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PREFACE

The super-regenerative circuit was widely used, in wartime, in

pulse responders for radar identification of ships and aircraft

(I.F.F.). These units were produced in very large numbers and,

for that reason, the initial design had to be particularly stable and

reproducible. The achievement of these properties represented a

great advance in technique and understanding, because the super-

regenerative receiver previously had a reputation for unreliability.

This book describes the operation of super-regenerative circuits

in the light of these recent advances.

In view of the comparative shortage of information on the

subject, however, the book is written to introduce the whole

subject of super-regenerative theory and design and not only those

parts relevant to wartime advances. Although addressed primarily

to the specialist, it should be useful to the student and to the

radio amateur. It begins with an outline of the super-regenerative

principle which describes the linear and logarithmic modes of

operation and introduces automatic gain-stabilization. Chapter 2

deals with the build-up of oscillations in a valve oscillator.

No apology is made for the inclusion of this elementary treatment,

for the subject is surprisingly absent from most text-books.

The following two chapters present an approximate theory of

the linear mode, based upon material prepared jointly with

Dr G. G. Macfarlane for a T.R.E.* Report and, later, for papers

in Part III of the Journal of the Institution of Electrical Engineers

(March-May 1946 and May 1948). A division of operation into the

states of slope-control and step-control is made according to

whether the circuit is brought slowly or quickly into the oscillatory

state. The creation of these artificial and extreme states of operation

is necessary to permit the derivation of simple formulae from the

theory. Their relation to practical conditions is discussed in detail.

# Telecommunications Research Establishment.
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A theory of sinusoidal quench applied to a triode oscillator leads

to design data which are presented in an Appendix. These relate

the properties of a super-regenerative receiver to the circuit para-

meters and valve electrode voltages. They are intended to be used

as a guide to design and, as such, their usefulness is not strictly

confined to sinusoidal quench.

The greater part of the book is thus concerned with the linear

mode, which is the key to understanding all types of super-

regenerative circuit. With this knowledge in mind, the treatment

of the logarithmic mode and self-quenching in Chapter 6 is

relatively simple.

The treatment of automatic gain-stabilization in Chapter 7 is

similar to that used in the part of a monograph on I.F.F. written

by the author as a contribution to the Scientific War Records of

the Ministry of Supply (Air).

The final chapter describes a large number of super-regenerative

circuits. Each is chosen to illustrate a type of receiver, and the

whole chapter is intended to emphasize the range of applications

of super-regeneration rather than to give precise instructions for

the design of any particular circuit.

Attention is called to the list of symbols and to the short biblio-

graphy located at the end of the main text.

I believe this is the first book ever to be devoted entirely to

super-regenerative receivers. It is unlikely to say the last word on

the subject, but it will serve its purpose if it stimulates the reader

into considering the super-regenerative receiver on the same basis

as other types for U.H.F. applications.

I welcome this opportunity of expressing my appreciation of the

assistance I have received from colleagues in Cambridge and

Malvern in the course of preparing this book. In particular, I wish

to thank Mr J. A. Ratcliffe for encouragement and helpful criticism

;

Mr K. E. Machin for reading manuscript and proofs; Dr G. G.

Macfarlane, in association with whom the fundamental theory of

Chapters 3-5 was developed for an earlier paper, and Mr R. W.
Horne for preparing circuit diagrams. I am also indebted to
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Professor F. C. Williams and Mr H. Wood of Manchester, and to

Mr H. A. Wheeler, of New York, for discussions, during the war

years, which helped to stimulate my interest in the subject.

I also wish to thank the following for permission to publish

figures or extracts from published papers: The Institution of

Electrical Engineers for the extract from Mr F. R. W. Strafford’s

paper in §6*3-2; The Institute of Radio Engineers for figs. 8- 18 and

8-19; The Wireless Engineer for fig. 8-9
;
Electronics for fig. 8-17;

and Messrs Raytheon for fig. 8-20. Finally, I thank the Chief

Scientist, Ministry of Supply, for permission to publish this book.

J. R. W.

July

1949
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Chapter i

INTRODUCTION TO THE
SUPER-REGENERATIVE RECEIVER

i* i. The super-regenerative principle

A super-regenerative receiver is characterized by the repeated

build-up and decay of self-oscillations in a valve oscillator, known
as the super-regenerative oscillator

, operating on, or near, the signal

frequency. The circuit is made alternately oscillatory and non-

oscillatory by the application of a periodic voltage to one of the

electrodes of the oscillator valve. The source of this periodic voltage

is usually a separate quench oscillator
,
although self-quenching may

be arranged by a suitable choice of the grid leak and grid condenser

of the super-regenerative oscillator. In either case the quench

frequency is necessarily much lower than the natural frequency of

the super-regenerative oscillator but must be higher than that of the

signal modulation. Typical circuits of separately and self-quenched

super-regenerative receivers are given in fig. i*i.

In either separately or self-quenched systems the quench causes

oscillations to build up in the super-regenerative oscillator and then

permits them to decay. The oscillations build up from a signal

voltage developed across the circuit by means of an inductive or

capacitative coupling from the aerial. When there is no signal the

oscillations start from the level of fluctuation noise existing in the

circuit. During the period of build-up the oscillations may become

as much as a million times greater than the signal. In this resides

the gain of the super-regenerative receiver.

It is essential that the super-regenerative oscillations from one

cycle of quench should die away before the next cycle commences.

Otherwise the next cycle will build up from the dying oscillations

instead of from the signal. For this, and other reasons, the choice

of quench frequency, amplitude and wave-form must be made

carefully. The actual choice is a complicated matter which is dealt

with fully in later chapters. However, for sinusoidal quench, which

is commonly used, the ratio of signal frequency to quench frequency

usually lies between ioo and 1000. One of the reasons why the

super-regenerative receiver is unsuitable for broadcast sound

WR



2 SUPER-REGENERATIVE RECEIVERS

reception on the long and medium waves is now apparent. To
receive a signal on 300 m. (1 Mc./sec.) we should require a quench

frequency lying between 1000 and 10,000 c./sec., which is well

within the band of audible frequencies.

3UPCR-RKBWATI0N (QJ (b)

CONTROL

Fig. 11. Super-regenerative receivers, (a) Separate quench and detection.

(b) Self-quench and self-detection.

i*2. Separate quench: linear and logarithmic modes
There are two clearly defined modes of operation with separate

quench, according to whether or not the oscillations are allowed to

build up to an equilibrium value, as in a normal valve oscillator,

before they aie quenched. If the oscillations which build up during

a single quench cycle are quenched before they reach the limiting

equilibrium amplitude determined by the valve characteristic, their

peak amplitude is proportional to the signal (or noise) voltage from
which the oscillations grew. The receiver is then said to operate in

the linear mode . If, however, the build-up period is made long

enough, the oscillations reach a steady value before they are

quenched. In this, the logarithmic mode
,
the effect of an applied

signal is to advance the time at which the oscillations reach a given

amplitude. This is clearly shown in fig. 1-2, which compares the

build-up and decay of oscillations in a single quench cycle in

(a) the linear and (b) the logarithmic mode. It is shown later that the

useful received output in the logarithmic mode increases in the ratio

l°ge(TO,
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when the incoming signal voltage is increased from Vx to V2 ,
and

it is this fact which gives rise to the name logarithmic mode.

A separately quenched receiver can operate in either mode,
depending upon the setting of the gain-control and upon the

amplitude of the applied signal. A receiver is, however, termed

linear or logarithmic according to the mode in which it is commonly
used.

(b)

Small c.w. signal. Large c.w. signal.

-
<> ^ 4 <> 4- ">

<><><><><><><> c»,

(0

Fig. 1 *2. Envelopes of super-regenerative oscillations, (a) Linear mode.

(6) Logarithmic mode, (c) Self-quenching: (i) small c.w. signal; (ii) large

c.w. signal.

In the linear mode the peak of the oscillation envelope occurs, in

each quench cycle, at the same point which is independent of the

signal amplitude. The amplitude of the peak is linearly dependent

upon the signal amplitude. In the logarithmic mode the amplitude

of the oscillation envelope is always the same, but a signal advances

the apparent starting time of the oscillations, thus increasing the

area under the envelope. Thus the area changes with the amplitude

of the incoming signal. A suitable detector circuit converts this once

more into a change of amplitude.

i*3* Self-quenching

The self-quenching receiver operates somewhat differently. The

values ofthe components in the grid circuit ofthe super-regenerative



SUPER-REGENERATIVE RECEIVERS4

oscillator are chosen so that the oscillations are periodically inter-

rupted in a manner often known as ‘squegging*. All the successive

bursts of oscillation build up to the same critical amplitude before

they are damped out. This amplitude is determined by the para-

meters of the squegging oscillator. When a signal is present, this

amplitude is reached at an earlier time, and less time is also taken

for the oscillations to decay back to the signal amplitude. Thus the

effect of a c.w. signal is to decrease the interval between successive

bursts of oscillation, i.e. to increase the quench frequency, without

altering the form of each individual pulse. This is illustrated in

fig. i*2 (c). Actual oscillograms showing the relationship between

the oscillation pulse and the grid voltage in the various types of

receiver are shown in fig. 13. The increase in repetition rate due to

the presence of a c.w. signal causes an increase in the mean anode

current of the super-regenerative oscillator. The self-quenching

circuit is therefore self-detecting and is normally used in that way.

Fig. i*i (b) is an example of such a circuit.

1*4. Reception of amplitude-modulated signals

The appearance of the output oscillation envelopes of the three

types of super-regenerative receiver, when receiving a tone-

modulated signal, is shown in fig. 14. In the linear mode the

envelope of the output peaks follows the modulation wave-form,

provided the latter is slow compared with the quench frequency.

In the logarithmic mode the width of the ‘pulses’ increases and

decreases according to the instantaneous amplitude of the signal,

determined by the modulation wave. In the self-quenching receiver

the output pulses cluster together at the modulation peaks and

separate at the troughs in a manner characteristic of repetition-rate

modulation.

The output from a linear detector following a super-regenerative

receiver operating in the linearmode is proportional to the amplitude

of the incoming signal. This mode of operation is therefore capable

of reproducing accurately the signal modulation with a minimum
amount of distortion. On the other hand, operation in the logarith-

mic mode and self-quenching both produce, after detection, an

output proportional to the logarithm of the applied signal. This

introduces considerable distortion at normal depths of modulation.

From the point of view of fidelity, therefore, the linear mode is to



Fig. 1*3. Oscillograms of grid voltage and pulse of oscillations, (a) Linear mode:

trapezoidal quench. (b) Linear mode: square-wave quench, (c) Logarithmic

mode, id) Self-quenching.
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be preferred. Logarithmic operation has, however, certain ad-
vantages where fidelity is not important. The logarithmic relation-

ship makes an interfering transient signal of very large amplitude

(b)

(C)

(d)

Fig. 1-4. Appearance of receiver output due to modulated signal. (a) Modula-
tion wave-form. (b) Linear mode (even spacing, variable amplitude),
(c) Logarithmic mode (even spacing, variable duration). (d) Self-quenching
(variable spacing).

produce much less disturbance in the receiver output. This is one

of the reasons for the much-vaunted 4

interference-suppressing
’

properties of the super-regenerative receiver. In the same way wide

variations (e.g. fading) of the signal amplitude can occur before
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there is any noticeable change in the receiver output level, so giving

the effect of automatic volume control.

15. Automatic gain-stabilization

When the receiver is required to operate in the linear mode it is

desirable to include an auxiliary circuit to maintain the output

relatively constant, in spite of changes in signal amplitude, in the

manner of automatic volume control. Because of the enormous

Fig. 1*5. Block diagram of a.g.s. system.

range of control possible in a super-regenerative receiver, the same

circuit may be used to maintain the level of output noise constant

in the absence of a signal. In this way the sensitivity of a search re-

ceivermay be held constant whilst tuning over a band of frequencies

and in spite of changes in the other circuit parameters (e.g. aerial

loading). The name ‘ automatic gain-stabilization ’ (a.g.s.) has been

given to circuits which perform this function. Such circuits were

first developed for use in the I.F.F. Mark III airborne responder*

and were originally suggested by F. C. Williams.

The precise regularity of the output pulses from a receiver

operating in the linear mode has already been emphasized. This

means that the output carries a very strong quench-frequency

component. In order readily to obtain a high gain in the a.g.s.

amplifier it is usual to tune it to quench frequency. This is not

essential, and is, in fact, in some cases a disadvantage, but these

* Chapter 8.
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cases are rare. For the present the description is confined to

quench-tuned a.g.s.

A block diagram of the a.g.s. system is given in fig. 1-5. The
output from the detector of the super-regenerative receiver is

applied to the input of a quench-tuned a.g.s. amplifier, as well as to

the audio or video output circuits. The output from the a.g.s.

amplifier is rectified and provides a d.c. control voltage. This

voltage is used to control the super-regenerative gain, in the appro-

priate direction, so that any tendency for the receiver output to

change is strongly opposed. The control voltage may be applied to

the oscillator system in several alternative ways. A usual way, and

probably the simplest, is to use it to provide bias to the grid of

the super-regenerative oscillator, thus altering the receiver gain.

Another method is to use it to control the quench amplitude by

arranging the a.g.s. bias voltage to control the gain of a quench

amplifier, from the output of which quench is supplied to the

receiver. These methods are discussed in Chapter 7, which is

devoted to a.g.s.



Chapter 2

THE SUPER-REGENERATIVE OSCILLATOR

2 - 1. Introduction

A fundamental process in the super-regenerative receiver is the

build-up and decay of self-oscillations in the super-regenerative

oscillator. In order to analyse the operation of the receiver it is

necessary to develop the simplest possible equivalent circuit which

will, however, represent it to an adequate degree of approximation.

The linear mode is the easiest to analyse because the oscillator in

this mode may be replaced, in the equivalent circuit, entirely by

linear circuit elements. It is on this mode, then, that we shall

concentrate for the time being. We shall find later that an analysis

of the linear mode also goes far towards providing quantitative

information regarding the logarithmic mode.

The valve in any oscillator circuit behaves approximately like

a shunt negative conductance whose value is proportional to the

mutual conductance at the operating electrode potentials. If the

electrode potentials are varied, as they are by the quench in a super-

regenerative receiver, the effective value of the shunt conductance

undergoes a corresponding change.

Before proceeding with the analysis of a circuit having a time-

varying shunt* conductance, let us summarize the steady state and

transient properties of a circuit having a fixed, positive value of the

shunt conductance. A parallel conductance
,
rather than resistance

,

is used throughout because it is more convenient when considering

the transition from positive, through zero, to negative values.

2*2. Parallel-tuned circuit: steady state

The properties of a parallel-tuned circuit, having a series re-

sistance r and a shunt conductance G, are summarized in table 1.

In later analysis, for simplicity, we put r — 0 and effectively increase

the value of G in order to maintain the same circuit ^-factor. It

may be shown from the formulae that the modification of the

frequency-response characteristic by this approximation is slight

for frequencies close to resonance, provided the (^-factor is

reasonably large.
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Table i. Properties of the parallel-tuned, circuit

y=7T&+g+V“-

Impedance:

7= l L \ I i -jrpoL \

\CV + LG! \ i +[jMO

+

LG)] [oSlC- ( , + rG)]

j

= L<o0Qa{il[i+j(2Q0 S)]} (Q0>i, S<i).

Magnitude:

1 7 ^ / L__ \ I (r/2L) + (G/2C
)

1

11 ’ \Cr + LG/ WKr/zL) + (G/zC)] 2 + (o> -w0)
2
]|

= Lw,,0o{i/V[i+(20o^)
a
]} (0o>i. <Ki).

Phase angle:

* tan
(rl2L)+'(GJiC)

= tan
-1

(20o^) (Qo^ii*^ 1 )-

Symbols: w0
= iN(LC) f 0O = + >

<J= (o>/o>0)- 1 .

2 3, Transient oscillations in the parallel-tuned circuit

In the super-regenerative receiver we are concerned not with the

steady state but with the continual starting and stopping of oscilla-

tions in a tuned circuit having an a.c. signal applied to it. Let us

examine next the transient behaviour of the parallel circuit of

fig. 2* 1 ,
in which all the damping is due to the shunt conductance G.

The signal is represented by an equivalent current generator of

amplitude A and radian frequency oj.

The differential equation for the voltage V across the circuit is

C~ + GV+±jvdt=Asm(<ot), (1)

dW „dV V
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The complete solution of this equation for the oscillatory case in

which we are interested may be written

v ,*^+*s~*wH*-*t*n ’
(3)

where

Note that

a = G/2C,

<4)

oj is the frequency of the applied signal,

o)0 is the natural frequency of the circuit,

(

o

d is the frequency of the damped oscillation, of which

a is the damping factor.

Fig. 2*1. Parallel-tuned circuit with applied signal.

The values^ of kx and k2 may easily be found from the initial

conditions, at^ = o, which are

V = o and A sin (cot) = o. (5)

The resulting values of k
x
and k2 are

A[G(o + (

1

jo)C— ojL) ( — & -j<od)]
kl ~

2j(od[G
2+ (

1

j(oC - <*>L)
2
]

’

A[Goj + (i/o}C-o)L)(-a+jo)d)]
2

2)0Jd[G
2 + (

1 I<dC - wL)2
]

' '

If conditions are such that 0) = <o0 = ij^(LC) the signal is tuned

to the resonant frequency of the circuit and

, _ A<o0 , __
Aco0

1 ~ 2ja>dG’
2 ~

2,jwdG‘
(7)
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The complete solution for the voltage across the circuit in this

Case IS

y _ AO>0
j-a+fo,#_ 4l^0 A-cc-fa# . 4 S‘n

2j(0dG 2j(0dG
+ G

= i
<

wd
e
~a‘>2C sin +^ sinKO- (8)

The first term is the interesting transient term, and the second

represents the steady state current.

This solution shows that initiation of the current in a parallel-

tuned circuit causes the appearance of a transient voltage as well

as the voltage normally expected in the steady state. If, however,

G is made negative in equation (8) then the transient voltage builds

up from the signal level and soon becomes large compared with the

steady-state voltage. This clearly involves a supply of energy to the

circuit from an external source, a state of affairs which holds in

a valve oscillator. The next section shows that an oscillator valve

behaves approximately like a negative conductance across the

associated tuned circuit. It also appears that the value of this

negative contribution to the parallel conductance is generally a

simple function of the mutual conductance of the valve.

2*4. Transient oscillations in the tuned-anode oscillator

We shall now analyse a valve oscillator of the feed-back type and

compare the results with those obtained above. Instead of allowing

the oscillations to build up from circuit noise we shall again give

them a definite level from which to start by applying a signal current

^4sin(^) to the oscillatory circuit. Fig. 2*2 (a) shows the circuit

of a tuned-anode oscillator with a signal applied to the tuned circuit.

The total losses in the circuit components are represented by the

shunt conductance G0 . In the equivalent circuit of fig. 2*2(6) the

valve is replaced by an equivalent current generator of magnitude

Kgm *n parallel with anode conductance Ga . This is a useful

alternative, for parallel circuits, to the more usual representation

of the valve as an equivalent voltage generator fiVg in series with the

anode resistance Ra = i/Ga , It assumes, of course, ‘ideal’ valve

characteristics, i.e. that fi = gm/Ga for all values ofgm .

Now it can be assumed with a fair degree of accuracy for a

negative-grid triode that no current flows in the grid circuit. If this

is so, then the voltage V
g

appearing across the grid-coupling
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inductance L
g
is equal to VM/L

,
whereM is the mutual inductance

between the coils and V is the voltage across the parallel-tuned

circuit.

The differential equation representing the equivalent circuit is

-gmVg+C~ + (G,+Ga) V+^jvdt = A sin (w<). (9)

Substituting for V
g
in terms of T, as above,

C
Tt

+
(
G° + Ga ~TSm

)

v

+

1j
vdt = A sin

A sm (cot)

(a)

Fig. 2-2. Tuned-anode oscillator with applied signal,

(a) Oscillator circuit. (b

)

Equivalent circuit.

or, writing Ga = gjfi, where gm is the mutual conductance and

fi the amplification factor of the valve,

c^+
[
Go+^"x)] V+

Z

\

Vdt = ^ sin ("0- (10)

This is identical with equation (i) if we put G in that equation

equal to

G = Go+gm (11)

If the coupling is such that M/L> ij/i there is some value of

gm for which gm(MjL - ijfi) i& greater than G0i i.e. for which G is

negative. When this is the case the coefficient of the transient term

in equation (8) becomes
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and increases with time, quickly becoming large compared with the

steady-state term (^4/G)sin(w0 t). The amplitude of these oscilla-

tions is seen to be proportional to that of the applied signal. The
frequency of oscillations, cod , is slightly dependent upon the mutual

conductance of the valve, as well as on the other circuit parameters,

f°r
«)d = v'(w|-a

2
),

where a is now given by

(,3)

It appears, then, that the tuned anode oscillator may be repre-

sented approximately by the simple circuit of fig. 2-1 in which the

value of G is G = G0+GV, (14)

where Gv is the contribution made to the parallel-circuit con-

ductance by the valve and feed-back coupling, and is given by

(15)

Gv is negative, zero or positive according to whether MjL is greater

than, equal to or less than i jfi. For a given arrangement of the

oscillator circuit and a given choice of valve, the factor {MjL — i//i)

is, to a first approximation, constant, in so far as fi is independent

ofgm . We may therefore write

Gv = Kgm and G = G0-Kgm> (16)

where K = {MjL — i/ju) is constant for a particular circuit arrange-

ment.

2*5. Method employing the operator j

The above example is sufficient to illustrate the principles behind

the representation of the valve oscillator as a negative resistance.

For practical purposes, however, this result for the tuned anode

oscillator may be obtained more readily from a steady-state analysis

of the circuit. The latter method is particularly useful for dealing

with more elaborate oscillator circuits for which the solution of the

differential equations is not so easy.

First let us consider the steady-state conditions for maintaining

the amplitude of the oscillations constant in a tuned-anode oscillator

with no applied signal. From fig. 2-2(6) putting A = o, we see that
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But, as before, V
g = (

MjL
)
V.

Substituting the values for IG ,
/c ,

/L ,
we obtain

-gm(M/L) + G0 -f Ga +j(oC+ 1 ljo)L = o.

The imaginary terms give the frequency of oscillation

a>
2 = i/LC. (17)

The real terms give the conditions for oscillation

G0-gm(MIL-ilv) = o. (x8)

This corresponds to equation (1 1) with G = o, and we again obtain

the result G„
= -gm(M/L - 1 //*). (19)

The values of Gv for the tuned-grid, Hartley, Colpitts and other

oscillators may be obtained in this way.

2*6. Representation of a super-regenerative oscillator

In a super-regenerative oscillator the value of G in the simple

equivalent circuit of fig. 2*i is made to alternate from positive to

negative values. For any valve oscillator G may be represented, to

a close approximation, by the equation

G — G0—Kgm , (20)

in which G0 is the effective parallel conductance representing the

losses in the quiescent circuit when the valve is not conducting,

gm is the mutual conductance of the valve and K is a constant for

any given circuit arrangement.

Now we can cause G to alternate in two ways. The obvious

method, and the one commonly used, is to vary one of the electrode

voltages of the valve and thus cause a corresponding fluctuation of

gm . An alternative way, however, is to maintain gm at a value

exceeding GJK and to vary the value of G0 by periodically applying

additional damping across the circuit. This effect may be achieved

in many ways, for example, by connecting a diode with an alternating

anode voltage across the circuit, so that it only conducts periodically.

The latter method is seldom used, but we shall have occasion to

mention it again later.

In either case the equivalent circuit of fig. 2*i is adequate to

represent the super-regenerative oscillator, but the precise nature

of the function G(t) depends upon the method used for quenching

the oscillations.
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The argument above deals exclusively with the early part of the

build-up period when the oscillations have not had time to build

up to a large amplitude. If the oscillations are quenched before they

approach a limiting amplitude determined by the valve char-

acteristics, then the whole process of build-up and decay may be

described on the basis of the equations relating to the circuit of

fig. 2*1. This is, in fact, what is done in the analysis of the super-

regenerative receiver in the linear mode in later chapters. If, how-

ever, the oscillations are allowed to build up to their equilibrium

amplitude before they are quenched, then we need to know some-

thing of the factors causing the limitation of amplitude.

2 7. The limitation of oscillation amplitude

2-7- 1. Tuned-anode oscillator

Let us again take the tuned-anode oscillator of fig. 2*2 as our

example. Suppose that the supply voltages are arranged to make

the quiescent mutual conductance (i.e. the mutual conductance in

the absence of superimposed oscillatory voltages on the electrodes)

high enough for oscillations to build up, once they are initiated, i.e.

gm> GJ(M/L- ijfl). (21 )

Immediately after switching on, the amplitude of the oscillations

increases exponentially according to the law

V = V0 exp [(MIL - 1 l/i)gm -G0] *j . (22)

This law holds during the initial part of the build-up when the

amplitude of the oscillations is small, and the operation is restricted

to the linear portion of the valve characteristic. As the amplitude

increases, however, the mutual conductance can no longer be

regarded as constant and equal to its quiescent value, but the

amplification factor, /£, may reasonably be assumed to remain

constant for the purpose of a qualitative analysis. When /

1

is constant

the anode-current-grid-voltage curves are displaced from each other

along the V
g
axis by amounts proportional to the difference in anode

voltage between them. In this case, therefore, they may be repre-

sented by a single curve
fW(Fff_W (23 )

This is shown in fig. 2*3. The slope of this curve at any point gives

the corresponding value of the mutual conductance. Let us suppose
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thatP is the operating point on the characteristic determined by the

supply voltages to the valve. The slope of the curve at this point is

the mutual conductance gm.

