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CHAPTER 1
FOREWORD

Significance of a Study of Superregeneration

The superregenerative receiver at present occuples a pecu~
liar position in radio. While Armstrong's announcement of a circuit
in which the resistance of the tuned circuit alternated periodically
about zero was made in 1922, it is only in the last five years that
superregeneration has reached a place of practical importance,

This development has come about, not because of marked
improvements in the circuit, but because of the new interest in ultra-
higﬂ frequencies, where, at least until very recently, the use of
conventionel receivers has been impracticable. First amateur rsdio
and then police and other types of communication have been established
in the region below ten meters. The superregenerstive circuit has
been a favorite in these classes of service on account of the simplic-
ity and portability of eguipment which it mekes possible without
sacrifice of necessary sensitivity.

In spite of its growing practical importance, however, pro-
gress toward a true understanding of the process of superregeneration
has been slow. Radio engineers in this country seem to have avoided
the subject almost entirely, and even in Europe, where it has inter—
ested such men as Heinrich Barkhausen, the number of scientific and
comprehensive papers which have been published on superregeneration

may be counted on the fingers of one hand.
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It is not surprising, however, that this condition has pre-
vailed. The superregenerative receiver is essentially a non-linear
circuit of one of the worst possible types for theoretical analysis,
narely, an oscillatory circuit in which the resistance is a function
both of time and of the amplitude of oscillating current in the cir-
cuit. This function, furthermore, is generally quite complicated,
and depends upon the arrangement and values of the circuit elements.
As a result, it has not only been rare for experimenters to duplicate
each other's results; it has been unusual for them to succeed in re-
peating even their own observations. Indeed, to persons familiar
only with the more conventionsl and straightforwsrd types of radio
circuits, the superregenerative receiver has often seemed to operate

utterly "without rhyme or reason'.

History of the Present Investigation

The present thesis study developed from an attempt to account
for certain peculiarities of behavior of a superregenerative receiver,
which was desired for use as a field-strength measuring set. In order
to indicste more clearly the route by which this investigation of
superregeneration was approached, a brief account of the evolution of
the thesis problem from its original to its final form will be given
here.

The original problem pertained to antennas and radiation
measurements, rather than to receivers. In the spring of 1934 we

set as our objective the determination of the best forms of ultra-
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high-frequency antennas to use on an automobile in two-way police

radio service. In Appendix C, at the rear of this volume, is included
a more complete statement of this problem, as well as a fairly detailed
outline of the series of measurements which it was proposed to make.
Here it will suffice to state that the entire experimental program
hinged upon the development of apparatus and technique for the measure-
ment of ultra-high-frequency field strengths.

This preliminary problem seemed at the outset to be nearly
solved. There was at our disposal an RCA superregenerative receiver,
of a type built commercially for ultra-high-frequency police radio
communication. A brief test of this receiver indicated that it was
apparently in satisfactory operating condition.

The next requirement was a means of calibrating the receiver.
For this purpose it was decided to comstruct a stendard signal gener-
ator, having a range of 30 to 60 megacycles. Such a generator was
designed, being based upon a circuit suggested to us by Mr. G. W.
Pickard of the General Radio Company, snd was built during the summer
of 1934. 1t is described in Appendix B, in somewhat more detsil than
would be appropriate here.

When this signal generator was connected to the superregen-
erative receiver mentioned above, a number of unexpected phenomena
were observed. One of the most puzzling of these was the presence
of multiple resonance points. It was thought at first that the
receiver was reecting upon the generator in such a way as to sub-

stitute a complicated reactance network, having a number of resonant



frecuencies, for the simple tuned circuit of the generator. Subseruent
exneriments showed, however, that this was not the czse, ond that the
cause of the multiple resonance pcints was entirely within the receiver.

Efforts were made to isolate and remcve the cause of this
ohencmencn, using a cathede-rzy cscillograph as an aid tco investigation.
It was soon realized, hcwever, that the receiver being used was ooorly
adapted to experimental work, on account ci the difficulty of adjusting
voltages and circuit parameters, and because of its relatively compli-
csted circuit. Toc covercome these difficulties, ancther ultra-high-
freauency suverregenerative receiver was cconstructed for use as a
field-strength mensuring set, employing a circuit sugzested by
dre. Go %o Pickard. This receiver and a summary cf the observations
made with it are described in Chapters IV and V, on "Experimental
Anoparatus™ and "Experimental Investigation", respectively.

Up tc this pcint, the matter of securing a suitable receiver
had been considered sinply 2s a preliminary step toward the originally
scheduled pregranm of antenna measurements. It now becuie apparent,
however, theot the preoblem of superregenerative reception could not
be 2dequately sclved in time tc permit this plan tc be carried out,
tut were themselves suf7iciently impertant tc wirrant devotine the
rem=inder of our time tc them alone. Accordingly, in Cctcber, we
changed the obhjective of our thesis from a study of antennas to an
investigaticn of suverregeneration.

As our first and most important task, it was now necessary

to determine the cnersting chsracteristics ¢f suverregenerative



receivers in general, and the causes of thelr peculiarities. As a
second objective, to be attacked only when progress had been made
toward the first, we hoped to formulate practical rules for the
design and adjustment of superregenerative receivers, particularly
for use in field-strength measurement.

The program of procedure which was adopted consisted of
(1) assembling previously published contributions to the theory of
superregeneration into a convenient form, in English; (2) critically
examining these papers in order to appraise their conclusions on
theoretical grounds alone; (3) conducting a series of experiments
with a low-frequency model of a superregenerative circuit; and (4)
combining the findings of these theoretical and experimental inves-
tigations into a discussion and summary of the theory of the super-
regenerative receiver, as it stands at the present time. The
following chepters take up these steps in the order given, except
that the abstracts and translations of previous papers are removed

from the body of the thesis, and appear in Appendix A.

Division of Respongibility Between Authors

To a very great degree, the planning and execution of this
thesis investigation have been performed jointly by the two authors,
so that it would be impossible to draw a sharp line of division
between their respective contributions. In general, however, ifir. Fox

has been particularly concerned with the formal mathematical work on

De



the superregenerative circuit, and Mr. Burns has dealt especially
with the experimental progream.

In the writing up of the thesis, the division of respon-
sibility has been as follows. Mr. Fox has written part of Chapter II,
Chapter 111, a portion of Appendix A,and Appendix B. Mr. Burns has
written Chapter I, part of Chapter II, Chapter IV, Chapter V,

Chapter VI, part of Appendix A, and Appendix C.
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CHAPTER II
REVIEW CF WORX OF PREVIOUS IRVESTIGATORS
A, ED#IN H. ARMSTRONG
Superregeneration was first described by Edwin H. Armstrong

in an article appeariag in the August 1222 number of the Proceedings

of the Institute of Radio Engineers.l In this article Arastrong out-

lined the theory of superregeneration in a general way and presented
severasl circuits by means of which it was possible to obbain super-
regenerative amplification.

Mo methematical analysis was made of the circuit, and the
thecry presented was principally ~ualitative in nature. IIevertheless,
Armstrcene had a fairly clear chysical nicture cf the superregenerstive
prccess, z2nd his explanations, as far as they go, are essentially cor-
rect. He was the first to make use of the concept of negative resis-
tance in analyzing the onroblem, and most cf thcse whe have interested
themselves in the subject since that time have continued to make use
of this concept. In short, it ccnsists in aséuming that the effect of
feed-back in a simple regenerative oscillater in the presence of oseil-
laticns in the tuned circuit, may be considered to be the same as the
insertion into the tuned circuit of a hypothetical negative resistance.

If this negative resistance is large encugh, it may neutralize the

1 - See Appendix A, Part I.
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effect of the inherent positive resistance of the circuit, and render
the net resistance negative, in which case energy may be fed intc the
circuit and any oscillations present will be increased in magnitude.
The suverregenerative process is then explained by saying that the
pericdically varying quenching voltage causes the negative resistance
due to feed-back, =ind hence the net resistance cf the tuned c¢circuit,
to vary pericdieally in such a2 way thzt part of the time any oscilla-
tions existing in the circuit will be damped ocut, and part of the time
they will be increased.

In this article, Armstrong oroposed using the superrsgenerative
circuit 2s a simple amplifier for the purpcse cf amplifying modulated
radio frejuency signals tefore detection had been performed. As such,
he intended that the function of detection should be performed in a
separate stage, and most of the suéerregenerative circuits which he shows
are simple amplifiers. He suggested, however, that when operating at
high radic freguencies, it might be advisable to combine the functions
of amplification and detecticn in one stage, =nd he presented a circuit
in which this is accomplished. He alsc pointed cut that it mizht be
necessary to insert positive resistance into the tuned circuit of the
superregenerative stage in order to insure that oscillations existing
in that circuit would be sufficiently attenuated during the period when
the net resistance of the tuned circuit was positive.

Armstrong had apparently performed enough experimental tests
on his circuits to check his conclusions fairly well. On the whole, how-
ever, his analysis of superregeneration is fairly elementary, and many

prcblems and phenomena which are of great importance were not mentioned.
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He did nct give any hint as to the presence of
nance pecks in the operation of the amplifier,
later experimenters to bring these interesting

explain them,

heats or multiple reso-
and it remained for

quirks to light and

A.G.F,.
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B. PIERRE DAVID

To David must go the credit for being orobably the first
writer toc attempt a mathematical analysis of the superregenerative re-
ceiver by considering it as an oscillateory circuit with periodically
varying resistance.

In the article which David, Dufour and Mesny (see Appendix A,
Part II) vublished in L'Onde Electricue, in 1925, this analysis is, to

pu—

be sure, carried cut in a way which is slightly confusing to the reader.

Starting with a differential equation for a circuit containing R, L and
C, and making use of certain simplifying assumptions, the authors arrive
at the following expression for current as a functicn of R, L, C, the

impressed voltage, and time. _Rt
E_ [sin wh - e 2+

. sin w
L= Rl J

\
where W = JiC
It is nct difficult to gain the impression from the paper that this

expression is presented as the general equation for the superregenera-
tive receiver, from which, if the proper function of time is substituted

for R, the course of oscillations during the quenching-freruency cycle

may be determined.

Actually the equation has no such significance, for its very
derivation denends upon the assumpticn of a constant resistance in the
cscillatory circuit. Indeed, succeeding parasgraphs cf the paper indi-
cate that the authors themselves did nct consider the above equation
to be the general equation for the superregenerative receiver. They

use it only as a gualitative aid to an examination of the behavior of



the circuit during varicus parts of the zuenching cycle. For example,
the ezuation shows that, when R is positive, = forced oscillation of
finite mugnitude is set up by the impressed voltage; while, when R is
negative, free cscillsticns build up exponentially.

David and his cclleagues, then, were in a position tc draw
quantitative conclusicns based on theoreticsl grounds, concerning the
speed with which cscillations shculd build up during the negative-
resistance period, and therefore concerning the amplification which
shculd be attainable in a superregenerative receiver. Had they dcne
sc, they would undcubtedly hzve d¢iscovered a fact lster pcinted ocut
/

y Hassler, namely, that for given values of resistance and reactance
in the tuned circuit, the amplification depends upon the ratic of

radic frecuency to quernching frecuency, but not upon either of these

alone., Instead, however, the authors were content with an experimental
’ 3 L

study c¢f the effect of radioc and juenching frejuencies upon amplifica-
tion. They rendered a service uy refuting Armstren's surnise that the
amplification varied as the scuare cf the ratic cf these two frequen-
cies, rut overstepned themselves by concluding that provided there was
a large number of radio-frecuency cycles in cne cuenching cycle, the
value of this numher had no effect at all upon the sensitivity cf the
receiver.

