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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 theory 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 bando At all times, the phase shift of the cir

cuits, an often ignored factor, will be considered along 

with the amplitude responseo This is considered important 

since the action of feedback applied to amplifiers is 

affected equally as much by phase shift as by amplitude 

iii 



response. 

The material in this thesis is not intended for the 

beginner who is searching for the basic fundamentals of 

amplifier circuit action, but rather it is intended for the 

practicing engineer who is already familiar with amplifier 

and _alt.erna~ing 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 circuit theory. Each bit within itself is 
I 

not original with the writer, but taken togethe'r it gives 

a unique and satisfactory method for analyzing the perform

ance of amplifiers, especially when feedback is involved. 
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CHAPTER I 

INTRODUCTION 

The problem of analyzing the 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 is 

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 methodso Therefore, any less 

laborious method, that can be satisfactorily applied, would 

be most welcome. 

All electronic amplifier circuits contain a combinatioq 

of resistance and reactanceo 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 t o 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, 
I 

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 
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frequency response of the several elementary circuits in

volved in the complete networko 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 formo 

The results of laboratory tests on an amplifier do not 

always coincide too closely with the calculated performance 

due to unknown variations in circuit valueso Resistors and 

condensers used in this type of work have a usual tolerance 

of ten to twenty per cento Also, tube constants such as 

plate resistance~ transconductance, and interelectrode ca

pacities, will differ from their typical published values 

2 

due to manufacturing differences and .the choice of opera ting 

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 it 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 testso 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 ln this 

thesis is the description of a relatively inexpensive 
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direct reading phase meter 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 A1 , then each stage may be considered independ

ent of the following stage except for the effects of the 

input impedance of the tubeo Therefore, the overall voltage 

gain of the complete amplifier is determined by the product 

of the gains of the individual stagesG 1 

Figure 1. Block Diagram of a Three-Stage Amplifier 

If the gain of each stage in Figure 1 is AJ.ig1, A2~ 2 , and 

A3~3, respectively, then the overall voltage gain would be 

E.4-
E.1 j., ,Le-L • /\-;:.LB'. . A·3/f}-~ 

A,· A·1 · A3 Lfz1±fuc,±e-3 

( 1) 

(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. 
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By definition9
2 the decibel gain of an amplifier stage is 

proportional to the logarithm of the voltage gain. In Fig= 

ure 1 9 the decibe l gain of the first stage would be3 

The overall de cibel gain of the amplifier shown in Figure 1 

would be4 

Total db gain = db1 + db2 + db3 (4) 

- 20LogA1 + 20LogA2 + 20LogA3 (5) 

The total phase shift of the complete amplifier would 

be determined in the same manner as i n equation {2)o 

The Resistance Coupled, Amplifier 

The most common type of amplifier stage used in modern 

audio equi pment is the resistanc.e coupled amplifiero Typi= 

cal circuits5 of a triode and pentode amplifier are shown in 

Figure 2 o 

·- --·~f=c..--..,--,r
' 

Re : 
* Eo % !~ l 
: __ L 

{a) Triode Amplif ier ( b) Pen tode Amplifi.er 

Figure 2 

2rbidos pp. 55=56o 

3The use of log implies l og10 • 

4seely 9 .2)2,o cit. 9 Pe 700 

5Fredrick Eo Terman 9 Radio EngineerinE, 3rd Edition$ 
p. 230 0 



In order to analyze the gain and frequency response of 

the resistance coupled amplifier , it is convenient to use 

the constant=current 6 equivalent circuit as shown in Figure 

3o This circuit assumes that the cathode and screen con= 

densers are fully effective i n their by=passing actiono 

-:____.---------~ C c -i-T 
£~~ ~- l 

:;--::Cp ?.c RS : C9 t 
I 
I 
I 
I ___ _... ____________ ~ _ ____j __ 

Figure J. Equivalent Circuit of a Resistance 
Coupled Amp lifiero 

It can be shown? that throughout some middle range of 

frequencies 9 the coupling condenser Cc will have such a low 

reactance that it c an be considered a short circuit 9 

whereas the reactance of the shunting capacities will be so 

high as to be the p1•acti.ca l equivalent of an open circui to 

6 

Applying these conditions 9 the equivalent circuit would take 

the form shown in F igure 1+ 9 and the voltage gain would be8 

Vo ltage gain in 
= E the middle range ~ o = 

of frequencies E8 

where Req is the parallel combination of Rp 9 Rc 9 and Rgo 

6Loc., cit., 

7Ibid • .11 p. 232 o 

8Loc O Ci to 

( 6) 



Re 

I 
I 
I 
I 

Eo 
I 
I 
I _______________ ..._ ______ _.__ 

7 

Figure 4o Practical Equivalent Circuit of a Resistance
coupled Amplifier for the Mid- range of Frequencies 

At high freque nc.ies.i, the reactance of the combined 

shunting capacities is no longer infinitely l arge in compari-

son with other shunt lmpedances in the circuit 9 and there-

fore must not be ne glectede The practical equivalent cir

cuit9 effective at high freque ncie s is shown i n Figure 5. 

Figure 5o Practical Equivalent Circuit of a Resistance 
coup led Ampl l fier for the High Frequencies 

An analysis of this circuit shows that 

where 

Voltage gain at 
high frequencie s ( 7) 

1 -:::;; re ac tance of total s hunting capacity C0 o 
2rrf C 0 

Req = equiva lent resistance of Rps R0 , and Rg in parallelo 

9Terman.9 .2£0 .Qito .ii Po 232 0 



It is significant to note that when the ratio Req/X 0 

becomes unity:, the voltage gain will have decreased to 

8 

00707 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 9 and the freque ncy at which X0 becomes 

equal to Req would be 

1 (8) 

Figure 6 shows a more complete picture of how the gain 

and phase varies in the high=frequency regiono4 

-----1of:t. 

FREQUE NCY 

Figu~e 60 Relative Gain and Phase Shift of a Resistance= 
coupled Ampl i f i.er for High Frequencies 

10rr X0 /Req = 1 9 then AH =~ = ~ = Oo707 

and 20Log(Oo 707 ) - =3 db o Furthermore, when X0 = Req = 
I I 

efff Co ~ then solving for t' yields f= 2.'ffl?eqCo. 

11Terman 9 212, o _c i L, po 23.5 o 
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At fre quenc ie s be low the mid,=range 9 the shun ting capac= 

itance C0 has such a high r eac t ance that it may be con

sidered an open c i r cuit without i ntroducing appreciable 

error in the circuit analysis o The reactanc e of the coupling 

capacitance C0 also increases and be comes sufficient to 

reduce the output voltage developed across the grid resis

tor Rgo For this condition9 the equivalent circuit12 shown 

in Figure 7 (a) is usedo 

z;;;;;s-r-i----i( Cc 

i Rp I Re 

r 1 

~ 
I 
I 

' 
I 
I 
I 

I 

t 

Figure 7 ( a) a Prac tica l Equivalent Circuit of a Resistance
c·oupled Ampl i fier for Low Frequencies o 

The gain of the c ircuit is now 

where 

Voltage ga in at _ 
AL -low fre quenc :i.e s (9) 

It will be no t ed that in equa tion (9) the voltage gain 

wi ll a gain be reduced t o 0 0707 of the mid=range value when 

Xe = R .I) and the frequency a t which this occurs would be 

I f1 =-~ ;°::'li'RCc (9A) 



low 

Figure 7 (b) shows how the gain and phase vary in the 

frequency regiono 

Cl ~ 

1J 

..a :i: 
7~ ')> ,:J -10 (/J 

I (11 
z (/J 
<( J: 
0 -eo s it 
UJ -i 
> I - 0 

tr m 
,0 

..J -~ 2.~ 111 
uJ ,; 
O'.'. r 

II' 

-~ 

> 
0 

0.\ I :,:, 100 I 

F R.E.G.UE.NCY 

Figure 7 (b). Relative Gain and Phase Shift of a 
Resistance ~coupled Amplifier for Low Frequencies 

Other factors 13,l4 which may affect the gain at low 

frequencies are the screen 9 cathode, and plate supply by= 

pass condenserso In order to provide nearly perfect by= 

passing action, the re a ctances of these condensers should 

be as low as p o s sible , and under any circumstance 9 each of 

these reactanc es 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 9 while a twenty to forty microfarad 

electrolyti c condenser wi ll usually be adequate for the 

10 

plate decoupling circuito It might be necessary to shunt the 

13Terman .11 .QE.• £it• :. p. 2J6. 

14-Geor ge E. Valley 9 J r . and Henry Wallman 9 Vacuum Tube 
Amplifie rs ~ pp. 87 =88 . 
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electrolytic with a small paper or mica type of condenser 

to insure good by ·=passing at high=frequencies, 15 since most 

of the electrolytic types show an increase in power factor 

and also displays an induc tive characteristic at higher 

frequencies o 

The by ~,passing of the cathode bias resistor presents 

a more involved problemo Since the cathode resistor is 

usually not more than a few thousand ohmsj the by-pass 

condenser would have to be very large in order to provide 

a sufficiently low reactance o Large condensers of several 

hundred microfarads are easily obtainable 9 but they would 

be of the low voltage electrolytic types which tend to de-

velop an increase in leakage and power factor with ageo 

~his increase in internal resistance of the condenser would 

also increase the cathode bias impedance and degeneration 

in the ampl i fier would re sulto By leaving out the cathode 

by~pass condenser entire l y 9 the degeneration produced would 

be uniform at all frequencies 3 but in many instances the 

accompanying reduction in gain might not be tolerableo 

Therefore , it seems desirable to be able to analyze the 

effect of the cathode by- pass condenser in some detailo 

This action will be discussed more completely in Chapter IVo 
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Transformer =Cou12]..ed Q.lltput Am12lif ier 

The amplifier stage provid ing power to a low resist-

ance load , such as a loudspeaker, must have a low power loss 

coupling circ uit between the tube and the loado In most all 

cases , a transformer with a step=down turns ratio is used 

for this purposeo The analysl.s and performance prediction 

of an ampl ifier with an output transformer is somewhat more 

indeterminate than the c a se of the resistance =coupled ampli

fiero Thi s is due to several notable effects o First , the 

impedances of the trans.former are not lumped and must be 

measured by more involved procedures o Second, some of the 

impedance.s of the transformer are non=linear to an extent 

which makes it impossible to assign a definite value for all 

operating conditions encounteredo Third , if all of the im= 

pedances were to be included in the analysis ~ a very un= 

wieldy problem would be encountere do However , by making 

certain simp lifications in the equivalent circuit, an ap-

proximate analysis c an be made which will be sufficiently 

accurate for practical worko The usual circuitl6 and its 

exact equivalent circuit ls shown in F igure 80 

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 8 the equivalent circuit should be 

redrawn as though the transformer was reduced to unity turns 

ratioo At the same time 9 several of the impedances can be 

neglected since they are either too small or too large to 
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produce noticeable effects on the performanceo After making 

these changes .9 the total equivalent circuit will be as shown 

in Figure 9o 

Es 
I 
I 
I 
I 

(a) Actual Circuit of 
Transformer00coupled 
Output Amplifier 

Rp 

u - amplif ication factor 

RP - plate resistance 

R1 - d - c resistanc e of 
prima ry winding 
leakage inductance 
of primary 

= leakage inductance 
of secondary 

R2 = d =c resistance of 
secondary winding 

RL = load resistance 

Cm 

Re 
T 

I 
I 

E .. 
I 

j__ 

(b) Exact Equivalent Circuit 
of Transformer-coupled 
Output Amplifier 

Cp = shunt capacitance of 
primary 

c i = shunt capacitance of s 
secondary 

Rh ~, hys teresis losses 

Re = eddy current losses 

Cm = capacitance between 
primary and secondary 

L1 ·= primary inductance 

F igure 8 

I 
I 
I 

Y'IEo 

Figure 9o Practic al Equivalent Circuit Reduce d to 
Unity Turns Ratio 



Throughout some middle range of frequencies 9 17 the 

reactance of thB 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=circuito By applying these 

simplificat ions$ the equivalent circuit can be drawn as 

shown in Figure lO o 

.,..., n."R2, ri 
+ 
~----,,--

~ : 
~ Yi~RL nEo 

a.?' 

