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DISCRIMINATORS FOR FBffffJgNCY MOHJLATSD PORTABLE TRANSCEIVERS 

1.0 INTRODUCTION 

1.1 HJHPOSE OF THE THESIS 

The purpose of this thesis is to investigate the design of 

discriminators suitable for use in portable frequency modulated 

transceivers. 

1.2 FREQUENCY MODULATION IN COMMICATION EKGINSERIH^ 

During the past decade, frequency modulation, which was intended 

originally as a means of extending and improving broadcasting facilities 

has found extensive use in the field of mobile communications. The 

public has been generally indifferent to the high fidelity and freedom 

from inteference inherent in frequency modulation broadcasting, and 

indeed, many of the home receivers designed for this type of service do 

not make full use of its advantages. In the field of mobile communications 

on the other hand, although high fidelity is not generally a major require­

ment, high signal-to-noise ratios and freedom from interference are 

important factors in establishing a system of maximum reliability. 

Industrial, public utility and military communications have made good use 

of these advantages of frequency modulation and it may be that the science 

has found its most useful application in these fields. 

Communication systems employing frequency modulation are usually of 

the "narrow band" or "low deviation" type. The maximum carrier deviation 

from the unmodulated value is restricted to about fifteen kilocycles and 

the voice band transmitted is generally limited to about three kilocycles. 

This is quite a different situation from that existing in frequency 

modulation broadcasting where carrier deviations of seventy-five kilocycles 

are used in transmitting an audio band of fifteen kilocycles. These 

operating conditions of the low deviation system are fixed mainly by band­

width restrictions and by the requirements of a frequency modulation 
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.••' :•;. .... system which is to exhibit 

a useful gain over an amplitude modulation system of the same audio band. It 

will be of interest to review these factors7here. 

1.3 FREQUENCY 6AIOTIDTH 

The frequency spectrum of a frequency modulated wave has been 

investigated in detail by many authors (1, 2, 43} and for our purposes' it will 

be sufficient to refer to some of the practical aspects of that work. In one 

of the earliest papers on the subject (1) Van der Pol showed that the bandwidth 

of a frequency modulated wave depended largely upon the ratio of the frequency 

deviation of the carrier from its tnmaliLated value to the modulation frequency. 

For practical purposes he showed that the bandwidth can be approximated by either 

twice the frequency deviation or twice the modulation frequency depending upon 

which of the two is the larger. More exact expressions have been developed for 

handwidth and for the case of complex modulation but in general the bandwidth does 

not depart greatly from the value indicated by Van der Pol. It is evident that 

maximum spectrum economy demands the use of as low a value of frequency deviation 

as is consistent with satisfactory frequency modulation noise and interference gain. 

Kobile communication work, particularly in the military field, requires the use of 

a large number of closely spaced and well defined channels and this is one of 

the principal reasons for confining frequency deviations to approximately plus or 

minus fifteen kilocycles. 

1.4 THE RELATION OF MODULATION INDEX TO NOISE REDUCTION 

Van der Pol has defined the ratio of frequency deviation to modulation 

frequency as the index of frequency modulation. In his paper on frequency 

modulation noise characteristics (8), Crosby has shown that the signal-to-

noise ratio gain of a frequency modulation system over an amplitude modulation 

system of the same audio band is directly proportional to the value of the 

modulation index, for fluctuation noise such as the thermal and tube noise, 

which is characterized by a random relation between the various frequencies in 

the spectrum, the improvement of frequency modulation over amplitude modulation 
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i s given by \Sz times the modulation index. For impulse noise , characterized by 

an orderly phase and amplitude r e l a t i o n between the various noise frequencies, 

the gain in s ignal - to-noise r a t i o is given by twice the modulation index. 

The gain of frequency modulation over amplitude modulation takes the 

place only when the c a r r i e r - t o - n o i s e level of the system exceeds a cer ta in 

c r i t i c a l value which Crosby c a l l s the threshold l e v e l , When the c a r r i e r - t o -
above 

noise l e v e l i s about three or four dB/equality of peak ca r r i e r and peak noise , 

the peak improvement for e i t h e r type of noise begins to fade and becomes zero 

when approximately equal c a r r i e r and noise l eve l s e x i s t . 

I t would appear from above that i f frequency conservation were not a 

problem, the optimum condition of operation would be provided by using as high 

a deviat ion as poss ib le , thus increasing the modulation index and the s igna l - t o -

noise r a t i o gain of izie system. Crosby has shown however that the improvement 

threshold l eve l discussed above occurs at a lower ca r r i e r - to -no i se leve l in low 

deviat ion systems. This effect i s due to the extra noise accepted by the wide 

receiver bandwidth required by high deviat ion systems. In mobile communication 

work there fore , where i t i s necessary to work a t times with very low c a r r i e r 

to noise l eve l i t is evident tha t some advantage i s gained by the use of smaller 

amounts of frequency devia t ion. This fact has been substant iated by further work 

in t h e f i e ld by Crosby and other i nves t iga to r s . (13, 15, 16) 

In communication work, by l imi t ing the audio band to three ki locycles and 

the frequency deviat ion to f i f t een , i t i s possible to obtain the same modulation 

index, and therefore the same effect ive s ignal - to-noise r a t i o gain, as i s obtained 

in frequency modulation broadcasting by using a deviation of seventy f ive k i l o ­

cycles and an audio band of f i f t een . 

In summation, the narrow band system makes i t possible to use many more 

channels and to work with lower ca r r i e r - to -no i se r a t i o s than would be possible 

were high deviat ions used. Greater frequency deviat ions would, of course, give a 

be t t e r s ignal - to-noise r a t i o for ca r r i e r - to -no i se leve ls within the threshold . 

For communication purposes, however, the s ignal - to-noise r a t i o need not be 
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greater than that necessary to ensure good intelligibility of the signal, and 

range is most important. 

1.5 FREQUENCY K0DOLATI0N TRANSCEIVERS 

The term transceiver as used here refers to a unit of a radio communica­

tion link which is capable of transmitting and receiving voice intelligence. 

As a general rule transceiver implies that the sending and receiving is done 

on the same frequency and this will be understood in this paper. 

The transceivers ih ich are used in police, military, forestry .patrol 

and other communication systems may be intended for fixed station, mobile or 

portable use. The distinction made between mobile and portable is that which 

exists between units which are normally transmitted in vehicleo(mobile) and 

those which may be conveniently carried and operated by a single operator. 

Generally the size, weight, power output and power consumption of the units 

is greatest for fixed station equipment and least for portable units. Since 

interoperation of the various units is frequently required however, we find 

that such requirements as frequency stability and deviation, receiver sensi­

tivity and selectivity, do not vary greatly from one type of unit to the other. 

This has the effect of making the design of portable equipment somewhat more 

difficult since substantially the same performance, other than power output is 

required of a unit of much smaller size. 

1.6 THE PROBLEMS OF POI-ffABLE TRANSCEIVERS 

Transceivers which must be carried by the individual, occasionally for 

considerable periods of time, must of necessity be as light and compact as 

possible. They must be weatherproofed to a high degree and rugged enough to 

withstand a considerable amount of rough usage. They must .be capable of normal 

operation over a wide temperature range. Power consumption must be low so that 

the lifeof the required power supply will be long and its weight andsize kept to 

a minimum. 

To meet the weight and size requirements of portable transceivers, 

recourse has been made to the use of miniature, and more recently subminiature, 
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tubes and components. Subminiature tubes are presently available in a • 

sufficient variety of types for; 1he complete design of an ulta high frequency 

receiver and transmitter and further improvements in these tubes may be 

expected. Resistors and condensers in a wide range of value and a fraction of 

their size are also available although tolerances are not as accurately main­

tained in the subminiature sizes. The use of printed circuits may be expected to 

contribute to further reductions in size when the techniques become better known 

and more readily applicable. 

This reduction in size of transceiver components has naturally tended 

to increase the normal physical difficulties associated with the problems of pro­

duction, alignment, and maintenance. To deal with these problems, it has been 

found useful to break down the construction of portable transceivers into a 

relatively large number of small sealed plug-in sub assemblies. By a construction 

of this nature production can be greatly facilitated. Repair and fault tracing 

can be reduced to a matter of plugging in successive test units until normal 

operation is obtained. 

It is evident that a physical construction consisting largely of small 

plug-in units will place certain restrictions upon circuit design. The coupling 

between the plug-in units becomes a problem. All of the components in the plug-

in unit will be in close proximity to the ; .o shielding walls and electrostatic 

coupling between the components will be difficult to control. The electromagnetic 

field of coils must be confined by toroidal or cupped coil construction or the 

shielding walls will contribute to coil losses. A physical and electrical design 

which seriously impairs the reliability and performance of a coimiunications unit 

cannot be acceptable. Within the limits composed by the plug-in system, however 

it should be possible toeeffect a satisfactory circuit design. 

It is the purpose of this paper to investigate the design of a sub-

miniaturized discriminator suitable for use in a portable transceiver having 

the mechanical construction indicated above. It will be in order then to 

examine closely the function of a discriminator in a portable frequency modulated 
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transceiver and the requirements of a satisfactory design. 

1.7 THE DISCRIMINATOR FUNCTION IN PORTABLE TRANSCEIVERS 

The discriminators used in portable transceivers mustusually 

perform a dual task. Tfhen the transceiver is receiving the discriminator 

must translate the frequency modulated wave to an amplitude modulated wave 

and extract the audio signal frequency. When the set is transmitting the 

discriminator forms part of a control circuit designed to maintain constant 

frequency of the unmodulated carrier. 

One of the principal problems associated with portable frequency 

modulated transceivers is that of frequency control. The limited frequency 

deviation and receiver bandwidth requires a high degree of frequency stability. 

Transmitter designs, such as the Armstrong indirect system which provides 

crystal control of the unmodulated carrier, are not practical in these sets 

where the number of stages and power consumption must be kept to a minimum. A 

method of direct frequency modulation must be employed and some provision must 

be made for controlling the carrier centre frequency. 

One of the simplest and most satisfactory means by which frequency 

control may be maintained is illustrated in the block diagram of Fig. I. 

The receiver section of the set is crystal controlled at the 

carrier frequency. The transmitter is directly frequency modulated at the 

carrier frequency or a submultiple of carrier frequency by means of a reactance 

connected in parallel with the oscillator tuned circuit. The reactance tube 

functions as an equivalent inductance or capacitance of a value depending upon 

the instantaneous grid voltage, and this voltage may be varied by the applica­

tion of audio signal voltages. By proper design, the variation of reactance 

so produced may be made cause deviations of the carrier frequency having a linear 

relationship to the intensity of the applied audio signal. 

When the transceiver is sending, the receiver may be left in operation 

A portion of the transmitter signal is then picked up by the crystal controlled 

receiver. TIle dl.orialnator produces a d l r e ct TOltaSe cc.ponent * 0 S e avera.s 
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value changes with slow variations in the transmitter centre frequency. This 

direct voltage component may then be applied, in series vtith the audio modu­

lation, to the grid of the reactance tube. If the voltage ia applied in the 

correct sense, the mean carrier frequency may be kept at substantially the same 

frequency as the crystal controlled receiver. 

Different variations of this scheme may be employed but the function 

of the discriminator is usually much the same. It must provide distortionless 

detection of the received frequency modulated wave. 'Then the transceiver is 

sending, it must provide a direct voltage component in the proper sense and at 

the proper level for automatic frequency control of the transmitter. 

With the role of the discriminator thus established it remains to 

consider the requirements of a discriminator which is to accomplish this task 

most efficiently. 

1.8 THE DESIGN RSQJJnmiENTS OF DISCRIMINATORS FOR F.M. TRANSCEIVERS 

Many different schemes have been employed in the detection of 

frequency modulated signals. Before proceeding to a study of these methods 

it will be in order to establish in a general way the requirements of a good 

F. H. discriminator, keeping in mind thepurpose for which it is intended. 

This will supply a basis for studying the merits of the various methods which 

might be employed to achieve the same ends and help to eliminate those methods 

which are obviously unsuitable. 

The requirements of a discriminator for distortionless F.M. 

reception have been investigated by Roder (9) and Chaffee (4) among others. 

Let us consider the wave equation for a frequency modulated wave as developed 

by Carson and Van der Pol. 

e = % sin (wt -i-m sin ut ) (l) 

There "̂i 
•"J- = amplitude of the unmodulated carrier 

•v = unmodulated carrier angular frequency 

U = modulation angular frequency 
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m s carrier frequency deviation « frequency modulation index 

modulation frequency 

si A w 
u 

When the expression for e is differentiated with respect to time 

we have 

£2. = Eiw ( 1+Aw cos ut ) cos {wt-nn. sin ut) (2) 
dt w 

This is an amplitude modulated wave with a modulation factor 

Aw . It is evident, if the wave of equation 1 is applied to a linear 
w 

time rate demodulator of the proper bandwidth, it should be possible to 

extract the audio signal from the resultant wave of equation 2 byconventional 

amplitude modulation detection methods. 

1*8.1 DISCRIMINATOR BANDWIDTH 

The question of the required bandwidth of the linear demodulatorror 

differentiator is interesting. It is stated by Hund (23) that the maximum range 

of line arity of the discriminator need only be twice the maximum frequency 

deviation since in effect it merely reverses the process of modulation at the 

transmitter where frequency deviations are limited to a definite maximum value. 

The bandwidth of all bandpass networks preceding the demodulator must however 

pass the entire frequency spectrum of the wave. 

The problem was attacked by Roder in a more formal manner (9) 

He reduced the wave of equation (1) to the familiar Bessels series expansion 

and applied this wave to a network having a phase and amplitude:: characteristic 

linearly variable with frequency. When the proper change in amplitude and phase 

is attached to each sideband and the resulting series is recombined an output 

wave of the following form results. 
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This again is an amplitude modulated wave whose radio frequency envelope ' 

is 

Where S is the slope of the network frequency amplitude function and ^4> 

is the incremental phase change. The factor of percentage modulation of the 

envelope is sum and since m s Aw .. • ., . .. ^ ., 

**t it is evident that the audio signal 

amplitude- is proportional to the slope of the network frequency amplitude 

function and to the frequency deviation Aw. Since reconstruction of the 

output wave of equation 3 requires the combination of all the side bands of 

the ;T frequency modulated wave, it is pointed out by Roder that, if the 

network is to serve as a perfect Frequency-amplitude converter, it must 

provide amplitude and phase characteristics which are both linear functions 

of frequency over the whole bandwidth occupied by the signal. 

In practice Frequency modulation discriminators are usually 

designed to have a linear characteristic extending somewhat beyond the band 

pass of the receiver. The receiver selectivity tends to round off the 

characteristic at the extemities of the band pass and this design procedure 

ensures that the characteristic will have maximum possible range of linearity. 

1.8.2 CONVERSION EFFICIENCY 

The slope of the discriminator characteristic may be defined as 

the conversion efficiency of the discriminator. It has been pointed out that 

the modulation factor of the resultant amplitude modulated wave is directly 

proportional to this slope, so it is obviously desirable that the slope 

be as high as possible. Crosby has pointed out that low conversion efficiency 

is not serous provided there is no amplitude modulation at the input to the 

discriminator. (8) This is because the low conversion efficiency reduces the 

noise output in the same proportion as the signal, but only when no amplitude 

modulation is present. In general, therefore, with low conversion efficiency 
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a greater degree of amplitude limiting is necessary to ensure that 

amplitude modulation noise does not become comparable with frequency 

modulation noise. 

High conversion efficiency in frequency modulated transceivers 

is very important because of the control function of the discriminator. 

When a slow drift in the transmitter frequency takes place, the direct 

voltage component of discriminator output is applied as bias to the 

oscillator reactance valve and this has the effect of reducing $he transmitter 

drift. The greater the bias which the discriminator can develop for a given 

off-frequency voltage, the smaller will be the net transmitter drift. The 

situation is similar to that which exists in negative feed-back applications 

and in general the same stability conditions apply. Too much frequency 

control cannot be used or the frequency variation iof the transmitter will 

oscillate or M hunt w. In application to the transmitter control function, 

the problem is more likely to be one of too little control rather than too 

much and it is desirable that high conversion efficiency should be maintained. 

1.8.3 DISCRIMINATOR BALANCE 

In effecting maximum noise and applitude modulation reduction, 

the symmetry and balance of the frequency modulation discriminator are very 

important. One of the original methods used in the detection of frequency 

modulated signals, was tuning the carrier to the centre of the slope of a 

resonant circuit characteristic. (3) This scheme had many disadvantages. 

Its linearity and conversion efficiency were poor. A signal above the 

resonant frequency would be received as well as one below. Further, if the 

signal was not completely limited, amplitude modulation ?/ould give rise to a 

variation in the detector output. 

Discriminators of this nature, based simply on the slope of some 

filter characteristic, have the disadvantage that an output can exist when no 

frequency modulated signal is applied. This means that the output is not 

symmetrical with respect to noise voltages above and below the centre frequency, 
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and if amplitude limiting is not complete, residual amplitude modulation 

will produce variations in the detector output. 

For best results the discriminator should be arranged to 

have zero output at the centre frequency and equal outputs above and below 

the centre frequency for equal frequency departures. With this arrangement, 

the rejection of amplitude modulation at the centre frequency will be 

complete. Further equal noise voltages applied simultaneously at equal off-

tune frequencies will tend to cancel each other. 

, /, STABILITY 

It is important that the discriminator in portable transceivers 

be highly stable with respect to the centre frequency output voltage. It is 

obvious that a change in the centre frequency output voltage from the design 

value will not only reduce the distortionless working range of the discrimin­

ator but will also produce an undesirable shift in the transmitter frequency. 

Since the transceivers are normally required to work over a wide range of 

temperatures, consideration must be given to temperature compensation and 

this should be done with as few extra components as possible. This means that 

the temperature compensation problem will be simpler if the number of tuned 

circuits associated with the detection is kept to a minimum. 

ALIGNMENT 

The adjustment and alignment of the discriminator should be simple. 

1.8-5 

As a general rule the number of adjustments required will vary as the complexity 

of the circuit used, which again argues in favor of maximum simplicity. It 

must be recognized the .necessity of working with small components in 

confined spaces will tend to exaggerate the normal difficulties of adjust­

ment %nd alignment. 

1.8-6 POWER CONSUMPTION 

Some consideration should be given to the power consumed by 

the discriminator. Although the total power so involved will be a small 

proportion of the total transceiver power, it is nevertheless of some 
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consequence in battery operated sets. Methods of detection which employ 

several tubes are obviously undesirable. 

1.8 ,7 SOMMARIZATICN OF REQUIREMENTS 

Summarizing the above discussion it appears that the required 

discriminator features may be listed. 

1. The discriminator should provide both an audio frequency output for the 

receiver and a direct voltage component for the transmitter control. 

2. The discriminator should have maximum linearity over the band pass 

of the receiver. 

3. The conversion efficiency or discriminator slope should be as great as 

possible. 

4. The reduction of noise and amplitude modulation should be maximum. 

5. The stability over a large temperature range should be high. 

6. The components should be as few in number and as small in size as 

as possible. . 

7. The number of alignment adjustments required should be a minimum. 

With the discriminator requirements established in this rather 

general fashion we are now in a somewhat more favorable position to consider 

the different methods by which detection can be carried out. 
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2.0 AIT HISTORICAL SURVEY OF FREQUENCY MODULATION DETECTION 

2 . 1 FIRST CONSIDERATIONS OF FREQUENCY H)D3LATIQN 

Prior to Armstrong's historic paper on frequency modulation (6), 

the theoretical analyses of frequency modulation as a means of 

communication were either unfavorable or noncommittal. In 1922 Carson 

had developed the frequency spectrum for a signal modulated in frequency, 

and had condemned all frequency modulation on the basis of the large 

bandwidth required. In 1931 Roder, comparing phase, frequency and 

amplitude modulation, recognized that it would be possible to expect a 

transmitter gain in a frequency modulated system since the transmitter 

could be operated with full output during modulation, an impossible 

condition in amplitude modulation. He felt, however, that the problems 

of reception of a frequency modulated signal made such a system 

impractical quite apart from consideration of bandwidth. (2) 

In 1932 Andrew analysed a system of frequency modulation 

reception which has been mentioned before. The method consisted of tuning 

the midpoint of the slope of one of the receiver tuned circuits to the 

carrier centre frequency. He concluded that frequency modulation reception 

in this fashion would require about eleven times the power of an equivalent 

amplitude modulated system.(3) 

,JL'he same problem was considered from an experimental and theore­

tical point of view by Chaffee in 1935. (4) He reasoned that the loss 

in receiver output entailed by raistuning one of the receiver stages in the 

manner indicated above, could be entirely offset by the fact that the 

transmitter could be adjusted for maximum output during modulation. He 

developed formulae for calculating the distortion to be expected from 

such a detection system but came to no particular conclusions as to the 

possible merit of using frequency modulation. 