During the early part of the build-up period, the oscillation

amplitude is small and the electrode voltages do not deviate

appreciably from their steady values.

Fig. 2 3. Limitation of oscillation amplitude in

negative-grid oscillator.

As the amplitude increases, the grid potential moves along an

appreciable part of the characteristic curve. The value of the mutual

conductance now changes during a cycle of oscillation, being de-

creased for large numerical values of the grid potential. Con-

sequently the effective conductance of the circuit also varies. This

reduces the rate of increase of the oscillatory voltage until, finally,

a stable amplitude is reached. In the state of equilibrium the supply

of energy by the valve is equal to the losses in the tuned circuit.

In order to determine the shape of the oscillation envelope during

build-up, and the value of the limiting amplitude, it is necessary

to solve a non-linear differential equation containing parameters

describing the curvature of the valve characteristic. Appleton and

van der PoP and others have obtained approximate solutions

representing the equilibrium value of the oscillatory voltages.

* See Bibliography*
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Rocard* shows that the approximate form of the build-up envelope

1S
eait-t0)=

^/[i + e2a(<-<o)]
>

where a depends upon the circuit parameters.

2-7-2. The effect of a grid leak and condenser

The argument above refers to an oscillator circuit with fixed grid

bias and a corresponding value of the initial mutual conductance

gm . If a grid leak and condenser are included, the mechanism by

which the oscillation amplitude is limited is somewhat different.

Fig. 24. Limitation of oscillation amplitude due to

grid-leak condenser.

In the absence of any fixed bias the operating point determined by

the steady electrode voltages is the point P (fig. 2-4) corresponding

to V
Q = o. As the oscillations build up, grid current begins to flow

during that part of the cycle in which the grid potential is positive.

The pulses of grid current charge the grid condenser. Consequently

the mean grid potential becomes increasingly negative as the oscilla-

tion amplitude grows. The anode current is cut off during a portion

of each cycle, leaving only pulses of current at the oscillation

frequency. During the build-up the energy supplied by these pulses

* See Bibliography.

WR 2
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more than overcomes the circuit losses, and the oscillation amplitude

is thus enabled to grow. As the grid bias increases, the pulses become

shorter in duration and supply less energy to the circuit. Eventually

an equilibrium amplitude is reached at which the current pulses are

just sufficient to maintain oscillation.

2-7*3. The squegging oscillator

This argument assumes that the time constant in the grid circuit

is short enough to permit the mean grid potential to follow the

oscillation amplitude. If that is not so, interrupted oscillations may

Fig. 2-5. Initiation of ‘squegging’. Build-up of oscillations in

squegging oscillator.

be produced in the manner often known as ‘squegging*. If, for

instance, the grid condenser is large it cannot be charged very

quickly and the grid-bias voltage is no longer able to follow the

build-up of oscillation amplitude. Thus the oscillations reach their

limiting amplitude whilst the mean grid voltage is still descending.

The process is pictured in fig. 2*5. The axis of the oscillations

descends until the pulses of anode current are not sufficient to
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overcome the circuit losses. The oscillations then begin to decrease

in amplitude. Since the grid bias can only change very slowly, the

reduced amplitude results in an even shorter duration of the con-

ducting periods. Thus less power is supplied by the valve and the

oscillations quickly die away. At this stage the grid condenser is

still charged and the valve remains cut off until the grid condenser

has discharged through the grid leak. When the grid voltage

recovers to a certain value oscillations again start to build up and

the cycle is repeated. The period between successive bursts of

oscillation depends upon the time constant in the grid circuit.

The squegging oscillator is discussed in more detail in connexion

with self-quenching super-regenerative receivers in §6-4.

2*8. Practical oscillators

We have shown that an oscillator valve may usually be replaced,

in the equivalent circuit, by a negative conductance proportional to

its mutual conductance,^. The formulae of §2*4 give the value of

the negative conductance in terms of the valve and circuit para-

meters. In obtaining these formulae it was assumed that the valve

could be represented by a current source of magnitude V
ggm in

parallel with a conductance Ga = gjfi . We shall now see to what

extent this is true for a practical oscillator.

The following assumptions are made in representing the valve as

a current source Vggm with a shunt conductance Ga :

(i) [i is constant for all values of anode current.

(ii) The mutual conductance^ is constant and equal to its static

value over the whole oscillatory cycle.

(iii) The electrode capacitances and lead inductances of the valve

may be neglected, or, at any rate, assumed to be constant in value.

(iv) The effect of transit time in the valve is negligible.

In a practical valve (i) is closely true except for very small values

of anode current. It is apparent later that this causes little departure

of the characteristics of an actual super-regenerative receiver from

those calculated on the basis of a constant ft. The reason is that the

important properties of a super-regenerative receiver are deter-

mined at a time in the quench cycle when the anode current is

relatively high.

Condition (ii) is only true for a valve having a constant slope over

the entire range of excursion of the oscillatory electrode voltages.
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For an average valve, however, the departure from linearity is not

serious so long as the oscillations are never allowed to build up to

more than a small fraction of their limiting amplitude. In any case

the fundamental properties of the super-regenerative receiver, such

as sensitivity and frequency response, are determined at a time when
the oscillation amplitude is comparable with the signal amplitude

and is thus very small. Departure from linearity later in the

build-up period alters the nature of the output pulse of oscillations

and is dealt with in Chapter 5 under the logarithmic mode.

The effect of the transit time of electrons in the valve is only

important when oscillations are required near the highest frequency

at which the valve can be made to oscillate. For an average oscillator

triode this is 300 Me./sec. (CV 6) and for a miniature valve about

6ooMc./sec. (6C4). There are, however, triode valves, such as the

CV90 and the American Lighthouse, that will oscillate in a cavity

resonator at 300oMc./sec. A super-regenerative receiver has been

constructed and successfully operated at 3000 Mc./sec. using one of

these valves.

It is apparent, then, that the super-regenerative oscillator is

closely represented by the equivalent circuit of fig. 2*1, with a value

of G proportional to the mutual conductance, provided that

(i) the oscillation amplitude is a small fraction of its limiting

value

;

(ii) the electrode capacitances and lead inductances of the valve

form a negligible part of the oscillatory circuit;

(iii) the Valve is operating well below its limiting frequency.

At higher frequencies the electrode capacitances and inductance

become by no means negligible. It is usually possible to make
allowance for them, provided they are independent of electrode

voltages, by lumping them with the external circuit parameters in

the design formulae. This process has been used successfully at

frequencies as high as 500 Mc./sec. Often, however, a part of the

grid-anode capacitance, say, varies with anode current. This causes

the nominal resonant frequency of the circuit to vary during the

quench cycle. It appears later that this can result in an asymmetric
frequency-response characteristic in a super-regenerative receiver.

The effect of approaching the limiting frequency of the super-
regenerative oscillator is to add additional damping to the circuit,

thus reducing the effective value oigm in equation (20). There is also
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a reactive term in the valve impedance, which causes a frequency

shift as described above.

In designing a super-regenerative oscillator at high frequencies

it is necessary to take the usual precautions with regard to short

leads, lay-out and earthing, to be found in any good text-book on

high frequencies. Some examples of current practice in the design

of super-regenerative oscillators are provided in Chapter 8.



Chapter 3

GENERAL THEORY OF
SUPER-REGENERATIVE RECEPTION

OF A SIGNAL: LINEAR MODE

31. Introduction

The theory of the super-regenerative receiver is concerned with

the repeated build-up and decay of oscillations in a valve oscillator.

The oscillations build up from the level of the received signal, which

is developed across the resonant circuit.,When the characteristics

of the receiver are such that the oscillations are damped out before

they have had time to build up to their limiting amplitude, the mode
of operation is termed linear. That is because the maximum
amplitude to which the oscillations rise is proportional to the

amplitude of the applied signal.

It is demonstrated below that many of the important properties

of a super-regenerative receiver are determined at the start of build-

up. These properties, then, are common to both the linear and the

logarithmic modes which only differ at the end, not the beginning,

of the build-up period. For this reason the analysis of the linear

mode given below is, in many respects, relevant to the logarithmic

mode which eases our task when we come to consider the

logarithmic mode of operation, in a later chapter.

We saw, in Chapter 2, how a valve oscillator could be closely

represented by a parallel resonant circuit with a negative con-

ductance shunted across it representing the valve (fig. 3-1). The
value of the shunt conductance G was shown to take the form

G = G0-Kgm ,

in which G0 is the value of the positive conductance damping the

circuit. This simple equivalent circuit can also be used to represent

a super-regenerative oscillator, in which case the total parallel con-

ductance is a function of time. The precise nature of this function

depends upon the characteristics of the quench voltage and is

discussed more fully in a later chapter. For the present we may
represent the super-regenerative oscillator by a parallel-tuned
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circuit with a shunt conductance G which is a function of time of

the form
G(<) = G0[i

- F(t)].

It is possible, on the basis of this simple circuit, to develop

general formulae which demonstrate the main properties of a super-

regenerative receiver. That is done in the present and the succeeding

chapter. Only in Chapter 5, after the development of a general

theory of super-regeneration, do we substitute the conductance-

time functions corresponding to particular quench wave-forms.

AERIAL

32. The quench cycle

The operation of a super-regenerative receiver is best understood

by following the events in a single quench cycle. For this purpose

we will take as ourexample a cycle ofsinusoidal quench, remembering

that our remarks are not confined to this, or to any other, particular

quench variation. At this stage we are not concerned with the

quench voltage itself but with the conductance variation it produces

in the oscillatory circuit. It may, however, make the example

clearer if it is related to a practical circuit. Let us therefore consider

the operation of the super-regenerative oscillator of fig. 3*2. The

triode oscillator valve is given a mean grid-bias voltage near the

value for cut-off, on which the sinusoidal quench voltage, applied

to the grid, is superimposed. The valve only conducts over a part

of the quench cycle. Ifwe represent this oscillator by the equivalent

circuit of fig. 3*1, then it is apparent that the total circuit conductance

G = G0-Kgm
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varies with time in relation to the quench voltage in the way shown

in fig. 3-3. Provided a value ofgm is reached such that Kgm > G0 ,
the

total conductance G alternates from positive to negative, and the

conditions for super-regeneration are established. (The value of

Fig. 3*3. Quench and conductance cycle: slope-controlled state.

K is G0/gm0y where g

^

is the value of the mutual conductance

required just to produce oscillation.) During the quiescent part of

the quench cycle, when the valve is not conducting, the total

effective conductance is determined by the circuit losses, i.e.

G = G0 ,

and the voltage across the circuit is that due to the applied c.w.

signal current i4 sin(ed*). When the valve starts to conduct it con-
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tributes an amount - Kgm to the circuit conductance G. The
effective value of G is reduced and the voltage V across the circuit

consequently increases. The initial period tx during which the value

ofG is reduced from G0 to zero is known as the regenerative period.

As soon as G becomes negative, self-oscillations begin to build up
at the resonant frequency of the circuit formed by L and C. These
oscillations build up from the incoming signal during the interval

Tb and attain maximum amplitude at the instant f2 ,
when the con-

ductance is once again zero. After that they are damped for the

remainder of the cycle whilst the conductance is positive. In order

that the oscillations in the next quench cycle shall build up from

the signal ^lsin(wf), and not from the decaying oscillations, the

damping period Td must not be too short. The precise conditions

for this appear later.

If the damping during the quench cycle is not sufficient to reduce

the self-oscillations below noise level before the beginning of the

next quench cycle, the receiver settles down in the ‘coherent'

state. In this condition, the oscillations in the circuit build up from

the decaying oscillations from the preceding cycle of quench and

the output pulses are, therefore, coherent in phase. Because of this

the sensitivity is greatly reduced and the frequency response is

altered. The coherent state produces a characteristic frequency

response with multiple peaks separated by the quench frequency,

as in fig. 3*4. These are caused by reinforcement of the signal by the

decaying self-oscillation when the two are separated by an integral

multiple of quench frequency. The relative heights of the peaks and

troughs are determined by the relation between the amplitudes of

signal and self-oscillation during the sensitive period.

The quench cycle of fig. 3-3 represents only one of two dis-

tinguishable states of operation. It is characterized by a period of

regeneration (^). It is called slope-controlled
,
because the operation

of the receiver is controlled by the slope of the conductance-time

characteristic at the instant the conductance is zero. If, however,

the transition from positive to negative conductance occurs very

rapidly the operation is controlled by the values of the conductance

just before and just after the instant of transition. In this case the

receiver is said to be step-controlled
,
a state typified by rectangular-

wave quench. A step-controlled receiver has very different pro-

perties from one which is slope-controlled. A super-regenerative
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receiver with sinusoidal quench usually operates in the slope-

controlled state unless the amplitude of the quench greatly exceeds

the grid-base of the valve. These two states of operation are clearly

differentiated in the analysis that follows.

Fig. 3*4. Frequency response: coherent state.

3 3. Operation of the receiver

The super-regenerative receiver is only sensitive to the incoming

signal for a small fraction of each quench period. The maximum
sensitivity occurs exactly at the time when the total circuit con-

ductance, G, is zero, at the end of the interval tv The signal voltage

in the circuit at this instant plays the greatest part in the determina-

tion of the amplitude to which the self-oscillations build up, before

they are quenched. An element of signal occurring before time

t = tx has time to decay before build-up starts and, consequently,

has less effect upon the peak amplitude than a similar signal occurring

exactly at time t = tv An element of signal, arriving later than this

instant, again has less effect upon the final amplitude, because part

of the build-up period has expired before its arrival. The incoming

signal is, therefore, sampled for a short period in each quench cycle.

Over the greater part of the cycle the signal has a negligible effect

upon the receiver. The way in which the sensitivity varies with time

during a quench cycle depends upon the nature of the quench and

upon valve and circuit parameters. The sampling process is pictured

in fig. 3-3.

The sample of signal taken in the sensitive period on each quench
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cycle determines the amplitude to which the self-oscillations rise

before they are quenched. The receiver output, therefore, cannot

include more information about the signal than that obtained during

these brief sensitive periods. That is why a super-regenerative

receiver can only distinguish modulation frequencies which are low

compared with the quench frequency. An alternation of carrier

amplitude which occurred between two successive sensitive periods

would go unnoticed.

It is in this sensitive period of the quench cycle that the frequency

response of the receiver is determined. The effect of the signal upon

the final amplitude of the self-oscillations depends upon the signal

STARTS ^

Fig. 3*5- Build-up and decay of oscillations during cycle of

rectangular quench.

frequency as well as upon its amplitude. It is not easy to predict

the precise nature of the frequency response by a physical argument,

although we can say, even at this stage, that it is likely to depend

upon the behaviour of the circuit conductance about the time

t = tx at the peak of the sensitive period.

The self-oscillations which build up during the period of

negative conductance, and are damped out for the remainder of the

quench cycle, constitute the output of the super-regenerative

oscillator. The receiver gain is the ratio of the peak amplitude of the

oscillations at the instant t = t2 to the amplitude of the signal

applied during the corresponding sampling period. For the purpose

of designing detector and output circuits for a super-regenerative

receiver we are interested in the shape of the envelope of the build-

up and decay of oscillations. In the conductance cycle of fig. 3*4,

the value of G is continually changing throughout the cycle and the

shape of the envelope is not easily predicted. Later analysis shows

that it is usually, approximately, a Gaussian error-curve for the
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slope-controlled state. With rectangular quench, however, both

build-up and decay are truly exponential, as shown in fig. 3*5. The
pulse of oscillations in this case is only symmetrical if the negative

value Gx of G during the cycle is equal in magnitude to the positive

value G0 .

The precise way in which the properties of the receiver, such as

gain and frequency response, depend upon the circuit parameters,

and upon the conductance variation, is determined by a mathe-

matical analysis of the equivalent circuit of fig. 3*1. By making

certain assumptions about the relation between the rate of con-

ductance change and the radio-frequency it is possible to obtain

a solution for the voltage at the peak of the pulse of oscillations.

3*4. Analysis of the linear mode
Many of the properties of a super-regenerative receiver operating

in the linear mode may be demonstrated by an approximate mathe-

matical analysis of the circuit of fig. 3-1. It is assumed, first of all,

that a signal current A sin
(
cot

)
is applied to the circuit and there is

no circuit noise. Only after developing a signal theory shall we
consider the behaviour of the receiver due to the reception of both

signal and noise.

Equating currents in the circuit of fig. 3*1 gives us the basic

equation JV t f
C + G(t) F+ J

Vdt = A sin (o)t), (1)

in which L and C form the resonant circuit, G(t) is the effective

value of the total circuit conductance, which is a function of time,

V is the value of the voltage across the circuit, A is the amplitude of

the signal current, and co is the radian frequency of the signal.

Differentiating equation (1) gives a differential equation for the

voltage V. Thus

dW G(t) dV r
t

A(t)
, ,x

d?+ c * +r§+_^J F=
"c

cos(w<)=

(2)

where V8 = AjG0 is the voltage across the tuned circuit at resonance

when G(t) holds its ‘passive’ value G0 ,
and o)lLC = 1.

Let us eliminate the term dV/dt in equation (2) by changing the

dependent variable V to y by the substitution

V8G0(o .

xCOS ((lit),

where * is a time variable.

V=*yexp[-±j G(x)dx
J,

(3)
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The equation for y is then

29

§+K+ G7aC-G*/4C«b>

Aoj= -—cos
(
o)t

)

exp (4)

where G' is the time derivative of conductance.

This equation can be solved for y provided we assume that

I G' G2

2C 4C2 ( 5 )

for all values of G.

Let us make this assumption and examine its meaning later.

Equation (4) now becomes

=/(*)> (6)

(6 a)where /(t) = ~cos(«t)exp G'(,r) dx\^

.

The general solution of this equation is

1 f*

y = a cos (w0*) + b sin
(
o)0t)

-4
I f(x) sin [a)0(t

— x)] dx. (7)w0 J 0

From (3) and (7)

^ - exp [- ^ <?<*> <&]

x «cos((i>0 t) + 6sin(a>0 ^) + -^-
I f(x) sin [(o0(t

— x)]dx . (8)
L % J 0 J

This formula (8) for the voltage across the circuit is applicable

to any variation of conductance provided that condition (5) is

satisfied. We shall now examine the condition further and see what

it really means.

The expression in (5) is a relationship between the resonant

frequency, the conductance variation and the time constant of the

tuned circuit. We can see roughly what conditions are necessary to

satisfy this expression by writing it in terms of the circuit 0-factor.

From table 1 (r = 0) we know that the 0-factor of the resonant

parallel circuit is ^
oVo ~ n 9 (9)
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If we assume that the maximum excursion of G is G0 ,
in either

direction, we may replace G by G0 in equation (5), giving

Gi
4cr

(10)

We know thatG0 is the maximum excursion in the positive direction.

In normal arrangements the negative excursion rarely exceeds G0

for reasons which will appear later.

Assuming that this substitution is justified and writing (o0/Q0 for

G0/C in (10), we obtain
G'

Wo>
2c 4Ql'

The second term is negligible for values of Q0 greater than

about 5. The remaining condition is

wg>G'/2C,

i.e. G' <

i

2Cw§.

But, from (9), C(o0 = QG0 ;

thus G' 4^nQ0GJT0>

where T0 = 27t/oj0 is the period of the radio-frequency self-oscilla-

tions. In all normal circuits Q is likely to exceed io, so that

47tQ> 1 00, and the condition is satisfied if the rate of change of

conductance, G', does not exceed the value G0
/T0 . This means that

our approximation is only justified when the conductance changes

by less than G0 in one cycle of the radio-frequency.

In the quiescent state, t< o, the voltage V across the circuit is the

steady-state voltage, provided that the oscillations from the previous

quench cycle have been allowed to die away to a negligible amplitude.

The quiescent voltage is given by

V = AZ

= ^ (
i/[i + (jl(oLG0) ((o2LC— 1)]} (from table i)

Jw(w§-w2)co9(6>0t) + (wG0/C)sin(w0 t) , , , ,

C (a>g-w2
)
2+ (wG0/C)

2 • ^ ' *• '

Knowledge of this is necessary to enable us to evaluate the

constants in equation (8) by inserting the appropriate boundary

conditions.
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3 5. The slope-controlled state

The expression (8) for the voltage across the circuit is too general to

be ofany use to us as it stands. It is necessary to insert the boundary

conditions and to replace G by a function representing the type of

variation pictured in fig. 3-4. First, the boundary conditions. In the

slope-controlled state G is continuous at t — o (fig. 3*4). Therefore,

from (1), V and dV/dt must be continuous at t — o. At t = o,

(
8)gives An

1 ’ C («§ — «2
)
2+ (toGJC)

2

a /dV\ _ u rr> 1

(i)
2GJC

( Nand
\ dt )0

~ b(°° (G°I2C)
a ~

~C
(
w2 - w2

)
2 + («G0/C)

2 ‘ (l2)

6w0 =Thereforetherefore 6w0 - (wg _ w2)2+ (wGo/C)2 ’

and, from (8), (12) and (13),

rW0(wo
- w2

)
cos

(
w00 + (G„I2C) (

(1)1+ w2
)
sin (o;# f)l

X
L

"
(«o- w2

)
2+ (wG0/C)

2 J

+ eXP [“i/o
C(),)

*]S,

x
|J

exp j* G(x) cos (mx) sin a>0(t - x) <£xj

= V0+Vlt say.

Thus the voltage across the circuit at any time t > o consists

of two parts, V0 and Vv V0 can be regarded as due to the lingering

effects of the steady-state voltage. Vx is the effect of the signal upon

the circuit with time-varying conductance. It is apparent later that

the relative importance of V0 and Vx depends upon the duration of

the regenerative period tv before the conductance is negative and

super-regeneration proper begins. If the period tx is sufficiently

long to include a large number of cycles of the radio-frequency

then Vx is by far the more important term. We shall now evaluate

Vx for a slightly less general conductance function, corresponding

to that shown in fig. 3*3.
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We may write, from equation (14), the value of Vx in the form

where Px = J
exp

jj~ J
G(x) dx

J
cos (ow) sin o)0(t -x)dx. (15)

The conductance function of fig. 3*3 may be represented by

where

From this

where

G = G0 [i-F(*)],

F(0) = o, F(^) = 1 and F(t2) = 1.

\

l

G{t)dt = G0p-4>(t)],

<D(t) =
J*

F(t) dt.

(16)

(
J7)

(18)

(*9)

We may now proceed to evaluate Pv of equation (15), using

equations (3) and (4).

Making the substitutions, this becomes

P
x = J

exp [(G0/2C) {x - O(tf)}] cos
(
ojx) sin oj0(t

- x) dx.

Now the rough argument, earlier in this section, shows us that

the sensitivity of the circuit is greatest at time t = tv
Let us change the time variable from x to z = x — tv thus changing

the origin from t = o to t = tv Now Px becomes

P, =
J‘“

‘‘

exp {(G0/2C) [(*+ /,)
- <D<*+ I,)]}

x cos oj(z + ^1) sin G)0(t
— tx — z) dz.

(20)

The exponential under this integral is, in fact, a measure of the

sensitivity. It is greatest at time t — tl and falls off on either side

thereof. The particular form of equation (20) enables us to expand

about the instant t = tx and, by neglecting unimportant terms, to

reach a reasonable and informative approximation to the value of

Pv Thus
<D(*+ tl)

= <D(/j) + zFit,) + (**») F'(tl),

and, because Ffa) = i, from equation (17)
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The approximate value of the exponential consequently becomes

exp [(G0/2C) {(2+ fj) -$0+

<

x)}]

= exp [(Go/zQ^-^Oflexp

= eXf>
[jcjo

CXP [-
G°^X)

**] ’ (
2I

)

using equation (18).

The factor exp ( — G0 F'(^) z
2/^C) is the sensitivity factor. It has

the form of a Gaussian-error curve with a maximum at

z = o (i.e. t = tj.

It determines how the instantaneous sensitivity varies during the

sampling period in a single quench cycle. It is during this period

on each cycle that the receiver obtains its only information about

the incoming signal. The sampling process is fundamental to the

super-regenerative receiver.

The fact that this term, and therefore the entire expression for

Pv is only important for values of t near t = tx helps us to evaluate

the integral of equation (20). Thus we can expand

cos oj (z + f
x)
sin G)0 (t-^ — z)

into four terms with factors

sin

cos
(w0 ± w) z.

Of these, the terms with w + w0 oscillate so rapidly that successive

cycles in the integrand nearly cancel. On the other hand, the term

with sin (oj — a>0) z is zero at z — o, where the sensitivity term is

maximum, and therefore contributes very little. The remaining

term with cos (0) — o)0) z is by far the most important, so that P1 is

closely represented by the formula

x cos (oj — oj0) z dz sin [&>0 1 + (oj — g>0) fj. (22)

We may again use the fact that the sensitivity factor falls off

rapidly on both sides of z = o to replace the limits of integration

by ±00, without incurring much error, provided that

t^2tx and (23)

WR 3
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These are the conditions for the exponential under the integral in

equation (22) to be down to approximately 5 % of its maximum
value at the limits of integration (e

~3 = 0-05). If these conditions

are satisfied, the error involved in changing the limits of integration

is negligible.

There only remains the problem of evaluating the integral

J

+”
exp

£
- *2

]
cos (to - 6»0) * dz.

It is a standard integral whose value is

and the value of Px is, consequently,

(24)

(25)

x exp
r C(a>-pon
L G0F'(tl) J

sin [w0 i+ (w-

w

0) fj]. (26)

Thus we have evaluated P1 and we may now use equations (15)

and (26) to write down a new expression for the voltage :

Vl =
(o70)

exp [~ W/ ]

x exp
£
- J

G(x) dx
J
sin [w0 1+ ( (o - o)0) /J. (27)

Equation (27) is the basic formula for the slope-controlled state.

