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1.1

1.2

DISCRIMINATORS FOR FREJUENCY NODULATED PORTABLE TRANSCEIVERS

TNTRODUCTION

TPURPOSE OF THZ THISIS

The purpose of this thesis is to investigate the design of
diseriminators suitable for use in portable freguency modulated
transceivers.

FREQUENCY NMODULATION IN COMLZUNICATION ENGINEERING

During the past decade, frequency modulation, which was intended
originally as a means of extending end improving broadcasting facilities
has found extensive use in the field of mobile communications. The
ﬁublic has been generally indifferent to the high fidelity and freedom

from inteference inherent in frequency modulation broadcesting, and

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

not make full use of its advantages. In the field of mobile comrunications
on the other hand, although high fidelity is not generally a major require-

ment, high signal-te-noise ratios end freedom from interference are

important factors in establishing a system of maximum relisbility.

Industrial, public utility and military comnunications have made good use
of these advantages of frequency modulation and it maey 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 gbout fifteen kilocycles and
the wice band transmitted is generally limited to about three kilocycles.
This is quite & different situation from that existing in freguency
rodulation broadcasting where carrier deviations of seventy-five kilocycles
are used in transmitting em audio ﬁand of fifteen kilocycles., These

operating conditions of the low deviation systenm are fixed mainly by band-

width restrictions and by the requirements of a frequency modulation
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1.4

(2)
. 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 facters here.

FREQUEXCY BANDVIDTH

The frequency spectrum of a fregquency 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. 1In one
of the earliest papers on the subject (1) Van der Pol showed that the bandwidth
of a frequency modulated wave depended lafgely upon the ratio of the frequency
deviation of the carrier from its wmucdated value to the modulation frequency.
For practical purposes he showed that the bamdwidth can be approximated by either
twice the frequency deviation or twice the modulation frequency depending upon
which of the two is the>larger. l‘ore exact expressions have been developed for
bandwidth and for the case of complex modulatiqn 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 1s consistent with satisfactory frequency modulation noise and interference’gain.
Mobile comrunication work, particularly in the military fieid, requires the use of
a large number of closely spaced and well defined channels and this is one of
the principal reasons for confining freguency deviztions to approxir=tely plus or
minus fifteen kilocycles.

THE RELATICON OF MODULATICN INDEX TO MOISE RECUCTICH

Van der Pol has defined the ratio of frequeacy deviation to modulgtion
frequency as the index of frequency mocdulation. 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
systemn of the same audio band is directly proportional to the value of the
modulation index. for fluctuation noise such as the therral and tube noise,

which is characterized by & random relation between the various frecuencies in

the spectrum, the improvement of frequency modulation over amplitude modulation
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is given by’VE; times the modulation index. For impulse noise, characterized by
an orderly phase and amplitude relation between the various noise frequencies,
the gain in signal-to-ncise ratio is given by twice the modulation index.

| The gain of frequency mgdulation over amplitude modulation takes the
place ohly when the carrier-to;noise level of the system exceeds a certain
critical value which Crosby calls the threshold leve}, “hen the carrier-to-
noise level is about three or four dB/ZEEZfity of peak carrier and peak noise,
the peak improvement for either type of noice begins té fade and becomes zero
when approximately equal carriéfband noise levels exist.

It would appear from above that if frequency conservation were not a
problem, the optimum condition of operation would be provided by using as high
a deviation as possible, thus increasing thevmodulationAindex and the signal-to-
noise ratio gain of the system. Crosby has shown however that the improvement
threshold level discussed above occurs at a lower carrier-to-noise level in low
deviation systems. This effect is dﬁe to the extra nolse accepted by the wide
recel ver bandwidth required by high deviation systems. In mobile communication
work therefore, where it is necessary to work at times with very low carrier
to noise level it is evident that some advantage is gained by the use of smaller
amounts of frequency deviation. This fact has been substantiated by further work
in the field by Crosby and other investigators. (13, 15, 16)

In communication work, by limiting the audio band to three kilocycles and
the frequency deviation to fifteen, it is possible to oﬁtéin the same modulation
index, and therefore the same effective signal-to-noise ratio gain, as is obtained
in frequency modulation broadcasting by using a deviation of seventy five kilo-
cycles end an audio band of fifteen,

In summation, the narrow band system makes it pessible to use many more
channels and to work with lower carrier-to-noise ratios than would be possible

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

better signal-to-noise ratio for carrier-to-noise levels within the threshold,

For communication purposes, however, the signal-to-noise ratio need not be
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greater then that necessary to ensure good intelligibility of the signzl, and
range is most important.

FREQUENCY MODULATION TRAWSCEIVERS

The term transceiver as used heré refers to a unit of a radio communica-
tion link which is capable of transmitting and receiving voice intelligence.
As a general rule transceivérAimplies that the sending and receiving is done
on the same frequency and‘this ﬁill be understocd in this paper.

The transceivers which are used in police, military, forestry.patrol
and other communication systems may be internded 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 vehicles(mobile) and
those which may Ee conveniently carried and operated by a single operator.
Generally the size, weight, power output and power consumption of the units

“is gfeatest for fixed station eguipment 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 éubstantially the same performance, other than power cutput is

reguired of a unit of much smaller size.

U'HE PROBLEVS OF PONTABLE LRANSCEIVERS

Lransceivers vwvhich 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 weathsrproofed to a high degree and rugged enough to
withstand a considerable amodnt 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.

Lo 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 présently available in a
sufficient variety of types for the complete design of an ulta high frequency
receiver and transmitter and further improvements in these tubes may be
expected. Kesistors 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 subminizture sizes. Lhe 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 tendeg
to increase the normal physical difficulties associated with the pfoblems of pro-
duction, alignment, and maintenance. Yo deal with these problems, it has been
tound 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 plugéing in succéssive test units until normal
operation is obtained.

It is evideunt that a physical‘constructipn consisting largely of small -
plug-in units will place cértain restrictiﬁns upon circuit design. The coupling
between the plug-in units becomes aipxoblem. All of the components in the plug-
in unit will be in close proximity to the .z 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 ph&sieal and electrical design
which seriously impairs the reliability and performance of a cormmunications unit
cannot be acceptable., Within the limits ¢omposed by the plug-in system, however
it sould be possible toeeffect avsatisfactory circuit design.

LIt is the purpose of this paper to investigate the éesign of a sub-
miniaturized discriminator suitable for uée in a portable transceiver having

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

exemine closely the function of a discriminator in &z portable frequency modulated
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transceiver and the requirements of 2 satisfactory design.

THE DISCRINMINATOR FULICTION IN PORTABLE TRANSCEIVERS

The discriminators used in portable transceivers mustusually
perform a dual task. When the transceiver is receiving the discriminator
muét translate the frequency rmodulated 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 ummodulated carrier.

One of the princijal problems associated with portable freguency
modulated tracsceivers is that of frequency control. The limited frequency
deviation end receiver bandwidth requires a high degree of frequency stability.
Trensmitter 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 freguency 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 e@uivalent inductance or capacitance of a value depending upon
the instantaneous gri@ voltage, and this voltage may be varied by the applica-
tion of audio signal voltages. By broper Gesign, 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 receijer may be left in operation:

A portion of the transmitter signsl is then bdicked up by the crystal controlled

receiver. The discriminator produces a direct voltage component whose averace
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velue changes with slow variations in the transmitter centre frequency. This
direct voltege component may then be applied, in series with the audio modu-
lation, to the grid of the reactance tube. If the voltage ia appliéd in the
correct sense, the mean carrier freguency @ay be kept at substantially the same
frequency as the crystal controlled receiver.
| Different variations of this scheme may be employed but the functioﬁ

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 discfiminator thus established it remains to
consider the requirements of a discriminator which is to accomplish this task
most efficiently.

THE DESIGN REQUIRENENTS OF DISCRIMINATORS FOR F.M. TRANSCEIVERS

Many different schemes have been employed in the detection of

frequency modulzated 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. I, discrimiretor, keeping in mind thepurpose for which it is intended.
This will supply a basis for sfudying the merits of the various methods which
might be employed to achieve the same ends and help to eliminate those methods
which are obviously unsgitable. |

| The requirerents of a discriminator for distortionless F.M.
reception have been investigated by Roder (9).and Chaffee (4) smong others.
Let us consider the wave equation far a frequéncy modulated wave as developed

by Carson and Van der Pol.

€z EL sin (wt +m sin ut ) (1)

Where I - amplitude of the unmodulated carrier

n

unmodulated carrier angular frequency

U = rmodulation anguler frequency
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m = _carrier frequency deviation = frequency modulation index

modulation frequency
= AW

u

When the expression for e is differentlated with respect to time

we have
3¢ - Elw ( 14AW cos ut ) cos (wk+m sin ut) (2)
at w .

This is an amplitude modulated wsve with a rodulation factor

Aw . It is evident, if the wave of equation 1 is applied to a linear
w : .
time rate demodulator of the proper bendwidth, it should be possible to

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

amplitude modulation detection methods.

1.8.1 DISCRIMTIMTOR BANDYIDTH

The question of the required Bandwidth of the linear demodulator:or
differentiator is‘interesting. It is statéd by Hund (23) that the maximum range
of line arity of the discriminator need only be twice the maximum freguency
deviation since in effect it merely réversesvthe process of modulation at the
transmitter where frequency deviétions are limited to a definite maximum value.
The bandwidth of all bendpass networks preceding the demodulstor must however
pass the entire frequency spectrum of the wave.

The problem was attacked by Roder in & 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 emplitude and'phase
is attached to each sideband and the fesulting serles is recombined an output

wéve of the following form results.
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lz_-:

This again is an amplitude modulated wave whose radio frequency envelope
is ,
I + savn cos (b -
Where S is the slope of the network frequency amplitude function and ‘7<b
is the 1Incremental phase change. The factor of percentage modulation of the

envelope is sum and since m = Aw
: A

eamplitude. is proportional to the slope of the network ffequeﬁcy amplitude

it is evident that the audio signal

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

R
[URNG

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 Frequenéy modulation discriminators are usually
designed to have & linear characteristic extending somewhat beyond the band
pass of the receiver. The receiver selectivity tends to round off the
cheracteristic at the extemities of the band pass and this design procedure

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

1.8.% CONVIRSION EFFICIENCY

The slope of the discriminator characteristic may be defined as
the conversion efficiency of the discriminato;.ﬁ It ha; 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 pqssible. Crosby has pointed cut 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

Ea(ls smum coslut=TdN sin(usts m sin (ot —VE) (3)
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a greater degree of amplitudeklimiting is necessary to ensure that
amplitude modulation noise does not become comparable with frequency
modulation noise.

High conversion efficiency in freguency modulated transceivers
is very important because of the control fﬁnction of the discriminator.
When a slow drift in the transmitter frequency tekes place, the direct
voltage component of discriminator output is applied as bias to the
oscillator reactance valve end this has the effect of reducing $he transmitter
drift. The greater the bias which the discriminator can develop for &« given
off-frequency voltage, the smaller will be the net transmitter drift. The
situation is similar to that which existé in negative feed-back applications
and in general the same stability conditions apply. Too much frequency
‘control cannot be used or the frequency variation :of the transmitter will
oscillate or "™ hunt ", 1In 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 efficlency should be maintained.

1.8.% DISCRIMINATOR BALANCE

In effecting meximum noise and applitude modulation reduction,
the symmetry and balance.of the frequendy modulation discriminator are very
important. One of the original methods used in the detection of frequency
rodulated signals, was tuning the carrier to the centre of the slope of a
resonant c¢ircuit 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 nof completely limited, amplitude modulation would 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 ﬁodulated 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 deteétor 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 moduleation at the centre frequency will be
complete. Further equal noise voltages applied simultaneously at equal off-
tune frequeacies will tend to cencel each other.

s, STAB !
1. 8,{%

It 1z 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 wiii not only reduce the‘diétortionless working range of the discrimin-
ator but will also produce an undesirable shift in the transmitter frequency.
Since the transceivers afe 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 compeﬁsation problem will be simpler if the number of tuned

circuits associated with the detection is kept to a minimum.

1.8-° sriememr
The adjustment and alignment of the discriminator should be simple.
As a general rule the number of adjustments required will vary as the complexity
of the circuit used, which again argues in favor of meaximum simplicity. It
must be recognized the ..necessity of working with small components in
confined spaces ﬁill tend to exaggerate the normal difficulties of adjust-
ment gand alignment.

1.8.6 POWER CONSUMPIION

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 1s nevertheless of some
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consequence 1in battery operated sets. Nethods of detection which employ
several tubes are obviously undesirable.

1.8,7 SUMVARIZATICN OF REQUIREENTS

Summarizing the above discussion it appears that the required
discriminator features may be listed.
l. ‘he discriminator should provide both an audio frequency output‘for the
recelver and a direct voltage component for the transmitter control.
2. The discriminator should bave meximum 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 énd eamplitude modulation should be maximum.
5. The stability over a large temperature range should be high.
6+ The components should be as few in number gnd as small in size as
as possible. ‘ .
7. 'the number of alignment‘adjustments required should be & minimum.
ﬁith the discriminator requirements established in this rather
general féshion 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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AN HISTORICAL SURVEY OF FREJUENCY NCOULATION DETECTICON

FIRST CONSIDERATIONS OF FREQUANCY MODULATION

Prior to Armstrong's historic paper on frequency modulation (6},
the theoretical analyses of frequency modulation as & 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 ell frequency modulation on the basis of the large

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

emplitude 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 emplitude modulation. He felt, however, that the problems
of reception of a frequency modulated signal made such a system
impractical guite apart from consideration of bandwidth. (2)

In 1932 Andrew analyséd a system of frequency modulation:
reception which hes 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 sbout eleven times the powér of an equivalent
amplitude modulated system.(3)

LThe 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 mistuning one of the receiver stages in the
manner indicated sbove, could be entirel& 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 & detection system but came to no particular conclusions as to the
possible merit of using freguency modulestion.

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

'

i e T e e s
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242 ARVNSTRONG 'S CONIRIBUTION

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 which 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 emplitude disturbance, with no orderly frequency
variations, he argued that a systém 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 9arrowing the bandwidth occupied by the
transmitted wave. Carson had denonéfrated 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 contemplatea 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 triels proved
the effectiveness of frequency modulation when used as Armstrong had
proposed. (8,13, 15)
The fequirements for distortionless frequency modulation reception
were well known before Armstrong's work but he appears to have originated
the uséyof amplitude limiting before the trnaslation of frequency to

amplitude modulation.
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Since some of the discriminafors which we will study have inherent self
limiting properties which caﬁ reduce by one or two the number of stages re-
quiﬁed in the receiver, e should consider the methods by which limiting must
otherwise be accomplished and the reasons for it.