In his 1928 article in L'Onde Electricue, David makes a

further contribution to the mathematical anzlysis of superregeneration
by presenting the differential equation which must be sclved in order

tc determine the course of oscillctions during the quenching cycle.
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His statement cof the equation is as follows:

dl. L
dt’* R (i 1;) + 5 Ew cos wl

The significant point is th~t he ccnsiders R tc be a functicn of current
zs well a8 of time. By so deing he paves the way fer a rational con-
sideretion cf the effect of saturation unon the hehavior of the circuit.
He rightly points out, however, that the formal sclution of this differ-
ential equaticn would be extremely difficult. Indeed, strictly speaking,
his differertial equation itself is nct correctly written. It shculd he

as follows:

®+R(LE) L+ Lfidt= E sin it

If this is differentiated with respect tc time, then there is obtained
the fellowing ecuations

J REt) 1 = 19
L gy fg o

which ccntains z term rnct shown in David's ecuation.

David nct cnly tcuches upcn the matter of saturation from a
thecretical peint of view, tut alsc ccnsiders its practiczl effects.
He points cut that while under some ccnditicns c¢f adjustment a super-
regenerative receiver mzy e msde tc operate in the linear manner
described by Armestrong, whereby the amplitude of cscillations attained
during the cuenching cycle is always oproportional tc the initial cseil-~
lation giving rise tc them, it is also possible to adjust the receiver
tc such a state cf saturation thet consideratle fluctuaticns in signal

strength have almost nc effect cn the cutput of the receiver. David
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correctly notes that the former condition is desirshle for radiotelevhony,
vhile the latter has advanteges in telegraphic reception.

David appears nlsc tc have heen the first writer to mention the
subject of multiple reconance phenomerna., The fundamentsl reason for
these phencmena -~ the reenfcrcement of the signal veltage by the residual
cscillation at the moment of passage from positive to negative resistance,
vhen the frecuencies cf the transmitter end receiver differ by any inte-
gral multiple of the guenching frecueney -- is menticned briefly in the
1¢25 article, and is considered mere fully in the 19228 paper. In the
latter, David erroneously implies, however, that any detuning of the
receiver from cne ¢f these resonance pcints necessarily orcduces a
hetercdyne whistle. Actually, as will be shown in Chapter III, there
are additicnal conditions which must be met in order for multiple beats
tc occur, even assuming that an apopreciable residual oscillstion is
present and that the fremuencies of the receiver and the signal bear the
proper relation to each other.

In regard tc selectivity, David cbserved the superregenerative
receiver to be inferior tc the ordinary regenerative receiver, and offers
a rather ncvel explanation for the dirfference. He points out that the
superregenerative circuit is sensitive tc the impressed signal for only
a very short period cdurirg each quenchirg cycle; thot is, during the time
when the resistance is appreximately zerc, hecoming negative., As far as
selectivity is concerned, he claims, this brief pericd is the time con-
stant of the circuit; hence the low time constant and the observed poor

selectivity.

13.
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This explanaticn upsecrs to be of rather dubious riger. It is
true thet in a circuit cf fixed resistance, the initial rate of growth
cf coscillations when 2 signal is applied is more cr less indenendent
of the tuning of the circuit with respect tc the signal, sc thst in this
senige the circult might be said tc be brcadly tuned. In the superregen-
erative receiver, however, the effective resistance of the tuned cirecuit
is nct constant durirg the brief pericd which David takes to be the time
censbant, but is continucusly changing. Consecuently David's explana-
ticn is scarcely valid,

In summary, it is irteresting tc ncte the trend of David's
thinking during the period Ifrom 1977 tc 1928. In 1923 he srote a brief
"how-to-build-it" article concerning a superregenerative receiver and
included a few "rules cf thumb" for the adjustment of the receiver.

In the 1825 article a nmcre scientific attitude begins to appear, althecugh
the paper is nct very well organized. The 1288 paper ig a first-class
piece of work, considering the subject of superregereration cuite com-
nrehensively, from both thecretical and practicsl standpoints. While

it lacks the 7uantitative exactness of Hassler's article (see Part D

cf this chapter), it was, at the time of its publiceticn, by far the

best treatment of superregeneraticn in print.

G.K.B.
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C. HANS XCHN

Kohn's paper cn suverregeneration (see Appendix A, Part IV) is

rather disappcinting in a number of ways. He does make two cr three real

gontributions, including an improved methed cof taking satursticn into

aceccunt in ansiyzing the operaticn cf the receiver, and an interesting

grarhicel method of tracing the course of cscillations during the quench-

ing cycle. For the most vart, however, the paper stands as evidence of
a faulty understanding of the very fundamentale o7 the action of the
suverregenerative receiver, on the part of the author.

The paper is composed of two secticns: an exverimental part,
and a thecretical, or mathematical, part. To the experimental work
at least twe objecticns must be raised. In the first »place, it is not
very well plsnned. Insufficient data is taken to warrant the general
cenclusicns which the experiments sre designed tc support. In the
second ploce, Kchn cften misinterprets the cutcome of his experiments
end lays dowm us generzl truths statements which are either irrelevant
or absolutely incorrect.

The methematical part of the paper starts in a promising way,
but sc many approximations and assumptions -re istroduced that it is
impossible té olace much faith in the results. There is some ground
for = feeling th=t the =pproximetions were chcsen with =n eye to ob-
teining the desired expressions at the end cf the derivations.

Viewed simply as a piece of technical writing, the article is
quite unsatisfactcry. The legic and coherence of the presentation are
poor. The nomenclature and choice cf symbols is unfertunszte, the same

style of letter often being used for two or mere different types of

quantities.

15.
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In the beginning of the ~rticle under "The regenerative cscil-
latcr", ¥chn precents the emuation Tan o= ;C‘—S- which he sttribtutes
tc foller, and thie he proceeds tc use for his orn ourvose. Now this
expressicn for tan o, is rot etrictly cocrrect as he has used it. This
iz shown by the follewirg censiderations. Since §=R sl = L,

2L " 2C%  RC

vhich ir the resistive impedance of the tuned circuit. In Kobn's work,

the high frecuency tuned circult was in the plate circuit, and so

1- s nobetion) L.
(using Kohn's notation) Tah o, *RC”
in his disgram (Fig. 1). ust is oproporticnal to Ua, & , Ly, and Lg,

a,

Uga . U :
-5-& and not —=<3€ ag indicated
a d

and so it would be approximately correct to say that Use= kUa. . This
mesns that Kchn's exvression shovld actually resd Uah of, = i%_ﬂ' .

It might also be cf interest to see where the expressioen,
ta.n o = ;E:?’E:a—‘) , came frem. It appears that Kchn simply figured thet
for some pecition con the cscillaticn cheracteristic (Fig. 1) vhere equi-
librium had not yet been reached, the ratio of Ust to Sa was such
as to supply to the tuned circuit sufficient energy tc compensate for
the naturzl damping and in additicn tc cause a certain rate cof growth
of oscillations. In cther words, spesking in terms of the negative re-
sistance concept, the value of %’f‘ defines the necstive resistance

L
supplied by the tube such that (Sﬁ/ ust,)a‘ = Rncg . However, his

equation should read a%‘-‘: 2C?8+a) for the same reascns as were given
o
in the previcus paragraph. His expression for &= 8( Lan O_é;__}(an °()
n

stands correct.
The sbove marner in vwhich Kchn cbtains the value of negative
resistance in the tuned circuit from the cseillaticn characteristic

constitutes cne of the few redeeming features of his vaper. As a matter
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of fact, it should be pointed out here that Kohn went 2t the problem of
superregeneration in guite a different way from cther investigators. He
has not explicitly used the concept of variable resistance in the tuned
circuit, and all of his thinking has been in terms of the cscillation
characteristics which it is possible tc measure experimentally. TFor
this reason his treatment of saturation in the oscillator has been
markedly different from that of most cther investigators, and it gives
much mcre reasonable results. {or example, Hassler assumed that during
the pericd of net negative resistarce in the tuned circuit, cscilla-
tiongs would build up exponentially unless and until they reached a
certain definite saturation value, whereupon there would be nc Turther
growth and the limiting value would be maintained (see discussion of
Hassler's article in Part D of this chapter). Other investigators hzave
not dealt with the guestion of saturation at all., The results of Kohn's
treatment, hcwever, give a much more reascnable picture cf what happens,
erd they show that cscilletions do not suddenly strike a limiting value,
tut that their rate of growth decreases in such a way that the limiting

value 1s apprcached more cr less asymptctically. This is what one

would expect, and it arises from the fact thut the oscillation character-

istics bend over and cross the line of back-coupling (refer to disgrams
in Kohn's article, in Appendix A, Part IV), hence producing a point of
ecuilibrium where the energy ovroduced by the tube is just sufficient
to compensaste for the energy consumed in the tuned circuit.

naver

Although Kohnptells exactly what the significance of his q@

is, it is aprarent that this cguantity represents the coefficient which

17.



appesrs in the expecnent of the demping factor cbtained as vart of the
solution of the differential equation representing the behavior of the
tuned circuit with constant parameters. This seems to be borne out by
his statement that azzji:'-%f%‘ » wvhich means th-t he has considered
that  J, = e®? . This fact should be kept in mind when read-
ing his paper, for the assumpticr will only hold true when the effective
resistance in the circuit is congtant. All cf his statements in the
part under "The regenerative cscillstor" apnly conly to a simple cscil-
lator when there is no signal being fed in from the outside.

Throughcut the paper, Kchn frecuently sveaks of a "minimum
ouenching voltage". It is his opinicn th:t the hest cperation of the
superregenerative amplifier will be hsd when it is first adjusted so
that contluucus oscilletions are obtained, -nd then a cuenching volt-
age apvlied which is just sufficient to prevent high frecuency oscilla-
tions in the 2bsence of 2 signal. The minimum cuenching vcltage was
congidered tc be that v-lue which would do this. But there are many
ways in which s sunerregenerative ~mplifier m=oy be adjusted sc as to
prevent oscillaticrns in the absence c¢f a signal, =and there is no oar-
ticular signifiecarce cr importance in the minimum guenching veltage
as defired by Kohn. If the zmplifier were cperating in a linear con-
dition, the applicaticn of cuenching vcltsge could nct have suppressed
oscillaticns. Thre reascn the ~uenching voltage cid suppress the oscil-
lations must have bheen thnt by swinging the grid ncotential to higher
~ositive values, a~ condition of saturation existed during part of the

negative~-resistance pericd sc thst the aversage resistance taken cver

18.
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cne complete quenching cycle was mude more positive.

Xchn's conclusicns dc nct mean very much on the vhole because
they were tased upon mistaken =nd inaccurste premices, the mcst important
cne bheing th=t the ideal adjustment of the receiver should be that ocut-
lined a™ove. At the end of the sectiocn cn experimentsl investigations
he explains the fact that he obtained higher values of amplification

fer greater damping in the tuned circuit, by means of the equation,

A1 dSQ. = S (t@n «o“‘tﬂ]’\ X
. At tan «

Lecause chenging $ changes tan oo alsoc.

) . This explanaticn is not valid

Kohn's thecretical treatment is interesting for the graphical
construction method which he emplcys to find the course of cscillations
durirg the gquenching cycle. In much of the nnalytiecal work, however,
the numher of anpreximaticns made throw some doubt cn the value of the
results he ohtains. lovwhere does he make any reference tc¢ the phenom-

enon of beste or multiple resonance peaks.
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D. VCHN G. HASSLER

Undoubtedly the most comprehencive snd scientific treatment
of superregeneraticn yet nubliched is the article by Hassler (see

Appendix £, Part V) in Hochfrecuenztechnik und Electrcaluctik, Septermber,

1924, This paper is outstanding in th-t it places on s guartitative
theoretical hasis e numher of phencmens which previcuszly had teen des-
cribed only in a generzl, qualitative manner.