It describes how the major part of the receiver output voltage

depends upon the amplitude and frequency of the incoming signal

and upon the circuit parameters. Before proceeding to interpret

this formula it remains to show under what conditions it is per-

missible to neglect V0 compared with Vv
Now, from equation (14), the remaining part of the output

voltage is

*['
- w2

)
cos (to 0 1)+ (G0/zC) (to§+ to

2
) sin (w0 f)

(tog— to
2
)
2 + (toG0/C)

2 ]• (28)
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This may be written

v’-
v
§‘ 5“p[-^J!

G(*)*] exp[-^£ GW'fc
]

rwo(wo
- «2

)
cos (&>„ t) + (GJzC) («jj+ W2

) sin (w0 <)“]

L ( —

o

>
2
)
2 + (wGJ

C

)
2

J-
(29)

But C'G(x) dx

,

(30)
Jo 2

for it is the area beneath the G-t curve (fig. 3*3) from t = o to t = tv
Thus we may write the expression for V0 :

^

“

p ( -

“

p [-k \‘, g<*H
[-
wo(wo

— 0>2
)
cos

(
wo0 + (GpI2C) + m2

) sin (
oj0 t)

(oif-ojZf + iojGJCy
']• (3 1

)

We now have a complete expression for the oscillatory voltage

at any time t after the beginning of the conductance cycle. Let us

examine the relative importance of the two parts V0 and Vx .

From equations (27) and (3 1 )
the ratio ofV0 and Vv at resonance, is

*iK)
K(u>0)

~ G° CXP{%
1

)J\.C\G'(ti)
|]‘

(32)

But G\h)=G0ltv

Therefore ^^
eXp

(^c) ' (33)

Thus the condition for Vx to be much greater than V0 is

^>4C/G0 . (34)

Because of the exponential in equation (33) it is adequate to write

^>I2C/G0 , (35 )

for which V0 is less than 1 % of V
x
at resonance. If this condition

is satisfied the expression in equation (27) represents the only

important contribution to the output voltage. This is the basic

formula of the slope-controlled state. All subsequent formulae

relating to slope-control are based upon equation (27).

In order to arrive at this approximate expression for the voltage

V
x we have made approximations that are only justified if the con-

ditions in (23) and (35) are satisfied. These conditions define the

3*2
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slope-controlled state. Before attempting to interpret the equation

(27) for let us examine further the meaning of the conditions for

slope-control.

3*5*1. The conditionsfor slope-control

Equations (23) and (35) state that the conditions for slope-

control are

t^2t
i>

G\ty)

4C“
<i>3. *i> i2C/G0. (36)

The first of these merely states that we must not expect equation

(27) to describe the output voltage too soon after the build-up

starts. The second and third place a lower limit upon the duration

of the regenerative period tv It is easy to show that the second and

third conditions amount to the same thing.

The condition * \G ,(*l)
t
2 > ~

4C
tl>3

may be written approximately

3 .

i.e. t^^C/Go. (37)

This only assumes that

G'(ti)^GJtlt

which is a close enough approximation for our purpose. Equations

(23) and (35) are thus identical.

It is interesting to see how many cycles of oscillation must be

included in the interval t
x to ensure slope-control. This is obtained

by writing the third expression in equation (36) in terms of the

,2c .2!3 i20 _

where T0 is the period of one oscillation.

According to this, the regenerative period tx must include more

than about zQ cycles of the self-oscillation. We may therefore state

the condition for slope-control as follows: For slope-control the

regenerative period tx must include a large number of cycles of the self-

oscillation .

The precise condition is obtained by substituting the values for

any particular circuit arrangement into equation (36). It should be
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noted that the conditions for slope-control state that the greater

part of the sensitive period of the quench cycle should lie within the

period of conductance-slope, that is to say, within the interval t — o

to t = 2tv This is clear from the derivation of equation (23) in the

last section. We shall remember it when we compare the conditions

for the slope-controlled state with those for step-control.

3-5*2. The oscillation envelope

Equation (27) provides a good deal of information about the

properties of a super-regenerative receiver operating in the linear

mode and in the slope-controlled state, defined by equation (36).

The linearity is immediately evident, for the voltage at any time is

proportional to the signal voltage V0 {
— A/G0)

across the quiescent

circuit. It is also evident that the oscillations occur at the resonant

frequency /0 = coj2n and not at the frequency of the signal. This

is made clear by the appearance of the oscillatory term

sin [g>0 t+ (co — (o0) fj, (38)

which we shall not need to mention further. We are, however,

interested in the coefficients of this term, which describe the

variation of the oscillation amplitude with time and also its depen-

dence upon the signal frequency.

The envelope of the pulse of oscillations is described by the factor

eXP [~2^j(

' (39)

It has a maximum value at the end of the build-up period, at the

instant t = t2 . Its shape may be demonstrated by expanding the

expression about the time t = t2 ,
as we did for the sensitivity factor

in equation (20).

The lower limit may be replaced by zero for the purpose of the

expansion, although the original limit must be replaced when we

come to consider the gain of the receiver. Thus, from equation (16),

exp[-^ G(*H
Integrating, we have

exp[-§t,J‘{i- F(*)}<&] = exp{-§Uf-<D(0]}.
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Changing the variable from t to * * t-t, we obtain

eXp
{

_S^ +f,_<I>^+^}' (4°)

But, as before,

<>(*+*,) = <D(<a) + ^(Is)+(^)F(/s).

But F(t2) = i, from equation (17). Therefore

0(a+ /2)
= 0(/2)+a+(^)F(#1).

Fig. 3*6. Envelope of oscillations: slope-controlled state.

This makes the exponential factor

exp {—|[^0(t2)-(M^2)]}

“p
!
- i|''

G(') ‘'*|exp <*>

by replacing the lower limit.

The second factor in equation (41) describes the oscillation

envelope of the output pulse. It is approximately a Gaussian error-

curve, under the conditions of slope-control. The envelope of the

oscillations in a single pulse is depicted in fig. 3*6. Its width, r at

i/e of the peak amplitude, is

(42)
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where G'fa) to the slope of the conductance-time curve as it passes

through zero at the end of the super-regenerative period.

3-5*3. Super-regenerative and slope gain

The factor exP
£
~ ~q

J
G{x)

in equation (41) is the super-regenerative gain
y
measured at time

t2y at the peak of the output pulse. Expressed in nepers* it is

N» — —~^j
l

’G(x)dx = arjzC, (43)

where ar is the area under the negative portion of the conductance-

time curve of fig. 3*3. The super-regenerative gain is due to the

build-up of oscillations during the period of negative conductance,

T
b (= t2

—
*1). It represents the ratio of the peak amplitude of the

output oscillations to the value of the signal effective within the

sampling period about the time t = tv There is, however, another

gain factor which represents the net effect of the sampling process

itself. From equation (27) we see that this term is

/'o
= G0 V[WC|G'( <1)|]. (44)

We call this the slope gain because it arises from the period of con-

ductance slope at the beginning of the conductance cycle when the

conductance is less than G0,
but still positive. Wheeler has called

it the regenerative gain. Expressed in nepers it is

nepm

-4'35 log,
[c|f|y[]

4b. (45)

The total gain of the receiver is, therefore,

N,-N,+N,.^,+ i log, ”P"! - (4*)

This is the gain, measured at the peak of the output pulse, for

a signal on tune.

3*5*4. The damping period

After the oscillations have built up to their peak amplitude at the

time t = t2f they must decay so that they are smaller than the

* 1 neper =?8 7 db.
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incoming signal at the start of the next quench cycle. Otherwise

the oscillations in the next cycle would build up from the decaying

oscillations. Our analysis so far has assumed that one quench cycle

can be treated as completely separate from the next. The condition

for this is approximately

Nd>N0+N„+ 3. (47)

This states that the oscillations are damped during the period

Td by an amount Nd nepers which is greater by 3 nepers (26 db.)

than the amount by which they built up from the signal. Thus, at

the beginning of the next quench cycle, the decaying oscillations

are about twenty times less than the signal.

The value ofNd is
j

v

d « a+/2C,
' (48)

where a+ is the area under the positive portion of the conductance-

time curve of fig. 3-3.

Fig- 3*7- Frequency response: slope-controlled state.

3
*

5
*

5 - Frequency response

The receiver gain is reduced for a signal frequency differing from

the resonant frequency. The frequency response of the receiver is

described by the remaining factor of equation (27),

S(f) texJ Uo)(/)
~/o

P
L 1

<?'&)
1 J-

(49)

It is plotted in fig. 37. The value of the expression is unity for

/ = /0 ,
and falls off for higher and lower frequencies. It is approxi-
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mately a Gaussian error-curve for frequencies close to/0 . The band-

width at i/e of the peak is

k =um at ~ inePer> (50)

and depends only upon the conductance slope at time tv at the peak

of the sensitive period, and upon the circuit capacitance.

We call ba the super-regenerative band-width . It is the natural

band-width of the slope-controlled linear super-regenerative

receiver.

3*5*6. Band-width and receiver gain

The slope-gain factor
/r

h = g’AcWW\.1

(SI>

which arises in equation (27) comes from the period of conductance

slope during which the frequency-response characteristics of the

receiver are determined. A closer inspection of the origin of this

factor provides a clearer physical picture of super-regenerative

action and, ultimately, gives a more generally useful formula for

receiver gain.

We have seen, in §3*5*5, that the frequency response of the slope-

controlled super-regenerative receiver is

S(f) =
f exp
Jo

4”
2C(/-/o)2

l
\G\h)\ J-

(52)

It differs-considerably from that of the quiescent circuit consisting

of L, C and G0 ,
which is

A(f\ fi)/4nC /-^\
K1) ~

ofHGJ^cyx l53;

The slope gain (equation (51)) is merely the factor that takes

account of the change in the frequency-response characteristic. It

can be written as the ratio of the ‘effective band-widths'* of the

circuit in the two states defined, respectively, as

(54)

* It must be noted that these differ from the energy band-widths used in

noise calculations and defined by

bn.=
|S(/,)|r-DI

S(/)
|

2
<//, bn=

M(/0)

r+ 00

J-oo
\A(f)\'df.

b, and b„ are the areas beneath the respective amplitude-frequency response
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“d D
Now, from (54) and (52),

*- jr <///•>«p [
- d/

(55)

±1 ir\G'(h)\

2 v l
']•

and, from (55) and (53),

T+00

J -00

Goli^C

V[(/-/v)
2+ (G0/4^Qa

]

==Gc/2C.

(56)

(57)

Thus h G
zC0

2>y[, gxo 1]
g

°y 11 1
Gxo j

• (s8>

G°y[^|] is the expression, appearing in equation (27),

which we call the slope gain of the super-regenerative receiver. If

we substitute for this factor in the basic equation (27) for slope

control, the expression for the peak-output voltage becomes

V = Va
{fy

exp
(g.)

S(f) sin (co0 t + <f>),

iver is

(£)•

and the total voltage gain of the receiver is

.. K.

(59)

(60)

We see later that the expressions in equations (59) and (60) are

independent of the type of conductance or quench cycle, but,

nevertheless, they apply only to a receiver operating in the linear

mode.

Equation (60) may also be written

* - *>(j‘)“p(£) . v*(£)=*p(£). (
6l)

curves. bn and h*, are the areas* beneath the corresponding energy-frequency
response curves. Evaluation of the integrals for and bn ,

with the values of

S(f) and A(f) substituted from (52) and (53), shows that

bn^GoUC, jl /rimji
2V2 V L nC J

'

*« = 5o /r *
1 L**

bn. VWLCIG'WU Va^' (S8«)Consequently
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where b = GJznC is the band-width of the quiescent circuit at

— 3db. and bny bn8 are defined in the footnote. Equation (61)

expresses the voltage gain in terms of the ‘natural’ band-widths,

the circuit capacitance and the area under the negative portion of

the conductance-time curve. It is a useful practical formula.

3 6. The step-controlled state

The whole of the analysis for slope-control depends upon the

assumption that the period of conductance-slope, tv is finite and

includes a very large number of cycles of the resonant frequency.

We shall now discuss the other limiting case in which the con-

ductance moves rapidly to a negative value at the commencement
of the cycle and rapidly back to G0 at some later time. The rect-

angular-wave quench cycle is a particular form of this, the step-

controlled state
,
but we need not confine ourselves to the case in

which the negative conductance remains constant throughout the

super-regenerative period.

In order to analyse the performance of the receiver in the step-

controlled state it is necessary to go back to the basic circuit equation

(1) which is dy r(A

It
+

C
V+OJo Vdt = A sin M

and to substitute a step function for the conductance G(t).

The step-controlled quench cycle is illustrated in fig. 3*8. The

conductance changes instantaneously from G0 to —G1 at time

t = o. The function G(t) is therefore represented by

and

G(t) = G0 (f<o)

G(t) = -G
l
(i+F(t)) (t> o),

(63)

where F(o) = o and F(t) represents the deviation of G(t) from the

value — Gj during the super-regenerative period. For a rectangular-

wave quench cycle, which is the most likely practical example of

step-control, F(t) = o and G(t) = Gx during the super-regenerative

period.

If the change of conductance during the super-regenerative

period is gradual so that G\t

)

is small enough to satisfy the condition

<*>l>

&
zC

G2

4C2
(from equation (5)),
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then we may solve the basic equation (i) as before (§3*4) arriving

at equations (6a), (8) and (n) for the voltage V across the circuit at

any time t after the oscillations have started to build up. According

to these equations, V is given by

F = exp£— G(x)dx |a cos (o;0 t) + b sin (co0 t)

A10 r1

+
S3-J.

exp

Go

•0

J

cos (cox) sin td0( t
— x)dx

|

conductance
G(t)

a*

-67

/

4
SENSITIVITY /

0

a"

TIME
*

t

BUILD-UP PERIOD CAMPING PERIOD

\
tb

\ /-SAMPLING
N

<f PERIOD

td

*

. OSCILLATION

f amplitude J
Ly

I

—
STARTS Ar

(64)

Fig. 3 8. General conductance cycle: step-controlled state.

for values of t greater than zero and by

_ Aoj [“(wg — o)
2
) cos (o)0 t) + (d)G0/C) sin (a>0 *)

~c L

for values of t less than zero on the chosen time scale.

The values of the coefficients a and b in equation (64) may be

obtained from the boundary conditions at t = o. The voltage V is

continuous through t = o, i.e.

F(-o)= F( + o).
(66)
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From the basic equation (i) it is apparent that

+0

(d

dt
= V{G,+GX)!C.

45

(
67)

In other words, the instantaneous change of conductance causes

a corresponding discontinuity, of amount V(G0+G^)IC, in the

time rate of change of the voltage V.

From equation (64) + 0)
= a

and from (65)

V(~o) =~ a)%-(02

C (ai§- w2)2 + (wGo/C)
2*

Consequently, using equation (66),

A(o (i&—(o2
a =

C (oj2 -gj2
)
2+ (g>G0/C)

2
-

Similarly, from (64), (65) and (67),

Ao) (i)
2GJC

(68)

C (<y§ — w2
)
2 + (wG’0/C)

2

= [(Go+GO/q*.

When the value of a just obtained (68) is inserted and the

expression rearranged we obtain the value of b, which is

_ Aco (G0/2C) + co*) + [(G„ + GQ/q
(j4~ <*>*)

C<o0 (^~oj^+(<oG0/Cf
(
°9)

The complete expression for the voltage V now follows after the

values of a and b are substituted from equations (68) and (69) into

equation (64). In this way we obtain

v = exp
[ - ic£

G(x)*] (P° + Pi)> (70)

where

p A (o ir w0(w§-w
2)sinw0 f

“1

0 G w0 (L(^-w2
)
2+ (wG0/C)

2J

.
[-{(G0/2C)k +

«

2
) + [(G0 + Gj)/c]h- *>

2
)} cos

w

0rn
+
L (wq- w2

)
2 + (wG0/C)

2
J|

'

and exp
£J

G(*)
cos (aw) sin o>0(*

- x) dx . (72)
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The frequency-dependent factors P0 and P
± determine the

response of the receiver in the step-controlled state. We shall

proceed, first, to simplify these expressions.

From (72) and (63)

A a) I G Cx \

Pi = — I exp I—
I

[1 + F{x)] dx
j
cos (k>x) sin o)0(t

— x) dx
G UqJq l 2CJ0 J

=
^ S Jo

exp
{ ~ S' ^+

COS^ sin “ *) dx' (73 )

where a>(*)

=
JVw^.

In the integrand, the exponential factor, which represents the

sensitivity, has a strong maximum at x = o. It is therefore a

sufficient approximation to neglect the term 0(#) which is zero at

x = o. Moreover, for t^> 2C/Glt we may replace the upper limit by

infinity. Then

P
x = — ^ J

exp| — ^^jcos(wjc)sina>0 (t — x)dx. (74)

The integral may be expanded as the sum of four standard

integrals of the form
r<30

e-ax
S111

/ ftx\ fix,

J 0 cos 9

The resulting approximate expression for Px is

D. A GJ2C
Pl

Gi VK*>- <»oY+ (C1/2C)2]
sin (w° 1 ^

’

where i/r
i — tan

SzCjcj-oJo)!

L Gx J

provided that GJzC and (oj — (o0)/co0 <^ 1.

Now, from (71), the approximate expression for P0 is

D ^ A a) qj0(o)$

-

a;
2
) sin o)0 t + (G0/2C)(oj$+ a)

2
) cos ((o0 t)

*f\ T* T. rt n v rt ;,,T c Ul (w2- 6>g)
2 +(o>G0/C)

2

G0/2C
• g0 V[(w

2 -w§)2+(g0/2c)
2
]

sin (<irt+

^

0)>

2C(<t) — <t>0)where
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provided that (o0>G0/2C

If we substitute the values of P0 and Px from (75) and (76) into

equation (70) we get, to the degree of approximation stated above,

r-^eXp[-i|'GW*]

(
sin((V + f0) sin(<V-^x) \

WK"- "0)
2+ (G0 l'2Cf] \/[(r„- c0)

2+ (GX/2C)
2
] j

’

in which ijr
0 = tan-1 {[2C(co — (o0)]IG0}

and ^ = tan-1 {[2C(o) - (o^/G^.

Simplified still further this becomes, to the same degree of approxi-

mation,

V = r.[(G0+Gx)/Gx] exp [-1

J

(
G0GX/4C2

\ . , , ,
,

x
W[(o»- <o0y+(Gj2cy] V[(w-to„)2 +(G1/2C)

2
])

sm(w° +fs) ’

(77)

where V8 = A/G0 and is a phase angle dependent upon 0) but of

no further interest here.

Equation (77) for step-control corresponds to equation (27) for

the slope-controlled state, and describes the dependence of the

self-oscillation in the super-regenerative circuit upon the signal

voltage and the circuit parameters. We shall derive from it formulae

for the step-controlled state corresponding to those already derived

for slope-control.

3*6*1. The oscillation envelope

The linearity of the receiver is again immediately evident, for the

voltage at any time is proportional to the signal voltage V$ — A,/G0

across the quiescent circuit at resonance. The oscillations occur at

the resonant frequencyf0 = o>0/27r and not at the signal frequency.

This is shown by the oscillatory term

sin(w0 * + ^3). (78 )

The envelope of the output pulse of self-oscillations is described

by the factor r- r 1 “1

AO = exp[-^J
o
G(*)^J. (79)
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It reaches its maximum value at the end of the build-up or super-

regenerative period at time t = tb (fig. 3*8). Substituting for G(x)

from equation (63) it becomes

A(t) = exp
[jg,Jfl

{i +F(*)}</*j

But <!>(/) = o at time t = tb when the oscillations have their

maximum amplitude. Putting <!>(/) = o and changing the variable

from t to z = t — tb we obtain

A(t) =exp[(G1/2C)(z'+tb)] m

= exp (Gx tbj2C)txp (Glz/2C) (z < o). (80)

•
1

VOLTAGE

1 imc.

2C/6, y IME CONSTANT
f

' 2^0 l
L 1

V. i
^

-—

r

—

-

TIME

Fig. 3-9. Oscillation envelope: step-controlled state.

The second term represents the exponential build-up of the

oscillations. The exponential decay (z > o) is given by

A(t) = exp(G1 tb/2C)exp(-G0z/2C) (*>o). (81)

Thus the output pulse of oscillations builds up and decays

exponentially, but it is important to note that the pulse is only

symmetrical when the time constant of build-up is equal to that of

decay, i.e. when Gx = G0 . This is illustrated by fig. 3-9.

The duration or width of the pulse at ije of the peak is

r - 2C
fe

+ 4)- (&)

3*6*2. Super-regenerative and step gain

The super-regenerative gain in the step-controlled state is the

exponential factor r-

exp
L“^cJo

G(*> <ij’ (g3)
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which represents the build-up ratio of oscillations during the super-

regenerative period tb . Expressed in nepers the super-regenerative

gainis
!

rtb

Na=
-^CJo

G(JC) dX = a
~
l2Cy (§4)

where a is the area under the negative portion of the conductance-

time curve of fig. 3 8.

The factor (G0+ G1)/G1 (85)

C|G'(0|]
for

in equation (77) is the step-factor representing the net effect of the

sampling process. It corresponds to the factor G0^/|~

the slope-controlled state. The conditions for the oscillations from

one quench cycle to decay so that they are small compared with the

signal at the beginning of the next cycle must still be obeyed. They
are precisely the same as those quoted for slope-control in §3*5*4

(equations (47) and (48)).

3-6*3. Frequency response

The frequency response of the linear receiver in the step-con

trolled state is approximately represented by the factor

S(f) =
{GJAitC)(G,1A7tC)

V[(/-/o)
2 + (G„/4^C)2

] V[(/—/o)
2+ (GJinCf] ‘

1 J

It is similar to the response of a pair of loosely coupled tuned

circuits, each of resonant frequency /0 ,
but having Q-factors

27t/0C/G0 and 27rf0CIGl
respectively. Thus it appears that the step-

controlled receiver may be usefully represented by a pair of loosely

coupled circuits followed by a linear amplifier. This is shown in

fig. 3
- 1o which gives the value of the coefficient of coupling necessary

for equivalence of gain as well as of frequency response.

There is no precise expression for the super-regenerative band-

width, but it is possible to show that the following formula is a close

enough approximation, in all practical cases:

h - Go^i
8

* nC(G0+ Gj)
at —6 db. (

8?)

The formula is accurate forG0 = Gv in which case the band-width is

b8 = GJinC at — 6db. (88)

WR 4
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G(t)

60

0

a*

a" TIME

•61

(a)

A sin (Uit)

F
G(t) V

i

(A)

A sin (tut)

UNEAR
AMPLIFIER

GAIN* N6

OUTPUT

(c)

Fig. 3*io. Representation of a step-controlled super-regenerative receiver.

(a) Conductance cycle. (b) Equivalent circuit used in analysis, (c) Circuit
having similar gain and frequency response to step-controlled receiver.

364. Band-width and step-gain

The step-gain factor may be written as the ratio of two band-
widths in the same way as the corresponding expression (5 1) for

slope-control.

Thus /*o = (Gt+ GJIG, = bjb„. (89)
in which

i r+®
(S9a)

(896)

4(f)
GJ4*C

U)
V[(/-/o)

a+(G0/47rC)T
(89 c)
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s(f)=
(GJyrQiG^nC)

(89dyMf-fo)2+ (GJAnCf] [(/-/o)
2+ (GJinCf]} *

The total voltage gain of the step-controlled receiver is, therefore,

fit = (bJt>es) exp (a-/zC). (90)

This is identical with equation (60) relating to the slope-con-

trolled state. It is a general expression for the voltage gain of the

linear super-regenerative receiver and is true whatever the nature

of the conductance function.

A more practical form of the step-gain factor is written in terms

of the ‘ natural ’ band-widths b and b8 ,
given by

b = GJznC at — 3 db., (91)

K = G0 GJinCiG, + G,)] at - 6 db. (92)

Hence the step-gain factor is, in these terms,

/^o = (G0+G1)/G1 =KW (93)

3*7. Interpretation of the theory

We have seen above that the properties of the super-regenerative

receiver operated in the linear mode can be described in terms of

simple formulae in two particular states of operation, which we call

slope- and step-controlled, respectively. These are both idealized

states in the sense that a practical receiver cannot operate precisely

in either.

The formulae for the linear mode are summarized in table 2. They

show that there is a general expression for the gain of the receiver,

which is common to both states, but the characters of the frequency-

response curve and of the output pulse of oscillations differ con-

siderably from one state to the other. So does the dependence of

band-width upon the circuit parameters. In the slope-controlled

state the receiver band-width depends upon the conductance slope

at the beginning of the super-regenerative period. In the step-

controlled state, however, the band-width depends upon the

extreme values of conductance, G0 and Gv

3*7*1. Transition from slope-control to step-control

The division of the operation of the receiver into two states is

artificial. It has been made, necessarily, in order to obtain simple

* In order to prove equation (89) it is necessary to use a more precise expression

for S(f) than (89 d). The approximations made in arriving at (89 d) are not valid

for values of/ approaching infinity. The proof is not included here.

4-2
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formulae describing the behaviour of the receiver in the linear mode.
The distinction between the two states is made in the rate of change

of conductance at the beginning of the super-regenerative period,

when the value of the conductance passes through zero (time t = /lf

fig* 3*3; time t = o, fig. 3-8). We can see the reasons for the dis-

tinction, and also obtain much useful information regarding inter-

mediate states, by considering a simplified conductance cycle, in

which the transition from positive to negative values of G is linear.

