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PREFACE 

A version of the circuit described was suggested to 

the author's thesis adviser by Mro R. T. Bruss of 

Minneapolis, Minnesota. Mr. Bruss and Dr. Crawford sub

sequently built a discriminator using only crude design 

procedures to determine its efficacy in solving their 

problemso They found that, even though the circuit opera

ted, a much more detailed treatment was indicated. It is 

the purpose of this thesis to carry out this analysis in 

greater detail, and to describe a discriminator which ful

fills the requirements of the original application. 

The author wishes to thank Drs. Harry D. Crawford and 

William L. Hughes for their advice and encouragement in 

the preparation of the thesis study. Indebtedness is also 

acknowledged to the Douglas Aircraft Company, Incorporated, 

Santa Monica, California, through whose Employee Scholar

ship Plan the author was able to undertake graduate study. 

Thanks are also due my wife, Pat, and the children, 

who have put up with the author through the throes of 

thesis writing. I am humbly grateful for their continued 

support and encouragement. 

The typing of this thesis by Miss Velda D. Davis is 

also recognized. 
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CHAPTER I 

INTRODUCTION 

Modulation is defined in the 1938 Standards Report of 

the Institute of Radio Engineers as "the process of pro

ducing a wave some characteristic of which varies as a func

tion of the instantaneous value of another wave, called the 

modulating wave." (1) o Three of the characteristics of a 

sinusoidal wave which may be so varied are the amplitude, 

the frequency, and the phase; each of which lends its name 

to a type of modulationo 

Demodulation, or detection, is the process employed 

to recover the original information from a modulated wave. 

The complexity of demodulator circuits varies with the type 

of modulation and with the accuracy desired in the repro

duction of the modulating wave. In general, amplitude mod

ulation detectors are relatively simple, followed in order 

of complexity by frequency and phase modulation detectorso 

Detection of frequency modulated signals is accom

plished by one of two basic methods. In the first, the 

signal is applied to a network the purpose of which is to 

convert the variations in frequency into variations in 

amplitude o The resulting amplitude modulated wave is then 

demodulated~ usually by a diode detectoro (2)o 

1 



2 

In the second method, variations in the period of the 

modulated wave are compared cycle-by-cyle with a reference, 

often the. mean frequency of the input. The result of this 

comparison is an output voltage proportional to the period 

of the input, and thus proportional to the frequency of the 

inputj which is equivalent to the modulating wave. 

The detector to be described is of the first type. 

The distorting network used simulates the response of a 

pair of RLC tuned circuits by means of feedback amplifiers 

with twin-T networks in the feedback path. Included in the 

investigation is an analysis of the linearity of such de

modulators with respect to the input frequency and the de

sign of a linear demodulator for use with a carrier fre

quency in the audio rangeo 



CHAPTER II 

HISTORICAL BACKGROUND 

The use of frequency modulation was suggested early 

in the history of radio communication. It was hoped that 

the use of frequency modulation would permit the transmis

sion of signals over channels of narrower bandwidth than 

that required for the use of amplitude modulation. It was 

reasoned that modulation consisting of very slight shifts 

in the frequency of the transmitted carrier could be re

ceived and demodulated by a receiver of very narrow band

width. The narrow bandwidth of such a receiver would pro

vide an improvement in the signal-to-noise ratio of the 

receiver . 

The fallacy of this reasoning was shown by J. R. 

Carson, ( 3) j in 1922 9 in a classic article. Carson was 

the first to derive the mathematical expression for a 

frequency modulated signal, in a form which indicated an 

infinite series of signal components, or sidebands, spaced 

symmetrically about the carrier frequency, rather than the 

single pair involved in an amplitude modulated signalo 

As a result 9 Carson concluded, "the transmission of 

the signal by frequency modulation requires the transmis

sion of a band of frequencies at least [twice the highest 

3 
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signal frequency] in width." From a further (approximate) 

analysis, Carson concluded, "Consequently this type of 

modulation inherently distorts without any compensating 

advantages whatsoevero 00 The video tape recorder has 

proved the first of these conclusions wrong, and commer-

cial frequency modulation broadcasting, the second. 

Carson °s conclusions seemingly discouraged work on 

frequency modulation, and little progress was made until 

19360 °0 In 1929 Roder confirmed the results of Carson ••• 

In 1930 van der Pol treated the subject. He drew no con

clusions regarding the utility of the method." ( 4). 

Armstrong 0 s article (4)* showed the advantage of fre

quency modulation over amplitude modulation in the reduc

tion of noise and the virtual elimination of interfering 

signals. 

The basis of the method consists in introducing 
into the transmitted wave a characteristic which 
cannot be reproduced in disturbances of natural 
origin and utilizing a receiving means which is 
substantially not responsive to the current re
sulting from the ordinary types of disturbances 
and fully responsive on+Y to the type of wave 
which has the special cnaracteristics. 

The article includes information on a complete system 

for producing and detecting frequency modulated signals. 

Frequency Modulation Detectors 

One of the earliest systems of detection of frequency 

*Also see Lawrence Bo Arguimbau, Vacuum-Tube Circuits 
and Transistors, (New York, 1956) Po 515. Thec!Iscussion 
"o'il'spectra and 00 Background Notes," pp. 504-516, are partic
ularly goodo 
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modulated signals involved applying the signal to a reso

nant circuit which was detuned so as to place the carrier 

and significant sidebands on the slope of the selectivity 

curvej hence the name, slope detector. The frequency mod

ulation was converted to amplitude modulation, which was 

in turn detected by a square-law detector. (5) 

This system had the advantage of simplicity, requir

ing only the same components used in conventional amplitude 

modulation detectors, but the distortion due to curvature 

of the response curve of the tuned circuit was undesirable. 

Another disadvantage was that the signal could be detected 

at two settings of the resonant frequency of the tunedcir

cuitj above and below the signal frequency. 

These two disadvantages of the slope detector were 

practically eliminated by combining two slope detectors, 

tuned above and below the signal frequency, and combining 

their output signals in opposition. (4). 

The hardware required for the dual slope detector was 

combined into a single special transformer in the design 

of the Foster-Seeley (6) discriminator. This detector was 

first used in automatic frequency control of broadcast re

ceivers. This discriminator became the most widely used 

detector of frequency modulated signals and has only re

cently been given some strong competition by circuits which 

have the advantage of requiring fewer tubes or components. 

The discriminator can be shown to be equivalent in its ac

tion to the dual slope detector. (7). 
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Both the discriminator and the ratio detector are 

based upon the action of a special transformer with two 

outputs, the relative amplitude of which depends on the 

frequency of the input signalo The two outputs are con-

nected to diode detectors and the output signal is de-

rived as the difference in output of the two detectorso 

The discriminator is sensitive not only to variations in 

the frequency of the input, but also to amplitude varia-

tions, and thus must be preceded by limiting amplifiers 

which provide a constant amplitude input to the discrimina-

toro The ratio detector has reduced sensitivity to ampli-

tude variations, and is capable of faster recovery when 

overloaded by noise impulses, but provides an output signal 

voltage one-half that of a discriminator operating with 

similar inputo (2). 

A second general method of demodulation of frequency 

modulated signals involves the concept of generalized fre

quency as the rate of alternation (passing through zero) 

of the signalo (3). 