Figure lOo 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 = AM -- unRL (10) 
mid=range of frequencies RV+ RY 

p L 

where 

Rg - R + Rl p p 

R g = n2(R2 + RL) 
L 



When the frequency of the applied signa l is low .9 the 

reactance of the primary inductance will become sma ll and 

must not be neglectedo The circuit shown in Figure 11 {a) 

will be a ccurate in the low=fre quency region o 

,...,_ n"'R~ 
~ 

1.., + 
-JAfs N rl 

~ I .. 
I 

~ n.,.Ri. nEo » I 

~ I 

Figure 11 (a)o Equivalent Circu it of a Tran sforme r= 
couple d Output Amplifler for the Low- fre quency Rangeo 

An analysis of this circuit gives 

1.5 

Voltage gain at __ A -1i!fY1R'=-J [ I J 
low frequencies - L - (r+ RL ~ I + (~:/ -

(11) 

where 

The frequency at which the low =frequency ga i n i s 

down 3 db from its value at mid=range is 

= (12) 
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In the high=frequency region9 the reactance of the 

leakage inductance becomes appreciable and must be con= 

sidered~ while the primary reactance will be so large as to 

be an effective open circuito These stipulations produce 

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

!..o= ~' +Li. 

YI ... R;.. 
.....,. 
~ 
+ 
~ ;.-, 

Yl""R~ s::: 'fl E.o 
II I 

I 

~ I 

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

where 

The voltage gain for this circuit would be 

Voltage gain at 
high frequencies 

= 2rrfL 
0 

= RY + RV 
p L 

The frequency at which the high-frequency gain is 

down 3 db from its value at mid-range is 

(13) 



17 

It will be observed that in Figure 9 and Figure 11 {b) 

the primary shunt capacity c up has been disregarded. 

When these circuits are associated with a pentode or beam 

power tube s some error will be introduced when neglecting 

this capacity. However 9 for the sake of simplification at 

the momen t 9 this concession wi.11 be endure d o 

Figure 12 shows the more complete typical gain and 

phase response of a transformer=coupled output amplifier 

s ta.ge o 

-,o,~---+--~,__-----'I~---+--

~ 
~~ 
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lJ 
J: 
)> 
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"11 
-i 

0 
fT1 
(j) 

~ 
rn 
111 w-30,,___,____,__ __ -----i - - - - -+------I.----+--'\------ -45 (/) 

er 

·--+----... .(-, ---,o.....,f,-- - ··- - o-+.1-.f-, .--...-1._fa----,o..1..f....;a.;:.::,,,-__,,,co~ 

F RE:QUE..NC Y 

Figure 120 Typical Gain and Phase Response of a 
Transformer =coup l ed Output Amplifier Stage 



CHAP'IER III 

THE TRANSFER FUNCTION 

General Form and 9.,Eera t or Notatio_!1 

The ratio of output voltage to input voltage of a net= 

work may properly be called a transfer function1 s 2 ,3 and 

will be designated by the symbol Ao The function for the 

gain of an ampl ifier stage is also defined as the ratio of 

output to input voltage and thus would be the transfer 

function of the amplifiero 

When writing the t r ansfer function of a network it is 

expedient to incorpora te the notation used by Oliver 

Heavysideo4 The Heavyside system makes use of an operator 

which designates the mathematical operation of differenti

ation as d = Po Conve rs e l y 9 the integral operator Jdt 
dt 

is denoted by 1 o 
p 

When analyzing a network in terms of its steady=state 

1Hendrick Wo Bode 9 Network Analysis and Feedback 
Amplifier Desig:q9 Po 2300 

2Harold Ches t nut and Robert Wo Mayer , Servomechanisms 
and Regulatin_g ~_ystem Design 9 Volume I 9 PPo 161=1620 

3E o W o Tschudi 9 
11 Transfer Functions for R-C and R-L 

Equalizing Networks 9 11 Electronics 9 Volume XXII (May 9 1949), 
pp. 116~120 0 

4Eugene Stephens , The §.lementary Theory of Operational 
MathematiCS9 PPo 1 and 9~100 

18 
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response to a sine=wave signalj the operator takes on the 

meaning of2 p = +jw, where j is the conventional operator 

so familiar in alternating current circuit theory 9 and w 

is the angular velocity of the voltage or current which is 

numerically equal to 2rrf o The use of the opera tor p pro ~ 

vides a short- hand method of writing the impedance equations 

of a network 9 and reduces the amount of work required to 

manipulate an algebraic expression through its various formso 

It might be of academic interest to note 9 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 for·m 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 circuits o 

In order to study the characteristics of a transfer 

function in more de t ail it is desirable to plot the ampli~ 

tude and phase shif t vso frequency 9 and in order to do this 9 

it greatly simpl ifies the problem to write the equation of 

the function in the fo r m 

A= K· Ti P( 1+T2.P)( \ +TsP)· 
T:2..P ( I +T+l') ( 1+T€>P) · · 

· (I+ Tr1 P) 
· ( H·TY\-• P) 

2Chestnut and Mayer 9 .£E.• cit., PPo 100 =102. 

3stanford Goldman 9 Transformation Calculus and 
Electrical Transients~ pp. 41 - 43. 

( 15) 



Z = R+cj:> 
Eo = _ I_ 
f'i l+ RCP 

(a) 

~~- - -

Ci . _ _ L_~ 
Z. = R,+R'l. + LP 

(c) 
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L 

R 
EL 

Z, = LP+ R 
Ee I 
ei= T+ .h.p 

R 

(b) 

---------- ---

{d) 

Figure 13c Common Electrical Circuits With Their Associated 
Impedance Equations and Transfer Functions 
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The transfer function for the circuit illustrated in 

Figure 13(d) was shown to be 

( 16) 

which is of the standard form 

A= K· (17) 

where 

The transfer function of almost any four terminal linear 

network can be put in the form of equation (15) providing 

it is not resonanto Tn is defined as the time constant 

of the facto r (1 + Tnp) in which the subscript n denotes 

the order of magnitude of the time constant appearing in 

the expression 9 but the exact order of the time constants 

depend upon each individual solutiono 



Plotting the Ampli.tud.§. _Bespon~ of the Transfer Function 

An accep ted procedure for graphical plotting of the 

transfer function would be to make the substitution of joo 

for the opera tor p 9 and then solve for the db response at 

a sufficient number of frequencies to allow accurate plot~ 

ting of the functiono Although this method would give a 

true graphica l representation 9 it would be quite tedious 

and would defea t one of the main objectives of this study. 

I 
I 

_J_E:
1i-~~~~~~-I--'~~-E~o-C ::. /590 ,µ~.f -

Eo ___ , _ _ _ 
~i - I +RCP I +jt,.JRC 

Figure 140 A Simple Circuit and Its Transfer Function 

If the decibel response of the circuit shown in 

22 

Figure 14 was plotted by the above method 9 it would appear 

as shown in Figure 150 An examination of this plot reveals 

that when 

f - .r- - I :::: 1· = I 000 CPS 
- To - 21f RC (~.ze)(105)(1S90• I0-11f 

( 18) 

the response is down 3 db from its maximum possible value, 

and as the appl ied frequency is increased above f 09 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 9 at frequencies progressively lower than 

f 0 , the response curve approaches the O db ordinate as an 

asymoptoteo The intersection of the two asymoptotes will be 



at the frequency f 0 which is characterized as the corner 

frequencyo Since the graph i cal plot of the factor ~~l~---
1 + jwT 

will always be of t he fo r m depited in Figure 15, and the 

plot of (1 + j wT) will be precisely the inverse 1 the plot~ 

23 

ting of the func tion would be much faster if the corner 

frequency was first determined as in equation (18) and then 

the asymoptotes dr awn from that point with the proper slope.~ 

The actual response may be readily dra~n by placing a pre

pared template5 tangent to the asymoptotes o The scale fac-

tors of the template must be the same as the graph paper 

being usedo 

uJ 
(/) 

z 
~ 
rJ) 

-3 -------- - - -

0------------------------A-c~----~~~~~~~~~~~~ 
--"~ 

-IOt--~~~~~+-~~~~~--t-~~~~~---t--~~~~---, 

W-20,__~~~~~-+-~~~~~---.~~~~~...,.._~~~~--, 
(r'. 

...I 
uJ 
(I] 

() 

~-30 

-40l~O~~~~~-IO~O~~~~~-'-l ~~~~~~-,~OK...,-~~~~..,-.,00K 

Figure 15 o 

FRE G)UENCY- CPS> 

Amplitude Response of the R- C Circuit 
Shown in Figure 140 

4chestnut and Mayer» .£.E.o cito» PPo 302s eto ~o 

5cr. postoj Po 29. 



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 functiono 

Figure 160 Typical Equalizing Circuit 

The circuit shown in Figure 16 has a transfer function 

of 
A= I+ R:i.. C.P 

I +(R1+R1.)CP \19) 

where the time constant in the denominator is obviously the 

largero The corner frequency for the term in the denomina-

tor would be 

(20) 

The straight line plot corresponding to the denominator is 

shown in Figure 16 as curve Ao Similarly 9 the c orner fre-

quency for the term i n t he numerator is 

..t: I I - IG7 CPS 
h. = 2frR1.C = (r,,.2a)(r;.oooo)(o.o1S9· to- t,,) - ( 21) 

Curve Bon the graph of Figure 16 is the asymoptote repre

senting the numerator o The over all re sponse~ obtained by 

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

6Addition is used because the amplitude of the 
asymopto tes is plo tted i n decibels which is a l ogarithmo 
Logarithms represent ing multiplied factors are combined 
by additiono 



Figure 17. 

