Response of the R-C Circuit
Shown in Figure 1l.

uChestnut and Mayer, op. cit., pp. 302, et. 5499,
5Cf. post.; p. 29.
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When a transfer function is composed of more than one
factor, the asymoptotes are drawn for each individual factor
and are then added6 together graphically to obtain the com=-

plete response of the function,

AAAAN
! R = 40000 {
| Ra=60000 |
E; Eo
| e
Y Y

’-[E =o.0159uf

Figure 16. Typical Equalizing Circuit

The circuit shown in Figure 16 has a transfer function

Of
A - =

I+ (Ri+R)CP (19)

where the time constant in the denominator is obviously the
larger. The corner frequency for the term in the denomina=

tor would be

I —
'F; - ZTT(R!+Rz)c — (c.26Ya0000 +GOOCONG015A 10C) e (20)
The straight line plot corresponding to the denominator is
shown in Figure 16 as curve A, Similarly, the corner fre-

quency for the term in the numerator is

_ | - | e &
L= z7ee = meeeoEs e S mes (21)

Curve B on the graph of Figure 16 is the asymoptote repre-
senting the numerator. The overall response, obtained by

adding the curves A and B together, is shown as curve C.

6Addition is used because the amplitude of the
asymoptotes is plotted in decibels which is a logarithm.
Logarithms representing multiplied factors are combined
by addition.
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Figure 17. Amplitude Response of the R-C Circuit

Shown in Figure 16

If a transfer function should have a term pT in the

numerator,

ly be a straight line with a positive slope of 6 db per

octave.

In this case, when f = 1/2%wT, the value of pT,

where pT = jwT is unity and the equivalent decibel value

is zerc, This serves to establish the location of the

straight line on the graph since it will pass through the

O db ordinate at a frequency of f =

pT appears in the demoninator, the plot will differ only by

1/20T, When the term

the algebraic sign of its slope.

25

the true amplitude plot of this term will actual-

Any constant term K appearing in the transfer function

will have no variation with frequency, and will plot simply

as a straight horizontal line with an ordinate value of

20°L0gKo
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To illustrate one more example in the plotting of

transfer functions, consider the circuit whose function is

= . FnlI+PR) (22)
A=K (T+ PT3)

Figure 18 shows the overall response of the function

as obtained from the sum of the individual asymoptote plots.

DECIBEL. RESPONSE

FREQUENCY

Figure 18. Amplitude Response of the Transfer
Function of Equation (22)
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Plotting the Phase Response Qg the Transfer Function

The overall phase response of the transfer function
1s also obtained by graphically adding together the phase
plots of the individual terms in the function. The phase
shift curves of the individual terms cannot be drawn as
straight line asymoptotes, but must be plotted in accord-
ance with actual computed points, however, since each of
the terms in equation (15) will have a definite form of
curvature as depited in Figure 19, they may be quickly
drawn on the graph with the aid of a prepared phase tem-
plate7 whose scale factors agree with those of the graph
paper being used,

The - terms K, pT, and 1/pT have a phase shift that is
constant with frequency. Factor K has a phase shift of zero
degrees, while pT has a shift of 490 degrees and 1/pT has
-90 degrees,

The identifying feature in locating the positions of
the curves for the terms 1 4+ pT and 1 is that the phase
shift of each term will be L5 degreei ;eggectively at its

corner frequency f = 1 . The only difference in the phase
enT,

shift of the two terms is the algebraic sign of the angle.
Figure 19 serves to illustrate the phase response

development of the function

1CL, post., Ps 29
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Figure 20(a). Template for Drawing Amplitude Response*
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Figure 20(b). Template for Drawing Phase Shift™

#Note: Due to space limitations, the reproduction of these
templates is approximately one-<half scale.
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Networks in Cascade

When two or more networks are in cascade, the amplitude
response of the overall system is determined by simply adding
the asymoptote plots of the individual networks.8 Similarly,
the total phase response is obtained by adding the phase
plots of the various networks.g When resolving the response
of networks in cascade by the prescribed procedure, it is
presumed that each following network presents no loading
effect on the preceding one. If loading is present, then
the combination must be treated as one circuit and a trans-
fer function developed in terms of the complete system.

When analyzing audio amplifiers, each amplifier stage
is considered to be a network which has no load placed upon
it by the following stage. The problem of loading 1is avoided
by treating the shunt input capacity of the tube circuit as

part of the preceding stage.

8¢cr. ante., p. 2.

gga anteog ppo LI-""SO



CHAPTER IV
TRANSFER FUNCTIONS FOR THE RESISTANCE-COUPLED AMPLIFIER

General

When analyzing the performance of an audio amplifier,
i1t is customary to investigate the effects on gain at the
low, middle, and high ranges of frequency individually. To
develop a transfer function for the complete equivalent
circuit would embody a great deal of needless effort. To
go a step farther, it is not necessary to derive a single
transfer function encompassing all of the constituents
affecting low frequency gain, since the interaction of one
upon the other 1s not serious., While there are several

factors1

influencing low frequency gain, only the major

two will be considered, namely, the coupling condenser and
the cathode by-pass condenser. At the high-range of fre-
quencies, only the shunting capacity need be considered for
good accuracy. Changes in high-frequency response due to
inductive and resistive qualities of condensers are unpre-

dictable and too remote to warrant a quanitative study.

Transfer Function for Mid-Range Freqguencies

The gein of a resistance-coupled amplifier in the mid-
range 1s independent of frequency and thus is a constant

for a given amplifier stage.

lcr. ante., p. 10

31
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The transfer function for this condition is very simple
and will not differ in form from that given in equation
(6).2 For the sake of completeness, however, it is repeated
here as

AM = 8y ° Req (24)
c? and Rg.
This function would be plotted on a log frequency graph as

where Req is the parallel combination of Rp, R

a horizontal line with an ordinate value of dby = 20LogAy.

Transfer Functions for the Low=-Range of Frequencies

The gain at an R-C amplifier at any frequency can,

in general, be said to equal

A= <BFEA AL (25)
where

oC = transfer function for the coupling condenser
effect on low frequency gain,

B = transfer function for the screen by-pass effect
on low frequency gain,

§ = transfer function for cathode by-pass effect on
low frequency gain,

A = transfer function for plate decoupling condenser
effect on the low frequency gain,

& = transfer function for the shunt capacity effect on

high frequency gain.

2Cf., ante., p. b.
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The factorsﬁ? and A are to be neglected for reasons
stated previOusly3 and since the » factor is to be con-

sidered separately, equation (25) can be simplified to
A = o< 5 Awm (26)

It remains then, to develop transfer functions relating
the effects of the coupling and cathode condensers to the
low-frequency gain.

The transfer function exhibiting the effect of the
coupling condenser C, on the low-frequency gain is actually
the same as equation (9) in Chapter II, but for the benefit
of simplicity in plotting it should be written in the form
of equation (15) in Chapter III. By applying basic alge-

braic manipulations, equation (9) can be written as

e — PT e RCeP
= TFPT T T¥RCP (27)
where
= = ke Re
R= R+ e

The corner frequency necessary for plotting the
asymoptotic response of this function would be calculated

from

|
Fccz 27 RCe

Figure 21 shows the typical amplitude and phase plots

for the function expressed in equation (27).

3cf. ante., p. 10,
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Figure 21, Typical Low-Frequency Response of an
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It is rather obvious from an inspection of Figure 22,
that when the impedance Zy in the cathode circuit is not
equal to zero that a voltage 1P-zk will appear, which will

modify the effective grid voltage Eg and produce degenera-

tion,

Re . -+
Lp Red :
7 Eﬂ § Eo
.T R \E.n. :
il e =

% 4

(a) R=C Amplifier (b) Equivalent Circuit

Figure 22

This condition will occur only at low frequencies since
the reactance of Cy at high frequencies will be so small as
to be considered effectively a short-circuit,

A rather complete analytical development of the trans-
fer function relating the cathode impedance to the gain at
low frequencies is given in Appendix A, therefore at this

point it suffices to say that

= Re | 4+ RxCrP
B\ T RetHURK ° R (29)
| ReF/ Cr P
where
Rg: RF -i-Rc

M = gmRp
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It follows that the corner frequencies for this

function would be

fe= ——W'QKCK (30)
B o o (31)
Ro TR

The curves shown in Figure 23 are typical of the ampli-

tude and phase response for the cathode function.