ANPLITUDE LIMITING

It is sometimes supposed that the limiter stage 1in frequency
modulation receivers is the factor which reduces the interference through
clipping of the noise peaks. It has been found however that noise pezks
which exceed the signal will be just as noiéy 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 noise worse. (20)

The true function of the limiter is to strip the signal of
emplitude modulation and asllow 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
ahd its sidebands has the property that, vhen applied to avslope detector, it
can produce extremely large frequency shifts at a low audio frequency rate as
compared with what can be produced by a rendom distribution ofAnoise carrier
and sidebands of the same energy. ‘The slope detector end 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 signel mekes this selection process possible without distortion. The most
widely used method of effecting emplitude limiting has been through plate and

grid limiting, either separately or in combination.

2.8.1  prarz LoemiING

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 symmetricsl limiting of the pesitive
= i VE
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and negative peaks will be obtained when plate current saturation occurs.

Plate limiting has the disadvantage (£0) that excessive grid
curreat may flgw during periods of high signal level. This causes detuning
of the previous tuned.circuit and results in varieble receiver selectivity. A
further disadvantage is the fact that the 1oﬁ plate impedence caused by'plate
current saturation lowers the effective § of the plate tuned circuit. If the
tuned circuit happems to be the primary of a discriminator circuit, this effect
can be guite detrimental particularly in the case of narrow band discriminator.

)

2.3+% GRID LIMITIIG

Grid limiting is accomplished by using a valve with normal
voltages except for the grid bilas. The bias is obtaiﬁed throuzh the use of‘a
grid leak . resistor, and is thus proportionel to the signal strength. Landon
‘has shown that thevrelatively high values»of grid resistance necessary to obtain
limiting with low signal levels hes a detrimentel 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 coﬁstant is fast encugh to
follow the pulsation. Grid limiting hss however some imporiant 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 aptomatic volume control voltage since the bias developed is directly
proportional to the signal level.

For best limiter action Landon has reéommended 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 = desirable,
and makes possible a gain of about five in the limiter 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 provids 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 emplitude distortion of the audio will

result.,

DYNAMIC LIMNITIMNG

Recently another form of limiting known es dynsmic limiting
has been introduced into frequency modulation receivers. (44) For dynemic

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

~combination is placéd 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 = constant voltage across the tuned
circuit. <The time constant of the rectifier load is mede long with respect
to the lowest expected amplitude modulation frequenecy and a varisble threshold
device thus results, which adjusts itself to the average signal amplitude
level.

Tests on the dynemic limiter in comparison with a two stage
grid bias limiter have indicated that the dyﬁamic 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 threshdld-level since 2 signifi-
cant amcunt of receiver quieting can be produced at a signal level about half

that required by the grid limiter.
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T'HE ARVSTRCNG AVFLITUDE DISCRIMINATCRS

The first useful systems of converting fregquency modulation
to emplitude 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.
'he 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 brench
constant over the fréquency band and the vgltages developed across the two
combinations are then proportional to the branch reactances. The variation
of reactance in these circuits is not linear with frequgncy but by the
proper choice of ccomponents and the use of shunts of high resisfance and

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

~can be obtained. The woltages 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 chenges produce additive secondary voltages.

The mgthqd has of course been superseded by systems of greater
simplicity, cpnversion efficiency and linearity but the principle of
combining the frequency amplitude characteristics of two tuned circuits to
obtain a linear balanced frequehcy amplitude characteristic has been widely

used in frequency modulation detection.
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THE ARMSTRONG PHASE DISCRIMINATOR

nother type of discriminator wvhich was used by Armstrong in

his tests on freguency modulation is shown in Fig. 3. In this circuit
the input circult 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 dezrees of phase shift
with respect to the current throuzh it as the frequency passes through the
resonant point. |

Pert bethe input signal is impressed on the resiston Ry 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 end

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

out of phase in the other. ¥or variable signal frequency this results in a
rectifier current characteristic whiéh is linear with respect to frequency
over the vorking range. The outputs are again cumulatively combined for
frequéncy changés. |
The discriminator requires cgreful balancing of the heterodyne
voltages and 1s 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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THZ TRAVIS DISCRININATOR (5, £3, 27 )

Tn 1935 Travis had described a system of frequency control
désigned 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 reactancg of a value dependent on the grid bias
of the tube., To control this action Travis used a device to produce
bias voltages depeﬁdent on receiver intermediate frequency which he called
a frequency discriminator. The Travis discriminator is shown in Fig. 4 appenc
endix.

The composite priﬁary circuit of the Travis discriminator is
tuned to the centre of the receiver intermediate fre@uency band, and 1is
heavily damped to prevent éoupling between the secondaries. 'The two °
secondary circuits are léosely coupled to the primary and tuned to different
frequencies, one above and one below the receiver mid-frequency. The
secondaries act very much like isolated tuned circuits and the véltages
impressed on the rectifier circuits thus maximize at equal departures from
the mid freguency. 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 avautomatic
frequency control auxiliary and as such wes designed to have peaks about
five kilocycles apart and to have maximum possible conversion efficiency.
Following Armstrong's work it became apparent that 1f the circuit values
and tuning frequegqies oould 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 modificationsof it have been widely used in freguency modulation

for controlling tre 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 iIf good linearisty
and balance 1s to be achieved. Further, stray capacitive coupling between the
'primarigs or the secondaries can cause considerable unbalance of the peaks in
relation to the base frequency.

A modification of the Travis circult which has been used in a
number of cases 1is shown in Fig. 5. This is cometimes known as the Crosby
" Discriminator. The primary circuitsare in series. To offset the capacity
coupling between the secondary windings a small amount of rmutual induectance
-coupling is 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 circuituwes an untuned primary
winding. This ieads to greater alignment simplicity but the conversion

efficiencyis lower than for the Travis or Crosby circuits,
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THE FOSTER - SEZLEY DISCRIMINATOR (7,10,19,24,28,35)

In 1937 Foster and Seeley described a discriminator for use in
connection with automatic frequency control systems. As was the case with
the Travls circuit, the Foster-Seeley discriminétor has found more
widespread use in connection with frequency modulation transmitter control
and reception then in the amplitude modulation receivers for which it was
origiﬁally‘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 = tuned transformer, ihen
the primary and secondary circuits are tuned to the same frequency, a 90
degzree phase differencé exists betweén the primary and secondary voltages
vhen the resonant f:eqﬁency is aﬁplieé. The voltages between the centre
tap of the seéonda;y and each end of the secondary coil are 180 degrees

out of>phase. 'The vector sum of‘the primery voltage and hélf 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 c>ndition is shown in
Fig. 6a.

When the frequency of the signal departs from the rescnant free::
queﬁcy, the phase relation between the primary end 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 phese 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 two off resonant conditions. |

The outputs from the reétifier'circuits will thus maxinize,

one a bove arnd one below, the resonant frequency and since they are
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differentially connected an output frequency volfage characteristic is
obtained as shown:in Fig. 64 .

The exact shape of the discriminator characteristic is
dependent upon the effective circuit 9Q's, the coupling between the tuned
circuits, and the ratio of secondary and primary voltages. For automatic
frequency control purposes, where linearity 1is not essential, loose
qoupling is generally used and the circuit Q's are kept very hich. For this
"reason the choke coil ]‘_,5 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 cénsiderable~higher than in thre

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

coil Lz may be 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 adjustmentsﬂare necessary once the degree of coupling has been
fixed. Since both tbe tuned circuits operate at the same frequency the
alignment is further simplified.

The Foster-Seeley circuit requires rather elaborate
precautions at times to eliminate electfostatic coupling between the primary
and secondary windings which can adversely affect the:iinearity and balance
of the eircuit. (35)

hen the output circuit is grodnded on: one side, the capscitive
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 ¥. M. equipment (21) is éhbwn in Fig. 7. The coupling between the
tuned circuits ishere high impedance capacitive coupling rather than inducti&e

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

systems of this nature will be referred to in more detail in a later section.



(24)

2.8 THE CCUNTER-DISCRIMINATOR (4, 27, 41)

Frequency modulation detection can be accomplished by means of a counter
circuit vhich extrac@s the modulation frequency directly from the freguency
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 intermédiate frequency
tube has no tuned circuit and is subject to grid and pkte limitingT.During negative
grid swings the plate potential of the tube rises to a fixed level equai to the
supply voltage. On positive grid swing,plate current saturation takes place
fixing a ldwer limit to fhe chenge in plate potential. The output wave is thus
effectively squared between two definité fixed potentials. The "counter™
condenser C. thus charges to plate supply level during the negative grid swings
and discharges through the second diode and itsvload resistor on positive grid
swinés until its voltage is egual 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 mnstibe directly proportiomal -
to the frequency and therefore will reproduce the modulation coﬁtent of the
F. M. wave. 'lhe counter circuit 1s'very simple in operation and requi;es no
tuned ci;cuits or critical alignment procedure. The distortion due to non
linearity is said tb be less than 0,02 percent over a bandwidth of 200 kilocyeles

The disadvantage of the counter circuit is the necessity for double
conversion in the reqeiver before the counting can be carried out. The
frequency of the F. M. signal is limited by the time of discherge of the counter
resistor- condenser combination which must be considerably less than the half

period of the maximum frequency modulatea signal freguency. 'his means that
conversion of the signal frequency into the region of 100 to 200 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 considerzble application of the design.
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The conversion efficiency of the counter discriminator is cuite 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

direet 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 add in automatic
frequency control systems this would require balancing out with some form of
bias.

1HE  RATIO DETECIOR

During 1945 a2 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 circult for the Seeley ratio detector is shown in Fig. 9

The ratio detector may be seen to resemble the Fos£er-8eeley discriminator
in nany fespects. In particular the phase relationships betwesen the voltages
applied to the rectifier circuits are the same. It may be seen hpwever that
a tertiary winding,having the same phase azs the primary, is used to couple the
primary voltage to the secondary centfe 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 cFf the ratio detector in removing emplitude variations can be
explained simply. Because the diodes in the circuitvare in series, the same
rectified current flows through the load resistors and the ratio between *

.. the rectified voltages at sny particular freguency will be
constant regardless of variations in the signal amplitude. If the sum of the
rectified voltages is also held constant, with respect to.rapid changes in
emplitude, 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 fo changes in amplitudé qf the input signal,
It is the function of the large condenser across the diode load

resistors to hold the sum of the rectifiéd voltages con;tant with respect to
rapld 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 sccordance with chenges in the aversge
~signal levels The condenser could be replaced by a battery but this would
have & fixed threshold level below which the signal-would not be strong
enough to opefate the discriminator, The condenser permits the voltage across
the load to vary in proportion to the average signel level and thus automati-
cally adjust to the optimum level.

A limiting factorlin the ratio deﬁector is the zmount of downward amplitude
modulation vhich may be tolerated. If the signal level falls to to§ low a
value the condenser voltage will bias off the rectifiers and the detector will
become inoperative. To ensure that this conditicn occuré only atrvery low
input signals, it is necessary to use high values of secondary unloaded  and
low values of load resistance which will ldwer the operating 2 to about one
quarter of the unloaded Q. During the periodsﬂof‘iow signal level, then, when
“the diodex conduction current is low, the secondary Q can rise, effectively
increasing the diécriminator :sehsit1vity.

The low #alues 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 sald to be capable of handling without distortiog
signals with as much as fifty percent amplitude modulaticn & . 1:2. To do

this however the diode load ~ ° . 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 éince the audio output is only half the difference betﬁeen 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-
i{ter combination. The effective coupling between the primary =nd the secondary
must be closely controlled since it may be shown to affect the degree of

~ amplitude modulation rejection. <urther any unbelance in the diodes or lecad
resistances will result in an unbalanced amplitude modulation component in the
~ output. These considerations are cuite apart from thevlinear frequency-
amplitude problens.
~ The discriminator alignment is no more complicated than for the Foster-
‘Seeley but there is the added coupling adjustment»required throush the tertiary
winding. |
It should be noted that tke audio output level of the ratio detector will
vary with the’averageﬁsignal input and the ratio detector recuires that
automatic volume control be applied to the receiver intermediate frequency
section. Such A. V. C. voltages cen conveniently be taken off the voltage in
stabilizing condenser.

2.10 TYE BERADLEY ¥, M. DETECTCR (31)

The Bradley F. li. detector appeared in 1946 as a further effort to
provide a satisfactory self limiting diseriminator. The circuit of the
Bradley discriminator is shown in Fig. 10.

The Bradley detector operates around a speclal heptode tube designed for high
transconducfance,‘sharp cutoff and maximum sheilding of the input sisnel grid
from other tube elements.

ihe first three elements of the tube with their associated tuned circuits
operate as a class C oscillator, with space current consisting of very short
pulses. ‘the proportion of the space current which reaches the plate circuilt
is dependent upon the potentisl of the input sign:l grid. The fundamental

- of the resulfing plete current is fed back to the oscillator throuch z phesing
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network which is so adjusted that varigtions in the plate current cause
pure frequency modulation of the oscillator. |

The phase of the input signasl with respect to the oscillator, by
affecting the pulse current m=gnitude varies the oscillator frecuency
causing it to look to a fixed phase relation with the input signal. Since
the oscillator freguency is directly proportional to the fundamental
component of the plate current it follows that the mean plate current must
vary linesrly with‘the fﬁequency deviation of the input signal. |

It is then possible to extract the sudio signal component from the
plate circuit by a simple low pass filter.

The Bradley detector is stated to have a response to amplitude variationﬁ
about fifty db less then to freguency change. This of ®urse holds only for
those signals which are sufficiently strong to causé the oscillator to lock in,
but it is claimed thet the required voltege is no more then helf a volt ZES

The ad justment of the circult appeérs to be somewhat critical requiring
careful adjustment of the phasing network. The degree cf amblitude
moduletion rejection is arfected by stray coupling capacity between the input
signal end the oscillator and this may require a neutralizing circuit particu-
larly if heptode valves of less specilalized design must be used.

It may be noted that tﬁe detector output is taken off at a high direct
voltage level and could not be used directly for automatic frequency control

purposes.

2; 11 INTEGRATOR DETECTORS

The Bradley detector mentioned above appears to be a special refinement
of a class of detectors vhich Sturley has referred to as ™ 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 whosge amplitude is
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dopendantkonly on the ecircuit constrnts. .The mean plate current in gach
casza 1o thea prapértionnl to the signel frequency, varies with tho
froquancy davlatlcn, and in conjunction with & low pazs filter will
reproducs the audio signal. |

Such eircuits have not found widespread use either because of excossive
seaplexity or becsuss of the difficulties of adjustment. The prodlem of
extracting a difact voltege component at the low lavels rsquired for autozatic
frequency control han also made them unszuitable {n nost csses for thet purpose.

R J
THYE ORE DEPECTOR {42)

An interesting cifcuit employing the rhase principle in combination with
a heptode tudbe hns recently becn developed in the CBC lLaboratories. The
eircult for this dotsctor 1s shoewa in Fige 1.

Signal voltages,derivad from the primary snd seccndery of an intermediate
frequency trensformer, are fed to what normully corstitute the signal and
oseillater garids of a,heptode’valva. ‘The phase sugic betweon these voltages
is 90 degreos at the rescnant frequency and chenzes rapldly in the neighborhood
of reconance.

