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CEAPTIR 7

INTRODUCTION

1.1 An Assesament of Fresent Treatments

Perhaps a subject as 012 as mcdulation and demciulation would
neem t¢ offer little more to the investigator than engineering improve-
ment of present systeme or the application of new devicee to an old
protlem., Though this work is pointed to the latter phase, a close
study of the problem <iscloses a more profound need. A survey of the
literature which treste modulators and demodulaters, including the
engineering texts, reveals that most systems are treated as individual
units having little or no relation tu other systems. Furthermore, the
methods of operation are commonly given in descrivtive fcrms--an
approack which can hardly be termed analytical. It ie especiaily
discouraging to find rothing concerning linearity, or worse, to find
s ptatement to the effect that the presence of nonlinear elements at
once vecide any sort of linear analysise, This kind of statement is
certainly miedirected, for it will be shown that any modulation or
dencdulation system ruset be approximately linear in its over-all

operation in order to pe~form effectively. But such is the situation.

1.2 Purpose

The appearance of the transistor and other semiconductor
devices has imparted an entirely new dimension to eystem reliability
standards., The primary otjective here is io extend the application of
these semiconductors to low maintenance rmodulation-demcdulation systems

which may prove useful in nuclear instrumentation applications,

~1-



Hovever, the general picture, as outlined above, indicetes a findamental
need for s gereralized approach to the entire prodblem. Accordingly, the
work 18 convealently divided into three phases:
(1) Creation of an orderiy system cf classificatiun under
which the heterogeneous masa of existing moduiatcrs and
demodulators may be logically studied and analyzed.
(2) <=Estavlishment of the criteria or characteristics neces-
sary for an optimum modulation or demodulaticn systen.
(3) Realization of several of the systems in the optimum

category usling semiconductors, principally transistors.

1.3 Definiticn of Terms

Amplitude modulation is d2fined as the process in waich the

amplitude of a carrier signal is varied with time irn acccrdance with an
intelligence signal., Since this investigation is concerned solely with
amplitude modulation, the qualifying adjective is hereafter omitted. A
carrier is a wave suitable for dbeing modulated, Examples of carriers
inclucde direct current, & series of pulsas, and a sineg.wave, buic the
ainusoid is here picked as the most general carrier function and is used
in all the anslytical work.

Two basic types of modulation systems exis:. Tf tte intelli-
gence signal is represented by f(t), and the carrier by cos wct, the
modulated carrier, ¢£(t)cos uct, i8 obtained by nultiplying “he carrier

and intelligence. The result is called carrier-suppressed modulation

since an intelligence signal of a single angular frejuency w tesults
in two components, one of frequency w, *tw, &enc¢ one of freguency ® -, .
Tre carrier freguepcy is ahsent. If the carrier ie added to the product

ebove, the result ie ordinary or carvier-present modulation which may be




expressed ase [} ’ f(ta cose wct. A component at the carrier frecuency

ie alwaye present. Therefore, the coefficient of cos wct may or may not
contain unity a2 & normalized term. The unit term irndicates the presence
of a zero-gignal out»ut level i{n the system and may repreaent rothing
nore than a d-c source in series with tre irntelligence.

It is fairly well-known that time-—rarving circuit elements,
such ae synchronous commutators and vibrating armatures, can be used to
convert alternating current to direct current. Perhaps not so fully
recognized ie the fact that time-varying paremetere may also te used to
effect modulation. In the latter saspplication, the time-varying parameter
may te any phyeical device in which the conductance can be controlled as
a function cf time. Since the current flowing through such a device is
the product of voltags and conductance, the input voltage ie effectively
multiplied by a time-varying function (the corductance) to produce a
modulated current. Thie time-function multiplier is called the sernsiti-

vity-functicr of the device. Either the carrier or the intelligence may

be used to control the sensitivity-function. If the carrier is used,
the sensitivity-function is periodic at the carrier frequency. If the
intelligence i8 used, the sensitivity-function is rarely pericdic,
usually being aperiodic or random, A common seneitivity--function is the
square pulee, & periodic function which is easily generated with bistatle
elemernts--e.g., diodee, triodes, relsys, ard ewitches. 8inuaoidal
functinne are possible, but are normally odbtained only in the presernce of
pulsed inputs (e.g., in Class C modulators).

Filtering ie almost invarlably asecciated with the processes
of modulation and demodulation. Although the sensitivity-functiorn ie

often nol phyeicelly separatle from the filter, separation for the pur-



pose of analyeis 18 not precluded. The operation of multipiicatic: ‘e
then aseigned uniqualy to the sensitivity-function, multiplicetior. teing

considered synonymous with that vof frequency trarelation, An examnle =f

sensitivity functio: analyeis 18 given in tiie naxt chapter.

Demodulation or detection is defined as the process by which

the intelligence or message is recovered from the modulated carrier.
Demodulation thus also involves frequency translation and subsequent
discuseion shows that sensitivity-function analysis is equally applicable

to demodulators where time-varying parameters are employed.



CEAPTER II

THEORY CF CPIRATION

2.1 General Discussion

.11 Linearity and Multiplication

As stated previously, the over-all cperation »f Yoth mcdulators
and demodulators zmust be avorcximately linear. Ideally the prccess of
modulation involves the multiplicstict of *hc intelligence, f(t), by the
carrier, cos wct, and subsequent additicn of the carrier if carrier-
rreaant modulation is desired. Conversely, derisdulation irnvolves sub-
traction of the carrier, if 1t ie present, ani division by cos wct
(1.s., multiplication by sec wct). The cortentlior made earlier that al).
these operations are lirear is easlly verified. It 18 only necessary to
show that the superposition theorem is applicatle. In other words, it is
necessary tc show that the sur of the responses to two ecvarate excita-
tions, each acting independently, is the same as the response obtained
wvhea toth excitations are acting together., In this connection the tero--
signal value of the responee muet te treated ra though it resulted from
the action ¢f a separate source.

Let eo(t) be defined as the output of a modulator so that:

o_(t) = [:1 + £(t)] con w t (2.1)

The zerc-signel value of the outout is thent

cos w t;
c



the response %o a sigral, fl(t), 1s:
fl(t) cos & t;
arnd the response to a signail, fa(t) 1e:

fe(t) cos w_t.

'3

he evm cf these responses is:

1+ 2.(t) + fA(ti]cos w t.
1 e c

—

Yow consider the case where both excitation sources are acting together.
Whather these scurces produce currents or voltages, their combined input
is that of their eum. This means that the intelligsunce is represented
by the sum of fl(t) and fe(t). Substituting fl(t) + fe(t) for f(:) in

equation (2.1) gives:
o (t) = [} +1.(8) + fe(ta cos w_t.