This was the general state of the subject before Armstrong's work. 
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2.2 ARMSTRONGS CONTRIBUTION 

It was reasoned by Armstrong that it should be possible to 

introduce into a transmitted wave a characteristic not found in random 

noise such as atmospheric noise, tube shot noise or conductor thermal 

noise. If then a receiver could be employed i/hich would not be 

responsive to the random noise effects but would be fully responsive to 

the special characteristics of the transmitted wave, a substantial 

improvement in signal to noise ratio should be effected. Since random 

noise is primarily an amplitude disturbance, with no orderly frequency 

variations, he argued that a system of frequency modulation, employing 

large frequency swings, would provide the desired results if the receiver 

could be made to respond to changes in frequency but not to changes in 

amplitude. 

This was an entirely new concept of the use of frequency modulation. 

Before Carsons paper on the spectrum distribution, frequency modulation had 

been proposed as a possible means of narrowing the bandwidth occupied by the 

transmitted wave. Carson had demonstrated the fallacy in this argument by 

showing that the bandwidth could not be less than twice the highest 

modulation frequency. Armstrong now proposed to use much greater frequency 

swings than had originally been contemplated and to move the transmissions 

into the ultra high frequency band where the greater bandwidth could be 

tolerated. The scheme was greeted with considerable doubt at first but 

eventually rigorous theoretical analysis and extensive field trials proved 

the effectiveness of frequency modulation when used as Armstrong had 

proposed. (8,13, 15) 

The requirements for distortionless frequency modulation reception 

were well known before Armstrong's work but he appears to have originated 

the use of amplitude limiting before the trnaslation of frequency to 

amplitude modulation. 
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Since some of the discriminators which we will study have inherent self 

limiting properties ?i/hich can reduce by one or two the number of stages re­

quired in the receiver, We should consider the methods by which limiting must 

otherwise be accomplished and the reasons for it. 

2.3 AMPLITUDE LIMITING-

It is sometimes supposed that the limiter stage in frequency 

modulation receivers is the factor which reduces the interference through 

clipping of the noise peaks. It has been found however that noise peaks 

which exceed the signal will be just as noisy in frequency modulation receivers • 

as in amplitude modulation receivers. In fact Landon has shown that in the 

case of 'impulse, noise, limiting can make the Jioise worse. (20) 

The true function of the limiter is to strip the signal of 

amplitude modulation and allow the frequency modulated signal to do its job. 

Goldman (18) has pointed out that the real reason for the effectiveness of 

frequency modulation in reducing interference lies in the peculiar distribution 

of the frequency modulation sidebands and in the selective circuit, which is the 

discriminator and its associated audio system. The combination of the carrier 

and its sidebands has the property that, when applied to a slope detector, it 

can produce extremely large frequency shifts at a low audio frequency rate as 

compared with what can be produced by a random distribution of noise carrier 

and sidebands of the same energy. The slope detector and its audio amplifier 

thus effectively selects only those signals with the proper distribution of 

carrier and sidebands. The limiter by removing the amplitude modulation from 

the signal makes this selection process possible without distortion. The most 

widely used method of effecting amplitude limiting has been through plate and 

grid limiting, either separately or in combination. 

2.3.1 PLATE LIMITING 

Plate limiting is carried out by operating a stage of inter­

mediate frequency amplification with low plate and a screen voltages. The 

tuned circuit in the plate ensures that symmetrical limiting of the positive 
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and negative peaks will be obtained when plate current saturation occurs. 

Plate limiting has the disadvantage (20) that excessive grid 

current may flow during periods of high signal level. This causes detuning 

of the previous tuned circuit and results in variable receiver selectivity. A 

further disadvantage is the fact that the low plate impedence caused by plate 

current saturation lowers the effective Q, of the plate tuned circuit. If the 

tuned circuit h'appems to be the primary of a discriminator circuit, this effect 

can be quite detrimental particularly in the case of narrow band discriminator. 

2.3'2 GRID LIMITING 

Grid limiting is accomplished by using a valve with normal 

voltages except for the grid bias. The bias is obtained through the use of a 

grid leak r:. resist or, and is thus proportional to the signal strength. Landon 

has shown that the relatively high values of grid resistance necessary to obtain 

limiting Y/ith low signal levels has a detrimental effect on impulse noise. The 

extra bias built up by a noise pulse has the effect of blocking of the receiver 

for a short time unless the resistor-condenser time constant is fast enough to 

follow the pulsation. Grid limiting has however some important advantages when 

compared with plate limiting. There is little or no detuning of the grid 

tuned circuit with consequent loss of receiver selectivity. A further advantage 

of the system is the fact that the grid resistor is a convenient source of 

receiver automatic volume control voltage since the bias developed is directly 

proportional to the signal level. 

For best limiter action Landon has recommended a combination of 

plate and grid limiting and this practice had been widely used in commercial 

receivers. The use of two stages of limiting has also been found o. desirable, 

and makes possible a gain of about five in the limit er stages. The degree of 

amplitude limiting should not in general be greater than about 20 db per stage, 

if amplitude distortion is to be avoided. The limiter must provide in its 

limiting condition sufficient output to drive the audio amplifier. If the degree 

of limiting is too great it is evident that for small frequency deviations, the 
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output will be insufficient and amplitude distortion of the audio will 

result. 

2.33 DYNAMIC LIMITING 

Recently another form of limiting known as dynamic limiting 

has been introduced into frequency modulation receivers. (44) For dynamic 

limiting, a crystal rectifier in series with a parallel resistor-condenser 

combination is placed across one of the receiver tuned circuits. The 

rectifier conducts on peaks of radio frequency voltage and the resultant 

damping of the tuned circuit produces a constant voltage across the tuned 

circuit. The time constant of the rectifier load is made long with respect 

to the lowest expected amplitude modulation frequency and a variable threshold 

device thus results, which adjusts itself to the average signal amplitude 

level. 

Tests on the dynamic limiter in comparison with a two stage 

grid bias limiter have indicated that the dynamic limiter has an amplitude 

modulation reduction factor about six to ten db better than the grid bias 

limiter for signal levels below the threshold of the grid bias limiter. Above 

its threshold level however the grid bias limiter is capable of considerably 

greater amplitude modulation reduction. The principal advantage of the 

dynamic limiter appears to be its very low threshold level since a signifi­

cant amount of receiver quieting can be produced at a signal lavel about half 

that required by the grid limiter. 
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2.4 THE ARMSTRONG AMPLITUDE DISCRIMINATORS 

The first useful systems of converting frequency modulation 

to amplitude modulation designed for that purpose, were used by Armstrong. 

While no longer in use these systems embody principles which are being 

used in other frequency modulation detector systems and are at least 

of some historic importance. 

The first scheme employed by Armstrong is illustrated in Fig. 2. 

It may be seen, that the input circuit consists of two parallel series 

tuned circuits. The circuits are tuned to resonance at the extremes of the 

frequency band over which linear detection is desired. The series 

resistances are chosen sufficiently high to make the current in each branch 

constant over the frequency band and the voltages developed across the two 

combinations are then proportional to the branch reactances. The variation 

of reactance in these circuits is not linear with frequency but by the 

proper choice of components and the use of shunts of high resistance and 

reactance (not shown in the schematic) a characteristic of good linearity 

can be obtained. The voltages across the two reactances are applied to 

equal linear amplifiers and rectifiers. The rectifiers are in series 

with equal output transformers whose secondaries are so arranged that 

frequency changes produce additive secondary voltages. 

The method has of course been superseded by systems of greater 

simplicity, conversion efficiency and linearity but the principle of 

combining the frequency amplitude characteristics of two tuned circuits to 

obtain a linear balanced frequency amplitude characteristic has been widely 

used in frequency modulation detection. 
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2.5 THE ARMSTRONG PHASE DISCRIMINATOR 

Another type of discriminator which was used by Armstrong in 

his tests on frequency modulation is shown in Fig. 3. In this circuit 

the input circuit is again series tuned in series with a resistance. The 

series circuit in this case is tuned to the centre frequency and the phase 

of the voltage across the combination undergoes 180 degrees of phase shift 

with respect to the current through it as the frequency passes through the 

resonant point. 

Part of the input signal is impressed on the resist on R]_ and 

this is shifted in phase by ninety degrees, amplified and applied to the 

screen grids of the tetrode tubes in opposite phase. The signalling and 

heterodyne voltages are then in phase in one mixing tube and 180 degrees 

out of phase in the other. For variable signal frequency this results in a 

rectifier current characteristic which is linear with respect to frequency 

over the working range. The outputs are again cumulatively combined for 

frequency changes. 

The discriminator requires careful balancing of the heterodyne 

voltages and is in general too complex to have found widespread use in 

frequency modulation detection. The principle of mixing two voltages 180 

degrees out of phase has however been used in other discriminator circuits. 
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2.6 THE TRAVIS DISCRIMINATOR (5, £3, 27 ) 

In 1935 Travis had described a system of frequency control 

designed to keep the carrier of amplitude modulated signals centred 

in the receiver intermediate frequency band. The system used an 

auxiliary tube across the receiver local oscillator tuned circuit which 

acted as an effective reactance of a value dependent on the grid bias 

of the tube. To control this action Travis used a device to produce 

bias voltages dependent on receiver intermediate frequency which he called 

a frequency discriminator. The Travis discriminator is shown in Fig. 4 app«nc 

endix. 

The composite primary circuit of the Travis discriminator is 

tuned to the centre of the receiver intermediate frequency band, and is 

heavily damped to prevent coupling between the secondaries. The two 

secondary circuits are loosely coupled to the primary and tuned to different 

frequencies, one above arid one below the receiver mid-frequency. The 

secondaries act very much like isolated tuned circuits and the voltages 

impressed on the rectifier circuits thus maximize at equal departures from 

the mid frequency. Since the rectifier outputs are differentially connected 

an S shaped curve of D.C. voltages versus frequency results. 

The Travis circuit was intended for use as a automatic 

frequency control auxiliary and as such was designed to have peaks about 

five kilocycles apart and to have maximum possible conversion efficiency. 

Following Armstrong's work it became apparent that if the circuit values 

and tuning frequencies could be adjusted for good characteristic linearity 

over the frequency modulation receiver band, the devide should also 

function satisfactorily as a frequency modulation detector. The Travis 

circuit or modifications of it have been widely used in frequency modulation 

for controlling the transmitter centre frequency in a manner previously 

indicated and in frequency modulated receivers. 
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The circuit as proposed by Travis has a number of dis­

advantages. It requires careful tuning of three tuned circuits if good linearity 

and balance is to be achieved. Further, stray capacitive coupling between the 

primaries or the secondaries can cause considerable unbalance of the peaks in 

relation to the base frequency. 

A modification of the Travis circuit which has been used in a 

number of cases is shown in Fig. 5. ' This is sometimes known as the Crosby 

Discriminator. The primary circuitsare in series. To offset the capacity 

coupling between the secondary windings a small amount of mutual inductance 

coupling la introduced between the windings in the proper sense' to balance 

out the capacitive coupling. It is evident that the problems of alignment and 

coupling adjustment are by no means diminished by this arrangement. ( 27) 

Another variation of the Travis circuit uses, an untuned primary 

winding. This leads to greater alignment simplicity but the conversion 

efficiency Is lower than for the Travis or Crosby circuits. 
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2.7 THE FOSTER - SSELEY PISCRIMINATOR (7,10,19,24,28,5s) 

In 1937 Foster and Seeley described a discriminator for use in 

connection with automatic frequency control systems. As was the case with 

the Travis circuit, the Foster-Seeley discriminator has found more 

widespread use in connection with frequency modulation transmitter control 

and reception than in the amplitude modulation receivers for which it was 

originally intended. 

The Foster-Seeley circuit for automatic frequency control is 

illustrated in Fig. 6. 

The action of the discriminator depends on the difference in 

phase of the primary and secondary potentials of a tuned transformer. When 

the primary and secondary circuits are tuned to the same frequency, a 90 

degree phase difference exists between the primary and secondary voltages 

when the resonant frequency is applied. The voltages between the centre 

tap of the secondary and each end of the secondary coil are 180 degrees 

out of phase. *The vector sum of the primary voltage and half the 

secondary voltage is applied to each diode circuit and at the resonant 

frequency since vector sums are equal no output is obtained from the 

differentially connected rectifiers. The vector condition is shown in 

Fig. 6a. 

When the frequency of the signal departs from the resonant fro-r; 

quency, the phase relation between the primary and the secondary voltages 

changes. The Vector sum of the primary voltage with one of the secondary 

half voltages may then become greater or less than for the resonant 

condition depending upon the direction of the phase shift which in turn 

is dependent on whether the frequency is higher or lower than the 

resonant frequency. The vector relationships are shown in Figs. 6b and 6c 

for the tvjo off resonant conditions. 

The outputs from the rectifier circuits will thus maximize, 

one a bove and one below, the resonant frequency and since they are 
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differentially connected an output frequency voltage characteristic is 

obtained as shown in Fig. 6d • 

The exact shape of the discriminator characteristic is 

dependent upon the effective circuit Q*s, the coupling between the tuned 

circuits, and the ratio of secondary and primary voltages. For automatic 

frequency control purposes, where linearity is not essential, loose 

coupling is generally used and the circuit 0,'s are kept very high. For this 

reason the choke coil L 3 is generally required to prevent excessive loading 

of the primary tuned circuit. For wide band frequency modulation reception 

the degree of coupling between the circuits is considerable higher than in the 

automatic frequency control case, and the circuit Q's are lower. The choke 

coil L3 m ay ^e omitted to permit more reduction of the effective primary Q, 

and a single load condenser is used, as shown by the dotted line, to prevent 

effective grounding of the radio frequency primary voltage • 

The Foster-Seeley circuit has the advantage that only two 

alignment adjustments are necessary once the degree of coupling has been 

fixed. Since both the tuned circuits operate at the same frequency the 

alignment is further simplified. 

The Foster-Seeley circuit requires rather elaborate 

precautions at times to eliminate electrostatic coupling between the primary 

and secondary windings which can adversely affect the .linearity and balance 

of the circuit. (35) 

When the output circuit is grounded on-, one side, the capacitive 

unbalance of the diodes to ground may also result in some unbalance of the 

characteristic. 

A modification of the foster-Seeley circuit which has been used 

in mobile F, M. equipment (21) is shown in Fig. 7. The coupling between the 

tuned circuits ishere high impedance capacitive coupling rather than inductive 

coupling. The capacity C1 is made variable to effect a good balance. Coupling 

systems of this nature will be referred to in more detail in a later section. 
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2.8 THE COUNTER-DISCRIMINATOR (4, 27, 41) 

Frequency modulation detection can be accomplished by means of a counter 

circuit which extracts the modulation frequency directly from the frequency 

modulation wave. Such a circuit is described in a paper by Seeley, Kimball and 

Barso (4) and is shown in Fig. 8. 

Referring to Fig. 8 it may be seen that the last intermediate frequency 

tube has no tuned circuit and is subject to grid andrplate,̂ liiiitingr.During negative 

grid swings the plate potential of the tube rises to a fixed level equal to the 

supply voltage. On positive grid swing^plate current saturation takes place 

fixing a lower limit to the change in plate potential. The output wave is thus 

effectively squared between two definite fixed potentials. The "counter" 

condenser C. thus charges to plate supply level during the negative grid swings 

and discharges through the second diode and its load resistor on positive grid 

swings until its voltage is equal to the minimum plate potential. Since a 

single pulse of current is obtained through the load resistor ©f the second 

diode for each cycle, the average output current must be directly proportional 

to the frequency and therefore will reproduce the modulation content of the 

F. M. wave. The counter circuit is very simple in operation and requires no 

tuned circuits or critical alignment procedure. The distortion due to non 

linearity is said to be less than 0.02 percent over a bandwidth of 200 kilocycles 

The disadvantage of the counter circuit is the necessity for double 

conversion in the receiver before the counting can be carried out. The • 

frequency of the F. M. signal is limited by the time of discharge of the counter 

resistor-* condenser combination which must be considerably less than the half 

period of the maximum frequency modulated signal frequency. This means that 

conversion of the signal frequency into the region of 100 to 300 kilocycles per 

second is required before distortionless counting can be carried out. To avoid 

spurious receiver responses it is then necessary to use'double frequency 

conversion with considerable application of the design. 
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The conversion efficiency of the counter discriminator is quite low 

compared with the Foster Seeley and Travis circuits and it is necessary to 

employ considerable audio gain in the receiver. It follows also that the 

direct current voltage available for frequency control purposes will be low. 

It should be recognized that the counter discriminator will produce a 

direct voltage output when an unmodulated signal is applied and in automatic 

frequency control systems this would require balancing out with some form of 

bias. 

2.9 THE RATIO DETECTOR 

During 1945 a balanced discriminator known as the ratio detector 

was developed in the RCA laboratories. The ratio detector was designed to 

be insensitive to amplitude modulation without the necessity for preliminary 

limiters. The circuit for the Seeley ratio detector is shown in Fig. 9 

The ratio detector may be seen to resemble the Foster-Seeley discriminator 

in many respects. In particular the phase relationships between the voltages 

applied to the rectifier circuits are the same. It may be seen hpwever that 

a tertiary winding,having the same phase as the primary, is used to couple the 

primary voltage to the secondary centre tap. Further the diodes in the ratio 

detector are in series, as opposed to the differential arrangement in the 

Foster-Seeley, and a large condenser is shunted across the load resistances. 

The change in the signal take off point should also be noted. 

The action cf. the ratio detector in removing amplitude variations can be 

explained simply. Because the diodes in the circuit are in series, the same 

rectified current flows through the load resistors and the ratio between ;: 

.-.,.. .. .i the rectified voltages at any particular frequency will be 

constant regardless of variations in the signal amplitude. If the sum of the 

rectified voltages is also held constant, with respect toorapid changes in 

amplitudei it follows that the rectified voltages must themselves remain 

constant. The audio output of the discriminator, which is proportional to 

the difference in the rectified voltages, must also remain constant and the 
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discriminator is thus insensitive to changes in amplitude of the input'signal. 

It is the function of the large condenser across the diode load 

resistors to hold the sum of the rectified voltages constant with respect to 

rapid changes in signal amplitude. This condenser, with the diode load 

resistor has a time constant of the order of a 0.2 seconds and the voltage 

across it will thus vary slowly in accordance with changes in the average 

signal level. The condenser could be replaced by a battery but this would 

have a fixed threshold level below which the signal would not be strong 

enough to operate the discriminator. The condenser permits the voltage across 

the load to vary in proportion to the average signs! level and thus automati­

cally adjust to the optimum level. 

A limiting factor in the ratio detector is the amount of downward amplitude 

modulation which may be tolerated. If the signal level falls to too low a 

value the condenser voltage will bias off the rectifiers and the detector will 

become inoperative. To ensure that this condition occurs only ato.very low 

input signals, it is necessary to use high values of secondary unloaded Q, and 

low values of load resistance which will lower the operating 0, to about one 

quarter of the unloaded Q. During the periods of low signal level, then, when 

the diodex conduction current is low, the secondary q, can rise, effectively 

increasing the discriminator osensitivity. 

The low values of load resistance required as explained above is the 

factor which makes the tertiary winding necessary. If no impedence matching 

of this nature were used, the effect of diode conduction current damping would 

be to seriously reduce the effective primary Q, and therefore the discriminator 

sensitivity. 

The ratio detector is said to be capable of handling without distortion 

signals with as much as fifty percent amplitude modulation * - :•:.-.. To do 

this however the diode load 'A A: resistors must be kept very low and 

conversion efficiency suffers. It should also be noted that the diode series 

arrangement results in an inherent six db loss over the Foster-Seeley. 
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arrangement since the audio output is only half the difference between the 

rectified voltages. 

It has been found that the ratio detector requires considerably more 

careful attention to tolerances than the Foster-Seeley discriminator and grid lim­

iter combination. The effective coupling between the primary and the secondary 

must be closely controlled since it may be shown to affect the degree of 

amplitude modulation rejection, further any unbalance in the diodes or load 

resistances will result in an unbalanced amplitude modulation component in the 

output. These considerations are quite apart from the linear frequency-

amplitude problems. 

The discriminator alignment is no more complicated than for the Foster-

Seeley but there is the added coupling adjustment required through the tertiary 

winding. 

It should be noted that the audio output level of the ratio detector will 

vary with the average signal input and the ratio detector requires that 

automatic volume control be applied to the receiver intermediate frequency 

section. Such A. V. C. voltages can conveniently be taken off the voltage in 

stabilizing condenser. 