20\,

8 — = =

e — — —

(i;ﬂa

DECIBEL RESPONSE

Figure 23,

FREQUENCY

Response of Cathode Circuit Transfer Function
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Equations (29), (30), and (31) along with Figure 23
lend themselves very readily to qualitative studies of the
influence of various circuit elements on the response.

The constant term __AEE____ in equation (29) gives
the gain due to complete degeneration. If the cathode con-

denser was completely eliminated from the circuit, the gain

of the amplifier at all frequencies would be reduced by the

factor Ro o
R+ n Ry
o +)P' k

In many pentode amplifiers, especially in video cir-

cuits, R,<< R In this case, equation (29) could, for all

pn
practical purposes, be simplifed to

— I |+ ReCe P
b= g [|+(‘§9~; CKP] (32)
and thus
ﬁn: mﬁ%&x (33)

£, (34)

s |
A {rrgee)
It might be of academic interest to note that; for the

case of a cathode~follower where R, = 0 and Cj = 0, equa-

tion (29) can be written as

Voltage gain = gm Rk (35)
1+ngRk =
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Transfer Functions for the High-Range of Frequencies

To develop a transfer function of the desired form
which relates the shunt capacity to the high-frequency
gain, it is only necessary to rearrange equation (7) in

Chapter II to obtain

|| SN - 6
5 |+R31C-ap | +TP (36)
Where
R = 9%3 R
e + X3
q | ﬁ=+?%
G, =
The corner frequency for this function is
- |
fa= 21T Rey Co (37)

The function of equation (36) is gquite simple to plot

and appears as shown in Figure 2,
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Figure 2li. High Frequency Response of a Resistance-
coupled Amplifier Due to the Shunting Capacity



CHAPTER V

TRANSFER FUNCTIONS FOR THE
TRANSFORMER -COUPLED OUTPUT AMPLIFIER

Transfer Functions for the Mid-Range Frequencies

The development of the transfer functions for a trans-
former-coupled output amplifier consists chiefly of rear-
ranging the equations for gain from Chapter II into the
standard form of equation (15) in Chapter III,

The equation for the gain at mid-range frequencies is
independent of frequency and is, therefore, a constant,

The transfer function for the mid-range gain will be the

same as equation (10),; namely,

Am= un- Tﬁfﬁz (38)
where
RL = load resistance across the secondary.
R'L = nZ(RL + Rg) = load resistance + dec resistance of
secondary winding,
R?p = Ré + Rl = plate resistance of tube + dc resistance

of primary winding.

s
i

np/nS = turns ratio of transformer.

amplification factor of tube,

-
It

The function of equation (38) would be plotted on a
log frequency graph as a horizontal line with an ordinate

value of dbM = 20LogAy.

39
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Transfer Function for the Low-Range of Frequencies

The transfer function relating the primary inductance
to the low=frequency gain is a rearrangement of equation

(11) in Chapter II and becomes

o< = T%ﬁ.fi__f_p = b (39)
R
where
Ll = primary inductance of transformer.
R?'y = parallel combination of R'_ and Rf'_,

b L

The corner frequency determined by this function is

?
1, =. Ry (LL.O)
21 Ll
= — a0
5 -Lm a
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! P
z 3 m
< ey »
@ e =
i T n
> 2 =i
F % -
g ¢ o
. &
&j_m zﬂi.#
\\\ "
BT CYE:E ok ook
FREQUEMNMCY

Figure 25, Typical Amplitude and Phase Response of a
Transformer-=Coupled Output Amplifier at Low-Frequencies
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Transfer Function for the High-Range of Frequencies

By rearranging equation (13) in Chapter II, the
transfer function associating the leakage inductance with

the high-frequency gain results in

An= |+|1§$-p = 7¥7e (1)

where

L Total leakage inductance

o]

R =Rty + Rty

The corner frequency associated with the high frequency

function is

Qf
.ﬂ" = 21T ko ( )-|-2)
o — o
\
8. -
- [} & 2,
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<
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Figure 26. Typical Amplitude and Phase Response of a

Transformer-Coupled Output Amplifier at High-Frequencies

The transfer functions and me thods presented in this
chapter will allow a satisfactory study to be made of the
amplitude and phase shift of the usual type of audio ampli-
fier, In Chapter VII, a demonstration will be made of the
use of these transfer functions in analyzing the perform-

ance of an experimental amplifier,



CHAPTER VI
AMPLIFIER RESPONSE WITH FEEDBACK

General

Predicting the effect of negative feedback on the fre-
quency response of an amplifier becomes such a complex
problem that it is very discouraging to attempt a solution
based on conventional network analysis., If the simplified
direct form of graphical analysis discussed previously is
extended properly a simple yet suitable analysis can be
made of negative feedback effects, and the problem would not
only become less laborious but also more enlightening.

It can be shown that the gain of an amplifier with

negative feedback is equal tol
I_ A (43
= | +AR 43)
where
A = transfer function of amplifier without feedback.
B = transfer function of feedback network.

An inspection of equation ()j3) reveals that when AB — 1,
then all that remains to make the amplifier oscillate
[At>ss] is for the phase angle of AB to reverse in polarity,
which may occur at the extreme high and low frequency

ranges of the amplifier response.

lTerman, op. cit., p. 311, et. sqq.

Lo
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2 on this matter:

Quoting from Terman
In order to realize the advantages of feedback, the
amplifier and its feedback must be so arranged that oscil-
lations do not occur. In the normal range of frequencies
no problem is presented, because here the circuit arrange-
ments are such that the feedback is negative. However, at
both very low and very high frequencies, the amplifier
stages produce phase shifts that cause the phase of the
feedback factor AP to differ from the phase corresponding
to negative feedback. This introduces the possibility of A8
reversing its polarity, thus introducing positive feedback
and directly assisting the production of oscillations.
To be unconditionally stable, i.e., free of oscillations
under all conditions, it is necessary that the circuit
arrangements be such that, under conditions where the phase
shift of the feedback factor Mequals 180°, the feedback
factor A8 will have a magnitude less than unity.

If a resistive network in the feedback loop will not
allow the above conditions to be met, then the amplitude
and phase characteristics of the network can be made a
func tion of frequency. For that matter, phase correction
to AB could be accomplished by inserting an additional
phase shift circuilt of the appropriate type in the amplifier
circuit itself, When properly proportioned, this will allow
more negative feedback to be utilized than would otherwise
be possible; and also satisfy the above phase requirement,

Graphical Solution

Further examination of equation (L;3) disclosed that
when AP>> 1 the gain with feedback is approximately equal
to 143, and when Aﬁ<<l the gain is very nearly equal to A.
This suggests a graphical procedure for determining the

response of an amplifier when negative feedback is applied.3

2Terman, Opo. cit.; po 3l
3Chestnut and Mayer, op. cit., p. 336, et. sqq.



Curve A in Figure 27 shows the typical middle and

high-frequency response of an amplifier whose transfer

function is A = Ay. [“_ﬁl___;]
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z
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Figure 27. The Effect on Amplifier Response
When B = K (a constant)
Now if a negative feedback loop is incorporated with a
transfer function@B , the amplifier response with feedback
can be determined by drawing the asymoptotic plot of 1/B
on the same graph, then the total response will follow the

locus of the lower curve at all frequencies,

PECIBEL GAIN-db
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Figure 28. The Effect on Amplifier Response

\
WhenB= K,(rrp)ond T,> Ty
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The manner in which the frequency response is affected,
as shown in Figure 28, will suggest to the engineer many
possibilities for study of equalization and compensation of
amplifiers through the use of negative feedback,

Avoidance of Oscillation

It was pointed cam:LL that when the phase shift of the
feedback factor Af was equal to 180°, the magnitude of AP
must be less than unity otherwise oscillation would result.
Conversely, it can be said that when the magnitude of AP is
unity, the phase shift of the feedback factor AB must not
equal 180° if oscillation is to be avoided, As a matter of
fact, in any region where AB = 1 [where the graphical plot
of 143 intersects the plot of &]5 the phase shift of AB
should have a phase margin of safety of at least 30005
Interpreting this in a practical circult means that the
magnitude of AR should not vary too rapidly with frequency
until A is considerably less than unity,

Figure 29 shows the phase shift curves corresponding
to the asymoptotic plots of Figure 28, It will be noted
that at the frequency f, where AB = 1, the phase shift of
AR is approximately 150° thus providing a phase margin of
30°, which should be ample to prevent oscillation, If the
high-frequency response of the amplifier had fallen at the
rate of 12 db per octave instead of 6 db per octave, which

could easily occur if two stages in cascade had identical

4§£= ante., p. U4O.