Conparing the two results, it is apparent that superpcesition appliee, and
since & similar argument holde for the demodulation process, the ideal
modulator or demodulator is certairliy linear. Heunce, the output of a
physical system must be apvroximately linear whether or not nonlinear
elements are oresent. Such a conclusion aleo seems cbvious from the
fact that any product is linear if multiplicend and multiplier are inde-
vendent. Tn madnlatian {ardA mcst demodulation) systeme, not only are
the factora independent, dbut one, the carrier, is sn unchanging periodic
functicr. It 18 true that superpoeition does nct aprly to <ne class of
exiating aystems, tut even ther the cperation mvet be approximetely
linesr over some range if the epparetus is to verform as expected., This

zatter ie discussed further in eection 2.3.



2,18 Cperaticnel Diapgresza

In crder to facilitate the claseification screme which is tn
follow, let "8 consider in more detall the actual operation of modula-
tors and demcdulators. Figure 2.1(a) illustrater the creratica of one
type nf modulator. Threre are two inputs %2 the syestem., Tha symbol ={t),
which characterizes cne of the inputs, {8 used to represent either
1+ £(t) cr £(¢) alone, The otrer inpu* is tiie carrier itself. The
block containing S(t) constitutes the frequency transiating or rmultiply-
ing section of the system. The multiplying functicn, or sensitivity-—
function, is denoted by S(t). Since trhe sensitivity—function may be
ccntrolled ty either the carrier or the modulation, it is functionslly
related to ore c¢f thie two. This functioral dependence is indicated Yy
the subscripts ¢ and m reepectively. Correspondingly, there are two
pcssible outputs from the multiplier: m(t)Scft) or cos wctSm(t). The
filter in the system ie characterized by n(t), its impulse response in
the time domain, The cutput of the filter is then related to the Znput
through the euperposition integral. In practice, a band-pass filter
centered at the carrier freguency ie often used. Under proper conditions,
the filter may be so deeigned that the system output approximates u(t)cos wct
to any degree desired.

The operation of the demcdulator in £igure 2.1(t) followse in
ar analogous way the operation ¢f the moduiator. Hcwever, the input
shown as cos wct ney nct te present at all, particularly if the other
fnrut 48 a carrier-presert signal. In such a case the sensitivity-
function may involve toth carrier and intelligence, This problem is

treated i the appendix.



it sz01ld ne emzhasized that the schevatice in figro 0,0
cheracterize a larze cless of existirg systeme. In fact, the so-cellad
sguare law Jdevices ccrnstitute the cniy clase which cannot te so erhodied.
Figure 2.2 {llustratas tre cperation of a medulsier snd demcdulator 4n
this category. In toth cases some sctt of nonlinear element is employed.
That is, the frequency *ranslating eection multiplies bty virtue ¢’ a non-
linear device rather than a time-varyings one, Though it is custorary to
utilize parabolic nonlinearities, cther more abruptly charging volt-
ammere characteristics are aleo useful. The significant feature ir
every case is the existence of the second order or scuared torm in the
power series expansion of the nonlinasarii:,

The demecdulator shown in figure Z,2 i8 effective only with
carrier-present inputs, tut the mcdulator may be so designed that the
carrisr is talanced out. Hence the output is represented bty m{t)cos mct,
signifying eitrer a carrier-present or carrier-suppressed signal. It
should be noted that neither output is assured to ta distortionless since
the nature of the operation precludes such an assumption. The outputs of
the nonlinear devices are not indicated due to the complexity of the
result. These matters are discuesed more fully in sections 2.3 and 2.4,

2.13 The Princivle of Iquivalence

Upon close inspection of figuree 2.1 and 2.2, one festure
stands out significantly. Neglecting the filter., there is no essential
difference batween the frequency translating section of a modulator and
dezodulator in a given class. The implication is clear that any modu-
lator will treoretically operate as 8 demodulator, and vice verea, with

oroper ~nange cf filter. The princirle ce: be atated formally as follows:
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Arny modulator, exclusive <f the associated filter, i1 demodu-
inte a signal of *the seme form as ite output i1 the irput correenending
tc the intellirsence is antiveted with that signal., The converse ie also
true,

It is nct to te inferred that a system designed ae a mod»lator
will necessarily vrevide a satisfactorv demcdulator, Practical ceoneidera-
tirne may chcw, for instance, that to demcdulete z carrier-presert signal
with a carrier-present modulator requires thet the carrisr te availatle

separately, Cbtvicusly, thie !s nct a practical situaticn,

2.2 Claseification

Ag indicated by the prircivle cf equivalence, it i3 not neces-
sary to meke &n ‘ndividual classificaticn for toth modulatore and demodu-
lators. One treatment is sufficient, Furthermore, the precedirg etudy
hae made it reasonably evident that the classification of modulating and
demodulating systems logically proceeds from the opereation of the fre-
guency translating device., It has already teen vointed out ‘hat two
tasic methods of frequency translaticn exiet, Cne calls for a time-
varying paresmeter, andé the other, a norlineer device. Present nomen-
clature lists a few systems which uee a time-varying parameter, parti-
cularly demodulatore, as linear, but the term is usvally ueed with an
apclegy, since 4% i3 meant tc apply only to the plecewlse linearlty of
a vclt-ampere characteristic. Some authors even express regret that a
power series expansion is nct aprlicatle. No such reservaticne ir the
use of thre tern linear are necessary, tut in zn attempt to avoid further
confusion this writer choosse tc cgll systems smploying time-varying

araneters first order systems. Analogously, those systems which rely

'3
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or rreguency ‘renslatior ere cellod second

—

upon squere law nonlinearities

order gyctens. The namec stem from the dependence of the systen equations

—h .

or. either Yinear {first order) terms or squsve (seccnd order) terms.

A furtlier diatinction seeme necessar;. Until now iittle has beern
3ald concerring the ccival neture cof the sensitivity-—-function. This func-
ticn may oussegs & varlety of forms, the square pulse and square wave being
quite common. Impulse functione aleo appear in practice; in fact, almost
any wave shape is conceivablie, In order to partially differentiate among

these wavefcrms, two subclassificatiornes are made. A sampled data system

is 8ald to exist when the sensitivity-function pussesses snme character-
tgtic distridution of finite irtervals where the function is zero. Sensi-
tivity-functions which exhibit only discrete zero-crossings 2istinguish

e continuous data systems. The periodic square pulse and tha square

wave, respectively, are examples of the two i{;pes of sensitivity-functions.

Exarmzles o the Classification

I. First Crder Systems

1. Con*tinuous Data Svstens

The examples chosen are from modulating systems alone since,
as 18 explained later, most demcdulators of the continuous
data type conslist of two sampled data systetns whose outputs
are added.

a. nicrorhere ir antenra system

T, Wnite eyastem (vecuum tuve in series with antenra)



i
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2. Sampled Data Systexs

Modulators

Class C Amplifier

plate modulated
grid modulated
cathode modulated
suppressor grid.
zodulatea

screen grid modulated

II. Second Crder Systems

Modulatore

a,

b.