Rltiplication of fha voltages 1n ths nixer tubo results in a product

plate curreat tern proportioual to the cosine of the phose angla; For phase

-

.ehifts in tho naelchborhood of ninety dagrees,then7tha piate current component

aill vary sliost linearly with frequency. The audlo siznal may then be

ohirined rrom the outpul of a low pass L£il4or io the vlate circuit.
the diecriminator is sald io provido £0 volis of sndio signesl for 75

Hiiocyelca deviation, Limiziﬁg is raquirsd prior %o detsction.

Tha reguired phase shift at resonancs may also be obtalned by tuning the
privary of the transformer to parallal resanan@a at %ho coatre frequency sad
tuning the secondary, in aeries with a amall capacity, to series resonance.
Thiz 42 a2id to minimize the unbalancinz affect o: stray capacity between the

mixor grids,


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

2413

2.14
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RECAPITULATION

It is believed that this summery covers most of the methods
which have been used iﬁ the detection of frequency modulated signals.
It appears that a wide choice is available to the design engineer and
probabl& 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 considération, however,
will serve to rule out those methods which are least suitable for our
purpose.

The Bradley detector requires a special heptode tube a large

number of components, and is somewhat critical of ad justment. IMore

~ 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 detectdrs maﬁ be ruled out on the basis of
excessive complexity or critical adjustment.

The ratio detector offers attractive self limiting prdperties

but requires two coupling adjustments and a high degree of electrical

- balance which mey not be obtainable with subminiature components. Its

performance in therpresence'of Severe nulti-path fading is also suspect.

The ¢ounter discriminétor has great simplicity end requires no
tuned circuits. To obtain a constant output at the centre frequenéy,
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_choige narrows down to the Yoster-Seeley and IrTavis
discriminators, and the greater simplicity of adjustment of the Foster-—
Seeley appears to swing the balance in its favor.

FURTHER CQUFLING COLSIDERATIONS CF 1HE FOSTER~-SE:LEY CIRCUIT

It has been pointed out.that the FosterfSeeley circuit is
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subject to some unbalaﬁce dﬁe to electrostatic coupling between the primary and
_secondary circuits. Capacitive unbalance of the rectifier c¢ircuits can also
adversely affect the performance.

1the eliminetion of primary-secondary electirostatic coupling has been
accomplished in pracﬁice 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 fbr correct inductive coupling is ept to be nore
difficult. ©Since a certain amount of capacitive coupling appears to be

without

inevitable, it would seem that the use of capacit;ve coupling/inductive
coupling might ha#e somélédvantages. |

One advantege of capacitive coupling is the possibility of using per-
meability tuning. While permeability tuning may be used with inductively
coupled circuits, the circuits cannotvbe tuned w ithout changlng the effective
coupling and the problem of obtaining the correct coupling at the tuned
frequency complicat@ s the design considerably. Further, if a centre tapped
secondary is used, a special "bifilar" construction is required so that the
coupling of each half sgcondary to the primary will be the s=me for any given
position of the tuning slug.(29)

It is generally more difficult to produce a smzll 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 capascitors, 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 mey meximize at two frequencies when the coupling exceeds a
certain critical walue. When the coupling is simple mutual inductive coupling
the two peaks are symmetrically disposed with respect to the tuned frequency
~and move outward symmetrically as the coupling is increased. For band pass
circuit design this is a very desirable characteristic.

When capecity coupling is used, as coupling is increased beyond the critical
value, one of the‘pesks remains on the tuned frequency while the other shifts
higher or lower depending upon the nature of the coupling. With series

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

wand the peak separatign increases with increase in the coupling component. With
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 aéply capacitivé coupling to the Foster-
Seeley circuit we can expecf ssome :asymnefyof tpe discriminator charaéteristic
with respect to frequency. This unbalance must be evaluated and made negligible
over fhe discriminator working range if satisfactory operation is to be obtained

Series capacitive cougling has been used in connection with phase
discrominators (21) but very little design information.is given. ‘The writer
has not found any indication thatvlow impedence capacity coupling has ever
been used in this connection. The coupling condenser required for low impeden-
ce sustems 1s much larger in capacity than that required ror high‘impedence
coupling but need not be much greater in a physical sense. Further; the use of
a large coupling capecity should meke 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 effecti%e'coupling
coefficient than would occur if a large coupling capacity were used.

- It was decided to experiment with e low impedence coupled circuit arrznged
~ to provide the Foster-Seeley wltage combinations. Referring to the Foster-

Seeley circuit, it will be recalled that the radio frequency voltage apulieg
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to each rectifier cirquit was the vector sum of the primary voltagze and
half the secondary voltage of a tuned coupled ecircuit. Such a voltage
combination can be approximated very closely by the circuit shown in the

following section which employs permeability tuning.



(34)

3.0 A LOW IVFPEDENCE CAPACITY-COUPLED PHASE DISCRIMINATOR

Auvpro
cs AnND
. AfC

C,

¥ig. 12

Sel DESCRIPTICN OF THE CIRCUIT

In this circuit the ecapacity c is much greater than

0, Cz’ or 03. The primary voltage across the coil Ly is then effectively
the same at the points A and B. If Cy and 03 are aspproximately equal the
voltage appearing zcross each of them will then be substantially equal to
helf the secondary voltage. The wltage applied to each rectifier circuit

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

voltage, the czpacity Cqp mroviding a low impedance return for the high
frequency voltage.

In considering phase relations it mey be seen that the voltage
drop across Cp due to primery will be in phase with the voltage across Cl.
This voltage is effectively coupled into the secondary circuit and at resonance

the secondary current will be in phese with it. The voltages across 02 and

88, lsgzing secondary current, will thus be 90 degrees out of phaese with th

w

primary voltage at resomance., As the frecuency departs from resonance, the

secondary current 1is no longer in phese with the coupled primary voltege znd

the voltage across Cs j
© @nd Cg wi1] thag depart from the 90 degree phase relation
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with the primary voltage.

'The voltage combinations and phzse relationships are thus seen to
approximate closely those found in the Foster-Sceley discriminator.

It will be noti;ed that shunt loading df the discriminator rectifiers is
employed. Series loading as used in the Foster-Seeley circuilt reguires 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 Cg are the load condensers andes in the more
conventional second detector circuits operate to maintain high detection
efficieﬁcy dischérging through the load resistors on negative peaks of the
radlo frequency voltage vwhen the reoctifiers are not conducting.

Bias for the réagﬁance tube of the zutomatic frequency control circuit

mey be applied through Rz and the load resistors as chown and the direct

. voltage component of the discrimimator circuit will be effectively added in

series with it. Ry and -Gy may be used as a de-emphasis circuit if desired. This
will be discussed in more detail later.

DEPZRVMINAT ICH OF THE CUTPUT ZLUATIONS

To analyze the circuit it is convenient to assume that the loading effects
of the driver tube and the rectiflier 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
circuits In the final analysis of course the relation between the unloaded

and loaded circuit Q's must bs determined.
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3.2.1 Nomenclature

The nomenclature used is as follows

Cl Ffrimary condenser

Cym Coupling Condenser

Ce ,C3 Seocondary condenser

Ly Primary Tuning inductence

L2 Secendary tuning inductaence

Ql Effective rrimary Circuit Q

Qe kffeetive Secondary eirecuit g

r]} Effective series resistance of the primary cireuit
including the effects of driver tube and output cif-
cuit leading

r2 Effective secéndary series resistance including the
effects of output ciregit loading

F Frequency of the applied signal

A  Angular Frequercy of the applied signal 2n§

we Resonant angulmr frequeney @ the primary and secendary
ecircuits

Cel Effective primary tuning capacity

Ce2 Effective secondary tuning capacity
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1t follows from the above that
1 - 2 A
ceT c; + o (4)
ag@ c ; = ﬁk_ 4; ;;_ 17.l
® Ce ¢ Oy (5)
2
WO = .L lc - __]____
1 Ve L2Cgo (6)
Q - "
1 - o Ll
rl - 1
W (7)
0 Ce1 T3
Qz - v-’v
- : o L
_.5_2...2_.. p 1
W
oC
3628 DERIUVATION OF THE RELCTIFIER EY ’ATIONS

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

and meshes being numbered as in the simplified circuit.

From mesh 1 we have

Il: (Z‘* zm 4 24) + 12 (- zm )

= Ipza (9)
From mesh 2
I
1 (- Zm) 31
2 (22 ¥254 2542, ) - o (10)
The determiinant . of the system is given by
D= »

~ And the cuwrents. may be written

P 24 (2,
D

(12
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T, - Tp ZaZm
" D

(13)

The voltage applied to the first rectifier circuit is then

E“\ =X, Zy Crl "TZ.\ zv\.\"l’ I'}.(" z'b

= T(2i+ 2o o Ta (2 4 2

(14)
and to the ~secorfd réctifier circuit is

~ Substituting for the currents Il and'Iz from (12 and (13) leads to

Ea= TE%E2.+2M3(Z,_-.23 +Z§+Zm)— Zm (B +Z) (16)

D
and _ :
Ed. = I\g:?‘—‘f [2;(:&7_;\-23+ —as*—%“ﬂ\ + :Z"-Z"‘:_(
. = 2 (17)

Let us now set z; ¥ z5 =
A 2 1in equation 16 which means in effect that we

R
maxe C, = C~,C .,

If we further assume that Z,=Z + 2. in equation (17) which in practice will
‘be mearly true since CM>7 C, then equations (16 and (17) become identical

except for the sign between the bracketed terms

E“"I-i’_?%nz.h(znﬁ-&s—* Z2) — z,.&;__u (19)

Eda = TpZa Y(?'- 20 (2 z3+%<+2')*%"‘%"] (20)
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The rectifier voltages must now be evaluated in tems of the circuit
component s. Béfore doing this it will be useful to introduce an expression for
the coeffictent of coupling between the two circuits. ‘whe coupling coefficient
for two simple low impedance coupled circuits is given in a general way by the

following (47)

Where X, is equal to the reactance of the coupling, and Xl and Xz are the

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

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

k=\CaiCen

Cvn (22)

The series impedance of the primary is given by

Zyxr Zax Tz v+ 'S(wL'—j,—Ce_\

- : OO W “}
2y - 5 (-a?°\~( —o w 'C‘_,QLlCQ.
Using equation (6) this reduces to

Z v Za v B = ' L2 — 2
= - we —_ —_
K 3 "\ oo =

It is cawient to; introduce a notation which has been widely used in circuit

theory. ‘e may write for the frequency term in the preceding equation.

w— o =Lm—w°3(u-\-w°=e:_n'(A.m+lw°- o 240 v
L

23
o w s oW We (o+AwW Wo (23)

The percentage error introduced by use of this notation is

given by - (f - fo ) x 100
T ¥ fo

and for Af.z 100 kiloe

-

veleg and
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fo = 4300 kilocycles the percentage error is about 1.15

fle may then write for the primary impedance

ZirEpr e = T v yehV (24)
= v (e gQLY)

Similarly for the secondary impedence

For the impedance of the primary coil we may write

24-': v—o‘*sw‘""_:'ru(\;"swb L‘ 'ﬁ\
i \n

o oo

Since the ratio of & is very nearly ecual to one over & small range of
wWo .

frequencies we may‘ then write

Where x; = w el _ v
moe&.l

Y

For the impedance term Z. + Zny Ve may write

. . . Wao .
S S L )
2\* 2""‘z ‘-.S“OC(\ “SLO°CG_. Lo LQQCQ-‘ (27)

Another identity of some use 1s the following

]

Y. o (CPN o S LQOCQ—;_, Ly T

hs 'F'z/

"is nearly equal to one

Assuming as before that the ratio Wo
W

=
Z

e

oA |
-fQ, R,
| (28)

r, (o

For the determinent D we have from equation (11)

D= (. + Za+ ZQCE';__—(—_Z—:g’f-ZS +7w\\.—*2-?‘
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Substituting equations (24),(25) and (28) in (11) we have

D=l (VX sQ?‘B ST I S (e

Substituting (24),(27),(28) and (29) into equation (19) we obtain an

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

Ea,-Tp [y I Qi — =t il

(e : L

Y, Ca Y_Q-\- 3 xKR. "GP )Q:_v\ -~ szQ.Q:,l

C-y@ (Vv g + Q. -En

= I\o SX\ —
0 +y @ O+ y Qav) + 2 R.Q,
= Tp Q. X, [ Ly (@av + 'QQLQL%; (20)

Q-\- sﬁ.ﬁQ\v 3@:_\!3 +RPu@
Similarly substitution in equation (20) leads to

Ea. - e Q% [+ 5(Q-»V "*QZLQ*—C_‘M_\
C~

A+ s RV Ir | @®Rav) + 2 Q,Qa
3.2.3 THE QUTPUT ECUATION ‘

(31)

- The woltage 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[‘ Ea.| — ‘Ed-zj] o (32)

Where Edl = peek value of E 4
1 given by equstion (30)

E.

[o8

11

peak value of 542 given by egueation (31)

n = rectifi?r detection efficiemnw -
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n-= 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.
Let 9 = Q5 = 4 and define Qv = Q,.v=Qv¥ X (33)
Rl - o (34)
K G -
C

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

—E_:;; = fk,-@.x‘(\—v _\Cx—\-a.p)

(20a)

lvad — %+ 511‘

Ed.- T, @x, (v~ (= — =P
; (3la)

S
|+ &~ —+ SQ—X

and the discriminator output becomes

9o wFaxfareaoe o)
ﬁt-s-‘)_ ol Q8 L)f@-ra)—:‘ 32a)

3.2.4 A IVORE EXACT EXPRESSION FOR Tﬁv CUTPUT EQUHTICW

In deriving the above expression for discriminator output

from equations (16) and (17) for Edl and By . o
‘ 2 » two assumptions were made

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

it was assumed that o= €3G,

€Ca+ Cuw

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

In the case where C_ > Gz ‘ ‘
m and C ,
2 , little unbalance would be created by meking

Co = Cgf,
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In obtaining equation (20) from équation (17) it was assumed that Z,- =&, Zim
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 frequeacy and the circuit Q. Jriting equation (17)
again we have. |

Ec‘.A_A:. I.E—:4' ('-21 C%x-\- "7;'3 ~ :Zs-—t—zvv.\ *+ Z1rZEwA ‘

This may be written

D

—_— Ibh ZML%;__—-& _2‘3“'25 ‘r'zm\.. (17a)
D

The first tem in this expression is the value of Edz as given by equation (00
The second term is
- fk-}q..%w\ (.22-—*' 2-5-‘-’-&3-.—&2\«.«,} A
D : (26)
) —_— A .
2 -Tp CyxX 3._,_)&_‘\(?-»( Vv SQ

VT (Ve -~ 511
If we set ¢ _ |, then C\Cy,

Cay = CMB (57;
C.‘+_Cw\ C\*‘CM

 Substituting Ce.  for Cwn in equation' (36) gives
’ b

—Tp @xi b (1~ 3=) (Z6a)

<A better approximation to the value of Ed than is given by (3la)
4 2 ,

~

is therefore

E:a- = ;FQX.,(\‘QE’*' 5(‘1— d:.h)‘_g
-6

(28)

l—&a’.‘.‘—-xl -+ \);2->c.
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A better approximation to the true discriminator output is therefore given

T - 5y
V = n l\oQY‘(Q‘-&&TA.P - Q—D(‘“"(’“:}:\;’ |
39

x,“' Lo ‘2.13'(\ 56-1’\ ""Q—f ‘,BA” (
When Q= €, is very much less than one then (29)

C;-t'ch‘\

[>]

reduces to (32a)

3.2.5 RELATIONS RET/EM] THEZ EQUATION PARANETIRS

It is possible to derive some useful relstionships between P, k and b.