5Terman9 ops. citss PpP. 317-319.
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corner frequencies in the high-range, then the phase shift
of the amplifier would pass through 90° at the corner fre-
quency and would approach 180°, This added to the phase

shift of thef function could easily result in a condition

which would produce oscillation.
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-1 80 ‘ #ﬂ N
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Figure 29, Phase Curves Corresponding to the
Amplitude Plots of Figure 28.

Limitations

The amplitude response due to negative feedback and
obtained through the use of the graphical method discussed
in the foregoing paragraphs, is subject to the conditions
as previously imposeda6 The validity of the graphical
solution depends on the provision that AB>> 1 or AP<L 1,
When AR is near unity, the errcr in the solution will vary
similar to the manner shown in Figure 30. Actual calcu-

lation of the error when 0,1>> ARB>> 10 would reveal that

Sctr. ante., p. L3.
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ERROR
/
ERROR

AB B8
(a) (b)
Figure 30. Relative Error in Graphical Solution
for Variations in B and AB
the error is too small to be of any concern in practical
design work. The region where the error would be the
largest is where the asymoptotic plot of IJB intersects
the plot of A, thus accounting for one reason why a liberal

phase margin should be provided in this region,



CHAPTER VII
ANALYZING THE PERFORMANCE OF AN AMPLIFIER

General

In order to more clearly demonstrate the use of
asymoptotic plots in the analysis of audio amplifier per-
formance, the amplitude and phase response of a small
amplifier will be analyzed, and in a later chapter the data
from laboratory tests will be presented for correlation
with the calculated data,

The amplifier circult as shown in Figure 31 was se-
lected because it has a minimum number of required stages
to allow a complete demonstration of the graphical analysis,
and also because it is typical of many small commercial
amplifier units,

The first step in preparing for the study of an ampli-
fier is to make a systematic listing of all.the pertinent.
information regarding the constants of the tubes and cir-
cuit elements. In the case of the output transformer, it
might be necessary to make measurementsl if the transformer
properties are not available elsewhere,

Tables I and II contain lists of all the information
necessary for analyzing the gain and phase performance of

the amplifier shown in Figure 31,

lappendix B.
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TABLE I
AMPLIFIER PARTS LIST

Capacitors (All capacitances are in microfarad. All
capacitors are paper unless otherwise specified.)
cl1 10, 25 v, electrolytic Cl 16, 50 v, elect.
c2 0.5, 600 v, c5 Lo, 450 v. elect.
c3 0.05, 600 v,

Resistors (All resistances are ohms. K represents 10003
M represents 1,000,000. All resistors are 1/2 watt
unless otherwise specified.)

Rl 1M, potentiometer R6  Lj00, 5 watt, Ww,
R2 3600 R7 185K, 1 watt.
R 1M R8 BK, 25 watt, WW
Ri 500K ad justable
RS 500K R9 6.5, non=inductive
Transformers
i Output transformer T2 Power transformer
UTC, R=27, 700 v, c.t., 70 ma.;
5000 ohm pri. 5 Ves 3 8.,
6.5 ohm sec. 643 Voy 3 8o
Tubes
V1 bAUb6 V3 80
V2  6AQS
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TABLE IT

TUBE AND TRANSFORMER CONSTANTS

6AT6 6AQ5
gm = 800 umho gn = 1100 umho
Ry = 1 megohm Ry, = 52000 ohms
u = 800 uw = 210
Input capacity = 5.5 uuf Input capacity = 8 puf
Output capacity = 5 upf Stray inpgt
Stray outgut capacity = 15 nuf
capacity = 15 npf
6AU6 circuit
R<Rp
R= Rg+ Ber Rp = 0,83 megohm
= R =
R_‘eq T %+%& = 0,333 megohm
R, = RptRe = 1,5 megohm
Co = 5+ 15 + 8 + 15 = ;3 upf
6AQ5 circuit
L, = 10 henry R1y = n?(Rp#Rp) = 6160
L, = 0.2l43 henry Rr = 1,5
Ry = 580 Rty = B'pR'], = 5520
Bipthty

R?p = Rp + H.1 = 52580

n = 27.8/1

1A11 tube constants were determined from the RCA
HB3 Tube Handbook,

21t has been the experience of the author that a
rather generous allowance of 15 to 20 puf per stage should
be made for stray shunt capacity,.

3Transformer constants were measured., See Appendix B.
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Mid-Frequency Gain

The mid-frequency gain of the 6AU6 stage would be

Am(6Au6) = gmRe = (200+16*) (0.333-10%) = 266 “—I—ll-)
which corresponds to a decibel gain of

dbM(_WG) = .;Z_DLJ:BAN\ = 20kog2blk = 483.5 db , (LI_S)

Following a simllar procedure, the mid-frequency

gain of the 6AQS stage would be

MR 210)(27.8)(6.5) _
An(ras) = pryr;” = (525304'(0](2:0 = 265, (L6)

When converted to decibels, the 6AQ5 gain is

dbpmeras) = ZOL.aaAM = Z0logq 0-65 = - 3.8 db. (L|_7)

As a matter of academic interest, the total voltage

gain would result as
Al = Am(baoe) - Awm(6ras) = (26b)(0L5) = 172. (48)
The total decibel gain of the amplifier is

dbu (o) = dbn(baut) +dbgleacs) = 48.5 - 3.8 = 454db (49)
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Low-=Freguency Respon392

The determination of the low-frequency response of the
6AU6 stage includes the effects of two networks, namely,
that of the coupling condenser C3 and the cathode condenser Cl.
The corner frequency assoclated with the coupling network

would be

= | = | =
ﬁc(é’“uf')_ aTRCy ~  (628)(0.83-10°)(0.05-10%¢) oeErers (50)

and the two corner frequencies related to the cathode con-

denser effect are

\ |
'FlK(éAu‘-")= 3TRCy (6.28X 36eo)(j0:10€) — et (51)
2 \ = |
fux0) = Zrmee = Eamts hEesaeTeey = 3PS 2c]
RotF Uk + (15%10¢) + (8oo)(3600)

The corner frequency for the primary inductance effect

in the 6AQ5 stage is

!

R 5520 .
£.6As) = ZFTr = 62 (o> — 88 cps (52)

The asymoptotic curves for all of the above effects
have been drawn on the graph of Figure 32 in accordance
with the procedures outlined in Chapters IV and V. The
total low-frequency response of the aéplifier as shown is
the sum of all the individual curves. It is to be noted
that the curves of Figure 32 have been drawn with reference

to the mid-range gain of L5 db rather than zero db, as was

2Cf. ante., Chapter II,
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illustrated in Chapters IV and V. This simply means that
each point on the coverall low-frequency response curve
represents an absolute level of gain instead of being merely
relative. In other respects, the graph shown in Figure 32
is largely self-explanatory.

In Figure 33, the phase shift curves for all the low-
frequency effects have been drawn and the summation made to
give the total phase shift curve of the amplifier in the
low-frequency region,

High Frequency Response

Analysis of the high-frequency response of the ampli-
fier is somewhat easier in that a smaller number of networks
have to be considered. 1In the 6AUb stage the shunt capacity
regulates the high-frequency response and in the 6AQ5 stage
it is the leakage inductance that dominates.

For the 6AU6 stage, the corner frequency determined by

the shunt capacity effect is

= | = I — |
ﬁ(ws)‘ 27 ReqCo = (-28)(0.333-106)(43 - /0 LhRES S (49)

The corner frequency corresponding to the influence

of the leakage inductance in the 6AQ5 circuit would be

_ Rp+RL _  mseo+si60
fubred) = 510 = GamoEn = SC/sRe cha (50)
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The asymoptotic curves associated with the above high=
frequency effects have been plotted on the graph of Figure
Bh along with the overall high-frequency response curve.