The zrticle is tc¢ bhe commended for the logical order in which
it is preserted. The first subject treated is the simplest and most
highly idealized cage of superregeneraticn: thrt of a square-wave
variation cf effective resistznce, with no saturaticn effects coming
intc conrideraticn, ond with the residual oscillaticn small enough to
be neglicgitle at the instant of vassage frem peositive to negative re-
sistance., With this siﬁplified case, Hassler explsins the fundamental
orineciple c¢” the suverregenerative receiver.

Following this exposition, the bulk of the papmer is devoted
to a quantitative consideraticn of the effects of departures from the
three simplifying assumpticns given above. In the first nlace,
Hassler recognizes that the resistance of the tuned circuit doces not
shift szbruotly from a positive to a negative value, and vice verss,
*ut varies continucusly =nd gradually hretween these two vzlues. Con-
secuently he presents an ewetion showing the effect upon sensitivity

of gradual passage intc the negative-resistance ccndition, or gradual

20.
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"dedamping". Thile he omits the derivatiocn of the equation, it is evi-
dently éerived upon the assumpnticn thot the resistance of the tuned cir-
cuity instead of Jumping directly from the positive to the ﬁegative value,
dross abruotly to zero, remzins there for a short intervel 'Ub , 2nd
then drops tc the negative vnlue. This is a somewhot hetter approxima-
ticn te gradual dedamping than the square-wave variasticn postulsted in
the oreceding paragraph. The equation thus derived indicates that a
given signal voltage will give rise tc a larger initial oscillaticn
with gradual dedamping than with sudden dedamping. However, as is ex-
plzined on page &5 1in Ch=pter III, this comparison is nct = feir cne,
for the smplitudes of oscillaticn vhich are beins ccempared are not
taken at corresponding instents in the cuenching cycle. Ccnseguently
Hassler's conclusicn that greater sensitivity is cobtained when the de-
darping taokes nl:ice gradually is not vsolid.

Saturzsticn is taken inte acccunt by Hassler in a rather highly
idealized manner. He considers that when the receiver is operating in
a saturated condition the oscillsticns muild up exdonentially during
the negative-resistance pericd until they strike = definite limiting
level, ond continue ot constant amplitude until the heginning of the
nogitive-resictence period, after which point they decay ex»onentially,
Yow, a8 will be chown in Chanter V, satursticn =ctually manifests itself
in & number of different ways, some cf which tear little resemblance to
this "flat-topped" form. ©Still, even if Hassler's assumption is only a
rcugh spproximaticn to the truth, it is justified by the useful results
wiiich he chtzing from it. He finds, for example, th.t when the oscil-

lating voltsge across the tuned circuit is supplied to a sguare-law
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detector, the derivative of the cutput of the detector with respect to
the legarithm of the signzl voltage is = const=ant, indemendent cf the
signel veoltage, as long as the receiver is in s saturated ccnditicn.
Furthermore, :nd much mecre remsrkable, he cffers experimentzl curves
tc support this conclusicn.,

The matter cf selectivity is considered by Hassler, for “cth
saturated snd unsaturated conditicns of the receiver. He finds freom a
qusntitative thecreticsl analysis thst in the lastter conditicn the
selectivity of the superregenerative receiver is always supericr to
that of = conventiocnal tuned-radio-frequency receiver employing an
identical tuned circuit. In the sa2turated condition, however, the
rescnance curve hbecomes broader and flattened ocut on top.

To deseribe the cendition in which the residual oscillaticn
is not small enough st the moment of dedomping teo he considered neg-
ligible, Hassler uses the term "coherence", indicating that successive
auerching cvcles exert an effect upcn cne ancther. "Inccherence"
refers tc the conditicn in vhich the residual oscillation is so small
as tc be regligi-le. Hassler nlaces = rasther sharp line of demarcation
hetween these twe conditicns, by meking the ncise level in the receiver
the criterion. If the residual oscillaticn is smsller then the noice
level, he helieves it can have no effect, while 17 it is larger, it
csn affect the starting of the next train of csecillatiocns.

This conclusion seems quite incorrect. In the first place,

P~

ng noise voltage cut of consideration for the moment, there is no

[

leav
eritie~1l vslue helow which the residusl ocscillstion coennoct affect the

cuceceeding train of oscillstions, =nd above which it can. There can

(=3
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he no residusal cscills=tion

7]

o smz2ll that it does not exert scme slisht
effect toward multiple resonance peaks, for iastance. Only when the
residual cscillation is fairly large, however, dces this affect become
sufficiently pronounced to preduce perceptiile peaks in the cutout
signal of the receiver, =2s the cscilluteory circuit is detuned. Thus
the difference hetween cchzrernce and irccherence i= re:lly one of
fdegree only.
If now = nolse veltaze, conaiderably greater than the rezidua

cscillotion, is brought inte the picture, there is nc reason why any

tendency toward multiple peaks that is exerted hy the residual oscilla-

-

tion should be at all reduced. 4&s long as the receiver does not heccone
saturated, the superposition of the noise voltage unon the residual
voltage cannct destroy the effect of the latter. Frcm a practical ooint
of view, cf course, recenticn dces :eccme unsatisfactcry when the noise
veltage is greater than the sisrnal voltage, for then the ncise cutput of
the receiver is so great as to drown cut the decired siznal.

Cne of the interesting results of coherence descrited by
assler is the fact thut, when the receiver 1s zdjusted sc th-t the
esidual cscillotion is nearly as large as the initial cscillation

hat gives rise to it, it takes sevarzl juenching cycles after the

gignal veoltage is first apnlied for the trains of osciliations to tuild

up tc 2 steady zmplitude. Likewise, when the hkignal voltaze 1s removed,

[e

t takes a lerge number of queaching cycles for the trains of cscilla-
tions to die cut.
Auother conserjuence of coherence is the occurrence of multiple

resconance nhenomens., Hassler is concerned particularly with multinle
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neeks, rather than multiple heats, aand in this respect is almost directly
opposite Lo David (see Part B of thisg ch-pter). He correctly explsins

the high vsalue of =mplificaticn =t the neaks cn the wasgis of the reen-

cr

farcement of the signal voltage by the residual sscillsticn, when the
receiver ‘requency differs from the signal frecuency by -n integral
maltiple »>f the guenching freaquency.

o

His explunaticn of the relatively low amplification in the
"valleys" tetween the perks, however, seems erroneous. He implies
th~t when the receiver is not tuned tc cne cf these peaks a hetercdyme
wrocess cecurs, whaerehy the nhase relation metween the signal voltage
md the residual oscillation at the ingbtant of dedamping varies in
uecessive cuenching cycles; but that, on acecunt of the long uilding-
n and dying-cut times referred to above, the level of oscillations
responds to these phase variations tco sluggishly te tuild up to any
very high amplitude in that part of the hetercdyne cycle where the
~jgnal veltage -nd the residu=l oscillatlcn are in phase.

This explanaticn appears definitely incorrect. The multiple
peaks which Hassler ohserved were chbtzined with the recelver odjusted

for nesitive aversge resistance; thst is, so thot in eny given cuench-

lation which h=d given rise to it. As will be shown in Chapter III,
it is impossible unier such a condition for » rotation of phase to occur

between the residual oscillation =znd the signal voltage at successive

Ly

Qo

(@]

instante of dedampinrg. Consemently the fundamental nrocess by which

Yassler explains the low amplificaticn chserved when the receiver is

nct tuned to cne of the multi

;
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receiver., This, of course, is the chenomencn of multinle “erts, as dis-

-+

inguished from thot of multiple oeaks. He errs, however, in stating

¢t
|

the conditions under rhich such beats may occur. He implies that they

nay =lways he observed when - =iznal is present =nd the recsiver is
ndjusted so as Lo gerercte cscillzticns continucusly. Murthermere, he
g°ys tast rests mey even be sbserved with the receiver adjusted to
have a elightly positive cvercge resistance.

Actually, as ~ill be shown in Chepter III, heats do not =2lways
cecvr even vhen the recelver iz generating continucus cseillaticns, and,
excent in the case of trazsient Jicturbences, can never cccur vher the
=sverage resistarce ig positive.

Lest a wrong‘impressicn be dravm frem the criticiems in the

foregoing poges, it sheuld te st-=ted here th-t cn the whole the deriva-

tions and explansticns in Hassler'!s paper are remarkably scund. He
i3 pap J

15

annezrs to have o firmer grasp ¢f the mechanism o superregereraticn

ja)

than =ny cther writer has chovn to date. He has supplied ~u-rtitative,

thecreticsl explonaticns for many phencmens vhich previcusly had been
" V! !
chserved only in = gerneral wsy ond often hod nct heen acccunted for

gt 211, In this acccmplichment licg Hagsler's contri™uticn te the

litersture cn the superregenerative receiver,

G.K.R,
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< CEAPTER III

THEORY
Ae FUNDAMENTAL CIRCUIT BQUATICNS

Nc one has succeeded in performing a completely rigorous
mathematical analysis of the superregenerative »rocess as yet, and it
appears imprcbable that anycne ever will. The difficultly arises simply
from the fact that the differential equations representing the degrees
of freedom of the circuit are too complicated to permit of a formal
solution. But since they reoresent an actual physiczl system, solu-
tions must exist, and this suggests that graphical analysis making use
of tﬁe differential analyzer might produce some interesting results.

In attempting a formal analysis it is usual to consider
that the superregenerative circuit consists essentially of an oseilla-
tory circuit containing constant inductance ana capacitance and a
variahle resistance, and in which a voltage is induced by an outside
signal. Experiment seems to show that such an assumpticn is entirely
justified, and the problem is to determine how the resistance varies.

The ideal superrecenerative circuit is shown below.

—— e

e




Kile

The fundamental equation for this eircuit is,
i ; .
d.riv L fide=Ff®)

L3¢ L Jid (1)
where { is the instantaneous current in the circuit and ‘F(t) is the
signal voltage.

If for the moment it be considered that R is constant, this

equation may re written,
. . ’
L%}t—"'-_‘-&RgT;—-i- -é—-i.=‘.(t) (2)
The solution of this equation is perfectly straight-forward and was
nerformed by David in his 1925 article. David, however, mcde the mis-
take of supnosing that, cnce the above equation was solved, the R
could be made variable. This is not permissible.

4 somewhat mere general case is obtained when it is assumed
that R is a linear function of time such that Rza+b% , where Q
and b are arhitra-y constants. This assumption is obviously not
applicable to the superregenerative receiver, tut a knowledge of the
solution for this condition would be helpful in understanding in a
general way the effect of the variation of resistance.

If the resistance is assumed to be a2 pericdic function of
time such thet R=a + b sin (qtu’,) where ¢ is the quenching fre-
quency, a somewhat practical case is represented. In either of the
last two cases, R should be considered to be a function of time
before equation {1 is differentiated. The resulting equaticn would
then be,

Li"+ Ri'+ (&+R)i=flt) (5)

where the primes indicate differentiations with respect to time.




@ have not succeeded in obtaining closed soluticns tc the above equa-
tion for the cases of R equal tc a linear or to a periocdie function
of time. A series form cf solution may be cobtained by assuming a solu-
tion for L in the form of a power series for the linear resistance
cagse, or a Fourier series for the periodic resistance case, and com-
puting the coefficients by substituting the assumed values into the
differential equation. This method is, however, very lahcrious and
even when the coefficients or the series have been computed it is

nct easy to see in z general way what the results are.

The solution tc equation (2) will represent the current in
the tuned circuit eccurately as long as the resistance remains con-
gtant. It is possible therefcre to apply this solution to a given
set of initial conditicns holding R constant in the meanwhile, and
tc determine the final conditicns which would exist at the end of a
brief period time, AT . Then using these final conditicns as the
initial ccnditions for a new solution with the resistance held con-
gbant at a2 new value during a second interval, it is possible to deter-
mine a second set of final conditicns. Continuing this step by step
process, we have found it possible to synthesize an approximate solu-
tion for a case where the resistance is allowed to vary by discreet
steps, and passing to the limit where the steps become infinite in
number and infinitessimal in size, we have obtained an expression for
L as follows. .

e R pe B "] ()

In the above expression A and B are constants of integration and
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We is the rescnant frecuency of the tuned circuit. This solution
is definitely only an approximation and in additiocn only applies to the
case where there is an impressed signal voltage. That the form of the
exponential which is cutside of the brackets is probably correct is
indicated by another method of solution which will be shown presently.
The 2bove solution to the homogeneous equation may be used to determine
the complete solution for the case of an impressed voltage by the
method of the variation of constants. Application of this method
leads to a solution in the form of a definite integral which it is im-
vogsible to integrate and which is so complex that very little can be
learned by examining it.