The slope-controlled state is characterized by a sensitive period*

bounded by an error curve and lying wholly within the period of

conductance slope. As the rate of change of conductance is increased

the skirts of the sensitivity-time curve overlap the period of constant

conductance, and assume the exponential shape characteristic of

step-control. Material deviation from the slope-controlled state

only occurs when an appreciable area of the sensitivity curve falls

outside the period of conductance slope. The condition for this is

stated in equation (23), and the physical manifestation is the

spreading of the skirts of the frequency-response curve.

It is impossible to give simple formulae for the properties of

a receiver in the state between slope and step-control. By following

the argument above it is, however, quite possible to estimate the

extent and nature of the departure from slope-control in any given

case.

3*7*2. Hybrid conductance cycles

So far we have only considered as examples symmetrical con-

ductance cycles in which the rate of change of conductance at the

* The description of the operation of the receiver in terms of a sensitive

period is very useful in giving a kind of physical picture of the process of

reception. It is, however, a little misleading if taken too far, and a word of

caution is, perhaps, necessary. The sensitivity-time curves sketched, for instance,

in fig. 3-3, can be regarded as measuring the effect of a very narrow impulse

upon the amplitude to which the oscillations rise in the later part of the cycle.

If the impulse occurs before G= o, then the amplitude of the transient has

diminished somewhat, due to damping, before the build-up starts. It has less

effect, therefore, than a similar current impulse occurring exactly when G== o.

An impulse occurring at a later time has to compete with the rising oscillations

and thus has less effect, again. When discussing a c.w. signal, however, the

sensitive period itself has little meaning. In this case the circuit is in a steady

state long before the conductance is changed, a current A sin o)t producing

a steady voltage V8=AjG0 across the circuit at resonance. This state of affairs

persists right up to the time the conductance begins to change and the picture

of the rising sensitivity curve has less meaning. As soon as the^ signal is started

or stopped in the vicinity of the sensitive period, however, the ‘memory* of the

circuit must be taken into consideration. It must be emphasized that this is

a limitation only in the physical picture, not in the theory.
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beginning of the super-regenerative period is the same as that at the

end of the cycle (both measured when G crosses the axis at G — o).

There is, however, nothing in the theory to associate these two rates

of change. It is feasible to have a conductance cycle in which the

transition from positive to negative values is gradual, whilst the

return, at the end of the super-regenerative period, is rapid, or vice

versa. In such circumstances the state of operation (slope- or step-

controlled) is determined by the transition at the beginning of the

cycle, which determines the frequency response, even though the

output pulse shape is that associated with the opposite state.

It is, therefore, possible to design a super-regenerative receiver

to have a certain frequency-response characteristic and, inde-

pendently, to have a certain shape of output pulse, within the

general limits of the theory, by applying an asymmetric quench

wave-form of suitable shape.



Chapter 4

RECEPTION AND DETECTION OF SIGNAL
AND NOISE: LINEAR MODE

4*i. Introduction

The output of a super-regenerative receiver, when receiving

a c.w. signal, is a regular succession of similar pulses of equal

amplitudes. When there is no signal, however, the oscillations on

each quench cycle build up from the sample of circuit noise

occurring within the sensitive period at the beginning of the cycle.

Under these circumstances the amplitudes differ from one pulse to

the next. The fluctuation in amplitude of the pulses of oscillation

constitutes noise in the receiver output. In spite of this fluctuation

the time interval between the peaks of successive pulses remains

constant. This is because the oscillations reach their maximum
amplitude at a definite point on each quench cycle, when the value

of the conductance passes through zero at the end of the super-

regenerative period. It is important to note this regularity in the

spacing, because it has practical importance in the design of systems

for a.g.s., which are considered in a later chapter.

Because of the rather complicated sampling process that occurs

in the super-regenerative receiver, it is by no means obvious how

the fluctuation of the output pulses depends upon the noise in the

input circuits. The noise changes its nature in the super-regenerative

process and a new definition is necessary to describe the noise

fluctuation in the receiver output.

4*2. Signal and noise before detection

A super-regenerative receiver, activated by noise alone, builds

up pulses whose amplitudes vary from one pulse to another. The

same is true when a steady c.w. signal is also present, but the

fraction of pulses in a very large number which exceed in amplitude

a certain value is different in the two cases. When the c.w. signal is

much greater than noise the deviation of the amplitude from its

mean is negligible.

Since the amplitudes are subject to random variations it is

impossible to state precisely the amplitude which a pulse occurring
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at a specified time will have. What we can state is the probability

that the amplitude shall lie between certain limiting values. In

particular, if these limits are x and x+ dx
,
the probability can be

written
x + dx) = p(x) dx . ( 1

)

The function p(x) is then the probability distribution.

The noise that is observed at the output arises from the random

variation in amplitude of the pulses. When the amplitudes are

examined after detection the probability distribution depends upon

the law of the detector. But knowledge of the detector law is not the

only prerequisite for finding that distribution. The statistical be-

haviour of the instantaneous voltage at the input to the detector

must be known. It is necessary here to define clearly the voltage

fluctuation that corresponds to noise, in the receiver. For this

purpose we are not interested in the voltage distribution in a single

pulse. We want to know the distribution of instantaneous values of

voltage measured at the peaks of successive pulses and due to the

build-up of oscillations from noise alone.

In view of the linearity of amplification it is reasonable to expect

that this distribution will be similar to that of the noise itself,

namely, a normal Gaussian law with

p(x) = {i/[<rA/(27r)]}exp(-x
2
/2 <r

2
). (2)

The standard deviation cr is the r.m.s. value of the voltage at the

end of the build-up period, i.e. at time t2l averaged over a large

number of quench periods. This is the r.m.s. noise voltage in the

output of *he super-regenerative receiver. The averaging process

which is carried out here is not quite the usual kind. Usually the

noise is continuous in time and the average is taken over a long

interval. Here, however, the average is taken over discrete samples

of noise, taken successively at equal intervals of time. In spite of

this difference the r.m.s. noise voltage at the output, defined in the

above way, is linearly dependent upon the r.m.s. noise voltage from

which the oscillations grow, i.e.

cr
2 = V%g x (total receiver power gain) (3)

== 2 Vns[j~^ ex
p(^)

(fr°m equation (61), Chapter 3),

where V is the mean square noise voltage in the circuit, from all
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sources, at the time the oscillations start to build up. V\s is the noise

measured within the super-regenerative noise band-width bm .

In order to prove this relationship it is necessary to go back to the

fundamental equation for the particular state and insert a function,

representing the noise fluctuation, in place of the signal A sin (cat).

Because of the obvious nature of the equation (3) the proof is not

included here, but a proof referring to the slope-controlled state is

provided in Appendix 1.

If, in addition to the noise, there is a steady c.w. signal A sin (o)t)

applied to the circuit, then the resultant voltage at the peak of the

output pulse is that due to both signal and noise. According to the

basic equation of the linear mode (equation (27), Chapter 3), the

voltage to which the pulse builds up on signal alone is

Kig. = K sin [<o0t+ («- «0) *J, (4)

where Vx = Vs /itS(f).

The resultant voltage from signal plus noise at the peak of the

pulse is therefore

V ~
^sig. "h ^noise

= [x + Vx cos (
oj - G)0) t

x]
sin (0)0 1

) + [x + Vx sin (oj - oj0)
cos

(
oj0 1

),

(5 )

where x may have any value from minus to plus infinity with

probability distribution of equation (2). The ratio of the signal

power to the noise power at the end of the build-up period is

V\j2 (X\

Equations (4) and (5) define the voltage distribution due to

signal and noise at the input to the detector. We are now in a

position to discuss the effect of detection on the radio-frequency

pulses.

4 3. Detection of high-frequency pulses from super-regene-

rative circuit

The action of the detector is to suppress the high-frequency

/0 and to give an output proportional to some function of the

amplitude of the input pulse. The process of detection changes the

probability distribution of the pulse amplitudes. We will derive an

expression for the new distribution of amplitudes after detection.
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From equation (5) the amplitude of a pulse before detection is

A
i = J[{x+Vx cos (a) - (

o

0) fj
2
-f {x 4* V

x
sin (<o - co0) /J

2
]. (6)

To simplify the writing, let us put

a — Vx cos (io — (o0) tv b = V
x sin (g> — o>0) tv (7)

But the probability that A lies in the range A to A + dA is the

product of the probability that x + a lies in the rangey toy + dy and

x + b in the range z to z + dz integrated over all possible values

ofy and z that are consistent with equation (6), i.e. with

A 2 = y
2 + z*. (8)

Furthermore the probability that x + a lies in the range y to

y + dy is, from equation (2),

and the probability that x+ b lies in the range z to z -f dz is

Then the probability that

r (*-br\

L 20-2
dz.

Al<y2 + z2 < (A
{
+ dA

{)
2

is

P(A)dA,,

1
r+A { rAi+dAi r t ~|

t+vm r • ^ .

ex
p

|

1“-*' + + -v!>l
!

'^
AJAi——2

exp
2iur2

AdAi

r (A\+v\r
\
c
+A <

L 2<r2 JJ-A, (Af+y2
)

217(7*
-exp

£
- J

+ *’
exp |

~

4
[
(a cos 0+ 6 sin

0)J
dd

--p ®
where 70 is the modified Bessel function of zero order.

The probability distribution for the amplitude of the pulses at

output from a detector whose law is

A = F(4) (io)
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is obtained from equation (9) by changing the variable from A{ to

A. This is most easily accomplished by inverting the detector law,

equation (io), so that
A< ,,»i(A > (ll)

Then

miA = ;
«(^) (£) ia

dA - <I2>

We will now interpret equation (12) for a detector having

(a) a linear law and (b) a square law.

4*3* 1 . Linear-law detector

In this case (putting scale-factor unity for simplicity)

0
1(A) = A f (13)

and so p(A) dA = exp
[
- /0(^) (^)

dA. (14)

The ratio V\\zcr2
is the signal-to-noise power ratio at the input to

the detector.

Let r = VJcr. (15)

Then the probability density p(A ), which is the relative fre-

quency with which a pulse of amplitude between A and A + dA
occurs, is dependent upon r. It is plotted in fig. 4*1, in which the

variable is A/a for a range of values of r.

The mean value of the amplitude is

A =
J

A.p(A)dA

= o-V(| 7r)exp(-lr2)[(i+^)/0(^) +(^)/1(^)] ) . (16)

and the mean-square deviation of the amplitude is

(A-Af = 2cr\i + \r*)-(A)\ (17)

The deviation of the amplitude from its mean value is random

and constitutes noise in the detector output. As the ratio r increases,

the mean value of the output becomes proportional to the signal

amplitude at input. The deviation from linearity indicates dis-

tortion for an amplitude-modulated input signal. The degree of

distortion is, however, slight for r > 1 . Since the output pulses vary

in amplitude about a mean value which is not zero even in the

absence of signal, it is scarcely correct to call the ratio of the mean
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RATIO OF PULSE AMPLITUDE TO R .M.S. N0I5E VOLTAGE AT INPUT

Fig. 4*i. Relative frequency with which a pulse of amplitude A-hdA
occurs after a linear-law detector. (Parameter on curves is r.)

Fig. 4*2. Growth of apparent signal out of noise. (a) Linear-law

detector. (b) Square-law detector.
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amplitude to the r.m.s. deviation of the amplitude the signal-to-

noise ratio. This difficulty arises whenever signal distortion is

present. In spite of this we can exhibit both effects by plotting the

apparent signal-to-noise voltage ratio as a function of the signal-to-

noise voltage ratio at input as in fig. 4*2 (a).

The detector output is a succession of d.c. pulses all of the same

shape and spaced by equal intervals of time, but with unequal

amplitudes. The mean value of the amplitudes taken over a large

number of pulses is A
,
equation (16), and the mean-square deviation

of the amplitudes is (A -A)2
,
equation (17).

Fig. 4 3. Distribution of energy between line spectrum and continuous

spectrum, (a) Linear-law detector. (b

)

Square-law detector.

The ratio of the total energy in the noise to that in the apparent

signal is shown later (§4*4*6) to be

{lT-J)*)i{Ay . (18)

It is therefore a function of the maximum signal to r.m.s. noise-

voltage ratio and is plotted in fig. 4*3 (a). The value of the expression

given in (18) falls off very like an error curve from a maximum

value of 0*278 when r is zero and vanishes when r becomes large.

4*3*2. Square-law detector

In this case (putting scale factor unity)

(19)
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and so p(A)dA = exp[- (^2

Fl)

]
70(^) (20)

The probability densityp(A) shows a marked difference from the

corresponding distribution for the linear detector.

The mean value of the amplitude is

= 2cr2(i + Vyzcr2
)

= 2cr2(i 4- Jr
2
), (21)

and the mean-square deviation of the amplitude is

(A-Ay=4a*(i + VH(r2
)

= 40^(1 4-r2). (22)

In order to allow direct comparison of amounts of distortion with

the linear and square-law detectors, fig. 4-2(6) has been drawn. It

gives the apparent signal-to-noise voltage ratio at output as a

function of the signal-to-noise voltage ratio at input.

The ratio of the energy in the noise to that in the signal is

(A-Af _ 1+r2

(A )
2

( 1 4- Jr
2
)
2 * ^3)

The distribution of energy between the noise and the signal is

shown in fig. 4*3(6). The curve resembles the corresponding curve

for the linear detector, but the vertical scale is different by a factor

of almost four. A greater proportion of energy resides in the noise

from a square-law detector than from a linear detector. The reason

is evident from a comparison of the corresponding probability

distributions of amplitude. The most probable amplitude for the

linear detector is greater than zero, whereas it is more nearly zero

for the square-law detector. The law of a practical detector can be

approximately represented by a square law for small signals and

a linear law for large signals. The distribution of energy between

signal and noise will therefore lie somewhere between the limiting

cases of figs. 4-3 {a) and (6).

The physical picture of the transition from noise to a large steady

c.w. signal is made clearer by an examination of the frequency

spectrum of the detector output, which is made in the next section.



RECEPTION AND DETECTION OF SIGNAL AND NOISE 63

4 4. Frequency spectrum of the rectified voltage at the

detector output

Let us assume first of all that the circuit is free from all random
disturbances such as noise and that the incoming signal is a pure

c.w. oscillation. Then, if the output from the super-regenerative

oscillator is fed directly into a perfect linear detector, the output

signal is a succession of identical d.c. pulses, each having a shape

determined by the particular type of quench or conductance wave-

form used. We shall determine first of all the frequency spectrum

of a single pulse and then of a train of pulses of equal amplitude.

We shall then be able to discuss the spectrum due to noise when
the pulses have a random fluctuation in amplitude.

4*4* 1. The spectrum of a single rectifiedpulse : slope-controlled state

Equation (41) in Chapter 3 shows that the envelope of the

oscillations in a single pulse from a slope-controlled receiver is

a Gaussian-error curve, described by

where

A(t) = exp
[
—

2

2
/(It )

2
]> (24)

This equation also describes the voltage pulse from a perfect

linear detector.

A Gaussian error-curve has the unique property that its spectrum

or Fourier transform has the same shape. The transform of the error

curve of equation (24) is

S(f) = X'iT
)
exp [i(

- nh-J2
)]

"VfcwiM-fiml *<>

Thus both the frequency response and the spectrum of a pulse

at the output of the slope-controlled receiver have the shape of

a Gaussian-error curve. It is important to note that the frequency

response depends upon the slope G\t1) at the beginning of the

build-up period, whilst the spectrum depends upon the slope G\t2)

at the end.

Equation (25) describes the spectrum of a pulse at the output

from a linear detector. The band-width of the spectrum at ije

of the peak is

B = ijnomi.
27T V L L J

(26)
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The spectrum of a single pulse is drawn in fig. 4*4 and the meaning

of B clearly shown.

4*4*2. The spectrum of a succession ofpubes : slope-controlled state

In practice, when the incoming signal is a large steady c.w.

signal, the detector output consists of a succession of pulses

recurring at the quench frequency. The spectrum of the rectified

pulses is then an array of discrete lines spaced by the quench

frequency, fq , The amplitude An of the line of frequency nfq is

obtained from equation (25) by replacing /by nfq and multiplying

the result byfq . Thus, neglecting the phase factor,

The spectrum of a succession of similar pulses, representing the

detector output due to a c.w. signal, is shown in fig. 4*5. The
envelope is the spectrum of a single pulse times a constant. Com-
parison of figs. 4*4 and 4*5 should make this clear.

4*4*3. The spectrum ofa linearly-rectifiedpuke : step-controlledstate

The pulse of oscillations in the step-controlled state rises and

falls exponentially. The pulse envelope is described by equations

(80) and (81), Chapter 3. The build-up is given by

A(z) = A0exp(Gx z/2C) = A 0 cxp(az) t
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where a = GJ2C and z < o, and the decay by

A
(
z
) = Ao exp ( - G0 z/2C) = ^40 exp ( - /3z)

y (28)

where /3 = GJzC and z>o. A0 is the amplitude at the peak of the

pulse and z is time measured from that peak. The pulse is thus

normally asymmetric, unless G0 = Gv

The spectrum of a single pulse of this description is

iS(6>) = *S1(w)

—

Ct>),

where

S^co) =
I

eiwzA(z) dz =
I

e-***-fizdz+\ e i(oz~*z dz
J- 00 Jo Jo

a + /ff1 1— + -

/?+ ioj a — ioj (clft+ a;
2
) + ico(a — /?)

*

and denotes the complex conjugate.

The real spectrum is thus

a + /? ,

ot + fi
S(f) =

(aft+ o)2
) + i(o{cl — /?) (a/3+ co

2
)
— ico(a — /3)

2(a + /3) (a/3+co
2
)

~~
(a>2 -f a2

)
(o>2 + /?

2
)

’

where = 27r/.

This is the spectrum of a single pulse.

(29)

(3°)

WR 5
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The band-width at half the maximum is given approximately by

(i<§:<4 (3«>

4
-

4
-

4 . The spectrum of a succession of pulses : step-controlled state

The spectrum of a succession of these pulses, all of equal

amplitude, is again a line spectrum, bounded by a curve propor-

tional to that of equation (30) above. The amplitude of the line of

frequency nfQ is again obtained by replacing oj in equation (30) by

2nnfq and multiplying by 2nfq . Thus

47r/g(g+ l)(al+477y/g)
“ (4^V?+**)(4»rWft+P)

A 4”/«(«+ 1)
’ ay?

+

47T
2n2y|

for a= /?.
(32)

4
-

4
*

5 . The effect of amplitude modulation upon the output spectrum

When the incoming c.w. signal is amplitude-modulated, each

pulse has an amplitude determined by the sample observed at the

start of the corresponding cycle of quench. If the samples are taken

sufficiently often, the envelope of the pulse peaks is a true replica

of the modulation voltage.

The effect of the modulation upon the output spectrum is shown

in fig. 4-6. Each line of the spectrum now has side-bands corre-

sponding to the component frequencies of the modulation. To
avoid interference between side-bands from adjacent lines, the

highest modulation frequency must be less than half the quench

frequency. That is another way of saying that the modulated signal

must be sampled at least twice during each cycle of modulation,

which is a minimum requirement. In practice the problems of

demodulation are such as to require the quench frequency to be

several times higher than the highest modulation component. This

is discussed further in Chapter 5.

4
-

4
-6 . The output spectrum due to signal and noise

The spectra described in the preceding sections refer to the

output of a receiver in which the signal is so large that noise may be

neglected. We shall now consider the output spectrum when the

signal is small, or absent altogether. Under these circumstances the

detector output is a succession of d.c. pulses, all having the same

shape and spaced by equal intervals of time, but with unequal
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amplitudes as shown in fig. 4*7 (a). The mean value ofthe amplitudes
taken over a large number of pulses isA . The mean square deviation

of the amplitudes is (A — A)2
. The expressions describing A and

(A —A
)
2 are given in §§4-3-1 and 4-3-2 forthe linear- and square-law

detectors respectively.

Fig. 4*6. Line spectrum of a succession of rectified pulses due to an
amplitude-modulated c.w. signal.

The spectrum of a succession of pulses of unequal amplitudes

has been analysed by G. G. Macfarlane.* The spectrum consists

of two parts.

(a) A line spectrum with separation of lines in frequency by the

quench frequency. This may be regarded as the signal spectrum,

even though it still exists at zero signal due to the appreciable mean

amplitude of the noise pulses after detection.

The power in the line of frequency mfq is

2w/i-fr-

1

S(2mnfv) |

2
,

where S(zmnf^) is the value of the spectral function S(oj) at the

frequency w = 2tnnfq. The formulae for S(a>) under slope-control

and step-control conditions are given in §§4*4* i and 4
-

4
-

3 re-

spectively.

* G. G. Macfarlane, ‘On the energy-spectrum of an almost periodic

succession of pulses *, Proc. Inst. Radio Engrs (in the Press).
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The band-width at half the maximum is given approximately by

(*4:<4 (3,)

4
*

4
-

4 . The spectrum of a succession of pulses : step-controlled state

The spectrum of a succession of these pulses, all of equal

amplitude, is again a line spectrum, bounded by a curve propor-

tional to that of equation (30) above. The amplitude of the line of

frequency nfQ is again obtained by replacing co in equation (30) by

2nnfq and multiplying by 2nfq . Thus

47r/g(a+ P) +4”2”2
/f

)

4.-
(47

1

2n2
y| + a?) (47T

2n2
/|+ fP)

47r/«(a+A)
V+4wV/J

for a= /?. (32)

4
*

4
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5 . The effect of amplitude modulation upon the output spectrum

When the incoming c.w. signal is amplitude-modulated, each

pulse has an amplitude determined by the sample observed at the

start of the corresponding cycle of quench. If the samples are taken

sufficiently often, the envelope of the pulse peaks is a true replica

of the modulation voltage.

The effect of the modulation upon the output spectrum is shown

in fig. 4*6. Each line of the spectrum now has side-bands corre-

sponding to the component frequencies of the modulation. To
avoid interference between side-bands from adjacent lines, the

highest modulation frequency must be less than half the quench

frequency. That is another way of saying that the modulated signal

must be sampled at least twice during each cycle of modulation,

which is a minimum requirement. In practice the problems of

demodulation are such as to require the quench frequency to be

several times higher than the highest modulation component. This

is discussed further in Chapter 5.

4
*

4
*6 . The output spectrum due to signal and noise

The spectra described in the preceding sections refer to the

output of a receiver in which the signal is so large that noise may be

neglected. We shall now consider the output spectrum when the

signal is small, or absent altogether. Under these circumstances the

detector output is a succession of d.c. pulses, all having the same
shape and spaced by equal intervals of time, but with unequal
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amplitudes as shown in fig. 4*7 (a). The mean value ofthe amplitudes
taken over a large number of pulses is A. The mean square deviation

of the amplitudes is (A — A)2
. The expressions describing A and

(A —A
)
2 are given in §§4*3*1 and 4*3*2 for the linear- and square-law

detectors respectively.

Fig. 4*6. Line spectrum of a succession of rectified pulses due to an

amplitude-modulated c.w. signal.

The spectrum of a succession of pulses of unequal amplitudes

has been analysed by G. G. Macfarlane.* The spectrum consists

of two parts.

(a) A line spectrum with separation of lines in frequency by the

quench frequency. This may be regarded as the signal spectrum,

even though it still exists at zero signal due to the appreciable mean

amplitude of the noise pulses after detection.

The power in the line of frequency mfq is

2nfq^-\ S(2mnfq)\
2
,

where S(2m7rfq) is the value of the spectral function S(a)) at the

frequency to = 2tmrfQ . The formulae for S{to) under slope-control

and step-control conditions are given in §§4*4*1 and 4*4*3 re-

spectively.

* G. G. Macfarlane, ‘On the energy-spectrum of an almost periodic

succession of pulses *, Proc. Inst. Radio Engrs (in the Press).
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If the power in the lines is plotted against frequency, the power

spectrum of fig. 4*5 is obtained. The envelope of the lines is pro-

portional to the energy-density spectrum of a single pulse.

(6)
A continuous-energy distribution of density

(A -A)ilSMI
2

Fig. 4-7. Spefctrum of a succession of rectified pulses due to noise, (a) Rectified

output pulses. (6) Continuous energy spectrum (corresponding to deviation

from mean), (c) Line spectrum (corresponding to mean amplitude).

with intensity proportional to the energy-density spectrum of a

single pulse. This is the noise spectrum, because it is due to the

fluctuation of the pulse amplitudes about the mean value. The
formation of the spectrum due to signal and noise is shown in

fig- 47-
We can now see what happens to the output spectrum as the

signal grows out of noise. For zero signal in a linear detector, for

example, the ratio of the total energy in the noise or continuous

spectrum to that in the signal or line spectrum is

(A -A
)
2
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as quoted in §4*3*1. As the signal is increased from zero, the pro-

portion of the total energy in the noise spectrum is diminished.

Finally, when the signal is much greater than noise (say > 10 x noise)

a negligible proportion of the output energy goes into the noise

spectrum and the output pulses are, to all intents and purposes,

regular in amplitude. Fig. 4*3 shows the partition ofenergy between

the signal and noise spectra for values of the signal to noise ratio

up to 4.

4*5. Noise in practical receivers

The output from a linear detector following a super-regenerative

oscillator consists of a series of pulses of different amplitudes

(fig. 4*7). The ratio of the r.m.s. deviation to the mean amplitude

of the pulses is the apparent signal to noise ratio at the detector

output.

We have seen that the signal energy appears in discrete lines at

quench frequency and its harmonics (including zero frequency),

and that signal modulation appears as side-bands on these lines.

The noise energy is distributed in proportion throughout the

whole spectrum (fig. 47).

The highest modulation side-band that can be distinguished has

a frequency equal to half the quench frequency, fq . It is therefore

necessary to restrict the post-detector band-width, by means of

a suitable filter, so that only the side-bands of a single line are

accepted. It is usual to use a low-pass filter, in which case the band-

width must be less than \fq in order to avoid interference from the

lower side-band of the line at quench frequency.