Ce

d.

van der Bijl modulator
balanced modulator
bridege modulator

ring modulator

Demodulntors

éicde 2avecter

t. oplate detector
c. &rid-leak detector
d. Ytridge detector
e. Tring detector
f. phase aénnitive
detectors
Demodulators

a. diode detaector
b. triode detector
c. bdridge detector
d. ring detector

Kote: The listing of a particulsr device as a modulator or demodulator

corresponds to conventional applicaticn.

The principle of equivalence

is in no wvay violiated though practical consideratinns may restrict the

inverse application.

The listing of mome devices under both asections I

and II {llustrates that these possess more than one mode of operation.

2.3 Anglyeis

Before it is posesible to specify the prevalling characteristics

of thne two iypes of systems, & uore Ytnoroughn 8haulysls {8 neceasary. A

second order gystem 18 treated first, followed by a firet order systam,



2.31 Anslysis of Secord Ovier System

Consider the diegrem in figure 2.3. Thz resemblance to¢
fizure 2.2(a) 1e apparent. The symtol y[}i(t)g 1s used to denote the
operation of expanding a norlinesr volt-ampere characteristic 1.2 s power

series. EHence,
. 2
¥ [}i(t{é = a_ +a8(t)+ae(t)+. .. .

The power series expansion results in a current, 1(t), so trat 1(t) and

y!éi(ti} are ecuivalent, Thus a_ has the dimensicns of current, 8, hase
L = <

tre dimensions of conductance, etc.
Let e, (t) = £(t) + cos w_t.

In order to show that the output is truly nonlinear, assunme:
£(t) = % cos pt + s at.

2 2

Now the output, co(t), when 1(t) is a unit impulee of current, uo(t), is

defined as h(t). That is,

it]og

e, () { 1(t) = u (1)

(23
P
<
L —

In accordance with the superposi*ion principle, the cutput for an input

1(t), is given in terms of h(t) by:

t
e (t) = i "1(T)n(-7)dT.
(] ,6
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Since 1(t) and y{éi(tz} are ecuivalant,

e () =fyi_ei(‘t'7] h( t-T)4T. (2.2)

Corresrondingly, in the frequency 3dcmain:

Eo(a) =’Z{y[§i(ta}ﬁ(’)' (2.3)

Zguations (2.2) and (2.3) completoly describe the syatem in terms of
n(t), y[}i(ﬁﬂ , and their Lapiace transforms.
As a specific example, let h(t) = Bu (t) so that the filter

1s a pure rasistance, R. Equation (2.2) becomes:

o (t) = n/'y&(fc?]uo(z_r)dr.

Because of the impulse present, the intsg~al ie easily evaluated as,
eo(t) = Ry[e,(t)].

Substituting for ei(t) in the series:

-
=

cos pt +

ec(t) = R[}o + al(

+ 32(

cos qt + cos w_t)

N}

coe pt + % cce gt + cose wct)e + ..j}, (2.u)

—



~a.

Exrarding equetion (2.4) end c-llecting terms!

( 3a. cos Jw %
2 t + co t  a_, c
so(t) = R {Lao * T + alcoe P > cos Qb + o9 3
i t + =
*]a cos w .t  coe (wc p)t + cos (wc Pt
1 2
e 2
+ q)t + w0 - ‘|
+ g c08 (w +qdt + cos (wc q)iJ+ 555 Bt % ek, Pk
2 e
2 g
b
+ a.cos (p+ gt +cos(p-qt + ...°% g 12.5)
[ h J

It 18 now apparert that the output, eo(t), does not satisfy the linearity
requirements of the superposition theorem, since a sirmnle addition of the
outrzuts resulting with cos pt and cos qt cornasidered separately would rot
vield any intermodulation producte such as those appearing in the last
term of equation (2.%). 1Ir fact, the only desiratle terms in this equation
are those shown in square drackets, because they result from pure multipli-
cation of 1 + f(%) and cos wct. Tre other terms represent Zistortion of
one feorm cr another,

The entire spectrum of equatiorn (2.5) 18 shown in figure 2.4,
The frequency spread tetween the dotted lines at fg and zfg represents
the maximum permissible bandwidth of the modulatoi. Thleelimitation is
imposed for reasons now to be given, It is evident that the frequencles
p and w, - p are both present in the system., If p:>;£, then w, = P<P.
In order to pass the complete modulated wave, the filter must be desigred
to include w, = P and hence would include p ir the pass band. But p,
itself, 48 an extraneous frequency; to eliminate it fron the system, the
lower frequerncy 1limit of the moduvlated carrier is fixed at ;g. Corre-

spordingly, the upper frequency limit is set at Efg. Kad third orler or
e
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cubted terms in the series expaneion Tveern considered, the frequency 2wc -r

- . o
weuld neve mppeered. If p> ~¢, then w, v E >~2wc - P. The latter fre-

n)

quency, being extranecus, is eliminated cnly by limiiing the ugper Jrecuency

of tre rodulated-carrier to 3mc.
2
A filter can presunedbly bhe designed to 2t ovrte within the 1limits
w Jo o .
_¢ and 7 ¢, tut notice that the intermcduistion term invelving p + g, and
2 2

the second harmonic terme :involving 2p and 2q may easily fall within this
range. The intermodulation terms are half as large in magnitude as the
desired sum e~d differ .ce frequency terms, but the filter cannct discrimi-
nate against ther. Apparently, no limitation on thre bandwidth or filiter
responss of a second order system can ensure cdistortionless operation,

2.32 Analysis of First Order System

Figure 2.5 illustrates a first order modulator, The sensitivity
function, S(t), may be regulated by either tre carrier or the intelligence.
If 5{t) is controlled by the carrier, then ei(t) represents the intelli-
gence, and vice versa., The sensitivity function is convenlenrtly expressed
in the time domalin and ie equivalent to the total input admittance pre-
sernted at the terminals 1-1'., The effect of the filter must be included.

Defining 1(t) and h(t) ae bvefore:

i(t) = ei(t)s(t) and
A"
0 () / LT)n(t -T)aT. £2, 6)
°
Lelh) = /’eimsmm 1) e, (2.7)

o]
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In the frequercy domain:
Eo(s) = Ei(s)@s(s)ﬂ( 8), (2.8)

wiere the symtol ® is used to denote complex cenvolution, Equaticns
(2.7) and (2.8) both give the ccmolete solution.

As en example, ccnzider the simple keyed mcdulator in figure 2. 6.
The key is assumed to te closed during the vositive half of the carrier
cycle and oven 2uring the negative half, yielding a sensitivity-function
like that sncwn in figure 2.7. The impulse resnonse of the resistive

filter is:
h(t) = Buo(t).

Let o,(t) =1+ %cos pt + %coa qt.

Frcm equation (2,7):

o () = [ e (MSIR (¢ -T)aT

= Re;(t)S(t).