We have defined k = \/SS::...S.E— (22)

. Cm

and p = «k_ Cvn ; : (=5)

Substituting for k in the expression for p

p-= VCe: Cea

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

Hence substituting for Ez.

- 1\ /Ce o ‘
b= 5\[>— |  (40)
Can

If we take the product pk we have

ke =L Cer . VQQ|CQ?_ . Cen - .b

and theref :
refore -Q.. - 1\’—%

(41)
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3426 CONPARISCN OF 1HE ERUATICNS FCR OUTPUT

We mmve seen that the approximate output equation( 32a)
differs somewhat from that given by eugation (39). Since it is obviously
simpler to analyze than equation (39) we should like to know how much the
characteristic 1t represents departs from the more accurate chéracteristic

Opf equation (39) A comparison of the discriminator cross over points should
indicate what error ﬁight be expected. .

From equation (32a) we see that at the resonant frequency
when x = 0O ths output of the di seriminator is zero. ﬁhe more exact
expression of equation (34) shows that the oﬁtput is not zero when x = 0

| For zero output the numerator of eguation (24) must
obv1ously be zero. This then fixes the condition
[ (z.—teg\o\ = (-4 (G- \—-O-‘Q
from which

‘and for zero output

X = Lo = —_ﬂ? V@%‘E\ 11

- "_“k _&:Cl—( \ (48)

Zxpanding the square root into a binomial series gives

- —ap = %{\N_\;@i\sﬁé(%f_.. -

L0 A

Since will be much less than one in eny practiczl case we can terminate

alp

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

it gives a value of X. well out of the range for which%. is a gcod aporoximation
— GO
for @\ = ==
(.IDQ (&)

As 8 result we have

x=
o

\ :2::
’io.»e

(42a)



(46)

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

< (42b)

In terms of frequency since w - Qv = 2L G A

A
A%—_ - X

>Q* , (42¢)

Thus if Q = 46 and f 5 - 4300 kilocycles the discriminator cross over point
is shifted about one kilocycle‘below the resonant frequency.

In genersl the output of the diécriminator 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 = 46, p = 0,707 end a = Qk = 1.5.

The resonant frequency is taken as 4300 kilocycles.

It can be seen that if the more‘agcurate curve weré shifted skightly
to the right the two curvés would be‘almost coincident over the useful working
range of thevcharacteristic. The‘more accurate  curve has a slightly larger
useful working range hgbove the crossover point then below but the effect is not
seriousf - |

in analyzing the dharacteristic we may then confine the aznalyis to the
approximétion of equationi(EZa) recognizing that some asymretry is unatvoidable

\'\'\ade. o
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 cheracteristic at the centre
frequency. Mathematically this can be determined by differentiation of

(39a) so that we have

Conversion Efficiency = OLY“ — §| (43)
AF AF-o

let us set the frequency sensitive portion of eguation (39a)

equal to

g = M.N. | (44)
‘ N "
where M = E—f@c +a~\o\11 L~ {\ + (1—4-\3-] - (45)

N NS (LI

We have then dy - u

ay an '
= aM
ax ™ ¥ N

when X = 0

’
therefore (d-—‘ll KXI =5= _Zab .
o k- =
Q+ D14 |_,.a3—\°?— a

AY- ='S = mIL@X 2=t
(d"‘—\x=o \’ ' [Q‘\* &\( ‘1-:2’\;‘3‘2

we may write for conversion efficiency

(AY\ - AnTLAX -
Sl ( Nk = b (43a)

Ndf af=o " fo Q+°_13L\+a}‘,’~)-‘i
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Fquation (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 rede in the czpacity coupled output
egquation reduced it to a mathemafically symmetrical equation. The counling
coefficients in the two cases are different of course but they iniicate
equivalent relationships between stored and coupled energy.

COUFLIMNG FACTOR FCR LANTIUY CCHVIRSION EFFICIENC

The coupling factor required for maximum conversion efficiency may be obt-
alned by equating the rirst derivative of 43a to zero, holding the factor p
constant.

This leads to

ds a4 > a
_ = NnYTe® X, 2 \ \ = o

from which Y of“ \oz 4 o — \ = o

—

2

, . \
ol = —-‘—-— \ ? = 2.~ \ (48)
an ‘ a 1\9@ A k»

for maximum conversionh efficiency with fixed p-imery to secondary cspacity 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 zlways less than one,

irrespective of the value of p.
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3.5 VARIATION CF CCKRVERSICII EFFICIENCY WITH CAPACITY RATIC - p

For the menner in which conversion efficiency varies with p when the
‘

coupling factor a is fixed we note that eguation 43a may be written
S;. = An To &%y = A
€o ‘ Q+a>)C 1~ 03_¥j>)zz

If X‘ =4 is fixed, therefore the conversion efficiency must increase, with
wole) '

increase In p, to a limiting value

S, - AnTe QX
('o(‘-\-a}\ (49)

\ . ~|‘ . *"
3(‘ - it is importent that © be small and this places
wo Cet ; el

avpractical limitation on the value of p. The prinary stray capacity is

Since

generally considerably greater than the secondary strays so that zs a prgctical
natter C:ezL ;an'be made considerably sﬁaller than (Lz| . If CLL; is mwade
great enough to minimize the effects of strey pri@ary ﬁariations then the
minimgm permissible value of (:e41 will limit the maximunm vaiue of p which can -

be employed.
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3.6 DISCRIVNIITATCR PEAK SEPARATICON

‘he location of the peaks of a discriminetor curve was of much interest
to the designers of automatic tuning circuits. The peaks were generally
designed to be about five-kilqcycles apart, thus failing within the receiver
band pass. The ldcation of the discriminator peazks thus determined to a large
extent the range of frequeancy control, or the"pull-in"™ and "throw-out™ freguen-
cles,

Foster-Seecley gave nonm solution to the problem for the phase discriminator
but stated that the_peaks would fall in the range porfesponding tox = 0.5. to
X = l;O for small coupling coefficients. <“oder hes given an approxirate
solution for the inductive couﬁled case froma a circle diagram based on the
assunption of constant primary voltage. Tor coupling factors less than Q.75,

Poder shows that the peaks occur at approximately X =1,0 (10)

‘ It is not difficult t§ see why no simple splution to the problem exists.
The points of zero slope can be determined by teking the derivative with respect
to x of e;uatidn 44, equating the result to zero znd solvihg for x in terms of a
‘and p. A complicated(expression with x raised to the fifth power resuits and
the solution of this equation'fér particular value s af a and p would be as
tedious as calculating the curve for values of x and detérmining the peak in that
mpanner.

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

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

‘j = eNe
+ -+
where 1 = Q _;.Q -+ &.P\Lw—'z — ( 1 ~ (x— \Z\ =

- L
and N = ()C4‘ 4~ Z.LLC|~033 —&—Q—t—a_z\i‘) =

y 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 W with respect to X shows that two maxima



3.7

(51)
occur at

. A

x= 4+ (&-)°
(50)
The function ¥ will then mgximize at two values of x less than a and if
o0& >>|\ , the peaks will occur at epproximately
> = +a ‘ ‘ (50a)
Discriminators for frequency modulation reception are generally dezigned

for linearity over & range somewhat greater than the receifer band pass znd ths
peaks are thus fixed to a greater extent by the actual band pass of the receiver.

TYFICAL DISCRIMINATCR CURVES

Fig. 16a shows a set of relative discriminetor output curves calculated from
the function of equation 44. The value of p chosen corresponds to a primary to
secondary capacity retio of 1.5 to 1. Arbitrary coupling factors were used as
indicated in the figure and the fuictions wss plotted over a range of x from
zero to three, ©Slide rule accuracy only is obteined.

It may be seen from the ficure that the conversion efficiency or slope of the
characteristic fecr a = 0,75 ic :about the seme as that for 2 = 1. <he maximum

slope Wwould be -iven by a curve for a = 0,81 as determined from Fig.ls.

For greater or les:z coupling factors it may be seen that the slope of the
characteristic falls off.

The peaks occur at greater values of xfas,the>coupling factor increases. It
is necessary to interpret this fact properly in terms of frequency deviations.

Since x = o '
22;%—2 , the abscissze are directly proportional to Q. If

Q is constant then, increasing the coupling factor throuch increase of k will
result in the peaks occuring at greater values of AF , If7on the other hand, k

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

the value of at which the peaks occur providing 3&5£EJ__<L { where
X, Qp
£

~1-and3£2 are the peaks abscissae at which the peaks occur. Equation 50 shows

that N (N D-‘%

X (g;‘k\a“\—’i'
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For coupling factors greater than one since Q. 2 >Q, R

X2 2 R
Eand ! Q|

" 2nd the value of AFat which the pezks occur is therefore less for the
case of greater QK.
1he curves show that increaéing the walue of Qk begond 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 end the manner

in which this mey be done is indicated in the following section.

3.8 LINEARITY CONSIDERATIONS

3.8.1 DEFINITION OF LINEARTIY

The conditions governing the linearity of phase diécriminators ha?e been
treéted from two rather different points qf view by Sturley (24) and
Arguimbau (28)

‘Sturley defines the departure from linearity of the curve in terms of the
ratio of the output, at = particulaf valus of x, to the output which would be.

obtained if the choracteristic were a straight line having a slope equel to

the slope of the characteristic at x = ¢,1, Arguimbay defined the derarture
from linearity at any given value of x as the difference between the output
and the tangent to fhe characteristic at x = O, Lhis appears to be a moré
fundamental définitign than that givgn by Sturley although the results should
be virtually identical since the slope &t x=0.1 will not depart from that at
X = 0. |

In this paper1expanding Arguimbaus lead,the non linearity is defined es
~the percentage departure of the characteristic from tﬁe straight line tangent fo

gen

the characteristic at X = 0, #xpressed mathematically the percentage non-
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Telo Y
“

‘—“‘(‘ ’“_"_\_i\’(“’” | @1)
A

linearity becomes

Non-linearity as defined in this feshion may be positdve or negative depending
apon whether y is greater or less than one. Geometrically the characteristic
is concave dowiﬁard 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 SIURLEY'S TREATMENT OF LINZARITY

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 1,2,3,4,5,and 6. The ratio decrease in
linearity of the resulting output curveé is then’plotted against X. For coupling
factors greater than one, the primary voltage increases as the frequency departs
from the centre frequency end the familiar double humps appear in the voltage
characteristic. The ratio iﬁcrease of primary voltage with x is calculated for
coupling Tactors of 1.0,11, 1.2, ... 2.0 and the resulting curves are superimposed
on the1ratioédecrease—in-&inearity curves czlculated on the sssumption of constant
rrimery voltage. By this means the coupling factor which glves maximum linearity
for the secondary to primary voltege ratios considered, can be found.

While the method is seemiBlgly zccurate enough for practical purposes, it amounts

to compensating by means of two separate charzcteristies, both of which are determined

i
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by assuming arbitary values having discrete differences. ‘'he method of
superpo;ition can slso be expected to lezd to some error.

3.8.7 ARGUINBAU'S, mEATHENT OF LINEARITY

fhé problen is essentially a matheﬁatical one and & more fﬁndamental
approach seems to be suggested by Arguimbau. He considers the problem as
applied to a simplified discriminator having a centre tapped primary és well
as secondary =nd having equal primery and secondary circuit constents. Such a

discriminator has a frequency sensitive equation siven by
\ \

- A —
\A. Q*@—&.lwz Q‘t‘ (*“'le—‘i

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 = O we have

: z 3 n
\Qs = Ag * &y &z X + o + -t ARX
where the general coefficient is an "
_ N i \ c{J‘_
n = :
In dAdx”

Because of symretry QLQ and all even order terms will vanish at the origin.

Yor this simplified discriminator Arguimbau shows that .

3 . 2 =

4 4 = Lba(zd —-3>)<l-f-aj:) =
| d~3 , ‘

end the coefficient of 1L3 therefore yvanishes when

The first term contributing to curvature is then the term qg x
and for smell frequency deviztions the curve for o.=\(-§%-v is the closest
approx:mation to a straight liﬁe. It greater range of frequency 1s desired end
more distortion can be tolerated for a small value of x a greater value of a can

be used.
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348.5. THE APPLI{.)AT‘];ON‘ OF ARG’GIE{BAU'S METHCD TO THE GENERAL EQUATICN
Tha general‘expression of equation 44 is more complex than thatmgiven
by Arguimbau since51t involves the primary to sscondary capacity ratio
, .and:iakes into aqcoﬁnt the fact that full primary voliage, rather than
half primafy voltage, 1s applied in series with the half secondary voltege
to the rectifiers. The method should nevertheless be applicable to: the
problem, |

We have from equation 44

L% = M. Y
M = (L+Qc+a.\b ) - +(x-a+,\32
and ' N = (TtaL+¥ 22 C |—~a3f> -+-(l.*‘°3$fi>

where

taking derivatives of y with feapect to x we then have =

dx A< x. (52)
A% >
=ma¥® 248 am Az m (53 )
A~ Ax? . > AxZ
é‘?’;‘ = (Y\AsN “~ %&N‘ AZ %A A AQ .\_NA m(54)
A~ Ax's Ax A A o\:‘- A

When x i3 equel to zero we then havoe
P
N: (L*rd} ~.,\ M’-=O

AL Lo, dm oz (lx2p)E
A= Y Ao o tix F
A -2 (1 - , _,_M = O

P L_‘_& 33 A x*

| -5
A*s _ o 94 - - bap (ra2g) ®
substituting these quantities Into equations 5= \5 3,54 leads to
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A4 _ Lal,
A= o

*=0 (l:+ “é_\)(l 4_03_‘;L.-%E =4
Ay
—'—;:_Lm‘

A3q —& OCJ%C” - 2 Ca—D

\
C»—ta»~) (l—+¢£Lfs;%1\
_ 3A_Q~> "2 (- D(I%—a?'?‘X"‘Q*“iT (85)