The function sin [fl (t)] alternates when the func
tion nc t) changes by 1t' i. e.' the interval between 
zeros corresponds to the ti~e intervals during 
whichfl(t) changes by the amount tt •o• The rate of 
alternation of the function sin [ .nr(t)] is approx
imately the same at any time t, as that of the 
function sin wt, where w = n1( t) ••• Generalized fre
quency, as defined above, corresponds with the 
iv instantaneous frequency vv [ of a siren] which the 
ear apperceiveso 

The method operates on the principle of comparing the 

period (and thus the rate of alternation) of the incoming 

signal with that of a reference signalo The reference 



signal may be from an oscillator locked to the incoming 

signal, or may consist of the voltage developed across a 

tuned circuit when the input is applied. 

7 

In this detector, a pulse of plate current is initi

ated as the reference (quadrature) signal approaches its 

peak valueo This occurs approximately at the zero-crossing 

of the input signal, which terminates the plate-current 

pulseo Variation of the phase of the quadrature signal 

maxima with respect to the zero-crossings of the input 

signal causes variation in the area of the pulses of plate 

currento The output signal is obtained by filtering the 

carrier-frequency components out of the plate voltagewave

formo 

The first commercial application of this principle was 

the Bradley detector, which utilized a specially construct

ed pentagrid tube in a locked-oscillator circuit. (8). Dif

ficulties were encountered with stray coupling between the 

input circuit and the quadrature (reference) signal cir

cuit, which led to poor rejection of amplitude modulation. 

Giacolletto (9) achieved improved operation using a beam

deflection tube in a similar circuit. This tube permitted 

use of a push-pull input circuit and single-ended reference 

circuit, enhancing isolation of the two circuits and reduc

ing sensitivity to amplitude modulation of the inputo 

The gated beam tube described by Adler (10) has become 

widely used in commercial television receiverso Its in

ternal construction permits nearly complete isolation of 
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the input and quadrature circuits. Applied as a detector, 

this tube replaces three tubes required with a discrimina

tor or ratio detector circuit. In addition, the tube is 

useful in other applications, as a limiter or sync separa

tor, for exampleo* 

Another detector of this type uses a conventional 

twin-triode tubeo It may be operated either as a simple 

detector, or with one of the triodes functioning as a 

locked-in oscillator if especially high amplitude modula

tion rejection is required. (11). 

A third 00 type 00 of demodulator operates in a similar 

manner to the second, but uses a trigger circuit to gener

ate a pulse of constant volt-second area at each alternation of 

the inputo The direct component of the pulses thus gener

ated is applied to the output circuitry. These "frequency 

counters 00 are used primarily in monitoring low frequency 

shifts (drift), using carrier frequencies which are also 

low, so as to permit the generation of pulses of reason

able area during the interval between alternations of the 

input o (12) o 

*This tube is available commercially as type 6BN6. 



CHAPTER III 

THEORY OF FREQUENCY MODULATION AND 

DEMODULATION 

A frequency modulated signal is formed by varying the 

frequency of the carrier ec = Ec sin[w(t) + QJ in accord

ance with a signal frequency es= Es cos wst in such a 

manner that the instantaneous carrier frequency w(t) is 

shifted by an amount proportional to the magnitude of the 

signal frequency, and at a rate proportional to the fre

quency of the signalo Of course, in the practical case, 

the modulating frequency will usually be much more complex 

than the form giveno If, however, the signal is periodic 

and analyzable into Fourier components, the spectrum of 

the modulated wave will contain the same components as 

would arise if each of the Fourier components of the modu

lating wave acted independently. (3). 

Let the carrier frequency wave be represented by 

(1) 

where 0(t) is the total phase angle excursion of the car

rier since some (arbitrary) time t = 0. Further, follow

ing Carson~ let the instantaneous frequency of the carrier 

be defined as the rate of change of phase, 

9 
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w(t) = d0(t)/dt. (2) 

It follows that 

j1l(t) = Lt w(t) dt. (3) 

If w(t) is a constant, this leads to the familiar ex-

pression 

for the carriero If, however, as in the present case, 

w(t) is a variable function of time, such as 

then 

(4) 

(5) 

(6) 

(7) 

within a consta;nt of integration which co.rresponds to .fix

ing the zero of phase reference. 

Finally, substitution of (7) into (1) leads to the 

expression of the frequency modulated wave: 

(8) 

The equation of a phase modulated wave is similar: 

(9) 
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The difference in the two lies in the form of the devia-

tion ratio; kfE /w in frequency modulation, and k E in 
X S p S 

phase modulation. (13). The dependence of this ratio on 

the signal frequency results in a more economical utiliza-

tion of the spectrum within the bandwidth required for one 

channelo In phase modulation, the number of significant 

sidebands is constant as the frequency of modulation de-

creasesj but their spacing decreases, so that the utilized 

bandwidth decreases rapidly with decreasing modulating fre-

quency~ In frequency modulation, however, the decreased 

spacing of the sidebands as the modulating frequency de

creases is partially offset by the increased number of 

sidebands required by the increasing deviation ratio, so 

that the bandwidth utilized is nearly constant. The use 

of pre-emphasis to increase the amplitude of the higher-

frequency components thus can be used to advantage in fre

quency modulation, without significantly increasing the 

total required bandwidtho 

It is convenient to define the frequency-deviation 

ratio 

It is the ratio of the peak frequency deviation to the 

audio rate at which it occurso (7). Equation (8) then 

becomes 

(10) 

(8) 
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ec = Ee sin [wet + 13 sin wst] 

= Ee [sin wet cos (13 sin wst) + 

cos wet sin (13 sin wst)]. (11) 

In order to interpret the terms of the form 

cos(u sin x) and sin(u sin x), it is necessary to make use 

of the identities (14): 

and 

Thus 

sin(u sin x) = 2fJ2 1(u) sin(2n-l)x. 
1 n-

= Ec[J0 (13)sin wet 

+ 2t J 2n_1(13)i{sin[(2n-l)w8 + wc]t 

+ sin [(2n-l)ws - we]:/ 

+ 2r J2n(l3)i [sin[wc + 2nws]t 

+ sin[wc - 2nw8 Jt}]. 

(13) 

(14) 

(15) 

Since sin (-x) = - sin x, the sign of the second term in 

the first summation may be changed to yield" - sin 

[(2n-l)w8 + wc]t~" 
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whereupon 

f J (~)[sin(wc + nw )t ec = Ee {J0 (~)sin wet+ 1 n s . 
+ (-l)nsin(wc-nws)J}. 

(16) 

The use of this expression in the analysis of the per-

formance of fomo detectors is a time-consuming procedure, 

and other, approximate, methods are generally used. This 

expression, however, with a table for evaluation of the 

Bessel functions, is valuable in determining the number of 

sidebands of significant amplitude in a frequency-modulated 

signal of given modulating frequency and deviation ratio. 

The amplitudes of the Bessel functions up to J 34(24) are 

tabulated in Hund (15). From this tabulation, it may be 

seen that the number N of sidebands having amplitudes 

greater than 1% of the amplitude of the unmodulated carrier 

lies below the line N = ~ + 5, for~ i 25. (See Figure 1.) 