The curves shown in Figure 35 present the phase shift
of the amplifier at the high-range of frequencies,

Summary

If negative feedback is applied around an amplifier,
it was stated in Chapter VI that when the feedback function
AB is equal to unity, the phase margin at that point should
be at least 30° to avoid oscillation. An inspection of the
low~-frequency phase shift response of Figure 33 will reveal
that from 5 cycles and down, the phase margin is decreasing
below 30°, At the same time, reference to the amplitude plot
of Figure 32 will show that the gain at 5 cycles is still
12 db. This is interpreted to mean that if negative feed-
back was applied around the amplifier with a 1/8 function of
12 db or less, the amplifier would oscillate in the frequency
range of about 2.5 to 5 cycles,

A similar condition also exists at the high-range of
frequencies, The phase plot of Figure 35 shows the phase
margin becoming less than 30° at about QOKC, at which point
the gain from Figure 3l is 18 db. Again, this means that if
1/8 was 18 db or less, the amplifier would oscillate in the
range of 90 KC to 260 KC where the gain finally drops below
zero db. Of course if 1/ was made larger than 18 db and
the feedback network contributed no phase shift; then the am-

plifier would not oscillate, On the other hand, if it was



58

-t = : ami
...i_._ - 1 -
] 1 :
' X
18 =
T o IRRE RN [
{ —m
I
m.. I r_
il
F __..
il ||
I}
___“
888
|
11
i i
" HTT]
| HH L
| < IHENR D
i | [N
Tt
3
T
] 1
. N
Bl NEE]
1l
- - _, mp
T I
l |
4
r + i +
e _
o ;
T
f I
T ]
= 1




1 | HI
i _. [ :
i i
1L 1 1
1t
i %
r -
1] ]
f
i
L
m
:
I
1
” i
1} " mll_l
| &
T 1
) T
1 11
I B
4! |
1 |
L
|
]
1
{ +




60

desired to make 1/8 less than 18 db, then either the phase
shift of the amplifier or the feedback network would have
to be compensated so that when AB—>1 the phase margin of
AB would be at least 30%,

Another interesting observation from Figure 32, is that
when complete cathode degeneration is present in the 6AU6
stage, it affects the gain of the amplifier by reducing it
9.3 db. If the bAU6 cathode condenser was completely elim-
inated from the circuit, the gain of the amplifier would be
reduced 9,3 db throughout the mid-range. While this reduc-
tion in gain might be a disadvantage, on the other hand not
only would the frequency response be extended on both ends
of the operating range, but the phase shift at the low-
frequencies would not approach 180° so rapidly, thus allow-
ing more negative feedback to be applied without low-
frequency oscillation.

In order for an audio amplifier to be suitable for the
high-fidelity reproduction of musicy, its frequency response
should be uniform from about 20 to 20,000 cycles, An in-
spection of the response curves of Figure 32 and Figure 3l
show that this amplifier falls far short of meeting the
specified requirement, At the low end, the major factor
contributing to the early drop in response is the primary
inductance of the output transformer, To correct the
transformer itself would, in all probability, require a re-
placement., An alternative would be to use shunt feed to the

HAQ5 tube which would eliminate the dc saturation in the
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transformer and thus increase the primary inductance; but at
the same time this would require a high inductance choke and
a qulte large coupling condenser which might off'set the
advantage of shunt feed and make replacement of the trans-
former seem more feasible,

At the high end, the major factor contributing to the
early drop in the response in the shunt capacity of the 6AU6
stage. While the capacity itself cannot be lessened appre-
ciably, 1ts effect can be reduced by using a smaller d-c
plate load resistor Rh in order to cut down on the equiva-
lent resistance Rgq. This modification would also lower
the mid-frequency gain but this effect would have to be
tolerated,

As mentioned earlier, removal of cathode by-pass con=-
densers and application of negative feedback could also be
employed to extend the frequency response at both ends of
the mid-range.

Partial by-passing of a cathode resistor is many times
utilized to extend the high-range response. For example,
if the capacity of the cathode condenser Cj on the 6AU6
stage was reduced until the corner frequencies fy, and fo)
were located in the vicinity of 10 and 30 KC respectively,
then the high-frequency response would be extended measur-
ably. This too, of course, would reduce the mid-frequency
gain which again must be tolerated,

In order to verify the calculated performance data

that has been derived in this chapter; and to demonstrate
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more specifically the use of asymoptotic plots and phase
shift curves for the practical design of a feedback network,
the experimental amplifier circuit of Figure 31 was con-
structed so that measured data might be obtained. The
procedure and results of these measurements is presented

in Chapter IX, If complete verification of the calculated
data was to be possible, some suitable means of measuring
the phase shift of the amplifier had to be conceived, Con-
sequently, as a part of this study of audio amplifier per-
formance and design, the phase meter about to be described

in Chapter VIII was designed and constructed.3

36f. ante.; p- 2.



CHAPTER VIII
DIRECT READING PHASE METER

General

After an engineer in the field has designed and con-
structed a given amplifier circuit, laboratory tests must be
conducted to see 1f the equipment fulfills the expectations.
As was pointed out earlier; measurements of the phase re-
sponse of an amplifier is somewhat of a problem since commer-
cial phase meters are quite expensive, and many of them do
not perform well above 20 kilocycles.,

The main objective of the preceding material has been
to present a simplified graphical solution to the problem of
audio amplifier analysis. Now, in order to simplify the
problem of measurement, 1t would be very desirable if some
type of direct reading phase meter was developed which would
give reasonable accuracy of measurement up to around 100
kilocycles, was simple to construct, and was low in cost,
The phase meter about to be presented meets the above
requirements quite well, The circuits are conventional
and anyone with some experience in amplifier construction
and testing should have little trouble in the assembly and
calibration of this instrument. The simplicity of the
phase meter about to be described is based on the fact that
its use is limited to the phase measurement of sine wave

signal voltages., At first, this might seem to be a great
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disadvantage, however, since the principle application of

this meter is on amplifiers having low distortion,

limitation is not a serious drawback.
signal voltages contains 10 per cent harmonic distortion
the error in phase measurement is approximately 10°, and
any amplifier producing more than 10 per cent distortion

should be corrected in any event before more detailed

measurements are attempted.
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Figure 36,

Block Diagram of Simple Phase Meter
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TABLE ITI

TECHNICAL SPECIFICATIONS OF PHASE METER

Phase measurement range, 0 - +180°
Full-scale range, 0 - 180°

Frequency range, 5 cycles to 100 kc.
(error increases rapidly above 150 kc.)

Channel no., 1
Minimum input voltage, 5 mv,

Frequency response flat within 3 db from 2 cycles
to 600 ke,

Channel no, 2
Minimum input voltage, 1l mv,

Frequency response flat within 3 db from 2 cycles
to 1 me,

Error due to waveflorm distortion is approximately 5°

when one of the signal voltages contains 5 per cent
harmonic distortion, An additional error of approximately
50 i{s present over the upper one-fourth part of the meter
scale due to the crowded calibration.

Operating power, 115 v., 60 cycles,
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Figure 37.

Figure 38.

Front Panel View of Phase

Top View of Phase Meter.
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TABLE IV
PHASE METER PARTS LIST

Capacitors (A1l capacitances are microfarads., All capaci-
tors are paper unless otherwise specified.)

Cl 0.1, 600 v, C12 0.1, 600 v,

c2 0.02, 600 v, cl 0.1, 600 v,

C3 0.005, 600 v. CL 0.1, 600 v,

chL 0.001, 600 v. Cl5 250 upf, 40O v.
C5 0.0002, 40O v. mica

c6 10, 450 v. elect. Cl6 0.1, 600 v,

C7 0.1, 600 v, Cl7 900 upf, L0OO v.
c8 0.0022, LOO v. mica mica

€9 0.1, 600 w, c18 Lo, L4L50 v. elect.
Cl0 LO, 450 v. elect. C19 Lo, L450 v. elect,
Cll 0,0022, 40O v. mica €20 Il75 v. elect.

0
c21 Lo, 475 v. elect.