Expanding 8(t) in a Fourier Serles,

8(t) = %[:%4- ;2-; (sin wct + -15 sin 3wct + 1‘,

= 1 1 i.,¢2 1 3|
;.eo(t) =(1+ 5 cos pt + > cos qt)[; + = (ain w t + 5 sin Jw b + ..ij
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Multiplying outt

-

,
eo(t) = 3 + ﬁcos pt + %cos at + % sin wct +

)

- sin(wc - pit + sin(wc +g)t + sin(wc - gt + ..Z] . (2.9)

The spectrum of equatior {2.9) is shown in fisure 2.8 The bandwidth is

8till fixed between fg and ch for reasons comparatle to those given

2 2
for the second order sysetea, but note that harmonic distorticn and
intercemodulation distortior are not present, Tre modulator is truly

linear.

2.4 Optimum Systems

2.41 Application

The choice of modulation-demcdulation system is governed to a
congiderable evternt by the application. Ordinary or carrier-present
systems are employed where distant communication with a simply tuned
raeceiver 1s desired. The zero-signal level of the cearrier-uresent wave
corresponds to a d-c¢ level in the output of the demodulator. Therefore,
the null characteristics of the 8system are ouite sensitive to fluctua-
tions of the carrier amplitude. In servomechanisms employing a-c data
transmission, the carrier-present system is not a good choice tecause of
the voor null characteristics. Carrier-suppressed systems are necessary,
Additional complexity is encountered in servo srplications because of
the leg introduced by the filter. Is general, the application detcormines

the choice of system and the filter design.
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2.42 General Consiierations

Withcut reference %o any particular application, much can be
s
said about optimization of the svatems, First of =sll, a resume of %he
selient features cf bYoth types of systems is given.

Characteristice of Second Order Systems

(1) Dependence uzon a nonlirear ~olt-ampere characteristic.

(2) Superposition dces not hold.

(3) 1Intermodulation ard harmonic distortion are inherently
present and cannct te filtered out.

Characteristics of First Order Systems

(1) The existence of a sensitivity-function implies that the
system eguations involve time-varying coefficients.
(2) Superposition is applicable.
(3) Uzndesired freguencies generated can readily be filtered
out if the intellizence frequency does not exceed %wc.
Characteristice (2) ard (3) under secend order systems are certainly
undesiratle, In addition, the useful output of smich a system is nearly
alwaye low because the nonlinearity involved often amounts to no more
than a perturtatlior correction.. For these ressons second order processes
are ruled out of consideration for high-performance optimum syetams.
Since first order units may also contain nonlirear elaments,
it is clear that intelliigence and carrier must be isolated if intermodu-
lation distortion is to avoided {i.=2., no voltage proportional to the
qun of £(t) and cos wct snould te present enywhere in the frequsncy
translating saction of the modulator or demodulator). This critericn

ie usuelly satisfied by suppressa2d-carrier modulators and phase-sensitive
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detectors which are thus inlicated ae the =3t desira®lo of firet crder
syatems.

If carrier-present moziulation ie used, the carrler {tself ls
noct aveilable as a separate input to the damecdulator. Therefore, the
sensitivity function in a first order demodulator mav te functionaliy
related to tToth carrier and intelligence. Whan such a functionai re-
lationsnip exlists, distortion due to nonlinearities present may te re-
duced in two ways: "swamping" the norlinear resistance with a linear one,
or keeping the percentage modulation so low that S(t) is nearly independent
of f(t). Both methods reduce the useful cutput--the ‘inal desisn must
represent a comrromise,

2.43 Seneitivity-Functions

The ideal modulator mi:ht seem to be one in which 3(t) = cos w t.
With such a sensitivity-function, no filter would be required. However,
the difficulties in obtaining a physical realization of this function are
overwhelming, at least they are greater than those encountered with a d-c
amplifier--a unit the designer may be trying to avoid with a modulator.
On the demoduiation side, the ideal S(t) would seem to be sec wct since,
again, no filter would te necessary. 3But consider what happens whern
this function 18 used to demoldulate a carrier-suppresszd signel which con-
tains noise. The eystem input becomes fn(t) + f(t) coe w i, where fn(t)
represants the noise component of the input. Multiplying by sec wct,

[? (¢) + £f(t)zo8 @ tlsec w t = £ (t)sec w t + £(t).
n c ] c n c

The secant function becomes periodically infinite, producing an infinite
error in the presence cf any roise, no matter how azall. FHence this

fanction is ruled out from the start.



A great number of sensitivity-functions cculi s ccnsidared,
but from the peint of view of phrsical reslizatlcn with predominantly
bistable elaments, those functicns -hich precduce & samnled data syetam
aro the most feasible, The outruts of two such systcome may be so added
that a continuous data syster is acnieved. For example, suppcsa that
the sensitivity-functicns of the twc syetems are periodic square pulses
with perlod T and pulse-width %‘ If one gensitivity—function is the
negative of the cther arnd 180° cut of thase with {t, the combined systenm,
wnere the two cutputs are asdded, will vossess a asquare wave ssreitivity-

function, As pointed out before, the square weve characterirzes a con-

tinuone data system.



TRANSISTOR MCDULATORS AND DEMCDTLATORS

3.1 The Transistor as a Controlled S-neitirity Device

3.11 Grounded Base Operation

The large-signal equivalert circuit ¢f the grounded hase tran-
sistor, shcwn in figure 3.1, is ncw common to *he litersture. The loop

equations descriting the tehavior ¢f this network are:

Ve = (g +n)lg+nl, (3.1)
Ve = (ry+aer)le+ (r + r )1, (3.2)
L
where! @ = O-+'r—\1—-°-)
c
I
A 3 c)
and a x - 3tz vc

From these equaetione and the equivalent circuit in figure 3.1, it ie
possible to determine four complete sets of characteristic curves. Of
chief interest here are the linearized collector cheracteristics shown in
figure 3.2. Apvlying the nethod of break-point analysis, one observes
that the emitter diocde switches when tlie current through it is zero.

When I; = O, equation (3.2) becomes:

¥, = (rb + rc)Ic. (3.3

Zquation (3.3) is tne line GC in figure 3.2.

=23
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The collscter diode switches when the current through it ie zero.
Tnis condition impliee that: -
I = G&IE -

¢

Accordingly, ecuation (3.2) yielde:

o]
w - —
7, = (ry + afrc)ﬁg + (rb + rc)Ic
or: Vc = Icrb(ae -1) . (301‘)
Qe

Equation (3.4 is represented by the line OB in the dlagram. The aree
wiihin the iines (& and OC corresponds to the active regicn of the
transistor.