Proceeding tc the most general case of superregeneration, it
is known that since amplification is limited by saturation, the effec-
tive negative resistance cf the circuit must be nct only a function cf
time, tut alsoc a function cf current. Inserting R= G(i,t) in equa-
tion (1) and differentiating with resnect to time leads tc 2 differ—
ential equation which is not even linear, and which is impossible of
formal sclution.

The differential analyzer could very easily hrndle the

‘problem of analysis for any cf the cases vhere resistance is a function

of time alone. It would also be possihle tc perform an snalysis with
its aid on the last mentioned case where R is a function of current
and time. A family cof curves representing the variation ot resistance
with respect to current and time would have to be found experimentally

for a varticular superregenerative coscillator, and this family cculd




then be used on cne of the input tables of the analyzer to determine R
at ary instant. Results obtained in this case, however, would not be as
accurate as the others since the process of supplying the information
to the analyzer from the dsta curves would involve jumping from one
curve to another. In all cases the graphs cbtained from these dirfer-
ential ecuaticns by the znalyzer wculd include the individual high

freguency oscillstions as well as the growth and decay cf their envelopes.

tnergy Cenziderations:

Because we are primarily interested in determining the
magnitude of the high freguency oscillations in the tuned circuit cf the
superregenerative amplifier at any time, 2nd not in the individual high
frequency cycles themselves, it weculd appear theot any methcd which aims
directly at determining the envelope cf the oscillaticns, would aveid
needless complications. Tc¢ this end it will be found advantageous to
consider the superregenerztive process from the standpoint cof the
energy vhich the tuned circuit contains at any time.

Let it te assumed that the current in the tuned circuit is
a periodic function of time. In general =t any instant some energy
will be stored in the electrostatic field of the condenser and the
remzirder vwill he stored in the megnetic field of the inductence.
Frergy will also be in the process of leaving or entering the circuit
through the resistance, depending upon whether it is positive cr nega-
tive. At those points of the high frequency cycle where the current

is & maximum, the charge on the condenser will be zerc, and all the

e



energy vill be stored in the inductance. Therefore, W= },‘3 Li,,,z
is a measure of the energy in the circuit at any time. i-m is the
meximum value of current during the high frequency cycle such that
':inst. = Lm' lf(t) s Where (p(t.‘) is a periodic functicn cof time,
usually sire or cosine.

¥We now write down the fundamentzl energy equation.

dW 1. - .

H-d—f( Lt } -Rl. +V‘-L‘- (5)
Vhere, V" = 1instantanecus voltage induced in the circuit by the

signal

i—i = instantaneous current

Vm = peak value of signal veltage

Then, | i, i%"l = =R i @Tt) + Vim 6(t) im ¥(t)

L 4 Rip §*(t) - Vim 6(t) 9(t) =0

- This last is a linear equation of the first crder, 2nd the solution is

accordingly,

ly = (6)

f T g d E (Vom e(s)vlt)eflw dt,]
providing that R is assumed to be a function of time alone.

If this solution is now examined ‘or the case where no input
signal is impressed, it is seen that

im= C e'hﬁ?z(ﬂ o

If ¢(t) = sin Wt  as is wsually the case, then fR e(t)dt -fR dt-
[5— cos 26, . When Wy 1is large as compared with the cuenching
freguency, the second term cn the right is unimportant, and hence,

SRt

that obtained in eguation (4).

which is the same damping ccefficient as



In gereral it may he too difficult to solve the integral in
the brackets cf equation (6), but presumably a gravhical scluticn could
be perfcrmed 1f desired. It should be pointed cut here th-t this egua-
ticn is alsc subject to limitations =arising from the manner in which
it was obtained. For example, it was assumed that R was a function
of time alone. It was also assumed that Li equals l”' times an
arbitrary time function, which means that the phase of the current is
not affected by the signal voltage, and that is certainly not true.

Le a matter of fact the only ccnditions under which the phase of the
oscillating current would rem=zir unchanged wculd be those in which

the signzl frecuency and the natursl resonant frequency of the circuit
are identical, and the signal voltage is exactly in phase with the oscil-
lating current. Of course, for the purpose of a gualitstive analysis

it would be entirely possible to mcke these assumpticns, but neverthe-
less, the use cf the equation in general considerations is severely
limited tc the necessity of making such assumpticns.

The foregcing discussion should suffice to show that a rigor-
ous mathem tical approach tc the problem cf superregeneration is beset
with formidable, not to say insurmountable, obstacles. It is true,
however, that since these differential ecuations mentioned above,all
represent real physical systems of closely similar natures, the solu-
tions tc the equations will be similar. >Zhysicsl systems, unlike
mathemztical expressions, very seldom exhibit singularities in behavior.
That is, when the parameters of a physical system are varied uniformly,
the performance cr behavicr cf the system also varies mcre or less

wnifermly. It is, therefore, permissible tc study the solution of a
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solvable equation such as (2) in which the resistance is constant, in
order to gain a rough idea of tHe general character of the solution

fer the more complicated cases where the resistance is a variatle.
Devid and Hassler have discussed different phases of the problem of
superregeneration with the aid of the solution to equation (2). While
this sclution is not strictly applicable to the meore complicated prac-
tical cases, it nevertheless shows that during a certain part cf the
nuenching cycle there is a growth of oscillations, and during the re~
mainder a damping cut of oscillations, etc., in accordance with observ-
able facts.

Hassler attempted to determine what effect the speed of change
of resistance would have on the building up of cscilleticns, o2nd made
use ¢f a study cof the hehavior ¢f a circuit containing constant resis-
tance which was changed suddenly. He believed that the critical
period in the superregererative process was that time when the net
resistance of the circuit was just passsing through zerc, and he con-
cluded thst the more slowly the resistance passed through zerc the
larger would be the cscillutions in the subsenjuent negative resistance
period. He conzidered two cases, in one of which the resistance was
changed suddenly from a positive value, @ , to a negative value,-a ,
and in the cther of which the resistance varied between the same limits,
tut during the transition, halted for a time, t, , at zerc resistance.
These two cases are illustrated in Figure III-1', "A" being the first
mentiocned case, and "B" being the second. He calculsted the magnitudes

of the currents which weuld exist in the circuit for a given impressed
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voltage, in terms cf his /O's s where /O (called Q in this country)

_Xﬁ_ . For the first case, he calculated that the effective/o

was emual to (/Od —/Oa_) , vhere the ruhscrints d and a refer to the

pogitive and negatlve-resistance periods, respectively, -nd that this
was a measure ci the free oscillaticns tht would exist ir the circuit
immediztely after the change. TFor the second case the effective /O
was found equal tc (P4 -/Oa)-o—"lﬁ_t‘.n and was a measure of the oscil-
laticns in the circult at the end of to just when the resistance

reached the value -d. « Since the effective /O for the second case

contained the extra term xlo , he ccncluded that the second case
vould give larger free oscillaticns during the negative resistance
period. This conclusicn is incorrect, for the reason thit he was not

comparing the two cases nroverly. His two methods of changing the
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resistance are supposed to represent in a general way two different
speeds cof variation during a pericd 1% . His effective £ for case

B has been correctly determined, ut in case A the effective,ﬂ was
considered for the instant when the resistance recame equal to -q ,

and for this reascn the two answers are not comparable. In order to
meke the first case represent a change taking place in the same length
of time as the change of case B, the effective /@ sheuld be calcu-
lated for & time T,/2 later than the time when the resistance becomes
equal to -4 , in other words at the end of t, instead of at t,/,g
as previcusly calculated. Then this is done, it is found that the
effective /o for the two cases are exactly equal provided |R J: IR J (= a),

and are aporcximetely so even when this condition is not fuifilled.
Be BEATS AND MULTIPLE RESONANCE PHESOMENA

Fhile attempts to perform a complete analysis cf the super-
regenerative circuit have proven unsuccessful on the whole, the par-
ticul=ar problem cf beats lends itself fairly well to theoretical
treatment. For many adjustments of a superregenerative receiver
audible beats may be heard in the presence of an uwnmcdulated signal,
and sometimes, as will be pointed cut in a succeeding chapter, even
when there is no signal being fed intc the receiver. For the present
we will cenfine our stterticn tc the mcre general case ot heats in
the presence of an unmodulzted signal.

To begin with, it is necessary to make certain simplifying

agsumptions in order to handle the prcblems which arise in connection



with hest phenomena. It has been fairly well established that for a
given adjustment of a superregenerative amplifier, the cscillations
which exist in the tuned circuit at the beginning of the negative re-
sistance neriod determine the course of the ensuing cscillations.
During the other perts of the quenching cycle the forced cscillations
caused by the gignal voltage are so small compared to the free oscil-
letions in the circuit thot they mey be neglected. A given amount of
oscillating current in the tuned circuit at the heginning cf the nega-
tive resistance pericd always prcduces the same size and shape cf wave
train, and ceuses the same amount of residual oscillations to be left
over =t the teginning of the next negative resistance veriocd. However,
it is apparent thot if only the magnitude of the initial cscillations
ig to be effective in determining the ensuing wave trzain so that the
phase of the oscillzstions may be neglected, the criticsl period during
which the net resistance of the circuit passes through zerc into the
negative region, must he of sufficient duraticn tc contain several
high frecuency cycles. For if the resistance should pass from positive
to negative with great rapidity, the inst-ntaneous current in the
circuit at the moment of transition would have to be lkmcwn in order to
calcul-te the resulting free oscillations. Since we have no way of
kncwing what is the exact phase relation of the high frequency oscilla-
tions to the quenchiné cycle, it is necessary tc mske the assumption

in the following wecrk that the interval during vhich the resistance is
smell is longer than twc or three high-frejuency periods. bhile this
condition often exists in a suverregenerative circuit, we have obtained

some oscillograms which show such an extremely rapid growth of oscilla-

6.
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tions that we are led to conclude that such an assumption would nct hold
in the conditicns for which these oscillograms were taken.

Hassler explained the formation of beats in the presence of
an unmodul:ted signal as follows. He said that the superregenerative
receiver must be in a state where it is generating continuous highly
modulated cscillations. If the freguency of these oscillations differs
from that of the signal, the current produced by the signal will be=at
with the naturzsl cscillaticns of the tuned circuit in such a way that
from one quenching cycle to the next, the effective initial current
will vary, and this will cause the ensuing wave trains tc grow to
different heights. Althcugh the beating hetween the free oscillations
and the signal may be at an inaudible frequency, it is still pessible
tc hear an audible output freom the receiver if the heat freguency
bears the preper relsticnship to the quenching freguency.

Ye feel that Hassler's explanation is definitely inadequate
hiecause he overlooked cne impcertant thing. It is true that the re-
ceiver must he generating continuous highly modulated oscillations
under such conditions that the residual cseillaticns at the end cf a
positive resistance pericd are of a magnitude ccmparable to that of
the sigrnal current. But Hassler forgets that when the signal current
is added to the residual oscillations of one gquenching period to form
the initial current c¢f the next, this resulting initial current will
not necessarily be in phase with the oscillations of the previous
veriod (extending the latter rorward in time). £nd so while the set
may bhe generating ccntinuous cscillaticns, these ¢scillations may

revertheless suffer a certain phase shift at the beginning of each



negative resistance pericd. This immediately raises the question as to
whether it might not be possible to have this phase shift just compen-
sate for the net change in-phase which oceurs ietween the signal and
the free oscillzticns during the course cf a quenching cycle, in such

a way that an equilibrium condition is established whereby the wave
trzins of succeeding quenching pericds will be the same. The condition
described is illustrated 'y the following vector disgram in which cnly

the relative phase of the vaciore ie o7 imnertance.