Discriminator Analysis 

The actual method of analysis of a particular demodu

lator depends, of course, on the type of detector involved; 

however, analysis of the dual slope detector, the discrimi

nator, and the ratio detector may be performed by a simple 

method. This method proceeds from consideration of the 

variation in impedance of a parallel tuned circuit with 

variations in the frequency of an applied signal. 
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The admittance of a parallel RLC circuit may be ex-

pressed as 

Y = 1/Z = G +Be+ BL= 1/R + jwC + 1/jwL. (17) 

The unloaded resonant frequency, as determined for unity-

power-factor resonance, is obtained by setting the capaci

tive and inductive susceptances equalo 

(18) 

The susceptance at any frequency may be expressed as a 

function of the susceptance at resonance and the ratio of 
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frequencies. 

Be= we (19) 

(20) 

Multiplying both sides of equation (17) by Rand factoring 

RY= R/Z = 1 + jR(we - 1/wL), (21) 

(22) 

The quantity RB 0 is, by definition, the S of the resonant 

circuito The logarithmic frequency variable w/w0 - w0 /w 

will be denoted by d. Making these substitutions, 

R/Z = l + jQd. (23) 

If the parallel RLC circuit is connected to a 

constant-current source, the resultant voltage across the 

circuit, expressed as a function of frequency and of the 

voltage at resonance, is 

E/E0 = Z/R = 1/(l + jQd). (24) 

In the discriminator, the output voltage is derived 

as the difference in magnitude of two such functions. The 

magnitude of each is 

[z/R I -l = (1 + Q2 d2 ) 0 (25) 

This function is symmetrical about d = 0 when plotted on a 

linear d scale, which corresponds to a logarithmic fre

quency scale. However, within the ranged= ~0.4, 
w 

(p = .82 to 1.22, where p = - ) , the function is nearly 
WO 
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Figure 3. Output Linearity - Output and Error in Linearity 
of Output as a Function of x = Qd. 

symmetrical when plotted on a linear frequency scale. The 

importance of this approximation will be shown later. 

The output voltage of the simple balanced aiscrimina

tor (Figure 2) may be written 
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(26) 

Neglecting the effect of the rectifiers and their loads 

for the moment, this may be normalized to 

1 
(27) 

The linearity of the output function~ depends upon 

the separation of the resonant frequencies of the two 

tuned circuitso Arguimbau (7) has shown that maximum lin

earity of this function with respect to the logarithmic 

variable dis obtained when the two circuits are each de-

tuned from the center frequency by an amount equal to f'l':5 

half-bandwidthso Wider variations in the input frequency 

can be accommodated with a slight compromise of linearity 

near the center frequency if this detuning is increased 

slightly. A value of lo4 offers a reasonable compromise. 

The output is linear within 1% for values of d = ! 1/Qo 

(See Figure 3, page 16.) 

Linearity With Frequency 

The possibility of determing a set of values which 

would lead to an output linear in£ rather than d was in

vestigatedo The derivation is shown in Appendix A, the 

results of which may be summarized as follows: The only 

linear output with respect to£ is the solution of the 

trival case for which E0 = Oo 

This does not eliminate the use of an approximation 

to linearity in p, but the limits of the approximation 

must be definedo 



18 

The distortion introduced into the output is primari]y 

even-harmonic, since the discriminator does not produce 

equal positive and negative values of the output funct'ion 

h for equal frequency shifts above and below the center 

frequencyo The symmetry of the output with respect to~ 

is such that h(d) = h(-d), so it will be assumed that the 

output may be expressed in a series 

h = a1 cos wt + (28) 

when the input consists of a sinusoidal variation in fre-

quencyo If the assumption is made that the effect of har

monics higher than the second is negligible, only the 

terms shown in Equation (28) need be considered. The co

efficients an of this expression may then be evaluated by 

the 01 three-point analysis" version of Fourier analysis. 

(2)o 

Choosing h(+) at wt= o0 , h0 at wt= 90° and 270°, 

and h(-) at wt= 180°, and substituting in Equation (28), 

h(+) = ao + al + a2 (29) 

h(O) = ao - a2 

h(-) = ao - al + a2 0 

Simultaneous solution of these equations yields 

ao = a2 = ![h( +) + h(-)] (30) 

al = i[h( +) - h(-)] 0 
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The second harmonic distortion, expressed as a percentage, 