It is evident from the nature of the spectrum that restricting the

post-detector band-width to precisely \fq by means of a low-pass

filter reduces the signal and noise in the same ratio. That is to say,

the signal to noise ratio within a band-width \fq after the detector

is exactly the same as that measured over the entire spectrum.

Noise collected at any frequency within the super-regenerative or

radio-frequency band-width is effective in producing output in

this narrow pass-band.

If the same reduction of post-detector band-width were applied

to a conventional radio-frequency amplifier, having a similar

frequency response and equivalent noise input, it would result in

a reduction of noise relative to signal at the output. Ideally the
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reduction would be in the ratio of twice the post-detector band-

width to the radio-frequency energy band-width, but it is not so

great in practice because of intermodulation in a practical detector.

At worst, therefore, the signal-to-noise ratio at the output of a super-

regenerative receiver is less than that at the output of a tuned radio-

frequency amplifier with similar characteristics in the ratio fjbn8 .

The maximum numerical value of this ratio is about £ ( — 16 db.).

The advantage of the average super-heterodyne receiver is not as

great as this would suggest. Intermodulation in the diode detector

probably reduces the figure to more nearly — 6 db. There are, un-

fortunately, no reliable comparative measurements of the two types

of receiver to confirm this figure. The super-regenerative receiver

can never be better on this count because the nature of the output

corresponds to complete intermodulation. That is the fundamental

reason for the high noise-factor associated with super-regenerative

receivers.

Reduction of the post-detector band-width below \fq reduces the

noise in proportion but also reduces the frequency range available

for modulation side-bands. The noise in a given post-detector band-

width is constant and independent of quench frequency. There is

consequently no point in increasing the quench frequency in the

hope of improving the signal-to-noise ratio at the output. This is

clear from an examination of the output spectrum. Changing the

quench frequency alters the frequency scale of the spectrum

without affecting the vertical scale. The relationship between signal

and noise within a given post-detector band-width is thus un-

changed.

The noise in any receiver arises from thermal fluctuations in the

input circuits and shot-noise fluctuations of anode current in the

first valve. Let us consider a super-regenerative receiver consisting

of a tuned-anode oscillator with separate quench. The signal is

injected into the tuned-anode circuit where it is compared directly

with both thermal and shot-noise contributions. It undergoes no

amplification by the valve. In a radio-frequency amplifier of con-

ventional design, however, the signal is amplified before it is

compared with the valve noise. At first sight, therefore, it appears

that the shot noise is more important, in a super-regenerative

receiver, by a factor of the same order as the amplification to be

expected from a tuned radio-frequency amplifier. This factor is
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about ten, or less, at frequencies for which the super-regenerative

receiver is suitable.

A super-regenerative oscillator is, however, only sensitive for

a short period about the start of oscillation in each quench cycle.

Thus the shot noise sampled during this period corresponds to the

current required to start oscillation, which is considerably less than

the normal operating current of the same valve used as a tuned

radio-frequency amplifier. It is obviously an advantage to cause

oscillation to occur at as low a current as possible. This can be done

by making the oscillator feed-back coupling much closer than is

usual for a valve oscillator.

Under these circumstances the shot noise need be no greater in

relation to the signal than it is in a tuned radio-frequency amplifier.

In any case it is good practice to precede the super-regenerative

stage by a grounded-grid or other radio-frequency amplifier to

prevent radiation of super-regenerative oscillations. Thus there

need be no difference in the noise generated in the input circuits

of superheterodyne and super-regenerative receivers. The only

difference in noise properties between the two types of receiver is

due to the nature of the output, described in detail above.

It must also be remembered when comparing the properties

of super-regenerative and superheterodyne receivers that the

frequency-response curve of the latter, in the slope-controlled

state, has a more desirable shape. The ratio of energy band-width

to the width of the amplitude response at, say, — 6db. is smaller

for the super-regenerative receiver, thus providing less noise for

a given nominal band-width.

There might appear to be some advantage in connecting the

tuned circuit to the grid of the super-regenerative oscillator. This

would result in a reduction of shot noise compared with signal in

the ratio of the mutual inductance between the grid and anode coils

to the inductance of the grid coil. Under the conditions of close

coupling necessary to ensure low noise (see above) this ratio is of

the order unity and there is little difference between the various

types of oscillator.



Chapter 5

SINUSOIDAL AND OTHER PARTICULAR
KINDS OF QUENCH

5*i. Introduction

The general theory of the linear super-regenerative receiver,

developed in the preceding chapters, assumes very little about the

kind of quench voltage applied to the super-regenerative oscillator.

The resulting formulae are sufficient to describe the operation of

any receiver operating within the restrictions imposed for either

slope-control or step-control. They are also useful in estimating

the properties of a receiver operating in the transitional state

between slope- and step-control. It is possible, however, to derive

more convenient formulae relating to certain particular kinds of

quench. Of these, sinusoidal quench has the greatest practical

importance because of the ease with which it can be generated and

applied. It is the form of external quench most often used in the

design of super-regenerative receivers.

It is shown below that a super-regenerative receiver using

sinusoidal quench usually operates in or near the slope-controlled

state. We shall use the formulae for the slope-controlled state

throughout the analysis relating to sinusoidal quench. The extent

to which this is justified is discussed in §5 -4- 5.

The theoretical analysis of a receiver using a specified quench-

voltage variation is necessarily approximate. That is because the

corresponding conductance function depends upon the relationship

between the mutual conductance of the oscillator valve and the

potential of the electrode to which the quench is applied. This

relationship is non-linear and differs from one valve to another. It

is possible to approximate to a portion of the valve charac-

teristic by a simple expression, based on the f power law of

the ideal valve. The resulting formulae are extremely useful in

showing how the gain and frequency response depend upon easily

measurable circuit parameters, such as quench frequency, quench

amplitude, (^-factor, etc.

The analytical method is only convenient when the quench

voltage is a simple function of time and, even then, is necessarily
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approximate. When greater accuracy is desired or when the quench
function cannot be simply expressed, graphical methods must be
used.

We have chosen here to use the analytical method to provide

design data for sinusoidal quench and, to a lesser extent, for

rectangular quench. Used with circumspection the data are

adequate for most design purposes. The graphical method of

deriving the conductance function, and predicting from it the pro-

perties of a receiver, is described first as an introduction to the
analytical method.

5-2. Conductance cycle due to sinusoidal quench: graphical

method

In Chapter 3 formulae were derived which describe the pro-

perties of a super-regenerative receiver in terms of the circuit

Fig. 5*1. Variation of mutual conductance with sinusoidal

grid quench.



SUPER-REGENERATIVE RECEIVERS74

parameters and the conductance function G(£) representing the

shunt conductance in the equivalent circuit (fig. 3*1). We shall now
examine the conductance function due to sinusoidal quench.

Fig. 5
• i shows the variation of mutual conductance during a single

cycle of sinusoidal grid quench applied to a CV 6 triode oscillator.

The curves relate to an actual receiver, operating on a low frequency,

fromwhich the oscillograms in this and other chapters were obtained.

The mutual conductance cycle has been computed by projection

from the sinusoidal quench cycle below the f^-axis, as shown. The

experimental value of the voltage
(
V

{^ = — 7*8) at which oscillations

will just begin, is also indicated. It provides the value of the

constant k in the equation

G = G0 -kgm , (1)

representing the total effective circuit conductance during the

quench cycle. For, when oscillation is just possible, G = o and

^ = GqlgjnQ) (2)

where gm0 is the mutual conductance corresponding to the grid

voltage Vog. Using this value of k
,
the conductance cycle is plotted,

according to equation (1), in fig. 5 2. We are now in a position to

determine the properties of the receiver with this particular quench

voltage and its resulting conductance variation.

The measured properties of the circuit and valve, in addition to

those given in figs. 51 and 5 2, are:

Quiescent circuit

Band-width b = io*6 kc./sec. (at —3 db.)

Capacity C =873 fifiF.

Natural frequency /0 = 250 kc./sec.

Shunt conductance G0 = mGb
= 58*2 /unhos

Quench frequency fQ = 550 c./sec.

Valve

Amplification factor fi =19
Anode voltage Va = 200 V.

Theoretical cut-off VJ/i = 10*5 V.

From fig. 5*2 we see that the value of the conductance slope at the

beginning of the build-up period is

G' = o*29/mihos//£sec.
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Let us first see whether the condition for slope-control is

satisfied. The duration of the regenerative period is, from the

Fig. 5*2. Formation of conductance cycle: sinusoidal quench

(corresponding to conditions of fig. 5*1).

diagram, about 200/isec. This is obtained by projecting back the

tangent to the curve at the point A
,
to cut the G0 abscissa. The
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resulting value of is somewhat smaller than would be obtained by

measuring from the point C at which the conductance starts to

depart from the value Go. but the former method conforms more

nearly to that used in deriving the condition for slope control

(§ 3
*

5
*
1 )-

The condition is

tx > 12C/G0 (equation (37), Chapter 3).

Now 12C/G0 =
12 x 873 X IO~12

58*2 X IO~6
sec. = 180 //sec.

Therefore, with tx
— 200 //sec., this condition is satisfied, and we

may use the formulae for slope-control with a fair amount of

confidence.

The band-width and slope-gain factor are determined by the

conductance slope G' at the beginning of the super-regenerative

period. The formula for the band-width is

b3 (at — 1 neper) (equation (50), Chapter 3). (3)

The slope of the conductance curve when G = o is 0-29 //mhos/

//sec., obtained graphically from fig. 5*2. Using the value of C
given, the band-width is

b3
°-29 \

873 x icr 12
/

The slope-gain factor is

5-8 kc./sec.

H = 2Jn (
blba) (equation (3)),

or N0 = log
e [2 yj7r(b/bs)] nepers = 1*87 nepers.

The area or under the negative portion of the conductance-time

curve determines the super-regenerative gain which is

N8 = arfzC nepers (equation (43), Chapter 3). (4)

The area, obtained graphically, is

ar ~ 11,300 //mho. ///secs.,

and the corresponding value of gain

r =
8

2 x 873
= 6*5 nepers.
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The total receiver gain is, consequently,

= N0+N8 = 1-87 + 6*5 = 8-42 nepers = 72*8 db.

The peak of the output pulse of oscillations occurs at the end of

the super-regenerative period at the instant when the conductance
is again zero. Its width or duration at one neper below the peak is

given by

(equation (42), Chapter 3), (5)

where G', the conductance slope, has the same value (but opposite

sign) as that at the beginning of the super-regenerative period. In

this case Q
(873 x io~12

\
sec. = 220 fisec.

The oscillation envelope has the shape of a Gaussian-error curve.

This is clearly shown in fig. 5-3 which is an oscillogram of the actual

pulse of oscillations. It is convincing evidence that our assumption

of slope-control is justified.

Table 3 compares the properties of the receiver, calculated by the

graphical method from the known values of circuit parameters, with

those actually measured on the receiver. A third column gives the

values of the same quantities computed by the analytical method

described below.

Table 3

Calculated

Property Symbol Measured
Graphical
method

Analytical

method (see

Appendix 3)

Slope gain N„ 16-3 db. 16-3 db. —
Super- N, — 56 5 db. 57-8 db.

regenerative

gain

Total gain Nt=(N0 +Ns) 69 db.

i

72-8 db. 74-0 db.

Band-width b. 5-8 kc./sec. 5*8 kc./sec. 6 08 kc./sec.

Pulse-width T — 220 /tsec. 210 /tsec.

5-3. Approximate theory of sinusoidal quench

The direct effect of changing the anode or grid voltage of an

oscillator valve, by the application of quench, is to alter the mutual

conductance gm. We have seen in Chapter 2 that this is generally
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related to the effective conductance shunting the tuned circuit by

the formula n n ,G==Go ~kgm> (6)

where G is the effective conductance in the equivalent circuit of the

oscillator, G0 is the value of G when the valve is cut off, and k is

a constant for a given circuit arrangement.

Now, in an ideal triode the anode current ia is related to the

anode voltage Va by the § power law

Current ceases in the valve when V
g = — VJ/i. This is known as

the grid voltage for cut-off. The mutual conductance is

*"-(11 (8)

Now, if the voltage producing the quenching action is sinusoidal

in form we may put, for anode quench,

K = Va+VQ sin((0qt-d);
and for grid quench (9)

K = Vg+ Vqmi(<oqt- 0))
where o)

q = 2irfq is the quench radian frequency, Va is the average

anode voltage, Vg is the average grid voltage, and Vq is the peak

voltage of quench oscillating about either Va or V
g

.

From equations (6) and (8) the effective conductance G is given by

° <»)

where V0g is the voltage at which oscillation commences (at time

t — tx when G =0).

Substituting from equation (9) for grid quench:

where tx is the time at which oscillation starts, defined by the

equation ^ =

Rearranged, equation (11) becomes

Gin - C (. /
nn+KMI/r. + sinK.-fl) -)! .

’ T VL{FJ+TOrt}/K+smKil -«)J
)' ()
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But as G = G0 when t = o, the expression under the root sign is

zero. Thus /Tr , .
*

{^+W/^-smg

{Vo+ iVJriW+smi^-O) ’

i.e. sin d = {V
g
+(Valri}IVv . (13)

Also, by definition V
g = V0g when t = *lf so that, from equation

(9) for grid quench,

Kg = F
a H-^sin(a>fl

^~0),

i.e. sin(%t^d) = {Kg-Vg}IVq . (14)

Thus the effective conductance is given by the formula

(is “>

in the interval o<o)
q
t<20 during which the valve is conducting and

G = G0 (15b)

in the interval (n + 20) <(o
q
t<2n during which the current in the

valve is cut off. Although derived for grid quench this formula also

applies to anode quench but with a different interpretation of 0 as

below.

Table 4

Grid quench Anode quench

8 -V'HVMsin v =

sinK1,-0)=^—-’
V Q

sin Klr «) =^
Fig. 5*4 shows the meaning of the symbols used above in relation

to a cycle of (a) grid and
(
b

)

anode quench, and the formation of

the corresponding cycle of effective conductance. It also shows,

incidentally, that the same conductance variation may be produced

by applying a suitable quench voltage either to the grid or to the

anode of the super-regenerative oscillator. It will be noticed that

all the parameters are directly measurable.

We have determined the value of the circuit conductance effective

during a cycle of sinusoidal quench in terms of the quiescent con-

ductance and the electrode voltages of the oscillator. We are now in
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a position to substitute

Chapter 3 and to obtaii

sinusoidal quench.

Fig. 5-4. Formation of

anode quench (c) ill
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5 4. Design formulae for sinusoidal quench

The properties of a super-regenerative receiver depend upon the

conductance variation during the quench cycle, which is a com-
plicated function of the voltages applied to the electrodes of the

oscillator valve. We are not interested somuch in predicting a precise

value for the gain or band-width of the receiver, under a particular

set of conditions, as in showing the trend of these properties as one
or other of the parameters is varied. It is, therefore, necessary to

choose the formulae carefully so that they may be applicable to a

practical design problem with a minimum amount of rearrangement.

There are three voltages capable of variation

:

(i) The quench voltage.

(ii) The mean voltage of the electrode to which the quench is

applied (e.g. grid for grid quench).

(iii) The voltage of the other electrode (e.g. anode for grid

quench).

It is rarely necessary to consider the variation of more than two
of these in a design problem. For example, with grid quench it is

usual to fix the anode voltage and to adjust the receiver to the

desired operating condition by changing the quench voltage and the

mean grid bias (i.e. (i) and (ii)). The quench voltage is nearly always

one of the variables. It seems, therefore, that our formulae should

be arranged in terms of two alternative sets of parameters, corre-

sponding either to (i) and (ii) or to (i) and (iii).

Table 5

Grid quench Anode quench

VQ .. _ Vq
y
° v„-v.

Va 7!
Q
1

y IVM+ V. y /‘Vq+Va
° Voc-K “ Voa-Va

vq VQ
*' WM + V0,

2
° /'K+Voa

P (VJm) + V. P P-Vq+Vq
0 (F» + F„„ “ PK + Vm

where sin 0=— =— Ka Pawhere sin u=— =—
y0 z0 Va za

and sin (<og ti — 0)= - = -—

~

y0 2g
and sin((oQ tl

-’6)= = *

ya za

WR 6
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The voltages in (i), (ii) and (iii) appear in the formula for the

conductance in the combinations shown in table 4 for sin# and

sin (a>
g *!

— #). For this reason it is not possible to plot the con-

ductance variation or receiver gain against one of the electrode

voltages without some rearrangement. To do this we define the

quantities given in table 5.

Thus we can write the formulae for sinusoidal quench in terms

of either y and K (corresponding to (i) and (iii) above), or z and

P (corresponding to (i) and (ii)). The utility of these particular

quantities is evident when we come to derive design data for the

dependence of super-regenerative gain upon the electrode voltages.

5-4-1. Conductance slope

The value of the conductance slope G'(*i) at time t1 during the

sensitive period of the quench cycle is an important quantity in the

formulae for the slope-controlled state (table 2) which apply to

a receiver using sinusoidal quench. Differentiating equation (15 a),

we get

r,
(t)

UqG0 /

|~

sin (<i;
g

— fl) + sin fl~| cos(o)
t
t-6)

' 2 V L sin (<V- 0
) + sin 0J sin (w^-^ + sintf

'

2nd G'(0= -—G° COS (ojq^ — d)

2 sin
(
0)
q
t
1 — d) + sin 0

’

In terms ofK and y ,
this becomes

- G\t1)
= -nfqGJ(y*-i)l(K+i)<

or, in terms of P and z
,

(
x7)

(18 a)

G\h) = ~nfqGJ{z*~(i -Pf], (18 b)

where y,
K

, z and P carry the subscripts a or g for anode or grid

quench respectively.

5-4-2. Receiver gain

In §3*5 it is shown that the receiver gain has two parts, the slope

gain fi0 and the super-regenerative gain fi8 .

The slope gain, which is usually small, is given by

2<Jn(blb8) (table 2, Chapter 3), (19)

where b is the band-width of the quiescent circuit at — 3 db. and

b9 is the super-regenerative band-width.
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The slope gain is easily computed as the ratio of the measured

(or calculated) band-widths, and it is not usually necessary to

consider it separately. However, a useful alternative expression can

be obtained from

n=g°J\cj<m\\ (20)

or

No = h loge
|j

nepers (equations (44), (45), Chapter 3).

Substituting for G'(^) from equation (18 a) we get

N0 = i loge (GJCfq) - loge nepers, (21a)

or, from equation (18 6),

^0=1 loge (GJCfv)- loge Vl>2 - ( I - Pf] nepers. (zib)

The super-regenerative gain in nepers ( i neper = 8-7 db.) is, from

table 2, .
t

Ns = -~j‘G(x)dx

= a~l2C, (22)

where or is the area under the negative portion of the conductance-

time curve. For sinusoidal quench

N =
/[ .

”n*+ ”n<?
. .11 nepers.

2 (o
qC) Wjtl-e L \ Isin (u>

v
t1 -d) + sin 0jj

Integrating, this becomes in terms ofy and K

H = N
Gn *

-mum*!.- «*

where cos <j>

H-^N.
-J$xl and

(23

6*2



84 SUPER-REGENERATIVE RECEIVERS

where cos 2<f>l — i/y, or, in terms of z and P,

H=

-mum*!l - <->

where cos * - Ji^p)
H-^N.

- - (
- sin-> (1^?)

j

+ a V(« + P)£[J(£p) • **]„, •

(23d)

where cos 2 i/r
x

F and E are elliptic integrals of the first and second kinds

respectively.

The factor multiplying Ns in the formulae above may be written

6^C _ fq

G0 v
It is the ratio of the quench frequency to the band-width of the

quiescent circuit. The right-hand side of equation (23) is a function

only of the electrode voltages and amplification factor of the

oscillator valve. Thus we are enabled to plot the super-regenerative

gain against electrode voltages by substituting the appropriate values

ofy and K or z and P from table 5.

Design curves based upon equation (23) are included in the

design data for sinusoidal quench which are presented in Appendix 2.

The gain curves for sinusoidal quench are particularly useful in

the design of systems for automatic gain-control, which are dis-

cussed in Chapter 7.

5*4*3. Band-width

The frequency response of a slope-controlled receiver is approxi-

mately an error curve with a band-width b8 at one neper down
given by

(see table 2). (25)
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Substituting for G'fo) from equation (18) we get

or

b =
s aJL”C k+i J’

(26 a)

(26 b)

Design curves based upon these formulae are included in

Appendix 2. They are useful in showing how the band-width is

affected by varying the electrode voltages. In conjunction with the

design data for receiver gain they also show the effect of variation

of gain upon the frequency response.

The band-width curves are presented in another useful form,

which helps us to choose the correct relationship between quench

amplitude and mean voltage of the quench electrode. When
applying quench to, say, the oscillator grid, there is an infinite choice

of values of V
q
and V

g
lo give the same receiver gain. The bias voltage

V
g
may be very large. Then V

q
must be correspondingly great. If

V
g
is small (though numerically greater thanV

0g)
then a small quench

amplitude will achieve the same value of gain. This is illustrated in

fig. 5*5. In this figure two widely different values of the quench

amplitude have been chosen. The appropriate adjustment of V
g
has

made the area ar and, consequently, the super-regenerative gain,

the same in both cases. It is evident, however, that the conductance

slope at time t — tv which determines the band-width, differs quite

considerably from one case to the other.

We may represent this effect in the design curves by plotting the

band-width against z (representing quench voltage) as variable

whilst adjusting the parameter P (representing the mean electrode

voltage) for constant gain. For this purpose it is necessary to

neglect the variation in slope gain which is, in any case, small

compared with the super-regenerative gain. Curves calculated on

this basis are also included in Appendix 3.

A similar effect is produced when the gain is held constant by

adjusting the voltage of the non-quenched electrode. This case has

no very great practical interest, and the corresponding curve is not

included.



Fig. 5*5. Dependence of band-width on quench amplitude for

constant gain.
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5-4-4. Output pulse of oscillations

The envelope of the super-regenerative oscillations in a slope-

controlled receiver is a Gaussian error-curve having a width 7 at

1 \e of the peak amplitude, given by

|
]

(equation (42), Chapter 3). (27)

Because of the symmetrical nature of the sinusoidal quench cycle

G\h) = G\t1). (28)

Thus, making the substitution for G\tf) from equation (18),

t= /r 2C(*+i) -1

W L.uqGoJ(y
2-iU

Ir 2c
4
V J)J

Q
G0 1

(29)
.V{*

a -(i -m.
for sinusoidal quench.

Similarly, the width of the output spectrum of a linearly rectified

pulse at ije down (equation (26), Chapter 4) is

„_L /K-goVO'!zi)l
27T a/ L 2C A + I J

- ifer]
- -rn]. <30)

Equation (30) also refers to the band-width of the envelope of the

frequency spectrum of a succession of pulses building up from

signal or noise. Thus the frequency spectrum is precisely similar

in shape to the frequency-response curve of the receiver. The

distribution of frequencies in the receiver output may therefore be

examined using the data given in Appendix 3 relating to the band-

width b8 . This is only true of a receiver using a quench function

which is symmetrical so that equation (28) is true.

5-4-5. Criteriafor slope-control

In the analysis of sinusoidal quench we have assumed that the

operation of the receiver is slope-controlled. Let us see to what
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extent the assumption is justified. The condition for slope-con-

controlled operation is

G'(t

)

t\> 3 (equation (23), Chapter 3). (31)

Let us suppose, as we did in §3*5*1, that the conductance

variation is linear during the sensitive period, so that

G\h) = G0/tl
or t, = GJG'it,). (32)

Then the condition in (31) becomes

(72

4CG%j >3 or G\h)<GHizC. (33)

Substituting from equation (18) the value of G\t
x)

appropriate

to sinusoidal quench, we get

*f,O.S‘<GUnC or

where S - J “ < [n=-(i -Pfl- (34)

But GqIzttC is the band-width b of the quiescent circuit thus

making the condition

/9 <6/6S
2 or fq <fJ6QS* (b-fJQ). (35)

Equation (35) provides a formula for the upper limit to the

quench frequency, beyond which the operation of the receiver is

likely to depart from slope-control. It is particularly useful in

describing the limiting quench frequency in terms of the natural

frequency and Q-factor of the tuned circuit. Through the factor

*S, the limiting frequency also depends upon the quench amplitude

relative to the steady electrode potentials applied to the oscillator

valve.

5*4*6. Condition for adequate damping

Departure from slope-control is one factor deciding the upper

limit to the quench frequency. There is, however, another limitation

on the permissible value to which the quench frequency may be

raised. It is imposed by the requirement that the oscillations from

one quench cycle must die away before the next one starts.

For sinusoidal quench it can operate at either a lower or higher

frequency than the deviation from slope-control, according to the

relative adjustment of electrode voltages and quefnch amplitude.
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The approximate condition for adequate damping, given in

§3 5 4» 1S Nd>N0+Ns+ 3 nepers,
(36)

where JV<j is the damping loss in nepers, N0 is the slope gain in

nepers, Ns is the super-regenerative gain in nepers. But the

logarithmic decrement of the tuned circuit when the valve is cut off

is n!Q
,
and the damping ratio, in nepers, is therefore

Nd = nn/Q
, (37)

where n is the number of cycles of frequency f0 occurring in the

damped oscillation. For the purpose of this argument we shall say

that the damping occupies one-half of the quench cycle. Thus

n ~fol2fq 3nd Nd=M2fqQ- (38)

The condition for freedom of interference between adjacent

cycles now becomes , ,
, ~J M2fqQ>N,+3

or fv<M(2Qlnm+ 3 )]. (39)

As an example let us evaluate this for a typical receiver. If the

total gain is 5x1 o5 (13-1 nepers), then

7V,+ 3
= 16*1 nepers (40)

and, approximately, fq <fJioQ.