2.10 THE BRADLEY F. M. DETECTOR (31) 

The Bradley F. M. detector appeared in 1946 as a further effort to 

provide a satisfactory self limiting discriminator. The circuit of the 

Bradley discriminator is shown in Fig. 10. 

The Bradley detector operates around a special heptode tube designed for high 

transconductance, sharp cutoff and maximum sheilding of the input si~ne.l grid 

from other tube elements. 

The first three elements of the tube with their associated tuned circuits 

operate as a class C osci3!ator, with space current consisting of very short 

pulses. The proportion of the space current which reaches the plate circuit 

is dependent upon the potential of the input signal grid. The fundamental 

of the resulting plate current is fed back to the oscillator through a phasing 
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network which is so adjusted that variations in the plate current cause 

pure frequency modulation of the oscillator. 

The phase of the input signal with respect to the oscillator, by 

affecting the pulse current magnitude varies the oscillator frequency 

causing it to look to a fixed phase relation with the input signal. Since 

the oscillator frequency is directly proportional to the fundamental 

component of the plate current it follows that the mean plate current must 

vary linearly with the frequency deviation of the input signal. 

It is then possible to extract the audio signal component from the 

plate circuit by a simple low pass filter. 

The Bradley detector is stated to have a response to amplitude variations 

about fifty db less than to frequency change. This of course holds only for 

those signals which are sufficiently strong to cause the oscillator -to lock in, 

i*r° ̂  
but it is claimed that the required voltage is no more than half a volt — " 

The adjustment of the circuit appears to be somewhat critical requiring 

careful adjustment of the phasing network. The degree of amplitude 

modulation rejection is affected by stray coupling capacity between the input 

signal and the oscillator and this may require a neutralizing circuit particu­

larly if heptode valves of less specialized design must be used. 

It may be noted that the detector output is taken off at a high direct 

voltage level and could not be used directly for automatic frequency control 

purposes. 

2. n INTEGRATOR DETECTORS 

The Bradley detector mentioned above appears to be a special refinement 

of a class of detectors which Sturley has referred to as r1 integrator detectors'" 

(27) 

The integrator detector which is self limiting may be a regenerative 

amplifier, a multivibrator or a blocking oscillator which is triggered by the 

intermediate frequency. 

All of these circuits produce short pulses of plate current whose 

repetition rate is controlled by the input signal, but whose amplitude is 
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dependant only on the circuit constants, -The mean plato current la each 

caso is then proportional to the signal frequency, varies ulth tho 

frequency deviation, and In conjunction with a lot? pass filter isill 

reproduce tho audio signal. 

Such circuits hat© not found widespread use either because of ©xeossivo 

complexity or boea.uaa of tho difficulties of adjustment. Tho problem of 

extracting a direct voltage component at tho low lovels required for automatic 

frequency control haa also rmd© them unsuitable in most cases for that purpose. 

2.12 THE SBC DffffECTQB (48) 

An interesting circuit employing the phase principle In combination with 

a heptod© tube hue recently boon developed In the CBC Laboratories. Tho 

circuit lor this detector is shown in Fig. 11. 

Signal voltages,derived froa tho primary end secondary of an intermediat© 

frequency traasforiser, are fed to what normally cor.etitu.te tho signal and 

oscillator grids of a haptodo volvs. The phase nngio between these voltages 

is 90 degrees at the resonant frequency and -changes rapidly in the neighborhood 

of resonance. 

Multiplication of tho voltages In tha xaizer tube results in a product 

plato current tern proportional to the cosine of the phase angle. For phaso 

.shifts In tho neighborhood of ninety degrees^then?tho plate current component 

??ill vary eltaost linearly with frequency. The audio signal may then be 

obtained frets tho .output of a' lo« pass flltor In tho plate circuit. 

The dlecrlminator is said to provide SO volts of audio signal for 75 

kilocycles deviation. Limiting is required prior to detection. 

The required phase rfilft at resonance may also b© obtained by tuning the 

primary of the transformer to parallel resonance at tho eontro frequency and 

tuning the secondary, in aeries with a small capacity, to series resonance. 

This Is ssid to minimize the unbalancing effect of stx*ay capacity between tho 

mixer grids* 

http://ea.ua
http://cor.etitu.te
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2.13 RECAPITULATION 

It is believed that this summary covers most of the methods 

which have been used in the detection of frequency modulated signals. 

It appears that a wide choice is available to the design engineer and 

probably most of the discriminators reviewed here could be udes in a 

portable transceiver if modifications were made, where necessary, to obtain 

an automatic frequency control voltage. Practical consideration, however, 

will, serve to rule out those methods which are least suitable for our 

purpose. 

r?hQ Bradley detector requires a special heptode tube a large 

number of components, and is somewhat critical of adjustment. More 

important, there is no simple means of obtaining a suitable low level 

automatic frequency control voltage. The same considerations apply to the 

CBC detector. The integrator detectors may be ruled out on the basis of 

excessive complexity or critical adjustment. 

The ratio detector offers attractive self limiting properties 

but requires two coupling adjustments and a high degree of electrical 

balance which may not be obtainable with subminiature components. Its 

performance in the presence of severe multi-path fading is also suspect. 

The counter discriminator has great simplicity and requires no 

tuned circuits. To obtain a constant output at the centre frequency, 

however, requires a constant supply voltage since the averaged load current 

is dependent upon the supply, further double frequency conversion is 

necessary in the receiver which offsets much of the simplicity of the 

counter circuit. 

The.choice narrows down to the -Foster-Seeley and Travis 

discriminators, and the greater simplicity of adjustment of the Foster-

Seeley appears to swing the balance in its favor. 

'*14 HTHTHSR COUFLIffJ CGSiSIDlRATIONS OF THE jfOSTER-S^.T.W CIRCUIT 

It has been pointed out that the Foster-Seeley circuit is 
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subject to some unbalance due to electrostatic coupling between the primary and 

secondary circuits. Capacitive unbalance of the rectifier circuits can also 

adversely affect the performance. 

The elimination of primary-secondary electrostatic coupling has been 

accomplished in practice by the interposition of a grounded electrostatic 

shield between the windings. (35) In a small plug-in unit with all the 

components in close proximity to a grounded shield,the elimination of this 

coupling, while adjusting for correct inductive coupling is apt to be more 

difficult. Since a certain amount of capacitive coupling appears to be 
without 

inevitable, it would seem that the use of capacitive coupling/inductive 

coupling might have some advantages. 

One advantage of capacitive coupling is the possibility of using per­

meability tuning. While permeability tuning may be used with inductively 

coupled circuits, the circuits cannot be tuned w ithout changing the effective 

coupling and the problem of obtaining the correct coupling at the tuned 

frequency complicate sthe design considerably. Further, if a centre tapped 

secondary is used, a special "bifilar" construction is required so that the 

coupling of each half secondary to the primary will be the same for any given 

position of the tuning slug.(29) 

It is generally more difficult to produce a small variable capacity with a 

lower temperature coefficient than a variable inductance. Pressure type mica 

dielectric capacitors show appreciable increase in capacity with temperature, 

and air dielectric capacitors, with ceramic insulators tend to be considerably 

larger than variable inductance providing the same reactance change. Permeab­

ility tuning is thus seen to have some important advantages. 

Capacitive coupling has been used in intermediate frequency amplifiers(23, 

34) and in discriminator circuits (21) but the literature does not contain a 

great deal of information on its application. 

The capacitive coupling between two circuits may be series capacitance 

(high impedence) or shunt capacitance (low impedance). It has been shown that 
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the transmission characteristic for two simple coupled circuits tuned to the 

same frequency may maximize at two frequencies when the coupling exceeds a 

certain critical value. When the coupling is simple mutual inductive coupling 

the two peaks are symmetrically disposed with respect to the tuned frequency 

and move outŶ ard symmetrically as the coupling is increased. For band pass 

circuit design this is a very desirable characteristic. 

V<hen capacity coupling is used, as coupling is increased beyond the critical 

value, one of the peaks remains on the tuned frequency while the other shifts 

higher or lower depending upon the nature of the coupling. With series 

coupling, it has been shown (45) that the shifted peak is lower in frequency 

and the peak separation increases with increase in the coupling component. Y/ith 

shunt capacity coupling, the shifted peak is higher and peak separation increase 

with a decrease in the coupling component. 

It is evident that if we try to apply capacitive coupling to the Foster-

Seeley circuit we can expect ssome. asymmelryof the discriminator characteristic 

with respect to frequency. This unbalance must be evaluated and made negligible 

over the discriminator working range if satisfactory operation is to be obtained 

Series capacitive coupling has been used in connection with phase 

discrominators (21) but very little design information is given. The writer 

has not found any indication that low impedence capacity coupling has ever 

been used in this connection. The coupling condenser required for low impeden­

ce systems is much larger in capacity than that required for high impedence 

coupling but need not be much greater in a physical sense. Further; the use of 

a large coupling capacity should make it possible to minimize the effects of 

stray capacity on the effective coupling coefficient of the circuit. Any 

changes in the distributed capacity associated with a small series coupling 

condenser should result in a much greater change in effective coupling 

coefficient than would occur if a large coupling capacity were used. 

It was decided to experiment with a low impedence coupled circuit arranged 

to provide the Foster-Seeley voltage combinations. Referring to the Foster-

Seeley circuit, it will be recalled that the radio frequency voltage aPcliea 
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to each rectifier circuit was the vector sum of the primary voltage and 

half the secondary voltage of a tuned coupled circuit. Such a voltage 

combination can be approximated very closely by the circuit shown in the 

following section which employs permeability tuning. 
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A L( ITY-COUPLED HU£ 

•-4* 

Fig. 12 

3.1 ,ORIPTlu[-I UJ TIQJ] CIRCUIT 

In this circuit the capacity cm is much greater than 

ft c c 
1, 2, or 3# T^Q primary voltage across the coil L^ is then effectively 

the same at the points A and B. If Cg and C^ are approximately equal the 

voltage appearing across each of them will then be substantially equal to 

half the secondary voltage. The voltage applied to each rectifier circuit 

will then be effectively primary voltage in series with half a secondary 

voltage, the capacity C7 providing a low Impedance return for the hi 

frequency volta 

In considering phase relations it may be seen that the voltage 

drop across Cm due to primary will be in phase with the voltage across C^# 

Phis voltage is effectively coupled into the secondary circuit and at resonance 

the secondary current will be in phase with it. The voltages across Cp an£ 

C3, I secondary current, will thus be 9C degrees out of phase with the 

primary voltage at resonance. LS the frequency departs from resonance, the 

secondary current is no longer in phase with the coupled primary volta s 

8 Voltage across Cp and C-
3 will thus depart irom the 90 degree phase relation 
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with the primary voltage. 

The voltage combinations and phase relationships are thus seen to 

approximate closely those found in the Foster-Seeley discriminator. 

It will be noticed that shunt loading of the discriminator rectifiers is 

employed. Series loading as used in the Foster-Seeley circuit requires the 

provision of a secondary direct voltage centre tap on the coil. That makes the 

use of permeability tuning difficult, as has been explained. Shunt loading 

raises other difficulties which will be mentioned later. 

The condensers C4 and C5 are the load condensers andas in the more 

conventional second detector circuits operate to maintain high detection 

efficiency discharging through the load resistors on negative peaks of the 

radio frequency voltage when the rectifiers are not conducting. 

Bias for the reactance tube of the automatic frequency control circuit 

may be applied through R3 and the load resistors as shown and the direct 

, voltage component of the discriminator circuit will be effectively added in 

series with it. R4 and C^ may be used as a de-emphasis circuit if desired. This 

will be discussed in more detail later. 

3.2 DJarBRMINATIOIJ OF THE OUTPUT 5QUATI0NS 

To analyze the circuit it is convenient to assume that the loading effects 

of the driver tube and the rectifier circuits are taken into account by 

modification of the effective coil Q, factors. The load and plate circuit 

impedances may then be assumed to be infinite for purposes of simplifying the 

circuit. In the final analysis of course the relation between the unloaded 

and loaded circuit Q/s must be determined. 
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3.2.1 Nomenclature 

The nomenclature used is as follows 

CI Primary condenser 

Cm Coupling Condenser 

C? ,03 Seoc-ondary condenser 

Li Primary Tuning inductance 

L2 Secondary tuning inductance 

31 Effective primary Circuit q, 

$2 

rl 

effective Secondary circuit 

Effective series resistance of the primary circuit 

including the effects of driver tube and output cir­

cuit loading 

T£ Effective secondary series resistance including the 

effects of output circqit loading 

F Frequency of the applied signal 

UA Angular frequency of the applied signal 2fUT 

to* Resonant angular frequency df the primary and secondary 

circuits 

Cel Effective primary tuning capacity 

Ce2 Effective secondary tuning capacity 
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It follows from the above that 

1 
Cel 

and 1 
ce2 

OIL * Gm 

i. 4- i_ * I 
03 m 

(4) 

(5) 

w. 
Li C el L 2 CQ Z (6) 

Qi ^o^l 
rl 

W o cel rl 
(7) 

•'o L< 

r2 'o C, e2 *2 (8) 

3.22 DERIUATION OF OH 3 RICTIFIER EQUATIONS 

The mesh equations for the system may be written down, the impedances 

and meshes being numbered as in the simplified circuit. 

From mesh 1 we have 

U , (zy* zm* z 4 ) 4, i 2 (- z ) - j 
p z 4 

From mesh 2 

1 (" zm)-* I 2 (zE * z 3 ^ 5 m . 0 

The determinant T of the system i s given by 

D = ( ^ + 2 4 + zm ) l Z 2 4 Z 3 + z 5 + zB ) ~zj 

And the currents: may be Yfritten 

•P z 4 { ZO 

D 

± z 3 + Z5 4 z m) 

(9 ) 

(10) 

(ID 

( l i 
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£ (13) 

The voltage applied to the first rectifier circuit is then 

-= T,C^»-i- ^w^--r^.c^w,^=2.^ 
(14) 

and to the second rectifier circuit is 

S^c\^ J-.^ - v - T ^ 2 x (is) 

Subst i tu t ing for the currents T^ and"T? from (12 and (13) leads to 

£ * U ^ ^ ' ^ ^ U g . ^ ^ ^ C ^ a . ^ ^ ^ ^ - v ^ Z ^ - - Z w n C ^ - , - * - ^ ] 

1 > 

and 

(16) 

EH*. = -^je^i \^.(^^i^^--^.sr^-^v^ -* -^-^w* ( 
- i (17) 

Let us now set z
m-fc- z 3 = z 

2 in equation 16 which means in effect tha t we 

make r - f r. d 

C-i-^-Cwn (18) 

If we further assume that •£.,•= "E t •+ T£W> in equation (17) which in practice will 

be nearly true since Cw^v^Cj then equations (16 and (17) become identical 

except for the sign between the bracketed terms 

J> I— — 1 

£<4o_ = l ^ 2 ^ ̂ i + ^ J ^ f e ^ ^ ^ ^ ^ ^ ^ ^ ^ ' * " ^ ^ ^ [ (20) 



(39) 

The rectifier voltages must now be evaluated in terns of the circuit 

components. Before doing this it will be useful to introduce an expression for 

the coefficient of coupling between the two circuits. The coupling coefficient 

for two simple low impedance coupled circuits is given in a general way by the 

following (47) 

* = *m 

v X l X 2 

YThere X^ is equal to the reactance of the coupling, and X± and X g arQ ^ 

reactances, of the same nature as the coupling, by which the circuits are tuned 

to resonance. Application of this formula to the case we have here leads to 

k~\/c^ 
(22) 

The series impedance of the primary is given by 

- *"\ -* V »-»o\-( — "~ V /• J 
J ^ c-oo uo . co © U % Lei / 

Using equation (6) t h i s reduces to 

I t is ccovlent, jtoj introduce a notat ion which has been widely used in c i r cu i t 

theory. Yfe may write for the frequency term in the preceding equation. 

The percentage er ror introduced by use of t h i s notat ion i s 

given by - ( f - fo ) x 100 
f •*• f o . 

and forAf-= 100 kilocycles *"* 

(23) 
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^o = 4300 kilocycles the percentage error is about 1.15 

We may then write for the primary impedance 

Similarly for the secondary impedence 

Cit^^v) "2=-̂  -v ̂ s -v "^ *-» - V ^ U t i ^ ^ V (25) 

For the impedance of the primary coil we may write 

L O O 

Since the ratio of j* is very nearly equal to one over a small range of 
wo 

frequencies we may then write 

Where xx = c^>K,Ll _, _J 

(26) 

*r* 

% 
VJO 0 ^e.1 

For the impedance term ^,-ir "Z.m^ we may write 

Another identity of some use is the following 

Assuming as before that the ratio wo_ is nearly equal to one 
w 

For the determinant D we have from equation (11) 
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Substituting equations (24),(25) and (28) in (11) we have 

^--^^4C l^sQ»v^u s Q ^ ^ ^ ^ Q i Q ^ (29) 
Substituting (24),(27),(28) and (29) into equation (19) we obtain an 

expression for the voltage applied to the first rectifier circuit as follows. 

^ xy a,x, C ^ s CQ"V " ̂ a*-C-gt (50) 

Similarly substitution in equation (20) leads to 

3.2.3 THE OUTPUT EQUATION 

• The voltage across each of the load resistors will be proportional to 

the detection efficiency of the rectifier circuit and the absolute value of the 

peak voltage applied. If the discriminator, output be designated by the 

symbol Y we have 

Y= h \ j E4.\ - 1<M n (32) 

7/here E dn - peak value of E ,, 
1 " a l g iven by equa t ion (30) 

F r— 

<% - peak value of E ^ given by equation (31) 

n = rectifier detection efficisw^ . 
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Vjf = rectifier detection efficiency. 

It is evident that direct substitution of (30) and (31) into (32) will lead to 

a very complicated expression. It is possible to simplify (30) and (31) 

considerably by assuming equal primary and secondary Q, factors. 

L e t %. = Q2 = ̂  and define Q.V = Q^-V - Q v = ̂  (33) 

Q ^ 2 * cu (34) 

•^^22 - \> (35) 

Then we have the following expressions for the peak values of rectifier voltages 

^4i - iba^,( w ̂ C^̂ HrO 
(30a) 

l ^ - - * ^ •* ^ * -

E a ^ - x ^ <&%, C i -+- yC-x - < * - y o 

O*"" — -»« —fc- I *- "^^ 

(31a) 

and the discriminator output becomes 

J^ 

3.2.4 A MORS SKACT EXPRESSION FOR THE OUTPUT EQUATION • 

In deriving the above expression for discriminator output 

from equations (16) and (17) for E d a n d s 

^ al a u u d2 , two assumptions were made 

to derive the similar equations (19) and (20). In determining equation (19) 

it was assumed that C-a, - ^l>^^n 

This condition can be readily compiled with by the proper choice of components. 

In the case where Cm^>:> G- , c 
2 , little unbalance would be created by making 

°2 " C3? 
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In obtaining equation (20) from equation (17) it was assumed that 2,- ̂  + ^ 

This is nearly true since ^ » C » but the expression is nevertheless exact 

and the error is the basis for the inherent asymmetry of capacitive coupling. 

The error to be expected by using equation (20) in place of (17) can be 

evaluated in terms of frequency and the circuit G> Writing equation (17) 

again we have. 

This may be written 

iLfe-Ert ^ ^ ^ ^ ^ ^ T ^ V V T V (l̂ a) 

The first term in this expression is the value of E-, as given by equation (20\ 
a2 

The second term is 

. < •• 

"*> (36) 

If we set c. . U then c » c u i /- , 

Substituting £e.i for C.^ in equation (36) gives 

b 

x̂ > <^xt b C i -*- ^ -^ (36a) 

-A better approximation to the value of E than is given by (31a) 
2 

is therefore 

(38) 
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A better approximation to the true discriminator output is therefore given 

X 

V ' — — — — — — - — - • — — — — . / 2Q » 

When Jk-= C| is very much less than one then (39) 

reduces to (32a) 

3.2.5 RELATIONS BETWEEN THE EQUATION PARAMETERS 

It is possible to derive some useful relationships between p, k and b. 

- v ^ We have defined k = y c c . ê.-̂ . (22) 

and p - ~\z. Cv~» (35) 

Substituting for k in the expression for p 

p - V^- e» £e.-a_ 

Combining equations (5) and (18) yields the result 

Hence substituting for £ 
2. 

^ -VIE t4o) 

If we take the product pk we have 

and therefore A 

(41 
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3.26 COMPARISON OF THE EQUATIONS FOR OUTPUT 

Y7e have seen that the approximate output equation( 32a) 

differs somewhat from that given by euaation (39). Since it is obviously 

simpler to analyze than equation (39) we should like to know how much the 

characteristic it represents departs from the more accurate characteristic 

opf equation (39) A comparison of the discriminator cross over points should 

indicate what error might be expected. 