For small values of x, the coefficients of -

. the series become
—CL,°=o‘ .
a, =4
A= = ©
, 2 2
Ay = -S4 = 2 (-DO+ ) ~(+aD
3 .
13 ax | ~ ‘ ?“‘z\"?-(—\"“"lkz)
The series expansion for y is then
n
r Ao 4 AyX N+ BaX ¥ Bz X T G >
S . Fb" %M‘_\‘ >

z;c ’Z.Ca,- C\*'o..‘-"\ L_‘_a}%—\
"6: A X + Y ,gwkb(\+a,\,) __l

(56)
The percentage non~-linserity becomes

K\_"_‘;L. oo
ane A |

- (s>~ j(_\-\-ca— vw (_/-\‘a.\ \0© (67)
=T A YA R o (L & ) ’
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r,?br suall rrBQﬁéncy devistions the percentsge dspariure from linearity may
be made substantially equal to zero, when the following 'condition is obtained

fron equﬂtlbn‘57
| u .= 2
=D+ )= () g

Expreséaa in explieit form,'ihia becoxes

—

2

| -1
b= & 'D‘*‘a:([l(‘&’ﬂa—" | (500)

It may be aeen.from tbié eﬁﬁation that é mmst be greater than one for real
values of ps The candiiion on a for Baxizm zonversion efficlency thercfore
cannot be met 1f a stralght line characteristic ebout the origin is desireds

If leless than the value indicated by oqustion (58a) it is svident that
positive aonliﬁearity will Ea obtained, If p iz greater, negative non linsarity
will te obtaineds | |

Pig 18 sbcws equation {58a) with p plottéa”aé a function okak , for values
of Ck::from 1.2 1o Sude From this curve it is possible to select a valus of
coupiiﬁg factor which will givo*maximﬁm line&rity in the-vic&uity of x~0 for a

given %alua of p. 4s xudeparts rariher from zero, of course, the other terma in the
series will aéaume greater importance and the approximstion of equation 56 no
longer holds, | o

Fig.16 b shows how the percentage departurs from linearity varies =ith x for
the coupling factors used in Fig.l6a end for the criticalréoupling faetor 0k = 3 g5
. . b L ]

obiained from Fig.1l8 for the particular value of p used. The curves are based on

8lide rale czleulastions but they indigate
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the goneral $rands. For omall coupling fectors the non-linearity is
positive znd Lneronses rapidly with x. ?or large coupling factors, the none-
linearity is initially nogative andeoventually becoces ﬁoeitive after the - e
tengeat intersects tho characteristic es indilcated in Fig.l7 be The critical
value Gk = 1,65 is zeen to give the zaxinun range of undistorted characteristic.
If wore dlatortlon cun be talcfatad 8% small x 4t can be seen that soms wvalue of
coupling fuctor belween 1.895 and 2 would give s greater range of usaful charscter-
intic. |

e85 COMPARISCN OF REZULTS wITH STURLET'S SORK

It ic interesiing to compore the valus of p obtained from equation (58a)
with that given by Sturley ss en optimus design value. Sturley gives &

ratio of 2, The conditions may be shown to be equivalent to a value of p e 2/3 =

0.667,

From equation (88a) e value of Qk = 1,5 domands that p bo 0.685 corresponding
t0 a voltahe ratio of 2.055 or & ditrarenéo of about 2,5 psrcent from that
indicated by Sturley.

the conditlons are not thus very differsat btut it is intaresting to compare
the range of i.in'aaﬁhfcaas for similar conditions of non~linearity. To do jhis
nccuratoly five place icgarithma woere caployed and the rasults ere indlecated in
Fige. 19, , .

7 fha curvoa plottoed hsre ars the function of egquation (51) for arbitrary
coupling facliors and values of p as ziven by emation (58a).

It may be noted that for Qk = 1,5 the value of p indlcated by Sturley gives

a two perceat departurs from linearity % X z 0,75, The value of p givea by

eguation (£8a) gives this departure from linearity at x = 0,79, a difference of

about five porcent in the working range. Sturley gives the range of x as 0.8

but the metbod of celculstion iz based on the slope &% X = 0,1 :nd (s rather loss

rofined alinco it fnvolves the surerposition of two curves caleuleted with
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arbitrary values. As & practigal matter it 1s probable that tho differsnce
batwesn the two condltions is negligible.

1f p is increased to 0.707 for Gk = 1.5, corresponding to a ialtnga

rﬁtip of 2,12, the range of two percent nonlinearity is 1ncreased o X = 0,88

butit may be noted that negative non~linearity is then present at lower values
of x, where the eritical p wvalue gives ean essential linear characteristic.

It may be scenm from the curves of Fig. 19 for different ialues of ¢k
that the range of distortionless characteristic increases sa Gk inoreases and
the vnlue'ot'g requirced 1s less. Further it may be noted from Fig. 18 that
uith high valuss ot a ‘the eritical value of p becomes less sensitive to changes
1n a'end the coupling and  need not be so accurately controlleds. A value of
Gk = 2.0 end p = 0,5 is conuonly used in wide band frequency meduletion phase
discriminratorss %he curves of Fig. 19 indicate that a value of p = 0,51 would
bs somewhat better.

Fig.20 shows tho relative dlscriminator outjuts for the eriticsl p and
Qk relationships of Fig 19 assuming thatm Q and X1 are constant. It may be
geon that the sutpul is reduced consideradly es the coupling factor increases.
The output for ¢k = 1,4 1s about 1.6 times that obtalned for Gk = 2,p, It eppears

that Qk should Ybe kept es low ss possible consistent with obiaining the required

linsarity.
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5.9 LOADINO EFT:CPS

The { which hss been referred to thus far is the effective
o of the primary snd secondary circuits withell the loading effects
assumed teken into consideration by modification of the unlosded coil
factors. It is nseessary to relate the effective Q of the eircult to the
unloaded coil 's for design purposes.

The shunt loeding used in this discriminator has a worse loading
effect then the more conventionsl saries loading. Oturley hes given a
method for ealoulating the effective Q of the series losded phase
diseriminator snd the method le sppliceble with some modifications to the
shunt loeded case.

vonsid sr first an unlosded parellel tuned eireuit with a ¢ of 9g

{nducteance L end capacity Ce The resonant perallel impedance is & pure

resistence H = ¢
"O%L*ﬂng=‘ﬁ_m-m.mltmboﬂmm

by the equivelent cirecuit shown below.

AAM IS

éﬁ;L Ra

rig. 21
R
shen the circuit 1s losded with = shunt resistence ® g4

resonant impedance becomes R R and therefore the

R R..

effesctive ¢ is given by

e GoW L

Garr "L '_;Tﬂ,_ WT;!’- {59)
]
]
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The effective cireuit ¢ is then given by

Getr = E!
1&%.";

Ry (59a)

Consider now the conditions of shunt and series leading of ordinary
emplitude moduletion second detectors showmn below.

= i e TR _r__
b L £ &
Series losding ~ &hunt loading

{a) ' {v)
Fig. 22

The load condenser in cach case {ills in the gape in the output
voltege pulses when the rectifier is out off on negative voltage peaks of the
signal. *he mean D.0s voltage across the load resistor then approaches the
peak value of the tuned circuit wltage. 7The detection efficiency is defined ss
the ratio of U.C. lond wvoltage to peak radic freguency imput wltage and when
the forward resistence of the rectifier is negligible with respect %o the load
resistance, the detection efficiency approaches unity.

If the detection efficiency is unity we then have
Bdos %p - v

Where 3q 4 ocutput D ¢, wltage

B e Perk fregquency signal wltage
E # Root mean square radio fregquency sigansl voltage

The power ahsorbed by the load is then

(Bge)® » 222 « 2° (60)

TR
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This 18 aquivalentvgp%the pover absorbed by a resistance Ry /2 connected across
tho tunsd circuit. Uhen the dstection efficiency is less than unity the
equivalent demping resistance is greater and approaches Ry when ths detectlon
efficlency = .55, (45)

?his conduection curreat dumping is substantially the same in both the
geries and shunt locding casea. In the cese of the shunt loaded circuit there is,
however, another damping effect dus to the presence of intsrumediate Lrequency
voltage scross the losd resistance. (48)

The A. C. resistance of fimed composition resistora hes been shown to be
less than D.C. rosistance. (48) If the ratio of A.CetoDsCes resistance is denoted

by e we have for the A.C., resistance of the load.

(By) = emy
ac

Yhe damping of the turned circult due to the A.C,load resistance i{s then
quivalent to a resistance eRy shuating the tuned circuit,
For tho shunt lozded case the two demping effects are then equivalent

to & danping resistence of value given by

QRI . '}é‘a
) eI?l “ R
= - 1 /3 (f e sprosches 1 61
o8R} 3 Y 1 % 2e / P (62)
e

The value of e depends upon the type and nominal resistarce of the resistor
and also upon thse frequency. In gensral, e decreases with increasing freguency and
nominnl resistance. I'or & rssistmnce in the order of 1 megohm at four megacycles,

@ mgy have a value in the ordor of 0.6 so the effect may be rather serious.
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To apply those resulis to the shuat loaded phese disceriminmator of
Yige 12, it may be seon that the rectifier circuits are effectively in parallel

across theprimery olreculv. Additionsl demping is slso contributed by thg +ine

plate impoedunce Rp. The totsl effective prizary damping rosistence is then

given by
Rl = Rg e 5y eR,. R
s - p )
- cx; d, -
) . (s2)
23p (1% 2e) % oBy &
Rp ¥ oy
2{1 ¥ 28)
It R
S R
P> 1 and e approacheS 1, Rgl ’_‘-:’ 5'1/{3 (62a)
In ¢his cuse tho effeoctive prizary 2 is given by
G v
1 = % 1
I Gor vy,
o N (33)
6

901 {2 the unloaded ¢ of the primary coll,

Ap far cs the sacondary circult is concerned ths rectiflisr eircuits

ara in series ocnd tho damping resistence fa then given by

R

1l 4 2 .3..1... i © approaches 1 (54)

The effoctive asonndary ¢ is then glven by

0
"= o2

1 ¥ %

2 Way,n

o

T N (55)
#here Co 2 15 the unlonded 1 of the seocondary coil.
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It 1s evident thaet the primary loading effects are much more serious than

the secondary loading effects. The ratio of the damoing resistences is in fact

Rp
.Tf.li. = 43 2e Ry

s (Ze ;I)Hp (66)

The effective primary demoing resistance is less than one quarter of the

secondary damping resistance and a limiting design factor in any particulér case

3.10

may then be the effective primery Q.
In maintaining a high primarj Qy it may be seen from equation 63

that 1f WLl = 1
%5 Cel 1is kept small, the reduction of primary unloaded @

will be less. If equal prirary and secondary effective Q's sre designed for,
the secondary resonant reactance may be considerably higher than the primary

since the effective damping resistance is more than Hur times as high,

Since p = %_ V—c‘
el .
_ Ce,, y values of p greater than 0.5 will therefore help to

some extent in equalizing primary and secondary Q values,

IHE EFFEICTS OF STRAY CAPACITY ON THE SHUNT COUPLED CIRCUIT

In experimental application of the eircuit of Fig.l2 some difficulty
was experienced in obtaining agreement between the experimental end calculated

values of coupling coefficlent, k = Coy Cop It was recognized by the

Cm .
writer that stray capacities, particularly in the primary clrcuit, would

modify the coupling coefficient through changes in Col and Ce2 and

calculations were rade on that basis., The writer is much indebted to Mr., J. R,

G+ Bennett for pointing out that the effective value of Cy would also changs

appreciably and smiggesting that an analysis of the following nature be

carried outys

‘he coupling network of Fig.l2 is modified considerably by the effects

of stray capacity. hen stray capacity effects are considered, the coupling
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network of ¥Fig.l2 msy be redrawn as shown below.

Pig.28

Here
%, €2, ©3 and Oy pave the -seme meaning as previously useds

Cg 1 = Primary strey capacity including the valve output cepecity
coil distributed capacity, and wiring capacity.

Cg2 = BSecondery coll distributed cepacity % wiring capecity.
Ce3 & Capacity to ground of first rectifier eircuit.

Cs¢ = gapacity to ground of second rectifier eircult.

Representative measured values for these quantities have besn found to be

Cgl = 12 uuf.
Ce2 =2 5 uur,
Cs% = and ¢ = 3 war,

The network of I'ig.23 can be simplified considerably if Cg4

and Cg% gre lumped in with other capacities. It may be seen that the

effect of Cg® and Cg 4 on the secondary tuning is approximetely

Cg3 4 C
the primary eircuit is eonogrmd.'hnu Cp is much greater than Cg4, the

effect of Og4 18 to add to C), Similarly sinee C3 14 much greater than

0.3, the effect of C 8 3 is to add to c.l.
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- A good approximation to the network is then given by either of the

two networks shown below, In the second network Cg and ﬂ' are combined inte

- ,
- c:* 4 for convenience of analysis. As far as coupling or twiing
of the cireuits is concerned no generslity is lost by this latter atep.
e I" . G r Gl s
(] i ) '
i c I
Css # #C:-G — :lr-t-f:b M_L ;Csc‘,
: C: CZ ! : C’ : C.:.{ E
——i| )L - 44 ——-I —Ni—
(“L‘) _"""T r ® '— \ﬂ}
e e Lang
S5 <2 TCS f‘?-i — ng’
] C |
\L)
FiIG 29 ]
hers we have = - b o R i e S
Lss 2. CeiaCas (67)
Cssg C-S‘J., -+ Cig_gs._t
Csz +Ceq e
RS N B (69)
il = Cal
- . (70)

2 C-:."'re'3
To transform the network of Fig. 24 b into that of Fig.l2 we note

that the star netwerk C.  C4 G,

can be transformed into a delta Cs C¢ Cr

where Cr = ¢ Bas (71a)
Sl o
Rew o -
C'T it C{-Cm

e (ne)
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{
ZoG €+ GRS

Adding the strays Cub and Cug pesults in e new delta network in
which the brankhes are
% ¥ 08 C, % 3 4.
This delta =ay be transformed into e star network.

Cw_ \ C\--\e_ : C4€?_

ihere Cie = f—c"-._
Cqa + Cse (72e)
e (72b)
Ce
= &
Gl & 7 e
Cs + Css

and f_ce_=@_s +Ca5)G + (C..'_,_('_SDC‘G _ (724)
+ (€1 +sOles+ csp)

The resulting etar natwork is shown below in Fig. #Sa snd it may be
sesn that the only modifieation required to make it identical with the network
of Flgs 12 is the division of Cae into the two compenents Cac and C3e -
as shewn in Pig. 25b.

Cae = C2eCie

Then
Care + 63&
: (73)
1: ~ JE
L SRR ST ot o B ’_“l‘ AL
1
y
Cie ! C 4 “~ ‘:Je—
e — — ST <

Fig. 28
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Trom equation (18) it follows that Caoe -~ Cae Cae

C’%e, - CM L=2

Theref
erefore Coe = 2CueQue
and Cre= 2 Che e
(75)

Cre -~ Cae

To simplify the celculations of Cie Cwe, Cae

)
assume first that Cove >> C, »+Caq

Ca-

W

then ZQ’—? CM‘CSQ—)CI”CGEC,‘Q Cq

-
Cr
For EC C we have then

¢ “Q¢CC .‘—\- Css +Ca+Csed + ( Cu“"‘ Cs';YCA.'*- CSO
eh'\

The first term here will be m.ich less than the second because of Cm.

in the dencminator.