Fl'y' ar-a

In the above, Is represents the compcnent ¢f the osciliations which

is fcreced by the signal, I; represents the initial current in the cir-
cuit vwhich determines the size of the wave train, and I} is the resid-
uel current left cover at the end of the positive resistance period. The
sngle @ , between I,. and Io is the change in phase (considered
less than 1800) between the free oscillations and the signal which
occurs during cne complete quenching period. If the disgram is a

closed triangle as shown, sc that the additicn of the signal current

tc the residual current cof one period is just sufficientto produce a

new initial current which has the same magnitude and phase relation to




I, as the initial current of the previous period, then Io will be
the same fer succeeding periods and eguilibrium will be established.
I7 such an equilibrium condition is possible, then it weould appesar that
hezts can not cccur between the signal =nd the free oscillaticns for
certain azdjustments of the receiver, even when sizable residual currents
are being produced.

¥e have found it possible tc determine in 2 thecretical way

whether equilibrium positions cf the vectcers exist Zor any particular
adjustment of the receiver, btut it has not always been possihle tc
demonstrate clearly just when such eguilibrium positicns are stable
and when they are unstable. In the case where the receiver is operat-
ing linearly, however, a complete analysis hzs been possible and this

will now be presented.

Linear Cperaticn cf Recediver:

During linear operation, the maximum height of ary wave train
will »e directly orcnorticnal to I, , and this in turn means that the
magnitude of I, will 2iso be directly oroporticral tc Io . Hence,
the ratioc of the magnitudes of the residual current to the initial
current is constant snd will be represented by kK .

The signal frequency is @ .

The frecuency of free oscillesticns is Wo .«

The pericd of one ccmplete quenching cycle is T .

T reoresents a vectoer suantity.
(6 = ev®
o« = wT. B=w.T. 6=|2rn-(B-<f<T.




New let M

-t .

First digit in the subscript indicates the number of the

wave train (starting from one).

The second digit in the subscript indicates o0 - - initial
r - - residunal.

Starting now with ncthing but the signal current in the circuit,
L,=1I: I.,.=klI,p

Ipo =T, ¢+ Jgl¢ = T (ko + (%)
I, = kIol@ = I, (k?[28 +k &28)

............... etc' P e Y

I,=1, [k"(ne_+ K ngea + kD (n-dp e ax
e + k(282 (n-2x 4 k{E+(n-) x ]

T, = I[s[ki8-2020x + k'(2(8-20) 4N + |7)3(a-w)+ne
PR + k" nB J

1,,= Isiox ko= + i’[zfe==) + K° (2 (=)
r

R .ﬁ.k"éﬂﬂs-.o]
= T, o ko= [1+ ke’ (ke?®) s (ke™)’
[ S ,,_(keJa)"’J | (7)
vhere § =B-o

approach infinity. The portion in brackets then equals

as long as k is less than [ . Since, as before stated,

only the msgnitude of .I;,_ is of interest, the factors [hx  ang

have no mesning and may be dropped. Therefcre,

_ k Is ©)
[Tl Viookoso+1
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This work shcews that if the receiver is started off with only
the induced signal current in the tuned circuit, the wave trains will
btuild up in the ccurse of time to a limiting value. The magnitude of
the residual oscillations for this limiting value is given by the ex-
pressicn (8), and the vector relstionship is accurately represented
by the disgram of Figure III-2. That this equilibrium condition is
a stable one may be seen from examining expression (7). This shows
that within a finite length of time after starting, the magnitude of
_I; is oscillating ebout its final volue. In other words the vector
disgram does nct move smocthly intc the equilibrium position, tut hops
about 1t in a series of damped undulstions. It recuires no further
procf to show that such a position must be statble.

It is also possible to see by going back to equaticn (7)
that if k should be greater than one, the series will be divergent,
and no equilibrium is possible. Of course this particular expression
merely shows thot no eguilibrium can be reached when the receiver is
started out with cnly ILg in the circuit. The very fact that it is
possible to draw a closed vector diagram with I,- larger than Io
is sufficient proof thet such an equilibrium positicn is possible.

But it may be shown that it is unstable, and that with an infinites-
imal displacement of any of the vectors from their equilibrium posi-

tions, the condition wculd break down. Thus, when operating in this

conditioen,

ho[—e-+Is=Io . IS=IO('—k/—g‘)

Suppose that at cne instant only there is a change, A , in I, .
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Starting the seauence, we have,

I,= Io*'Z s Ior = kLQ(IO"K)s

T..=I,+4B3k(8, I
R LN Inr

and since for equilibrium I r= Ia k(6. s it is apperent that the

b
error caused hy 4 becomes vanishingly small with the passing of

k L8_(L,+akLL),

I, ki8_ +24 (k)

time for K< | , and extremely lerge for K > 1 .

The general conclusicns th=t may be made from this analysis
are that, as long as the assumptions upon which the analysis was
based are permissible, no beats con re maintzined while the receiver
is coperating linearly with k less than one. In the case where Kk
is greater than one, the receiver will build up until it is operating
in a saturated conditicn, and hence this case cannot be considered
under the assumption of linear operation.

It might be menticrned here th=t Dzvid claimed that if there
were residual oscillstions of the same order of magnitude 2s the sig-
nal, =and the same frequency as the signal, so that the two always
added, then the receiver would build up to saturntion. This is not
necessarily true at all. If @ is zero so that the residual oscil-
laticns and the signal current directly add, the residual oscillations
may actually be -lfu'ger than the signel current =nd still the receiver
¥ill not become saturated as long as K</ .

Tt will be found upon examinstion that equation (8) not only

serves to tell the magnitude of I p for equilibrium, tut that it
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also explains the phenomenon of multiple resonance peaks., Changing @

will cause the magnitude of Ip to vary between the limits of

kIs ang KIs
k-1 k+i
tuned, the I,.., and hence the Io s Will pass through a series of max-

the
ima and minima, and this means thatAamplitude of the wave trains will

o Consequently, as a receiver is de-

also pass throuch a ceries of maxima and minima. Of course, as the
receiver is detuned by a considerable amount, the forced oscillaticns
caused by the siznal will decrease, snd this will cause the vector
diagrams to shrink in size so that the cbservable peaks hecome smaller
and smaller. Hassler shows some very good pictures of this phenomenon

in his article on superregeneration.

1004 Saturation of Receiver:

¥hen the receiver is operating at complete saturation so that
an increase in I, has no effect on 1 r » anglysis of vector equilib-
riums is very simply made with the vector disgrams alone. It is assumed
that under this condition II,.I is ecual to a constant. Therefore, if
we let the vector representing Is be the reference to which the
phagses of the other vectors are referred, we may construct a diagram as
in Figure III-2. In this diagran Is is always considered to point
horizontally to the right. The tip of the vector, I, , must lie on
the clrcle drarm with the radius equal to ‘Ir" = constant, and naturally
it may huve any orientation with respect to I g + The addition of Is
to I,. at any point gives the Io which would result. The angle be-

tween Ir and Io vhich is procduced by this additicn is called/O .

43,
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iIs,

The greatest value of P vill be cbtained when I,—- is in such a posi-
tion that 2fter Ig is added, the I, will be perpendicular to Ig .
This is illustrated by the vector trimmgle cn the left. For any other
positiocne of I}. in the upper half of the circle, L 11l be smaller,
and it will vanish when I,» is at either 0° or 90°. Therefore, if
the change in phase 6 between the signal and the free oscillations
during one cquenching cycle is smaller than the maxinum /0 , there will
e zome pociticn of the vectors as shown by the right-hand triangle,
for wnich a condition of evuilibrium will exist. In this position Y
mezt equal 6 , and I,. must lie between 0° and the angle necessary
for meximumn @ . When the vectors are in this position, .Z; will
swing f degrees to the left of Io during the quenching cycle.

At the end of that time, the addition of Ig will form = new I,

which is exactly the saue as the orevicus one. In other words there

“ﬁn«-——w

Gt e




45.

is an equilibrium betweén two forces, one being the tendency of the
phase shift angle, @ » to swing the triangle arcund the circle to the
left, and the other being the restoring influence of L vwhich tends to
swing the triangle around to the right when it is in the upper half of
the circle. That the equilibrium position shown is stable may be seen
by the following considerations. If 1}- should for some reason swing
a little to the left of its ecuilibrium position, the restoring angle
@ would be increased, =2nd since # is always a constant, the
effect would be to swing the triangle back to its original position.

If I,. moves to the right, the restoring angle =ill be decreased,

and the triangle will move back to the left. As the vectors near
their equilibrium positions the difference between @ and 8 beconmes
smaller, and restoration takes place more slowly, so that they approach
equilibrium asymptotically. There is a second position of T lying
to the left of the position for maximum /° s where [ may equal @ and
equilibrium result. This ejuilibrium position is unstable, however, as
may be easily seen by observing the effects of a small displacement in
the same‘menner as was done above,

If © is larger than the largest value of O rhich it is
possible to obtain, there can be no equilibrium, 2nd the vector triangle
will swing around the circle in a counter-clockwise direction. Fhen
the triangle is on the lower side of the circle, it is evident that
the 2ddition of I,s to Ir aids rather than opposes the shift caused
by @ , 2nd hence on this side of the circle the vectors will be swing-
ing most rapidly. They will be swinging most slowly at the ,0," ax.

position.
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The swinging of the vectors arcund the circle can cause
audible beats in spite of the fact thet the receiver is satursted. This
is because the magnitude of Io will vary depending on whether [ s adds
to or subtracts from I,. » and although the oscillations during the neg-
ative resistance period always reach the same value, they will rise to
this 1limit sooner when‘I° is larger. Therefore, the swinging of the
vectors will cause the shape of the envelope of oscillations to vary,
and audible beats may be heard. It would be expected in view of what
was brcught out in the nrevicus paragraph, that when beats are ob-
tained for a saturated condition of the receiver, an oscillograph
picture of the oscillations would show that the areas of the envelopes
of successive wave trains do not increase and decrease in a uniform
way, but that they tend to remain at large values longer than at
small cnes, and that the increase from small to large areas takes

place more rapidly than the decrease from large to small.

General Case of Vector Eguilibrium:

When we comé to the general case where the receiver is neither
strictly linear nor 100% saturated, the situation becomes decidedly
more complicated. We can, =2t least theoretically, discover whether
2 vector equilibrium is possible or nect, but we have not yet found a
fool-proof way of determining whether an equilibrium position is stable
or unstable.

Before we can discuss the general case, it is necessary to

have some sort of response characteristic for the receiver. A curve



of Ip against I, for any particular adjustment of the receiver is
required. In Figure III-4 two curves of L, sgainst I, represent-
ing two different adjustments of a superregenerative receiver have
been arbitrarily assumed for the purposes of discussion. A line at
forty-five degrees has been drawn in so that it is possible to measure
the nmagnitude of I, in the same direction as [ p o From this it
will be seen that the ratio (k) of [T to II,] for the linear
portion of curve 1 is greater than one, while the k for the corres—
ponding part cf curve #2 is less than one. Curve #1 has purposely
been drawn so that it will contain a region of strict linearity,
another region of 100% saturation, and a third region intermediate

to these two.

In Figure III-5 a disagram has been constructed which makes
it possible to determine when and where there will be equilibrium
positions of the vectors Is s I,. s and Io » Except for the greater
complicotion, this diagram is similar to Figure III-3. One important
difference is that it h=2s been found more convenient tc hold the
vector s fixed and allow P , the intersection of Ip and Io , to
do the moving. Otherwise the three vectors will be found to have
essentially the same space relation.