Wow consider that the sources shown in figure 3.1 are ectually
attachad to the transistor, The source, I, is meant to represent orly e
quasi-current source. That is, 1t specifies the currert in the pcsitive
direction uf 1g, dut carrot force negative current through the emitter

diode. For the collector circuit, one can now write the equation:
= - 2] = + . L -
v 1B -V  +7 (3.52

Fquetion (3.5) is shown as tte 1load line AD irn figure 3.2. It is seen

that a change in source voltage, Vs, shifts the load line varallel tc itself.
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At eny instant, the operating pointv Is gpecifisd by the inmtersection or
this line and the corresponding instantaneous emittsr current., If the
emitter current is large, however, the operaiing point is determined by
the intersectish of the load 2ine and the Iine (B--point A, for example.
From equation {3.4) mnd t2.5), %he coilecter current is then determined as:

— SR~ + = PO
Ich vcc VB Icrb Qg

or: Ic =, {= vcc + VB)IQ& (3.6)

and the output voltage is:

Eouation (3.6) is valid [}rom equatione (3.2), (3.5), and (3.68 1f:

I. S ch =Ty Vo= s . (3.7)
g = GfBL + I‘.b(aaé - 1) G.E EL

"

One concludes that if I. is sufficiently large, the maximum
excursion of the collector current is linearly related to the source
voltage Vs. Such a sour:e méy be saild to control the sensitivity-function
of the transistor. If the current source; I, produces a sinusoidal wave-
form, the emitter current is rectified to a perlodic pulse. The ountput,
€y is then a periodic pulse whose peak sxcursions are controlled by the

voitage'V8—4 a process of controlled pulee clipping.  Though the



sensitivity-function 1s continuous, the presence cf the pulees is indicative
o7 a sampled data syatem.

2,12 fGroundad Dmitter Operation

The large-signal equivalent circutt of tre zrounded emitter

transistor is shewn in fisure 3.3. The pertinest looo equatione arve:

1>

T - | s -
Vo™ (Te= aErc);b + [EE + (1 - aE)rEJIc (3.9)

The linaatized coliector-emitter characteristics aptropriate to equation

(2.9) appear in figure 3.4, Noting that the emitter diode switches when:
Ip = - (1, +1) = o

or when: I. = -1
b c’

equation (3.9) becomes:

v = rlI. (3.10)

Tne slove of line OC is thrus rc. If Ib = 0 in equstion (3.9), the slope

of all constant base current characteristics is fcund as rp + (1 - ae)rc.

The collector diode switches when!

"t
i

'O'CIS ’

1 S a I o~
or: I - _.______5)_2 C LA ll)
= b ae



e

-28-

N rb r. +
Vb Igt fe VCQ
O -

FIGURE 3.3 LARGE-SIGNAL EQUIVALENT CIRCUIT OF
GROUNDED EMITTER TRANSISTOR

~Vee Vs ~ SLOPE IS & Ve
RL / e

SLOPE IS
r€+(l-m€) rc

| SLOPE IS r¢

~(~Vee+Vy)

Ibz"Is Ib:'I4

Ip=-l3 Ip=-lz Ip=-T 1,20

lb:lil
C

FIGURE 3.4 LINEARIZED COLLECTOR-EMITTER CHARACTERISTICS



o

Sutstitutiag tor Ib in equation (3.9):

re 1 i
Vce = &%, (3.22)
Qe
indicaiing that the slope of line OB is fi :
ig

Applying the same sources used in figure 3.1 to the circuit of

figure 3.3, one may write:

= - - 2
vce ICRL Vot ve, (3.13)

Simultaneous solution of (3,11} and (3.12) yields a coilector current at

point A of:

) G 2 . {3,14)

Equauticn (3.1%) is valid [?rom equations (3.9), (3.12), and (3.1ﬁﬂ if:

Ib < (1 - a)( - vcc * V') ~ (1 - e - vcc * V‘) (3.15)

afaz + 1, °ERL

Trhe sense of the inequality is determined by the condition that Ib is
negative.

The voltage source, Vs, is seen ic control the sensitivity-
function of the transistor in a fashion exactly aralogous to that pre-
viously explained--that is, it contrcls ths peak coliector current when

1. is sufficlently large.

b



Fquation (3.11) indicates that if a55~1, the tase current muet
be positive befcre the collecter dilodle switchae--lc heing alwave 5.egative,
But in thie rsgion of figure 3.“, the 2oad line does not intergect ths
line OB, Therefore, point contact transistoras (for which &g is nsunlily >1)
are not roally suited to thias kind of applicaticr.. This fact has been

verified experimentally.

3.2 Carrier-Present Systems

3.21 Single Tranaisior Modulators

The dealgn of the circuit in figure 3.5 ie based upon the con-
cepte just discussed. In the emitter circult a current source is simu-
lated with an oscillator and 27K iresistor, The input current, since no
bias battery is used, is rectified by the emitter diode to provide a
periodic pulse as shown in figure 3.7(c). The transient decay evident
there 18 due to the capacitance inherently associated with the emitter
diode. At higher frequencies, this caracitance osgins tc nullify the
pregence of the diode,

The scurce ~f modulation in the collector circuit operaies
about a constant level of thrae volts whick provides a zero-signal output
level and indicates the existence of a carrier-present system. The modu~
lated pulse which results from the action of this source is converted to
a sinusoid by a simple parallel-turned circuit. Sharp tuning and wide
bandwidth are not available independently. Both are functions of the
damping ratio,$, which is celined as 5%'f%g. For practical applications,
a damping ratio of 0.2 is found to strike an adequate compromise, giving

a bandwidth of about O.uwc.



Tycical output voltages of the-system are shoyn in *he oscillo-
graphs of fisures 3.6 and 3.7. The waveforms in figure 3.6 were ootained
with a Western Electric 1698, type 4, point contact tra-sistor; those in
figure 3.7 with s Eaytheon CK721 junctibh transistor. There appeared to
be very_;it_}g difference in the frequency response of the two typgs of
tranéistérs, a éarrier of 50KC representing very nearly the upéer hglf
power frequency of both units. This freguency mey seexm unusually low for
a point contact transistor, but the lossy natufe of the tuned pircuit par-
ameters;used is at least partially reéponsible fof the low freq&eﬂcy cuﬁ-
off,

7 Figure 3.8 illustrates the conﬁection of a junction transistor
for groundédiemitterecperation; The-oscillographé.in figure 3,9 are typical
outpufs. One interestingmfeature of thia'modulatof is the waveform resulting
from overmodulapion. When.va exceedé Vcc{;the collector current finds an
easier path to ground through the base édhnection than through:ﬁhe'back
directlon of the emitter diode. GConsequently, the base current ;emains_
negative, and Vc and Ic become positive,'resulﬁing in the nonsymmétrical,
double frequency envelope shown in the sketch of figure 3.10.

In modulators of this type, the envelope of the modulated wave
may evidence flattening of the peaks. Th;s effect may be attributed to
insu_ficiénf emitter or base current. Uéing the emitter current in illus-
tration, equation (3.7) indicates that the effect may be alleviated.in
three ways; increééing‘IE, increasing By, or decreasing V.. Allowing
100 pércent modﬁlation (where v, é; - véc 1s the extreme value of_Vc)

the pesak value of emltter current, f}, must always fulfill the inegquality:
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The advantage of the grounded emitter circult is apparent from the fact
that the atove value of input current is reduced ty a ractor of {1 - GE).
3.22 Distortion

Dve to the assumptiorne mads in using linearized characteristics,
1t =m1ght be thought thet scuare lswv medulatiorn could assume large propor-
tions in the operations described atove. However, actual measurements on
a Generel Radic Yare Analyrer have shown that harmoric ard intermodulation
distortion are less than 2 percant fcr point coastact transistors, ard less
tksn 0.8 percent for Junction transistors. These measurements were made
on 100 percent modulated carriere, indicating much less distortior than
would be expected fiocm a aecond order process. It is also evident that
Junction transistors excel point contacts in linearity of operation.