This criterion must be obeyed if it is desired to avoid coherent

operation, with consequent loss of sensitivity.

The criteria of equations (35) and (40) are both approximate. For

a certain value of S (S = 1 *29) they are identical. This means that an

oscillator, quenched in such a way that S < 1*29, is slope-controlled

for all permissible values of the quench frequency up to the onset

of coherence between adjacent pulses of oscillation. In practice

S sometimes exceeds this value, but the corresponding departure

from slope-control is not great and only occurs for quench

frequencies near the higher limit.

Thus a super-regenerative receiver using sinusoidal quench nearly

always operates in the slope-controlled state .

5*4*7: Choice of quench frequency

The upper limit to the quench frequency is determined by the

onset of coherence or by the departure from slope-control, if that
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state of operation is desired. The lower limit is determined by the

highest component frequency in the modulation envelope which is

to be reproduced. Between these limits is a range of frequencies

over which the receiver will operate satisfactorily.

The nature of the output spectrum (§4-4-5) shows that the

quench frequency must be more than twice the highest component

frequency of the modulation. How much more than this depends

upon the efficacy of the output filter in rejecting the side-bands of

the adjacent line. In other words it is desirable to use an efficient

low-pass filter after the detector if the lowest possible quench

frequency is required. In most practical cases the quench frequency

fq will have to be at least four times the highest modulation com-

ponent

/

m ,
i.e.

fq ^ 4fm (41 )

We are now in a position to derive a simple approximate relation-

ship between the modulation band-width, the quench frequency

and the super-regenerative band-width, b3 . It appears later that the

latter is necessarily several times the quench frequency, and it is

consequently desirable, in most cases, to choose the conditions to

achieve a minimum value of b8 .

The formula for the super-regenerative band-width for sinu-

soidal quench is, from equation (26),

where 5 = ^[z2 -(i-P)2
].

(42)

Now fig/6, Appendix 3, shows that the minimum value of S for

a given gain occurs when P = 1, i.e. for S equal to yjz. This con-

dition represents the state in which oscillation starts on the axis of

the sinusoidal quench. This is not quite permissible in practice

because the damping condition is not usually fulfilled, but it is very

near to the practical limit and adequate for our purpose here.

Substituting fz for S in equation (42) gives

^8 min. =J[^] =
<J(

2bfq z), (43)

where b = GJznC is the quiescent band-width.

But z is related to the super-regenerative gain by equations

(23) (c) and (d). Only a graphical approximation to these equations
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is possible. If H = (fJb)Na is plotted against z according to

equation (23) for P = 1, it becomes evident that, over the practical

range of values of super-regenerative gain, H is proportional to z.

Quantitatively, in fact, TJ ,H = $z

and Na = (b/fi)H=bz/3fQ . (44)

We may now substitute for bz in equation (43)

^8 min. ^fq^foNs). (45)

Although approximate, this formula is an invaluable guide to the

minimum band-width achievable with a given gain and quench
frequency. For a gain of io6

(13-8 nepers)

b8 rain. 9fq * (4^)

It should be noted that the minimum band-width is independent

of the radio frequency but is proportional to the quench frequency.

Equation (45) shows that it only varies very slowly with super-

regenerative gain, and there is consequently little advantage in

operating the receiver at a low gain in order to obtain a smaller

band-width.

Using the relationship in equation (41) we see that

^srain. ^ 3^/m> (47)

provided that the lowest possible quench frequency is used con-

sistent with receiving the highest component of modulation. Even

under the most favourable conditions, therefore, the radio-frequency

or super-regenerative band-width must be many times the width

of the band of modulation frequencies to be reproduced. The super-

regenerative receiver is consequently most useful when the radio-

frequency band-width is necessarily wider than the modulation

band-width for reasons such as frequency drift encountered at

ultra-high frequencies.

It is shown in §4-5 that considerations of noise need have no

influence on the choice of quench frequency, for the amount of

noise appearing within a given post-detector band is independent

of the quench frequency.

Table 6 provides a few examples calculated from the simple

formulae derived above. They illustrate the factors which determine

the choice of quench frequency. The lower limit of quench

frequency is based upon the reception of audio-frequency-
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modulated signals within the band 0-5 kc./sec. From equation (41)

this places a lower limit of 20 kc./sec. on the quench frequency.

There is, of course, nothing to prevent the operation of a re-

ceiver at any lower quench frequency, provided the restriction of

permissible modulation frequencies can be tolerated. The figures

for circuit 0-factor and oscillator stability represent a reasonable

compromise, but it is realized that wide deviations can be expected

in individual cases.

Table 6

Note. Data relate to a receiver having a gain of io6 in all cases.

Radio-
frequency
(Mc./sec.)

Q

Estimated
stability

of super-
regenerative

oscillator

(Mc./sec.)

Range of
possible

qufench
frequencies *

(kc./sec.)

Range of
band-widths

available

(Mc./sec.)

Corre-
sponding
modulation
band-width
(kc./sec.)

20 IOO 005 20-20 018-0-18 5“5

45 75 015 20-60 018-0-54 5-15
100 75 I

025 20-133 0-18-1-2 5-34
200 75 10 20-266 018-2-4 5-66
500 200 1*0 20-250 o- 18-2-25 5-62

1,000 200 10 20-500 0-18-4-5 5-125
3,000 300 2*0 20-1000 0-18-90 5-250
10,000 300 30 20-2000 o- 18-27 5-500

The first line of table 6 represents the minimum radio-frequency

(2oMc./sec.) at which super-regenerative reception of audio-

frequency-modulated signals is easily possible, using a slope-con-

trolled linear receiver with sinusoidal quench. Here, the minimum
super-regenerative band-width is adequate to allow for the frequency

instability of the oscillator. At 45 Me. /sec., however, the minimum
band-width corresponding to a quench frequency of 20 kc./sec. is

180 kc./sec., which is hardly enough to include the likely variations

of oscillator frequency. At this and higher frequencies, therefore,

it is advisable to raise the quench frequency until the super-

regenerative band-width is adequately wide. It should also be

remembered that the band-width for a given quench frequency

may be increased by increasing the quench amplitude, except near

the onset of coherence.

A higher maximum value of quench frequency than that quoted

in table 6 may be obtained by deliberately damping the tuned

circuit, or cavity, thus decreasing the 0-factor.
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In interpreting the figures quoted in table 6 it must be remembered
that the skirts of the frequency response of a slope-controlled

receiver are very steep and that the band-width is measured at

— 1 neper. This causes the super-regenerative receiver to be much
more immune to interference from signals on adjacent frequencies

than other types of receiver having the same nominal band-width.

The design procedure for a super-regenerative receiver with

sinusoidal quench may be summarized as follows

:

(i) Decide the highest modulation frequency to be reproduced

and choose the quench frequency at least four times higher (or twice

as high if a good lew-pass filter is used with cut-off frequency %fq).
Confirm that this quench frequency does not violate the conditions

for coherence and slope-control.

(ii) Estimate the frequency stability of transmitting and receiving

oscillators and increase the quench frequency above the value given

by (i) until the super-regenerative band-width is adequate to

include the probable drift.

(iii) Use the lowest possible quench amplitude consistent with

the desired gain if the lowest ratio of super-regenerative band-

width to modulation band-width is required.

5*5. Rectangular quench

5-5-1. The conductance cycle

The theory of the step-controlled state deals with a conductance

function having a discontinuity or step at the start of the cycle, but

not necessarily a constant value of conductance during the super-

regenerative period. In practice, however, the quench function for

step-control will usually have a rectangular form, and this is the only

example of step-control which merits special consideration.

The theory of Chapter 3 has shown that the properties of the

step-controlled state depend upon the extreme values G0 and Gx

(fig. 3*5) of the effective shunt conductance in the equivalent circuit

of the super-regenerative oscillator. G0 usually depends only upon

the properties of the quiescent circuit* and may be expressed,

* This assumes that the oscillator valve is biased beyond cut-off during the

damping period td ,
and the whole of the shunt conductance is due to the losses

in the quiescent circuit. If, however, the valve is still permitted to conduct

during the damping period, so that the effective conductance is positive but

less than the quiescent value G0 ,
then G0 must be replaced in the formulae by

a value computed from the valve and circuit parameters in the same way as G^
The added complication is not introduced here.
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if desired, in terms of the band-width b or the 0-factor, as in

§ 2
-2 , G0 = znCb = o)0C/Q. (48)

The value of the negative conductance Gx depends upon the

mutual conductance gm of the oscillator valve corresponding to the

quench voltage applied to it during the build-up period tb . It is

Siv“ b
>' Gt ~ G0~kgm,

where k depends upon the feed-back coupling of the oscillator (see

§2-4). As before we may write k in terms of the minimum mutual

conductance required to produce oscillation, £m0 ,

Gl = Got 1 -gjgm0].

or in terms of the actual electrode voltages (as in equation (11))

Gi = G0

va+K+ (Klt*)

Vv+VJ/i )]
(49 «)

for grid quench, or

(49 *)

for anode quench. The symbols have the same meaning as in §5*3.

Having computed the values of G0 and from the formulae

applicable to a particular problem, the general formulae of the step-

controlled state may be used to predict the properties of the

receiver. Although this process is straightforward, we shall examine

briefly the trend of these properties as the proportions of the quench

function arp varied.

5*5*2. Receiver gain

The super-regenerative gain is

Ns = G^JzC nepers, (50)

where tb is the duration of the build-up period and C is the total

circuit capacitance. Thus a given gain can be achieved with a variety

of values of Gv by altering the duration of the period tb so that the

product Gx tb is constant. The damping loss

Nd = Po nepers (5 1

)

must, however, be held at a value somewhat greater thanN8 in order

to avoid coherent operation and its undesirable properties described

in §3 2.
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It is interesting to examine the change in the other properties of

the receiver, particularly in the frequency response, when the pro-

portions of the conductance function are altered whilst retaining

a constant super-regenerative gain.

5
*

5
*

3 * Frequency response

The frequency response of the step-controlled receiver is

(GJinCUGJjnC)

Mf-foY + iGJinCy) [(/—/o)
2+ {GJ47tC)2

]}
’ W

of which the band-width half-way down is approximately

G G^
ffCtGo+ GJ (

ecluation (87)> Chapter 3). (53)

The response curve is drawn in fig. 5-6 for various values of the

ratio R = G1/G0 . For G
x> G0 the response near resonance is largely

controlled by the term in G0 and approximates to that of the

quiescent circuit. The band-width is then

b8=Gol2nC at— 3 db.

This cannot be deduced from (53), which is only valid for values of

the ratio R close to unity (e.g. jq < GJGX < 10). The response curve

has the shape corresponding to a single-tuned circuit (R = 00 in

fig. 5-6). The half-width of this response is used as a unit of

frequency.

As the ratio R decreases, the shape of the frequency response

changes gradually until, for R = 1 (G = G0) it becomes character-

istic of a pair of similar loosely coupled circuits, with a band-

b
g = GJ27tC this time at —6 db.

The skirts of the response curve are steepest under these con-

ditions, when the conductance cycle is symmetrical about the

horizontal axis.

When R is decreased below unity
(
G1 < G0), the width of the

response curve continues to decrease, but the shape changes back

towards that of a single-tuned circuit. From the symmetry of

equation (52) it is evident that the curve has the same shape for

R = 4, say, as for R = £. It tends to a single-tuned circuit response

forR> 1 andR 1 ,
and to a pair of similar coupled circuits forR = 1

.
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5*6. Other kinds of quench

There is considerable scope, in the design of linear super-

regenerative receivers, for achieving desirable properties by means
of special quench or conductance variations. Although sinusoidal

and rectangular quench have great practical importance, if only

because of the ease with which they are produced, there are

occasions when the achievement of a special result may justify

added complication in the quench generator.

Fig- 5*7- Conductance cycle of minimum duration.

A disadvantage of the super-regenerative receiver is the high

ratio of the radio-frequency band-width to the useful range of

modulation frequencies. One important reason for using special

kinds of quench is to decrease this ratio and thus to increase the

effective signal-to-noise ratio of the receiver.

In the slope-controlled state the frequency response is deter-

mined by the conductance slope during the sampling period during

which the self-oscillations are initiated. The period of slope must

be of sufficient duration so that, at its end, the self-oscillations have

WR 7
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built up to several times the level of the incoming signal. If tx is the

period of slope, the condition for slope-control is

h > 12C/G0 (equation (35), §3-5).

Provided this condition is satisfied, it is an advantage to speed up

the remainder of the quench cycle by causing the build-up and

decay of the oscillations to occur in the least possible time. This

argument leads ideally to a conductance cycle of the type shown in

fig. 5*7, in which each of the processes fundamental to super-

regeneration, namely, sampling, build-up and damping, is carried

out with maximum efficiency.

Fig. 5-8. Formation of conductance cycle: saw-tooth quench.

In practice it is relatively easy to increase the rate of damping

by connecting a diode across the oscillatory circuit and causing it

to conduct during the period Td . The rate at which the oscillations

build up is limited by the maximum available mutual conductance

of the oscillator valve, and the duration of the build-up period

cannot, therefore, be reduced below a certain value, corresponding
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to the desired gain. It is possible by these means to obtain an

improvement by a factor two
,
or even three, in the ratio of super-

regenerative band-width to quench frequency over that obtaining

for sinusoidal quench.

A saw-tooth quench function has some of the advantages

mentioned above, whilst being a relatively easy variation to produce.

The formation of the conductance cycle for this type of quench is

illustrated in fig. 5-8. The operation is slope-controlled, giving

a frequency response similar to that for sinusoidal quench. The
limiting quench frequency, before the operation departs from slope-

control, is, however, somewhat greater.

7-2



Chapter 6

THE LOGARITHMIC MODE

6'i. Introduction

A super-regenerative receiver is said to operate in the logarithmic

mode when the oscillations on each quench cycle are allowed to

build up to a limiting value before they are damped. The limitation

of oscillation amplitude is due to curvature in the valve char-

acteristic and has been discussed in Chapter 2 .

Fig. 6*i. Super-regenerative detector: logarithmic mode.

The supet-regenerative oscillations build up from signal or noise

in the resonant circuit. A receiver operates truly in the logarithmic

mode when the oscillations build up to saturation from noise

alone. It is possible, however, to adjust the quench so that the

operation of the receiver is linear for small signals and logarithmic

for large signals. A typical receiver intended for operation in the

logarithmic mode is shown in fig. 6-i.

A receiver operating in the linear mode and having an appreciable

gain can be transferred to the logarithmic mode by applying a large

enough signal, or by increasing the quench amplitude. The tran-

sition from linear to logarithmic mode is illustrated in fig. 6-2 for

a slope-controlled (sinusoidal) quench cycle.

Fig. 6-2 is instructive in showing the process of limitation of the

oscillation amplitude and the time relationship between the con-





Fig. 6 3. Oscillatory output of super-regenerative receiver in relation to grid

voltage. (a) Logarithmic mode: noise only. (b) Logarithmic mode: large

c.w. signal, (r) Self-quenching.
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ductance cycle and the oscillation amplitude. The shape of the
conductance-time curve is explained below. When the oscillations

build up to an equilibrium amplitude from noise alone, the effect

of applying a signal is to advance the leading edge of the output
pulse. That is to say, the limiting amplitude is reached at an earlier

time. We see later that the amount of the advance depends logarith-

mically on the signal amplitude.

Fig. 6*2. Time relationships in a quench cycle: logarithmic mode.

Fig. 6-3 is an oscillogram of the oscillatory output of a super-

regenerative receiver in the logarithmic mode. Each picture

represents a number of successive pulses superimposed. The

leading edge ofthe pulse in (a), due to noise alone, is blurred, showing

the variable time of growth from a random noise voltage. The pulse

in
(
b

)

shows how the build-up curve is advanced due to a signal

much greater than noise, so increasing the area under the pulse

envelope.

When the signal is amplitude-modulated, the time taken for the

oscillations to achieve a given amplitude depends upon the sample

of the signal taken at the start of the build-up. The gradual variation

in the area under the pulse envelope, over a number of quench

cycles, causes a corresponding variation of anode current in the
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super-regenerative oscillator. This occurs in a similar way to leaky

grid detection if a grid condenser and leak are used, or to anode-bend

detection if they are not. A super-regenerative oscillator operating

in the logarithmic mode is, therefore, self-detecting because the

anode current carries a component at the modulation frequency.

A suitable output filter separates this from the quench and carrier-

frequency components. For the purpose of analysiswe shall separate

the functions of super-regenerative amplification and detection and

regard the incremental area under the oscillation envelope as the

signal at the output.

The build-up or super-regenerative period is the same for the

linear and logarithmic modes until the oscillations rise to an

amplitude large enough for limitation to begin. The analysis carried

out in Chapters 3, 4 and 5 for the linear njode holds, therefore, up

to time such as tL in fig. 6*2. Analysis of the logarithmic mode can,

therefore, be made by using the formulae for the linear mode to

represent the voltages at time tL> and then considering the sub-

sequent effect of amplitude limitation. Thus, for instance, the

frequency response of the receiver is determined in the same way
for the linear and logarithmic modes. In the latter mode, however,

it is modified by the non-linearity of the amplification. In many
ways it is convenient to regard the logarithmic super-regenerative

receiver as a linear receiver followed by a logarithmic detector.

6-2. The quench cycle: logarithmic mode
Let us consider in more detail the events in a single quench cycle.

For an approximate analysis we can still use the equivalent circuit

of fig. 3*1, provided that we recognize the limitation of oscillation

amplitude by a suitable change in the conductance function G(f).

The sequence of events in a single cycle of sinusoidal quench is

shown in fig. 6*2. The initial part of the cycle is the same as for the

linear mode (fig. 3*3).

Departure from linearity begins as soon as there is appreciable

variation of effective conductance during a cycle of oscillation. The
mechanism of this is discussed in §2*9. The net effect of such

variation, as the oscillation amplitude increases, is as though the

mean conductance G steadily decreased to zero. On reaching zero

it remains there until the end of the super-regenerative period,

duringwhich time the oscillations are maintained at their equilibrium
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amplitude. At the end of the cycle they are damped out, in the

normal way, before the start of the next cycle.

Now we already know in great detail the dependence of the

voltage Vx on the amplitude and frequency of an incoming signal.

So we shall start by assuming this knowledge and go on to examine

the effect of the amplitude limitation upon the useful output of the

receiver.

6 3. Approximate analysis of the logarithmic mode

Fig. 6*4 shows the build-up envelope, after time tL ,
in greater

detail. The two curves represent the build-up from two voltages

V
x
and V2 > V1 is the voltage reached at time tL by the oscillations

building up from a sample of noise in the sensitive period, earlier

in the cycle. V2 is due to signal plus noise.

Although we are considering the events in a single quench cycle

we shall ultimately require the results to apply to a practical

receiver, i.e. to a large number of cycles. Thus, although the noise

voltage Vx is indeterminate for a single cycle, its r.m.s. value is

given by
F, - V(F*K- <0

Similarly V2 = V(F»+ Ff)/t£,, (
2)

where F* is the mean square noise at input, V„ is the signal voltage

at input, and [iL is the voltage gain up to the time at which Vx
and

V% are measured.
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For simplicity, let us take the build-up curves to be truly

exponential in form until they are suddenly limited at the equi-

librium value Ve.* As we are starting with the values of the voltage

at time t = tL , we shall henceforth measure time from this point and

not from the beginning of the true build-up period.

We shall use this simple model as a basis for calculating the

incremental area due to the addition of the input signal to the noise.

If V2 is less than one-tenth of the equilibrium amplitude Ve (as we
can make it by taking our initial measurement far enough back),

then the difference in the areas to the left of the vertical axis is

negligible. The incremental area to the right of the axis (shaded in

fig. 6*4) represents the increase in output due to the application

of the signal. It is a measure of the signal amplitude after

detection. The conversion of the oscillation pulse into useful

output is dealt with later. The gain of the system depends upon the

method adopted for doing this. Consideration of the gain factor at

this stage is, therefore, not profitable. In spite of this we can discover

a good deal about the properties of the logarithmic mode by

calculating the incremental area in arbitrary units.

Referring to fig. 6-4 we have

K = Vxe^ = V2^ f (3)

where i/a is the time constant of build-up, i.e.

h = ‘log„(W and t2 = Uog^VJV^. (4)

Hence the Incremental area is given by

AA = V2 fV<fe + Vt(tx -t^-Vx
Jo Jo

= I

-[Kloge(V2/Vl)-(V2-V1)]. (5)

For signals greater than noise, the first term in the bracket is of

the order of the limiting voltage Ve ,
whilst the second is the much

smaller initial voltage from which build-up in the logarithmic mode
begins. Thus we can write

*(*£/«) log, (*i/*i)- (6)

* In spite of this simplification the results apply quite accurately to practical

build-up curves such as that in $2*9*1.
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Substituting for Vx and V2 from equations (i) and (2),

I05

For signals much larger than noise this becomes

(7)

A^ = (F»loge K/V(n)]. (8)

This shows why we call the mode 4

logarithmic’. The incremental

area under the output envelope is proportional to the logarithm of

the signal-to-noise ratio at the input.

The noise voltage appears, even in the approximate expression,

because it determines the initial pulse envelope, before the signal

is applied. The fact that we always have to consider the signal in

relation to noise has some curious effects, particularly upon the

frequency response of the receiver.

6*3*1. Frequency response

The approximate equation

\A = (VJa)\ogeiVJVl)
derived above for large signals refers to a signal at the resonant

frequency. For signals near resonance the value of V2 in a slope-

controlled receiver is

F
2=^exp[4(/-/„m2],

in which Vs is the signal voltage, fiL is the total gain up to the time

tL at which V2 is measured, and bs is the super-regenerative band-

width in the linear mode (equation (50), Chapter 3), i.e.

Also K = ^(Vl).
Substituting these values in equation (6), we get

AA = (VJa) log,, mi^Vl)} exp [
- 4(/-/„M]}

=m log,(k/k)] - [4(/-/o)«-

This equation is only true for signals much greater than noise

V(^«)]- That is to say, it only describes the peak of the response

curve, not the skirts. The response falls off in parabolic manner

from the maximum value

(VJa)loge [V^(K)]-
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The width of the response curve for AA to be equal to half its

value at the peak depends upon the signal-to-noise ratio VJl^.

The ‘band-width’ at half-value is

h = *(/-/(o) =UU log, [VSN(K)]}. (9)

The response curve is plotted in fig. 6-5, for several values of the

signal-to-noise ratio, compared with the frequency response of the

Fig. 6 5. Frequency response in the logarithmic mode compared with frequency
dependence of oscillation amplitude earlier in the super-regenerative
period, i.e. in the linear mode.

same receiver in the linear mode. It should be noted that the curves
for the logarithmic mode relate to the variation ofAA with frequency
and are all adjusted to the same peak value. The curve for the linear

mode shows the dependence of the output voltage in that mode
upon the signal frequency.
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6*3*2. The effect of amplitude modulation*

Let us revert to equation (8) and investigate the effect ofamplitude

modulation on the signal voltage V8 . An amplitude-modulated

signal has the form

K = %(i+M cos ojm t). (10)

Equation (8) therefore becomes

AA = (WlogJ%i+Mcos^mO/V(n)]
= (Kla) [loge K+ loge (l + MCOS (Om t) - logeN/( V*)] (|

M
|
< i).

(“)

The term carrying the modulation frequency is independent of

the carrier amplitude Vs to this degree of approximation. Thus

perfect automatic volume control action is inherent in the operation

of the receiver at all signal levels well above circuit noise. There is,

however, considerable distortion of the modulation envelope.

In order to examine the distortion as a function of modulation

depth Strafford expands log
f ( 1 +M cos (om t) into a harmonic con-

verging series for
|

M\ < 1, as follows. Use is made of a related

series, namely,

loge (1+ 2a COS 6 -f fl
2
)a«< 1

= 2 [a cos Q - (ha2
)
cos 26 + (

Ja3
)
cos 3$ - etc.]. (12)

But loge ( 1 + 2a cos 0 + a2
)
= loge £(i + a2)|i + )]

slog
e
(i+a2

) + log
e ^i+ I+a2 J

- (13)

The second term of the expression is equal to loge (i +Mcos 0),

ifM = 2a/(i +a2
). This gives

To satisfy the necessary condition that a2 < i we take the solution

-h~J(jH (,s)

as the valid one for the expansion.

* The treatment in this section closely follows a paper by F. R. W. Strafford,

J. Instn Elect. Engrs ,
93

,
Part iii, p. 23 (1946)*
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Therefore

loge (i +Mcos 0)m t) = 2 {[^ - J{jp-

~

i

)]
cos 0)m t

+
3

I [®-7(ff"-
,

)J
c“ 3""'+eK

)

- |0
8•([B

_
y(ir- ,

)T
+,

)'
<l6)

The output at the fundamental modulation frequency is thus

proportional to r ..

F- cc
L®“7(ffi

“ ,

)J
cos "“'- (,7)

At first sight the non-linear relationship between output and

modulation depth appears to be very poor, but there exists a fair

degree of linearity up to about M = o-6 (60% depth). Above

M = o*6 there is evidence of considerable ‘ volume expansion \ The
super-regenerative detector is thus not capable of high-quality

reproduction when receiving programme modulation at normal

broadcasting levels. This is very obvious in practice. Deep peaks

of modulation on speech and music give rise to a ‘bark* in the

headphones.