¥hat has been done is simply this. The curves of Figure
III-4 have been replotted in Figure III-5 making use of a bipolar co-
crdinate system. That is, in replotting curve #1, the magnitude of Io
fer any particular point on the curve was used as a radius, and an

arc was swung using the end of I, labeled B as a center. The value

T
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of T p for the same point determined the radius of a seccnd arc
which had A (the other end of JI¢) as a center. Where these two arcs
intersected, a point on the replotted curve ;1 was established. Hence
for any point, P , on cne of the replotted curves, the distances
PA and PB are the Ip and Iy velues respectively of a corres-
nonding noint on the correspcnding curve of Figure III-4. TVherever
the curves in Figure III-4 pass outside cf the region contained be-~
tween the twe dashed lines at 45°, the corresponding replotted curve
strikes the Is axis and becomes imaginary. This accounts for the
fact that curve #1 consists of two separate branches, 2 =n? b, in
Figure III-5.
Secondly a series of circles labeled 6, , 6;,8; ,8 , and

95 were constructed on Is 28 a chord. For all points on any one
cf these circles the chord AB subtends the same angle. The angle sub-
tended decreases for the different circles running outward in the
order 9, to 05- .

Mew the process of sesarching for a possible equilibrium
nogition is as follows. Suppose the recelver is sc adjusted that the
curve #1 of Figure II1I-4 represents the relition of residual to initial
oscillations. The strength of the signal is Xncwn and the vector Is
is drawn. Using the ends of this vector a= the poles of the new co-
ordinate system, curve #l is replotted in the manner described ahove.
The phase change @ (see definition on page 28) is ulsc known, and
a circle is constructed on Is as a chord such that for all points

on the circumference of the circle the angle subtended by Is is



equal to @ . If this circle intersects the curve #1 at any point,
that point determines an equilibrium position of the vector triangle.
Thus if @ vwere equal to @4 ., it will be seen that the point la-
beled Pz is an intersection of Io and I..- for an equilibrium
triangle. For this triangle I,. bears the proper rel-tionship to Io,
and the restoring angle £ is equal to the phase shift angle 9 .

It will also be seen that there are twc other intersections of curve

#1 and circle 94_. The point Pz is a position cf stable equilib-
rium as was proven in the section dealing with 100% saturation (the
curve is nearly 1007 saturated in this region). The other possible
point on the same branch of curve #1 is known to be a position of
unstable equilibrium (also frem section on 100% saturation). The
third pointywhich is on branch @ cf curve #1,is also an unstable equi-
librium since for this region we have linear operstion with K> 1 .
This conclusicn may be reached somewhat approximetely in ancther way.
Suppose that equilibrium had been temporarily established at this point.
Then supvose this point became displaced so th:t it moved toward the
right along curve #l. Since this means that it hes moved outward
across come of the constant angle curves, the restoring sngle will

have decreased, thus allowing the triangle to swing arcund still farther
in a counter-clockwise direction.

If the value of the vhase shift angle should correspond to

93 instead of @, , there are no positions of stable esuilibrium
possible, and heats must occur. The intersections of curve #2 with

various @ curves all represent positions of stable eguilibrium for
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these porticular values of @ . This is becouse this section of curve
#2 represents linenr cperation with k<t . This m1y alsc be seen from
an examination of the effect of a small displacement from equilibrium.

To the best of our knowledge it is possible to say thet any
points on hranch & of a curve of the type #1 are positions of unstable
equilibrium. Also, uny points of equilibrium which lie to the right of
the dashed line lcbeled P max, 3are unstable, All other equilibrium
peints apvear to be stable. This graphical snalysis constitutes a
method by which it is possible to determine whether beats are permissible
under any given set of conditions, and as such it is of considerable
theoretical interest, although probably of no practical importance
whatever.

It is nevertheless true, that for the general case as well as
for the 100% saturated conditicn, such beats as occur should be charac-
terized by the slow decrease and rapid increase th~t was mentioned under
the section on 100% raturaticn. In the general case, the phenomenon of
miltiple resonance peaks will be ncticed, since chinging the angle @
has the effect ¢of chonging the equilibrium triangle and hence the Io -
The previous analysis suggests, hcwever, that at least for a highly sat-
urated condition of the receiver the phenomenon of multiple resonance
peaks shculd be complicated by a2 beat vhenomenon. HReferring to
Figure III-5 curve #1, it is seen th-t 2s the @ is= increased, the
noint o? equilivrium, B, , will move toward the position cof maximm O ,
and during this time Io is decreasing (the receiver is being detuned).

Bt after the position of Opg, has been passed bexts will cceur
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until @ comes to @ new value which will once again permit a stable
equilibrium.

The effect of noise voltage or a medulsted signal upon these
equilibrium triangles would be to displace them from their equilibrium
positions, and in the case of a modulated signal there is some juestion
as to whether it is possible to speak of equilibrium any more. There
will, however, be certain positions which the vectors will try to take
even under adverse circumstances. In all cases except the completely
saturated condition, the vectors tend to oscillate =rout their equilib-
rium positions. It is possible therefore thst if some noise vcoltage
should displace the vector triangle =n appreciable amount, immediately
thereafter a series of decaying beats might be noticed. This may be a
partial explanation for a fact which was ncticed during our experimen-
tal work. It was observed that =t times the envelopes of the high
frequency wave trains seemed to be in 2 state of fluctustion which

resembled the disturbance caused by ncise voltage except for the fact

that mixed in with the razndom effects there seemed to be a certain

periodicity in the variation.
In summary it may be stated that the foregoing analysis has

shown -~

1. That regardless of the adjustment of the receiver, for certain

values of Is -nd @ it is possible to have an eaquilib-
riun relation between Io s I,. , and Is such that
beats are rendered impossible except during the time in which

the eouilibrium condition is being establishede.
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CHAPTEE IV

EXPERTVMENT AL APPETATUS




CHAPTER 1V

EXPERIMENTAL APPARATUS

Ultra-high-{requency receiver:

The experimental portion of this investigation was performed
with the aid of two different superregenerative receivers. The first
of these, designed for operation at about 30 megacycles and based
Jaa?n a circuit suggested by Mr. G. W. Pickard, was originally con-
structed as an experimental field-strength measuring set.

Fig. 1V-1 (a) shows the circuit employed in this receiver,
as initially constructed. It was fundamentally a modified Colpitts
circuit, in which the inter-electrode capacitance of the detector
tube combined with the two condensers shown in the oscillatory circuit
to perform the same function as do the two tuning condensers in the

ordinary Colnitts oscillator. Grid lesk detection was used. Fig. IV-2

Fig. IV-2. Rear view of IO-megacycle receiver.
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is & rear view of the receiver. It may be observed frop the illustra-
tions that three controls were provided with which to adjust the re-
ceiver. These were the variable tuning condenser, a votentiometer
controlling the d.c. plate voltage, and & potentiometer controlling

the quenching voltage applied to the grid of the detector. The guench-
ing frequency was about 10,000 cycles per .sec.

Fig, IV-1 (b) shows a subsequent modification of the circuit,
in which the guenching voltage was transferred to the plate side of
the tube, and was supplied by an external oscillator. The latter
change was made in order to permit varying the quenching frequency and
to secure a greater range of guenching voltages.

As wes pointed out in the foreword, the receiver just des-
cribedwas soon found to be unsuitable for a quantitative investigation
of superregeneration. ileasurements of current, voltage and circuit
parameters could not have been carried out with any approach to accur-
acy, both because of the usual daifficulties of making accurate radio-
frequency measurements and because the stray capacitances and induc-
vances introduced by the measuring instruments would have utterly

changed conditions in the receiver.

Low-Freguency Receiver:

A second receiver was therefore designed for laboratory use,
the objective this time being quantitative measurement of the impor-
tant currents, voltages and circuit constants, rather than practical

reception of radio signals. The first step in the design was the
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cholice of much lower frejuencies, both for the signal and for the
quenching voltage, than were used in the 30-mc. receiver described
above. The choice of frequencies was governed somewhat by practical
considerations, since it was desired to make the signal frequency
about 1000 cycles per second in order to permit the use of a vibration
oscillograph, and § to 10 cycles per second was the lowest frequency
which was practicable for the quenching voltage. Consequently the
frequencies employed here were not, strictly speaking, "scaled down'"
from those used in the previous réceiver (which, it will be recalled,
were 30,000,000 c.p.s. and 10,000 c.p.s., respectively). They did,
however, bear approximately the same ratio to each other as would be
used in a practical superregenerative receiver designed for broadcast
reception.

| The basic circuit of the low-freguency receiver was as shown
in Fig. Iv-3 (a). This is readily recognizable a&s a conventional re-
generative receiver, with the addition of a source of a.c. aquenching
voltage in series with the grid bias supply. In order to simplify
the measurement of the input signal voltage, the antenna and antenna
coil of the ordinary receiver were omitted and the signal oscillator
was coupled directly to the tuned circuit, as shown in the diagram.
A circuit employing no grid-leak, such as would be used for anode
detection, was adopted in order to eliminate one of the variables
(the value of the grid-leak) affecting the operation of the receiver.

The details of the circuit of the low-freguency receiver

as 1t was actually constructed may be seen in the diagram, Fig. IV-3 (b).



The tuned circuit was connected as shown in the fundamental circuit
diagrem, except that an additional milliammeter and an oscillograph
element (O0,) for photographic recording of the oscillatory current
were inserted. Of the two milliammeters, one (M) was a slow-
response thermal-type and the other (M,) a rectifier-type instrument.
The reason for inciluding both types will appear in the next chapter.
Air core coils were used for Ly and Lo, in order to remove any possi-
bility of harmonics being introduced through saturation of an iron
core. L; had an inductance of 140 mh. and 2 resistance of about

10 ohms, measured at 1000 c.p.s. The fixed condenser Cy, combined
with the winding capacitance of the coil Ll’ resonated with the in-
ductance of Ll at a frequency of approximately 1040 c.p.s. The var-
iable resistance Radj was of the decade type and had a rsnge of
0-1111 ohms in 0.1 ohm steps.

It was desired to have a range of measurable input signal
voltages extending fromAabout 10 microvolts to 10 or 20 miliivolts,
inasmuch as readable signals from moderately distant stations usually
fall in this range. Accordinglya thermal millismmeter (MS) having a
full-scale deflection of 2.0 ma. and a minimum readsble deflection
of about 0.1 ma. was used in conjunction with the decade-type re-
sistence Rsig’ having a range of O-11 ohms in 0.1l steps, as shown in
Fig. IV-3 (b). In order to vary the current through Rgjg from 0.1 to
2.0 ma., a variable short-circuiting resistance Rg was shunted across
the output of the signal oscillator. A resistance of approximately

%000 ohms, shown as Rj, was placed in series with milliammeter Mz



to limit the current through Rgjg to about 2.0 ma. when Ry was at its
maximum of 11,110 ohms. Later a different signal oscillator having

a lower maximum output voltage was used, and Rl was omitted, the 750
ohus resistence of millizumeter iz then being sufficient to linmit the
current to less than 2.0 ma. Even with Rl omitted, Rsig at its max-
imum value of 11 ohms, and Rg set at O, the parallel resistance of
Rsig and Mz could differ from the resistance of Rsig alone by only
about 1.5%, or 0.16 ohms —— an amount too smell to affect appreciably
the operation of the receiver.

The d.c. plate voltage and grid biss were obtained from
slide-wire potentiometers, supplied by the laboratory's 230 volt d.c.
line. An auxiliary 85 volt battery was arrsnged so that it could be
switched in series with the plate potentiometer P, when a plate volt-
age of more than 115 volts was desired. A rheostat Ry having a low
resistance in comparison with that of the grid potentiometer Py was
vlaced in series with the latter, as shown in Fig. IV-3 (b), in order
to permit fine adjustment of the grid bias voltage. A reversing
switch S; made it possible to obtain either positive or negative grid
bias, and reversed the connections to the bias voltmeter M, in order

to keep its deflection positive at all times.