100 '"'' FRE:~UENC'( -CP!::. 

Amplltude Response of the R=C Circuit 
Shown in Figure 16 
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If a transfer function should have a term pT in the 

numerator 9 the true amplitude plot of this term will actual

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

octave. In this case 9 when f = l/2ffT, the value of pT~ 

where pT = jwT is unity and the equivalent decibel value 

is zero. 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 - · l/2rrT. When the term 

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

the algebraic sign of its slope. 

Any constant term K appearing in the transfer function 

will have no variation with frequency 9 and will plot simply 

as a straight horizontal line with an ordinate value of 

20 •LogK. 

• 
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To illustrate one more example in the plotting of 

transfer functions ~ consider the circuit whose function is 

A K· Pii (I+ PT~) 
(I+ PT3) 

(22) 

Figure 18 shows the overall resp~nse of the function 

as obtained from the sum of the individual asymoptote plots. 
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Figure 180 Amplitude Response of the Transfer 
.. Function of Equation (22) 



Plotting the Phase Response of the Transfer Function 

The overall phase response of the transfer function 

is also obtained by graphically adding together the phase 

plots of the individual terms in the functiono 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 usedo 

The-terms Kj pT , and 1/pT have a phase shift that is 

27 

constant with frequencyo Factor K has a phase shift of zero 

degrees, while pT has a shift of +90 degrees and 1/pT has 

-90 degrees o 

The identifying feature in locating the positions of 

the curves for the terms 1 + pT and 1 is that the phase 
1 + pT 

shift of each term will be 45 degrees respectively at its 

corner frequency f = 1 
2rrTn 

The only difference in the phase 

shift of the two terms is the algebraic sign of the angleo 

Figure 19 serves to illustrate the phase response 

development of the function 

A = K. PT, ( I +PTl.) 
CI+ PTi) (23) 
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-181)1,.....-______ l...--__ ...,;I _________ .....J 

f-2, -f'3 
FRE.QUE.NCY 

Figure 19. Phase Response of the Function K· PT, ( l+PT.) 
(I+ PT3) • 
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*Note~ Due to space limitations,!) the reproduction of these 
templates is approximately one =half scaleo 
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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.9 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 9 each amplifier stage 

is considered to be a network which has no load placed upon 

it by the following stage. The problem of loading is avoided 

by treating the shunt input capacity of the tube circuit as 

part of the preceding stage. 

8cf. anteos Po 24. 
9cr. anteo 9 PPo 4=5. 



CHAPTER IV 

TRANSFER FUNCTIONS FOR THE RESISTANCE-COUPLED AMPLIFIER 

General 

When analyzing the performance of an audio amplifier, 

it 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 is not seriouso While there are several 

factors 1 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 Frequencies 

The gain of a resistance-coupled amplifier in the mid

range is independent of frequency and thus is a constant 

for a given amplifier stageo 

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 

where Req is the parallel combination of Rp, Rc, and Rg• 

This function would be plotted on a log frequency graph as 

a horizontal line with an ordinate value of dbM = 20LogAM. 

Transfer Functions .£.2!. the LowmRange of Frequencies 

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

in general, be said to equal 

A = oc f3 o 6 i\ Art1 (25) 

where 

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

= transfer function for the screen by- pass effect 
on low fre quency gain , 

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

A = transfe r function for p late decoupling condenser 
effect on the low frequency gain, 

6 = transfer function for the shunt capacity effect on 
high f r equency gaino 



The factors f3 and .. ~ are to be ne gle c te d for reasons 

stated previously3 and since the & factor is to be con

sidered separately 9 equation (25) can be simplified to 

33 

(26) 

It remains then, to develop transfer functions relating 

the effects of the coupling and c athode condensers to the 

low-frequency gaino 

The transfer function exhibiting the effect of the 

coupling condenser Cc on the low=frequency gain is actually 

the same as equation (9) in Chapter II 9 but for the benefit 

of simplicity in plot ting it should be written in the form 

of equa t ion (15) in Chapter IIIo By applying basic alge

braic manipulations 9 equation (9) can be written as 

where 

,-./' PT 
1./'- == T +iST 

R= Rs + 

RCcP 
I + RCcP 

R'c R~ 
Rc+-Rp 

The corner f re quency necessary for plotting the 

(27) 

asymoptotic re sponse of t his function would be calculated 

from 

21'1" R Cc 

Figure 21 shows the typical amplitude and phase plots 

for the function expressed in equation (27)o 
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Figure 210 Typical Low-Frequency Response of an 
R=C Amplifier Due to Coupling Condenser Effects 
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It is rather obvious from an inspection of Figure 22, 

that when the impedance Zk in .the cathode circuit is not 

equal to zero that a voltage ip•Zk will appear, which will 

modify the effective grid voltage Eg and produce degenera

tion. 
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(a) R-C Amplifier 
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(b) Equivalent Circuit 

Figure 22 
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This condition will occur only at low frequencies since 

the reactance of Ck 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 A9 therefore at this 

point it suffices to say that 

(29) 

where 

µ =gmRp 
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It follows that the corner frequencies for this 

function would be 

(30) 

( 31) 

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

tude and phase response for the cathode function. 
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Figure 230 Response of Cathode Circuit Transfer Function 
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Equations (29), (30) 9 and (31) along with Figure 23 

lend themselves very readily to qualitative studies of the 

influence of various circuit elements on the response. 
R The constant term ___ o__ in equation (29) gives 

Ro + f Rk 
the gain due to complete degenerationo If the cathode con= 

denser was completely eliminated from the circuit 9 the gain 

of the amplifier at all frequencies would be reduced by the 

factor Ro 
lto +, -f{k 

0 

In many pentode amplifiers 9 especially in video cir= 

cuits, R0<< Rpo In this case 9 equation (29) could 9 for all 

practical purposes, be simplifed to 

t= I [ I + R< C<- P ] 
I +9mR1<. • . I +(_Ric.. )cKP 

1+9mRic. 
(32) 

and thus 

1\K. = I 
~1'f RKC!<. (33) 

f;_I( = I 

~11~)c1<. I .9,,.. 
(34) 

It mi.ght be of academic interest to note that 9 for the 

case of a cathode =follower where Re= 0 and ck = 0 9 equa= 

tion (29) can be written as 

Voltage gain -- gm Rk (35) 
0 

1 + ~ Rk 



Transfer Functions for ~he 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 

8= 

Where 

I+ RaiCoP l+TP 

= 1+R9+~ 
Rp Re 

= 

The corner frequency for this function is 

(36) 

(37) 

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

and appears as shown in Figure 240 

"O 
-101---- - ---l-----__,.__---+-----'---+--------rz.'lY,._J; 

)' 
A ~ 
~ m 
I 
z w 
<-201--------+--------+----------------s ! 
~ ~ 
W I 

~ 0 
~~ ~~ 
~ ~ w m 
~ ~ 

-4<>0.0~~,-----~~~.~:TI\,------'"""*"~-----~-.:::~----:-~·~ 

FR I=~ U El,,IC)' 

Figure 24. 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=Ran~ 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 IIIo 

The equation for the gain at mid=range frequencies is 

independent of frequency and is~ therefore~ a constanto 

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

same as equation (10)~ name ly 9 

(38) 

where 

RL = load resistance across the secondaryo 

R'L = n2(RL + R,2) = load resistance + de resistance of 
secondary windingo 

flip = RP+ R1 = plate resistance o.f tube + de resistance 
of primary windingo 

n = ~/ns -· turns ratio of transformero 

p = amplification factor of tubeo 

The function of equation (38) would be plotted on a 

log frequency graph as a horizontal line with an ordinate 

value of dbM = 20LogAM. 
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Transfer Function for the Low=Range of Erequencies 

The transfer function relating the primary inductance 

to the low~frequency gain is a rearrangement of equation 

(11) in Chapter II and becomes 

where 

oC.= 
l-1 p 
~ TP 

l+TP 

t 1 = primary inductance of transformero 

Ril = parallel combination of R' p and R~Lo 

(39) 

The corner frequency determined by this function is 

= 
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Figure 250 Typical Amplitude and Phase Response of a 
Transformer=Coupled Output Amplifier at Low=Frequencies 

(40) 



Transfer Function for~ High-Range of Frequencies 

By rearranging equation (13) in Chapter II, the 

transfer function as sociating the leakage inductance with 

the high•=frequency gain results in 

where 

I AH== .b2 I+ Rr·P 
I 

T+TP-

L0 = Total leakage i nductance 

Rn = RI p + R.n L 

The corner frequency associa ted with the high frequency 

function is 

R' 
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Figure 260 Typical Amplitude and Phase Response of a 
Transformer=Coupled Output Amplifier at High=Frequencies 

The transfer functions and methods presented in this 

chapter will allow a s atlsfac tory s tudy to be made of the 

amplitude and phase shift of the usual type of audio ampli= 

fiero In Chapter VII ~ a demonstration will be made of the 

use of these trans.fer funct i ons in analyzing the perform= 

ance of an experimental amplifier o 



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 to1 

where 

A= _A __ 
I +Af3 

(43) 

A ·- transfer function of amplifier without feedback., 

S = transfer func t ion of feedback networko 

An inspection of equation U+3) reveals that when Af3 ~ 1 9 

then all that remains to make the amplifier oscillate 

[A'-~-J is for the phase angl e of Af3 to reverse in polarity 9 

which may occur at the extreme high and low frequency 

ranges of the amplifier response a 
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Quoting from Terman2 on this matter~ 

In order to realize the advantages of feedback~ the 
amplifier and its feedback must be so arranged that oscil= 
lations do not occuro In the normal range of frequencies 
no problem is presented, because here the circuit arrange
ments are such that the feedback is negativeo However, at 
both very low and very high frequencies 9 the amplifier 
stages produce phase shifts that cause the phase of the 
feedback factor Af to differ from the phase corresponding 
to negative feedbacko This introduces the possibility of Af3 
reversing its polarity 9 thus introducing positive feedback 
and directly assisting the production of oscillationso 
To be unconditionally stable 9 ioeo, free of oscillations 
under all conditions 9 it is necessary that the circuit 
arrangements be such that .9 under conditions where the phase 
shift of the feedback factor ff, equals 1800, the feedback 
factor~ will have a magnitude less than unityo 

If a resistive network in the feedback loop will not 

allow the above conditions to be met., then the amplitude 

and phase characterist ics of the network can be made a 

function of frequencyo For that matter, phase correction 

to Af3 could be accomplished by inserting an additional 

phase shift circuit of the appropriate type in the amplifier 

circuit itself'o When properly proportioned,. this will allow 

more negative feedba ck to be utilized than would otherwise 

be possible.9 and also satisfy the above phase requiremento 

Graphical Solution 

Further examination of equation (43) disclosed that 

when A~>>l the gain with feedback is approximately equal 

to 113, and when A~<< 1 the gain is very nearly equal to Ao 

This suggests a graphical procedure for determining the 

response of an amplifier when negative feedback is appliedo3 

2Terman., ..Q.E.o cito .9 Po 3140 

3Chestnut and Mayer $ .QEo cito 9 Po 336.9 eto sqq . 