3.23 Single Transistor Democdulators

Considering the principle of eguivalence, the circuits of
figures 3.5 and 3.8 may seem logically capable of demodulation. Unfor-
tunately, they are not, uniess the carrier {s available separately. In
carrier-present systems the carrier is an integral part of the input
wave and hence rarely available independently., However, these circuits
do possess the property of rectifying the input voltage. By "swamping"
the nonlinear resistance variation of the emitter diode with a series
resistance, both circuits may be mndified for use as demodulators,
Appropriate connections are shown in figures 3.11 and 3,12 togetrer with
gui table filtere, The advantage of these circuits over a simple recti-
fier circuit 48 one of gain, the grounded emictter connection *eing the
most useful in thie respect. Depending uron the transistor and the
connection, tests with a 30KC carrier have indicatel that voltage gains

betwaen 5 and 20 are pcssible. At higher carrier freguencies, less



filtering is required because ¢f tnhe frequency limitation of the units,
Witk a carrier of U megacycles, for axample, demodulation of audio fre-
quencies 18 axcellant using no capacitance at all,

3.24 A Modulstor Usirg Comulementarv Svimetry

Tro axistence of compiementary units among transistors is a
unique property ol junntion types e2lcrne. So far, only FAT units have
been considered., The circuit or figure 3,13, ho.ever, makes use cf bcth
a PXP trereistor and its complement, an FPYX transistor, The two varieties
are digtinguished by calling trhe first an n-type and the second s p-type.
The difference in the characteristic curves for the two 18 only a matter

of

sign. If two such units are perfect complwments, the characteristics
of the p—typs unit may be ottained from those of the n-type unit by pre-
fixing all the parameiers involved with a minus sign. The collector
characteristics for the p~type i{ransistor, therefore, lie in the first
quadrant of the Vc - Ic plane. It is this complementary property which
permite construction of a push-pull circuit without a phase inverter on
the input. Figure 3.13 shows such & circuit. Fotice that an output trans-
former is nissing. The transformer present is necessary for the modulation
input.

Either grounded base or grounded emitter (1llustrated) connec-
tions may be used, tut the advantage of greater gain in the latter makes

g The oraration cf the circult 4o cesgentially the game ag

4

e d
g ]
[+}]
Yy
[4}]
4]
4]
C
b
[¢]
.

+that of the single transistor modulators rreviously diecussed. As ex-
pected, the output 18 no different in form from those shown in fiures
3.6, 3.7, ard 3.9. Eence no pictures were takon. The edvantages obtaired,

however, are twofold. 7First, the output voltage 18 doutle that of a
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8ingle trernsistor circuit tecauna con*ro) is sxerted upon a full wave Tulse
rather than a half-wave one. Ir other words, we now have a corntinuous data
systen., Second, the filtering prohlem is simplified. The fact that the
inpul trancioroer ueald in the exXperiuental ssi-up sxhitited reeonance in
the range 30-5CKC remcved tha necessity of other filtering in this band,
There are sevearal disadvantazes to consider. Untalance in the
input, which zmust be compensated by one of the input resistors orecludes
free interchange of transistors without redalancing. The transformer
secondary must pass & small emcunt of quiescent current wlthout core
saturation. Lastly, the frequency response is l!mited by ar upper half-
power point of about 5CEC, at least with the transistcrs used.(viz.
Reytheon CK721 and Federated Semicorductor RD2520). Although the circult
cannot te used as a carrier-present demodulator without a separate carricr
input, it does represert, in the writer's opirion a very fine carrier-

present modulator in the optimum categery of classification.

3.3 Carrier-Suppressed Systems

3.31 Balanced Circuits

Several attempts were made to design circuits to give a balanced
output; that is, to balance the carrier from the output completely. In
every case, two transistors are reguired. Furthermore, accurately bal-
anced circuits call for closely identical units. Unfortunately, pro-
duction standards for transistors have not reached the point whaere one
unit 16 a reliable replica of the next. Parameter values may vary con-
sideradbly between units, All the circuits constructed to provide e pal-
anced output clearly exnitited unbalance, and nc amount of compensat:on,

either on the Inputs ¢r on the cuiputs, completely eliminated 14. Hencs,



none of tre syetsme designed gave any promise of practical uesfuinaess,
Attempts to valance out ths carrier were drcpped ir fawar of othaer methods,

32,32 Th: Complementary Syrmetry Circuit

4

Tha circuit of figure 3.13, which was used to cttain enrrier-
present moduletion, can also be emploved as A carrier-suvpressed modulator
if carrier and modulation are interchanged. Agsin either grounded tase or
grounded amitter cornrections may be used, tut the lattsr {is preferred es
bYefore. For clarity, the circuit is repeated in figure 3.1U4 showingz the
proper connection of sources. Control of the sensitivity-furction remains
with the modulating signal. To vnderstand how this comes about, consider
the set of collector characteristics shown in figure 3,15, It is reces-
sary to consider only ore of the transistcrs at a time, becausns the modu-
lation specifies which unit may conduct. If the modnlation voltage is
positive, the p-tyrs transistor permits collector current to fiow. If
the modulation vcltage 1s negative, the n-type transistor permits collector
current to flow. Assume that the modulation voltage is positive 8o that
the n-type ¢ransistor maintains control of the output. Thc characteristic
curves of figure 3.15, and the associated load line, are then applicable.
The carrier voltage at each hali of the transformer secondary must bhe
maintained at a constant peak-to-peak value of Evcc volts, This restric-
tion 18 imposed to insure that the output from eacl. transiesvor reeches
ground level. The carrier forces the lcad ling 4c move parallel to 1taeif
with a peak tc psak excureion on the voltage axis of 2Vc” volts., Now if

the base curresnt has some velue, - I,, the collector current will pericd-
ically saturate at some value,-Ic2 (aesumiug infinite slope for tre con-
stant base current curves). It follows that the maximum cxcursion of the

collector current is linearly related to the vage currant, in so far that
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constant bYase current curves are equally sraced on the collecter plare.

base current thus controls the senaitivity-funection cf the tranalster,

4

7

e ¢peraticon of the p-tyre transistor, vhen the base current is positive,

oo

8 precisely that of the n-type if the signs of all quantities are reversed.

Typical outpnt wavcferms cof the half-wave modulator are shown in
tre oscillographs of figure 3,16(a) and (D). [} full-wave output could be
obtained with an appropriate fiiter (e.g., a parallel-toned circuiti] It is
apperent from these pictures that conduction of collector current takes
piace during a consileradble portion of the carrier cycle. The "off" time,
or the time during which lhe collector current is unsaturated, is the time
taken for the carrier to move the load lire from point A (in figure 3.15)
%o point O and back again., The remeining portion of the carrier cycle is
callad "on" time., The complete distribution of "on" and "off" times is
shownh in figure 3.17.