is 

h( +) + h(-) 
~~~~~---~ X 100%. 
2[h(+) - h(-)J 

(31) 

For a specific allowable harmonic distortion percent

age !j this equation may be solved for the ratio of h(+) 

to h(-): 

h(+)/h(-) = (1 + o02X)/(l .02X). (32) 

If, for example, the second harmonic distortion is to be 

limited to 2%, then the ratio h(+)/h(-) must not exceed 

(1 + 004)/(1 .04) = 1.04/.96 = 1.083. (33) 

It remains to establish the relationship of this re-

quirement to the actual hardware involved in the circuit. 

It is necessary to review at this point some of the as

sumptions that have been made. First, it is assumed that 

the requirements for an output which is a linear function 

of d (over a limited range) have been met. This means 

that the following parameters of the two tuned circuits 

are equal: 

Ql = Q2 (34) 

Rl = R2 

al = a2 ~ 1/T:""5. 
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The assumption that the output function his approxi

mately linear ind may be written 

h(+)/h(-) ~ d(+)/d(-) (35) 

p(+) 
= 

p(-) 

1/p(+) 
(36) • 1/p(-) 

Since equal shifts in frequency above and below the center 

frequency wx are to be investigated, 

wx - w(+) = w(-) - wx (37) 

1 - w(+)/w = w(-)/w - 1 X X 

1 - p(+) = p(-) - 1 

p(+) = 2 - p(-). (38) 

Substitution of this into Equation (36) and dropping the 

(-) indicator leads to 

d(+)/d(-) = (2 - p) 1/(2 - p) 

p - 1/p 

3P - 4p2 + p3 
= 

-p3 + 2p2 + p - 2 
= K. (39) 

Further manipulation leads to the following cubic, where 

K = d(+)/d(-): 

p3 + p2 _ ---
[ 2KK ++ 41] + p a : ~} K ~ 1 = O. 

(40) 
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Solution of this cubic is possible, theoretically, by 

direct methods, but the term K + 1 in the denominator of 

the coefficients makes the manipulation very sensitive to 

slide-rule error, since f is very nearly -1 for the range 

of interesto (16)o 

Substitution of values of pinto Equation (39), how

ever, leads directly to the (approximate) relationship 

K ~ - p. (41) 

The approximation is better than i% for .90 i pi 1.10. 

The~efore, the second-harmonic distortion in the out

put due to the discriminator being linear in£ rather than 

p will be less than~ if the frequency excursion pis 

limited to the range 

(42) 

One further point deserves mention in connection with 

the analysis of discriminators operating at low carrier 

frequencieso The diode detectors used to retrieve the 

signal from the amplitude modulated output of the tuned 

circuits must be carefully designed to avoid a form of 

output distortion known as "diagonal clipping." This form 

of distortion arises when the time constant of the filters 

following the diode rectifiers is too long, with respect 

to the period of the output waveform. This type of dis

tortion may be eliminated by satisfying the relation 

(43) 
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in which wm is the highest frequency with which the carri

er is modulatedo (17, Po 318). R represents the total 

load impedance and C the filter capacitance. Mis the amp

litude modulation index of the input to the detector. 

In the case of the discriminator, the factor M may be 

related to the frequency deviation. From Equation (9), 

the peak deviation is 

(44) 

The value of M may then be determined for a given detector 

by solving Equation (25) for the appropriate values of d, 

which gives the percentage change in output voltage for a 

given inputo 

The values of d may be obtained from 

= p - 1/p n n n = 1, 2. (23) 

and 

(45) 

p 2 = 1 - Bw /w = 1 - krE /w. S X S X 
(46) 

Another criterion, however, might also be used to se-

lect the filter wRC value. It has been shown that the 

output of the discriminator at a given frequency shift 

below the center frequency exceeds that for the same fre

quency shift above the center frequency [h(+) ) h(-)]. A 

compensating effect can be shown in the characteristics of 

the diode detectors by considering their operation as 
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Figure 4o Output of Voltage Doubler 

half-wave rectifierso (17, Po 575-581). (See Figure 4.) 

Due to the action of the filters, their output increases 

with frequencyo Taking this effect into account permits 

extending p to 

(47) 

while maintaining the h(+)/h(-) ratio as outlined above, 

if wRC = lOOj a typical value for good power-supply oper

ationo If wRC is reduced to 10, the permissable range of 

p becomes 

(48) 
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These figures are for voltage doubler output circuits 

as used in the experimental device. Other charts are 

available for different types of rectifier connections. 

This effect has not been fully investigated, but is men

tioned as a possible explanation of the reduced distortion 

indicated in the static test results. 



CHAPTER IV 

THE PROBLEM AND A SOLUTION 

Commercial broadcast frequency modulation detectors 

operate at a carrier frequency of 10.7 megacycles. The 

maximum modulation frequency is 15 kilocycles, and the 

maximum deviation of the carrier is 75 kilocycles. In 

contrast, the system designed for this study operates at 

a carrier frequency near 10 kilocycles, with a maximum 

modulating frequency of 500 cycles, and a maximum expected 

carrier deviation of 20 to 25 cycles. 

The narrow deviation of the carrier indicates that 

high sensitivity will be required -- an output voltage of 

200 millivolts/cps was stated as an objective. The rela

tively high ratio of modulating to carrier frequency, how

ever, indicates that a wide bandwidth will be required, 

which conflicts with the sensitivity requirement. Finally, 

the low carrier frequency indicates possible difficulty 

with variations in the Q of tuned circuits if conventional 

circuits were to be used. In this chapter, these diffi

culties and the steps taken to overcome or avoid them will 

be discussed. 

The equations for the output of the frequency modula

tion discriminator developed so far have made use of the 

25 
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assumption that the Q of the tuned circuits involved is 

constant. For radio-frequency circuits, this assumption 

is justifiable, but at lower frequencies the equivalent 

series resistance is more nearly constant than the Q. 

Primarily due to the increase of equivalent resistance 

because of skin effect, the Q varies approximately loga

rithmically witrh frequency in the audio frequency range, 

in commercially available toroids suitable for discrimina

tor useo 

It is therefore necessary to consider what type of 

network, active or passive, might be used to provide a re

sponse equivalent to that of an RLC circuit through the 

audio range, with a constant Q as frequency is varied. If 

this Q were easily adjustable, so much the better. 

At the suggestion of Dr. H. D. Crawford, a special 

frequency selective feedback amplifier circuit, with a 

twin-T feedback path, was investigated, and found to have 

more than ample adjustment provisions. The entire discrim

inator circuit has been built around the twin-T networks 

and the characteristics of feedback amplifiers. 

A modification of the standard twin-T network (called 

"inside-out" from the original method of deriving its 

characteristics) was selected in order to provide ease in 

adjustment of the frequency of operation of the discrimi

natoro (18) 
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The Twin-T Network 

The normal twin-T circuit consists of two parallel 

branches between input and output. (See Figure 5.) One 

of these is two resistors in series, with a shunt capaci-

tor from the junction point to ground. The other Tis 

similar, with two capacitors in series and a resistor from 

junction to groundo 

The modification of the circuit it consists in feed-

ing the two-capacitor branch of the network from the arm 

of a potentiometer so that it is driven (at a low impedance 

level) with a specific fraction x of the input voltage as 

shown in Figure 6. Connected in this manner, the input 

potentiometer provides a means of varying the frequency in 

accordance with the relationship (derived in Appendix B), 