Curve A in Figure 27 shows the typical. middle and 

high=frequency response of an amplifier whose transfe r 

function is A ~,:: 

Figure 270 The Effect on Amplifier Response 
When f = K (a constant) 

Now if a negative feedback loop is incorporated with a 

transfer· function~ j the amplifier response with feedback 

can be determined by drawing the asymoptotic p·lot of 1/(3 

on the same graph 9 then the total response will follow the 

locus of the lower curve a t all frequencieso 

..D -., 
I 

t 
~ 
\!I 
~ 01--~~~~~~~-+~~~~~~~~~~~~~~------i 

\11 

~ 
Q 

Figure 280 The Effect on Amplifier Response 
Whenf3 == Ki(n.·\P) OY\d T1? TH. 
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The manner in which the frequency response is affected 9 

as shown in Figure 28 9 will suggest to the engineer many 

possibilities for study of equalization and compensation of 

amplifiers thr•ough the use of negative feedbacko 

Avoidance of Oscillation 

It was pointed out4 that when the phase shift of the 

feedback factor A~ was equal to 180° 9 the magnitude of A~ 

must be less than unity otherwise oscillation would resulto 

Conversely 9 :i_ t can be said that when the magnitude of Af3 is 

unity 9 the phase shift of the feedback factor A~ must not 

equal 180° if oscillation is to be avoidedo As a matter of 

fact 9 in any region where Af3 = 1 !J,here the graphical plot 

of l/f3 intersects the plot of .t\1 9 the phase shift of A$ 

should have a phase margin of s afety of at least 30°.,5 

Interpreting this in a practical circuit means that the 

magnitude of A$ should not vary too rapidly with frequency 

until A is considerably less than unity o 

Figure 29 shows the phase shift curves corresponding 

to the asymoptoti.c p lots of Figure 280 It will be noted 

that at the frequency fx where AS = 1, the phase shift of 

Af3 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 9 which 

could easily occur if two stages in cascade had identical 
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corner frequencies in the high=range 9 then the phase shift 

of the amplifier would pass through 90° at the corner fre = 

quency and would approach 180° 0 This added to tbs phase 

shift of the~ function could easily result in a condition 

which would produce oscillationo 

ill -451------__,__ _ __,,__ 
Ul 
ex 
iii 
D 
I t 401----------~,~----==-====-~---------I 
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Ptv,se. MIIR6tN: So0 
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I 

-180L---~-..-2---~--l,----'---'--...,=--------~ 

Flgure 29 o Phase Curves Corresponding to the 
Amplitude Plots of Figure 28 , 

Limita tions 

The amplitude response due to negative feedback and 

obtai.ned through the use of the g:raphi.cal method discussed 

in the foregoing paragraphs ., is subject to the conditions 

as previously i.mposedo6 The validity of the graphical 

solution depends on the provision that A/3>? 1 or A(3~.t:.. lo 

When Af3 is near uni t y., the error in the solution will vary 

similar to the manner shown in Figure 300 Actual calcu= 

lation of the error when Ool>) A(3>> 10 would reveal that 
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(a) 
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( b) 

Figure 300 Relative Error in Graphical Solution 
for Variations in f3 and A(3 

the error is too small to be of any concern in practical 

design worko The region whe:r•e the error would be the 

largest is where the asymoptotic plot of 1/~ intersects 

4-7 

the plot of A9 thus accounting for one reason why a liberal 

phase margin should be provided in this regiono 



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.11 the amplitude and phase response of a small 

amplifier will be analyzed.11 and in a later chapter the data 

from l aboratory tests will be presented for correlation 

with the c al cula ted da t ao 

The amplif ier circuit as shown in Figure 31 was se-

lected be c ause it has a minimum number of required stages 

to allow a complete demonstration of the graphical analysis, 

and also be c ause it is typical of many small commercial 

ampl i f i.er uni ts o 

The first step in prepar'ing 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 o In the case of the output transformer)) it 

1 might be necessary to make measurements if the transformer 

properties are not ava ilable elsewhere. 

Tables I and II contain lists of all the information 

necessary for analyzing t he gain and phase performance of 

the amplifier shown in Figur e 310 

lAppendix Bo 
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TABLE I 

AMPLIFIER PARTS LIST 

Capacitors (All capacitances are 
capac itors are paper unless 
Cl 10.!) 2.5 Vo electrolytic 
C2 Oo 5 J 600 Vo 
CJ Oo05, 600 Vo 

in microfarad. All 
otherwise specifiedo) 

C4 16, 50 Vo elect o 
C5 4o, 450 v. electo 

Resistors (All resistances a re ohms. K represents 1000, 
M represents 1 , 000 , 000o All resistors are 1/2 watt 
unless other wise specified. ) 
Rl lM, potentiome ter 
R2 3600 
R,3 lM 
R4 .SOOK 
R.5 500K 

Transformers 
Tl Output transformer 

UTC 9 R=27 :; 

Tubes 
Vl 
V2 

5000 ohm pr i. o 
6 05 ohm sec o 

6AU6 
6AQ5 

50 

R6 
R7 
R8 

R9 

T2 

VJ 

400 » 5 watt., WVV. 
185K, 1 watto 
5K.P 25 watt, WW 
adjustable 
6.5 1 non=inductive 

Power transformer 
700 v. c.t., 70 ma., 
5 v., 3 a • ., 
603 v. 1 3 a. 

80 



6AU6 

TABLE II 

TUBE AND TRANSFORMER CONSTANTS 

gm= 800 µmho 
RP = 1 megohm 
u = 800 
Input c apac ity = 5. 5 µ.µf 
Output capacity = 5 µ.µf 
Stray out~ut 
capacit y = 15 µµf 

6AQ5 
gm= 4100 .,umho 
RP= 52000 ohms 
u = 210 
Input capacity= 8 AUf 
Stray inp~t 
capacity = 15 pp.f 

6Au6 c i rcul. t 

R = R9 +· Re.RP 
Re.+ Rp 

~.eq 
R~ ·-· r+i+-l 

Ro = Rp + Re. 

co - 5 + 15 + 

6AQ5 c ircult 

L1 = 10 henry 

L0 - · 0. 243 henry 

R1 - · 580 

-· 

8 + 

= o.83 megohm 

= 0.333 megohm 

1.5 me gohm 

15 = 43 µµ f 

RYL = n2(R2+RL) = 6160 

R2 = 1.5 

= 5520 

R i = R + R1 - 52580 p p . . 

n = 27 08/l 

lAll tube constants were determined from the RCA 
HB3 Tube Handbook . 

') 

c:..rt has been the experience of the author that a 
rather generous allowance of 15 to 20 µµ.f per stage should 
be made for stray shunt c apacity. 

3Trans former constants were measured . See Appendix B. 
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Mid~Frequenqy Gain 

The mid=frequency gain of the 6Au6 stage would be 

which corresponds to a decibel gain of 

Following a similar procedure 9 the mid=frequency 

gain of the 6AQ5 stage would be 

0-tc.5". 

When conve1•te d to decibe l s 9 the 6AQ5 gain is 

(44) 

(45) 

(46) 

(47) 

As a matter of academic interest9 the total voltage 

gain woul d result as 

(48) 

The t ota l decibel gain of the amplifier is 



2 Low=Frequencx Response 

53 

The determination of the low=frequency response of th~ 

6AU6 stage includes the effects of two networks, namely~ 

that of the coupling condenser CJ and the cathode condenser Clo 

The corner frequency associated with the coupling network 

would be 

..C (t,Auc;.\ = -' - = I ::. 3.8 cpS lee. 'J ~1TRC'?i (t,,,2.S)(o.63· 1t>'')(o.os•10""') (50) 

and the two corner frequencies related to the cathode con= 

denser effe ct are 

( 51) 

f2."(bAu'-) = ,~.:trl?oR-,,.C, = -(!,-. :zB-)(-,.-5-."""',ot,:....)-(~-E,OC)-~-(1-D-,,-o--"- - 13 cps 
~o-f-J,l.R1- ( t. 5•1D") + (900) 3'-oo) 

(52) 

The corner frequency for the primary inductance effect 

in the 6AQ5 stage is 

88 cps. (52) 

The a symoptotic 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 Vo The 

total low ~, frequency r esponse of the amplifier 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 45 db rather than zero db» as was 
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illustrated in Chapters IV and V. This simply means that 

each point on the overall low=frequency response curve 

represents an absolute level of gain instead of being merely 

relativeo In other respects 9 the graph shown in Figure 32 

is largely self- explanatoryo 

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 regiono 

High Freque!}£;l Response 

Analysis of the high=frequency response of the ampli-

fier is somewhat eas j_er in that a smaller number of networks 

have to be consideredo In the 6AU6 stage the shunt capacity 

regulates the high=frequency response and in the 6AQ5 stage 

it is the leakage inductance that dominateso 

For the 6AU6 stage 9 the corner frequency determined by 

the shunt capacity effect is 

f 1,100 c.ps. ~ (49) 

The corner frequency corresponding to the influence 

of the leakage inductance in t he 6AQ5 circuit would be 

s.iseo + &>1 i;.o 
(I>• 2.8) (o.Z4-3) 