The modulator will pcrform equally well as a phase-sensitive

detector, if the input used for the modulation is used as the input for
the carrier-suppressed signal, and a low pass filter is placed at the out-
put. The way in which the circuit operates is unchanged, the base current
simply varies at a faster rate. A typical output from the demodulator is
shown in figure 3.16(c). The long sampling time, corresponding to the
long "on" time, still obtains. In the modulator, this property introduces
no othaer d1fficulty ther thet involved in filtering the output to a sine
wave (if such 18 desired). In a demodulator, however, this long sampling
time may te = serious drawback if quadrature voltage is a problem. Quadra-
ture voltage, which ie usually introduced by phase lag in the modulator, is
a maximum when the carrier voltage 18 zero. If a demodulator conducts dur-

ing *his portion of the carrier cycle, as thia one does, the cutput is
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adrersoly affected by the gquadrature voltage i rasent., If quacdrature voltage
is not present, long sampling %time is an advantage, 8ince the filtering
prehlem is eased, That ie, there is more iaformation avallabie per unit
tine, and subsequent demands on the filter are reduced. The demodulator
then, is primarily useiul whasre guadrature voltage is not icporiant., The
gain obtained by using the base as tha irpul tor the carrier-suppreased
signal may also prove advantagsous,

3.33 The Schreiner Dual Circuit

The Schreiner circuit, shown in simplified form in figurs 3,12,
has found fairly wide application ae & phase-seneitive detector. The
esgential portion of the circuit consists of two triodes connected plate
to cathode and cathode to plate in parailel. The dual configuration in
transietor circuitry is simply two %*rensistors connected collector to baso
and tase to collector in series. The dual concept employed considers the
following terminals as analogous: collector and plate, emltter and grid,
base and cathode. The complete dual circuit appears in figure 3.19,

The operation of the circui® as a modulator is best understood
by considering the switching characteristics of the tranelstor combination
involved. It i8 neceesary to keep in mind the large-signal equivalent
circuit of the grounded base transistor shown in figure 3.1. When the
carrier voltage i8 negative, no emitter current can flow in either tran-
sistor, Consequently, if the modulation signal is pocitive, it is faced
by the forward rssistance of the first collecior diode, the two base re-
sistances in series, and the back resistance of the second collector
diode., The latter resistance is 80 large that no appreciable current can
flow to the load., If the modulation signaul is negative, tre roles of the

two transistors ars reversed, In eiiher case, no appreciadle output is
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obtained. When the carrier -oltage becomes pesitive, emitte™ current cac
flow, and eltrer transistor permite negative collector currert to flow.
Regardleas of +re sign of the mcdulation voitage, it is faced now only
with the sw: =f one base resistarce, the 1orward resistance cf cne col-
lector diode, and the small amount of resistance indicated ne rb(uﬁ - 1)

e
in figure 3.2. If the emitter current does not 1imit the amount of modu-
lation current flowing, the transistor combination behaves very much lixe
a switch being turned ¢£f and on at the carrier frequency. ThLe carvier,
tr.en, controls the sensitivitvy-function of the system.

It is not possible to obtain any sort of gain from the circuit,
tut the peak output voltage may be expected to very nearly approxinate
the peak input vcltage. Scms typicel output waveforma {cr the helf-wave
modulator are shown in figure 3.20. The last two photographs there in-
dicate what happens as the carrier frequency i1e increased, That is,
the tack resistance of the collector diodes begine to decrease with in-
creasing frequency. This apparent decrease in resistance may be attri-

buted to the capacitarnce inherently asscciated with the collector diode.

Experimentally, the combination cf transistore performed well to only 10KC,

As expectad from the principle of equivalence, the circuit alsc
operates as a demodulator., It is only necessary to use the modulation
indut as the input for the carrier-suppressed wave. No change in the
reference irput, or carrier input, is required, Hence the carrie; main-
tainse control of the sensitivity-function. Tyrical waveforms from the
output of the demodulator are shown in figure 3.21. Though not indicated

in the diagram, a 0.04 uf cupacitor was used as a filter acrose the

load,

-~
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tfffquaa?aturpwvdlt§geiis-a.pfbhlgm;-$he dsmodulater is egpecially

useful,;igglEfﬁge Schreiner demodulator; if the syetom is switched by an im-
pulse: atthe peak of;the;cgrrteffvo}tagé'?i;ériiwhere quadrature vcitage is
‘zgero). An jmpuiee of emitter Turrent may be approximated with a long-time-
constant R-C civcwit. The caspacitance:is placed in series with the emitter,
and the resistance ie bridged from emitter to base. The capacitor maintains
ite voltage by drawing a spike of -current &t the carrier peak, thus actuating
the emitter.

The full-wave complement of the preceding circuit is shown in
figure 3.22. This system was evolved simply by adding the outputs of two
half-wave systems with due consideration -for the sign of the voltages pro-
duced. * The result, ol course, ‘18 a continuous data system. Figure 3.23
41lvstrates the:type: of modulation to.be expéctad ana9 incidentally, the
excellsnt results obtained at the lower carrier fregquencice. At higher fre-
quenciés (about 10KC), diesymmetry between successive positive and negative
peaks of voltage becomes a problem. The cause may be ageribed to differences
in parameter va}ues among the transistors and, particularly, to differences
in the capacitance associated with the verious collector diodes.

Yo filter is shown iu any of the circuits and none was used in
any except that of the demcdulator. However, éimple band~pass filters
centered at the carrier frequency should suffice for both modulators. The
advantage of the full-wave modulator over the halwaave one redts in the
fact that filtering is simpler, eince more information is provided per unit
of time. The full-wave circuit may be used as a demodulater, but the addi-
tional informaticn obtained is probably not worth the extrs equipment re-

quired,
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Interchange of modulation énd carrier in the full-wave circult
will also produce a carrier-suppressed output, Put no decided advantage is
gained in making the change. From the point of view of cbtaining good null

characteristics, the method indicated is preferred.



CEAPTER 1V

CONCLUTING H3}'ARKS

The e~perimental work deacribed in Chapter I71 was concerned
mainly with resiizing & few modulation-demodulation systems which utilivs
transistors aes time-varying parazsters. In order to Ve of practical
value, these syvstems must at least compare favorably with other systems

in current use, In this chapter, such a comparison is vndertaken.