Two alternative sources of quenching voltage were available.

One of these was a laboratory vacuum-tube oscillator of the "tea-wagon"

type, having a minimum frequency of about 10 c.v.s. and a maximum
voltage at this freguency of somewhat less than 10 volts, when con-~
nected to slide-wire potentiometer Pz. The other source was a motor-

alternator set (No. 87, from Dynamo Laboratory), operated on 115 volts

Of o



d.c. instead of its rated 230 volts, and connected with an adjustable
resi%ance, in the form of stoves, in series with the armature. A
magneto voltmeter attached to the shaft of the motor-alternator set
indicated the guenching frejuency. A range of freguency of approx-
imetely 6 to 50 c.p.s. could be obtained. The maximum voliage output,
of course, varied airectly with the speed of the machine. At 10 c.p.s.
approxirately 30 volts could be supplied to the potentiometer. Fig.
IV-4 shows a general view of the motor-slternator set and its agso-
ciated equipment. In order to facilitate shifting from the alternsator
to the vacuum-tube oscilletor for guenching voltage, the selecting

switch So was included in the circuit.

Fig. IV-4. General view of alternator supplying
' quenching voltage.
In order to reduce noise voltage in the oscillatory circuit
to & minimum, bypass condensers Co and Cz, each of about 20 microfarads

capacitance, were connected across the plate supply and the entire

JO0e




grid-bias supply, including the quenching-voltage potentioneter,

ee shown in Fig. IV-3 (b). OSince & condenser of this size has a re-
actance of only about 250 ohms at Z5 cycles, the guenching frequency
which was most often used, and since the resistance of the grid-bias
potentiometer Pr was of the order of 700 ohms, a considersble portion
of the guenching voltage indicated by the a.c. volimeter Mé was lost
in Po and did not appear between grid and filament at all. Conse-
guently & high-resistance voltmeter iig, in series with an 3 microfzrad
blocking condenser C4, was comnnected in parallel with the 20 microfarad
bypass condenser Co as shown in Fig. IV-3 (b). The voltage across

this instrument was, within a fraction of a per cent, identicel with
the true quenching voltage supplied to the grid of the tube. An oscil-
lograph element 03, in series with the multiplier Rz, was also con-
nected across this bypass condénser, in order to permit recording the
quenching voltage on the same sensitized paper as the oscilleting
current.

Two types of oscillographs were used in the experimental
work. TFor continuous visual observation, and for photographing en—
velopes of oscillations when they repeated themselves from one guench-
ing cycle to the néxt, a Genersl Radio cathode-ray oscillograph was
'employed. Since such an oscillograph could not simultaneously record
two or more currents or voltages, it was necessary to superpose the
quenching voltage upon the oscillatory voltage appearing across the
coil Lq in order to show them both in the same picture. The circuit

connection by which this was accomplished is shown in Fig. IV-3 (b).
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In order to mcke the pattern remain ststionary, the full voltage ap-
pearing across the 20-microfarad grid bypass condenser was applied to
+the input of the sweep circuit as a control voltage. Photographs of
the ceathode-rey images were teken on film with & Voigtlander Avus
camera.

In order to photograph oscillations whose envelopes changed
in shape or amplitude from one guenching cycle to the next, e Westing-
house vibration oscillograph was used. One element, as has already
been remarked, was connected in series with the tuned circuit, in
order to record the oscillatory current. A second element recorded
the cuenching voltage. An arc lamp was used as a lighﬁ gource, and
the records were made on bromide paper.

A general view of the entire apparatus, with the exception

of the quenching-volteze supply, is shown in Fig. IV-5. The large

. o . - 7 adman..

Fig. IV-5. Generel view of experimentel receiver.
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metal box in the center of the picture contains the coils Ly end Lp
and the tuning condenser Cj. The decade box bearing the number CRC70

is the varisble resistance Rad in the tuned circuit. Next to this

3
resistance is a smeller metal box which contains the vacuum tube.

On the table at the end of the bench zre the signal oscil-
lator ( which may be identified by its tuning dial, half wnite and
half gray), the cathode-ray oscillograph and its sweep circuit. At
the rear of the bench may be seen the wooden cases of the two 20—
microfarad bypass condensers, snd at the near end of the bench are
the four slide-wires used in adjusting plete voltege, grid bias and
quencning voltage. At the extreme left, in the foreground, is the se-
lecting switch So which connects the cuenching-voltage potentiometer
to either the vacuum-tube oscilletor (not shown) or the motor-alter—
nator set (see Fig. IV-4). Also at the extreme left is located the
85-volt suxiliary plate battery. The table at the extreme right
supports the vibration oscillograph, one end of which may be seen in
the ovicture.

The foregoing descriptions cover the essential features of
the apparatus. In the next chapter the experiments which were made
with this apparatus will be described, their results presented, end

the significance of these results discussed.
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CHAPTER V

EXPERIMENTAL INVESTIGATION

Introduction:

With the apparatus described in the preceding pages a
nwaber of experimentel observations ané measurenents were tsken.
The present chepter will describe and explain the experimental
procedure followed; will present the results of the measurements
and observations; and will attempt to pick out the significent
experimental conclusions and show their relation to each other,
to the theoreticel deductions of Chapter III, and to the conclu-
sion of previous writers as summarized in Chapter II.

The investigation may be divided into four parts, hav-
ing to do with the following topics:

1. The vacuum tube 2s s source of negative resistance.

2. The superregenerative process; in particular, a

gtudy of the course of oscillations during the
quenching cycle, from the standpoint of the neg-
ative-resistance characteristics of the vacuum
tube.

3. Operating curves of the superregenerative receiver.

4., iultiple resonance phenomena.

These subjects will be treated in the above order.
Inasmuch as the experimental program was not originally

napped out in its entirety, but, rather, began with certain funda-




mentsl measurements and then developed along lines suggested by the
outcome of these initial experiments, it will be advantageous to
present &ll three of the above classifications of information ——
experimental procedure, results and conclusions — relating to each
phase of the investigation before proceeding to the next phase.

Aceordingly, the present chapter will follow this procedure.

A. THE VACUUM TUBE AS A SOURCE OF NEGATIVE RESISTANCE

Imoortance of a Study of Negative Resistance:

The artifice of considering the vacuum tube of a super-
regenerative receiver to be 2 source of negative resistance in the
oscilletory circuit is as old as the receiver itself, for, as was
pointed out in Chapter II, Armstrong presented this concept in his
original paper in 1922. More recent writers, slmost without excep—
tion, have continued to treat the superregenerative circuit as =
circuit whose effective resistance alternates periodically about
zero. Now, this effective resistance is simply the sum of the
inherent positive resistance of the tuned circuit and the negative
resistance supplied by the tube. Consequently a knowledge of how
the negative resistance contributed by the vacuum tube varies as a
function of time would seem to be of primary importance.

Nevertheless, very little attention has been given this
matter by any of the writers to date. Some have been content to

consider only the most highly idealized cese, that of & sguare-




wave variation of negative resistance with respect to time. In
other words, they have assumed the negative resistance to alternate
between two steady velues, so that the net effective resistance of
the tuned circuit shifted abruptly from a definite positive to a
definite negative value and back again. Other authors, seeking a
closer approximation, have reasoned that, since the juenching volt-
age was generally sinusoidsl, the variation of negative resistance
would in turn be nearly sinusoidal.

One obvious shortcoming of both of these assumptions lies
in the fact that they present the resistance of the oscillatory cir-
culit as a function of time czlone, and not of current as well; that
is, they overlook the fact that in any physical vacuum tube circuit
oscillations cannot build up indefinitely, but must tend to level
off at a value which has been called the "saturation level™.
Hessler, it will be recalled, modified his assumption of a square-
wave variation of resistance by considering oscillations to build
up exponentially until they reached the ssturation level, to con-
tinue at constant amplitude until the beginning of the positive-
resistance period, and then to decay exponentially. In other words,
he visualized saturation as a "flat roof" limiting the amplitude of
oscillations, but did not investigate the reasons for this "roof™",
David did point out that the resistance was a function of both
time and current, but did not examine the nature of this function
either theoretically or experimentally.

In short, previous writers on the subject of the super-
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regenerative receiver have estsblished the concept of an oscillatory

circuit containing a periodically varying resistance, but have failed
to taie the next step, that of finding just how this resistance does

vary with time. Accordingly, this problem was made the starting

point of the present experimental investigation.

Definition of Negative Resistance:

At the outset it is necessary to define what is mesnt by
the term "negative resistance", when it is applied to the type of
circuit in consideration here -- for example, thst shown in
Fige IV - 3 (a). The justification for the use of the term lies in
the fact that an oscillating current in the tuned circuit gives
rise to en alternating grid voltege, a pulsating plate current, and
finslly a2n induced alternating voltage in the oscillatory circuit
wnich aids, and is in phase with, the oscillating current. The
negative resistance, then, might be defined as the ratio of this
induced alternating voltage to the alternating current regponsible feor it.
In the normal range of operation of a vacuum tube, the sum of
this negative resistance and the inherent positive resistance of
the tuned circuit would then be the net resistence which determines
the rate of growth or decay of oscillations.

In a superregenerative receiver, the sbove definition
must be modified in order to take into account the loss resulting
from the flow of grid current when the grid potential swings

positive. As far as its effect upon the growth or decay of oscil-



lations is concerned, this loss is equivelent o thst of a resistance
Rg shunted across the tuned circuit, or a resistence Ry = E%ﬁf in
series with the tuned circuit. The effective negative resistance
contributed by the tube is then the ratio of induced voltage to
oscillating current, minus R@', the equivslent series resistance
representing grid loss.

The foregoing analysis revesls an important property of
the superregenerative circuit under consideration. Provided the
plate and filament voltages and the self and mutuel reactances of
the grid and plate coils at the oscillatory frequency &ll remain
unchanged, the negative resistance contributed by the tube is a
function of only two variables; the amplitude of the oscillating
current in the tuned circuit, and the vslue of the "instantaneous
grid bias". 3By "instantaneous grid dilas" is meant the sun of the
G.C. grid bias voltage znd the instsntaneous value of the quenching
voltaje, or, in other words, sll components of grid potential
except the high-Trejuency oscillatory voltage.

The proof of this prowosition is quite simple. If the
oscilleting current and grid bias are specified, and the reactance
of the grid coil is constent, then the rznge through which the
grid potentizl oscillates is completely specified. #ith the plate
and filament voltages and the self and mutual resctances of the
coils all fixed, it follows that the plate current must then be
completely specified. Finally, since the mutual reactance is

fixed, the oscillatory voltage fed back into the grid coil, and
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hence the ratio of this voltage to the oscililatory current, are
also specified. Furthermore, since the range of oscillation of
the grid potential is known, the grid current and therefore the
hypothetical resistance Rg’ (representing grid loss) are uniquely
determined. Thus both components of the effective negative re-
sistance, as defined zbove, are completely specified when the
amplitude of oscillating current and the instantaneous grid bias

are known.