36,500 c..ps. (50) 
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• 
The a.symoptotic curves associated with the above high= 

frequency effects have been plotted on the graph of Figure 

34 a.long with the overall high=frequency response curveo 

The curves shown i.n Figure 35 present the phase shift 

of the a.mpli.f ier a.t the high=range of frequencieso 

Summary 

If nega tive feedback is applied a.round an amplifier$) 

it was sta t ed in Chapter VI that when the feedback function 

A~ is equal to unity 9 the phase margin a.t that point should 

be a.t lea.st 30° to a.void oscilla.tiono An inspection of the 

low =frequency phase shift response of Figure 33 will reveal 

that from 5 cycles and down. 9 the phase margin is decreasing 

below 30° o At the same time 9 reference to the a.mpli tude plot 

of Figure 32 wi.11 show that the gain a.t 5 cycles is still 

12 dbo This is interpreted to mean that if negative feed= 

back was app lied around the amplifier with a l/f3 function of 

12 db or less,, the amplif:i.er would oscillate in the frequency 

range of about 2e5 to 5 cycleso 

A similar condition also exists at the high-range of 

frequencieso The phase plot of Figure 35 shows the phase 

margin becoming less than .30° a.ta.bout 90KC,, a.t which point 

the gain i'rom Figure 34 is 18 dbo Aga.in 9 this means that if 

1/~ was 18 db or less 9 the amplifier would oscillate in the 

range of 90 KC to 260 KC where the gain f ina.lly drops below 

zero dbo Of course if 1/~ was made larger than 18 db and 

the feedback ne t work contribu t ed no phase shifts, then the am= 

plifier would not oscillateo On the other hands, if it was 
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desired to make 1/~ less than 18 db 9 then either the phase 

shift of t he amplifier or t he f eedback network would have 

to be compensated so tha t when A(3~1 the phase margin of 

A~ would be a t least 30 ° 0 
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Ano t he r inte resting observation from Figure 32si is that 

when complete c a thode de generation is present in the 6AU6 

stage 9 it affects the ga i n of the amp l ifier by reducing it 

9o3 dbo If t he 6AU6 ca t hode condenser was completely elim

inated f rom the circuit 9 t h e gain of the amplifier would be 

reduced 9 o3 db t hro ughou t the mid- range o While this reduc= 

tion in gain migh t be a d is advantage , on the other hand not 

only woul d the fre quency resp onse be extended on both ends 

of the opera ting r ange 9 but t he phase shift at the low= 

frequencies would not approach 180° so rapidly 9 thus allow= 

ing more negative fee dba ck t o be applied without low= 

frequency osoillationo 

In order for an a udio ampl i fier to be suitable for the 

high- fidelity reproduction of music 9 its frequency response 

shoul d be uni.form from about 20 to 20 »000 cycleso An in= 

spectlon of the response curve s of F i gure 32 and Figure 34 
show tha t thls amplifier fa l ls far short of meeting the 

spec i fied requlrement o At t he low end , the major factor 

contributing to the e arly drop i n response is the primary 

induc t ance of the output transforme r o To correct the 

transformer itself would 9 i n all probabiJ.ity si require a :re= 

placemento An a lterna tive wou l d be to use shunt feed to the 

6AQ5 tube which would e l imi nate the de saturation in the 
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transformer and thus increase the primary inductance, but at 

the same time this woul d require a high inductance choke and 

a quite large c oup l i n g condenser which might off'se t the 

advantage of s hunt f eed and make replacement of the trans~ 

former seem more feas i bleo 

At the high end 9 the major factor contributing to the 

early drop in the r e sponse in the shunt capacity of the 6AU6 

stageo Whi le t he c apad .. ty itself cannot be lessened appre ·

ciably9 its effe c t c an be reduced by using a smaller d =c 

plate load r es istor R4 i n order to cut down on the equiva= 

lent resis t ance Req• This modification would also lower 

the rnid~,frequen cy gain but this effect would have to be 

tolerate do 

As mention ed earl ier 9 removal of cathode by-pass con

densers and a pplica t ion of negative feedback could also be 

employed to extend t he frequency response at both ends of 

the mid=range o 

Partial by~pas s i ng of a cathode resistor is many times 

utilized to extend t he h igh=range response. For example 9 

if the capacity o.f the ca t ho de condenser C1 on the 6AU6 

stage was reduced until the corner frequencies flk and r 2k 

were loc a ted. i.n the v icin ity of 10 and 30 KC respectively 9 

then the h igh=fre quency re sponse would be extended measur= 

ably o Thi.s too 9 of cour se 9 would reduce the mid=fre quency 

gain which a ga i n must be tolerat edo 

In order to verify the calcul a t ed performance data 

that has been derived in this chapte r~ and to demons trate 
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more specif icall y the use of asymoptotic plots and phase 

shif t curve s for the practical design of a feedback network, 

the experimental ampl i fier circuit of Figure 31 was con= 

s true ted so that measu:red data might be obtained o The 

procedure and results of these measurements is presented 

in Chapter IXo If complete verification of the calculated 

data was to be possible 9 some suitable means of measuring 

the phase shif t of the amplifier had to be conceivedo Con= 

se quently 9 a s a par t of th.i.s study of audio amplifier per= 

formance and design~ the phase meter about to be described 

in Chapter VIII was designed and constructed o3 



CHA PTER VIII 

DI RECT READING PHASE METER 

Genera l 

Afte r an enginee r i n t he field has designed and con

structe d a given a.mplif i.e r circuit ~ laboratory tests must be 

conduc t ed to s ee i f t he equipment fulfills the expectationso 

As was pointed ou t ear l i e r 9 measurements of the phase re

sponse of an amp l ifier is somewhat of a problem since commer

cial phase me t e r s are qulte expensive .9 and many of them do 

no t perform well above 20 k ilocy c les .. 

The ma :i.n obje c t i ve of the pr e cedi ng material has been 

to pre sent a simp l ified graphi ca l solution to the problem of 

aud i o amplifier ana l ysis o Now 9 in order to simplify the 

prob lem of me a suremen t 9 it woul d be very desirable if some 

type of direct :reading pha se me t er was de veloped which would 

give reasonable a ccuracy of mea s urement up to around 100 

kilocycles 9 wa s simple t o construct 9 and was low in co sto 

The phase me t e r abo ut t o be p res en t ed meets the above 

requi rements quite we l l o The cir cuits are conventional 

and anyone with some exper i ence i n amplifier construc tion 

and tes ting should have l ittle ti•ouble i n t he assembly and 

cal i br a tion of this ins trumento The s imp lie i ty of the 

phas e me te r about to be descr ibe d i s based on the fac t that 

its us e i s lim:Lted t;o the phase me a suremen t of sine wave 

signa l vo l tageso At f i rs t 9 this migh t seem to be a gr ea t 
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disadvantage, however, sin ce t he p r i nciple application of 

this me ter is on amplifie r s h av i n g low distortion, this 

limita tion i.s not a ser ious d r awback o When one of the 

signa l v o ltages contains 10 per cent harmonic distortion 

the e r r or in phase measurement is approxima tely 10°, and 

any amplifier producing mor e t han 10 p e r cent distortion 

should b e corrected i n any event before more detailed 

measure ments are a ttempted o 

I Nl'-c.lTNO,\ 

__ V_I ___ ___ J-~ 
E,/St AMPl..,IFIER... I l'<l"l? L.I FIE;lt. 

V3 

Pll"F e.1< 
! l!N i lAl-
c AM Pl-I Fl-el<. 

v 4-

F igure J6 o Bloc k Dia gram o f Simple Phase Meter 
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TABLE III 

TECHNICAL SPECIFICATIONS OF PHASE METER 

Phase measurement range 9 0 = +180° 

Full=sc ale range 9 0 = 180° 

Frequency range 9 5 cycles to 100 kco 
(error increases rapidly above 190 kco) 

Channel n oo 1 

Minimum input, volta ge 9 5 mvo 

Freguency response flat within 3 db from 2 cycles 
to 600 k co 

Channel noo 2 

Minimum input voltage 9 14 mv., 

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

Error due to waveform distortion is approximately 5° 
when one of the signal voltages contains 5 per cent 
harmonic distortion o An additional error of approximately 
5° is pre sent over the upper one=fourth part of the meter 
scale due to the crowded c al i bration., 

Operating power 9 115 v. 9 60 cycles., 
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Figure 37. Front Panel Vie,.1 of Phase Meter. 

Figure 38. Top View of Phase Meter. 
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TABLE IV 

PHASE METER PARTS LIST 

Capacitors (All c apacitanc es are microfaradso All capaci
tors a re p aper unless otherwise specifiedo) 
Cl Ool, 600 Vo Cl2 Ool9 600 Vo 
C2 0002 9 600 Vo Cl) 0.1, 600 Vo 
CJ 0000 5 9 600 Vo Cl4 0.1, 600 Vo 
C4 0. 001 .1) 600 Vo Cl5 2_50 µµf 9 400 v. 
C.5 0.00029 400 Vo mica 
C6 40 , 450 Vo elect. Cl6 0.19 600 Vo 
C7 0.1, 600 Vo Cl7 900 µµ:f, 400 Vo 
CB 0 . 0022 9 400 v . mica mica 
C9 Oo l 9 600 Vo Cl8 40, 450 Vo elect. 
ClO 40 9 450 Vo elect . Cl9 40.9 450 v. electo 
Cll 0.00229 400 V o mica C20 40, 475 Vo elect. 

C21 40 9 475 Vo electo 

Resistors {All re sistances are in ohmso K represents 1000; 
M represents 1 9 000 9 0000 All resistors are 1/2 watt 
unle ss otherwise s pecifiedo) 
Rl 
R2 ~, 
RS 
R6 
R7 
R8 
R9 
RlO 
Rll 
R12 
Rl3 
Rl4 
RlS 
Rl6 
Rl7 

2009 
200 0 
1SK-
1$K 9 
lOOK 
4 7 0K 
1000 
2M 
1000 

po ten tiome ter 
potentiometer 

1 watt 

1.1JK 9 1 wa tt 
1 00K 
470K 
2M 
2K 9 1 watt 
500 9 potentiometer 
2K 9 1 wa t t 
62K 

Transformers 
Tl F i lame nt ,, 6.J Vo 9 3 a . 
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Rl8 
Rl9 
R20 
R21 
R22 

:2 
R25 
R26 
R27 
R28 
R29 
RJO 
R31 
R32 
R3,3 
R34 

T2 

62K 
2M 
3000 
2M 
3000 , 1 watt 
30K 9 1 watt 
25K, 1 watt 
39K 9 1 watt 
25K , 1 watt. 
75K, 1 watt 
18K 9 1 watt · 
10K 9 1 watt 
22K 9 1 watt 
10K 1 po tentiome t er 
5K.!) 1 watt 
75K.!l 1 watt 
470K 

Powe r transformer 
750 v . , c.t..!) 70 
~a • , 5 v • 9 3 a • , 
6.3 v., 4 a. 