From equation (32a) we see that at the resonant frequency 

when x r 0 the output of the discriminator is zero. The more exact 

expression of equation (34) shows that the output in not zero when x = 0 

For zero output the numerator of equation (34) must 

obviously be zero. This then fixes the condition 

from which 

and for zero output , . 

--^fe* ikCi-f^=>f"i (42) 

Expanding the square root into a binomial series gives 

1" - "* * * £ -*££ "i ( 4 ^ • • • • I 
Since will be much less than one in any practical case we can terminate 

the series after the second term. The negative root may be neglected since 

it gives a value of xj well out of the range for whichx: is a good approximation 

for o.r~i^ - ̂ f£\ 

As a result we have 

V (42a) 



(46) 

Since a = Qk and b = 2 pk from equations (34 and 41) 

Q (42b) 

In terms of frequency since ^ _ ^ v - g^GL ^ 
* 

X >-Qx (42c) 

Thus if Q, s 46 and f Q - 4300 kilocycles the discriminator cross over point 

is shifted about one kilocycle below the resonant frequency. 

In general the output of the discriminator as given by the more 

accurate expression of equation 39 will be slightly greater for positive x and 

slightly less for negative than that given by equation-(32a). Figure 14 show the 

curves for characteristics calculated from the two output equations for the 

condition where q, r 46, p - 0.707 and a = Q^ - i#5# 

The resonant frequency is taken as 4300 kilocycles. 

It can be seen that if the more accurate curve were shifted slightly 

to the right the two curves would be almost coincident over the useful working 

range of the characteristic. The more accurate curve has a slightly larger 

useful working range babove the crossover point than below but the effect is not 

serious. 

In analyzing the characteristic we may then confine the analyis to the 

approximation of equation (32a) recognizing that some asymmetry is unavoidable 

but can be/to have a negligible effect upon the discriminator working range. 
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3.3 CONVERSION EFFICIENCY OF THE DISCRIMINATOR 

The conversion efficiency of the discriminator may be defined 

as the slope of the frequency-voltage characteristic at the centre 

frequency. Mathematically this can be determined by differentiation of 

(39a) so that we have 

Conversion Efficiency « . r < ^ V 7 = ^ i (43) 

Let us set the frequency sensitive portion of equation (39a) 

equal to 

«J . M.N. (44) 
i 

where M s £l-vQ*. +owVT>_\ — \ j I •+ C"*--«~yT> \ (45) 

—JL 

andN. = ^-x-*" -*- X>>C V - ^ +§j+- ^ > J (46) 

We have then ' *I = M dK + H ^ 

**> dx 

when X = o , M - 0 u - (i-*c^ * 4 J ^ = ^ ^ O ^ V > 

therefore ( j j * \ » * = *** x_i <47> 

since _dY - dY . dx - 20* dj 
df " dx df r- °* 

we may write for conversion efficiency 

(l-K^O*-^*)' 



(48) 

Equation (43a) turns out to be identical with that given by Foster- Seeley 

for the inductively coupled case, the notation being somewhat different. This 

is to be expected since the approximations made in the capacity coupled output 

equation reduced it to a mathematically symmetrical equation. The coupling 

coefficients in the two cases are different of course but they indicate 

equivalent relationships between stored and coupled energy. 

3.4 COUPLING FACTOR FOR HAXIHPoI CONVERSION EFFICIENCY 

The coupling factor required for maximum conversion efficiency may be obt­

ained by equating the first derivative of 43a to zero, holding the factor p 

constant. 

This leads to 

H L = 4^IWG£-Y.V> A T ^ — _ _ r \ 
7 1 — fZ J«\^^^->^-A 

from which ~X OJ4" U2" -V- CJ~ — V * o 

and <=u - - i - \ (\ + 2 b ^ r - V \ (48 - . ^ « r * - T \ ' 
for maximum conversion efficiency with fixed primary to secondary capacity ratio, 

Fig. 16 shows a plot of the function'of equation 48, for values of p from 

zero to two. It may be seen that the coupling factor is always less than one, 

irrespective of the value of p. 



3.5 VARIATION OF CONVERSION EFFICIENCY V7ITH CAPACITY RATIO - p 

For the manner in which conversion efficiency.varies with p when the 

coupling factor a is fixed we note that equation 43a may be written 

If X i * —-— is fixed, therefore the conversion efficiency must increase, with 
looCci ' 

increase in p, to a limiting value 

f.O-*•«£•} (49) 

Since V » ^ - J - p r it is important that CO, be sa&11 and t M s ?laces 
U ) . Lei -̂  ei 

a practical limitation on the value of p. The primary stray capacity is 

generally considerably greater than the secondary strays so that as a practical 

matter C S H . can be made considerably smaller than Cei . If &*_% is made 

great enough to minimize the effects of stray primary variations then the 

minimum permissible value of C e a will limit the maximum value of p which can 

be employed. 
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3.6 DISCRIMINATOR PEAK SEPARATION 

'̂'he location of the peaks of a discriminator curve was of much interest 

to the designers of automatic tuning circuits. The peaks were generally 

designed to be about five kilocycles apart, thus failing within the receiver 

band pass. The location of the discriminator peaks thus determined to a large 

extent the range of frequency control, or the"pull-inw and "throw-out" frequen­

cies. 

Foster-Seeley gave nom solution to the problem for the phase discriminator 

but stated that the peaks would fall in the range corresponding to x - 0.5. to 

x r 1.0 for small coupling coefficients, ^oder has given an approximate 

solution for the inductive coupled case from a circle diagram based on the 

assumption of constant primary voltage. For coupling factors less than 0>75, 

Roder shows that the peaks occur at approximately x = 2..0 (10) 

It is not difficult to see why no simple splution to the problem exists. 

The points of zero slope can be determined by taking the derivative with respect 

to x of equation 44, equating the result to zero and solving for x in terms of a 

and p. A complicated expression with x raised to the fifth power results and 

the solution of this equation for particular value s ef a and p would be as 

tedious as calculating the curve for values of x and determining the peak in that 

manner. 

The solution given by Roder can be supplemented by an approximate solution 

for coupling factors greater than one. Considering equation 44 again we have 

4 = M.N. 

whereM: (j _ ^ ^ « ^ - f c _ ( , ^ C ^ _ ^ ' 

and N = fcc* + j j ^ i _ a ? > ) ^ Q ^ ^ } " ^ 

The function of M is the difference in two hyperbolic'functions and does not 

change very rapidly with x for values of x beyond x -
~* ap. 

Differentiation of the function N with respect to X shows that two maxima 

-tU-
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occur at 

11 

(50) 

The function Y v/ill then maximize at two values of x less than a and if 

a- >•>•1 , the peaks will occur at approximately 

"*- = ± OL. (50a) 

Discriminators for frequency modulation reception are generally designed 

for linearity over a range somewhat greater than the receiver band pass and the 

peaks are thus fixed to a greater extent by the actual band pass of the receiver. 

3.7 TYPICAL DISCRIMINATOR CURVES 

Fig. 16a shows a set of relative discriminator output curves calculated from 

the function of equation 44. The value of p chosen corresponds to a primary to 

secondary capacity ratio of 1.5 to 1. Arbitrary coupling factors were used as 

indicated in the figure and the functions was plotted over a range of x from 

zero to three. Slide rule accuracy only is obtained. 

It may be seen from the figure that the conversion efficiency or slope of the 

characteristic for a = 0.75 is\about zhe same as that for a - 1. *he maximum 

slope would be oiven by a curve for a * o.81 as determined from Fig.15. 

•B'or greater or less coupling factors it may be seen that the slope of the 

characteristic falls off. 

The peaks occur at greater values of X. as the coupling factor increases. It 

is necessary to interpret this fact properly.in terms of frequency deviations. 

Since x r 20, A f 

^ Q — , the abscissae are directly proportional to Q. If 

Q, is constant then, increasing the coupling factor through increase of k will 

result in the peaks occuring at greater values of A f . If on the other hand, k 
7 

is constant, increasing the coupling factor through increase of Q,' will reduce 

the value of at which the peaks occur providing ii-SjL-^- I where 

"I and .-2 a re the peaks abscissae at which the peaks occur. Equation 50 shows 

that * 2 £ CCPa-feS8"- \ ) ^ Ua^f-Oi 
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For coupling factors greater than one since G*.z.î  > O , ^ 

and the value of Afat which the peaks occur is therefore less for the 

case of greater Q,k. 

'••••he curves show that increasing the sralue of Qk becjond one results 

in an increase in the working range of the discriminator curve but do 

not show the linearity of the curves very accurately. It is necessary to 

determine by how much the characteristic departs from the straight line which 

is necessary for distortionless frequency modulation reception and the manner 

in which this may be done is indicated in the following'section. 

3.8 LINEARITY CONSIDERATIONS 

3.8.1 DEFINITION OF LINEARITY 

The conditions governing the linearity of phase discriminators have been 

treated from two rather different points of view by Sturley (£4) and 

Arguimbau (28) 

Sturley defines the departure from linearity of the curve in terms of the 

ratio of the output, at a particular value of x, to the output which would be 

obtained if the characteristic were a straight line having a slope equal to 

the slope of the characteristic at x : 0.1. Arguimbaji defined the departure 

from linearity at any given value of x as the difference between the output 

and the tangent to the characteristic at x = 0. This appears to be a more 

fundamental definition than that given by Sturley although the results should 

be virtually identical since the slope at x=0.1 will not depart from that at 

x - 0. 

In this paper expanding Arguimbaus lead,the non linearity is defined as 

the percentage departure of the characteristic from the straight line tangent to 

the characteristic at x : 0# Expressed mathematically the percentage non-
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l i n e a r i t y becomes 

1 r-n - i 
x=o X I fcr<=> 

x ra V 
Lu.-U= 

- 0 - o> * l e ~ (51) 

Non-linearity as defined in this fashion may be positive or negative depending 

upon whether £ is greater or less than one. Geometrically the characteristic 
sx 

is concave downward from the tangent for positive nonlinearity, and is concave upward 

from the tangent for negative non-linearity. The two conditions are illustrated in 

fig. 17 a and b. 

3.8.2 STURLEY*S TREATMENT OF LINEARITY 

Sturley treats the problem of linearity in a rather indirect fashion. Assuming 

that the primary voltage is constant with x, it has been shown by Roder (10) that 

the output may be determined from a circle diagram. This is done by Sturley for 

ratios of secondary to primary voltage of 1,2,5,4,5,and 6. The ratio decrease in 

linearity of the resulting output curves is then plotted against x. For coupling 

factors greater than one, the primary voltage increases as the frequency departs 

from the centre frequency and the familiar double humps appear in the voltage 

characteristic. The ratio increase of primary voltage with x is calculated for 

coupling factors of 1.0,11, 1.2, ... 2.0 and the resulting curves are superimposed 

on the ratio-decrease-in-linearity curves calculated on the assumption of constant 

primary voltage. By this means the coupling factor which gives maximum linearity 

for the secondary to primary voltage ratios considered, can be found. 

While the method is seemingly accurate enough for practical purposes, it amounts 

to compensating by means of two separate characteristics, both of which are determined 
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by assuming arbitary values having discrete differences. The method of 

superposition can also be expected to lead to some error. 

3.8.0APfflIIMBAUrSj •gRSATSiENT OF LINEARITY 

*he problem is essentially a mathematical one and a more fundamental 

approach seems to be suggested by Arguimbau. He considers the problem as 

applied to a simplified discriminator having a centre tapped primary as well 

as secondary and having equal primary and secondary circuit constants. Such a 

discriminator has a frequency sensitive equation rjiven by 

o = J _ ' 

where the symbols have the same meaning used previously. 

When the expression for y is expanded in a power series in the neighborhood 

of x - 0 we have 

where' the general coefficient is an 

^ . • ^ a. 
Because of symmetry a*© and all even order terms will vanish at the origin. 

U *^ 

For this simplified discriminator Arguimbau shows that 

and the coefficient of - ^ therefore vanishes when 

-VI 
-X-

2. 

The first term contributing to curvature is then the term <q s x. 

and for small frequency deviations the curve for ex. = \/-2_ is the closest 

approximation to a straight line. If greater range of frequency is desired and 

more distortion can be tolerated for a small value of x a greater value of a can 

be used. 



3.8.5. THE APPLICATION OF ABSUIMBAtl'S METHOD TO THE OMBBAL EOJ1ATION 

The general expression of equation 44 is more complex than thatmgiven 

;•*'. by Arguimbau since It involves the primary to secondary capacity ratio 

and takes into account the fact that full primary voltage, rather than 

half primary voltage, Is applied in series with the half secondary voltage 

to the rectifiers. The method should nevertheless be applicable to the 

problem. 

We have from equation 44 

- A. 

and N " U 4
+ Z ^ ( l — 0 + ( l ^ T ) ^ 

taking derivatives of y with respect to x we then have 

ck-x- A ^ A^ (52) 

LJHL = nri'4!"*3 -v "X ^ W . ^ r n + t4 ^ ^ (53 ) 
«^>^" A o 3 A^*J ^-^c. 6.W 

a ^ 4"*? ^ ^ <**?- Jl^r <**- ^ l ' 
When x i s equal to zero we then have 

1 

2. 

- 5 

substituting these quantities into equations £*x t^ ̂  , 5.4- leads to 
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r4*i -̂  

4JI~1 - ° 

For small values of x, the coefficients of rxx the series become 

<3U ~ ° 

* L> a-*3 

d. •* OC ~*~ ~ " CXv-i^C 

The series expansion for y is then 

V- * • f561 

the peroantaga non-llnaarlty becoaea 

£ 

r-„ r .*-_ r>( >* ̂ f f - & ^ «f>\ *~ (57) 
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tor small frequency deviations the percentage departure from linearity say 

bo aeade substantially equal to zero, when the following condition is obtained 

froa equation 57 

* C £•- 0 C\ * •?• K"V 0 +°^> 

Expressed la explicit form, this becomes 

H > < i [ ^ - ^ - ^ 

(58) 

ex 
(58a) 

It may b© seen from this equation that a taust be greater than on© for real 

values of p« 'The condition on a forJ8&?imJ&.conversion efficiency therefor© 

cannot be m% It a straight lino characteristic about the origin Is desired* 

If p isles© than the value Indicated by equation (58a) it is evident that 

positive nonliaearlty will bo obtained* If p Is greater, negative non linearity 

will be obtained., 

Fig 18 shows equation (58a) slth p plotted as a fuactloa of Qk , for values 

of Qks'ifrom 1*2 to 3*4*: From this curve It is possible to select a value of 

coupling factor which will givo'caxinua linearity in the vicinity of x-0 for a 

given value of p* As x departs farmer frors zero, of course, tho other terms In the 

aeries will assume greater Importance and tho approximation of equation 56 no 

longer holds*, 

fig.^16 b shows how the percentage departure from linearity varies islth x for 

the coupling factors used in Fig.l6a and for the critical coupling factor OJc • ^ S 5 

Obtained from Flg.18 for the particular value of p used., Tho curves are based on 

slide rule calculations but they indleate 
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the general trend** ^or est&ll coupling factors tho non-linearity i s 

positive said increases rapidly with x. ^or largo coupling factors, the non-

l inear i ty is i n i t i a l l y negative andoventually beeersss positive after the 

tangent Intersect© the characterist ic as indicated in Flg*17 b* The c r i t i ca l 

value qk - l»6s Is seen to give tho maxleua range of undlstorted characteris t ic . 

If more distort ion can bo tolerated at aa&ll x It can be mm that soiao value of 

coupling factor between 1*65 and .2 mauld give a greater rang© of uaaful character­

is t ic* 

3*85 COMPARISON OF MSTOS WITH 3*rJBLST»S STORK 
mmm*mnmmmm*mimimim"*tmmimmmm<tmm m n MI nHmim^mmmmmmmmmmmmtmmmmmtmimiimmimmmmmm 

I t Is interesting to compare the value of p obtained from equation (5Sa) 

«l th that given by Sturley as tm optliausa design value* Sturley gives a 

eultftttlt compromise design condition a - 1 # s ma secondary-to-prlaary voltage 

ra t io of 2* The conditions say be shown to be equivalent to a value of p * g/3 s 

0*667, 

Froa equation (53a) a value of eye %% 1,5 dee&ado that p bo 0*630 corresponding 

to a volts&e ra t io of S*055 or a difference of about 29$ percent from that 

indicated by Sturley* 

*ihs eo&dlt Ions are not thus very different-but I t Is interesting to ooaipare 

the rang© of v. la each case for similar conditions of non-1 Inearlty* To do $his 

accurately five place logarithms were employed and tho results are Indicated la 

fig* 19. 

? The curves plotted here are the function of equation (51) for arbitrary 

coupling factors and values of p as given by s t a t i o n (58a). 

I t ©ay be noted that for Qk s 1*5 the value of p Indicated by Sturley gives 

a two percent departure froa l inear i ty at x 3 o*75* The value of p given by 

equation (53a) gives this departure from l inear i ty at x - 0*70, a difference of 

about five percent in the working range* Sturley gives the range of x as 0*8 

but the method of calculation is based on tho slope at x ss 0*1 *&a is rather less 

roflf4.ed since It involves the superposition of two curves calculated «lth 
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arbitrary values* An a practical matter it is probable that the difference 

between the two conditions is negligible* 

If p is increased to 0.707 for qk = i # 5 t corresponding to a voltage 

ratio of 2*12, tho range of two percent nonllaoarlty is increased to x m o*8S 

but It say be noted that negative non-linearity is then present at lo'ser values 

of xf *shere the critical p value gives an essential linear characteristic* 

It ©ay ks toon froa the curves of Fig* 10 for different values of $e 

that the range of distortionless characteristic increases as Qjc Increases and 

the value of p required is less* Further It may be noted from Fig* 18 that 

with high values of a the critical iralue of p becomes less sensitive to changes 
i-

in*® and the coupling and <̂  aeed not be so accurately controlled* A value of 

<*k s z.Q cad p m 0«5 is coasonly used in tilde band frequency soaulatlea phase 

discriminators* *r&e curves of fig* 19 indicate that a value of p 8 o*51 would 

be somewhat better* 

Fig*2Q shows the relative discriminator out juts for the critical p and 

qie relationships of fig 19 assuming thata % and Y\ are constant. It say be 

©eon that the output is reduced considerably as the coupling factor increases* 

The output for <JJc * l#4 is about 1*6 times that obtained for qk - g.0. xt appears 

that ^k should be kept es low fts possible consistent with obtaining the required 

linearity* 
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3.9 U 

the Q which has been referred to thus far i s the e f fect ive 

of the pritwiry end secondary c ircui ts wlthall the loading effects 

assumed taken into cons Id rat ion by modification of the unloaded col: 

factors* It i s neeeseary t o re la te the effect ive Q of the e lreult to the 

unloaded s o i l Qfs for design purposes. 

The shunt loading used in th i s discriminator has a worse loading 

affeet than tea mere conventional ser ies loading* Sturley hes given a 

method for ealeulaUag the ef fect ive Q of the ser ies loaded pnsee 

discriminator sal the method i s applicable with some modifications to the 

shunt loeded ease* 

Consider f i r s t an unloaded parallel tuned elreult with a % of c > 

laduetanea t and eapaelty C* The resonant parallel Impedance Is a pure 

resistance 8 a ^ » 0 t ^ R # r a i o E n a i i i | the e lreult s*ay be represented 
UT 

by the equivalent e lreul t shown below* 

in 
C ^ $OL»aLi >U 

T 

Fig* 21 
I? 

4ben the circuit Is loaded with a shunt resistance • the 

resonant Impedance becomes K ^ ftBd therefore the 
ft a R_ 

• . 
affective I Is glvea by 

^af f *^*- * ^ • a 

a la *« 1 Ha 

(50) 
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The effective circuit -,. Is then given by 

<Wf i a 

1 a *o *o I* 
II i n n . • Him 

(50a) 

Consider now the conditions of shunt and series loading of ordinary 

iplltude modul" tlou second detectors shown below* 

i f -

I 
Series Landing ahunt loading 

(b) 

yig* SB 

The load condenser In i a eh case fills In the gape in the output 

voltage pulses whan the rectifier Is out off on negative voltage peaks of the 

signal* *he mean S.C*. voltage across tea load resistor than approaches the 

peak value of thw tuaed circuit wjltage. The est©ation efficiency is defined as 

the ratio of V*C load voltage to peak radio frequency Input voltage and whan 

the forward resistance of the rectifier is negligible with respect to the load 

resistance, the detection efficiency approaches unity. 