‘herefore ? ce =2 @."‘FCss}C Cq + CSb
And from equations (72a)(72Zb) (72¢) and (72d) we msy write
CIQ '\:”C:+€.SIS§C‘+C54+QS\5 (75a)

Che ™ C.&a—'esg .(75b)

Crne® (CasCsXeisCan) C,., (72)
¢, ey
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The tm approxications mde for X C and ﬁcc tend to balanco out in
calculations of Clg ang C4, DUt 5ot in caleulations of Cpes The resuli is
that the error in caleulstion of Cy0 and Oy, iz neglizible. Cng ng
calenlated from equaticn will be alightly high, the error increasing with
the depras of x coupling or inversely as Cpy,

A sample caleulation will serve to indicatermthe extsant of the srror

invelved in the approximations.

fuspose €1 = 50 uuf., C4 = 25 uur, e 1000 wuf
*

Ce5 = 1wl  Cgg o g yur.

For exact values of Cie, Chie, Q4=
Csr-4¢.5 ‘ Co= \1lg C4 =~ 28.3 ... .°F

Cs+ CQsp = b|.5 Ca+ Csc= 2.3
Zce = 184 +-uF

Cie. - 124 ;‘05»3 Cme = 184 :lS%O C4€_= 1841 _ 30 F
——— » e

-
28.2 G L.

FRim the epproxismate eguations we have
Cie = So +v5 = S wan €

Che = 25+5 = 3o wuf

eme,‘: Lg§_"-3°.lm=‘5fo° €
So =5

the error in Cle is negligible and Cnp i about 1% low.

If we take Cy; = £00 uuf and calculate the values egain,

%o get for the exact values Cj, = 3y Cyp =

For the approximate values Cyqo . 65 Cao w0 c
=
mS = 780 uuf.

The error in Cpg is about I}
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Zell DETESIINATION CF THE CIHCUIT COMPONIATD

In a practical case t-o actusl clrouit components must be cclenlated
on the busle of sslectsd valuss ¢f p rud k and on measured or estirated values

of the stray coracities.

Using equation I7 wa zey write for the eguivalent circult of Fig. 25,

2kp
Cro & Cie
therefore cle b -
' Qmal - . = _Zkp (77)
1=-% 1 - kp :
From egustion 35 824 k
Cre

Vombining this with equation 74 leads to

Cne 2p -k
Cozbining equaticns (7?7} end(783eads to
¢ 2
190..;:_. = 49~ . 2kp - d {79)
e Y - Zkp
From (76a) and(76b) we then have
1e = a cl
c ‘
440y
Therefore C; . C'
1 +cs5 - dcgg} = Cl c -
d.
Combining(76a) and(76c) leads to
(C4 + Chey 1=-b

£8
t
veparating Cm and using equation 80 then leads to
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Com - '_;E»—[c:[. - 1_633"]]

C_: + Cssg

— ‘i@-— (C.-&-CS‘BK:‘ - d Cst —1
L Ci+Cxq. +Cs577(81)

By hypothesis Cq = C.Co ol Co - CaCo,

CoxCo Ca + C

and it follows thet

C,= 2C4Cus
Cw + Ca (82)

Cs = '2,(’-4 Cm
Cow - Ca (83)

The parameters b and 4 are functions of the desiga factors k and p. The stray
capacities mgy be measured or estin*:».ted as a first approximation. A value nay
then be assigned to €1 in equrtions 80 and 81 and C, and C, calculated. C,
and Cz will then follow from 82 and 83.

Alternatively a value may be assigned to Cyg and C;  and Cm.,

Calculated from 8C zanéd 8l.

l"or(the coil wvalues we note thet

c..e_‘ = C\QQW\Q_ - Q_Lj C‘e =0.__Q,_XC‘.‘.Q54,+C$6)84)

C [ Y- Qme.
85
and L1 follows from L, = J (©9)
' was Qe
then L, - A = \ _ 4\;‘\_. (83

z
Do CQ.?.. w:— Cey
< p*
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3.12 DES]F)H FIOCOTATEY
As the firat step in a particular design, it is necessary to select one
of the curves of Fig.1l?, {rom vhich the reguired ¢, k and p factors may be
determined, 'Tho optimum curve is a compromise between soversl conflicting
factors. |
Lot us consider e design for e discriminator with & ecantre frequency of
4300 kilocycles and having a linearity reguirement of 40 kiloeycles, The bandwidtl

factor in this case f5 /s Afr = s5z.8,

If a two percent departure from
ldnearity ot the extremes of: the discriminctor curvs iz tolerable, the
eritical curve from Fig. 19 for the condition ¢k = 2,0, p = 0,510 has a rauge
of x = 1,02, TFor the curve Qk = 1.4, P = 0,751 tho range of x for a similar

departure from linearity 1s then 0.75. ~ince x = ZnAf /i'0 the Q required

for the conditlon of Ck = 2,0 is thon 1.02 (53,8) = 55+ The ¢ required for

the conditlon Gk = 1,5 {s then 0.75(53.8) = 40, Provided the Q can be

obtained, both of these curves should then have the same range of linearity,
Lot ur consider -2 the conversion efficiency for ths two: cascs. From

equation 43 a the convarsion efficlioncy may be mritten

- -
Loz enTy xR 43b
- fio <«
= Enlp (25 5%
2 430
£, 4,

Where s, a® glven by equalicn 47, is equal to 2 ap

(Y ¥Fe9 (4 a—a%"‘;%

Lot the conversion efficiency for the cass where (k = .0 ‘be S]‘_ and for the

(1]
the case ®hera Ck = l.4 bo “1 . Let us sssune first that Xy is designed for

its saxicum value as permitted by the minimum value of cel required to minimize

variations in primary strzy capacltye. From eguation 43b it then follows that

tha retio of the coaversion efficiencies is
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\]
Sy (@')2 .. (5512 0,286 )
" - R 2 - 1.1
51 (Qm)2 s (40)% 0,493

If, on the other hend, Xp is designed for its maximum value as permitted

by minimum 6e required to minimize secondery strays, the ratioc of conversion

2
efficiencles a3 given by 43, begomes.

51 (o )2 8' (P; 2 o :
(Qn)z s" (p! )2 (0.761) *
In the first case the assumption 1s made that when Cpy y.c yeg mintmum

permissible value the, value of cel as demanded by p, will be sufficient to

minimize the effectis of secondary stray capaclty. In the second case, the

assumption is that when Ce2 has its minimum permissible value, the value of Cg3

demanded by the p factor, will be sufficient to swamp out varistions in primary
stray capacity.

It appoars from this that ths optimum design conditions will be obtéined
wien D Is s0 chesen that the ratios of stray capaclty to total tuning capacity‘ére‘
the seme for primery and cecondary clrcuits and when both equivalent capacities
are minimm. Sturley gives as /ggtimum value of p a8 0.667 corresponding to a
capaclty ratio ol 1.77., ©Since primary strays ere considsrably greater than
sacondary strays, this ls probadly a good approximation to the best oporating
conditions,

As a practiccl mstter, since the secondary tuaning 1is the major factor in
detemmining the point of zero D.C, ountput, the use of smaller p factors than that
required for equalkprimary and secondary tuning stability may be desirable. This
wiil result fﬁ'less conversion sfficiency but increased secondary tﬁning stability

and therefore greater stability of the zero output point.

Ancther important consideration is the effective Q demsnded by the
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linear reng? of X In the cuse we cre dlscussing an effective ¢ of 55

may be impcssible to obtain using subminiature colils snd a shunt loaded

¢isceriminator. Qk can 5till bhe adjusted to .0 through incresse ¢f k but

the linear range will be extended beyond that required and the conversion

efficlency will be lower .

“o continue with the design procedure let us suppose that the curve

for Qk = 1.4, p = Q.751 is chosen as the design curve.
Binco @ = 40 then k = 1.4/40 = .25

The design parameters b and 4 may now be calculated
Here b = £ky = 0.0533

d
T 4p2 oy

1« Zkp
The estimmted or msasured stray capaclties are

= 2,40

Csl = Coil distributed capacity (estimnted) plus valwe

output capacity

(measured or estimated) plus wiring capecity estimated = 15 yup say

C

vy

Cs3 ¢ Farth capacity of top rectifier circuit 3 uuf.
Cg4 = Earth capacity of bottom rectifier circult 3 uuf.
Therefore from squations 68 and 67

Cas = 1243 - ;5
Cs6 w 5% 1.5 = 6,5

Suppcse as first step C) be chosen = 49 yur,

Then from equaticn 80

£ Ml A0 -a 6 = 20.6 wur
d,.,
From 81
mz 1-b (g
b 13 c50y(1 - degg

C1 +Cos + Cg5

82 = Secomlary coil distributed capacity esnd wirlog capacity = 5 uuf
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From 02 and 83

a2 = 20y Cpy

13

39,9 uufl.
G4 3 Cy

= 43,2 uuf,

frem equation G4

Gel - - ] " ‘
1 -0 (040, §0s5) = 61,5 uut

Fren eguation 83
' =)
L1 = Mo® ca}. = 22,2 uh
s . S
22 " . s
7o consider the losdinn effects let us supposs the iaitial coll
§ of the primary and sccondary colls is 100, I€ wo assune, to sinplify
the caleulation, that plate resistance is infinite, and that the 4,0, and

D,C, resistance which will give the pequired primary 4 of 40 18 plven

by ejuaticn 63,

RI/G - %l '{”Ll Wo Ll

W1 - 4, asd By | o 1400)(401(6,20) (4,3)(51.6)
60

= 240,000 ohns,
iith this load recistance the damping effect cf the sscondory eircuit beeomes

ar
2 R1/3 = 180,000 chna.
Froa oquationés veyuired demping resistance for a gecondary & of 40 is
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Aps = (1o (an){6. 234, 2)(51.0)

PET00 ohan

1"

&0
N
An odditionsl sscondery dnuping raslatasce s then roguired of value
s 9")}& . </
= 2L0,C00 ohms.

Thins 1o an oversimplified solution o the loading probles, neglecting
tha trus detection efficloney, prizary plata circuits loading exd the feet
thet thore =ay be other restrictions on the load reeistancs, The se
offocte will be dlzouszed mor: fully unds the secticn oo axyerimontal

WOrKe

4o FEPIRINTHTAL ROHK

4¢) IPECIFICATIONS

The experimmtal work éas malnly directed tovards testing the
shunt ccupled diacels 1anto‘ dageribed ia section Sele 50 definite
spacificution was plven for the diserismlanator perforiance end a rother
srbitrery cno s st up by tho writer from shat wes knsen of the
syeten requirsrents.

41,1 BAUDSIIEN ) " |

Tho interxediate froguecscy, nominal caxiomm frsguoncy doviatien
aad nominal sudlo bend wero glven as 4700 kilooyeles, 1% kiloeyeles =md
threo kiloeysles respoctivelye. Taking the madulation index as five, the
vondwidth for sidebands of gumzilitvede in szossy of one percoat of the

ummadulated carrier is glvea by Corrington (43) ms 203 (1 4 0.7) =

20 {Xe?7) = 51 ko/se

Lozmo toleranca must be provided in baadsldih for the mistuning of
tunad eircults duw Yo taupereture and hualdity offects, It muy bo cxpocted
that froquency deviaticns in oxcess of fiftean kilocyelsas per second will
be obtalined in mome cmses. Parther, the opersiisz of o stupber of ects on
the some fregquency, with thelr tronooitters controlled to s depree

doternined by the receiver tuned clrecult astablility will reguire additio-


http://ovsrsispll.fi

41.2

(77)

tolerance inn bendwidth. It was estimated that a bandwidth of about
70 ke¢/s at 3db down would'be a.fair' figure for these portable
transceivers. %ince the shunt coupled discriminator has a certain
emount of asymmetry, it was desided to design for -+ 40 kc/s
linearity to ensure that linearity would be obtained over the receiver
bandwidth. The peaks of the discriminator would then be effectively
fixed by the actual receiver selectivity.
DISTORTION

The distortion&iimit was arbitrarily teken as two percent, with
a modulation frequency of 400 cycles per second and a deviation plus
or minus 35 kilocycles per second. #¥ith the high moduletion index
given by this ccmbination, the bendwidth is effectively 70 kilocycles,
The limit of two percent distortion on the discriminator cheracteristic
was considered reasonable since distortion will also be introduced dy |
the receiver audio system and by the transmitter., The asystem distortion
should not exceed abcut ten percent and a two percent limitation on
discriminator distortion will allow ressonable receiver and transmitter

distortion limits to be set.

431,33 LIMITING

"It was decided to use grid limiting with the limiting voltage
level taken as one to two volta>on the limiter grid. This was bdsed
on an arbitrary limiting signal voltage level of one to two microvolts
and a receiver gain, from entenna to limiter grid, of 120 db. In the
final anslysis if more limiting than this i= required, additional grid
limiting may be used in other intermediate frequency amplifier stages
end plate or dynemic limiting may be included to reduce the effects of
impuise noise. Orid limiting was felt to be preforable for ease of
mointaining high discriminetor primary Q which may otherwise be made

difficult in view of the shunt londing effects.



4eled COUVERSION FEFTICIHNCY

The convorsion efficiency was not specified. The degreo
of transmitter control has been sem %o depend upon the o2lorpe of
the diseriminator characteristic but 1% fg impopeidle to fix o
disoriminator reguirawent bssed on this consideration sithout involving
the complete desipn of the tranasitier, which is felt to be bayond the
seops of this pmpere With the limiting drid voltags =ud distortion
1init of the dlseriminator fixed, the maximum conversion efficlonoy will,
in sny event, be fixed by the minimwa permissible diserimipator tuning
capacities, as soen from seectiocn 3.12. The sensitivity of the transmiitaf
reactanca valve might then be zdjusted to give the reguired degree of

freguency control.

The componreats used in tho experimental work by the writer

wero, 0 far €s possible of a subminlaturized naturc.

44241 TUBIS

4ele

The limlter and interzadinte froquency mmplifier tube used in

~ the taests by the writor was the CXB878, This is the most setisfactory

sharp cut off subministurized frequoney pentode thus far developed in
the 1,2 volt filament series, The tube clesest to the CEIS78 in
performance in the 1.3 volt smerles ls the ZESL =ith sbout hall the
traaacen&ketance and twice the prid-plate capscity of the CX G478,
2 COILS
The colls used in the tost woro supplied by CSRDE end the

construction of the coils is illustrated in 7ig. 26. Two types of
powdered iron core and shell were experlmented with, Crowley Wype DHF
end Typa TIF, the Carbonyl equivalents being ¥ end TU respectively.
The Carbonyl TH waos found to glve comewbat better resulis st 4.3

regecycles than the Carbonyl E, with the particulsr colls used.
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The coils were initimlly.:iniended for use at two mezacycles and the
stationary universal winding was used with 3/41 Litz wire., The edvantage
of Litz in reduction skin effoct &t 4.3 megacycles iz gquestionable butl it
wss hoped by the writer that the coils could be edapted for uss at that
frequency. The () values obtained were guite reasonzble bui the use of
these colls wes largely a mattor of convenience and further experimentattonj
with different wirve sizes and form factors would be necessary to determine
the optimum coll dimensions,
¥ig. =7 shows how the epmrsnt inluctance and Q of the coil var&

with the number of turns and slug position for the Carbonyl § core and
shells These curves were obtainocd using s Honton Qe-Neter Type 160-A.
Hesonsnce w:s 6btained by varying the frequency, with a fixed tuning
capeclty of 80 uuf, and the fregueney range sc covered extended from
about l.4 to 3 megacycles, The true ¢ and L may therofore be cossidefably
different from these figures due to chanpge in the effectivae iron
permeability and dus to distributed capacity affects. 'The curves were
found useful however in predicting the desizn of other coils.