As a result of experiments, good speech intelligibility, for com-

munication purposes only, is obtained if the peak modulation is not

allowed to exfceed about 80 %.
From equation (16), as M approaches i, the harmonic output

approaches the value

2(cos (om t— \ cos 2 (J)m t -f \ cos 3 0)m t + . . .). ( 18)

The total harmonic percentage relative to the fundamental is

given by
\

(*9)” /°
=
J\2*

+
3
t
+
4
2+ ‘" 1 X IOO %.

The sum to infinity is a known result and gives

{,==80%. (20)

This result confirms the ‘ breaking up ’ of 9peech intelligibility

during deep modulation.
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6-3-3. The damping period: maximum quench-frequency

In the slope-controlled state the damping required to reduce the

oscillations from one cycle below noise level before the next cycle

starts is independent of signal amplitude, or receiver gain. This is

because the oscillations always die away from the limiting amplitude

V
e . The oscillations decay according to the law

V(t) = V
eexp(-G0 tj2C) (21)

during the period of positive conductance G0 . The condition for the

voltage to reach r.m.s. noise level V*) is

vro = ^exp
(
— Go*/2C).

But GJ2C = nfolQ (see Chapter 2).

Hence V(^n) = ^exp(- 7r/o */0).

The time allowed for decay is usually about half the quench

period, i.e.

Therefore = ^ exP(~ ^/o/2^).

or J&L = log JL f = < _
,« Jq

2Qloge (VJJ(Vl))
(23)

where V(^n) *s the r.m.s. noise voltage at input. Strafford * derived

this formula without the factor 2 in the denominator. He carried

out an experimental investigation by measuring the quench fre-

quency at which the noise just began to vanish, due to interference

between adjacent quench cycles. The measured quantities were:

K = 2*5 V., £?
= ioo,

Vn — 20*0 x io~6 V., /o = 30 x io6 c./sec.

These values predict a limiting quench frequency of 4okc./sec.

when substituted in equation (23) (8okc./sec. in Strafford's

formula). The measured value was 5okc./sec., which agrees very

well with the theory. Equation (23) is a useful guide to the maximum

quench frequency permissible in the logarithmic mode.

* loc. cit.
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6*3*4. Reception ofsmall signals

In order to examine the growth of signal out of noise we have to

go back to the equation (5), which is

AA = (i/a)[Ve loge (VJVy) -(V2 - IQ], (24)

If K^ (K — Ii)> the first term in the brackets is much greater than

the second, provided that ^oge (yjVl) is not too small. Now

loge(^/*i) = logeJ[i+(VHV*)] (using equations (1) and (2))

=W for V.4 <l(yl). (25)

If the ratio VJ(V2- VJ is equal to 100 then Vft)
must be equal

to for the two terms inside the "brackets in (24) to be equally

important. Thus we may neglect the second term, even for signals

less than noise, and the equation

AA = (VJa) loge [V(Fl+ V*)U(V»)] (26)

still represents the incremental area due to small signals.

It is, however, adequate to use the expression

A^ = (VJa) log,rc/V(?*)]

when the signal-to-noise ratio is greater than three.

635 The super-regenerative detector

The mean anode current of a logarithmic super-regenerative

receiver increases during the burst of oscillation on each quench

cycle. We have seen that the duration of the oscillations is varied by.

the signal modulation. For this reason the anode current has

a component at the modulation frequency. So, therefore, has the

voltage across an impedance in the anode circuit (such as the

telephones in fig. 6*i). A suitable filter circuit ensures that only the

modulation-frequency component appears across this impedance.

The unwanted carrier and quench frequencies are largely removed.

The modulation-frequency voltage is the useful signal at output.

It is due to the contribution AA from each quench cycle, given

by the modulation term of equation (n). Consequently it is pro-

portional to A^4 and to the quench frequency, i.e.

Vm ccfq&A oc
(VJJa)

[loge ( 1 +Mcos a)m t)\, (27)

for signals well above the level of circuit noise. This formula is
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useful to illustrate the trend of receiver gain due to alteration of the

circuit parameters. The time constant a is approximately

a = GJzC, (28)

where Gx is the value of the effective negative conductance during

build-up. Equation (27) now becomes

Kn (2KfqC/Gx) [log
e
(i +Mcos com t)\ . (29)

Thus a slow rate of building up, corresponding to a low value of

negative conductance, gives a greater gain. This is to be expected

from the dependence of the output signal upon the incremental area

under the build-up envelope. It is the opposite condition to that

which holds in the linear mode.

6 4. Self-quenching receivers

There is a further, widely used, type of super-regenerative

receiver in which the quench wave-form is supplied by relaxation

oscillations in the super-regenerative circuit itself. In other words

the super-regenerative receiver is a squegging oscillator. The
arrangement of the oscillator differs from the circuit of fig. 6*i only

in the absence of a separate quench generator, and in an increased

time constant in the grid circuit due to the grid leak and associated

condenser. The squegging oscillator has been briefly discussed in

§2*9-3, sufficiently to show the importance of the components in

the grid circuit in determining whether or not squegging takes place.

In a squegging oscillator, just as in one that is separately quenched,

the oscillations build up from the level of the oscillatory voltage

existing in the quiescent circuit. Usually this voltage is supplied by

thermal and shot noise. In the super-regenerative receiver it is

supplied by an applied signal. We have already seen how the build-

up of oscillations in a separately quenched receiver is modified by

the presence of a signal. It is reasonable to expect a similar modifica-

tion in the case of a self-quenching oscillator, enabling it also to act

as a receiver. A detailed examination of the events during a squegging

cycle show that this is so.

6-5. The self-quenching cycle

The initiation of the squegging process has been described in

§ 2-9*3. After the oscillator has been switched on for a short time the

relaxation process settles down so that the mean grid voltage is
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always negative and fluctuates approximately in the manner shown

in fig. 6*6. It is in this ‘steady' state that we are interested. Let us

follow the events in a squegging cycle and observe the effect of

introducing a signal voltage into the oscillatory circuit.

We shall begin our examination of the self-quench cycle when the

oscillatory circuit is quiescent and the grid voltage is recovering on

the time-constant in the grid circuit. Time t = o is some arbitrary

time after the oscillations from the preceding cycle have died away.

As the grid voltage decreases towards zero a time t = tx is reached at

which the effective circuit conductance is zero, corresponding to the

grid voltage V^. From this point oscillations build up from the level

of circuit noise (solid lines). Initially, the oscillation amplitude is

small and has no influence on the continued rise of the grid voltage.
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The corresponding conductance variation is slow, because it is

governed by the slow recovery of the grid potential. For this

reason the self-quenched receiver is always likely to operate in the

slope-controlled state.

Using the same arguments as previously, for the linear mode, the

receiver is sensitive for a short period about the time t = tv The
sample of noise or signal taken during this period determines the

amplitude of the oscillations at a later time, before they reach their

limiting value.

As the oscillations grow, grid current begins to flow on the

positive peaks. At this stage it is necessary to imagine an oscillatory

voltage superimposed on the mean grid voltage and anode current

variations picturedin fig. 6*6 (a) and
(
d). It has been omitted for the

sake of clarity. The grid current charges the grid condenser and

causes the mean negative grid voltage to increase, in an attempt to

follow the oscillation envelope. Eventually the oscillations reach a

limiting amplitude at which the valve can only just supply sufficient

energy to maintain oscillations. The oscillations have now reached

their peak value. The grid voltage, due to the persisting grid current,

continues its negative trend. This reduces the duration of the

synchronous bursts of anode current which maintain the oscilla-

tions. The effect is cumulative and the oscillations die away. Grid

current no longer flows, and it only remains for the charge on the

grid to leak away in readiness for the next cycle.

When a signal voltage exists in the circuit about time t = tv the

oscillations build up from this new level. Build-up starts at exactly

the same grid voltage, namely, However, the oscillations reach

a given amplitude at an earlier time, as shown by the dotted line.

The point at which grid current begins to flow is correspondingly

advanced, and the grid voltage starts its negative excursion before

it has recovered quite so far as it did in the absence of a signal.

Fig. 6*3 (c) shows the oscillation pulse of an actual receiver in

relation to the grid-voltage wave-form.

All the succeeding events in the cycle are advanced by a corre-

sponding amount. The oscillations reach their peak earlier and the

sensitive period in the next quench cycle consequently occurs at an

* This is emphasized because most descriptions of the operation of a self-

quenching receiver suggest that the effect of the incoming signal is to change
the value of Vg at which oscillations commence. That is not so.

WR 8
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earlier time. The effect of applying a steady c.w. signal, therefore,

is to decrease the interval between successive oscillation peaks, thus

increasing the quench frequency. This is illustrated by the dotted

line in fig. 6*6.

The variation of mean anode current during the cycle is also

shown in fig. 6*6. At t = o it has a value determined by the grid

voltage at that time. It increases gradually as the negative value of

the grid voltage is reduced. During the oscillations, however, the

mean anode current is greatly increased, because it represents

the average of bursts at the oscillation frequency. It falls with the

oscillation amplitude. By this time, however, the grid potential is

more negative, and the anode current drops to a lower value than

it had before oscillations began. On the receipt of a signal, the

pulses of anode current become more frequent, and the value of the

current, averaged over a number of quench periods, increases with

the signal amplitude. If the signal is modulated, this mean anode

current varies at the modulation frequency. The receiver is thus

self-detecting.

6*6. Approximate analysis of self-quenching

The determination of the amount of advance of the oscillation

envelope is a similar problem to that illustrated in fig. 6*4 for the

logarithmic mode. We shall use this figure again in the simple

analysis of self-quenching. Let Vx and V2 again represent the noise

and noise-plus-sigOal voltages respectively at some time during the

early build-up period. We know, then, that

W =#5+W(^), (30)

where V\ is the mean square noise voltage at input, and V8 is the

signal voltage at input.

The advance in the oscillation envelope due to the signal is

A< = tl -t2 = ^
[loge loge (VJV2)]

= ^l0ge(TO, (31)

in which i/a is the time constant of build-up and Ve is the peak

amplitude of the oscillations, as before.
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Now letfq be the squegging frequency before the signal is applied

andfq + kfq the frequency with the signal. Then

fg =1 /Ta and A+A/« = l/(^+A0» (32)

where T
q
is the quench period with no signal. The change in quench

frequency due to the signal is

Afq =ilTv -il{Tq+to)±pfr (33 )

The mean anode current of the oscillator, due to a series of similar

pulses of current, is proportional to the frequency with which these

pulses arrive. The change in the current due to the presence of

a signal is, consequently, proportional to the incremental quench

frequency, Afq . So is the voltage across an impedance in the anode

circuit of the oscillator.' If we call this incremental voltage AF, then

AFcxAfq
A, (34)

where A is the area under the voltage-time envelope representing

a single pulse at output. Substituting from equations (31) and (33)

we get

AFoc^log^TO, (35)

and, for signals much greater than noise,

Wac&Al0g'VJj(n). (36)

This has a similar form to equation (8) for the logarithmic mode.

It shows that a self-quenching receiver is also logarithmic in

operation. With the exception of the multiplying factor all the

equations of §6*3, relating to frequency response, modulation dis-

tortion, etc., apply equally to a self-quenching receiver. In spite of

the fundamental difference in the methods of operation, the pro-

perties of the two types of receiver are very similar. For this reason

the self-quenching receiver is often chosen in preference to one that

is separately quenched, for reasons of economy, when logarithmic

operation is desired. By its nature the self-quenching receiver

cannot be operated in the linear mode, for which purpose a separate

quench oscillator is always necessary.

8-2



Chapter 7

AUTOMATIC GAIN-STABILIZATION

7*i. Introduction

The gain of a linear super-regenerative receiver depends ex-

ponentially upon the total circuit capacitance, the quiescent con-

ductance and, approximately so, upon the voltages applied to the

electrodes of the oscillator valve. Adjustment of the gain is con-

sequently critical, and the receiver is very sensitive to fluctuations

of supply voltage or other parameters, e.g. aeria) loading.

It is often desirable to use an auxiliary circuit to stabilize the

receiver sensitivity in the absence of signal and to provide automatic

volume control when the signal is received. This process is known

as automatic gain-stabilization (a.g.s.). The name is a little un-

fortunate, because it is the detector output voltage, and not the

receiver gain, that is held nearly constant.

If a super-regenerative circuit is tuned by a variable capacitance

the gain varies rapidly with tuning because of the relationship

N8 = 8*7a“/2Cdb. (equation (43), Chapter 3).

If some form of output stabilization is not used the manual gain

control requires adjustment with each tuning change. In a search

receiver, intended to cover a wide band of frequencies, a.g.s. is,

therefore, essential.

The critical dependence of super-regenerative gain upon the

circuit parameters makes it extremely difficult to adjust a super-

regenerative receiver to have a reasonably high output, whilst still

maintaining operation in the linear mode. There is a considerable

risk of approaching limiting amplitude of oscillations with con-

sequent transition to the logarithmic mode. If it is desired to

maintain linear operation over a wide range of signal amplitudes, it

is usually necessary to apply a.g.s.

In the logarithmic mode the relationship between gain and the

relevant circuit parameters is roughly linear, and a.g.s. is, con-

sequently, not necessary. The description here is confined to its

application to receivers in the linear mode.
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7*2. The principle of automatic gain-stabilization

Automatic gain-stabilization is used to maintain the receiver

output relatively constant in spite of variations in the circuit para-

meters. This applies particularly in the absence of signal, in which

case the a.g.s. circuits operate on circuit noise and the sensitivity

is maintained at a constant level. When a c.w. signal is received,

a powerful automatic volume control action is usually, but not

necessarily, arranged to occur. The stabilization can be arranged to

operate about a gain level pre-set by the receiver manual gain

control.

VOLTAGE.

Fig. 7*1. Block diagram of super-regenerative receiver with a.g.s.

It was shown earlier (Chapter 4) that a considerable fraction of

the output power from the detector following a super-regenerative

receiver is at quench frequency and its harmonics. In order readily

to obtain a high gain in the a.g.s. amplifier it is usual to tune it to

quench frequency. That is not essential and in some cases is, in fact,

a disadvantage. These cases are rare and are mentioned briefly later.

Until then the description is confined to quench-tuned a.g.s.

systems.

Various types of a.g.s. system are described in detail below, but,

for the moment, the operation of a typical circuit is outlined with

reference to a block diagram.

A block diagram of a typical a.g.s. system is given in fig. 7*1. The

output from the detector, in addition to being fed to the audio- or

video-output circuits, is also applied to the input of an amplifier
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tuned to quench frequency. The output from this amplifier is

rectified and provides a d.c. control voltage. Provided that the

amplifier and detector are arranged to operate on a linear portion of

their combined characteristic, this voltage varies linearly with the

input to the super-regenerative receiver, but in the opposite sense.

The linear relationship is only strictly true if the input signal to the

receiver retains the same frequency distribution (e.g. noise or c.w.

signal), which is assumed, for the time being, to be so. The voltage

obtained in this way is used to control the super-regenerative gain,

in the appropriate direction, so that any tendency for the receiver

output to change is strongly opposed. The control voltage may be

applied in several ways. A usual way, and probably the simplest, is

to provide bias to the grid of the receiver oscillator, thus changing

the effective circuit conductance by altering the mutual conductance

of the valve. Another method is to control the quench amplitude by

arranging the a.g.s. bias level to determine the gain of a quench

amplifier, from the output of which quench is supplied to the

receiver.

7-3. Simple theory of automatic gain-stabilization

In either of the above methods of applying the voltage Vc to

control the receiver gain, the relationship between this voltage and

the gain in decibels may be regarded as linear over a restricted

range. This is apparent on examination of the gain curves in

Appendix 3, i.e.
; (,„)

or
/*, = exp [a(Vc-V0)], (ib)

where N, is the total receiver signal gain in nepers, fit is the total

receiver signal gain expressed as a voltage ratio, and a represents

the slope of the curve at the point about which stabilization is to

occur.

Fig. 7*2 shows a typical curve and illustrates the meaning of

a and V0.

If we are considering the amplification of noise alone, the super-

regenerative gain, measured as the ratio of mean output to r.m.s.

noise input, is effectively less than because some of the noise

energy goes into producing fluctuations of the output. The amount

of the reduction depends upon the probability distribution of
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amplitudes of the output pulses, which in turn depends upon the

detector law. The factor by which it is necessary to multiply fit is

071 for a square-law detector and o-88 for a linear detector, for

reception of random noise alone. When a small signal is introduced

and gradually increased, this factor itself increases, until it is

approximately unity for signals greater than about four times noise.

In the following theory, the deviation of this factor from unity is

neglected and the signal gain /i is used throughout. This does not

affect the theory and involves little numerical error. The behaviour

of the super-regenerative receiver with a.g.s. at low signal-to-

noise ratios is discussed later when this factor is again mentioned.

Fig. 7 2. Variation of receiver gain with control voltage.

The characteristics of the a.g.s. tuned amplifier and detector

(usually linear) can be lumped together to give a curve such as that

in fig. 7-3 for an input signal tuned to the peak of the frequency-

response curve (i.e. to quench frequency). Here, again, the portion

of the curve used is assumed to be linear,

K = t*a(v'o “*»')» (2)

where fia represents the amplifier gain at quench frequency. It is

assumed that the band-width ofthe amplifier is small compared with

quench frequency. v
f

is the mean amplitude of the output from the

signal detector. fia and v
f

0 may be obtained from the characteristic

curve, shown in fig. 7*3. The factor k requires some explanation.

It has to be introduced because we are selecting only the quench

frequency component of the receiver output, and it represents the

ratio of the amplitude of the quench-frequency component of the

output spectrum to the mean amplitude of the output pulses. It
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depends only upon the relationship between quench frequency and

the band-width of the spectrum of the receiver output pulses.

The amplitude Ax of the component frequency fq in the output

spectrum of a receiver in the slope-controlled state is obtained by

substituting tt = i in equation (27), §4*4*2. Thus

where A0 is the mean amplitude of the output pulses, and B is the

width of the spectrum of a single pulse at 1 Je of the peak.

The factor k is therefore

<4>

But for a sinusoidal quench function

B = \ba. (5)

That is to say, the spectral width is one-half of the super-regenerative

band-width.

If the ratio fJB = which is a typical value, then k = o-n.

For an input voltage v (which may represent either a c.w. signal

or r.m.s. noise at input), the mean amplitude v' of the output pulses

i3 given by

where M is a factor which includes the losses in the quiescent

circuit and also the efficiency of the detector which is assumed to be

linear. From equations (1), (2) and (6), the following relationship
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between the input and output voltages of the stabilized circuit is

obtained
: = Mv exp [a(V

c- ^)]

= Mv exp {a[/ia(v'Q - kv') - 1®.
This may be written

ock/iav' exp (cck/iav) = Mak/iav exp [a(/iav'0- V0)],
i.e. ytxpy — Cv,

where y = ock/ia v'

and C = Mock/ia exp [a(/ia v'0-V0)\.^
(7)

The expression in (7) only holds, of course, subject to the

limitations of linearity of valve characteristics and truly exponential

dependence of receiver gain on the control voltage Vc . That is closely

enough true over a reasonable range in most practical circuits, y is

plotted against Cv in fig. 7-4 over a wide range of values.

If the detector output is small the detector characteristic might

be represented more nearly by a parabola through the origin.

Equation (6) then becomes

(8)

where R is a constant depending upon the detector characteristic

and on the voltage ratio of gain or loss in the quiescent circuit.

In this case equation (7) becomes

yexpy = Cfs;
2

,

where y = 2ockfia v' y

and C\ = Rak/ia exp [2a(/ia v'0 — 1^)]

.

Fig. 7*5 shows howjy varies with Ct v.

This simple theory demonstrates how the receiver output is

maintained relatively constant in spite of large variations in circuit

parameters and (in the relevant case) ofoutput signal. The numerical

example below demonstrates the order of magnitude of the changes

involved.

7-4. Numerical example

To illustrate the application of the above theory, a practical

example, based on the circuit on fig. 7*9, is given here.

Figs. 7*6 and 77 show the measured characteristics of an actual

receiver. Fig. 7*6 gives the magnitude of the receiver gain and its
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Fig. 7*6. Variation of receiver gain with quench amplitude.

Practical example.

(volts)

Fig. 7*7. Variation of quench amplitude with signal input

to a.g.s. Practical example.
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dependence on the quench amplitude, thus providing the constants

a and V0 for substitution in equation (10). The measured receiver

gain includes the losses in the ‘quiescent’ circuit and the detector

efficiency. The detector is assumed to be operating over the square-

law portion of its characteristic. By removing the quench supply

to the oscillator, these losses were measured independently, thus

allowing that part (/i t)
of the gain depending on quench amplitude

to be plotted alone in fig. 7*6.

Fig. 7*7 shows the variation of quench amplitude with the input

to the a.g.s. circuit at quench frequency. This provides the values

of the constants /ia and v'0 for substitution in equation (2).

The following are the values given for these four constants by the

receiver characteristics of figs. 7-6 and 7*7:

a = 0*29 nepers/V., Vo = 12-8 x io~3 V.,

V0 = 28-0 V., fia = 5975.

The values of v’Q and /ia refer to a specified setting of the manual

gain control, maintained throughout the measurements.

The following measured values are also required

:

Quench frequencyfq = 46okc./sec.,

Radio frequency

/

0 = 50oMc./sec.

Super-regenerative band-width b8 — 4*0 Mc./sec.

We know that the width B of the frequency spectrum is equal to

\b81 so that B = 2 0 Mc./sec.,

. 1 fa 460 XIO3

and the ratio ~ — r- =0*23.
B 2 x 106 0

The ratio of the amplitude of the quench-frequency component

of the output to the mean amplitude of the peaks of the output pulses

is therefore

h " ^Bexp ("l)
* ° '*3-

Let us assume first an input of noise only. In this case, for a

square-law detector, it is known that half the noise energy of the

output goes into the spectrum lines and half into the continuous

spectrum (§4*4). For this reason the effective gain, measured as

the ratio,

(mean amplitude of output)/(r.m.s. noise at input)
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is less than the signal gain by a factor V2. The final reduction factor

is therefore
*/V2 = 0 087.

We can now substitute in equation (7) (putting R = 1 because it

is included in the ordinates of fig. 77)

C\ = [(cck/ia)/<j2] exp [2oc(/ia V0 - ®i)]

= 0-087 x 0*29 x 5975 exP [
2 x °* 29(5975 x I2*$ x io~3 -28)]

= 151 exp (28-1),

Cx
= 12-3 exp (14-05)

= 15*2 X IO6
.

If the r.m.s. noise voltage in the tuned eircuit is, say 10 /^V., then

Cxv = 152.

From fig. 7-5, the corresponding value of y is

y = 8-o,

and the mean detector output voltage

v' = yl(2ock/ia) = 8*0/427 = 187 mV.

Now let us examine the effect of applying a signal 100 times

greater than noise. In this case the factor 2, in the formula for

C\
y
disappears because the proportion of energy in the noise is now

negligible. The new value of Cx is thus

Cx
= i8*i x io6

.

For a signal of 1 mV, Cxv — 18-1 x io3
.

From fig. 7-5, the corresponding value ofy is

y = * 7 >

and the amplitude of the receiver output pulses is

v' = yl{2Ctk/ia)
= &! = 39-8 mV.,

compared with 187 mV. for noise alone.

This example is not intended to demonstrate a design procedure,

but should be sufficient to indicate the essential factors in a.g.s.

calculations. It is based on the theory of sinusoidal quench and the

formulae for the slope-controlled state. The argument applies

equally to any super-regenerative receiver operating in the linear

mode, providedwe use formulae appropriate to the state ofoperation.
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7‘5« Automatic gain-stabilization circuits

From the preceding paragraphs it is apparent that there are

alternative ways of applying satisfactory a.g.s. In either of the two

main types of linear super-regenerative receiver, namely, grid-

quenched and anode-quenched, the a.g.s. bias voltage can be used

to control
:
(i) the mean d.c. level of the oscillator grid, (ii) the mean

d.c. level of the oscillator anode or (iii) the quench amplitude.

The method chosen for any particular purpose depends upon

circumstances. For example, where economy in components is

essential (iii) would not be chosen because it usually involves several

extra tuned circuits.

A description is given of three representative circuits, and these

should indicate clearly the application of the principles outlined

above.

7-5-1. Grid quench

Fig. 7-8 shows a super-regenerative receiver with grid quench

and a.g.s. controlling the oscillator grid bias. Vx is the quench

oscillator which provides quench voltage to the grid of the

oscillator V2 through an attenuating network. A diode detector is

used, the output from which is amplified, if necessary, to give the

desired receiver output level. The detector output is also fed to the

grid of the first a.g.s. amplifierV4l the anode circuit of which is tuned

to quench frequency. The response curve is shown in fig. yio (b).

The quench-frequency component of the output is thereby selected.

The resulting voltage is rectified, and it is in this part of the circuit

that the time constant of the a.g.s. system is determined according

to requirements. V6 is a d.c. amplifier with its load in the cathode

circuit. Because of this, the a.g.s. time constant is increased by the

Miller effect and becomes //C1(/?1 -{-/?
2), where fi is the working

amplification factor of V6 . In this way the use of excessively large

condensers is avoided even for very long a.g.s. time constants. The
smoothed voltage obtained at the cathode of V6 is used to provide

bias for the grid of the oscillator V2 . Due to the fairly high mean

voltage obtained at this point when V6 is working on a suitably linear

part of its characteristic, it is necessary to raise the voltage of V2
cathode also. This is done by bleeding a small current from the

high-tension line through a fairly large cathode load. The cathode
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circuit of V% is, in fact, a very convenient place for final adjustment

of the a.g.s. circuit to the middle of its characteristic.

It is, of course, necessary to prevent direct leakage of quench to

the a.g.s. circuits. For this reason it is advisable to include a screen

between the oscillator and detector, and to keep the detector and

a.g.s. circuits physically apart from the quench oscillator.