Resistors (All resistances are in ohms. K represents 1000;
M represents 1,000,000, All resistors are 1/2 watt
unless otherwise specified,)

R1 200, pctentiometer R18 6
R2 200, potentiometer R19 2M
R 15K R20 3000
R 15K, 1 watt R21 2M
R5 100K R22 3000, 1 watt
R6  L70K R2 30K, 1 watt
R7 1000 R 25K, 1 watt
R8 2M R25 39K, 1 watt
R9 1000 R26 25K, 1 watt
R10 15K, 1 watt R27 75K, 1 watt
R11 100K R28 18K, 1 watt.
R12 70K R29 10K, 1 watt
R13 2M R30 22K, 1 watt
Rl 2K, 1 watt R31 10K, potentiometer
R15 500, potentiometer R32 5K, 1 watt

- R16 2K, 1 watt R3: 75K, 1 watt
R17 62K R3 ly70K

Transformers
Tl Filament, 6.3 v., 3 a. T2 Power transformer
750 Yoy Coties TO
mao.; 5 Voy 3 aoy
6.3 Vos I 2.
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TABLE IV
(Continued)
Crystal Rectifiers
Y1, Y2, ¥3, Yii 1N3LA

Me ters
M1

Tubes

V1
V2

i
\')
V5
Switches
S

S2

Chodes
CH

69

0-50 v, d=c microamperes full-scale

6AUb
6AU6

1/2 6SN7
1/2 6SN7
6J5

Single pole
double throw
toggle type
Same as S1

10 henry, 80 ma.

vé6
VT
V8

e,
V10

S3
sl

6J

6B

6837
0A3/VRT5
5Y3GT

Single pole six
position rotary
Single pole
single throw
toggle type
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Principle of Operation

The fundamental principle of operation of the phase
meter 1s based on the properties of a difference ampli-

T
fier, ’

which in this case 1s arranged in the form of a
cathode follower circuit for the purpose of providing a low
output impedance. The basic circuit as shown in Figure 1
has two input voltages e = Esin wt and e, = Esin(wt + 0)

whose amplitude factors E are to be made equal,

YZ
Co= ESun(wttd)

Cog =2E'SimF [coo (wit £ )]

Figure lj2. Basic Cathode Follower Difference Amplifier

Since the cathode follower circuits will not contribute un-

equal phase shift due to symmetry, the output voltages of

each circuit would be

Cog = E’ SQin wib (51)

eo's = E'%(wt o) (52)

The net output voltage measured between the cathodes would

be the difference between €og and eo1ge

lgeorge E. Valley, Jr. and Henry Wallman, Vacuum Tube
Amplifiers, pp. uhlthﬂn

2Samuel Seely, Electron-~Tube Circults; pp. 113=117.
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Coof = Cog = €0 = E/'Sim wE — E'Sim (k) (53)
= Elsiniwt - S (et 1)) (5h)

Applying the trigonometric identity, sin A = sin B =
2ecos 1/2(A+B)esin 1/2(A-B), equation (53) becomes

Cod = 2E'Sim o (wt-with) Coe fi(wt+wite) (55)
= 2E S (t2) Cod (WEEE)

But sin # % = sin % s SO

Coo = Z2E'SimE[Cod (wEET)) (56)

Equation (56) can be interpreted to mean that the
output voltage e,,¢ will be of sine wave form but having
a peak or rms amplitude that is proportional to sin %.
In other words, when the two equal input voltages ej] and
eo differ in phase by an angle of 48, an a~-c meter connect-
ed across the points oo!' would deflect in proportion to
sin %. A maximum deflection of the meter would result when
e1 and ep differ in phase by 180° at which time sin% = 1,
and furthermore, this deflection would be twice as much as
that produced by either input voltage alone.

These observations reveal a method by which this
circuit can be used to measure phase shift between two
sine wave voltages. If e, alone was applled and its ampli-
tude adjusted until half-scale deflection was produced on
a meter connected between the cathodes, and similarly e

was applied alone and varied until it also produced half=
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scale deflection of the meter, then when both voltages

were applied simultaneously, the meter would deflect in
proportion to sin% where full-scale deflection corresponded
to 180° and zero deflection to 0°. By suitable calibration
of the meter scale or by drawing a calibration curve, the
circuit of Figure L1 then becomes a direct reading phase
measuring instrument.

Circuit Description

The complete circuit diagram of the instrument appears
in Pigure 39 and incorporates several additional features
to make it especlally applicable to measurements on audio
amplifiers and also to make it more self-contained and con-
venient to use. The input voltage to a typical audio ampli-
fier is usually quite small, and the output voltage from a
low impedance secondary winding on an output transformer is
usually only a few volts at the mid-range frequencies and
much lower at the high and low frequencies where the re-
sponse falls off. These low voltages require additional
amplification to be built into the phase meter so that suf-
ficient voltage will be available to operate the difference
amplifier properly. In Figure 39, a cathode to cathode volt=-
age on tubes V3 and Vi of 8 volts was arbitrarily chosen to
correspond to full-scale reading of the meter M1, This
means that each half of the difference amplifier circuit
must contribute one-half of this voltage or li volts. Due to
the low value of the cathode resistances, waveform distor-

tion starts to result when the grid signal voltage on V3 and
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Vlp exceeds 8 volts., This distortion might be reduced by in-
creasing the cathode resistances R1ll. and R16 but this would
increase the output impedance of the circult with a result-
ant loss of high-frequency response, If the voltage from
the difference amplifier was chosen at too low a value, then
trouble would be experienced from noise interference.

The amplifiers in the phase meter must pass a consid-
erably wider band in comparison to the operating range of
the instrument if error due to internal phase shift is to be
avoided. The high-frequency response of the amplifiers ex-
tends at least 5 decades above the rated operating range
and the low frequency response extends 2 decades below the
rated range.

The potentiometer R15 is for the purpose of balancing
the d-c cathode voltages of tubes V3 and V). By placing
the switches S1 and S2 in the OFF position, no signal volt=-
ages will be applied and R15 can then be adjusted for a zero
reading on the meter Ml,

The circuit composed of R3, Cl-5, and S5 determines
the sign of the measured phase shift angle;, i.e., whether
ep leads or lags ey. When S5 is turned to one of the
A® positions, additional phase lag is iIntroduced into
channel one., If the meter reading increases, then e» leads
e1s and if 1t decreases ep lags e;.

A crystal diode meter rectifier circuit was used in

preference to other types because of its simplicity, ease
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of construction, and excellent response to the higher fre-
quencies without special compensation. A meter movement
of 50 pa full-scale sensitivity was used for the meter Ml
so that the metering circuit would have a relatively high
impedance and thus not appreciably load the difference am-
plifier circuit,

It will be noticed that an electronically regulated
power supply has been incorporated to stabilize the B
supply voltage for all the tubes, This helps to improve
accuracy of calibration and to minimize drift. By return-
ing the center tap of the 6,3 volt filament winding to a
divider on the B supply, a positive voltage of approximate-
1y 50‘v01ts is applied to the filament circults which re-
sults in considerably less residual nolse.

Calibration

If the deflection of the meter M1l was perfectly linear
with respect to the output voltage from the difference
amplifier, then the meter scale could be directly calibrated
in proportion to the function sin %o Unfortunately, due
to the slight nonlinearity of the crystal diodes, this
direct approach to the problem cof calibration could not be
employed until the meter scale was recalibrated as a func=-
tion of the input voltage to the a-c metering circuit,

The voltage calibration of the meter scale was accom-
plished by temporarily disconnecting the metering circult
from the difference amplifier and connecting 1t to a source

of known voltage as shown in Figure l3.
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AUDIO OSCIWLATOR.
HP 2008
1000 cps

‘ VTVM
=P 4000
Figure l}3, Voltage Calibration Circuit

Since 8 volts from the oscillator was required to
produce full-scale deflection of the meter M1, other values
of known voltage were applied and the reading of M1l record-
ed for each voltage., From this data the calibration curve
of Figure i was drawn.

The next step in the procedure of calibration was to
determine how much the meter movement should read for
various values of phase shift 6, Since the actual voltage
delivered to the meter circuit would be E , ¢ = 8 sin%, the
corresponding reading of the meter for each value of ©
selected was determined by referring to the voltage cali-
bration curve of Figure L)i. Values of 6 were selected for
every 10° between 0° and 180° and the corresponding meter
readings were plotted to give the phase shift calibration
curve of Figure ll,

The accuracy of calibration was checked by setting up
the test circuit shown in Figure L5 and adjusting the vari-

able resistance to give a known phase shift between e, and ej.
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Figure 5. Test Circuit for Checking Calibration
of the Phase Meter
To prevent excessive loading of the test circuit, the input
potentiometers in the phase meter were temporarily dis-
connected and 0.5 megohm units connected in their place.
The calibration checks made with the aid of the test cir-
cult proved the calibration procedure to be satisfactory.