4,1 Frequency Resvouse

The fraguency response of the circuits developed must presently
gta.d as a fundamental iimitation in their application. All cf the cir-
cuite employing single junction trarsistors exhitited an upper half-
power frequency of approximately HUAU. Admittedly, no special pre-
cautions were ‘aken with regard to careful wiring, short leads, and
shielding in order to ensure good fremen:y response. For this reason
the helf-power frequency of the circuits lescribed could probadly be
increased by a factor of two or morz, Reyond this point the response is

limited bty the intrineic nature of the transistors themselves. Altrough

this frequency limitation represents a feirly serious drawback in com-

future units will possess a greatly extended response range. Hence the
half-pcwer point limitaticn zay be interpreted &3 a temporary aituation,
the ecircuits in question finding use in the higher freguency ranges when

an!table transistors become availatle,
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Currently marketed point-contact transistors do .not show cut-
off until the megacycle renge is reached. Unfortunately, these units
cause considerably more disterticn in the systems described than do Junction
transistors. For this reascn, their usge is not recommended,

In circuits employing move than one transistor, a very serious
difficulty is encountered. Differences between units beccme accentuated
with increasing frequency. This fact resulted in a frequency limitation
fcrrihe Schreiner dual circuit of about 10KC, ard prohibited the use of
transistors in any sort of circuit intended to balance the carrier from
the output. -But considering the state of technology in the ‘area of tran-
siator“manufactufe, it ig not unreasonable to expect that more-uniformity
of product ie forthcoming.

In summary, no real apology need be made for the fact that the
circuits-‘developed are at present useful only irn low fregquency applications.
Considering the comparstively short time that transistors have been avail-

able, their development is about as advanced as can be expected.

4,2 Engineering Adventages and Disadvantages

4,21 Comparison with Vacuum Tubes

With respect to linearlity and distortion-free cperation, tran-
sistors offer no decided advantages over vacuum tubes. In unfavorable
comparison, transistors are also temperature sensitive and restricted in
power handling capacity and frequency response. The extent to which these
limitations can be removed remains to be seen. On the favorasble side, the
advantages of transistors in term. of size, weight, over-all efficiency,
and life expectancy are well-known. Their use in low-maintenance systems
vhere vacuum tubes seriously 1limi: trouble-free operation ie certainly

indicated.



4.22 Comporison with Cther Semiconductors

Ore ray well ack wnzt advartazes transisicre cffer over other
semiconductora, diodes in particular. Carrier-suprrenssed mcdulators and

rase-32neitive detectors may easily Ye conutructed frum diodes alone.

ke

In fact, ring and bridge circuits cf this sor:i have lcng teen used in
tatephcne systems, An answer tc thie question 1a3 now attempied.

In Chapter II it was ectaplished that one of the criteria
necesegary for & linear medulator or demoduletor is the effective isolation
of carrier and intellicence. With a two-terminal device, such as = diode,
ro such iaclation is possidble. Hence any Alcde circuit so used suffere
Trom a fundamental defect; distortion from nonlinearities present cannot
te completely avoided., An added disadvantage ¢f Jdicdes is that they ars
not capable of any scrt of amplification.

A8 un exucple for Further comparison, let us consider the
relativa merits of & ring mclulator, which employs twn transformers snd
four diodes, and the carriar-suppressed systems discussed in Chapter III,
In the ring medulateor or demcdulstor (4t will work as either), the carrier
mist be iarge in comparison with the input signal. In this way, the
carrier may »> assumed to conirol the -ire at which the diodes switch
(1.e. the sensitivity-function). No such aessumption is necessary in the
systema of Chapter III. The sensitivity-functions there are actually
under the control o1 a separaets irput, If quadrature voltags is rresent,
wit'ch the diodes cornduct, Thus tre ring demcdulator, or any demodulator
emdloying only diodes, 18 not very practical if guadreture voltage is

large. The Schretner dual circuit, however, has no such 1lim{tation.
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fne eff2ct of guadrature volisge there can ne effectively nu:liffied Tty
prei.c~’§ sheping the emltter curraate, IS quadrature veliteze is rot present,
tre half-wave circult employing complexe.tery symmetry sxppile3 nearly ae
ruach infeormation per unit time as docs the "ull-wave cdicde circult. In
addition, the complementary symretry circuit provicdes amplification with

a saving of one treneformevr. The diode circult 3g cuiclacsad at every turnm.

L 2 Suggestiors ior Further Work

Tre entire pruocsrak of experimentel work hes teen concerned with
adapting transistors to practical amplitude mndulation and demodulation
srstema. Certainly rc. 8ll the possivilities ir this rescect were invesa-
ticated., Tirther work remaline to te done in deterzinirns s*ver schomes
for doing the seame Jjob, The largest field open for exploration, however,
i8 thet of fregquency modulziion. A study ehouid te made to determine how

-

ers, diccrimina-

e"
(3

traneistcre may te applied to frequency modulaters, limil

tors anrd reotio detectors.,
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APPETIX

Mentior was made in Chapter 1I that the sensitivity—function of
a carrier-present demcdulator may be functionally related to toth carrier
and intelligezce., In fact, it might seem gtrange ti:et a sensitivity-
function cculd exist at all, since only ore input to the demcdulator is
avallable, To show that votl: ccrntenticne are velid, consider the elmple

peax detector shown in fisure 1,

S14
L(j:,
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Figure 1t Simple Peak Detector
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Agsume first that the capacitance, C, 1is discornected so that
the filter is purely resistive. Sincas the input, ei(t), ‘s a carrier-

present wave, we may write:
= + b
ei(t) [} f({J cos © _t.

1£ £(¢) 1o elyays lese than unity in adsclute value (i.e, modulation always
less tran 100 percent), 1 + f(t) is alwaye greater than zero, and ei(t) is
zero when cos wct ie gzers. Hence, the tize during which the dlode cenducts,
corr2eponiing tc Lhe positive portion of the input wave, dopende only vpen

the tims during which the carrier is positive, The sensitivity-function 1is

1
trus a p=riciic square pulse of helgnt 7 period gﬁ_ and pulse width ;3.
c c



The presence of a storage element in the filter mey rsdlcally
alter the sensitivﬁty»funation. If the capecitance shiown In the diagram
is switcheé intc the system, the time during which the dicde conducte he-
romeg dependent uoon the output,_eo(t). Specificelly, conduction takes
Place when ei(t) g eo(t):>0. The eguatinn determining the setual tiwmes
at which conduction begins and ende is involved with difficult transcen-
dental funections., Mo explicit solulion is attempted. To show that a
sensitivity-function dependent upon both carrier and intolligence exists,
several eyproximations are made. The time constant of the R-T circuit
is assuned to be 50 long that the natural decay of voltdge meross the com-
bination 18 negligible. When the irpmt to the system is an unmcdalated
carrier, the output is constant at the paak carrier voltage. W¥ren intelli-
gence is present in the input wave, the current into thes filter is assumed
to be a series cf impulses occourring at the positive peaks of the carriar.
The height of the impulse varies in acccrdance with the derivative of £{t).
For examﬁle; if £f(t) is & ramp functicn, all impvlses nre of a fixed height.
Heﬁfistically then, 1f we let p(f) rapresent a series of unit impulags which

occur at the positive peaks of the carrviar,

1(t) = [E% f(t}]p(t)

1(t) = e (£)8(1)

S.8(1) = [5 2(+)] n(t)
T+ =%} cos w

Both carrier and intellisence appear-in the expressiocn,
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