If the detection afflelency Is unity we then have 

**• * ** z HE 

***** ^de a **tput D # c# ^ t a g e 

T> * Peek frequency signal voltage 

£ j< Hoot mean square radio frequency signs 1 voltage 

The power absorbed by the lead Is then 

( *dc) 
^T7t 

(60) 
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This is equivalent fee the power absorbed by a resistance H^ /g connected across 

tho tuned circuit* @hen the detection efficiency is less than unity the 

equivalent damping resistance is greater and approaches % when the detection 

efficiency a o.5S. (45) 

$hls conduction current damping is substantially tho same in both the 

series end shunt loading cases* In the case of the shunt loaded circuit there is, 

however, another damping effect duo to th© presence of intermediate frequency 

voltago across the load resistance. (48) 

The A* C. resistance of fixed composition resistors has been shown to be 

less than J3.CU resistance* (48) If the ratio of A*C*toD*C* resistance is denoted 

by e we have for the A«C* resistance of the load. 

(%) j. e-B̂  

ac 

*h© damping of the tuned circuit due to the A.C.load resistance Is then 

equivalent to a resistance c % shunting tho tuned circuit. 

For tho shunt loaded case the two denping effects are then equivalent 

to a damping resistance of value given by 

0 H1 . »|1 

llll • ill ! I . IH II H I I I I M W . ». • • M 1 •» *V 

•Rl 4r Bx 1 * 2e 
1 /3 If e approaches 1 (61) 

Tho value of © depends upon tho typo and nominal resistance of the resistor 

and also upon the frequency* In general, e decreases with Increasing frequency and 

nominal resistance* For a resistance in the order of 1 megohm at four megacycles, 

e my have a value in the order of 0.6 so the effect may be rather serious. 
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To apply those results to tho shunt loaded ph&ss discriminator of 

fig* 12, i t any bo ©con that tho r ec t i f i e r c i rcui ts are effectively In paral le l 

across theprSisary olrcuit* Additional damping Is also contributed by th§ tube 

pi&te inpedaace R ^ t o t a l effective pritsary damping resistance Is then 

given by 

np -* e% 

ZB (14- 2e) -fr o% <6S1 

2(1 4r 2@) 

If fi ^ p *> 1 and e approaches 1, Hal 3? %/$ {S&1} 

In th i s cast tho effective prlssary Q, Is given by 

^•1 -p 

» < p l 

14rQ0£ u0 1 
M«««<law» 

(^3) 

% 1 Is the unloaded Q. of tho primary coll* 

A& far es the ©acondary circuit Is concerned tho rectlfior circuits 

are in series and tho damping resistance la then given by 

• 8 8 * e B l s 3 
1 -r- J2o w.Ani, if o approaches 1 (64) 

The effective secondary Q, Is then given by 

^2 s %2 

(63) 

*o 2 Is tho unloaded Q, of tho secondary coil< 
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It is evident that the primary loading effects are much more serious than 

the secondary loading effects. The ratio of the damoing resistances is in fact 
/ 

Hs s 
"ft, 

1 
JJ *jf «M£> 2e % 

"UJe-UllL (66) 

The effective primary damoing resistance is less than one quarter of the 

secondary damping resistance and a limiting design factor in any particular case 

may then be the effective primary Q. 

In maintaining a high primary Q, it may be seen from equation 63 

that if <©0L1 r i 

*h Cel is kept small, the reduction of primary unloaded Q, 

will be less. If equal primary and secondary effective Q«s are designed for, 

the secondary resonant reactance may be considerably higher than the primary 

since the effective damping resistance is more than JSbur times as high. 

Since p = 1 i I — 

V C 82 » values of p greater than 0.5 i?ill therefore help to 

some extent in equalizing primary and secondary Q, values. 

3.10 THE EFFECTS OF STRAY CAPACITY ON THE SgUHf COUPLED CIRCUIT 

In experimental application of the circuit of Fig.12 some difficulty 

was experienced in obtaining agreement between the experimental end calculated 

values of coupling coefficient, k s \/cl7 
V 1 C e2 It was recognised by the 

Cm 
writer that stray capacities, particularly in the primary circuit, would 

modify the coupling coefficient through changes in C0l and C g 

calculations were made on that basis. The writer is much indebted to Mr. J. R, 

G. Bennett for pointing out that the effective value of C^ would also change 

appreciably and suggesting that an analysis of the following nature be 

carried out? 

*he coupling network of Fig.12 is modified considerably by the effects 

of stray capacity, mien stray capacity effects are considered, the coupling 
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network of J?ig*12 may be redrawn as shown below. 

—L. /* 
c3 

I -IH 1 II 
<- . 

T 
i 

i 

f 

i 
i 

— 1 ~ 
i 

_&. 
<H4T 

1 

T 
1 
I 

JL 

T 
i 

-\ 
i 
i 
i 

. J 

Cea 

^* 

Flg.23 

Here C-i <v 0 . ^ « 
* • u 2 , v 3 and C^ j ^ ^ t h e 9ma9 meaning as previously used* 

c« 1 s Primary stray capacity Including the valve output capacity 

co l l distributed capacity, and wiring capacity. 

Cs2 * Secondary co l l distributed capac i ty* wiring capacity* 

C§<5 a Capacity to ground of f i r s t rec t i f i er c ircu i t . 

ca4 • Capacity to ground of second rec t i f i er c ircu i t . 

Bapresentstive measured values for these quantities have been found to be 

CB1 • 1% uuf. 
C i 2 * 8 uuf. 
cm$ a end C§4 - 3 uuf. 

The network of Fig*£3 can be simplified considerably If C04 

end Cs3 a r e lumped In with other capacities* It may be seen that the 

effect of Ct3 and C, 4 on the eecondary tuning i s approximately 

equivalent to a capacity < g S q ^ l n parallel with Cfl2. Ae far as 

i«g3 <ei» C » A 
the primary circuit i s concerned, since Cg i s much greater than Ca4, the 

effsot of Ca* t« to add to Ci# similarly since C3 l s ffiUCfe greater than 

CeS, the affect of C s 3 ^8 $o a^^ to Ca\ 



(66) 

A good approximation to the network Is then given by e i the r of the 

two networks shown below. In the second network Cg and Cg a r e combined into 

4 * - g „C3... for convenience of ana lys i s . As f a r as coupling or tuning 

of the c i r c u i t s i s concerned no genera l i ty Is l o s t by t h i s l a t t e r step* 

<*3 

f — pi -r - T * t 
J - c »i i 

*—(| 1 H I i - + 4> ' L —11 

T r 

a. 4. • -I l~ l-j. 

bare wa have 
t S5 £ <U» S 3 (67) 

(68) 

C , * C, -I- Cs4- (60) 

CjL ==. C^d; 
(70) 

To tranaform the network of Fig. 24 b Into tha t of Flg.12 we note 

that the s t a r network £ » ( C-4-1 ^ - ^ 

can be traneformed Into a de l ta C 5 C ^ C T 

where C s ^ c i C ^ (71a) 

C(.= C ' C * ( n b ) 

W - | 

±c7 



iLc = 

(67) 

(71d) 

Adding the s t rays C^s and C ĝ r e s u l t s l a a new de l ta network In 

which t b s branches a re fl& _|^ Q^^ C C7 A C 6 

Ttels d e l t a «sey ba transformed Into a s t a r network. 

» » 

C.e . - ^ C c -'"here v-»e. * 
C-r ^ C<><o < * * > 

Cw,, = £ < ^ 
( 7 : b ) 

<Ls +-C-s5 
(72c) 

(72d) and I c e . - ( e s + C ^ ^ C t ^ ^ - . C s ^ ) ^ 

The re su l t ing s t a r network I s shown below In F ig . 23a and I t may ba 

asen that the only modification required to make I t Ident ica l with the network 

of Fig. 12 la t he d lvUloa of C ^ e . Into the two components C ^ e . and L ^ e 

as shown In Fig* 25b. 

Thar: 
C^,*- - t C s e . 

-
r.fc 

— If-

•A — s*-

T 
a 

(73) 

I 

T 
-H 

*-a«-

•ii i -II 
Fig* £0 
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From equation (13) i t follows that C-^e -s. ^ e C , e 

' " ^ C —V- v-^r>-» C-

Therefore £ 
"2e. - "2- ^"4-ci^w,e. 

t v n e . -v <L *e . (74) 

To simplify the calculations of C t e . C w , e . v £-4--e-

assume f i r s t that C- >~v >• > C i -v- C-4-

then ,2. c ^ ^^j^c.^ c^ c.'e*. /^c^ . 

For > C C we have then 

^r^k(c.'+ c*s+c*ve*r>+Cc,,+es.s^C4!+-CsO 
The f i r s t term here will be ouch less than tho second because of C_. 

In the denominator. 

therefore y CJL^- & / • + C-SS^C ^-4- - f ^ S k ) 

And from equations (72a)(72b) (72c) and (72d) we may write 

C i e . V dl - ^ ( L s 5 - C t - , C s 4 t C ^ (75a) 

C ^ e ^ £-t-*- -e .^^ (75b) 
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The two approximations made for ^ C a n d ^ C tend to balance out In 

calculations of Cie m& Q^Q but not in calculations of Cae* Tho result Is 

that the error in calculation of C ô and C ^ is negligible. Cs9 a s 

calculated from equation will bo sl ightly high, the error increasing with 

the degree of x coupling or inversely as C^. 

A sample calculation will serve to indlcates&he extent of the error 

Involved in tho approximations* 

Ctt?posa CX m 50 uuf., C4 s 25 uuf. 0 
• v® m 1000 uuf* 

^s5 » 15 uuf C** ww *%f ***** v g o s 5 uuf. 

For exact values of C i e . C C-4<2_ 

FBOa the approximate equations we have 
C v e . = S o -+-v«S~ = (o 5 ^ ^ 6 

So o_S 

The error In Cie is negligible and C^Q l a a^ o u t x$ i0w. 

If we take Cm « gQO Uuf and calculate the values again. 

We get for the exact values Clo a 65.3, C 4 a s 29*8, C - o r P 
me — cJvo uux. 

For the approximate values Clfi , .» „ 
w g4e » so Cm« 

tfhe error In C EQ is about 3$ 
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3« i l PCTB^mUTICa, Cff T3B CIHCTJIT CQMPONgffS 

In a p r ac t i c a l case t o ac tua l c i r c u i t components must be calculated 

on the bas is of selected values pf p end k and on measured or estimated values 

of the s t ray capac i t i e s . 

tTsiflg equation 37 wa may writ© for tho equivalent c i r c u i t of Fig . £5. 

• — s b = 2kp 
^me * *1Q 

therefore Clia X Q - b - Pirn 
c - 2 - ^ g . . 
** l ' - b • 1 . £kp i , n 

From equation 35 s- ^ 

^se 

Combining this with equation 74 leads to 

c4o 
Cffi0 2 p -k 

Combining equations (77) end(78)ends to 

(78) 

\ - * ~ s ** - «q> - d (79) 
C 4^ 1 - 2kp 

From (76a) and(76b) we then have 

C4e
 = C l ^ °«g 

Therefore C* c • 
X + \ V :. .y»6 = C l + 0 , 4 4 . 0 . dC . 

d ^ *$ s6 (80) 
d 

Combintng(76a) and(76c) leads t o 

~ ^ i 2 r C1C4 _ b 
o .** z ( C * -^C 8 6) Ca 1 - b 

"Separating C 
m and using equation 80 then leads to 
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c: £i _ 4 c^-^1 

j[^ Cn-C«54- -H-C«SS-^(81) 

By hypothesis c^ =- c _ c s _ a c ^ = c^e, 

iiid i t follows that 

w-i 

C ^ = Q-£^C * " • * - * 

C4. (82) 

C^,- a e 4 c w> 
w-» - C4- ( 8 5 ) 

The parameters h and d are functions of the design factors k and p. The stray 

capacities may be measured or estimated as a first approximation. A value nay 

then be assigned to C^ in equations 80 and 81 and C4 and Cm calculate*,. C2 

and C^ will then follow from 82 and 83. 

Alternatively a value may be assigned to C4., an^ ^1 and C 

Calculated from 80 and 81. 

•for the coil values we note that 

C IC -V C-^c 

and Li follows from L , ~ _i 5 

coo ̂ e.| 

then L9 ^ * - V __ ± . a- l (85 
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As the f i r s t s tep In a p a r t i c u l a r design, I t i s necessary to s e l e c t one 

of the curves of Fig. 199 from which the required q,, k and p fac tors may be 

determined» Tho optimum curve i s a compromise between soverol conf l ic t ing 

factors* 

l e t us consider a design for a discr iminator with a cantro frequency of 

4300 k i locycles and having a l i n e a r i t y requirement of 40 ki locycles* The bandwldtt 

fac tor In t h i s case f0 / g A f s 53 .8 . If a two percent departure from 

l i n e a r i t y a t t he extremes bf: the discriminator curv© i s t o l e rab le , tho 

c r i t i c a l curve from Fig* 19 for the condition Qk - 2.0, p z 0.510 has a range 

of x s 1#0S. fo r t h e curve Qk & 1.4, p - 0 . 761 the rang© of x for a s imilar 

departure from l i n e a r i t y i s than 0 .75. %lnc® x « sqAf /t t h 0 ^ required 

for the condition of £k * 2.0 i s then 1*02 (53.8) s 5 5» ^h@ % required for 

the condition Qk c 1,5 I s then 0.75(53.8) 3 40. Provided the Q can be 

obtained, both of these curves should then have the same range of l i n e a r i t y . 

Let m consider "•-;.>.•;• the conversion eff iciency for the two* cases . From 

equation 43 a the conversion eff iciency may bo wri t ten 

•*5t 

Z 2 ̂ T P (X8 Q*,) 

f 4 
* o 1 

2 43c 

vfhere s , a s given by aquation 47, i s equal to £ a p 

(1*. .«> ( l * a V j % 

Let the conversion efficiency for tho case whore q>c z 2.0 1>e S± and for the 
«i 

the case where <£k s 1.4 be S, Trt4, „„ „„„„„*„ .<»«.»„•. **,«*. s 
1 . Let us assume first that X^ is designed for 

its maximum value as permitted by the minimum value of Ca, , . . . . . 
91 required to minimise 

variations in primary strsy capacity. From equation 43b it then follows that 

tho ratio of the conversion efficiencies Is 
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t 

£ i - r ^'>2 •• ~<*o2 °-a8S 

B 1 (Q*)2 s" * 4 0 ' 0.493 

If, on the other hand, Xg is designed for its maximum value as permitted 

by minimum 0e required to minimize secondary strays, the ratio of conversion 

efficiencies as given by 43c becomes. 

(Q")S s* (p«)2 (0.761) 

In the first case the assumption is made that when C ^ kas its minimum 

permissible value the, value of 0Q. as demanded by p, will be sufficient to 

minimize the effects of secondary stray capacity. In the second case, the 

assumption is that when Ceg has its minimum permissible value, the value of CQi 

demanded by the p factor, will be sufficient to 3wamp out variations in primary 

stray capacity. 

It appears from this that the optimum design conditions will be obtained 

when p is so chosen that the ratios of stray capacity to total tuning capacity are 

the same for primary and secondary circuits and when both equivalent capacities 

an 
are minimum. Sturley gives as /optimum value of P as 0.667 corresponding to a 

capacity ratio of 1.77. Since primary strays are considerably greater than 

secondary strays, this is probably a good approximation to the best operating 

conditions. 

As a practice! matter, since the secondary tuning is the major factor in 

determining the point of zero D.C. output, the use of smaller p factors than that 

required for equal primary and secondary tuning stability may be desirable. This 

will result in les3 conversion efficiency but increased secondary tuning stability 

and therefore greater stability of the zero output point. 

Another important consideration is the effective Q demanded by the 



(74) 

l inea r r&n&a of x . In the case we are discussing an effect ive Q of 55 

may be impossible to obtain using subminiature co i l s end a ehunt loaded 

discr iminator . Qk can s t i l l bo adjusted to 8.0 through increase of k but 

the l i nea r range wi l l be extended beyond tha t required and the conversion 

efficiency td.ll be lower • 

x o continue with the design procedure l e t us suppose tha t the curve 

for Qk z 1.4, p ^ Q.761 i s chosen as the design curve, 

ginco Q a 40 then k - 1.4/40 - 0 . 3 5 

The design parameters b and d may now be calculated 

Here b - 2kp = 0.0533 

d « 4 2 
_- ~ £ - 2 # 4 0 

1 » 2kp 
The estimated or measured stray capacities are 

Csl • Coll distributed capacity (estimated) plus vaisre output capacity 

(measured or estimated) plus wiring capacity estimated z 12 uuf say 

Q 

s2 * Secondary co i l d i s t r ibu ted capacity and wiring capacity * 5 UUf 

c s 3 4 Earth capacity of top r e c t i f i e r c i r cu i t 3 uuf. 

Cs4 9 Earth capacity of bottom r e c t i f i e r c i rcu i t 3 uuf. 

therefore from equations 68 and 67 

c s 5 s IS 4- 3 z 15 
c s6 - 5 4r 1*5 - 6.5 

Suppose as f i r s t s tep Ci be chosen = 47 nuf. 

Then from equation 80 

4 " °i 4- C
s 4 -I- C s 5 + d c s 6 = 20.6 uuf 

From 81 

°a Z 1 - b (-
— 5 l ^ s 4 ) ( i - ^CS6 

1 •*- CS4 4c. C-K 

http://td.ll
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From C2 and 83 

d n . m i l l . II Ml • ' • • 

O4 I Qn 

G3 a %4 0 
13 » 43.2 uuf. 

39.9 uuf. 

i^rca equation 84 

c * l - X - b ( C i 4 . o 0 4 4.005) . 6 i , 3 uuf 

Frea equation 05 

H » Vwo* e l - 22*3 uh 

" » % n * 51.6 uh 

To consider the loading effects l e t no suppose the i n i t i a l c o i l 

% of t h e priraary and secondary co i l s i s 100, If wo assume, to simplify 

the ca lcu la t ion , t h a t p la te r e s i s t ance i s i n f i n i t e , and t h a t the A.C. and 

B.C. r e s i s t ance anion w i l l give the required primary q of 40 io given 

by equation 63 . 

* l / 6 m % ftl w0 L i 

i ^ T ^ ' a a d H l « 6 UQO) f40)(6*a0) (4*3) (51*61 

Z 240,000 ohas. 

viith t h i s load res is tance the damping offoct of t he secondary c i r c u i t becomes 

2 &1/3 » 160,000 ohas. 

from oquatioats^ajuirod damping res i s tance for a secondary Q, of 40 in 
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H2S z (^0H40)(Q.^(4.3?(Sl.o) . • 93tf:C0 ^mn 

60 
\ ; 

An additional secondary damping resistance is then required of value 

(150) (93)K \ / 

67 r 2i;0,CC0 ohms. y 

this Is an ovsrsispll.fied solution ts> the loading problem, neglecting 

the true detection efficiency, primary plata circuits loading m& the feet 

tfcat thor© &ay bo other restrictions on the load resistance* the so 

effects will be discussed mors fully unde:- the section on experimental 

work. 

4 .0 gXP^^I^ToitAL HCBK 

4 .1 SPECIFICATION kM^tw\mmm»«m<'imm 

The experimental work ms mainly directed to^sriln testing the-

shunt coupled dlscrl&inator described in section 3.0. s*o definlta 

specification was given for tho discriminator perfoxs&ncs and a rather 

arbitrary on® w?;S sat up by tho.writer tress ^hnt WP.S ktmm of the 

eystess requirements* 

4.1.1 Bmmxtm 

Th® interacadlete frequency, nominal maximum frequency deviation 

and nominal audio band ®ere given as 4300 kilocycles, IS kilocycles nnX 

three kilocycles respectively* faking the modulation index as five, the 

bandwidth for sidebands of amplitude in excess of one percent of tho 

unmodulated carrier la given by Corrinston (43) as £f^ (14-0.7) & 

30 (1.7) se 51 kc/s* 

Soma tolerance csust bo provided in bandwidth for tho distuning of 

tuned circuits dua to temperature and husildlty effects* I t maty bo expected 

that frequency deviations in excess of fifteen kilocycles per second will 

bo obtained in some cases* Further, the- operation of a jraaber of sots on 

tho 83.&e frequency, with their transmitters controlled to- a decree 

dot ©rained by tho receiver t:-med circuit s tab i l i ty will require addltio** 

http://ovsrsispll.fi
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tolerance Inn bandwidth. It was estimated that a bandwidth of about 

70 kc/s at 3db down would be a fair figure for these portable 

transceivers, ^lnce the shunt coupled discriminator has a certain 

amount of asymmetry, It was deelded to design for t 40 kc/s 

linearity to ensure that linearity would be obtained over the receiver 

bandwidth. The peaks of the diserimlrator would then be effectively 

fixed by the actual receiver selectivity* 

41.2 DISTORTION 

The distortion limit was arbitrarily taken as two percent, with 

a modulation frequency of 400 cycles per second and a deviation plus 

or minus 35 kilocycles per second. wlth the high modulation index 

given by this ccmbinatlon, the bandwidth is effectively 70 kilocycles. 