Connections to an Amplifier

It will be noted that the input potentiometers of the
phase meter are 200 ohms each. They were made low deliber-
ately in order to minimize noise pickup in the input cilr-
cuits., However, a little judgment much be exercised when
connecting the inputs to an amplifier., When the input
terminals of channel no., 2 are connected across the usual
speaker output leads of an amplifier no difficulty will be
experienced from excessive loading., However, if the ampli-
fier under test has an output load impedance rating of 50
to 600 ohms, then a resistance of 100 = 10,000 ohms should
be placed in series with the input lead to the phase meter

to prevent loading.
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Input no., 1 of the phase meter may be connected to the
Input of the amplifier test in one of the three ways shown
in Figure L6 depending upon the equipment and its require-

ments.

AuDro
O SCILLATOR. AMPLIFIER.
Voo
To PHASE METER-
(a)
M\RM,\,_._
-
Aupio
Pw
OSCILLATOR AMPWIFIER
b
To PHASE METER
(b)
A gl
Rs Rs
Ao AMPRIFIER.

OSCILL ATOR.

b
TO PHASE METER,

(c)

Figure li6. Connecting the Phase Meter to an Amplifier

If connected as shown in Figure l;6(a) and the amplifier has

a high impedance input, the 200 ohm input resistance of the



81

phase meter will not only be the load on the oscillator but
also will shunt the input capacity of the first amplifier
tube, Any effect the input capacity would normally have on
the high-frequency phase response of the amplifier would
not be noticed when shunted by the 200 ohm potentiometer,
Therefore, when the amplifier has a high input impedance,
the circuit of Figure li6(b) or L6(c) is to be preferred.

Rg would be made equal to the internal resistance of the
driving source normally used with the amplifier, If, however,
the amplifier has a low input impedance of 50 - 600 ohms,
the connection of Figure li6(a) would be suitable, The
connection shown in Figure lj6(c) should be used when the
amplifier and oscillator both have high impedance cir-
cuits or when the oscillator delivers too much signal
voltage,

Operating Instructions

The instructions for placing the phase meter in opera-
tion can best be presented in the form of definite steps
as follows:

l, Connect the phase meter to the amplifier under test
in a suitable manner.

2. Before turning on the power and amplifier, the

following controls should be in the position indicated.

Input switch no, 1 OFF
Input switch no. 2 OFF
Gain no, 1 OFF
Gain no. 2 OFF

A® 0
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3. Turn on the power and place the amplifier in
operation,

li. After the phase meter has warmed up for a few min-
utes, adjust DC BALANCE for minimum deflection of the meter
which should be zero.

S. Operate INPUT SW 1 to USE and advance GAIN 1
until meter reads one-half scale. One-half scale on the
meter 1s 23 due to the nonlinearity present. Turn INPUT
SW 1 to OFF.

6, Operate INPUT SW 2 to USE and advance GAIN 2 until
meter again reads one-half scale or 23,

7. Operate both input switches to USE and read the
meter,

8. Refer the meter reading to the calibration curve
of Figure li1 to obtain the phase shift angle.

9., If the polarity of the phase shift angle 1s not
known, advance the A€ control to 1 and repeat steps 5, 7,
and 8. If the new reading is larger than the original read-
ing then ey leads ey, and if the new reading is smaller
then e, lags e7. If the new reading is no different from
the original reading then A© should be advanced to a
higher number,

While the use of this phase meter is strictly limited
to phase measurements on sine wave voltages, experience
has shown that it 1is a very satisfactory low cost instru-

ment for the purpose of testing audio amplifier performance.



CHAPTER IX

AMPLIFIER TESTING AND IMPROVEMENT OF FREQUENCY RESPONSE

General

In order to further demonstrate the use of asymoptotic
plots to the problem of analysis and to extend this method
to the correction of response of an audio amplifier, the am-
plifier whose circuit diagram is shown in Figure 311 was
constructed and experimental data obtained to compare with
the results of the theoretical analysis in Chapter VII,

The laboratory testing of the experimental amplifier also
offered an opportunity to demonstrate the application of
the phase meter which was described in Chapter VIII,

The first step in the procedure of the laboratory tests
was to determine the amplitude response and phase shift of
the original circuit of Figure 31, and to inspect those
results for the purpose of incorporating certain improve-
ments in design at the least expense; second, to make
several simple modifications to the original circuit so
that negative feedback could be applied; third and last,
to design and install a phase compensated negative feed-
back loop as a final approach to improving the frequency
response of the amplifier. Actually, very few physical
changes were made in the amplifier circult, the object

being to accomplish the improvements in performance with-

lg£q ante., p. U9
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out resorting to a major redesign and expensive replace=
ments,

The equipment necessary for thorough laboratory
testing of audio amplifiers should include at least the
following instruments:

1, Audio oscillator with a range of 10 cps - 100 ke
and a waveform distortion of less than 0.5 per cent.

2, Vacuum tube voltmeter with a usable frequency
range comparable to the oscillator,

3. Oscilloscope.

. Phase meter,

Other instruments which are desirable but not absolutely
necessary for the usual performance tests on audio ampli-
flers ares |

lo Noise and distortion meter.

2. Square wave generator.,

3, Intermodulation analyzer,

. Wave analyzer,

The equipment which was available for the testing of the
experimental amplifier included:

1, Oscillator, Hewlitt-Packard Model 650A.

8l

2, Vacuum tube voltmeter, Hewlitt-Packard Model LOOC.

3, Oscilloscope, DuMont Model 30LH.
li. Phase meter as described in Chapter VIII,
A photograph of the equipment setup and the experi-

mental amplifier are shown in Figure hTo



Figure 47.

The Equipment Setup and Experimental Amplifier.

e



Amplitude Response and Phase Shift Measurements

The block diagram of Figure ;8 shows the connections

of the test equipment to the experimental amplifier.

PHASE VTVM
METER T HpP4o0C
OSCILLATOR) EXPERIMENTAL J¥p ; Gh onmM oAD
HPGS0A AMPLIFIER, “—
Bin (=Y

OSCILLOSCOPE.
DUMONT 204K

Figure 8. Connections of the Test Equipment
to the Experimental Amplifier

On each response test, the bullt-in attenuator in the
oscillator was adjusted for one volt output from the ampli-
fier at the mid-frequency range and the corresponding input
voltage to the amplifier was held constant as the frequency
was then varied throughout the desired range. At each fre-
quency selected, the output voltage from the amplifier was
read on the vacuum tube voltmeter and converted to decibel
gain by the equation db = ZOLogEO/Ein? Also, at each fre=-
quency the phase shift of the output voltage with respect
to the input voltage was determined with the phase meter.

The first test was conducted with the amplifier cir-
cuit in its original form as shown in Figure 31 and the
results of this test are shown on the graphs of Figures 49,
50, 51, and 52 along with plots of the calculated response

which was obtained from the analysis of Chapter VII,

2Seely, op. cit., pP. 56.
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An inspection of the graphs reveal that the calculated
response and measured response are in reasonable agreement
throughout the range of 50 - 15000 cps. Outside this range
the deviation between the two increases considerably due,
no doubt, to the neglect of certain circuit effects which
in reality influence the response to some extent depending
upon circuit values. This, in particular, refers to the
effect of the screen circuit impedance on low-frequency
response and the effect of the primary capacity of the
output transformer on the high-frequency response. These
erros in no way defeat the objective of the calculated
analysis since it does give an excellent prediction of the
amplifier response and was accomplished without long and
laborious calculations.

The calculated mid-range gain was L5 db,3 however, the
calculated response curves, shown in Figures lj9 and 50, were
drawn to the same mid-range level as the measured response
so the shape of the curves could be compared more readily.

The greatest error between the calculated and measured
data appears in the phase shift of the amplifier as pre-
sented by the curves of Figures 51 and 52, In the vicinity
of the corner frequency of an asymoptotic curve, the phase
shift of the output is changing quite rapidly. This means
that if a small error existed in the calculation of the
asymoptotic plot, a correspondingly larger error would

exist in the phase shift plot. But again, the calculated

39£4 ante L] po 520
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data gives the engineer an approximate picture of the phase
shift with a minimum of effort and if he will but realize
that the measured phase shift will be a little more than

is 1ndicated,u the calculated data will be very useful in
designing feedback networks for amplifiers. The error in
the calculated phase shift data also emphasizes the need
for a simple low cost phase meter such as the one described
in Chapter VIII.