(49) 

where wx is the null frequency at a setting x and w0 is 

the null frequency at x = loOo The frequency variation is 

accompanied by a slight effect on the Q of the circuit. 

(See Appendix Bo) 

There are several schemes for stating the null condi

tions for the twin-T network. For the commonly used sym

metrical T, the following conditions will result in a null: 

(50) 
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Rl R2 
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Ic3 
-:- c2 

Figure 5o Conventional Twin-T 

Rl R2 

Ei 
C3 

Eo 

I 
c2 

R ) 
X 

R3 

Figure 6 o "Inside-Out" or Tunable Twin-T 
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If it is desired that the transfer function be symmetrical 

about the resonant frequency, 

(51) 

The expression for the transfer function as a function 

of frequency is: 

1 - p2 1 
= = (52) 

(l-p2) + j 2p/a 1 - j 2/ad 

which becomes, for a= 1/2, 

= 1 
1 - j 4/d 

• (53) 

1 
In this expression, d = p - p' and p = w , where w = w0 0 

.:._ for R l = R 2 = 2R 3 and Cl = C 2 = C 3 • 
~ 2 

The addition of the tuning control modifies the trans

fer function to 

1 - xp2 
= • 

(1 - p2) + j 2p/a 

See Appendix Bo 

The restrictions on the source and load impedances 

are: 

(54) 

(55) 
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These may be readily realized by driving the network with 

a cathode follower and connecting the output directly to 

the grid of the following amplifier stage. 

Twin-T Feedback Amplifier 

When the twin-T network is used as the feedback path 

of a feedback amplifier (Figure 7), the resulting ampli-

fier response roughly corresponds to the inverse of that 

of the network and is similar to that of the single-tuned 

ti---~--A 

Figure 7o Feedback Amplifier 

RLC network. (20). If G is the over-all gain of the amp-

lifier, then 

G = eo = A 
ei 1 + A~ 

0 (56) 

If the twin-T network constitutes the feeback path, then 

13 = l/(l-j4/d). (57) 
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Using this value of~, the gain expression becomes 

G 
A 

1 
= ------ = 

A 
1 + ----

1 - j4/d 

G ~ -j4/d 
A (A+ 1) - j4/d 

1 = 
1 + A + l 

-j4/d 

= 1 

1 + j~A + lld 
4 

1 - j4/d 
• (58) 

(A+ 1) - j4/d 

(59) 

(60) 

(61) 

• (62) 

Compare this with Equation (24): 

Z 1 
lt = 1 + j(Q)d • (24) 

Thus, over the range of frequency indicated, the twin-

T feedback amplifier simulates the response of an RIC cir

cuit with a Q equal to (A+ 1)/4.* 

Solving for the value of p corresponding to the lim-

iting value 

d = 0.4 = p - 1/p = (p2 - 1)/p 

p2 - .4p -1 = 0 

P = .2 ± v.o4 + 1 + = .2 1.0197. 

(63) 

'*see Fleisher (20, p. 393) for a di!ferent derivation 
of this same approximation to the value of Q. 
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The limits on p for the approximation are; 

.82 .S. p .S. 1.22. (64) 

The second-harmonic distortion in the output when op-

erating between these limits may be checked by Equations 

(31), (35), (39), and (41): 

h( +) + h(-) 
H2 = 2[h(+) _ h(-)J x 100% 

= h(+)/h(-) + l X 1000fe 
2[h(+)/h(-) - l] 

~ K + 1 01.. 
2 (K _ l) X lOC)Jo 

-p + 1 
~ ~~~~- X 100%; 

2(-p - 1) 

(31) 

(35), (39) 

(41) 

The p to be used is that which corresponds to h(-), that 

is,p = 1.22. For this value of p 

(65) 

Thus, the simulation of the response of the RLC cir

cuit by the twin-T feedback amplifier is valid in this 

case to better than 1% in magnitude, and 6° in phase over 

a considerably wider frequency range than the assumption 

of a linear discriminator output with respect to 

frequencyo 

The twin-T feedback amplifier may be used as the 

frequency- to amplitude-modulation conversion element in 

a dual slope discriminator with the advantage over the RLC 
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I 
Input 

I 
Figure 80 Feedback Amplifier Discriminator 

circuit of having an adjustable Q which is independen~ of 

frequencyo The gain requirements of the amplifier, A= 39 

for Q = 10, are such that good sensitivity is obtained 

over the bandwidth required in this application. The amp

lifier has a constant maximum usable output voltage as the 

Q is varied, ·so that the sensitivity of the detector de

creases as the bandwidth is increased. In addition, the 

networks are much less expensive than adjustable toroids. 

Figure 8 shows an arrangement of two feedback amplifiers 

in a discriminator circuito 

Meeting Design Requirements 

The original statement of design requirements speci

fied a carrier frequency between 3000 and 10,000 cps and a 



signal frequency range of Oto 500 cps. For these re-

quirements, the modulation index at the highest signal 

frequency is much less than unity, so the bandwidth of 
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the discriminator needs only to be wide enough to include 

the first pair of sidebands of the modulated carrier. 

More sidebands will be significant at lower modulating 

frequencies, but their spacing decreases faster than their 

number increaseso Thus, the discriminator curve must be 

linear over the range fx ± fs, or fx ± 500 cps. 

For the value of detuning~= 1.4, the discriminator 

curve is satisfactorily linear to the limits IQd I= 1.0 

(Figure 3, page 16). Also, to remain within the 2'fesecond

harmonic distortion limits, (Equation 42) p must be between 

092 and lo08o The value of d corresponding to these limits 

is ol54. A minimum usable carrier frequency can be found 

from 

and the required signal freqµency fs. From this relation, 

However, the output sensitivity improves as the Q is 

increasedo In order to increase g, while remaining within 

the restrictions on p and~. the carrier frequency must 

be increasedo The calculation will be continued for a 

carrier frequency of 8500 cpso For this carrier frequency, 
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P = (fx + fs)/fx = (8500 + 500)/8500 = 1.06 

d = (p2 - 1)/p = (1.124 - 1.0)/1.06 = .117 

Q = 1/d = 1/.117 = 8.58. 

The requirement that the g's of the two circuits be 

equal means that the detuning a of the two circuits in 

half-bandwidths will not be exactly equal. Nevertheless, 

the detuning may be calculated from the bandwidth of a 

circuit of the required g tuned to the frequency fx. The 

experimental work shows that the linearity of the output 

is much more sensitive to variations in g than to varia

tions in a. 

BW = fx/Q = 8500/8.58 = 990 cps 

1.4 (BW/2) = • 7 BW = 693 cps = f - fl = f2 - fx X 

fl = f - 693 = X 
8500 - 693 = 7807 cps 

f2 = fx + 693 = 8500 + 693 = 9193 cps 

Thus, to meet the requirements set forth, a discrimi

nator with two tuned circuits, each having a g of 8.6, 

tuned to 7807 and 9193 cps, may be used. 

The gain of each amplifier is calculated from 

Q =(A+ 1)/4 

A= 4Q - 1 = 4 (8.58) - 1 = 33.3 • 

One final check should be made; that the entire oper

ating range of the discriminator lies within the limits 
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applicable to each of the amplifiers within which its ap

proximation of the response of an RLC circuit is 

satisfactoryo 

At the upper resonant frequency f 2 , the lower

frequency circuit is operating with 

P1 = 9193/7807 = lol7 

dl = lol7 - 1/1.17 = 0315 ( 040. 

This is within the limit, as stated in Equation (59). 

An indication of the sensitivity of the discriminator 

can be obtained by calculating the response of each of the 

two circuits at the frequency fx + f 8 , subtracting, and 

dividing the result by fs. In the numerical example, 

= (f + fs)/f = lol5 X X = .98 

= 2.41 

In the latter expression, A represents the gain at 

the resonant frequency of the tuned circuits, or 33o3• 

In the experimental unit, the output voltage is 

limited to 20 volts rmso For this gain setting, the input 

will be 20/3303 = 006 volts. 



37 

E2 = 19.2v rms 

With the use of voltage doublers, an output de volt

age equal to 1.5 Em can be obtained. The resistive mixing 

network gives an output e 0 = (e1 + e2)/2. 

el= l6o2 volts 

e = 
0 

16o2 - 4006 
2 

e 2 = 40.6 volts 

= -12.2 volts. 

Since this voltage is due to a 500 cps shift in the input 