The limit of two percent distortion on the discriminator characteristic 

was considered reasonable since distortion will also be introduced by 

the receiver audio system and by the transmitter. The system distortion 

should not exceed about ten percent and a two percent limitation on 

discriminator distortion will allow reasonable receiver and transmitter 

distortion limits to be set. 

4*1.5 LMITim 

It was decided to use grid limiting with the limiting voltage 

level taken as one to two volts on the limiter grid. This was based 

on an arbitrary limiting signal voltage level of one to two microvolts 

and a receiver gain, from antenna to limiter grid, of 120 db. In the 

final analysis if more limiting' than this is required, additional grid 

limiting may be used in other intermediate frequency amplifier stages 

and plate or dynamic limiting may be included to reduce the effects of 

impulse noise. Grid limiting was felt to be preferable for ease of 

maintaining high discriminator primary Q, which may otherwise be made 

difficult in view of the shunt loading effects. 
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4*1*4 CONVERSION EFF1CIKHCT 
Mill il KIIIII mm HHII I .1 n i w « « w — 

The convorslon efficiency was not specified. The degree 

of transmitter control ha© been sees* to depend upon the ©lope of 

tho discriminator, characteristic but i t la impossible to fix a 

discriminator requirement based on th i s consideration without Involving 

the complete design of the transmitter, which is fel t to be beyond tho 

scope of th is paper* 3ftth tho limiting drifi voltage end distort ion 

limit of tho discriminator fixed, tho eaxitsuss conversion efficiency wi l l , 

in any event, be fixed by the mlnlawa peralsdlblo discriminator tuning .. 

capacities, as seen from section 3*12. The sensit ivi ty of the transmitter 

reactance valve might then be adjusted to give the required degree of 

frequency control* 

4*2 CC&P03ffff3 
— » « » — — • III w 

The components used in tho experimental work hy tho writer 

war®, m far as possible of a submialaturlzed nature* 

4*2*1 TtFBjES 
M O M . * * 

Th«* limiter and intersadiato frequency amplifier tube used in 

the testa by tho writer was tho C1C5678. This is tho most satisfactory 

sharp cut off oubmlniaturixod frequency pentode thus far developed in 

tho 1.3 volt filament series* The tube closest to tho CK5S78 In 

performance In th© 1*3 volt series is the £231 with about half tho 

transoonduetanca &m& twice the grid-plate capacity of the .CI 5S78. 
4 *<£>*<» COULo; 

The colls used In the tost wore supplied by CSBDE end the 

construction of the coils Is illustrated in Fig* 26. Tso types of 

powdered iron core and shell were exporiaeated with, Crowley Type 5HF 

and Type 7HF, the Carbonyl equivalents being 51 end 7E respectively. 

The Carbonyl TH was found to give somewhat better results at 4.3 

megacycles than tho Carbonyl E, with the particular coils used* 
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The colls were Initially,:intended for use at two megacycles and the 

stationary universal winding was used with 3/41 Lltz wire. The advantage 

of Lits in reduction skin effect at 4.3 megacycles is questionable but it 

was hoped by the writer that the coils could be adapted for uss at that 

frequency. The Q values obtained were quite reasonable but the use of 

these colls was largely a matter of convenience and further experimentation 

with different wire sizes and form factors would be necessary to determine 

the optimum coil dimensions. 

Fig. £7 shows how the apparent Inductance and Q, of the coil vary 

with the number of turns and slug position for the Carbonyl E core and 

shell* These curves were obtained using a Hontcn ,Q~Meter Type 160-A. 

Resonance wr;s obtained by varying the frequency, with a fixed tuning 

capacity of 50 uuf, and the frequency range so covered extended from 

about 1.4 to o3 megacycles. The true Q and L may therefore be considerably 

different from these figures due to change in the effective Iron 

permeability and due to distributed capacity affects. The curves were 

found useful however la predicting the design of other colls. 

The position of maxlmun Inductance was obtained by positioning 

the core for minimum resonant frequency for my given number of turns* 

The position of minimum inductance was fixed by the tuning the core la as 

far as permitted by the physical construction of tho coll* 

It is evident from these curves that the tuning range of tho 

colls Is much greater than necessary for trimming an Intermediate 

frequency circuit at 4.3 megacycles. The required tuning range Is 

unlikely to be more than 20̂ . in Inductance or about ten percent In 

frequency* It was found possible to shorten tho coll forms and therefore 

tho travel of the tuning slugs by half Inch and still maintain adequate 

tuning range. 

Using the Carbonyl TH Iron tho apparent Q and Inductance were 

again measured for various turns* (fig.24) The measurements In this 

case were made only for the case of maximum Inductance and Q* 
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Comparing the curves of Figs. 27 and 28 for the apparent maximum inductance 

and Q it moy be seen that the Carbonyl TH gave a better Q, and inductance for 

the same number of turns. 

Fig. £8 shows also a further set of Q and inductance curves based upon 

correction of the apparent Q and inductance for distributed capaoity effects. 

The distributed capacity was measured by adjusting the resonant frequency of a 

standard Q, meter test coil until no change in the resonant frequency was 

observed when the unknown coil was connected across the Q-meter condenser 

terminals. (49) 

Under this condition the unknown coil is resonating with its 

distributed capacity Ca aa<a- V&e true Inductance L is then given by 

L - » A-rr^Q 

From measurements of the apparent coil inductance we have 

Whore C^ is the Q meter tuning capacity. The true Inductance, assuming that L is 

constant, is then given by 

2L L - £ -cfei 4-tC-f* C, 

The method assumes that the true Inductance remains constant with 

frequency over the range tz * t u F o r l r o a o o r e i e o l l s t h l s B £ y n o t b e 

entirely accurate ifi the frequency differential is very great. It was observed 

that tho distributed capacity as measured in this manner did not change very 

radically with the number of turns. This suggests that the true inductance may 

increase at the higher frequencies and / or that a large percentage of the 

distributed capacity lies in the core and shell material. It has been found that 

that the distributed capacity of carbonyl iron cores may be appreciable since 

the cores are in effect small particles of highly conductive material separated 

by Infinitely thin layers of insulation. (38) The assumption that the inductance 

does not change with frequency leads to values for the distribute capacity 
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of from four to six uuf, which appears to be reasonable for this type of 

multi layer coil. 

The true q, of tho coil is then given by 

4.2.3. RECTIFIERS 

For rectification purposes, Germanium crystal diodes typo 1H34 were 

used. (40) Separate cathode dtisl diode vacuus tubes have not yet been made av< 

alble In the subminiature 1.3 volt filament series although single diodes of 

a size comparable with the germanium diode have been produced In the 6.3 

volt series. 

Germanium crystals have soma advantages over vacuum tube diodes in 

that no filament voltage is required t?n& the forward conductance Is 

generally .hl?;her than In the .vacuum tub© diode. Contact potential effects 

In tho diode elements are also eliminated, which removes a source of static 

unbalance between the two halves of the circuit* 

Offsetting these advantages is the fact that crystal diodes exhibit 

a finite back resistance end this resistance la subject to variations with 

changes in the ambient-temperature and impressed voltage. This effect may 

be very detrimental to maintaining a good balance over the wide range of 

temperatures through which the discriminator must have normal operation. 

Fig. 29 shows reverse current voltage characteristics for 6 

crystals of random selection at temperature of S3, 40 and 60 degrees centi­

grade, 'rhe method of measurement is indicated in Fig. 30. The temperature 

of tho oven was maintained at the operating temperatures for a period of 

three hours so that thermal stability could be assured. 

fhe results are not intended to be conclusive but they di indicate 

that considerable unbalance of the D.C. back resistance may exist between 

units selected at random. The difference in tho current scales should be 

noted It appears that the six crystals fall roughly into threo divisions 
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of reverse resistance. Crystals 1 and 2 have regular low reverse resistance 

even at room temperature. The back resistances at 23 °c with an impressed voltage 

of twenty volts are 670 and 400 kllohms respectively, falling off to 330 and 

220 kilohmsa at 60 g. ^ho corresponding reverse resistance for cyrstals Ko*s 

3 and 4 are 5.7 and 2.7 megohms at 23°G falling off to 720 and 930 kllohms at 

60°c, and for crystals 5 and 6 are 1 and 1,3 at 23°a falling off to 280 and 400 

kllohms at 600°G# 

It appears that crystals 1 and 2 are considerably worse than average even 

at room temperature and viould probably be discarded on the basi3 of normal 

testing. The variations in back resistance of the other units with temperature 

changes could scarcely be anticipated however on the basis of measurement at 

room temperature. 

The forward resistance of the crystals is said to be little affected 

by increases in temperature le3s than one hundred degrees centigrade but 

may double with a temperature drop of about 70°c. This effect however is not 

nearly so important as the decrease in back resistance. 

Balance of the crystal characteristics must also be obtained, of course 

at the frequency of operation so that the problem of getting balanced crystals 

over the temperature range Is more complex than indicated by the direct voltage 

measurements. 

In the absence of a suitable vacuum tube rectifier it was necessary 

to proceed on the assumption that balanced units could be produced with 

maintenance of high back resistance under temperature variations. 

,2.4 RESISTORS AI3D CQHDEN3BR3 

The writer was notable, to obtain subminiaturized resistors and only 

a rory few subminiaturized condensers. The condenser problem may create some 

added difficulties since the maintenance of the correct coupling coefficient 

depends upon stable condensers of rather critical values if trimming of the 

condenser is not to be used. 



(83) 

4.3 SEASUmMSNT OF THE DISCRIMINATOR OFIABACTBRISTICS 

The test setup which was used to measure the discriminator 

characteristics is illustrated in Fig. 31. Two signal generators were used. 

Static characteristics were obtained «with a General Radio 605B Signal Generator 

Serial 1968 and a Boonton FM Signal Generator Type 150-A Serial Ko. 870 

was U3ed in.'measuring the dynamic characteristics. The FM Signal Generator 

could not be conveniently used for the static measurements because of the 

contracted frequency scale. 

The vernier dial of the 605B Signal Generator was calibrated against 

a Ferris Crystal Calibrator Model III at 10 kilocycle points over a 

frequency range of 320 kilocycles by beating the t¥<ro signals together in a 

Hallicrafter Comnunication receiver. Thin calibration is shown in Fig. 32. 

The calibration was checked several times during the period of experimental 

work and the variation from the curve shown here was negligible. The vernier 

dial spaclngs are approximately equivalent to 4 kilocycles but interpolation 

to the nearest half division was carried out throughout the measurements 

and the error in frequency is estimated at less than 2 kilocycles. 

It may be seen from Fig. 31 that a stage of intermediate frequency 

amplification was included in the test setup. Tho maximum voltage obtainable 

from either of the signal generators is approximately one volt and a stago 

of amplification was included to ensure that limiting voltage could be 

obtained. The amplifier was purposely made broad band so that its effects 

on the range of discriminator linearity would be negligible. 

The distortion characteristics were obtained by measuring the relative 

amplitudes of the fundamental and harmonic components of the audio output 

with a general Radio Wave Analyzer Type 735A. The total distortion was 

taken as tho percentage ratio of the square root of the sum of the squares of the 

harmonic amplitudes to the fundamental amplitude. In most cases it was not 

necessary to consider harmonics beyond the third in those measurements. 

A cathode ray oscilloscope connected across the output wa3 found useful 
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for studying the output vjavo form &&& for making preliminary allgnnent* 

The static characteristics wore measured with a Barber V.T.Y.M. 

Model 27 Serial 643, uiilch has a DC input Impedance of about seven megohms. 

Tho input voltage to tho limiter was monsurod with e. General Radio 

Y.T.Y.H. Tyv^ 73 6A connected across tho amplifier tuned circuit. Tho 

capacity of tho instruments had soiso effect upon tho amplifier oelectvity 

and it was loft in position throughout tho measures&nts. This nerved elso 

as tuning indicator for tho amplifier circuit. 

Tho plate and screen currents and tho filament current of the tubes ,-i 

wero meterod to ensure that tho tubes were being operated lilthln tho rated value 
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4.4 Test Circuit Ho. 1 

The first circuit which was tested is illustrated in 

Fig. 33. The amplifier design will he considered first 

since this was the procedure followed in the experimental 

work. 

It was found useful to establish arithmetic values 

for the reactance of unit inductance and capacitance at 4.3 

rac/s since these were used continually in the design work. 

These values are indicated here. 

1 microhenry at 4.3 mc/s has 27 ohms reactance. 

1 micromicrofarad at 4.3 mc/s has 37 kilohms reactance. 

For resonance at 4.3 mc/s it follows that, if c is in 

uufs and L in uhs, L - 1370/c. 

4 , 4 , 1 Amplifier Design 

The amplifier v/as designed to have a 3 db bandwidth of 

400 kilocycles. The gain for a single stage tuned amplifier 

is given by Sturley (45) as 

Gain ** JL2 where gm is the valve transconductance 

and the other symbols have the meaning previously assigned. 

The effective Q, for a bandwidth of 400 kc/s at 3 db 

down is then obtained when x-lor 

Q=̂  4300/400 = 10.7. 

A fixed tuning capacity of 39 uuf was chosen. The coil 

used was a 40 turn, 3/41 Litz universal wound coil with the 

tuning core and shell of Type 7HF iron. Tuning was accom­

plished at 4.3 mc/s with the core detuned considerably from 

the centre of the coil. The coil was then checked for this 
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tuning condition on the Boonton Q meter and tuned to 4.3 

mc/s with a Q, meter tuning capacity of 51 uuf and an ap­

parent Q, of 40. This indicated a stray capacity effect 

for the tube, vacuum tube voltmeter, and wiring, of 12 uuf. 

To obtain an effective Q, of 11 with a total effective 

capacity of 51 uuf then requires an additional damping re­

sistance of value given by equation 

A damping resistance of 10,000 ohms was used across the 

tuned circuit and the bandwidth of the amplifier as given by 

the frequencies at which the voltage across the tuned circuit 

is 3 db down was 380 kc/s. 

The voltage gain of the amplifier was only about six 

and might have been increased by reduction of the grid bias 

resistor and/or increase in the plate voltage, which was set 

at 45 volts. The gain was more than ample to provide limit­

ing voltages from either of the signal generators and it was 

decided to let it stand. 

4.4.2 Approximate Discriminator Design 

The first discriminator circuit shown in Fig. 38 was 

set up, before making an extensive analysis of the circuit, 

to check the alignment procedure and operating character­

istics. The primary to secondary capacity ratio was chosen 

rather arbitrarily as two to one and from Sturleys paper (24) 

it was estimated that the required Qk factor should be be­

tween 1.4 and 1.5 for a linear range of x of approximately 

0.8. 
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The condensers Ci> C2 and C3 were surplus service 

stock of unknown vintage which were tagged as nominal 27 

uuf. Measurements showed them to be approximately 25, 25 

and 26 uuf respectively. The coupling condenser cm was a 

nominal 470 uuf mica condenser of 20^ tolerance. 

The apparent coupling coefficient, neglecting stray 

capacities, was then anticipated as approximately 

k ^ V c , C + where c4 — C^.Cg 

4lo 

For a Q,k factor of 1.4, the required circuit Q, was 
4.4-

then "T~"a=*37 and then linear range of frequency under 

these conditions might then be expected to be, from Af =. x.fo 

approximately . 45kc. 

Tne data on the coils used is indicated in Fig. 38. 

The coils were purposely designed for rather large inductance 

with maxim-urn core insertion in order to provide a wide tun­

ing range about the resonant frequency of 4.3 mc/s. 

The discriminator was aligned by static measurements 

by tuning of the primary and secondary coils. The primary 

coil was first tuned for maximum voltage across one of the 

diode load resistors with 4.3 mc/s applied to the input. 

The secondary was then tuned for zero output across the two 

load resistors. The primary was retuned for equal off tune 

peaks so far as could be obtained and the secondary was fin­

ally readjusted for zero output at 4.3 mc/s. This final 
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readjustment to the secondary circuit was found to be of a 

very minor nature, the tuning of the primary circuit having 

little effect upon the cross over point. 

The limiter voltage was fixed at 6.5 volts and its 

signal input at the limiter grid of 2 v rms was used in 

determining the discriminator characteristic* To obtain 

a limiter characteristic, the signal generator output was 

varied and the output across one of the load resistors was 

observed for various recorded values of limiter grid voltage 

The characteristics so obtained are shown in Fig. 34. 

The Boonton FM Signal Generator was not yet available and 

a distortion characteristic could not be made. It is evi­

dent from the discriminator static characteristic, however, 

that considerable nonlinearity and unbalance is present 

even at small frequency deviations. 

The limiter characteristic shows that limiting is 

effective at about 1.5 v limiter grid voltage, but the 

drooping voltage characteristic at higher grid voltage 

levels indicates that amplitude modulation would not be en­

tirely suppressed at higher input voltages. 

4.4.3 Effect of increasing Load Resistors 

As a first step in obtaining greater conversion effic­

iency through maintenance of a higher primary effective Q, 

the load resistors were increased to one megohm. The result­

ant discriminator characteristics for a limiter grid voltage 

of 2 volts and various plate voltages is shown in pig. 35. 

It is evident that considerable improvement in conver-
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sion efficiency is effected by the use of higher load 

resistors. Some improvement was also effected in the sym­

metry and balance of the circuit. It was possible to ob­

tain as much output with a plate voltage of 45 v as was 

previously obtained with 65 v. 

Fig. 36 shov/s a set of limiting characteristics ob­

tained for the various plate voltages with this load con­

dition. It may be seen that lowering the plate voltage 

and screen voltage has the effect of lowering the input 

level at which limiting occurs. The curve for plate and 

screen voltages of 2b v shows maximum flatness above the 

limiting level indicating that grid limiting is being accom­

panied by plate current saturation. The discriminator out­

put for the lower values of plate voltage is also lowered 

of course. 

4.4.4 Effect of increasing the Coil Q,'s 

The coils used in the circuit had purposely been de­

signed with a higher value of inductance for maximum core 

insertion than had been anticipated since it was easier to 

lower the inductance by tuning the cores than to increase 

it by adding more turns. 

This results, however, in a considerable lowering of 

the coil Q if the cores are very far out of the centre region 

of the coils. The primary and secondary coils were removed 

from the circuit and the inductances measured, and the input 

and output capacities measured on the Q meter. 

The primary coil when measured on the Q, meter tuned to 
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4.3 mc/s with a tuning capacity of 33.7 uuf and an appar­

ent Q, of 40. This indicated that the required tuning 

inductance was 1370/33.7 =-40.6 uh. The secondary coil could 

not be resonated at 4.3 mc/s due to the minimum Q, Meter capac­

ity, but tuned to 3.25 mc/s with 29.8 uuf, indicating an appar< 

ent inductance of 80 uh and Q, of 48. The measured distrib­

uted capacity was 4.8 uuf, which indicates that the true 

inductance of the coil is 25300/3.252(34.8) or 68.7 uh. 

The secondary coil was trimmed to 56 turns and with 

the core approximately centred in the shell tuned to 3.12 

mc/s with a Q meter tuning capacity of 30 uuf. The measured 

distributed capacity was 4.5 uuf, so that the true induct­

ance of the coil for this maximum inductance condition was 

75.2 uh. This was about 8% higher than the required true 

inductance and was close enough to give adequate tuning 

range without too much decentering of the core. The appar­

ent q at 3.12 mc/s was 73. 

The primary coil was also trimmed to give an apparent 

inductance of 45 at 4.3 mc/s with the core centred, but the 

apparent Q, obtained was only 55 so it was decided to use a 

new coil for the primary. A new primary coil using the Type 

7HF iron core and shell with 38 turns of 3/41 Litz was used. 

This coil had an apparent inductance of 45 uh and apparent Q, 

of 85 at 4.3 mc/s. This apparent inductance was about 12^ 

higher than required for tuning the primary circuit as indi­

cated by previous measurements but close enough to give trim-
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ming range without excessive core decentring. 

These primary and secondary coils were used in the 

circuit of Fig. 33, and the circuit modified slightly as 

indicated in Fig. 37 for measurement of distortion charac­

teristics. The Boonton Mi Signal Generator was obtained on 

loan from RCA Victor at this time through the good offices 

of Dr. F« S* Howes, and it was possible to make some dis­

tortion measurements* The network R4C7 was used to intro­

duce a de-emphasis of 100 microseconds to correspond with 

the pre-emphasis factor used in the Signal Generator. 