‘the position of maximum inductance wes obtained by positioning
the core for minimunm resonant frequency for sny given number of turns,
The pqsition of nminimum induectance was fixed by the tuning the core in es
far as permitted by the physleal construction of the coil.

It is evideat from these curves that the tuning range of the
¢oils is much greater than necsssary for trimzing an intermediate
frequency circuit at 4.3 megacycles, The required tuning range is
unlikely to be more than 207 in inductance or about ten percent in
frequency. It was found possible to shorten tho coil forms and therefore
the travel of the tuning slugs by half inch and still gpaintein adequate
tuning range.

Using the Carbonyl TH igon tho apparent Q end inductance ware

again measured for various turns. (Fig.24) The measureszents 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 maximun inductance
and Q it may be seen that the Carbonyl TH gave a better Q and inductance for
the same number of turns.

Fig. 28 shows alsc a further set of Q and inductance curves based upon
correction of the apparent @ and inductance for distributed capacity effeéts.
The distributed capacity was measured by adjusting the resonant frequency of 8
standard Q meter test coil until no change in the resonant frequency was
observed when the unknown coll was connected across the Q-meter condenser
terminals, (49)

Under this condition the unknown coil is resonating with its

distributed capacity Cq and the true inductance L is then given by
<

From measurements of the apparent coil inductance we have
2,2
=V /ad (e edd
Where €y is the Q meter tuning capacity. The true inductance, assuming that L 1is

constant, is then glven by
2
L = D _Li-;jj /4 1>_G‘ZC|

The method sssumes that the true inductance remains constant with

frequency over the range fp = fy  wor froncore: coils this mey not be

entirely accurate if the frequency differential is very great. It was observed
that the distributed capacity as measured in this meanner did not change very
radically with the number of turns. 'Thils suzggests that the true inductance may
increase at the higher frequencies z#nd / or that & large percentage of the
distributed capaecity lies in the core end shell materiasl. It has been found thet
that the distiributed c:pacity 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 %o six uuly which eppears Yo be reasonable for this type of
multi layer coil,

The trus 4 of the coil 1is then given by

Qr = @a ((cirear/e) Qo 6 fEi-67)

4,343, RECTIFIERS

For rectification purposes, Germanjum erystsl dlodes type 1HZ4 vere
used. (40) Seperate cathode dusl dlode vecuuz tubes have not vet baen rude aw
aible in the subminiature 1.3 volt fllamout series clihough single dlodes of
a size comparable with the germaniumlq1qq§ have been produced in tho 5.3
volt series. .

Cermanium crystals have scma sdventages over vacuum tube diodes ;n
that no filsment voltage is required snd the forward coanductance is
generally hiher then in the vacuum tube dlode. Contact pstential effectn
in tho dlode elements ere also elluinated, which removes a source of statio
unbalance between the two halves of the ecircuit.

Cfraotting thesso advantages is ths faet that erystal diodes oxhidis
a Tin{te back resistence end this resistance is subject to veriaticns with
changes 1in the.ambienthtem;eratura and impressed voltage. This effect may
be wvery detrimentélAto meinteining a good dbolance over the wide renge of
temparatures through which the diseriminstor must have normzl orperation.

Fig. 79 shows reverse current volisge characteristics for &
crystals of random selection et tempersture of 53, 40 &nd 60 dosrees contie-
grade, <he method of rncasurement is indicated in Fig. T0. The tempsrature
of the oven was malnteined at tho operating tenperaturss for & pariod of
three hours so that thermsl stadbility could be assured.

$he resulta are not intended to be conclusive but they di indicate
that considerable unbalance of the D.C, back resistance mey exist tetween

units selected at random. ‘the differsnce in the current scales should be

noted Tt app-ars thet the six erystals f2ll roushly into three divisions
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of reverse resistance. Crystals 1 and 2 have regular low reverse resistance
even at room tenmperature. The back resistances at 23 °c with an impressged voltagé
. of twenty volts cre 670 and 400 kilohms respectiveli. falling off to 330 and
220 kilohmsa at 60 °c, The corresponding reverse resistance for cyrstals No's
3 and 4 are 5.7 and 2.7 megohnms at 23°C falling off to 720 and 930 kilohms at
- GOOC, and for crystals 5 and 6 are 1 and 1,3 at 2303 fallinz off to 280 and 400

kxilohms at 600%;,

It appears that ecrystals 1 and 2 are considerably worse than average even
at roon tenperature and would probably be discarded on the basis of normal
testing., The variations in back resistance of the other units with temperature
changes could scaercely be anticipated however on the basis of measurenent at
roon temperature,

The forward resistance of the crystals 1s said to be little affected
by increases in temperature less than one hundred degrees centigrade but

may double with a temperature drop of sbout 70°%, This effect however is not

nearly so important as the decrease in back resistahce.

Balance of the crystal characteristics must also be obtained, of course
at the frequency of operation so that the problen of getting balénced crystals
over the temperature range is more complex than indicated by the direct voltage
measuremnents,

In the absence of a suitable vacuum tube rectifier it was necessary
to proceed on the assumption that balancéd.units could be produced with
naintenanco of high back resistance under temperaturs variaticns,

~eRy4 RESISTORS AND CONDFNSERS

The writer was not 8ble: to obtain subminiaturized resistors and only
a very 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 18 not to be used,
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4,3 MEASURFEIMENT OF THE DISCRIMINATOR CHARACTERISTICS

The test setup which was used to measure the discriminator
characteristics is illustrated in Fig. 31. Two signal generators were used.
Statle charaqteristics wore obtained -with a General Radio 605B Signal Generator
Serial 1968 and a Boonton FM Signal Generator Type 150-4 Serial Ho. 870
was used in measuring the dynmamic characteristics, The Fi Signal Generator
could not be conveniently used for the static measurcments because of the
céntiacted fréqﬁcncy acale.

The vérnier dial of the 605B Signal Generator was calibrated against
a Ferris Crystal Calibrator Model III at 10 kiloeycle points over a
frequency range of 320 kilocycles by beating the two signals together in a
Hallicrafter Communication receiver., This 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 spacings are approximately equivalent to 4 kiloeycles but interpolation
to the neqrest half division was carried out thréughout the measurenments
and the error in frequency 1s estimated at less than 2 kilocyeles.

It may be seen from Fig. 31 that a stage of intermediate freéueﬁcy
amplification was included in the test setup., Tho maximun voltage obtainable
from either of the signal genefators is approximately one volt and a stage
of amplirication was 1nc1&ﬂed to susure that limiting voltage could be
obtained, The anplifier was purposely made broad band so that its efflects
on the range of discriminator linearity would be negligible.

The distortion characteristics wore obtained by measuring the relative
anplitudes of the fundamental and harmonic components of the audio output
with a generél Radio Wave Analyzer Type 736A. The total distertiocn was
taken as the percentage ratic of the sduare root of the sum of the squares of the
harmoniec gmplitudes ﬁo the fundamental amplitude. In most cases it was nét
necessary to considsr harmonics beyond the third in those measurenments,

A cathode ray oscilloscope connected across the cutput was found useful
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for studying the cutput wu?e fera and for mekinzg preliminary alignnment,

The static characteoristics were messured with s Barber VeT.V.M.
todel 37 Seriful 5413, which has a DC input impedance of about seven megchnms,

Phe inrut voliags to the liniter wag measurel with o Ceneral Radio
?.T;V.H. Type 7364 conascted across the amplifier tuned circuit., The
capacity of the inastruments had sore elfoct uzen tho amplifier sclectvity
and it was loft in position tnrcuahqut the messurements, This perved elso
as tuning indicator for the amplifiecr circuit,

The plate and serecn currcats znd the filameat curront of the tubes - .

woro metereod to ensurc that the tubes wers belng operated within the rated value
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4.4 Test Circuit No. 1

The first circuit which was tested is illustrated in
Fig. 33. The amplifier design will be 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
mc/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 ¢ is in
uufs and L in uhs, L = 1370/cC.

4.4.1 Amplifier Design

The amplifier was designed to have a 3 db bandwidth of
400 kilocycles. The gain for a single stage tuned amplifier
is given by Sturley (45) as

I 4§
and the other symbols have the meaning previously assigned.

Gain where €m is the ialve transconductance

The effective Q for a bandwidth of 400 ke¢/s at 3 db
down is then obtained when x=1 or |

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 regquires an additional damping re-

sistance of value given by equation

RaQoQi L —_ Ao .1V |21600 = Y. neoo ohms
Qo— @ WoC za )51 '

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 #olts. 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

008.
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The condensers Cq, C2 and Cz were surplus service
stock of unknoﬁn vintage which were tagged as nominal 27
uuf. Measurements showed them to be approximately 25, 25
and 26 uuf respectively.  The coupling condenser Cp Was a
nominal 470 uuf mica condenser of 20% tolerance.

The apparenfhcoupling coefficient, neglecting stray

capacities, was then anticipated as approximately

k e’____q(:. Cs4 where ¢y = C, (4

Cwm CZ*CS
K = st.(-Z.T) 2 p.o3g0
—3&7 o
For a Qk factor of 1.4, the required circuit § was
then 0‘::;86‘—3'7 and then linear range of frequency under
these conditions might then be expected to be, from AF =_45f§

2Q
approximately . 45kc.

The data on the coils used is indicated in Fig. 38.

The coils were purposely designed for rather large inductance
with maximum 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 sécondary coils. The érimary
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 characteristiq, 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 suprressed 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 Fig. 3b,

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 balénce 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 shows 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 ftor plate and
screen voltages of 2b v shows maximum flatness above the
limiting level indicating that grid limiting is being accom-
vanied by plate current saturation, The discriminator out-
put for the lower values of plate voltage 1s also lowered
of course.

4.4.4 Bffect 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 turmns.

This results, however, in a considerable lowering of
the coi1il 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 § meter tuned to
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4.3 mc/s with a tuning capacity of 33.7 uuf and an appar=-
ent g of 40. This indicated that the requiredytuning
inductance was 1370/33.7=40,6 uh. The secondary coil could
not be resonated at 4.3 mc/s due to the minimum ¢ 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
mec/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
7THF iron core and shell with 38 turns of 3/41 Litz was used.
This coil had an apparént inductance of 45 uh and apparent Q
of 85 at 4.3 mc/s., This apparent inductance was about 127
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 FM Signal Generator was obtained on
loan from RCA Victor at this time through the good offices
of Dr. ¥« S. HOwes, and it was possible to make some dis-
tortion measurements. The network R4Cr 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 Fig. 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

Prévious 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 § at the resonant frequency.

For 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 Q meter test coil to the same frequency, with the unknown
connected and disconnected.

The ¢ meter was arranged in close proximity to the test
chassis and connections made to the required test points by
means of spring cl ips soldered to two-inch leads of No. 18
magnet wire. In making measurements the grounded terminal
of the @ Meter and chassis was left connected and the high
terminal disconnected at the test point. The cavacity effects

of the test leads were thus included in both measurements
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‘and could be ignored for all practical purposes.

‘ Measurements of this nature were made on the circuit
of Fig. 37, The equivalent primary tuning capacities was
measured, with the primary and secondary coils open, for

the following conditions and results:

Equivalent cel

(1) Ccircuit as in Fig. 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 @ Meter and allow the relatively much
smaller test chassis to take up an arbitrary potential.

The measured values of Ceo with the coils disconnected
was observed to be 15,0 uuf., With the circuit opened at
Ay 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 reather
inconvenient since any appreciable variation in the coupling
components requires redesign of the coils to dbtain high @
with the new required inductance values, Since it was de-
sired to provide maximum flexibility to the experimental work,
the circuit of Fig. 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 Cgy; and Cgo. The coupling condens-
er may then be replaced and the condensers Cl’ Co and Cjp varied
as demanded by the design equations of section 3.11l. 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 aligmment procedure would be no more
complicated than with permeability tuning, the procedure fol-
lowed was to set the capacity of Co to the wvalue required by
the design equations and to carry out the alignment by means

of variation of C; and Cs.
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'4,5,2 variation of Coupling Condenser

To examine the effects of.variation of the coupling
condenser Cp, the circuit of Fig, 40, was aligned and meas-
ured with four different values of coupling condenser Chpe
The coils and the condenser Co 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

3
case it follows that Ce1 and Cgoo remain constant. TLeaving
Co fixed for the various coupling condensers results in
some unbalance since the correct value of Co depends upon
Cp» 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 Figs. 41, 42, 43 and 44 for different
values of theiéoupling 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
reaks and the approximate conversion efficiency expreésed
in volts per kilocycle for each of the four coupling coh-

densers used.

Coupling Condenser Bandwidth conversion
Nominal Measured Between Peaks Efficiency
1000 uuf 1070 uuf 85 kc/s 0.2 v/kc
700 685 105 0.2
500 490 145 0.1
200 195 400 0.025



96,

4,5.3 @ 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 Fig. 41 gave results
as indicated below,

easurements of Cel

Q1 and Qy are the unloaded and loaded § Meter readings,
Cq and Cqo the Q Meter tuning capacity for the unloaded and

loaded condition.

Frequency Q Qo Cy Co Ce1
3.06 mec/s 218 100 100 uuf 52,1 uuf 47.9 uuf
For measurement of C,o» the following results were obtained:
Frequency Ql Q2 Cy 02 Cez
3.06 mc/s 218 150 100 78.b 21.5
If we add in the distributed coil capacities as indicated
from Fig. 40, the true values of C, and C,o become;
cel = 47,9 + 5,3 = 53.2 uuf
Ceo = 21.5 + 5.2 = 26,7 uuf
Measurements on the components of the coupling network

resulted as follows:

C1= 37.6, C2 =36, 05'==37.5’ Cm'-=’-1070 uuf
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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
aprroximate manner as indicated below,

4,5.4 Calculation of Coupling Coefficient

The true coupling coefficient is given by

K:: @ - Cle C4e
(C M‘;‘a G-e + G ) (Cyqa +C me\

where Ciqa» Che and Cme are the values indicated in the figure

25 b of section 3.10. Substituting for Cjes C4e and Cpe from

equations a, b and ¢ leads to the following expression for ks
2.
K= (Cy Cy)
LG (C) + Cs5)m)(Clca +(Ca* CsDCim

P— C C"‘- d;

(C:Ch,*.c_ +(:$%3(C Ca . Cu -+<ls;)
Cw Cwn

The diode stray capacities were not itemized in the
measurement, but a good approximation for k may neverthe=-
less be obtained,

Cel“ri— Ci1e2 C1+Cqp
and Ceg‘-_‘-_ 0432 Ca+Cgp

Then k¥ is approximately

K 2

-

c C4
(C C4 4 Ce\\(c Caqa & Ce_a)

Cm
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From the measurements Caq = Cz2Cy - 36(31.5)_ 18.35 snF

C2+C3 3.5

CiCa | ©.L45 pur
Cw

= 53.2 — °
Cel ’ Ce2 26.7 uuf

Then k¥ = 0.0168=0.017

4,5.5 Calculation of Effective Q

The measurements on Cq3 and C,, provide some indica-
tion of the loading on the primary and secondary circuits.
The equivalént damping resistance may be calculated from the
apparent damping of the Q leter.
From 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
(R18D(155¥446) _ G4 Kovums

Ris = Q. —+— =
Q "‘"Q moc s
[N 3 .