frequency, the theoretical sensitivity is about 24 mv/cpso 



CHAPTER V 

EQUIPMENT DESIGN AND OPERATION 

Several amplifier designs were considered for use in 

the twin-T feedback circuito In order to prevent changes 

in amplification with tube drift, an amplifier which it

self was a feedback amplifier was used; that is, an ampli

fier was built which had more than the required gain as 

determined from the Q needed, with provisions for reducing 

the gain to a specific amount. 

The dual-triode circuit known as the cascode amplifi

er (Figure 9) had been used by Dr. H. D. Crawford in some 

previous work, and is suggested by Fleisher (20) in a sim

ilar applicationo Higher gain can be realized with this 

circuit than with a single pentode stage (except under 

11 starved-current" conditions) (21)*, and, being a single

stage amplifier, the cascode does not require the compli

cated coupling networks necessary for stability in multi

stage amplifiers of comparable gain. (22). 

*Maximum gain for the 6AU6 pentode in a ty~ical cir
cuit is 371 at an output of 122 volts. See (21). 
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Output 
V2B 

Input V2A 

Figure 9o Cascode Amplifier 

The Cascode Amplifier 

The cascode circuit has some of the characteristics 

of a pentode, with the advantage that no screen supply is 

requiredo The cascode amplifier has somewhat lower noise 

than a pentode operating at the same gain, due to the elim

ination of noise arising from fluctuations in the screen 

current. However, since two tubes are used in series, the 

plate supply voltage requirement is higher than for normal 

triode amplifierso 
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The upper triode, V2B, serves to isolate the plate of 

V2A from the output load, holding the plate voltage of V2A 

nearly constant while permitting the variations in plate 

current to appear as output voltage variations at the load. 

If the two triodes are identical, the voltage gain 

A = uRL (23) (74) 

= ( u) ( u + 1) 
RL 

RL + (u + 2)rp 

~RL 
(75) = • 

RL {u + 2) 
(u + l)rp + (u + 1) 

In the usual circuit, with u)) 1, RL)) ( u + l)rp, and the gain 

(76) 

The cascode amplifier is discussed quantitatively in 

Fleisher's (20) article, but no direct design methods are 

giveno Equation (76) indicates that a tube with high gm 

is needed, as well as a high value of load resistance. The 

fact is, however, that the deciding characteristic for a 

triode in this application is the ratio of transconductance 

to plate current, which is, for low plate currents, nearly 

constant. For example, the 12AT7, for which the Tube 

Manual (21) lists a gm of 4000 micromhos at 3.7 ma. plate 

current, has a gm/Ib ratio of 1/2 at low plate currents, 
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while the 12AX7, which has a listed Sm of 1250 at .5 mao, 

has a gm/Ib ratio of nearly 3/2. * 
When the approximation gm= 3/2Ib is inserted in 

Equation (76), (and, since RL = EL/Ib): 

A point of diminishing return is reached as the load volt

age drop is increased due to the need for a reasonably 

high output voltage swingo As the load voltage increases, 

tube drop must decrease (considering the supply voltages 

fixed), and the operating grid base of the input triode is 

progressively narrowedo The limiting value of EL occurs 

when the input grid is driven from saturation to cutoff to 

produce the desired magnitude of output. 

The simple, but effective, expedient of connecting 

the grid of V2B to a variable resistor and providing a 

variable cathode resistor for V2A, then adjusting both for 

maximum gain, resulted in the choice of operating parame

ters for the experimental discriminator. The resulting 

load voltage EL was 225 volts, for which value Equation 

(77) gives a gain of 3380 The measured gain was 368. 

'*The apparent discrepancy in the gm and Ib values, 
and their ratios, arises because the ratios were deter
mined from the RCA Tube Handbook, HB-3, while the values 
are from the RCA Receiving Tube Manualo The Handbook data 
is considered more nearly accurate. 
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Operational Amplifier Feedback 

lOOK 

Figure lOo Operational 
Amplifier 

Figure llo Amplifier as 
Used 

The resistive mixing used to set the gain of the 

amplifier to be used with the twin-T feedback network is 

often used in analog computers, and thus is sometimes 

called the "operational amplifier" technique (Figure 10). 

If the assumption is made that the input impedance of 

the amplifier is infinite (a good assumption when driving 

the grid directly), then equating the currents at this 

point, called the "summing point", Ii= Irb· Since the 

voltages across the feedback resistor and input resistors 

must equal the product of their resistance and the current 

flowing, 

= 

Let 



Then 

Ke 1. - Keg= e - e g 0 

G = [(K + l)/A](e0 /ei) - Ko 

= -K/(1 + K + 1) 
A 

Generally, A))K + 1, so 

G ~ -K 
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Because a gain of 39 is needed to realize a Q of 10, 

the resistive feedback network was modified by feeding a 

basic network with K = 20 from a 250K voltage divider. 

(See Figure 11, page 42.) With this scheme, a high re-

sistance potentiometer is not needed, and satisfactory op-

eration is obtained for gains of slightly over 20 to 50 or 

more. If K' is the ratio of the voltage divider, the gain 

of the amplifier is approximately equal to 



44 

In order to provide suitable driving and load imped

ances for the twin-T network, cathode followers of conven

tional design were connected to the input and output of 

the cascade amplifiero (See Figure 12, page 45.) The in

put impedance of the cascade stage with the resistance 

mixing network is 100,000 ohms, equal to the value of Ri 

choseno Its output admittance is 

41 
yo = (Ri/(Ri + Rf) gm + 1/RL + 1/(Ri + Rf)• 

= 1250/21 + 1/.51 + 1/2.1 

= 6lo9 micromhos. 

The output impedance is thus 

Z0 ~ 16,000 ohms 

which is relatively low. However, the output cathode fol

lower is necessary to provide a lower impedance source for 

the diode detector networks. 

The input cathode follower VlA couples the input sig

nal into one of the summing inputs of the cascode amplifi

ero The opposite side of this tube, VlB, performs a simi

lar function for the output of the twin-T network. The 

high value of load resistor is used to reduce current 

drain and to keep the gain high. The gain of this stage 

is 093, and the output impedance is 620 ohms. 

Components for use in the twin-T networks were select

ed and matched from stock 5% components with the aid of an 
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impedance bridge. Balanced pairs of 250 µµr capacitors 

were selected for the series capacitive arms of the net

work, and the parallel combinations making up the shunt 

arms were matched to be as near 500µ.µr as possible. The 

resistors were selected on a similar basis, with care that 

the resistors in the series arms were below the nominal 

value, of 75K ohms, so that series trimmers could be added. 

The nominal resonant frequency of the networks was 

8500 cps, but the added resistance needed for trimming to 

null lowered this frequency to 7600 cps. 

Final adjustment of the trimmers was done with the 

cascode amplifier tube removed from its socket. The fre

quency control was set to x = 1.0; that is, for minimum 

frequencyo A signal was applied to the grid of V3, and an 

AC VTVM used to measure the signal at the cathode of VlB. 

The two tri~ers and the frequency of the signal were al

ternately adjusted for minimum transmission. 

This method of adjustment insures that the network 

will null under actual operating values of driving and 

load impedances, since the cathode followers isolate the 

network from the signal source and measuring instrument. 

Precision silver-mica capacitors and carbon-film re

sistors should be used in the networks for best tempera

ture stability, since these have low (and opposite) temp

erature characteristics. However, a null of -60 db was 