The static and distortion characteristics so obtained 

are indicated in Fig. 38. 

The static curve is seen to be a definite improvement 

over that of pig. 36 showing somewhat more conversion effic­

iency, more symmetry and better linearity. The distortion 

measurements indicate, however, that the characteristic does 

not meet the requirements for permissible distortion. The 

total distortion curve shown is compounded of almost equal 

parts of second and third harmonic indicating that the curve 

is both asymmetrical and non linear. 

The methods used thus far in the experimental work 

showed that the circuit had some possibilities, but that some 

refinement of the design procedure would be necessary in order 

to obtain the required coupling components and loading effects 

As a first step in this direction it was decided to make some 

measurements of the stray capacity effects* 
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4.4.5 Measurement of Stray Capacities 

Previous measurements indicated that some considera­

tion would have to be given to the effects of stray capacity 

on the circuit if the proper component design was to be car­

ried out. Stray capacities modify the coupling coefficient 

to some extent, but a more important consideration is the 

necessity for maintaining high circuit Q, with permeability 

tuning. High Q, requires that the core be fairly close to 

the centre of the coil at the resonant frequency and yet not 

so close to the condition of maximum inductance that adequate 

tuning range cannot be obtained on the low frequency side of 

resonance. It is necessary, therefore, that the total tuning 

capacity be known so that the correct tuning inductance can 

be designed to have high Q at the resonant frequency. 

por the measurements of stray capacity the test set up 

indicated in Fig. 39 was used. Capacities were measured by 

a substitution method, the measured capacity being the dif­

ference in the Q, meter capacity required to resonate a stand­

ard § meter test coil to the same frequency, with the unknown 

connected and disconnected. 

The Q, meter was arranged in close proximity to the test 

chassis and connections made to the required test points by 

means of spring clips soldered to two-inch leads of No. 18 

magnet wire, in making measurements the grounded terminal 

of the Q Meter and chassis was left connected and the high 

terminal disconnected at the test point. The capacity effects 

of the test leads were thus included in both measurements 
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and could be ignored for aU practical purposes. 

Measurements of this nature were made on the circuit 

of Pig* 37. The equivalent primary tuning capacities was 

measured, with the primary and secondary coils open, for 

the following conditions and results: 

Equivalent eel 

(1) Circuit as in Pig. 39 34.6 uuf 

(2) Tube removed 29.0 

(3) Circuit opened at A 27.0 

(4) Circuit opened at B 25*7 

(5) Circuit opened at C 23*9 

The tube and its associated wiring is thus seen to 

contribute a primary stray capacity of 7*6 uuf, the top 

diode load circuit a stray capacity of 1.3 uuf and the 

bottom diode load a stray capacity of 1.8 uuf. 

A similar set of measurements was made on the second­

ary circuit with the Q, Meter connected to test points A and 

B with the coils again disconnected. A common ground poten­

tial between the Q Meter and the chassis could not be estab­

lished in this case since the secondary is above the chassis 

potential. To obtain stable measurements it was found nec­

essary to ground the q, Meter and allow the relatively much 

smaller test chassis to take up an arbitrary potential. 

The measured values of C 0
 w i t n the coils disconnected 

was observed to be 15.0 uuf. With the circuit opened at 

A, no effect on the secondary tuning was observed. With the 

circuit opened at B or C the apparent tuning capacity was 
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observed to be 13.2 uuf, indicating that the shunting capac­

ity of the load circuits is about 1.8 uuf so far as the sec­

ondary is concerned. This is less than the effect on the 

primary because the load distributed capacities are effect­

ively in series as far as the secondary tuning is concerned. 

4.5.1 Test Circuit No. 2 — Capacity Tuning 

For experimental purposes permeability tuning is rather 

inconvenient since any appreciable variation in the coupling 

components requires redesign of the coils to obtain high Q, 

with the new required inductance values. Since it was de­

sired to provide maximum flexibility to the experimental work, 

the circuit of pig. 40 was set up to permit capacity tuning 

of the circuit. 

With capacity tuning, the coils may be designed for high 

Q, with any given values of Cei and Ce2» The coupling condens­

er may then be replaced and the condensers C-^ C2 and C3 varied 

as demanded by the design equations of section 3.11. These 

exact equations demand at times rather odd values for the cir­

cuit condensers and while these values>may be closely ap­

proached by commercially available values, the stock avail­

able to the writer did not provide much leeway in this respect. 

To ensure that the alignment procedure would be no more 

complicated than with permeability tuning, the procedure fol­

lowed was to set the capacity of C2 to the value required by 

the design equations and to carry out the alignment by means 

of variation of Cj_ and C3. 
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4.5.2 variation of Coupling condenser 

To examine the effects of variation of the coupling 

condenser C^, the circuit of pig. 40, was aligned and meas 

ured with four different values of coupling condenser C . 

The coils and the condenser C2 were left unchanged and 

alignment was carried out in each case by variation of the 

condensers c1 and C^. With the same inductance in each 

case it follows that C e l and C e 2 remain constant. Leaving 

C2 fixed for the various coupling condensers results in 

some unbalance since the correct value of C2 depends upon 

Cm> but the results show the effect on the discriminator 

characteristic of variation of the coupling condenser. 

The discriminator static and distortion characteris­

tics are shown in Pigs. 41, 42, 43 and 44 for different 

values of the coupling condenser C . Examination of these 

curves shows that the circuit passes from a condition of 

undercoupling to one of much overcoupling. A table has 

been drawn up below to indicate the bandwidth between the 

peaks and the approximate conversion efficiency expressed 

in volts per kilocycle for each of the four coupling con­

densers used. 

Coupling Condenser Bandwidth Conversion 
Nominal Measured Between peaks Efficiency 

85 kc/s 0.2 v/kc 
105 0.2 
14b 0.1 
400 0.025 

000 uuf 
700 
500 
200 

1070 uuf 
685 
490 
195 
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4.5.3 g Meter Measurements 

Measurements of the primary and secondary equivalent 

tuning capacity were made in a manner which has been prev­

iously indicated. The measurements were made using a Q, 

Meter standard coil of approximately 25 uh inductance and 

6 uuf capacity. With the coils disconnected, it was also 

possible to get some indication of the loading effects through 

measurement of the damping of the Q Meter. 

The measurements for the circuit of Pig. 41 gave results 

as indicated below. 

Measurements of C i 

3̂_ and Q,2 are the unloaded and loaded Q, Meter readings, 

C-i and C2 the Q Meter tuning capacity for the unloaded and 

loaded condition. 

Frequency q1 q2 Ci C2 Cel 

3.06 mc/s 218 100 100 uuf 52.1 uuf 47.9 uuf 

por measurement of Ce2, the following results were obtained: 

Frequency Q^ q2 C1 C2 Ce2 

3.06 mc/s 218 150 100 78.5 21.5 

if we add in the distributed coil capacities as indicated 

from Fig. 40, the true values of Cel and Ce2 become: 

C n = 47.9 •+- 5.3 = 53.2 uuf el 
C e 2 ~ 21.5 -*- 5.2 ~ 26.7 uuf 

Measurements on the components of the coupling network 

resulted as follows: 

C-,^37.6, C2=36, C3«*37.5, Cm«1070uuf 
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It is desirable to interpret these measurements in 

terms of the coupling coefficient k, the effective circuit 

q and the capacity ratio factor p. This may be done in an 

approximate manner as indicated below. 

4.5.4 Calculation of Coupling coefficient 

The true coupling coefficient is given by 

where C^Q, C4e and C are the values indicated in the figure 

25 b of section 3.10. Substituting for Cle, C4e and Cm*from 

equations a, b and c leads to the following expression for k: 

1/ ic'c+y-
C ^ C C ' C 4 - -t-(C* •%• C*t^>£~* 

4, 

The diode stray capacities were not itemized in the 

measurement, but a good approximation for k may neverthe­

less be obtained. 

c * c l e* c 1 +c s 5 

and C e 2 ^ C 4 e * C 4 + C s 6 

Then k i s approximately 

k ~ c.c^ 
C ^ V C < ^ ^ +- C e i Y c ^ C v ^ . C e D 
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Prom the measurements C * = C^C-j - S k C v r O - I S ^ S M K F 

C-^+-C3 - f 3 . 5 

£-,C* O . U 4 5 >^LA.F 

rv» 

C = 5 3 . 2 , C 0 = 2 6 . 7 uuf 
e l e^ 

Then k * 0 . 0 1 6 8 ^ 0 . 0 1 7 

4.5.5 Calculation of Effective Q, 

The measurements on Cei and Ce2 provide some indica­

tion of the loading on the primary and secondary circuits. 

The equivalent damping resistance may be calculated from the 

apparent damping of the Q Meter. 

Prom the measurements on Cel and noting that the stand­

ard test coil has a distributed capacity of 6 uuf, the damp­

ing effect on the primary is given by 

^ l S = Q»<2^ — x - — — • ^ H ^ t\oU^s 
- — — £> 1 1 &> 

Similarly from measurements on Ce2 the damping.on the sec­

ondary 

The unloaded primary Q, is 72 so the effective primary Q, is 

at 4.3 mc/s with tuning capacity of 53.2 uuf is from equa­

tion 5** c^ 

& i -
T Z t=r 4(,.5 
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and the effective secondary Q, is similarly 

The apparent Q, of the circuit may then be taken as ap­

proximately equal to 47. 

in the circuits of Pigs. 41, 42, 43 and 44, the value 

of Cel and C e 2 are substantially constant. The coupling will 

therefore vary in almost inverse ratio to the value of the 

coupling condenser used. The effective q of the circuits will 

not change since the circuit reactance is the same in each 

case. For the different coupling condensers used then we 

have approximately the conditions shown in the table below; 

Cm 

1070 uuf 
685 
490 
195 

Approximate 
k 

0.017 
0.027 
0.037 
0.094 

Approximate 

0.780 
1.25 
1.70 
4 .38 

Prom the measurements on Cel and Ce2 the approximate 

value of the p factor is -~\/ill?: = 0.705. Sxamination 

of the curve of Pig. 18 indicates that this value of p 

requires a value of Q,k in the neighborhood of 1.45 for a 

linear characteristic, so it is not too surprising that 

poor distortion characteristics were obtained. It appears 

that the optimum coupling coefficient for the particular 

value of p used in these circuits lies somewhere between 

490 and 685 uuf. 
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The method used in determining the effective q here 

is questionable since the voltages applied to the rectifier 

circuits by the q Meter are rather small. The maximum in­

jected q Meter voltage is about 0.02 volts, a current of 

500 milliamps through a 0.04 ohm resistor. This voltage 

even when magnified by the q of the q Meter circuit is not 

more than one to two volts. In operation, the voltages ap­

plied to the rectifier circuits are much higher than this. 

The forward conductance of the 1N34 crystals is rather 

low for small voltages less than about three volts so the 

normal rectification efficiency may be expected to be higher 

than indicated here with somewhat greater damping effects. 

Further the tube loading is not taken into account by the 

q Meter measurement and under limiting conditions this may 

amount to a substantial proportion of the primary loading. 

This surprising thing in the light of these facts is the 

relatively sna 11 value of the damping resistance measured. 

4.6 q Meter Measurement of A C Resistance 

Considering equation for the effective primary damp­

ing resistance, and neglecting the tube damping, the damp­

ing resistance is given by 

R =.J—A *•' where RT is the DC resistance of one of 

the load resistors and e is the ratio of AC to DC resist­

ance of R-^ Since R, is 2.2 megohms and f0=̂ 4.3 mc/s, it 

was anticipated that e would be in the neighborhood of 0.5 

from curves given by Zepler and pavlasek. Measurements 
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were made on some composition resistors of different 

values to determine what value of e might be expected. 

The table given below indicates the results of determining 

the value of e through q Meter damping effects. The meas­

urements were made by connecting the resistors directly 

across the q Meter condenser terminals with a standard 

test coil connected across the coil terminals. 

The q Meter test coil was a 25 uh, 6 uuf distributed 

capacity coil. The resistors were quarter watt, 10^ toler­

ance carbon composition resistors except for the 1 megohm 

resistors which were 20 % tolerance. The DC resistance of 

the resistors was not measured apart from a check on a 

voltohymst. 

e 0-1 0,2 cl C2 Rac 
uuf uuf Megohms Rac/RdC 

233 177 46.45 46.05 .521 .236 

234 174 46.45 46.0 .485 .220 

235 192 46.3 45*90 .735 .131 

235 192 48*3 46.00 *735 *131 

243 155 48.2 47.8 .291 .291 

§43 152 48.2 42.8 . 276 .276 

237 153 48.2 47.7 .294 .294 

236 155 48.2 47.7 .305 .305 

237 150 48.2 47.7 .282 .282 

As indicated by these measurements the apparent value 

of AC to DC resistance is somewhat less than expected. 

Nominal 
R 

Megohms 

2.2 

2.2 

5.6 

5.6 

1.0 

1.0 

1.0 

1.0 

1.0 

Prequency 
mc/s 

4.3 
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Terman, however, indicates that carbons resistors of the 

order of 5 megohms may be reduced to about one megohm at 

five megacycles so that the values of e shown here are prob­

ably fairly accurate (49). Subminiaturized resistors are 

generally of a metallized type and could be expected to show 

somewhat better characteristics at high frequencies but un­

fortunately none were available at this time. 

Assuming a value of e~0.23 for the 2.2 megohms load 

resistors, the damping resistance with a perfect diode with 

rectification efficiency of one is given by 

— I x> £% - I 0.2.3 Cz.2^ 

R, — — "j; ... — 0.165 megohms 

The effect of lower detection efficiencies will be to increase 

this apparent damping resistance and the damping resistance 

should therefore be expected to be in excess of 165,000 ohms. 

The actual measured damping resistance was 91 K ohms, 

and the only apparent source of this extra loading is the 

impedance of the crystals themselves, since the de-emphasis 

network and output measuring instruments were not included in 

the measurement of primary and secondary damping. 

4.7 q Meter Measurement of crystal impedance 

In order to investigate the impedance of the germanium 

crystals, damping measurements were made on a number of crys­

tals using the test set up shown in Fig. 45. The rectifiers 

were connected in series with a high q condenser of nominal 

value 1000 uuf. This condenser q was checked by first plac­

ing it in series with a 3 uuf condenser across the condenser 
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terminals of the q Meter and the reduction of the effective 

q of the q Meter standard test coil was negligible. 

When the crystals were placed in series with the con­

denser, however, there was a considerable reduction of the 

effective q of the test coil in all cases. 

If the crystal were a perfect rectifier with infinite 

impedance in the reverse direction, the condenser would 

charge, after a few cycles of the radio frequency voltage, 

to the peak voltage available across the q Meter. There 

would be no diode current flowing, therefore negligible 

damping of the q Meter circuit. With a finite crystal back 

resistance, however, the condenser will discharge through 

the source and the crystal back resistance and power will 

be dissipated in the crystal circuit, resulting in damping 

of the q Meter. The impedance of the crystal may then be 

measured in terms of the damping of the q Meter at 4.3 mc/s 

at least for the low voltage ranges levels provided by the 

q Meter. 

The manner in which the effective damping resistance 

of the germanium crystals varies for different crystals, is 

indicated in the table below. 

Note; q Meter test coil 25 uh 6 uuf distributed capacity. 
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C r y s t a l Frequency qil q2 c x C? E f f e c t i v e 
No mc/s uuf uuf C r y s t a l 

Impedance 

1 4.3 mc/s 238 113 46.6 45.9 151 Kohms 

2 113 46*1 151 Kohms 

4 187 46.1 615 Kohms 

5 130 46.2 190 Kohms 

7 120 45.9 170 Kohms 

8 144 46.1 256 Kohms 

9 165 46.2 380 Kohms 

10 198 46.2 826 Kohms 

11 128 46.2 195 Kohms 

12 160 46.2 342 Kohms 

Some of the losses indicated here are of course in the 

condenser circuit, but these are of a secondary nature, in 

any case it is evident that there is considerable variation 

in the effective impedance of the crystals tested here, it 

is interesting to compare the equivalent damping resistances 

of crystals 1, 2, 4 and 5, with their DC back current char­

acteristics shown by Fig. 25. crystals No. 3 and 6 had un­

fortunately been lost in the shuffle, but comparison of the 

other four with ĝheir DC characteristics indicates that the 

equivalent impedance at 4.3 mc/s is definitely related to 

the DC impedance measured previously, those crystals having 

the lowest DC back resistance having as well the lowest 

High Frequency impedance. 

The radio frequency impedance measured in this manner 
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is rather low even under the low voltage conditions of the 

q Meter circuit, voltages of the order of 20 volts or more 

may be expected in operation, and this will have the effect 

of making the impedance look even lower. 

The q Meter measurements of stray capacity effects in­

dicated that rather close control of the condenser compon­

ents would be necessary if the required coupling coefficient 

was to be obtained. At this stage in the experimental work, 

the theory of section 3.11 had been developed relating the 

components to the design parameters and including the stray 

capacity effects, it was felt that the required k and p 

factors could be designed for quite closely. 

The measurements of AC resistance and crystal damping 

showed that the method of shunt loading and the relatively 

low back resistance of the crystals would make it difficult 

to obtain a very high effective circuit q. 

Because of these factors, it appeared that it would be 

necessary to measure the effective q under conditions of 

voltage and loading similar to those to be used in the 

actual circuit. 

This made it necessary to establish the design up to 

the point of obtaining the required q and then to adjust 

the load resistors to obtain the necessary q. 

The manner in which a complete design was carried out 

is shown in the following section. 

4.8 A Working Design Based on Estimated Stray Capacities 

4.8.1 calculation of components 
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prom measurements already made on the stray capacity 

effects it appeared that it should be possible to calculate 

fairly closely the required circuit components from the 

equations of Section 3.11. 

Referring to Pig. 23c, the following estimated values 

of Cs5 and Cs4 were chosen: 

CS5 = 5 (coirs-*- 5 (£ube~)~t- 3(.top load capacity and pri­

mary wiring strays^*13 uuf 

Cs4~ (̂coiî -t- 2(wiring and load capacity^ - 7 uuf 

The ratio of estimated stray capacities is — and for equal 

primary and secondary tuning stability the ratio of cei to 

Ce2 should be of the same order. An approximate value for 

p is therefore p = iy—=-0.690. 

Referring to Pig* 19, it may be seen that the curves 

for qk= 1.5 require p to be in the order of 0.7. The first 

condition selected was qk= 1.5, p- 0.707, which, as shown by 

pig. 19, is slightly over the critical value of p for maxi­

mum low deviation linearity but within 2 per cent of linear­

ity to x^0.84. 

It was decided to use capacity tuning, partly for ease 

of obtaining high q coils with the proper inductance but more 

for ease of meeting any requirements for odd values of capac­

ity in the coupling network. 

For qk=^1.5, p =0.707 the value of x for a two per cent 

positive departure from linearity is x«-0.84. por a frequency 

departure of 40 kc/s at 4300 kc/s the required value of q is 

OL C 4 O 
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t h e n K =* *-5 = 0 . 0 ^ - 3 

Therefore k <=- 0.0333 

b= 2kp-=0.0471 

_ _ k _ ^ 0.0494 
l - b 

d «. 4 - ^ - 2 : K ^ ^ 1 .^53 ~ 2 . o 5 

I — S K f 0 . 1 5 i 

With Cs5 13, a value of C 50 uuf appears to be a 

reasonable compromise between maximum reactance and stability. 

c.*= C1-*~CS4
 a n d *he value of Cs4 is not likely to be more 

than 2 uuf. 

prom equation &l 

Cw,= U JU c • •c- ^ 1 

The closest values to Cm in the preferred value series 

are 750 and 820 uuf unless parallel condensers are used. 

The writer had a tubular ceramic condenser of 820 uuf, and it 

was decided to use this. 

This made it necessary to recalculate c^ from the above 

equation. Solving for C± in terms of (̂  leads to 
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or C. - ^ - v - C ^ - f - O 
i 

wher e 
^ 

ss 

• 2 -

This l e ads to C , ' = Z i ^ ( a i \ 5 x C ) 

Prom the e q u a t i o n s of s e c t i o n 3 .11 

£ ^ ^ C,1 -4- ^ 5 5 - C s t 4 - S ^ -V 13 - 14-4- - "Z.-4.^ ^ . ^ F 

< ^ -

c M - a T»5 

With the component values thus established, it remains 

to consider the loading problem. It was decided to use crys-
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tals Nos. 4 and 10, which q Meter measurements showed 

to have high back resistance, at least for the low voltages 

obtainable by the q Meter method* 

4.8.2 Detection Efficiency 

To determine the rectification efficiency and loading 

effects of those crystals with various load resistors, the 

circuit of Pig. 46 was used. The load condenser c was chosen 

as 50 uuf, which was considered large enough for adequate by 

passing of the intermediate frequency and small enough to 

offer high impedence to the audio frequencies. It has been 
ML 

shown that providing the ratio J£c is greater than about 100, 

the condenser will have negligible effect on detection effic­

iency (45) Xc is the reactance of the load condenser at the 

intermediate frequency and R is the load resistance. With 

C 50 uuf, Xc=740 ohms and the minimum value of R is there- . 

fore about 100,000 ohms if detection efficiency is not to 

suffer. The coil used was an inductance equal to the pri­

mary design value of 22.1 uh. 