Experimental Procedure:

In order to investigate the dependence of the effective
negative resistance upon the r.m.s. value of oscillating current
and the instantaneous value of grid bias, the following experi-
mental method was employed. The receiver was operated as a
simple regenerative oscillator, no quenching voltage being used.
The data was teken in three groups of runs, each group being for
different values of plate voltage and mutual inductance. Within
each of these groups, each run was taken with a different value
of resistance in the tuned circuit, and was conducted as follows:
With the grid voltage sufficiently negative to vrevent oscilla-
tions from starting, the resistance of the tuned circuit was set
at the desired value by adjusting Radj (see Fig. IV - %b), taking
into account the resistances of Rsig’ the coil, the oscillograph
element and the milliammeters. The negative grid bias was then
reduced to the point where oscillations started. From that point

on, the bias was reduced to zero in small steps, reversed in
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polarity, and increased in steps to a positive value sufficently
large to cause oscillations to stop. At each step the r.m.s. value
of the current in the tuned circuit was read. In this way a curve
of oscillating current versus grid bias voltage was obtained, for a
given value of resistance in the tuned circuit. Such curves are

sketched in Fig. V-1 for two different values of resistance. As

N}

05,

R, >R,

LRX

Fige V-1. ™=t.:71- oo, or family of curves of

oscillatiag current versus grid bias voltage,
for different values of circuit resistance.

Ey

might be expected, reducing the resistance of the circuit had the
effect of increasing the amplitude of oscillations for a given
grid bias, and of increasing the range of grid bias voltage within
which the circuit was capable of oscillating.

Now, since these measurements were made with the receiver
operating as a simple, unmodulated oscillator, they were taken under
steady-state conditions. The amplitude of oscillation was neither
building up nor decaying, butwes in equilibrium. The net resistance
of the circuit was therefore equal to zero during each of the above
measurements. This net resistance, however, was simply the sum of

two components; the positive resistance of the tuned circuit, and
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the negative resistance supplied by the vacuum tube. Consequently,
in every case, the negative resistance contributed by the tube was
equal to the positive resistance in the circuit. This latter,

of course, was easily determinable, being simply the sum of the

resistances of Radj Rsig

» the coil and the rectifying milliam-
meter (the oscillograph element and the thermal milliammeter
shown in Fig. IV - 3b being omitted during these measurements).
By the foregoing procedure it was possible to determine
the negative resistance offered by the tube, as a function of the
amplitude (strictly speaking, the r.m.s. value) of the oscillat-
ing current and the instantaneous grid bias voitage(already de-
fined). As suggested by Fig. V-1, this function may be expresed
by a family of contours of constant negative resistance, plotted
against ordinates of oscillating current and asbscissae of bias
voltage. It has already been demonstrated theoretically that the
negative resistance may be expressed as a function of these two
variables alone, »rovided the coil reactances and the filament
and plate voltages are kept unchanged. The significance of this
theorem is more evident in a corollary which might be stated es
follows. For a given combination of values of oscillating current
and instantaneous bias, the negative resistance supplied by the
tube is always of the magnitude determined for that combination
by the above measurements, even though the positive resistance of

the circuit ﬁay now be different from what it was during those

measurenents.




70.

But if the negative resistance is independent of the posi-
tive resistance, it is necessarily independent of the net resistance,
and therefore of the rate of growth or decay of oscillations. Hence
follows this important conclusion: The data relating negative re-
sistance to oscillating current and bias voltage, while taken under
steady-state conditions, may be used in studying the behavior of a
circuit in which the amplitude of oscillations is continually vary-
ing -- in other words, 2 superregenerative receiver. Specific
applications of this data will be considered later in the chapter.

It should be realized, of course, that when the negative-
resistance contour chart is used in connection with 2 circuit in
which both the grid bias and the oscillating current are contin-
ually changing, the coordinates of the chart will refer to "instan-
taneous" values of these two quantities. The instantaneous grid
bias has already been defined as the d.c. grid bias plus the in-
stantaneous value of the quenching voltage. The "instantaneous"
value of oscillating current cannot be defined so rigorously, but
may be said to mean the root-mean-square value of the current,
taken over a period so short that the amplitude of high-frequency
oscillations does not change appreciably within the period.

In the course of the negative-resistance measurements
described above, there arose a complication which particularly
affected the measurements taken with low values of resistance in
the tuned circuit. It was found that under these conditions the

anplitude of the oscillating current with a given amount of
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resistance in the circuit was no longer purely a single-valued function
of the grid bias voltage, but followed a curve of the form shown in
Fig. V-2 (the three curves in this diagram represent different values

of resistance). That is, at one or both ends of the range of grid

R, > R; >R,

d,, a;, a3, ARRE
THE “OsCLiATING
RANGES”FOR R, R, R,.

5= £,

e—————ay

Fig. V-2, T"Reissdiagramm®, or family of curves of
oscillating current versus grid bias voltage, showing
hysteresis loops obtained with low values of circuit
resistance.

bias voltage in which high-frequency oscillations occurred, there
Wwas a hysteresis region in which oscillations would not start when
the bias voltage was being brought toward the oscillating range,
but would continue when the bias voltage was being brought out of
the oscillating range. This phenomenon is by no means a new dis-
covery. It is described by Barkhausen in his Elektronrohren,

Vol. 1II, in which he shows a sample "Reissdiagramm" or family of
curves similar to those of Fig. V-1 and Fig. V-2.

These hysteresis loops in the curves of oscillating

current versus blas voltage for constant values of positive re-



sistance in the tuned circuit do not indicate, however, that similar
hysteresis loops exist in the contours 9f constant negative resistance.
In the first place, in the "reissdiagramm", the hysteresis loops
for different values of positive resistance overlsap each other and
even coincide with each other for an appreciable distance along the
axis of grid bias voltage. OUbviously negative-resistance contours
could not contain loops such as these, for this would require the
contours to cross each other, whereas it has already been demonstra-
ted on theoretical grounds that the negative resistance supplied by
the tube is uniquely determined by the values of oscillating current
and instantaneous grid bias, |

Furthermore, the hysteresis loops in the "Reissdiagram"
can be readily explained on the besis of negative-resistance contours

containing no hysteresis loovs, but having the form indic=ted in

Fig. V-&. Contours of constant negative resistance.
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Fig. V-5. Thus, suppose that the positive resistance in the tuned
circuit is R4 ohms, and suppose further that the grid bias,
initially highly negative, is being brought toward zero. Until the
bias has been reduced as far as E, , the negative resistance is
nunerically smaller than the positive, so that the net resistance
of the circuit is positive and tends to demp out any disturbances
arising from random noise voltages.

As soon as the biss voltage has been reduced even slightly
below E, , however, the net resistance is negative, so that the
first disturbance which occurs is not damped out but instead builds
upe. Furthermore, as the oscillation builds up to an appreciable
amplitude, the negative resistance becomes greater, on account of
the shape of the negative-resistance contours (see Fig. V-3); so
that the growth of oscillations is greatly accelerated. The
amplitude of oscillation continues to increase, although presently
at a decreasing rather than an increasing rate, until the value

S, 1is reached (strictly speaking, approached asympgotically).
At this level the oscillating current is in stable equilibrium,
since any momentary change in the amplitude of oscillation causes

a change in the negative resistance, and therefore in the net
resistance, which tends to restore the oscillating current to 3, .
From the foregoing it may seem that the process whereby the current
rises from zero to 9, is rather complicated, but it should be

realized that it takes place very rapidly.



If nor the negative bias is gradually increased, above E, ,

the osecillating current does nct fall to zerc hut instead, follows the
R4 negative-resistance contour. Thus as the necative bias becomes

larger the amplitude of oscillations may actually rise for a time.
%hen the bias voltage has reached E, , the current has its maximum
velue of 32 + TFurther increese of grid bias causes the oscillating
current gradually to fall off again, until the voltsge E,; is reached.
Beyoud this point it is impossible fcr the current tc =djust itself
to eny value which will make the negative resistance as great as
the opositive, and the resulting slightly nositive net resistance
causes the zmplitude of oscillation to decrease. On account of the
shape of the negative-resistance contours, this reduction in current
decreases the negative resistance further, increases the vositive
nrenonderance, and causes the current to f£ail faster., Thus the
amplitude of cscillation guickly falls to zero, and the hysteresis
loop is ccmolete.

A similzr process acccunts for the hysteresis loop between
E4 and E. in the positive grid bias region. In general it may be
snid that wherever the negative-resistance contours exhibit an
tundercut! apoearance (sloping downward and inward toward the oscil-
lating range of grid bias voltages), as in Fig. 3, the corresponding
curves of the "Reissdiagramm" contain hysteresis locps.

There remsins, however, the osracticel nroblem of determin-
ing the course of the Mundercut" portions of the negative-resistance

contours. All thot can be learned about them from the exverimental
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procedure described on the preceding pages is that, in the case of
the R‘ contour of Fig. 3, for instance, the terminal ooints of one
of the undercut sections are (E;,0 ) and (Ej ',53); cf the cther,
(E,,0 ) and ( Esl%). Between eltner cof these pairs of points, onera-
ticn of the receiver is unstable. Any increase cr decrease in the
amplitude of cscillation causes the operating point to mcve vertically
off the centour and changes the value of negative resistance in such
a directiocn as to increase the original deviation.

A solution of this predicament, for the case of the nega-
tive grid bias region, was found in the artifice of inserting a
variable grid leak snd d.c. voltmeter in the receiver circuit, as

shomm in Fig. V-4, With = sufficiently high resistance in this leak

GRID LEAK
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MIGH -RESISTANCE -(: =
D.C.VOLTMETER—™ ¢
h—!

Fig. V-4. Position of grid-leak in circuit.

it was possibtle to secure stable operation on thzt nortion of the
negative-resistance contour which, in Fig. V-3, is bounded by points
(E,,0) and (Eg,9y).

The reason for this chznge in behavier is quite simple.
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Any momentary variation in the amplitude of cscill:tion now had a

douhle effect. It not only disnlaced the overating pcint vertiecally,

but, by affecting the grid current, chonged the d.c. voltage ncross
the zrid leak, thus displacing the operating point horizentally as
well. The resultsnt of these two moticns was = displacement =zleong
a slanting line whose slepe could be made smaller than that of the
negntive-resistance contour by using a sufficiently high grid leak
resistance. Under this latter condition, any momentary variation
in the amplitude of cscillation =ltered the negative resistance in
such a direction as to restore the cscillating current to its

original amplitude, instead cof accelerating its departure from the

- - e

Sose

R"’ R,':o R'll > R,.' >0

Ey

Fize V=be oLoeie .0 cperating point when displaced
~ from erquilibrium, with different values of grid-

leak resistance.

equilibrium amplitude. This noint is illustrated in Fig. V-5, which

shows loci of the operating point for different values of grid leak
resistance.

The procedure used in locating points on the unsteble
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part cf the negative-resistance contour with ﬁhe 2id c¢f the modified
circuit described ~bove was as follows. The nositive resistance of
the tuned circuit was first set at 2 value numericnlly eaual to the
negative resistance of the desired comtour. Next the grid leak and
the grid bias potentiometer were adjusted until a desired value of
oscillating current was obtained. To the reading of the grid bias
voltmeter was then added the reading of the voltmeter shunted
across the zrid leak, in order to obtain the total bias applied
to the grid. This total bias voltage and the cscillsting current
read on the milliammeter in the tuned circuit were then the co-
ordin-tes of a nolat cn the negative-resistance contour. The pro-
cedure was repeated for other values of oscillating current in order
to get 2 number of points, through which the contour could be drawn.
n pructice, it was sometimes unnecessary to shunt the

grid-leak vcltmeter with a grid leak at all, the resistance of the
former serving the purpcse quite adequately. Indeed, the only
upper limit on the permissible resistance of vecltmeter and grid
le=k combined was imposed by the fact that, with a resistance of
more than apsroximately one megohm, relaxation oscillations occurred.
Their freguency was determined by the grid leak resistance and the
capacitance shunted acrcss the grid leak =and hias supply.

One cbjection may arise concerning the validity of the
foregoing method of obtaining the undercut portions cf the negative-
resistance centours. It may seem that by the insertion of a grid

le~k the circuit was so altered that any data gzthered with it was
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inapplicable to a circuit containing no grid leak. Fortunately this
is not true. Because cf the large bypass ccndenser shunting the grid
leak azd bias supply, the receiver circuit was not ch:nged apprecia-
oly by the inclusion of the leak, =s far as currents and veltages
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