obtained in the experimental unit, in which 5% encapsu

lated silver-mica capacitors and 5%, !watt carbon resistors 
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were usedo It was found necessary to use coaxial connec

tion leads to the meter when making this null measurement. 

In the output cathode follower circuit, two type 

12AU7A tubes are used in parallel to provide a low output 

impedance. The load resistor is selected so that the op

erating point (as determined by the plate voltage of V2B) 

lies just under the maximum plate dissipation limit for 

the tubeo This results in excellent linearity of the stage 

and a gain exceeding .99. The output impedance, Z0 ~ 

rp/2(u + 1), is 160 ohms. 

The relatively low load impedance presented by the 

5,000 ohms tuning control of the twin-T network could be 

increased to 10,000 ohms according to the restriction of 

Equation (55)o The value used seems a reasonable compro

mise between the conflicting requirements of low source 

impedance for the twin-T and high load impedance for the 

cathode follower (so that high output voltage can be 

maintained) • 

The detector rectifier circuit uses 1N48 germanium 

diodeso The diodes were matched for output voltage (un

loaded) in the circuit used. The circuit is a convention

al half-wave voltage doubler with a resistive mixing cir

cuit that gives an output equal to half the difference of 

the two rectified voltageso The de output of each side is 
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Adjustment Procedure 

The first step in alignment of the discriminator is 

the adjustment of the twin-T networks as previously de

scribedo The resonant frequencies of the two networks are 

calculated as described on page 350 A preliminary setting 

of the two frequencies is made with the amplifiers set for 

maximum gain (maximum S). 

The adjustment of the S of the two circuits on the 

experimental discriminator is done by repeatedly adjusting 

the gain and measuring the bandwidth of the resulting re

sponse between the 3-db points. In a unit built for in

clusion in a system, a set of calibration curves of S vs. A 

for various frequencies could be used to facilitate this 

adjustment. A single curve would not suffice, because the 

Sis a function, not only of the gain A, but also of the 

setting of the tuning potentiometer~· (See Appendix B.) 

As the desired Q is approached, the tuning should be 

readjusted as necessary to maintain the desir.ed resonant 

frequency. 

When the Q is set, the input signal amplitude and the 

AC Balance control are set to give 20 volts rms at the AC 

Output of each amplifier at its resonant frequency. The 

DC Balance is then set to give zero output at the center 

frequencyo This completes the alignment. 



CHAPTER VI 

TEST PROCEDURES AND RESULTS 

A discriminator designed as described in the two pre

ceding chapters was constructed and a number of tests per

formed both as a check on the design and in a search for 

areas in which further development might prove desirableo 

Unfortunately, the scope of this study did not permit in

vestigation of a number of interesting effects which were 

observed during the testingo The test equipment used is 

indicated in Table I 9 page 50. 

Tests were made to determine the adjustment range 

possibleo The results are shown in curves A, B, and C, 

for wideband, low frequency operation, narrow-band low 

frequency operation, and narrow-band operation at a car

rier frequency of 10,000 cps (Figure 13, page 51). 

For the latter curve (C), the gains were equalized at 

the carrier frequencyo The Q was 38.2 in each circuit, 

near the maximum obtainableo Each circuit was then de

tuned lo4 half-bandwidthso A sensitivity of 50 mv/cps was 

obtained over a~ 100 cps bando 

Curve A shows indirectly the effect of changing wRC 

product on the output of the voltage doubler rectifierso 
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Equipment 

Kepco Model 400B Power 
Supplies (2) 

TABLE I 

TEST EQUIPMENT 

Hewlett-Packard Model 200AB 
Audio Oscillator 

Berkeley Model 55000 
Universal Counter and Timer 

Hewlett-Packard Model 400D (2) 
AC Vacuum-Tube Voltmeter 

Hewlett-Packard Model 412A 
DC Vacuum Tube Voltmeter 

Esterline-Angus Model AW 
Strip-Chart Recorder 

Tektronix Type 545 Oscillo
scope with Type 53/540 Dual
Trace Plug-In Unit 

Tektronix Type 181 
Time-Mark Generator 

Purpose 

Plate and Filament 
Supply 

Signal Source 

Measure Frequency of 
Input 

50 

Measuring AC Voltage 
at Input and Output 
of Feedback Ampli
fiers 

Measuring DC Voltage 
Output of discrimi
nator. (Also, driver 
amplifier for strip
chart recorder.) 

Making Continuous Re
cordings of Output 
of Discriminator 

General Wave Form 
Observation 

Source of Crystal
Controlled 10 kc 
Signal for Stability 
Checks 
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Note that the negative swing of the output voltage near 

9600 cps is larger in magnitude than the positive swing at 

7600 cps, in spite of the fact that the gain of the higher-

frequency amplifier was lower than the othero The value 

of wRC was estimated at 800, as determined from the ratio 

of Ed /E and Figure 4, page 230 
C m 

Curves D~ E, and F were the results of checking more 

carefully the effect of differences in the Q of the two 

circuitso These were run with a center frequency of ap~ 

proximately 10,000 cps (Figure 14, page 53). 

On Curve D, the Q0 s were set at 5 at the center fre

quencyo The low value of Q was chosen to give as wide a 

deviation range as possibleo After tuning the two cir

cuits, the Q of the lower frequency one was 6.3, and the 

higher, 4o3o 

For Curve E, Q1 = Q2 = 5 at the frequencies of opera

tion of the two circuitso 

For Curve F, Q1/Q2 = w1/w2 , so that Q1 = 4.7, and 

Q2 = 5o3o 

The setting Q1 2 Q2 gives best resultso The second

harmonic distortion of the output as a function of input 

frequency as determined by a three-point analysis, is .42% 

over a 2000-cycle bandwidth from 8917 cps to 10917 cps. 

The output voltage over this range is± 7 volts, for a 

sensitivity of 7.1 mv/cps. 
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Following these tests, the load resistors in the 

diode rectifier circuits were changed from 200K to lM to 

try to determine the effect of this increase in the wRC 

producto The discriminator was then adjusted by the pro-

cedure outlined in the previous chapter for a carrier fre-

quency of 8500 cps and a maximum expected signal of 500 

cpso A point=by-point curve was run (Figure 15, page 55). 

The second-harmonic distortion, determined by the 

method previously outlined, is not measurableo The output 

sensitivity is slightly higher than predicted (page 37), 

due to the ratio Ede/Em being slightly higher than the lo5 

assumedo With a 20 volt rms signal applied, the diode 

voltage doubler output was: 

Frequency 

Channel 00 A 01 

Channel 00 B 00 

7800 

+40o5 
-45ol 

The difference between channels is primarily due to dif-

ferences in the diode characteristicso 

The average Ed0 / Em was 4303/2803, or lo53, indicating 

a value of approximately 15 for wRC (Figure 4, page 23)o 

The sensitivity was 25o2 millivolts/cpso This sensi-

tivity varies inversely with the bandwidth, since the same 

~ 1206 volt de output swing should be available with any 

desired bandwidth setting within the capability of the 

amplifiers o 

In summary , the experimenta l unit can be adjusted to 

give the performance described in the specification of 
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requirements, except that of sensitivity. 

The higher sensitivity, if desired, may effectively 

be obtained by use of a d.c. amplifier on the output of 

the discriminator. 
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CHAPTER VII 

SUI1MARY 

This study investigates the design, construction, and 

operation of a frequency discriminator for use with carrier 

frequencies in the audio bando The requirements of narrow 

bandwidth and wide tuning range are met by the use of 

feedback amplifiers, having twin-T selective networks in 

the feedback path, to simulate the response of tuned 