Crystal Re c tifiers 
Yl , Y2 9 YJ 9 Y4 

TABLE IV 

(C ont i nued) 

lNJ4A 

Meters 
Ml 0""'50 Vo d=C mic roampe res full =scale 

Tubes 
Vl 
V2 
VJ 
v4 
v5 

Switches 
Sl 

S2 

Chodes 
CH 

6AU6 
6AU6 
1/2 6SN7 
1/2 6SN7 
6J~ 

./ 

Si n gle pole 
double t hrow 
to·gg le t ype 
Same a s S1 

10 henry9 80 mao 

v6 
V7 
V8 
V9 
VlO 

SJ 

s4 

6J5 
6B4 
6SJ7 
OAJ/VR75 
5YJGT 

Single pole si.x 
position rotary 
Single pole 
single throw 
toggle type 
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Principle of Opera~ 

The fundamental principle of operation of the phase 

meter is based on the properties of a difference ampli-
1 2 

fier, ' which in this case is arranged in the form of a 
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cathode follower circuit for the purpose of providing a low 

output impedanceo The basic circuit as shown in Figure 41 

has two input voltages el= Esin wt and e 2 = Esin(wt + 9) 

whose amplitude factors E are to be made equal. 

e,=- Es.:,n..wt 

Ebb 

.--~~---~~~ vz 

-, 
I 
' 

~ 
I 

9 

G.a,= Es,.....('.u>tt-&) 
--.<;---

Figure 420 Basic Cathode Follower Difference Amplifier 

Since the cathode follower circuits will not contribute un-

equal phase shift due to symmetrys the output voltages of 

each circuit would be 

I ' .J., e<l9 ==- E ~ W J..J ( 51) 

(52) 

The net output voltage measured between the cathodes would 

be the difference between e 0 g and e 09 go 

lGeorge Eo Valley ., Jre and Henry Wallman» Vacuum Tube 
Amplifiers, PPo 441=4540 ~ 

2 Samuel Seely s Electron~Tube Circuits 9 PPe 113-1170 
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eoc1 =80~-eos= E'~w.t - E'~(u .. d::.±-&) 

.:: E1 
[~ w:t - ~ (t..0:t :t-e-")] 

(53) 

(54) 

Applying the trigonometr i c identity, sin A - sin B = 
2°cos l/2(A+B) 0 sin l/2(A ~,B) , equation (S3) becomes 

eoo = ZE'~~(wt-w.t±&) ~ X.(w-t+wl::,±-&) 

:::.zE'.~(±t)·~ (wtri) 

But sin+ G = sin G 9 so 
- 2 2 

eod ~ ZE'~ f [~ (wt:!:. f )] 

Equation (56) can be interpreted to mean that the 

(55) 

(S6) 

output volta ge e 00 i will be of sine wave form but having 

a peak or rms amplitude that is proportional to sin!· 

In other words .9 when the two equal input voltages e1 and 

e 2 differ in phase by an angle of _:!:9 9 an a-c meter connect

ed across the points 00 1 would deflect in proportion to 

sin ~o A maximum deflection of the meter would result when 

e1 and e2 differ in phase by 180° at which time s i~ == lo? 

and fur t he rmore 9 t his deflection would be twice as much as 

that produced by either input voltage alone o 

The se observations reveal a method by which this 

circuit c an be used to measure phase shift between two 

sine wave voltageso If e 1 alone was applied and its ampli~ 

tude adjusted until half -sc ale deflection was produced on 

a meter connec ted between the cathodes, and similarly e2 

was applied a lone and varied until it also produced half-



scale deflection of the meter, then when both voltages 

were applied simultaneously, the meter would deflect in 

proportion to si~ where full =scale deflection corresponded 
2 

to 180° and zero deflection to o0 o By suitable calibration 

of the mete r scale or by drawing a calibration curve, the 

circuit of Figure 41 then becomes a direct reading phase 

measuring instrumento 

Circuit Desc ription 

The complete c ircuit diagram of the instrument appears 

in Figure 39 and incorporates several additional features 

to make it especially applicable to measurements on audio 

amplifiers and also to make it more self-contained and con-

venient to usea The input voltage to a typical audio ampli-

fier i.s usually quite small.9 and the output voltage from a 

low impedance secondary winding on an output transformer is 

usually only a few volts a t the mid=range frequencies and 

much lower a t the high and low frequencies where the re= 

sponse falls offo 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 properlyo In Figure 39, a cathode to cathode volt

age on tube s VJ and V4 of 8 volts was arbitrarily chosen to 

correspond to f ul l=s cale reading of the meter Ml. This 

means that each half of the difference amplifier circuit 

must contribute one=half of this voltage or 4 volts. Due to 

the low value of the c athode resistances., waveform distor= 

tion starts to result when the grid signal voltage on VJ and 
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V4 ex ceeds 8 vo l ts . This distor tion might be reduced by in

creasing the c a thode resistances Rl4 and Rl6 but this would 

increase the out put impedance of the circuit with a result= 

ant los s of high,=.frequency respons e o If the voltage from 

the di f f e rence amplifier wa s chosen at too low a value, then 

trouble would be experienced from no i se interferenceo 

The ampli fiers in the phase meter must pass a consid= 

erably wi der band in comparison to the operating range of 

the instrument i f error due t o internal phase shift is to be 

avo i dedo The h l.gh ~fr equency response of the amplifiers ex

tends a t leas t 5 dec ades above the rated operating range 

and the low f requency r esponse extends 2 decades below the 

rated range o 

The potentiomete r Rl .5 is f or the purpose of balancing 

the d·~ c c a t hode vol t ages of t ubes VJ and v4. By placing 

the swi t ches Sl and S2 i n the OFF pos ition, no signal volt

ages will be applied and Rl5 can t hen be adjus ted f or a zero 

readi ng on the me t e r Ml o 

The circ u it c omposed of R3 9 Cl.=5.9 and S5 determi nes 

the s i gn of t he meas ure d pha se shift angl e , i .e., whe ther 

e2 leads or l a gs e1 • When S5 is turned to one of the 

A G position s 9 addi t iona l phase lag i s i ntroduced into 

channe l one o If the meter re ading i n creases.!) then e2 leads 

e1 9 and if i t decre as es e2 l ags e 1 • 

A crystal diode me t er r e ctifie r cir cuit was used in 

preference to other types becaus e of its simpl i city , ease 



of construc tion 9 and excellent response to the higher fre-

quenc ies wi thout special compensa tiono A meter movement 

of 50 pa full =scale sensitivity was used for the meter Ml 

so tha t the metering circuit would have a relatively high 

impedance and thus not appreciably load the difference am-

plifier c ircui t o 

It will be noticed that an electronically regulated 

power supply has been incorporated to stabilize the B 

supply voltage for al l the tubes ., This helps to improve 

accuracy of calibra tion and t o minimize drifto By return~ 

ing the center t ap of the 6., 3 volt filament winding to a 

divider on the B supply 9 a positive voltage of approximate

ly 50 volts is applied to the filament circuits which re-

sults in cons i derably less r esidual noise., 

Calibra tion 

If the deflection of t he meter Ml was perfectly linear 

with r espect to the output voltage from the difference 

amplifier 9 then the meter scale co uld be directly calibrated 

in proportion to the function sin Go Unfortunately 9 due 
2 

to the slight nonl ine arity of the crystal diodess, this 

direc t approach to the problem of calibration could not be 

employed unti l the meter sc a le was recalibrated as a func-

tion of the input voltage to the a =c metering circuit., 

The voltage c alibration of the meter scale was accom-

plished by temporarily disconnec ti.ng the metering circuit 

from the di.fference amplifier and c onnecting it to a source 

of known voltage as shown in Figure 430 
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Figure 430 Voltage Calibration Circuit 

Since 8 vo l ts from the oscillator was required to 

produce full ·=scale deflection of the meter Mls other values 

of known voltage were applied and the reading of Ml record-

ed for each voltageo From this data the calibration curve 

of Figure 1t4 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 Go Since the actual voltage 

delivered to the meter circuit would be E00 , = 8 si19 the 

corresponding reading of the meter for each value of Q 

selected was de t e1•mine d by referring to the voltage cali= 

br ation curve of Figure 440 Values of Q were selected for 

every 10° be t ween oo and 180° and the corresponding meter 

readings were p l ot ted t o give the phase shift calibration 

curve of Figure 410 
The accuracy of calibration was checked by setting up 

the test c ircu it s hown i n Figure 45 and adjusting the vari-

able resi s tance t o give a known phase shift between e 1 and e 2 • 
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To prevent exc e ssive l oading of the test circuit, the input 

potentiome t e rs in t he phase me t er were temporarily dis

connec t ed and Oo.5 megohm uni ts connected in their place. 

The callbra tion check s made with the aid of the test cir-

cuit proved the ca l ibrat ion pro cedure to be satisfactory. 

Connections t~ an !mplif i er 

I t will be no t ed tha t t he input potentiometers of the 

phase meter are 200 ohms eacho They were made low deliber

ately in order to minimize no i se pickup in the input cir-

cuitso Howe ver 9 a little j udgment much be exercised when 

conne cting t he inputs t o an amplifiero When the input 

terminals of channel no o 2 are connected across the usual 

speaker output le ads of an amplifier no difficulty will be 

experience d f r om excessive loadingo However , if the ampli

fier under t es t ha s an ou t put load impedance rating of 50 

to 600 ohms 9 then a r esis t ance of 100 - 10 , 000 ohms should 

be placed in series with the input lead to the phase meter 

to pre vent loading o 



80 

Input noo 1 of the phase meter may be connected to the 

input of the amplifier' test in one of the three ways shown 

in Figure 46 dependi.ng upon the equipment and its require-

mentso 

Al.AOIO 

O '$CI L...1-.A.TOR,. A t'1 PL.I FI E.R.. 

i 
(a) 

-
.a. A _a. a. 

AI.APIO 

. R;v 
OSCli-1...A.TOR. 

Al"'IP\.., Fl E.it.. 

i , 

(b) 

A A A A A . 
'Rf VRsv 

A U,D I O Al"IPL..ll"IE.lc... 
C>SC.\~1.-PITOR-. 

! 
(c) 

Figure L~6o Conne c ting the Phase Meter to an Amplifier 

If connec ted as shown i n Figure 46(a) and the amplifier has 

a high impedance input , the 200 ohm input resistance of the 
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phase mete r will not on l y be the load on the oscillator but 

also will s hunt the input capacity of the first amplifier 

tubeo Any effe ct t he input capac ity wo uld normally have on 

the high=f re quency pha se response of the amplifier would 

not be no ticed when shunted by the 200 ohm potentiometer. 

Therefore , when the amplif i er has a high input impedanceg 

the circ u i t of F igure 46( b ) or 46( c ) is to be preferred. 

Rs would be made e qua l t o t he internal resistance of the 

driving source norma lly used wi th the amplifiero If, however, 

the amplif ier ha s a low i nput impedance of 50 - 600 ohms, 

the connection of Figure 46( a) would be suitableo The 

connect ion shown i n F igure 46( c) should be used when the 

amplif i e r and oscilla tor bot h have high impedance cir-

cuits or when the oscilla tor delivers too much signal 

voltage o 

Operat i ng Instructions 

The i nstruct i ons f or placing the phase meter in opera-

tion can best be presente d i n t he form of definite steps 

as follows ~ 

lo Connect the phase meter t o the amplifier under test 

in a suitable manner o 

2o Before turning on t he power and amplifier, the 

following controls should be i n the position indicated. 