Detection efficiency measurements were made with load 

resistances of 0.120, 0.330, 0.470, 1.0 and 2.2 megohms. 

Measurements were also made with the back resistance of the 

crystal providing the only load. To determine the rectifica­

tion efficiency, the DC voltage across the load resistance 

was measured for various root mean square values of tuned 

circuit voltage. The level of the tuned circuit voltage 

was set by adjusting the signal generator output. Detection 
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efficiency was then given by V^ _Z£rlmd the results are 

shown in Figs. 47 and 48 for the two crystals, it may be 

seen that the detection efficiency is from 60 to 65 per cent 

and little improvement is obtained by using high load resist­

ance because of the low crystal back resistance. 

4.8.3 Measurement of Effective Q, 

The q of the circuit varied considerably with the load 

resistance. To determine the effective q of the circuit un­

der conditions of limiting, the plate voltage was set at 45 

volts and a limiting signal was fed in. The q of the circuit 

was then measured by detuning the signal generator and measur­

ing the 3 db bandwidth. The effective q measured in this v/ay 

includes the effect of the amplifier selectivity but since 

this was very broad band, it is of secondary importance, in 

any case the ultimate discriminator characteristic depends 

upon the amplifier selectivity so the effective q would be 

the same. The effective q of the primary tuned circuit for 

the two crystals is indicated below. 

Load Effective q Effective q 
Resistor Crystal 4 Crystal 10 

120k 

330 

470 

1000 

2200 

infinite 

35 

49 

54 

60 

62 

66 

Average 
Average Damping 

Resistance 
31 

46 

52 

56 

60 

62 

33 

47.5 

53 

58 

61 

64 

32k 

65k 

86k 

115k 

139k 

170k 
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With tube damping only, the average c i r c u i t q measured 

by the 3 db bandwidth, was 82. 

The average damping r e s i s t a n c e was ca lcu la ted from 

Q o - Q t F P 

Thus for an effective q of 33, since Xx = LJ«L ^(zrx^C^ S) = 5-TTo^s 

4-«=l 

por the discriminator circuit the primary damping re­

sistance will be approximately half the value indicated in 

this table, since the detector circuits are paralleled as far 

primary damping is concerned. The effective primary q can 

then be calculated on the basis of an unloaded circuit q of 

82, X= 577, and damping resistance half the average value 

indicated. This is shown below. 

R Primary Effective 

Damping q 

120k 16k 27 

330k 33k 34 

470k 43k 39 

1000k 58k • 45 

2200k 70k 49 

Infinite 85k 53 

These measurements indicated that a minimum load resist­

ance of 1 megohm would be required when using this coil. The 

secondary damping is much less severe and the secondary q can 

be adjusted by additional damping resistors if required. 
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4.8.4. Test Circuit No. 3 

The calculated components were arranged as shown in 

pig. 49. 

A secondary coil was made up with a true inductance of 

44.2 uh, a distributed capacity of 5.0 uuf and an apparent 

q of 85. The true q, corrected for distributed capacity, 

was 97. 

The condensers C,, C0 and C, were each made up of a 39 
1 c. o 

uuf ceramic condenser in parallel with a 2-20 air dielectric 

variable condenser. The condenser C2 was set at 47 uuf* 

The load condenser and the loaded crystals were inter­

changed as shown to eliminate one condenser. This does not 

change the action of the circuit. The condenser discharges 

as in previous circuits through one load resistor in parallel 

with a crystal back resistance, through the coil and the for­

ward resistance of the other crystal. Because of the finite 

back resistance of the load crystal, the load resistance even 

at audio frequencies is considerably less than one megohm. 

The de-emphasis network used in other circuits was not 

included and distortion measurements were made without sig­

nal generator pre-emphasis. The pre-emphasis used in narrow 

band transmitters must be of the order of about three hundred 

microseconds to be effective and the signal generator could 

not provide this. To avoid unnecessary "weighting" of the 

output harmonics by a de-emphasis circuit of 300 microsecond 

time constant it was decided to leave the de-emphasis out. 
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The maximum imput impedance of the Wave Analyzer Type 

726 A is one megohm. To avoid excessive loading of the dis­

criminator by this instrument, the audio signal was effect­

ively tapped down in approximately a three to one ratio as 

shown. The measured audio was reduced somewhat from that 

across the load condenser, but could be measured quite easily 

with the Wave Analyzer. 

The discriminator was aligned by varying C± and Cg as 

previously indicated. 

pig. 50 shows static and distortion characteristics ob­

tained with secondary damping resistors of 150k and 330k. The 

more heavily loaded circuit may be seen to provide a somewhat 

greater working range as indicated by the distortion charac­

teristic but has lower conversion efficiency, about 0.15 volts 

per kilocycle as against 0.18 volts per kilocycle. 

The distortion was less than two per cent with 40 kilo­

cycles deviation in both cases, indicating that secondary 

damping might be further reduced and still provide the re­

quired working range. 

pig. 51 shows the characteristics obtained with no sec­

ondary damping resistors. The two per cent distortion limit 

extends to 40 kc/s deviation and a conversion efficiency of 

approximately 0.28 volts per kilocycle is obtained. An add­

itional distortion curve was made by using a detuned carrier 

with deviation fixed at I 15 kc/s and a modulation frequency 

of 400 cps. It may be seen that a drift of 10 kilocycles may 
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be tolerated in either direction. 

The distortion consists of nearly equal parts of 2nd 

and 3rd harmonic distortion out to 30 kilocycles deviation 

at which point 3rd harmonic distortion causes a sharp break 

in the distortion characteristic. 

4.8.5. Checking Stray Capacity Effects 

To check the actual values of Cs5 and Cg6 against the 

assumed values of 13 and 7 uuf, the capacity effects were 

measured as indicated before, in addition the crystal rec­

tifier circuit capacities to ground Cs3 and Cs4 were measured 

by connecting the q Meter across each rectifier circuit in 

series with its associated secondary condenser C3 or C2» with 

the rest of the coupling network disconnected. 

The results are itemized below. 

Tube & wiring capacity =r 7.5 uuf 

Diode Capacity CsS - 2.8 

Coil - 5.3 

Total Cs5 =• 15.6 uuf 

Secondary coil - 5.0 uuf 

Diode series capacity- 1.3 

Total CS5 - 6.3 

C1 -=49.3 uuf 

Diode capacity Cs4~2.3 

C* - 51.6 uuf 

C,» b7.7~.~F 
o 

Co =• 47 ~ ~ F 

http://b7.7~.~F
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Using CS5=15.6 and C s 6~ 6.3 uuf the required compon­

ent values were recalculated, and the new components C L 

and L2 were7C2= 50uuf 

Li« 21.8 uuf 

L 2~ 43.6 uuf 

The coils were not changed but c2 was changed to 50 uuf and 

the circuit re-aligned. 

The characteristics obtained under the changed balance 

of secondary tuning condensers are shov/n in pig. 52. The 

conversion efficiency was increased slightly to approximately 

0.3 volts per kilocycle, the peaks are about 10 kc farther 

apart and the range of 2 per cent distortion is increased 

from 40 to 45 kc/s. 

It may appear surprising that a change of only 3 uuf in 

the value of C2 can produce such a change in the character­

istic. This amounts to about a six per cent change, however, 

and since C3 must be changed in the opposite direction to 

maintain resonance, there is a total change of 12 per cent 

in the level of secondary voltages applied to the rectifier 

circuits. 

It points to the necessity for rather close control of 

the secondary voltage dividing condensers. 

pig. 53 shows a limiter characteristic obtained for the 

circuit of Pig. 52. The fundamental of the audio output 

signal is plotted against the root mean square limiter grid 

voltage. The characteristic is within one db of limiting 
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for a limiter voltage of less than one volt, but falls off 

slightly for higher grid voltages. 

4.8.6 Design For Optimum Linearity 

prom the curves of Fig. 19, the condition for optimum 

linearity with qk~1.5 calls for a value of p=- 0.685. it 

was decided to design for this condition using the same pri­

mary coil as in Section 4.8. This means the maximum effect­

ive primary q will be the same. We may expect some reduction 

in the conversion efficiency because of the lower p. 

With qk-1.5, q= 45, p = 0.685, and assuming Cs5~ 15.6, 

Cs6— 6. the required values of C, , C^, C2 and C3 were calcu­

lated and the results are shown below. 

A^^vJh S>-4S^~F S4^~r ^8^-^r 

The coil L-^ 22.1 uh and since L 2 = 4 ^ U, , L 2- 41.5 uh. 

The same components as in section 4.8 were used. The 

coil L9 was used and the inductance value obtained by de-

tuning the slug slightly. There was no loss in apparent q 

of the coil for this small change. 

A capacitance of 27 uuf was added in parallel with the 

820 used in section 4.8 to obtain the required Cm. C2 was 

set to 5*4 uuf and the circuit aligned as before with 0^ and 

C3* 

The results of distortion and static measurements are 

shown in Pig* 54. The measured distortion was well within: 

the two per cent distortion limit at 40 kc/s. The conversion 
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efficiency is down to 0.25 volts per kilocycle, a drop 

of approximately fifteen per cent from that obtained with 

f« 0.707. 

The peaks are approximately in the same position which 

is to be expected since the qk factor is the same, 1.5 in 

both cases. 

4.8.Z Design for Higher Secondary stability 

It was pointed out in Section 3.12 that the use of 

higher secondary capacity than necessary to achieve equal 

primary and secondary tuning stability would provide better 

stability of the cross over frequency. 

The secondary equivalent tuning capacity for the con­

dition qk^l.5, p= 0.685 above is only about 33 uuf. 

To increase this capacity and therefore the circuit 

stability, the circuit was adjusted for the condition qk= 1.8, 

p= 0.556, as taken from Pig 19. The maximum q was again 

taken as 45, using the same primary coil and this calls for 

a value of k ** 4J3-—-°-°'4'b? The coupling components were cal-

culated assuming Csb=- 16 and Cg6 = 5 uuf and gave results as 

below. 

Co and C^ were made ut) with parallel condensers of 

47 + 39 -v 2 -20 uuf* C2 was set to 91 uuf. The same coil 

was used in the primary having a value 22.1 uh. The second-
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ary coil required was 

Lz. = -4^Ui * ^ ( o . ^ O U 1 ^ * at.-SMK • 

The coupling condenser was obtained by adding a nominal 

100 uuf condenser to the 847 uuf used in the previous cir­

cuit. 

The static and distortion characteristics are shown in 

pig. 55 for this circuit. It may be seen that the low value 

p used in this circuit has had the effect of further lower­

ing the conversion efficiency to approximately 0.2 volts per 

kilocycle. The distortion meets the requirement for 2 per 

cent distortion at 40 kc/s* 

The peaks of the discriminator are considerably farther 

apart, the bandwidth between the peaks being approximately 

150 kilocycles. This is due, as shown in section 3.7, to 

the higher value of coupling coefficient. 
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9.0 Discussion of Results 

9.1 Comparison of Figures 52, 54 and 55 

A comparison of the distortion characteristics of 

Figures 52, 54 and 55 shows that in each case the 3rd har­

monic distortion rises at small frequency deviations of 5 

to 10 kilocycles, falls off to a low vaL ue in the inter­

mediate range and rises again at deviations approaching 

the peak separation. 

As shown in Figures 16b and 19, this is indicative of 

a condition of negative non-linearity and occurs for values 

of qk in excess of that demanded by the particular capacity 

ratio factor p. In the circuit of Pigure 52 this was antic­

ipated since the design figures were qk=l*5, p-0.707 and 

this value of p as shown by pig. 18 requires a qk value of 

about 1.46 for a linear low deviation characteristic. 

It was expected that for the circuits of Figures 54 

and 55, the 3rd harmonic distortion would be negligible for 

small frequency deviations and would increase sharply above 

a frequency deviation of about 40 kilocycles. While the 

design for qk« 1.5, p~0.685 gave the best distortion meas­

urements, the low deviation 3rd harmonic present, indicates 

that qk is slightly higher than required by the capacity 

ratio. 

When the qk factor was reduced by damping of the sec­

ondary circuit, it was possible to extend the useful range 

of the characteristic but the 3rd harmonic distortion still 
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peaked at low deviation frequencies indicating that the 

coefficient of coupling was probably high. 

The effect is not serious, however, providing the low 

deviation distortion is within the distortion limit and, in 

fact, is advantageous in that it extends the useful working 

range. 

The effect of residual magnetic coupling was thought 

to be a possible cause of this si ight overcoupling. when 

the coils were shielded with small aluminum cans, however, 

the principal effect was a reduction in effective q v/hich 

lowered the conversion efficiency about 10 per cent and 

extended the working range slightly. 

A further possible source of the low deviation dis­

tortion observed here may lie in non-linearity of the crys­

tal voltage current characteristic. The voltage applied 

to each crystal increases with frequency deviation and a 

departure of the crystal characteristic from linearity, 

could result in some frequency distortion of this nature. 

The approximations made in the caluclation of the com­

ponents in Section 3.11 will, as has been shown, lead to 

some small error, and it may be that the magnitude of this 

error is of the order of the departure from theoretical 

results obtained here. 

The characteristic of pig. 55 for qk-1.8, p~ 0.556, 

was expected to give the maximum range of linearity, but 
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the curves show it to have about the same range of 2 per cent 

distortion as the condition for qk^l.5, p«-0.707. it has 

a greater range of 3 per cent distortion, however. Examina­

tion of Pig. 55 shows that the curve has more 2nd harmonic 

distortion than found in the other two cases, and this sharply 

breaking 2nd harmonic distortion is the main reason for the 

smaller range of two per cent distortion. 

In most cases the second harmonic distortion was found 

to be fairly constant over the working range and to lie be­

tween 0.5 and 1 per cent, in the capacity coupled discrim­

inator, it has been shown that some asymmetry of the two 

halves of the characteristic is inherent and some second 

harmonic distortion is therefore inevitable. 

Second harmonic distortion has been kept low by align­

ing the circuits for equal positive and negative voltage 

peaks. This must result in distorting the characteristic 

in some other manner and probably accounts to some extent 

for the difficulty in obtaining more exact coincidence with 

the curves of pig. 19. It must be remembered, of course, 

that the curves of Fig. 19 are based on the assumption of 

a symmetrical discriminator and when applied to the capacity 

coupled discriminator, the approximation must lead to some 

error. 

9* 2 Effective Circuit Q, 

The principal difficulty which has been experienced 

with this circuit is the difficulty in maintaining high 
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circuit q. With shunt loading as used here, it has been 

seen that the A C resistance of the load resistors can have 

a severe loading effect upon the primary circuit, in order 

to obtain the required circuit q, it has been necessary to 

use load resistors of a value approaching the D C back re­

sistance of the rectifying crystals. 

The unloaded coil q values obtained could probably be 

improved with smaller shell construction to provide a more 

complete magnetic circuit. The clearance between shell and 

coil used was of the order of 1/16 of an Incfc, so that there 

appears to be room for co nsiderable improvement in this 

respect. 

With higher q coils, it should be possible to use shunt 

loading and maintain adequate q with lower values of load 

resistance. There is a possibility of improving the stability 

of the circuit balance with lower values of shunt loading re­

sistors since variations in crystal back resistance with 

temperature can be effectively swamped by low load resistors. 

9.3 Tuning of the Circuit 

It has been seen to be necessary to estimate or measure 

the stray circuit capacity effects in order to obtain the 

required coupling coefficient and circuit balance. With 

permeability tuning, it is then necessary to employ capac­

ities of rather close tolerance and of value as close as 

possible to the design value. The writer has found that it 

is generally possible to calculate a design for components 
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which can be obtained in the preferred value series, vfith 

perhaps one of the condensers being obtained through a 

parallel combination of two preferred values. 

Capacity tuning has the advantage that coils may be 

designed for the required inductance with maximum iron in 

the magnetic circuit and therefore with maximum q. The use 

of toroidal cores could be expected to give a further im­

provement in q and better confinement of the magnetic field. 

Capacity tuning also requires that only two of the network 

condensers be exact design value, and when one of the second­

ary condensers is variable, an exact balance of the rectifier 

voltages is possible. Series loading could also be used 

with a fixed secondary coil. 

Capacity tuning then appears to be more satisfactory 

for ease of obtaining exact component requirements, prom 

the space factor and temperature stability view point, per­

meability tuning was more satisfactory. 

9 , 4 The Rectifiers 

The germanium crystal temperature and impedance meas­

urements indicated that considerable variation can exist 

between units selected at random. The finite back resist­

ance and low high frequency Impedance made it difficult to 

maintain high circuit q with the shunt loaded circuit. The 

variation in back resistance with temperature can be expected 

to introduce considerable unbalance in the characteristic 

unless crystal balance over a wide temperature range can be 
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guaranteed. 

A dual diode vacuum tube in the subminiaturized 1.3v 

series would be very desirable for this application and 

would probably compare favorably in size with two of the 

germanium diodes. 

9 . 5 Application of The Circuit To Unitized Construction 

The bread board measurements made on the circuit 

pointed to no reason why it should not be adaptable to the 

plug-in unit construction described in section 1.6. The 

physical design and electrical layout of the unit is most 

important, however, and the writer did not have time to 

make any extensive investigation of an optimum test unit. 

A small test unit (permeability tuned) was built up 

with a complete limiter and discriminator in a unit of 

dimensions 1-̂ x2x1 inches. The procedure followed by the 

writer was to wire In the tube and load circuits, measure 

the stray capacities to the test chassis, and design the . 

coupling network on the basis of these capacities and se­

lected p and qk factors. Unfortunately, time ran out 

before it could be determined whether this design proced­

ure would prove fruitful or not. The shielding walls will 

alter the stray capacities somewhat and may require con­

sideration in the design calculations, depending upon the 

electrical layout. 

9.6 Limiting 

The limiting obtained here was not generally satis-
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factory, giving a drooping voltage characteristic at high 

grid voltage levels. Adjustment of grid resistance and 

acreen voltage is necessary to improve this characteristic, 

but this must be done for the complete range of probable 

limiter grid voltage, and may be done more readily with a 

complete I. p. strip. 

10• Conclusions 

10.1 

The shunt capacity coupled phase discriminator shows 

good possibilities for use in frequency modulation portable 

transceivers or broadcast receivers. The application of the 

circuit to plug-in unit construction seem to be possible but 

will require further experimentation to evolve a satisfactory 

layout. 

10.2 

The design equations developed permit satisfactory cal­

culation of the required components. The equations seem 

more complex than those normally associated with discrim­

inator desigfiV but this is due to the attempt to compen­

sate for stray capacity effects which are usually ignored 

from the analytical point of view. 

10.3 

It is possible to obtain a theoretical relation be­

tween the design parameters for a phase discriminator, which 

will give a characteristic slightly better than indicated 

by Sturley. In practical application, however, the inherent 
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unbalance of the capacity coupled circuit and the difficulty 

of obtaining precise q value appears to wipe out any effect­

ive difference in the theoretical optimum conditions. 

10.4 

The required coupling components circuit balance and q 

may be more easily obtained with capacity tuning, permea­

bility tuning, at least with those components with which the 

writer is acquainted, provides a better space factor and 

wider tuning range. Although no temperature measurements 

were made, it is probable that better temperature stability 

can be achieved with permeability tuning. 

10.5 

The Germanium rectifier is unlikely to give satisfact­

ory results in a balanced discriminator operated over a 

wide temperature range. Shunt loading with much smaller 

resistances than used here may provide some additional 

stability with temperature by making the effective back 

resistance much lower than that likely to be produced by 

temperature variations. This will result in a much lower 

conversion efficiency, however. 

10.6 

Higher values of coil q than were obtained in these 

tests would be desirable to provide better conversion ef­

ficiencies and production tolerance. The coils used pro­

vided little tolerance in effective q even with large load­

ing resistors, in application to a complete transceiver 



127. 

circuit, the permissible D C resistance in the grid circuit 

of the transmitter reactance tube may limit the load resist­

ance so that higher q coils may be even more essential to 

maintain a reasonable conversion efficiency. 
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