circuit so 

A discriminator was constructed which met all the 

original design requirements. 

Investigation of the theory of discriminator response 

showed that the response, while actually linear in the 

logarithmic frequency variable, may be assumed linear with 

respect to frequency over the frequency range with 8% of 

the carrier frequencyo In fact, the effect of variations 

in input frequency on the output of a capacitive-filtered 

diode rectifier circuit makes the assumption of frequency 

linearity often the more accurate. 

The twin-T feedback amplifier was found to simulate 

the response of an RIC circuit to a good approximation 

within limits of ~20% of the resonant frequency. This 

amplifier was designed by combining three basic ideas into 
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an original circuit: the cascode twin-T amplifier, the use 

of operational amplifier techniques to set the gain, and 

the tunable twin-T to set the operating frequency. 

While this combination was used to simulate the RLC 

circuit response needed for a frequency-modulation dis

criminator in this study, a number of other possible uses 

are recognized: 

lo Since the tuning is performed by a single 

variable potentiometer, the potentiometer 

may be replaced with a variable gain ampli

fier, whereupon the feedback amplifier 

might be used in a swept-frequency analyzer 

or oscillator at audio frequencies. 

2a As a rejection amplifier to eliminate unde

sired responses in the audio frequency 

regiono It is necessary merely to take the 

output from the cathode of VlB. 

3o As a discriminator for audio frequency 

shift keying, used to transmit teletype 

signalso 

A number of areas where further study is indicated 

were found . 

A random, erratic drift of low frequency was observedo 

The cause was not determined, but it was found not to be 

due to variations in power supply or heater voltageso It 

is possible that the amplifier tubes used had a slight 

tendency to drift in gmo At least part of the drift could 



be traced to thermal variations in the components of the 

twin-T networks. It was attenuated over 10:1 by passing 

the discriminator output through a high-pass RC network 

having a time constant of 2o0 seconds. 

59 

It is possible that a conventional single-stage 

pentode amplifier might give as good results as thecascode 

amplifier used here. It would have the advantage of oper

ating satisfactorily without the negative plate supply. 

The effect of noise due to fluctuations in screen current 

might, however, lead to problems. 

Finally, the experimental unit built is in no way a 

finished modelo It would be interesting to build one using 

fixed components throughout, to determine how well the 

feedback technique used eliminates problems due to varia

tions in tube characteristics. 

One point is critical in the layout of the circuit. 

The inductance in the grid circuit and capacitance in the 

cathode circuit of the output cathode follower must be 

kept low, to prevent high-frequency oscillation. Oscilla

tion at 800kc was encountered. It caused a sharp break in 

the output response curve. 

This trouble was eliminated by connecting a lOOSl. 

resistor to the grid of V3 at the socket in series with 

the input from V2Bo 
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APPENDIX A 

THE OUTPUT FUNCTION WITH 

RESPECT TO FREQUENCY 

Let h = (1 + Q21d\)-i - (1 + Q22d2 2 )- i = lz/RI 1 -IZ!Rl2 

where dn = Pn - 1/pn' and pn = w/wn' wn being the resonant 

frequency of the circuito 

This function can be referred to the center frequency 

of the discriminator curve, wx' by introducing the change 

of variable 

Substituting in h, 

The derivatives with respect ·to the frequency variable p 

are as follows: 
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_ 3 Q 2 lz l5(p'V2 _ P-3'V-2 )2 
lRl tl I 1 

2lzl3c -2 -4 
+ Q 2 R 2 "j 2 + 3P "j2 2) 

The condition for linearity at the center frequency 

fx is that d2h/dp2 = 0 for p = O. Substituting p = 0 into 

the above expression, expanding, and equating like powers 

of p to zero leads to the following conditions for 

linearity: 

It may be noted that these are the same conditions as are 

required for linearity ind. 

However, for these conditions, 

d2 h/dp2 = 2 Q2 l~I~ cy2 -y-2) 

which vanishes only if y2 = y-2, or; y = 1, 

For this condition, the output is indeed linear -- the 

straight line: E = O. 
0 

Thus, the only solution which gives linearity with respect 

to frequency is the solution of the trivial case. 



APPENDIX B 

THE TUNABLE TWIN-T NETWORK 

The nodal equations of the tunable twin-T circuit 

(Figure 16) are: 

Gx 
+ G 0 -G 0 

Gx 
1 - X 1 - X 

0 G + jwC -G -jwC 0 

- G -G 2(G+jwC) 0 0 

0 -jwC 0 2(G+jwC) -jwC 

Gx 
0 0 -jwC 

Gx 

1 - X X - x2 

~ - E-1- ~AG 

I2C 

C 

Figure 160 Tunable Twin-T 
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10°12 The output voltage E2 = ~ , where~ is the determinant 

of the coefficients, and 012 is the cofacto~ of the 1,2 

term in the determinant of the coefficients. For~ Io, 
I 0 IO, and E2 = O, the null condition is satisfied if, 

and only if, 012 = Oo 

0 12 

Since w0 = 1/RO = G/C, jwO = j(w/w0)w0 0 = jpG, and 

0 -1 -jp 0 

-G4 
-1 2(l+jp) 0 0 

= 
0 0 2(l+jp) -jp 

-G 0 -jp Gx X 

G(l-x) G(x-x2) 
+ jp 

= -G4 [(G~G) ( l/x-x2) + jp] 
0 

-1 
0 

-1 
2(l+jp) 

0 

-jp 
0 

2(l+jp) 

+ jp 
0 

-1 
-(G /G)(l/1-x) 

X 

-1 
2(l+jp) 

0 

-jp 
0 

-jp 
• 

Since Gx)Xi, only terms containing the factor Gx/G are sig

nificanto Thus 

4tx 1 G 
_:_(2) 0 12 = -G - - [-2(l+jp)] + jp[-~ 

G x- x2 G 1-x 

(l+jp)(jp)] 

4 1 + jp 
(p2 - 1/x) = -2G (Gx/G) 1 - X 
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At the null, c 12 = O, p2 - 1/x = 0 

p2 = 1/x 

p = w/w0 = 1/Vx. 

In this expression, w is the resonant frequency with x < 1, 

and w0 is the resonant frequency with x = 1.0. 

The transfer function as a function of£ is derived as 

follows: 

Eo 
B 

E2 IoC12 
0 6 012 

Ei = = E = 10°11 
= 0-11 

• 
1 6 

1 + jp -1 -jp 0 

G4 - 1 2(1 + jp) 0 0 
c11 = 

-jp 0 2(1 + jp) -jPI 

0 0 -jp Gx 
G(x-x2) +jp 

Solution of this in a manner similar to that used for c 12 , 

and solving for the transfer function gives 

p2 - 1/x 
- X ~---~~~~ 

1 - p2 + 4jp = 
xp2 - 1 

(p2 - 1) -4jp 

(xp2 - l)/(p2 -1) 
= 1 - 4j/d • 

If operation is restricted to the frequency range in which 



a useful approximation to the transfer function can be 

written: 

(xp2 -l)/(p2 -1) 
g,' (xp2 -l)/(p2 -1) 

1 - 4j/d -4j/d 

= 
(xp2 -l)/(p2 -1) 

c -4 j P ) c p2 - i) 

= (xp2 -l)/(-4jp) 

j 
xp2 - 1 = 4p 

where pis the ratio w/w0 o Defining p' - w/wx' where wx 

is the frequency at setting~' 

B 1'1..1 • xp2 - 1 
T = J 4p 

x(p'2 /x) - 1 
= j 

4(p'/vx) 

j Vx.p' 2 - 1 
= 4 p' 
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Thus, in the frequency range for which this approximation 

is valid (lal( 0.4)o 

or, the transfer function of the tunable twin-Tat a fre

quency other than its f 0 is equal to vi times the transfer 

function of a twin-T designed for that frequency. This 

explains, in part, the variation of Q with adjustment of 

the tuning controlo 
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If, on the other hand, the range ld'I i .4 is consid

ered, the approximation assumes a different form. For this 

range, the approximation takes the form: 

(xp2 - l)/(p2 - 1) 
BTTT = 1 + 4j/d 

d = p - 1/p = p'/vx - Vx/p' = p 12 - X 

Cvx)p' 

BTTT = 
(p ,2 -1)/(p ,2 /x - 1) 

1 - 4j (Vx)p' 
p'2 - X 

/V 
(j/4) 

p•2 -1 p '2 - X 
= p' (l/x)(p 1 2 -x) 

= jd'x/4, 

provided 

(Vx)p' 
p'2 - X 

Since p' may equal loO, this is equivalent to 

rx ---- L 2o5 o 
1 - X 

In the limit, 

Vx = 2.5 - 2o5X 

X + .4fi - 2o5 = 0 

from which VX = .. 88. 
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Thus, within the frequency range wx< w ( 1.14 wx, the 

tunable twin-T response varies from the response of the 

standard twin-T by a constant x. Outside these limits, 

the response varies in a more complex manner, but the ex

perimental results show it is still usable. 
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