Input switch noo 1 OFF 
Input switch no o 2 OFF 
Ga i n no o 1 OFF 
Ga in no o 2 OFF 

,6,9 0 



3o Turn on the power and place the amplifier in 

operationo 
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4o After the phase meter has warme d up for a few min

utesj ad just DC BALANCE for minimum deflection of the meter 

which should be zeroo 

5o Operate INPUT SW 1 to USE and advance GAIN 1 

until meter reads one -,half scale o One-half scale on the 

meter is 23 due to the nonlinearity presento Turn INPUT 

SW 1 to OFFo 

60 Opera te INPUT SW 2 to USE and advance GAIN 2 until 

meter again reads one - half scale or 230 

7o Operate bo t h input switches to USE and read the 

metero 

80 Refe r the meter re ading to the calibration curve 

of Figure 41 to obtain the phase shift angle. 

9o If t he polarity of the phase shift angle is not 

knowns advance the AG control to 1 and repeat steps 5, 7, 

and 8. If the new reading is larger than the original read

ing then e2 le ads e19 and if the new reading is smaller 

then e 2 le.gs e 1 • If t he new reading is no different from 

the original re ad i ng t hen AG should be advanced to a 

higher numbe r• o 

While the use of this phase meter is strictly limited 

to phase measurements on sine wave voltages, experience 

has shown that it is a very satisfactory low cost instru

ment ' for the purpose of t esting 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 compire with 

the results of the theoretic al analysis in Chapter VII. 

The laboratory te sting of t he experimental amplifier also 

offered an oppor t unity to demonstrate the application of 

the phase meter which was described in Chapter VIIIo 

The firs t step in the procedure of the laboratory tests 

was to de termine the amplitude resp onse and phase shift of 

the original circuit of Figure 31.11 and to inspect those 

results for the purpose of i ncorporating certain improve

ments in de si.gn a t t he least expense; second, to make 

several simple modifications to the original circuit so 

that nega tive feedba ck could be applied , third and last, 

to design and install a phase compensated negative feed= 

back loop a s a fina l approach to improving the frequency 

response of the ampli.fi.er o Actually,11 very few physical 

changes were made in the amplifie r circuit, the object 

being to accomp lish the improvements in performance with-

8.3 



out resor ting to a major redesign and expensive replace

mentso 

The equipment necessary for• thorough laboratory 

testing of audio amplifiers should include at least the 

follow:'Lng instruments g 

lo Aud io oscilla t or with a range of 10 cps - 100 kc 

and a wavefo rm distortion of less than Oo5 per cento 

2 o Vacuum tube voltmeter with a usable frequency 

range compar able t o the oscillatoro 

3o Os cilloscope o 

4o Phase metero 

Other ins truments wh.ich are desirable but not absolutely 

necessary for the usual p'erformance tests on audio ampli

fiers areg 

lo Noise and distortion metero 

2o Square wave generatoro 

3o Intermndula tion analyzero 

4o Wave ana lyzer o 

The equipment which was available for the testing of the 

experiment al amplifier inc luded g 

lo Os cillator, Hewlitt- Packard Model 650Ao 
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2o Vacuum tube voltmeter, Hewlitt-Packard Model 4ooc. 

3o Oscilloscope, DuMont Model 304Ho 

4o Phase meter a s described in Chapter VIIIo 

A photograph of the equipment setup and the experi

mental amplifier are shown in Figure 470 



Figure 47. The Equipment Setup and Experimental Amplifier. 
()) 
\.1' 



Amplitude Response and Phase Shif t Measurements 

The block diagram of Figure 48 shows the connections 

of the tes t equipment to the experimental amplifier. 

PHP..Se. VTVM -~ M c .TE.f'- -- Hf>400e 

OSC\1...1...l•,TOR. f;:'lC P!:.R.\ MEl'IT"I.... pl.p 
) 

- 1 ) 
1-\Pc.,~O .... , /',..\VIP\..\l"\E.R ) 

E,,. i:.o > 

0=1LLO'$COP1:. 
DUMONT~t-\ 

Figure 480 Connections of the Test Equipment 
t o the Experimental Amplifier 
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On each response test 9 t he bui lt-in attenuator in the 

oscillator was ad justed 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 o At each fre-

quency selected 9 the output voltage from the amplifier was 

read on the vacuum t ube voltmeter and converted to decibel 
2 

gain by the equation db = 20LogE0 ;Ein· Also 9 at each fre..; 

quency the phase shift of the output voltage with respect 

to the input voltage was determined with the phase meter. 

The firs t tes t was c onducte d with the amplifier cir-

cuit in its or igl nal form as shown i n Figure 31 and the 

results of this test are shown on the graphs of Figures 49, 

50 9 51 9 and 52 a long with plots of the calculated response 

which was obtai ned f r om the analysis of Chapter VIIo 
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An inspe c tion of the graphs reveal that the calculated 

response and measured response are in reasonable agreement 

throughout t he range of 50 ~· 15000 cpso Outside this range 

the devi~tion be t ween the two increases considerably due, 

no doubts, to the neglec t of certain circuit effects which 

in reality influence the response to some extent depending 

upon circuit values o This.11 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 t he high=frequency response. These 

erros in no way defeat the objective of the calculated 

analysis since i .t does give an excellent prediction of the 

amplifier respons e and was ac complished without long and 

laborious calculat ionso 

The calculated mid=range gain was 45 db,3 however, the 

calculated respons e curves 9 shown in Figures 49 and 50, were 

drawn to the same mi d=range level as the measured response 

so the shape of the curves could be compared more readily. 

The grea t es t error between the calculated and measured 

data appears in t he phase shift of the amplifier as pre

sented by the curves of Figures 51 and 520 In the vicinity 

of the corner f re quency of an asymoptotic curve, the phase 

shift of the out put i s changing quite rapidlyo This means 

that if a small e r ror existed in the calculation of the 

asymoptotic plo t ., a corr•espondingly larger error would 

exist in t he phase sh ift ploto But again., the calculated 
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data gives the engi.neer an approximate pictu.re of the phase 

shift wi.th a minimum of effort and if he will but realize 

that the measured phase shift will be a little more than 

is indicated, 4 the c alculated data will be very- useful in 

designing feedback networks for amplifierso The error in 

the calcula ted phase shift data also emphasizes the need 

for a simple low cost phase meter such as the one described 

in Chapte r VIIIo 

Before going into the methods of improving the per

formance of the amplifierB it is interesting to point out 

how much uncompensated negative feedback can be applied to 

the original circui.t before oscillation occurs. A closer 

inspection of Figures 49D 50, 51D and 52 will show that if 

negative feedback was applied in the manner shown in 

Figure 53 such that 20Logl/(3 == 20i!l0 db, then the plot of 

1/s would intersect the amplifier amplitude plot at 15 and 

35,000 cps where the phase margin at each point is less 

than 10°0 
Rx=· /7/0 

{3- Rx _ I 
- Rx+Ry - To 

zo1-.og-k--= zo db 

Figure 530 Uncompensated Feedback Network 

4-oue to neglecting the effect of the screen by- pass 
condenser a t low f1•e quenc ie s and the transformer shunt 
capacity a t high frequencies o 
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At ea.ch point of intersection [A~ = 1] a very unstable 

condition would exist; and very l ikely oscillation would be 

the result o Ac tuall y 9 when the circui t of Figure 53 was 

applied t o the amplif i er with the values indicated, oscil

lation did occur a t l ow and h igh f r equencies simultaneous

lyo Of course, if pha s e c ompensation was incorporated in 

either t he amplif ier or the feedback loop in such a manner 

that a reasonable phase margin of at least 30° existed at 

the po i n ts whe re Af3 = 1 9 t he n os cillation could be avoided. 

Improvement .2.£ Fre quen_2X, Respons~ 

The bandwi.d t h between t he -3 db points of the measured 

amplif i er response i s from 130 =, 9200 cps which is much too 

limited fo r go od r eproduc t i.on of musico By referring to 

the graphs of F i gures 32 an d 34, it can be seen that the 

major fac tor c ontributing t o poor low -,frequency response 

is the l ow pr i mary i nductance of the output transformer, 

and at the high ·=freque nci.es i t is the exces::iive shunt ca~ 

pacity i n t he 6AU6 circuit which produces an early drop in 

high=frequency response o 

I mproving t he l ow0 ~frequen cy r esponse by increasing the 

transformer i.nductance would requir e replacement which is to 

be avoided , if po s sible, since a s uitable transformer would 

cost se ver a l do l l ars o The h igh=frequency response could be 

improved by choosing a lower r esistance for the d- c plate 

load resis t or on the 6AU6 o Thi s modification would be 

entirely prac t i ca l 3 however~ it wo uld also required accom

panying changes in va lues of the cathode bias resistor and 



the series resistor in the screen circuito 

Negative Feedback a s ~ Means of Improving the Frequency 

Response 

Since it wa s desired t o apply negative feedback to 

derive the benefits of distortion and noise reduction, 
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it was decided t hat it should be investigated as a means of 

correcting the frequency response at the same time. Re

ferring again to Figures 49 and 50 9 it can be seen that 

if a feedback f actor of 20Logl/~ = 20 db was applied that 

the frequency response should be practically uniform from 

about 20 = 25 9 000 cpso5 However 9 the discussion in the 

previous section pointe d out that oscillation resulted 

when 20Logl/~ was made equal to 20i.Q0 db so that phase 

compensation wou.ld have to be applied to either the ampli-

fier 9 the feedback loop 9 or both. By modifying the amplifier 

to the extent of replacing the 6AU6 cathode condenser Cl 

with a 250 pf unit 9 replacing the coupling condenser C3 

with one of Ool pf 9 and replacing the grid resistor R5 with 

a resistance of 1 megohm 9 the low~frequency amplitude 

response was only slightly improved 9 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 circui.t are p lot ted in Figures 54 and 55 and show 

that at the po int of intersection between 1/~ and A [A~=~ 

the phase margin is 50°$ which is sufficient to prevent 

oscillation a t the low=frequencies. 
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At the high=frequency end of the response as shown in 

Figures 56 and 57 .9 the phase margin at the point A~= 1 

changed very little, me aning that the amplifier would st111 

tend to be unstable :1.f 20Logl/~ = 20/.QO dbo By shunting Rx 

in the feedback loop with a small condenser as shown in 

Figure .58si the function ~ is given a leading phase angle at 

high=frequencies to offset part of the lagging phase shift 

of the amplifie1" 9 thereby decreasing the phase angle of A 

and increasing its phase margin to a point of stabilityo 

/3{M10-RANG1!,):: -n, 
ZOL~i= zodb 

Figure 580 Phase Compensated Feedback Loop to 
Prevent Oscillation at High=Frequency 

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

has for a transfer function 

(57) 
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where 

(58) 

( 59) 

The asymoptotic response and phase shift typical of this 

function is shown in Figure 590 

I 

.eoLo~(,£t+R'I) 
I 
I 

Figure 590 Typical Response of the Function 

r 
Ill 
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By choosing a frequency for f 1 that is slightly higher 

than the intersecting point of 1/(3 and A [see Figure 56], 

the increase of negative feedback at high frequencies 

will have little effect on the amplitude response of the 

amplifier 3 but t he leading phase shift due to the addition 

of Cx will accomplish the goal of increasing the phase 

margin of A~ in the region of A~= lo In this case a fre

quency of 30000 cps was chosen for f 1 and thus the 
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necessary value for ex c an be determined from equation (58) 

as 

(60) 

The other corner frequency f2 was calculated to be 

( 61) 

From these calculations, the curves for the feedback 

loop and the resultant phase shift curve for A~ were plotted 

on the graphs of Figures 56 and 57. The phase shift curve 

of Af3 now shows a phase margin of 60° to exist at the point 

where A~ = ls which is more than enough to prevent oscilla~ 

tion at high=frequency • 

. To complete t he 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 responseo The results of this test is plotted as 

the AY curve in Figures 54 and 56 and is shown to be very 

close to the expec ted response which should follow the 

lower curve on the grapho The bandwidth of the A' amplifier 

response curve is now 10 = 30000 cps which would provide 

excellent reproduction of live music or tape recordings. 