Before going into the methods of improving the per-
formance of the amplifier, it is interesting to point out
how much uncompensated negative feedback can be applied to
the original circuit before oscillation occurs. A closer
inspection of Figures 9, 50, 51, and 52 will show that if
negative feedback was applied in the manner shown in
Figure 53 such that 20Logl/8 = 20/0° db, then the plot of
143 would intersect the amplifier amplitude plot at 15 and
35,000 cps where the phase margin at each point is less

than 10°,

Figure 53. Uncompensated Feedback Network

z}‘Due to neglecting the effect of the screen by-pass
condenser at low frequencies and the transformer shunt
capacity at high frequencies,
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At each point of intersection [AB = 1] a very unstable
condition would exist and very likely oscillation would be
the result., Actually, when the circult of Figure 53 was
applied to the amplifier with the values indicated, oscil-
lation did occur at low and high frequencies simultaneous-
ly. Of course, if phase compensation was incorporated in
either the amplifier or the feedback loop in such a manner
that a reasonable phase margin of at least 30° existed at
the points where AB = 1, then oscillation could be avoided,

Improvement of Frequency Response

The bandwidth between the =3 db points of the measured
amplifier response is from 130 - 9200 cps which 1is much too
limited for good reproduction of music., By referring to
the graphs of Figures 32 and 3, it can be seen that the
ma jor factor contributing to poor low-frequency response
is the low primary inductance of the output transformer,
and at the high-frequencies it is the excessive shunt ca-
pacity in the 6AU6 circuit which produces an early drop in
high-frequency response,

Improving the low-frequency response by increasing the
transformer inductance would require replacement which is to
be avoided, if possible, since a sultable transformer would
cost several dollars, The high-frequency response could be
improved by choosing a lower resistance for the d-c plate
load resistor on the 6AU6. This modification would be
entirely practical, however, it would also required accom-

panying changes in values of the cathode bias resistor and
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the series resistor in the screen circuit.

Negative Feedback as a Means of Improving the Frequency

Response

Since it was desired to apply negative feedback to
derive the benefits of distortion and noise reduction,
it was decided that it should be investigated as a means of
correcting the frequency response at the same time. Re=
ferring again to Figures Lj9 and 50, it can be seen that
if a feedback factor of 20Logl/R = 20 db was applied that
the frequency response should be practically uniform from
about 20 = 25,000 cps,5 However, the discussion in the
previous section pointed out that oscillation resulted
when 20Logl/B was made equal to 20/0° db so that phase
compensation would have to be applied to either the ampli-
fier, the feedback loop; or both.s By modifying the amplifier
to the extent of replacing the 6AU6 cathode condenser C1
with a 250 puf unit, replacing the coupling condenser C3
with one of 0.1 pmf, and replacing the grid resistor R5 with
a resistance of 1 megohmy, the low-frequency amplitude
response was only slightly improved, but the phase margin
in the vicinity of 10-20 cps was increased considerably.
The low-frequency response and phase shift curves of the
modified circuit are plotted in Figures Sh and 55 and show
that at the point of intersection between 1/3 and A [AP= 1]
the phase margin is 50°, which is sufficient to prevent

oscillation at the low=frequencies.
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At the high-frequency end of the response as shown in
Figures 56 and 57, the phase margin at the point AR = 1
changed very little, meaning that the amplifier would still
tend to be unstable if 20Logl/B = 20[9,0 db, By shunting Rx
in the feedback loop with a small condenser as shown in
Figure 58, the functionf is given a leading phase angle at
high-frequencies to offset part of the lagging phase shift
of the amplifier, thereby decreasing the phase angle of A
and increasing its phase margin to a point of stability.

Rx=|TIO
I

CK'- 0.003|

vl

R =

B(Hio-raneE) = -

o zoL.og—"g= 204db

Figure 58, Phase Compensated Feedback Loop to
Prevent Oscillation at High-Frequency

An R=C circuit of the type used in the feedback loop

has for a transfer function

Pl 208855 - < R 4
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where
ﬁ = ZleRxCx (58)
|
L= JLTT'(%.%\C* (59)

The asymoptotic response and phase shift typical of this

function is shown in Figure 59,

=] ) 40
|

% 8DLOI3(H%§) :
1 ‘I. r
% [ 5
Z | bz
: y :
w S | | o s
(14 . | %
m | 3
0 | 5
g | :
a | I

|

| l ~do

f FREQUENCY *a

Figure 59, Typical Response of the Function

By choosing a frequency for f, that is slightly higher
than the intersecting point of 18 and A [see Figure 56],
the increase of negative feedback at high frequencies
will have little effect on the amplitude response of the
amplifier, but the leading phase shift due to the addition
of Cyx will accomplish the goal of increasing the phase
margin of AB in the region of AB = 1. In this case a fre-

quency of 30000 cps was chosen for fl and thus the
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necessary value for C, can be determined from equation (58)
as

O = o -0 ' = o.c03| uf (60)

217§, Rx (6.28)(3o000)(I710)

The other corner frequency fo was calculated to be

| . |
'F = = = 300 ke (61)
R 5 1710+ a1 -
i & R‘:’;i;hc" (¢-28) r;;o?r»:qg){o'a 314107%)

From these calculations; the curves for the feedback
loop and the resultant phase shift curve for AP were plotted
on the graphs of Figures 56 and 57. The phase shift curve
of AB now shows a phase margin of 60° to exist at the point
where AB = 1, which is more than enough to prevent oscilla-
tion at high-frequencye.

.To complete the laboratory test on the experimental
amplifier, the compensated feedback loop as shown in
Figure 56 was installed and a final check made of the
frequency response, The results of this test is plotted as
the A' curve in Figures 5l and 56 and is shown to be very
close to the expected response which should follow the
lower curve on the graph. The bandwidth of the A' amplifier
response curve is now 10 = 30000 cps which would provide
excellent reproduction of 1live music or tape recordings.

The reduction in the gain of the amplifier from 38 to 19 db
means that more signal voltage must be applied to the am-
plifier input in order to develop the same output. The labo-

ratory measurements showed that with feedback the amplifier
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input must be 0.13 volts in order to develop the output of

1l %olt. The value of 0,13 volt is still low enough to allow
the amplifier to be driven directly from a crystal phono
pickup or from the preamplifier of the popular variable
reluctance pickup.

While a reduction of distortion was not a primary
objective of this study, it should always be considered when
attempting to improve the performance of an audio amplifier.
The effect of negative feedback in reducing distortion and
noise of amplifiers is well known and in this case there was
no exception, As measured by a Barker and Williams dis-
tortion meter, the total noise and distortion was reduced
from 5 down to 1 per cent at mid-range frequencies due to
the application of the negative feedback.

Many other tests and demonstrations involving com-
pensation and equalization of amplifiers could be made,
however, the simple procedures presented in this chapter
indicate the possibilities of problems which can be easily
and satisfactorily solved with the aid of asymoptotic plots

of network transfer functions.



CHAPTER X
SUMMARY AND CONCLUSIONS

Summary

The primary objective of this study was to present
procedures and methods which would aid the practicing
engineer in the problems of practical design, analysis,
and testing of audio amplifiers., This objective was accom-
plished in a two-fold manner by first showing the application
of asymoptotic plots to the problem of design and analysis,
and second, by describing and demonstrating the use of a
low cost direct reading phase meter; which will allow a
more complete laboratory analysis of amplifiers to be made
quickly and with a minimum of expensive equipment.

It is desirable that the engineer should study the
complete and more complex equations related to amplifier
networks in order that he understand more clearly how the
various circuit parameters affect the amplifier performance.
However, to apply these complex equations to a practical
design problem requires a great deal of time and labor
which does not seem warranted when the laboratory tests of
the finished model do not exactly agree with the expecta-
tions. A varying disagreement between calculated and
measured data for amplifiers 1s to be expected, not always
because of limitations in the mathematical treatment of

amplifier action; but mainly because of a rather wide

103
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variation in values of circult components and tube constants
due to manufacturing tolerances and differences in operating
potentials, Since these tolerances do existy, a calculated
design must be followed by laboratory tests in which the
final modifications to the original design are made in

order that the amplifier shall meet the required specifica=-
tionss For this reason, a great deal of time can be saved
by applying the approximate graphical solution that has been
prescribed in the preceding chapters. Also, the use of

the phase meter in the laboratory tests will save the engil-
neer time when feedback 1s to be applied to the amplifier
under test.