Similarly from measurements on C,o the damping on the sec-

ondary

R?._S = 218 (|603C4‘q°3 - A36 Kokms
3

The unloaded primary § is 72 so the effective primary q is

at 4.3 mc/s with tuning capacity of 3.2 uuf 1s from equa-

tion SAa

Q‘ = Tz = 4@.-5
1+ (310D
(53.2 X236 o)
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and the effective secondary @ is similarly

&y = 8‘_ = 47T.b
\ + B3B1co0) 81
C?bfﬂCszeoo

The apparent Q of the circuit may then be taken as ap-
proximately equal to 47,

In the circuits of Figs. 41, 42, 43 and 44, the value
of Ce1 and Cgo are substantially constant. The coupling will
therefore vary in almost inverse ratio to the wvalue of the
coupling condenser used. The effective 9 of the circuits will
not change since the circuit reactance is the same in each
case., TFor the different coupling condensers used then we

have approximately the conditions shown in thé table below:

Cm Approximate Approximate
k Qk
1070 uuf 0.01%7 0.780
685 0.027 1.25
490 0.037 1.70

195 0.094 : 4,38

From the measurements on C,; and Cgo the approximate

value of the p factor is — S'?"2'==0.'7O5. Examindtion
e PYNE |

of the curve of Fig. 18 indicates that this value of p

requires a value of Qk 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 { 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., 1In 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 sm 11 value of the damping resistance measured.

4.6 { Meter Measurement of A C Resistance

cbnsidering equation for the effective primary damp-
ing resistance, and neglecting the tube damping, the damp-

ing resistance is given by

R. =2 a Ry
ls 2 @e+
the load resistors and e is the ratio of AC to DC resist-

where Ry is the DC resistance of one of

ance of Ry. Since R; is 2.2 megohms and f=4.3 mc/sy it

1
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  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 coilvwas 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.

Nominal Frequency N Qo Cy Cq Rage e
R mc/s uuf ulf Megohms R,./Rdc

Megohms
2.2 4.3 233 177 46.45 46.05 .521  .236
2.2 234 174 46.45 46.0 .485  .220
5.6 235 192 46.3 45,90 .735 .13l
5.6 235 192 48,3 46.00 .735 .131
1.0 243 155 48,2 47.8 .291 .201
1.0 843 152 48.2 42.8 . 276  .276
1.0 237 153 48.2 47.7  .294 204
1.0 236 155 48.2 47.7 .305  .305
1.0 237 150 48.2  47.7 .282  .282

As indicated by these measurements the apparent value

of AC to DC resistance is somewhat less than expected.
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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 accuraté (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

.
—_—

N e R -1 o232
2 (zea+ V) #*~ VA

Rig = 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. 4b. The rectifiers

were connected in series with a high Q condenser of nominal

value 1000 uuf. This condenser § 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 ¢ 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 impedancé 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 256 uh 6 uuf distributed capacity.
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crystal Frequency @ Qo Cy Cq Effective

No mec/s uuf  udf Ccrystal
Impedance

1 4.5 me/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 Kohnms
11 128 46.2 195 Kohms
12 160 46 .2 342 Kohns

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 eviéent that there is considefable 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 gheir 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 1impedance 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 reiatively
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 1t 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 Comvonents
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From 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 Fig. 23c, the following estimated values
of,c85 and Cgy Were chosen:

Cgs = D (coild* 5 Gubed+ 3(top load capacity and pri-

mary wiring strays“lSvuuf

Cog™ 5(oil)+ 2(wiring and load capacityd = 7 uuf
The ratio of estimated stray capacities is }% and for equal
primary and secondary tuning stability the ratio of Ce1 to
Ceo should be of the same order. An approximate value for
p is therefore =%— l%——-—o.sgo.

Referring to Fig. 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
Fig. 19, is slightly over the critical vaiue 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. ©TFor a frequency
departure of 40 kc/s at 4300 kc/s the required value of Q is

Q = 0.84 {a3e8) =45
2 {40
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then K = .59 = ©.0333

&2

Therefore ¥k = 0,0333

b= 2kp =0.0471

b - 0.0494
I-b '
d = 4p-2Kp . l.as3 - 2..5
\ — 2Kp ©.495%

With Csg 13, a valiue of C 50 uuf appears to be a
reasonable compromise between maximum reactance and stability.
C:z Cy+C,, and the value of Cg, is not likely to be more
than 2 uuf,

From equation &1

Com= 18 e![i- Csed T

R e—:"'l“ Css
= 5o Y - T(2e | = 786 muf
O.o44 4 o + 13 '

The closest values to Ch 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 Cy from the above

equation. Solving for Cy in terms of Cp leads to

LC\—Q— C [C_sls——CSbA"‘CMb‘l C s = 0
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or ¢

!

Csud + Cn b — Cssx

where Ck T:_‘I_
Mh= Cua b Css
\—- &
A
2
This leads to C.' = =3 +(1\2+51D

From the equations of Section 3.11

Ca < Cla Css —Csed = 5z +13 —14.4 = 24,9 ouf
d z.05 -:-‘ A5 sl
Cy = 2C4Cm &_(ma(aa\c% SHEN Y RV
" Con +Ca 345

Cer = (-2D(C! + css)

= 0.4\53(‘51—* 13)= 6R wnF

Ly = 1310 = 2=2.\V ah
R

ok
ba = 4pL= 47

wWith the component values thus established, it remains

to consider the loading problem. It was decided to use crys-



109.

tals Nos. 4 and 10, which § Meter measurements showed
to have high back resistance, at least for the low voltages
obtainable by the § Meter method.

4.8.2 Dpetection Efficiency

To determine the rectification efficiency and loading
effects of those crystals with various load resistors, the
circuit of Fig. 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
shown that providing the ratio X&:is greater than about 100,
the condenserkwi;l have negligible effect on detection effic-
iency (45) X is the reactance of the load condenser at the
intermediate frequency and R is the load resistance. With
C 50 uuf, X, =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 meésured f&r various root mean square vaiues 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 VE:Eﬁ&“%nd.the results are

shown in Figs. 47 and 48 for theEggz 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 @ of the circuit un-
der conditions of limiting, the plate voltage was set at 45
»volts and a limiting signal was fed in. The @ of the circuit
was then measured by detuning the signal generutor and measur-
ing the 3 db bandwidth. The effective Q measured in this way
includes the effect of the amplifier selectivity but since
this was very broad band, it is of secondary importance. 1In
eny case the ultimate discriminator characteristic depends
upon the amplifier selectivity so the effective Q would be
the same. The effective @ of the primary tuned circuit for

the two crystals is indicated below.

Load Effective @ Effective q Average
Resistor Crystal 4 Crystal 10 Average Damping
Resistance
120k 35 51 33 32k
. 65k
230 49 46 47,5
86
470 54 52 53 k
15
1000 60 56 b8 115k
5 9
2200 62 60 61 139k

Infinite 66 62 64 170k
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with tube damping only, the average circuit Q measured
by the 3 db bandwidth, was 82,

The average damping resistance was calculated from
R.s = Q. Qeﬂ-‘ x.
Qo —Qeﬂ’

Thus for an effective Q of 33, since X = uacL.=Qgﬁ3611-?)= 57T ohms

Rie DB (51TY= 312, 000 chms,
A9

For 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 § 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 b8k : 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 1is much less severe and the secondary g 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
Fig. 49.

A secondary coil was made up with a true inductance of
44,2 uh, a distributed capacity of 5.0 uuf aﬁd an apparent
Q of 85, The true Q, corrected for distributed capacity,
was 97.
were each made up of a 39

The condensers Cl’ C, and C

2 3
uuf ceramic condenser in parallel with a 2-20 air dielectric
variable condenser. The condenser Co 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 Cz as
previously indicated.

Tig. 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 conversibn 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.

Fig. 51 shows the characteristics obtained with no sec-
ondary damning 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 1n either direction.

The distortion consists of nearly equal parts of 2nd
and srd harmonic distortion out to 30 kilocycles deviation
at which point 3rd harmonic'distortion causes a sharp break
in the distortion characteristic.

4.8.5. Cchecking Stray Capacity Effects

To check the actual values of Cq5 and Cse 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 Cgz and Cyy Were measured
by connecting the Q Meter across each rectifier circuit in
series with its associated secondary condenser Csz Or Cy» with
the rest of the coupling network disconnected.

The results are itemized below,

Tube & wiring capacity= 7.5 uuf
Diode Capacity Cgz = 2.8
coil = 5,3
Total Cg5 = 15,6 uuf
secondary coil = 5,0 uuf
Diode series capacity= 1.3
Total Cgg = 6,3
Cy = 49,3 uuf
Diode capacity Cg4~2.5
¢, = 51.6 uuf
Cy= 577 unf

02 = 47 e sa F
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Using Cgg = 15.6 and Cgp= 6.3 uuf the required compon-
ent values were recalculated, and the new components ¢ 1,
and Lo were, Co= 50uuf

Ly= 21.8 uuf

Lo= 43,6 uuf
‘The coils were not changed but Co was changed to 50 uuf and
the circuit re-aligned.

The characteristics obtained under the changed balance
of secondary tuning condensers are shown in Fig. 52. The
conversion efficiency was increased slightly to aprproximately
0.3 volts per kilocycle, the peaks are about 10 kc¢ farther
apart and the range of 2 ner cent distortion is increased
from 40 to 45 kc¢/s.

It may appear surprising that a chahge of only 3 uuf in
the value of Co can produce such a change in the character-
.iétic. This amounts to about a six per cent change, however,
and since Cz 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,

Fig. 53 shows a limiter characteristic obtained for the
circuit of PFig. 52. The fundamental of the audio output
signal is plotted against the root mean square limiter grid

voltage. The characteristic 1s 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 Tinearity

From 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 Cgs™ 15.6,
Csﬁ=‘6.'the required values of C:, Cp» Co and Cz were calcu=-
lated and the results are shown below,

¢! Cn c. Cx

——

A]Q € R4St oA f 58o.uF

The coil T,= 22.1 uh and since Ly=4p by » Ly= 41.5 uh.

The same components as in section 4.8 were used. The
coil L2 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 Cpe C2 was
set to 54 uuf and the circuit aligned as before with ¢y’ and
Cxge

The results of distortion and static measurements are

shown in Fig. 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
p=0.707.

The peaks are approximately in the same position which
is to be expected since the gk factor is the same, 1.5 in
both cases.

4.8.7 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 betier
stability of the cross over frequency.

The secondary equivalent tuning capacity for the con-
dition Qk =1.5, 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 Gk= 1.8,
p=0.556, as taken from Fig 19. The maximum Q was again
taken as 45, using the same primary coil and this calls for
a value of k= 4.8 = 00463 The coupling components were cal-
culated assumin;kgsb=.16 and CSG=-5 uuf and gave results as

below.

e, Cmy Cz Cs

49 452 a1l A wnf

Cy and 03 were made up with parallel condensers of

4T+ 39+2-20 uwuf. C, was set to 91 uuf. The same coil

was used in the vrimary having a value 22.1 uh. The second-
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ary coil required was

Lo = 4p L, = 4(0.‘55‘3(114\ = 7.3 ~4 .

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
Fig. 55 for this circuit. It may be seen that the low value
p used in this circuit has had the etfect of further lower-
ing the conversion efficiency to apyroximately 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 vd ue i1n 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. 1In the circuit of Figure 52 this was antic-
ipated since the design figures were Qk =1.5, p =0.707 and
this value of p as shown by Fig. 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 ¥rd harmonic distortion would be negligible for
small frequency deviations and would increase sharply above
a frequency deviation of about 40 kilocycles. TWhile 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‘Srd harmonic distortion still
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peaked at low deviation frequencies indicating that the
coefficient of coupling was vrobably 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 megnetic coupling was thought
to be a possible cause of this 4 ight overcoupling. When
the coils were shielded with small aluminum cans, however,
the principal effect was a reduction in effective @ which
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 increaseé 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 1s of the order of the departure from theoretical
results obtalned here.

The characteristic of Frig. 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=1.5, p=0.707. It has

a greater range of 3 per cent distortion, however, Examina-
tion of Fig. 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 maﬁt cases the second harmonic distortion was found
to ve fairly constant over the working range and to lie be-
tween 0.5 and 1 per cent, In the capacity céupled 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 aligne-
ing the ciréuits 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 Fig. 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

eTrYor.,

9.2 Bffective Circuit q

The principal difficulty which has been experienced

with this circuit is the difficulty in maintaining high



circuit Q. With shunt loading as used here, it has been
seen that the A C resistance of the load resistors can hzave
a severe loading effect upon the primary circuit. In order
to obtain the required circuit @, it has been necessary to
use load resistors of a value approaching the D ¢ back re-
sistance of the rectifying crystals,

The unloaded coil § 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 inch, so that there
appears to be room for o nsiderable improvement in this
respect.

With higher Q coils. it should be possible to use shunt
loadlng 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 resistqrs.

9.3 Tuning of the Circuit

¥

It has been seen to be hecessary 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, with
perhaps one of the condensers being obtained through a
parallei 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. From
the spare 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
dimensipns 13x2x1 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 desfgh 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 deéign calculations, depending upon the
electrical layout,

9,6 Timiting

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 comple te range of probable
limiter grid voltage, and may be done more readily with a
complete I, F. 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 vplug=-in unit construction seem to be possible but
will require furthervexperimentation 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 designy but this 1s 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. 1In practical application, however, the inherent
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unbalance of the capacity coupled circuit and the difficulty.
of obtaining vrecise Q value appears to wipe out any effect-
jve difference in the theoretical optimum conditions.
10.4

The required coupling components circuit balance and
may be more easily obtained with capacity tuning. Ppermea-
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 @ even with large load-

ing resistors. In application to a complete transceiver
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circuit, the permissible D C resistance in the grid circuit
of the transmitter reactance tube méy limit the load resist-
ance so that higher ¢ coils may be even more essential to

maintain a reasonable conversion efficiency.
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