The reduct i on 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 outputo The labo-

ratory measurements showed t hat with feedback the amplifier 
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input must b e Ool3 volts in order to develop the output of 
i 

1 volto The v alue of Ool3 volt is still low enough to allow 

the amplifie r to be dr i ven d i rectly from a crystal phono 

pickup or f rom t he preampl ifier of the popular variable 

reluctance p ickup o 

While a r eduction of distortion was not a primary 

objective of t hi. s study9 it should always be considered when 

attempting to i mpr ove the performance of an audio amplifier. 

The effec t of nega tive feedback in reducing distortion and 

noise of amplifiers is well known and in this case there was 

no exceptiono As meas ured by a Barker and Williams dis-

tortion me ter 9 t h e tota l no is e and distortion was reduced 

from 5 down t o l per cent a t mi d~range frequencies due to 

the application of the n e gative feedback. 

Many o t he r tes ts and demonstrations involving com-

pens a tion an d e qua liza tion of amplifiers could be made, 

howeverj the s i mple procedures presented in this chapter 

indicate the possib i l itie s of problems which can be easily 

and sat isf actorily solved with the aid of asymoptotic plots 

of network transfer functions . 



Summary 

CHAPTER X 

SUMMARY AND CONCLUSIONS 

The primary ob j ective 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 amplifierso This objective was accom

plished in a t wo-f old manne r by first showing the application 

of asymopto t i c plots to the problem of design and analysis, 

and second 9 by describing and demonstrating the use of a 

low cost d irect read ing phase meter, which will allow a 

more complete l aborator y analysis of amplifiers to be made 

quickly and wi t h a minimum of expensive equipment. 

It is desirable that the engineer should study the 

complete and more compl ex equations related to amplifier 

networks in order t ha t he understand more clearly how the 

various circuit parame ters affect the amplifier performance. 

However 9 t o appl y the s e complex equations to a practical 

design problem requires a great deal of time and labor 

which does n o t s eem warranted when the laboratory tests of 

the finished model do not exactly agree with the expecta

tionso A var y i ng d isa greement between calculated and 

measured data for ampl i f iers is to be expected, not always 

because of limitations in t he mathematical treatment of 

amplifier action j but ma i nly because of a rather wide 

103 
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variation in values of c ircuit components and tube constants 

due to manufacturing tolerances and differences in operating 

potentialso Since these tolerances do exist, a calculated 

design mus t be followed by laboratory tests in which the 

final modifications to the original design are made in 

order tha t the amplifie :r shall meet the re quired spec if ica

tions o For this reason9 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 engi

neer time when feedback is to be applied to the amplifier 

under test., 

Difficultie ~ Encountered in Amplifier Design 

The major difficulty facing the engineer when he 

prepares a design o.f an amplifier is that complete and 

exact information on component parts and tubes is not 

usually available., Of course 9 in the case of resistors and 

condensers , precision units c an either be purchased or 

selected from a large stock., However, when the question 

arises concerning ·the values f or tube and transformer 

constants:1 the probl em l s more perplexing., The information 

presented in tube da t a manuals on plate resistance, mutual 

conductance , and amplification f actor, rarely fits the 

individual problem of design s, especially when voltage am

plifier tube s are involved where the plate and screen are 

operated at reduce d potentlals., In this case 9 the engineer 

has the a lternat l ve of' es t i mating val ues 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 progresseso 

Some of the questions that arise from measurements made on 

audio transformers are more completely discussed in 

Appendix B.!l however 9 it 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 mus t be used ., 

This di scussion may make it appear that attempting a 
' 

calculated design or analysis is futile 9 however, such is 

hot the caseo An intelligent use of the available data will 

produce a set of da t a that is approximately correct so 

that minor modif ica tions of the test model will yield the 

desired resul ts o 

Recommendations for Furt her Study 

The procedure s 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-

ya.is of audio amplif iers o 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 3 additional transfer functions should be de-



rived for all of t he conceivable circuit variations1 and 

conditions whi ch are found in audio amplifierso A few of 

the more important c ircui ts are ~ 

lo Screen circuit impedance" 

2 o Cathode circuit impedance of a transformer-

coupled ampl ifier o 

3" Plate power supply decoupling impedanceo 

4o Interstage transformer-coupled amplifiero 

So Several types of phase-inverterso 

60 Equalization and compensation circuits .. 

7o Resonant filters o 

80 Video amplifierso 
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With a c omplete set of transfer functions at hand, the 

graphical me t hods 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 

methodso 
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APPENDIX A 

DEVELOPMENT OF THE TRANSFER FUNCTION RELATING THE 
CATHODE BIAS IMPEDANCE TO THE GAIN OF 

AND R=C AMPLIFIER AT LOW FREQUENCIES 

7.:-
I 

Re, I 

r~ Eo 
I 
I 

t T 
Re I 

E.o 
Es I 

_j_ 

( a) Actual c ircui. t ( b) Equivalent cireuit 

Figure Alo Res is t ance.:.Coup l ed Amplifier 

In Figure Al it can be seen t ha t 

E5= Es- IpZK 

and I - .£1 §, 
F - Rp+Rc +2./(. 

Solving fo r Ip 

,P(Es -J:p~,c) 
Rp ·f- Re + 21<. 

- _,U£.s 
Ip - Rp +-Re + i!1,d 1+µ) 

Eo _ IpRc 
Es - E~ 
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(la) 

(2a) 

(3a) 

(4a) 
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In the case of modern vacuum tubes, ~)>l, therefore, 

(.5a) 

so that 

(6a) 

To simplify~ let R0 =~ R +Ro Then equation (6a) becomes p C 

A - 9mRpRc • [ I + Ri<C ~P ] 
L- Ro+,ILRK. \ + (·RoRic.. ) Ct<P 

Ro+PR1<. 

(7a) 

In order to express the function as a ratio of gain at 

low-frequencies to the gain at mid-range frequencies it is 

necessary t o divide equa tion (9a) by 9m ;,'+.~c:. which is the 

expression for the mid=r ange gaino Then equation (9a) 

becomes 1 

(8a) 



APPENDIX B 

MEASUREMENTS OF AN AUDIO OUTPUT TRANSFORMERl 

Turns Ratio 

The turns ratio of an audio transformer can be easily 

measured by applying a known a - c voltage to the primary of 

the transformer and measuring the open circuit secondary 

voltage with a high r esis t ance voltmeter such as a vacuum 

tube voltmetero The turns ratio is then determined by 

( lb) 

The frequency of t he voltage used for this measurement 

should not be t oo h igh or too low i n order to avoid losses 

due to the i n te rna l i mpedances of the transformero 

A frequency of 400 to 1000 cps is usually satisfactoryo 

Total Leakage Inductance 

The total l eakage i nduc tance reduced to unity turns 

ratio can be readily obtained by measuring the inductance 

between the pr i mar y termi nals when the secondary is 

short- circuited o An aud i o i mpedance bridge such as the 

General Radio 650A :is an excellent instrument for making 

this measuremen t o I n lieu of a bridge ~ determining the 

leakage inductance by r e s onance with a known external 

capacitance is also a satisfa ctory methodo Conclusions 

drawn from the results of measurements on several output 

transformers was t ha t this is the simplest and least critical 

lFredrick Eo Terman 9 Radio Engineers Handbook , PPo 9720 
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characteristic to measure,, The frequency and amplitude of 

the applied voltage had little effect on the measured value. 

Primary Incr~mental Inductance 

There are several methods by which the incremental 

inductance of a t:r•ansforme .r can be measuredo 2 The method 

adopted by the author ls shown in Figure BL Actually., the 

method used was checked by both resonance and bridge methods 

on occasion to be assured of correct resultso The graph of 

Figure B2 shows the results of measurements of the UTC R-27 

output transforme1• which was used in the experimental ampli-

fier described in Chapters VII and IXo 

The variation of primary inductance due to changes in 

magnitude of the appli.ed signal presents a rather perplex-

ing problemo 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 voltso This increase is dueD no doubt 9 to the 

initial increasing slope ln the B=H curve of the core 

materialo As the d=c saturation of the core was increased9 

the change of :induc tance with signal change was not _so 

pronounced" At the rated d=c operating points . of two low 

priced transformers 9 the change in inductance was small 

enough to be ignored by averaging t he extreme values which 

were measured with small and large applied signals. How

ever» when deal ing with a class A push- pull transformer 

where no d=c saturation is present,1 it leaves one in doubt 
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The desired d=c s a tura tion is set by adjusting the 
voltage of the d=c supply and the desired signal voltage 
to the audio transformer :i.s set by adjusting the variac 
transformero Readings are then taken of ET 9 Er 9 and Et 
with a vacuum tube voltmeter o The vector diagram shown 
below is then drawn to scale o The point of intersection 
of Et and ET is found by striking arcs with a compasso 
The voltages E1 v and ER r can be determined either by 
graphical measurement or by trigonometryo Et' is the 
internal reac t ance drop of the transformer and ER' is the 
internal resistance drop of the transformero 

The primary inductance and resistance is then determined 
by 

L (~·RMSl'ORl'\1",R) ,., . 

Figure Blo Method o:f' Measuring the Incremental 
Inductance of an Audio Transformer 
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as to what value of inductance to choose for a basis of 

designo 

Primary Resis tance 

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 signalo This variation would appear to be valid 

since core losses would represent a considerable portion 
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of resistive losses in the transformerso Here again 11 the 

question of sele ct ion of a value presents itselfo Fortu

nately11 when tubes with a rather high plate resistance are 

used 11 as in the case of pentode and beam power tubes.11 the 

variation of primary resistance is not a major considerationo 

However.11 if a triode tube of low plate resistance were to be 

used 9 this variation could quite easily be much greater 

than the pla t e resistance of the tube and thus become an 

imp or tan t factor i.n design o 
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