Difficulties Encountered in Amplifier Design

The major difficulty facing the engineer when he
prepares a design of an amplifier 1is that complete and
exact information on component parts and tubes 1is not
usually available, Of course, in the case of resistors and
condensers, precision units can either be purchased or
selected from a large stock. However, when the question
arises concerning the values for tube and transformer
constants, the problem is more perplexing. The information
presented in tube data manuals on plate resistance, mutual
conductance, and amplification factor, rarely fits the
individual problem of design, especially when voltage am-
plifier tubes are involved where the plate and screen are
operated at reduced potentials., In thls case, the englneer

has the alternative of estimating values for the tube
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constants or subjecting a number of tubes to exhaustive
tests in order to arrive at an average figure for the
constants.

Information concerning the internal impedances of trans-
formers is not ordinarily available so that measurements
must be made before the amplifier design progresses.

Some of the guestions that arise from measurements made on
audio transformers are more completely discussed in
Appendix B, however, i1t should be said at this point that
due to the nonlinearity of transformers, exact values of
impedances cannot always be assigned, but instead average
figures must be used,

This discussion may make it appear that attempting a
calculated design or analysis is futile, however, such is
hot the case. An intelligent use of the available data will
produce a set of data that is approximately correct so
that minor modifications of the test model will yield the
desired results,

Recommendations for Further Study

The procedures and methods outlined in this thesis
have been proven beyond any doubt to be entirely satis-
factory in solving the problems associated with the anal-
ysis of audio amplifiers. However, the transfer functions
which were developed do not embrace all of the circuits and
variations encountered in modern amplifiers, In order to
make the use of asymoptotic plots completely versatile in

this respect, additional transfer functions should be de-
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1 and

rived for all of the conceivable circuit variations
conditions which are found in audio amplifiers, A few of
the more important circuits are:

l, Screen circuit impedance.

2, Cathode circuit impedance of a transformer-
coupled amplifier,

3. Plate power supply decoupling impedance,

i Interstage transformer-coupled amplifier.,

5. Several types of phase=inverters,

6., Equalization and compensation circuits.

T. Resonant filters.

8, Video amplifiers,

With a complete set of transfer functions at hand, the
graphical methods outlined in this thesis will allow the
practicing engineer to determine an approximate solution
to the problem of design and analysis of audio amplifiers
in a fraction of the time otherwise required by classical
me thods,

1Pschudi, loc. cite
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(a) Actual circuit

Solving for I

APPENDIX A

DEVELOPMENT OF THE TRANSFER FUNCTION RELATING THE
CATHODE BIAS IMPEDANCE TO THE GAIN OF
AND R-C AMPLIFIER AT LOW FREQUENCIES

KI i Rag § I IP +
; 1 o i Re fl‘:
Es S 7R i
A | Al
: cql Ce| R
= \ T3

(b) Equivalent circuit

Figure Al. Resistance-Coupled Amplifier

In Figure Al it can be seen that

Eq= Es~IpZk

U(Es =IpEK)
Rp + Fe + 2k

AL Eg =t
RP‘FI?Q + 2k o

and IP:

P

_UEs
Rp *+Re + Zx(1+44)

IP:

Since E, = IpoRc and p = g Rp9 then

Gm RpRe

Eo _ IpRe __ _
Rp + Re + Zx(I1+4)

Es o

Es
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In the case of modern vacuum tubes, p>>1, therefore,

Es — Re R
= AL““ ‘?Fglﬂfcp‘*'ﬂ Ze (5& )

— Gm RpRe
But Z= 14 ReCr B so that
ReFe | + ReCrP
A= _.__‘9"; . [ } (6a)
2 4AAR; Rp+Re
RetRepuRe | | 4 (R';;C&RK)RKCKP

To simplify, let R,= RIJ + R,. Then equation (6a) becomes

AL: G RpRe = | + ReCrP (78.)
RO R ReR
+ AL R | -+ ( +/.(h|§ CkP

In order to express the function as a ratio of gain at
low=frequencies to the gain at mid-range frequencies it is
necessary to divide equation (9a) byl_g,, ”“' which 1is the

expression for the mid-range gain. Then equation (9a)

becomesl
Ar—p_ —Be _ [ __ LI RKCkP (8a)
et Rt AR [ | +(ReBae)CxP

lg-—fwa E.I'lte o9 po 350



APPENDIX B
MEASUREMENTS OF AN AUDIO OUTPUT TRANSFORMERI

Turns Ratio

The turns ratio of an audio transformer can be easily
measured by applying a known a-c véltage to the primary of
the transformer and measuring the open circult secondary
voltage with a high resistance voltmeter such as a vacuum

tube voltmeter. The turns ratio is then determined by

Np/Ng = E_/Eg (1b)

The frequency of the voltage used for this measurement
should not be tooc high or too low in order to avoid losses
due to the internal impedances of the transformer,

A frequency of L0OO to 1000 cps is usually satisfactory.
Total Leakage Inductance

The total leakage inductance reduced to unity turns
ratio can be readily obtained by measuring the inductance
between the primary terminals when the secondary is
short-circuited. An audio impedance bridge such as the
General Radio 650A is an excellent instrument for making
this measurement. In lieu of a bridge, determining the
leakage inductance by resonance with a known external
capacitance is also a satisfactory method. Conclusions
drawn from the results of measurements on several output

transformers was that this is the simplest and least critical

lFredrick E. Terman, Radio Engineers Handbook, pp. 972.
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characteristic to measure. The frequency and amplitude of
the applied voltage had little effect on the measured value.

Primary Incremental Inductance

There are several methods by which the incremental
inductance of a transformer can be measured.2 The method
adopted by the author is shown in Figure Bl. Actually, the
me thod used was checked by both resonance and bridge methods
on occasion to be assured of correct results. The graph of
Figure B2 shows the results of measurements of the UTC R-27
output transformer which was used in the experimental ampli-
fier described in Chapters VII and IX,

The variation of primary inductance due to changes in
magnitude of the applied signal presents a rather perplex-
ing problem., Several transformers were measured; and in
some cases the primary inductance increased as much as
500 per cent as the applied signal was increased from 1
volt to 100 volts. This increase is due, no doubt, to the
initial increasing slope in the B<H curve of the core
material, As the d-c saturation of the core was increased,
the change of inductance with signal change was not so
pronouﬂcedo At the rated d-c operating points of two low
priced transformers, the change in inductance was small
enough to be ignored by averaging the extreme values which
were measured with small and large applied signals. How-
ever, when dealing with a class A push-pull transformer

where no d=c¢ saturation is present, it leaves one in doubt

2Ibid., pp. 909-910.
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The desired d-c¢ saturation is set by ad justing the
voltage of the d-c supply and the desired signal voltage
to the audio transformer is set by adjusting the variac
transformer, Readings are then taken of Eq, E,, and Ep
with a vacuum tube voltmeter. The vector giagram shown
below is then drawn to scale, The point of intersection
of Er, and Ep is found by striking arcs with a compass,
The voltages Er' and Ep' can be determined either by
graphical measurement or by trigonometry. Er'! is the
internal reactance drop of the transformer and Er' is the
internal resistance drop of the transformer,

The primary inductance and resistance is then determined
by

El-m
TRANS FORMER o e e e
L( ) 21 Er
. FEr-R
RAMSFORMERY —= i b e S
R (rR= " Er

Figure Bl. Method of Measuring the Incremental
Inductance of an Audio Transformer



115

100

Q0 UTC. B-27

\

w

).

(1

pd

w

>

I

w

O 60 T

o~

2 382

= P

g 50 =

g W
40 < —

o |~ L

z A 18 L —|

E /.-r_ 20 yni..
10 t— e
0 ]

o 10 z20 iCle) 0 17 &0 70 80 S0 100

APPLIED VOLTAGE - VOLTS

Figure B2, Effect of d-¢c Saturation and Applied Signal
on Incremental Inductance



116

as to what value of inductance to choose for a basis of
design,
Primary Resistance

When measuring the primary impedance of output
transformers, it was found that the equivalent series a-=c
resistance would easily vary as much as 10 to 1 since it
was affected by both the magnitude and frequency of the
applied signal., This variation would appear to be valid
since core losses would represent a considerable portion
of reslistive losses in the transformers, Here again, the
question of selection of a value presents itself. Fortu-
nately, when tubes with a rather high plate resistance are
used, as in the case of pentode and beam power tubes, the
variation of primary resistance is not a major consideration.
However, if a triode tube of low plate resistance were to be
used, this variation could quite easily be much greater
than the plate resistance of the tube and thus become an

important factor in design,
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