No provision is made for manual gain control on this circuit, but

such provision could readily be made. The method of doing this is

indicated in the description of the next circuit.

VOLTAGE

Fig. 7 8. A.g.s. circuit using grid-bias control.

A disadvantage of this type of a.g.s. circuit is the degeneration of

the a.g.s. bias voltage necessarily obtained in the cathode load of the

oscillator (V2). This can be overcome by using an auxiliary power

supply of good regulation (such as a battery) to provide the bias

voltage for V2.

7-5-2. Anode quench

Fig. 7*9 shows the circuit of a super-regenerative receiver using

anode quench, the amplitude of which is determined by the a.g.s.

circuit. The circuit values correspond to a radio frequency of about

50oMc./sec. In this case, the video-output wide-band amplifier is
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also used as part of the a.g.s. circuit. To avoid complicating the

diagram, all circuit details of this straightforward amplifier are

TUNED TO

Fig. 7*9- A.g.s. circuit using quench amplitude control.

AMPLIFIER
RESPONSE

(ARBITRARY
SCALE)

Fig. 7*10. A.g.s. amplifier frequency response, {a) Video amplifier of fig. 7-9.

(6) A.g.s. amplifier of fig. 7*8. (c) Quench-rejection a.g.s. amplifier of

fig. 711.

omitted. Its approximate frequency characteristic is shown in

fig. t 10 (a).
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The quench-frequency component of the detector output is

amplified in the video amplifier and further in a quench-tuned

circuit similar to that described in § 7*5*1. A diode rectifier is again

used, but in this case the cathode potential of the diode is varied

in order to provide manual gain control. The smoothed output

from the detector is used as bias for the quench amplifier V2.

Quench voltage from the oscillator Vx is applied to the screen of

the quench amplifier, and the voltage appearing across the anode

circuit is controlled by the a.g.s. bias on V2 grid. The secondary of

the transformer in the anode circuit of the quench amplifier

provides quench directly to the super-regenerative receiver anode

circuit.

As before, under normal working conditions, an equilibrium

exists between the detector output voltage, the quench amplitude

and the super-regenerative gain. The gain control serves to change

the equilibrium conditions in the following way.

When the cathode of V6 is at zero (earth) potential, the entire

output from the a.g.s. amplifier V5 is effective in controlling the

receiver gain. When the cathode of V
6

is made positive to earth by

adjusting the gain control, the output voltage of V5 has to reach a

certain level before it is effective as an a.g.s. control voltage, and the

receiver gain necessary to maintain equilibrium is therefore greater

than before. Thus, raising the positive voltage on the cathode of

V6 increases the receiver gain, whilst still maintaining the same

degree of stabilization. If a considerable reduction of gain is desired

(as it often is in practice), it is necessary to arrange for the cathode

of the diode to be taken negative. When this is done the diode

conducts and the grid of V2 is biased back directly and the receiver

gain reduced. In this way a gain control range of about 7 nepers

(60 db.) can be readily obtained. It must be noted that the positive

bias on K, when at maximum gain, must be less than the peak

output of V6 ,
otherwise instability will result, due to the lack of

a.g.s. control.

7*5*3. Automatic gain-stabilization system not tuned to quench

frequency

A characteristic of an a.g.s. circuit tuned to quench frequency is

the strong automatic-volume-control action obtained on a c.w.

signal. That is because all the output energy from such a signal is
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at quench frequency and its harmonics. The effect can be avoided

if required, whilst still providing adequate stabilization on noise,

by using an a.g.s. system not tuned to quench frequency. Such a

circuit is shown in fig. yn, which differs from fig. 7-8 only in the

a.g.s. part of the circuit. A valve VA is included to provide extra

amplification to compensate for the a.g.s. gain sacrificed when

a sharply tuned stage is not used. This valve also serves as an

amplifier for the output signal. The amplifier Vb has a quench

9WR
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rejector in the cathode circuit, and it is this stage that determines

the response curve of the a.g.s. system. The nature of this response is

shown in fig. 7* 10(c). It can be seen that the circuit, whilst rejecting

any input at quench frequency, accepts some energy at the second

harmonic. It is necessary to do this to ensure stability when a c.w.

signal is received, by providing some input to the a.g.s. circuit under

these conditions, when all the output energy is at quench frequency

and its harmonics.

The amount of energy accepted at the second harmonic ofquench

frequency is conveniently determined by the value of the con-

denser Clt which serves, in conjunction with the normal frequency

cut-off of the preceding amplifier, to allow a small but controlled

amount of energy at this latter frequency to pass.

The subsequent a.g.s. detector and d.c. amplifier (V6y V7) are

variants of those shown in fig. 7-8. The diode is inverted and the

output taken from the anode instead of the cathode ofV7 . Smoothing

and the determination of the a.g.s. time constant are carried out in

the anode circuit of V
ly
and the d.c. bias voltage is supplied to the

oscillator grid to control the receiver gain.



Chapter 8

SUPER-REGENERATIVE CIRCUITS

8*1. Introduction

The super-regenerative circuit was first described by Armstrong

(1922). Some of the limitations associated with the logarithmic

mode, such as distortion and excessive band-width, were soon

evident, and the circuit received little attention until the early

i93o’s. In the few years before the war there was a good deal of

literature* on the subject, mainly concerned with attempting to

explain the phenomenon of super-regeneration (e.g. Ataka, 1935;

Scroggie, 1936; and Frink, 1938), or with describing a new super-

regenerative circuit (e.g. Lewis and Milner, 1936; Becker and Leeds,

1936). During this period the super-regenerative circuit came into

widespread use by radio amateurs as an economical ultra-short-wave

communications receiver. Descriptions of suitable circuits of self-

quenching and logarithmic receivers were (and are still) common
in the literature. Typical examples are given in §8*2.

The advantages of light weight and economy associated with the

super-regenerative circuit were realized by the U.S. Army Signal

Corps who, in 1933-6, developed a ‘ walkie-talkie * communications

receiver on this principle. Similar receivers were used during the

1939-45 war -

The most important application of the super-regenerative

receiver came with the advent of war. It was suggested, in 1938,

that a super-regenerative receiver might be used as a pulse re-

sponder for receiving a radar pulse and transmitting (by virtue of

its oscillatory nature) a pulse of greater strength for the purpose of

identifying an aircraft or ship to which the responder was fitted.

I.F.F. + responders were designed on this principle using an

ingenious feed-back trigger circuit due to F. C. Williams. The
addition of a.g.s. to the later versions of the responder eliminated

the need for manual adjustment. The resulting fully automatic

responders (I.F.F. Mark III and its variants) were fitted to every

Allied ship and aircraft. More than 200,000 super-regenerative

* See Bibliography,
t Identification, Friend or Foe.

9-2
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I.F.F. responders were produced in this country and in the U.S.A.

The successful mass production of this enormous number of super-

regenerative receivers was carried out within close tolerances

(e.g. ± 5 db. on absolute sensitivity over a 3oMc./sec. band). This

should destroy the reputation for instability and unpredictable

performance, always held by super-regenerative receivers. There

is now no doubt that the super-regenerative receiver has earned the

right to be considered for a given application on the same basis as

the tuned radio-frequency or superheterodyne receiver.

The I.F.F. responder circuit was also used successfully in a large

number of early radar beacons and in the paratroop beacon, known

as ‘Eureka’/

It is interesting that the Germans also used a linear receiver with

a.g.s. in one of their wartime radar equipments (§8*3-4).

The widespread use of the super-regenerative circuit in wartime

had the inevitable effect of furthering understanding of the principle

and of reawakening interest in its application to other problems.

It also called attention to the possibilities of the linear mode,

hitherto unexplored. The use of increasingly high radio-frequencies

favours the use of super-regeneration for several reasons. The high

ratio of radio-frequency band-width to the permissible range of

modulation frequencies (§5*4*7) becomes much less of a dis-

advantage, because the excess band-width is often necessary to

take up fluctuation in the frequency of system components such

as the transmitter, or the receiving oscillator. The comparison

between a super-regenerative receiver and a tuned radio-frequency

or superheterodyne receiver is increasingly favourable to the former

because the efficiency of radio-frequency amplifiers is greatly

reduced at higher frequencies.

Interest is also awakening in the use of super-regenerative circuits

for frequency-modulation receivers. Loughlin (1947) has published

a circuit of one broadcast receiver of this type, the Fremodyne,f

which has been adopted for commercial use. This and other

circuits for frequency modulation are discussed in §8*4.

* For further details see K. A. Wood, J. Instn Elect. Engrs
, 93, I II a, 481

(1946).

t See Bibliography.
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8-2. Super-regenerative reception of amplitude-modulated

continuous wave signals

8*2*1. Introduction

The simplest application of the super-regenerative principle is

to receivers for communication, in which the incoming signal is

amplitude-modulated at audio-frequencies lying within a more or

less restricted range. The self-quenching circuit, in spite of its

attendant distortion, has frequently been used for this purpose; so

has the separately quenched receiver operated in the logarithmic

mode.

The linear receiver is, however, preferable where it is important

to reproduce the modulation envelope faithfully. It is usually

necessary to include an a.g.s. circuit to ensure consistent operation

in the linear mode, and this adds to the complication and expense

of the circuit. A radio-frequency amplifier should always precede

the super-regenerative stage, to prevent radiation of the super-

regenerative oscillations by the aerial, but it is by no means always

included in practice. By the time these additions have been made

the super-regenerative receiver approaches the superheterodyne in

complication. A discussion of the relative advantages of the two

types of receiver is included in §§5*4*7 and 4*5.

We have been concerned so far with super-regenerative radio-

frequency amplifiers. It is possible, however, to make a superhetero-

dyne receiver with a super-regenerative intermediate frequency

amplifier and second detector. Circuits of this type are described

below.

When considering the use of super-regenerative circuits for the

reception of modulated signals it is necessary to bear in mind the

fundamental limitation imposed upon the upper value of the

modulation frequency by the interruption, at quench frequency,

of the output oscillations. For average quality transmission of

audio-frequencies the highest modulation side-band is of the order

of 5 kc./sec. Thus the minimum usable quench frequency is about

2okc./sec., irrespective of the radio-frequency. Because of the more

or less fixed relationship between limiting quench and radio-

frequencies (see Chapter 5) the minimum radio-frequency that can

be used under these circumstances is about ioMc./sec. (30 m.).

It is generally true that the super-regenerative receiver is only
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useful for communication on frequencies higher than this. It is only

on much higher frequencies (e.g. 1 000 Me. /sec.), where the efficiency

of conventional radio-frequency amplifiers is very poor, that the use

of the super-regenerative receiver becomes advantageous in terms

of performance as well as economy.

8-2*2. Self-quenching receivers

The operation of the self-quenching receiver is described in

Chapter 6. The circuit of a receiver of this type is given in fig. 8-i.

The component values in the super-regenerative oscillator, so far

as they are given, correspond to a radio-frequency of the order of

iooMc./sec., and a no-signal quench frequency in the region of

3okc./sec.

Fig. 8-i. Self-quenching receiver.

The signal from the aerial is coupled into the oscillator tank

circuit L, C, chosen to tune over the desired range of frequencies.

The oscillator is a niodified Hartley circuit commonly used at high

frequencies. Self-quenching is caused by the 50 fifiY. grid con-

denser and io-megohm grid leak. The grid leak is returned to a high

potential in order to facilitate the initiation of squegging and to

obtain a high self-quench frequency with a relatively long nominal

time constant in the grid circuit.

The audio-frequency component of the oscillator anode current

develops a voltage across the primary of an audio-frequency trans-

former. The resulting signal in the secondary is amplified by a

conventional audio-frequency amplifier.

Control of super-regeneration is effected by varying the high-

tension voltage supplied to the oscillator. At low voltages the mutual

conductance of the valve is not sufficient to cause oscillations to

build up. At high voltages the circuit may pass from squegging into
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a state of continuous oscillation, or, at least, a state of coherence

in which each pulse of oscillations builds up from the tail of the one
preceding it. Between these extremes there is a range of anode
voltages over which self-quenching takes place correctly, and over

which the receiver is sensitive to incoming signals. This state is

recognized by a characteristic hiss in the loud-speaker.

In order to prevent radiation of the self-oscillations, and con-

sequent interference with neighbouring equipment, it is desirable

to use a radio-frequency amplifier as a buffer between the aerial and
the super-regenerative stage. A suitable arrangement is shown in

fig. 8*2. In this case the aerial is coupled to the tuned-grid circuit

Fig. 8-2. Self-quenching receiver with radio-frequency stage.

of the radio-frequency amplifier. The signal is conveyed to the

super-regenerative circuit by an aperiodic coupling in the anode
circuit of the radio-frequency stage. We may summarize the

benefits due to the addition of the radio-frequency stage as follows:

(i) It prevents radiation of the self-oscillations.

(ii) It usually gives some improvement in signal-to-noise ratio.

(iii) It may enable the notoriously poor selectivity of the self-

quenching receiver to be improved in the tuned-grid circuit of the

radio-frequency stage.

The disadvantages are

:

(i) Added complication and expense.

(ii) It destroys what is probably the greatest single advantage of

the super-regenerative receiver, namely, single-circuit tuning, by
the addition of a second tuned circuit. (Note: This can be avoided

by the use of a grounded-grid triode. An example is given in

§8-2-4.)
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The self-quenching receiver is not particularly critical in adjust-

ment, although it is sometimes difficult to achieve the desired

squegging frequency. Some idea of the quench frequency at which
to aim may be obtained from the criteria for the slope-controlled

linear mode, given in §5*4*5- The values of the grid condenser and
leak to produce interruption at that frequency are usually a matter
for experimental determination.

This type of receiver is a convenient and economical way of

reproducing a high radio-frequency signal, provided that the

attendant distortion and lack of selectivity can be tolerated.

Fig. 8*3. Super-regenerative receiver: logarithmic mode.

8*2*3. Receivers operating in the logarithmic mode

There is nothing' to choose in performance between a self-

quenching receiver and a separately quenched receiver operating

in the logarithmic mode. The provision of separate quench does,

however, make the initial adjustment of the receiver much easier,

because the amplitude and frequency of the quench are inde-

pendent of the characteristics of the super-regenerative oscillator

itself. For this reason a representative circuit is included here in

fig. 8-3. It differs from that of fig. 8* 1 only in the quenching arrange-

ments. The oscillator grid leak is reduced in value and returned to

earth, so that the oscillator is no longer self-quenching. A separate

quench oscillator provides sinusoidal anode quench about a variable

mean anode voltage. The potentiometer which supplies the anode
voltage acts as the super-regeneration control as in the case of the

self-quenching receiver.
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Fig. 8-4 shows a hybrid circuit in which the super-regenerative

oscillator acts as its own quench oscillator by virtue of a separate

feed-back circuit at the quench frequency. This circuit is more

controllable than that using the relaxation type of self-quenching,

but is more expensive in components.

AERIAL ht +

Fig. 8-4. Alternative arrangement: self-quenching.

8-2-4. Linear receiver with automatic gain-stabilization

When reasonably faithful reproduction is desired from a super-

regenerative receiver it is necessary to maintain it in the linear mode.

This mode has the added advantage of better selectivity and offers

much greater scope to the designer because of its extreme flexibility.

These advantages are offset by the necessity to use a.g.s. ; at least

where it is necessary to tune over an appreciable band of frequencies.

In a serious attempt to compete with other types of receiver, on a

basis of performance alone, the designer must inevitably employ

the linear mode.

A circuit of a linear receiver with a.g.s. is given in fig. 8*5. No
serious attempt at valve or component economy has been made, but

the circuit illustrates the essentials of linear receiver design. The
signal is injected into the cathode circuit of a grounded-grid triode

amplifier, Vv the anode of which is aperiodically coupled into the

tank circuit of the oscillator valve V This arrangement has the

advantage of providing radio-frequency amplification and pre-

venting radiation whilst retaining the desirable property of single-

circuit tuning. The super-regenerative oscillations are rectified by

V^
y but the time constant of the cathode circuit is short enough to

pass the quench-frequency component of the rectified output, as



Fig. 8 5. Linear receiver with a.g.s.

gain stabilization. The a.g.s. time constant is about 3^ sec., which

is usual for automatic volume control systems for audio-frequency

modulated signal reception. Both the a.g.s. control voltage and the

sinusoidal quench voltage from the quench oscillatorV6 are injected

via the oscillator grid leak.

8-2 5. The super-regenerative superheterodyne

A super-regenerative stage may be used in place of the more

conventional intermediate-frequency amplifier and second detector

in a superheterodyne receiver.

By operating the super-regenerative circuit at a lower frequency

the selectivity is improved, and radiation of super-regenerative

oscillations by the aerial is no longer a problem. A block diagram of
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the arrangement is shown in fig. 8*6 and a suitable circuit arrange-

ment in fig. 8*7, which refers to a receiver designed for a frequency

of about 100 Mc./sec. The self-quenching super-regenerative inter-

mediate-frequency amplifier and second detector operates on the

intermediate frequency of 25 Mc./sec., the mean self-quenching

Fig. 8 -6. Super-regenerative superheterodyne

receiver: block diagram.

RFC

rate being about 5okc./sec. Super-regeneration is controlled by

a potentiometer which alters the anode supply voltage to the super-

regenerative stage.

This type of receiver is only useful for frequencies of 100 Mc./sec.

and above. On lower radio-frequencies the intermediate frequency
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is also necessarily lower and the corresponding self-quenching rate

too low for adequate reproduction of audio-frequency modulation.

8-2*6. A super-regenerative receiver-transmitterfor two-way com-

munication

The radiation of self-oscillations by a super-regenerative receiver

is not always a disadvantage. Lewis and Milner (1936) have shown

that it is possible to use a pair of super-regenerative receivers for

simultaneous two-way communication over considerable distances,

by amplitude-modulating the quench oscillators and synchronizing

the quench frequencies.

Fig. 8-8. Time relationships of transmission and reception in two-way
communications by the method of Lewis and Milner.

The principle of operation is as follows. Slight modulation of the

quench oscillation of a super-regenerative receiver, operated in the

logarithmic mode, results in width modulation of the output pulse

of oscillation.

If the quench oscillators of two receivers are operated on a

common frequency it is possible to adjust the phase so that the

radiated pulse from one receiver arrives during the sensitive period

of the other, and vice versa. Not only that, but the beginning

of the received pulse, where the modulation is effective, must lie

within the sensitive period. For sensitive reception, therefore, the
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time relationship of transmission and reception must be as shown
in fig. 8*8.

A pulse A x is transmitted from set 'A 1

and received by set
‘B\

some distance away, at a later time. The phase of the quench is so

arranged that the rising edge of the pulse from A arrives during the

sensitive period of set B. The pulse Bly which builds up from the

sample taken during this sensitive period, is transmitted and arrives

at A correspondingly later. Here it also arrives during a sensitive

period if the quench frequency (and therefore the quench interval

T
q)

is chosen correctly. In this way modulation of the quench

amplitude in either set is heard in the other.

It is clear that two-way communication is only possible with

certain quench frequencies. Lewis and Milner found, using an

experimental receiver on 3 m., that any quench frequency between

50 and iookc./sec. could be used for distances up to 200 yards

between the sets. Beyond that distance the quench frequency had
to be chosen most carefully, so that the beginning of each received

pulse arrived during a sensitive period (as in fig. 8*8).
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The circuit diagram of the receiver-transmitter is given in fig. 8*9.

It is a conventional super-regenerative oscillator with grid quench

applied from the tuned-grid circuit of the quench oscillator. The
latter is, however, voice-modulated by a microphone coupled

through the microphone transformer /. The mean quench amplitude
is adjusted by means of the variable resistance C in series with

the high-tension. This acts as a super-regeneration control. The
received audio-frequency signal is obtained from transformer if,

in series with the high-tension supply to the super-regenerative

oscillator, in the manner described in §8*2*3 with reference to

%. 8-3.

In operation the quench oscillators of the two sets lock in

synchronism. The mechanism of locking is complicated but depends

upon suitable coupling between the quench and super-regenerative

oscillators. Components of the received signal, at quench frequency

and its harmonics, must be able to appear in the grid circuit of the

quench oscillator, to act as a synchronizing signal.

8*3. Super-regenerative pulse receivers

Introduction

There are special problems in the use of a super-regenerative

circuit for the reception of pulses of radio-frequency oscillation.

The intermittency of the sampling process causes the output of the

receiver to resemble the input less and less as the pulse duration is

reduced. The quench frequency at which the signal is sampled can

be no higher than that determined by the onset of coherence (§3*2).

We shall see that the pulse must last for several quench periods if

effective reproduction of the original envelope is desired.

Fig. 8*io shows the time relationship between the received pulse

and the output from a super-regenerative receiver. Only that part

of the pulse which coincides in time with the sensitive period

produces an effective output. The least possible delay occurs when
the leading edge of the pulse arrives at the beginning of this period.

Then the pulse at output is delayed beyond the signal pulse by

a time corresponding to the build-up period Tb >
the interval between

peak sensitivity and peak output. The delay can never be less than Tb .

If the pulse arrives just after a sensitive period, almost a whole

quench period elapses before the next sample is taken. Thus the

delay is almost Tq+

T

b.
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The time relationship between received pulses and cycles of

quench is random. The delay in the output pulses relative to the

input therefore varies according to the instant of the quench cycle

at which the pulse arrives. There is, consequently, an uncertainty

of amount T
q
in the time at which the output pulse begins. The

‘jitter’ on the receiver output is a fundamental disadvantage of the

use of the super-regenerative circuit for receiving pulse signals.

Fig. 8 *io. Super-regenerative reception of radio-frequency pulse.

An incoming pulse which lasts for less than one quench period

only produces an output when it coincides with a sensitive interval.

The percentage of pulses in a very large number which produce

more than a given amplitude at output depends on the relative

durations of the signal pulse, the quench period and the effective

sensitive period at the particular signal amplitude. It is apparent

that the duration of the incoming signal must be greater than the

quench period, T
qj if it is desired to produce an output pulse

corresponding to every pulse received.
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8*3-2. Identification-friend-or-foe responders

The purpose of an I.F.F. responder is to receive a radar pulse

and to transmit, usually on the same frequency and with as little

delay as possible, a pulse of much greater power and of distinctive

form. In this way the ship or aircraft carrying the responder is

identified as friendly to the remote, interrogating radar station. For

airborne use it is essential that the responder be compact and

economical and, for this reason, the super-regenerative receiver,

capable of a very high gain in a single stage, is particularly suitable.

We have seen that the output signal from a super-regenerative

receiver takes the form of a series of short pulses of oscillation at the

resonant frequency of the tank circuit. Thtis the super-regenerative

receiver retransmits for a short period on each quench cycle. It was

originally hoped that the amount of retransmission might be

adequate to permit the use of a super-regenerative receiver alone as

a complete responder. Early experiments showed, however, that

the amount of retransmission was hardly enough to ensure reliable

responses from an I.F.F. equipment of this type.

It is usually possible to drive the oscillator valve used in a super-

regenerative receiver to provide a much greater power output than

that occurring in the normal course of super-regenerative reception,

even of large signals. A great improvement is therefore made when
the receiver output is detected, amplified and fed back to the

oscillator valve, thus driving the valve to provide a transmitted

pulse of adequate pdwer, without the use of an elaborate modulating

circuit. A circuit on these lines, due originally to Williams, has been

the basis of all the I.F.F. responders used by the Allies during the

late war.

833. The basic responder circuit

The circuit which forms the basis of all the super-regenerative

responders is given in fig. 8 * 1 1 {a). The block diagram of fig. 8 * 1 1 (b

)

illustrates the operation of the circuit. A pulse signal from the aerial

is developed across the tank circuit of a signal-frequency oscillator

supplied with grid quench from a separate quench oscillator. The
output of this super-regenerative receiver is rectified and amplified

and fed back to the grid of the super-regenerative oscillator, thus

increasing the mutual conductance of the valve and causing oscilla-

tions to build up further. The process is regenerative, and the
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oscillations quickly reach a limiting amplitude determined by the

amount of power available under the conditions of drive. The
oscillations are transmitted as a reply signal. The duration of the
transmitted pulse depends upon the parameters in the feed-back
circuit. The mechanism of its determination is discussed below
with reference to the details of the circuit of fig. 8-n.

AERIAL

Fig. 8*n. Super-regenerative responder.

(a) Basic circuit. (6) Block diagram.

The super-regenerative oscillator in fig. 8*n is a triode valve

connected in a commonly used high-frequency circuit of the Hartley

type which relies on the internal capacities ofthe valve for its opera-

tion. The value of the variable cathode-bias resistance is adjusted

so that oscillation is prevented in the absence of quench. A sinusoidal

quench voltage is applied to the grid of the valve. Its amplitude is

such that weak self-oscillations in the circuit LC build up from noise

on each quench cycle, when no signal voltage is present. Let us

assume for the present that the feed-back link including C3 is absent.

The oscillations in the circuit are rectified by the diode V2 and
W R IO
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amplified by the pentode Vz . The amount of fluctuation on the anode

of Vz is therefore determined by the setting of the gain control

resistance Rx in the cathode circuit of the oscillator.

A pulsed radio-frequency signal arriving at the aerial is developed

across the tank circuit LC. On the first quench cycle to follow the

arrival of the pulse, self-oscillations build up from the level of the

signal and to a proportionately greater amplitude. When the feed-

back is connected, however, the amplified receiver output is applied

to the grid of the oscillator. There, before producing any effect, it

must overcome a bias voltage which is developed across the cathode

bias resistance Rv Rx is adjusted so that the signal voltage must be

several times noise in order to overcome this bias. When a large pulse

signal arrives oscillations build up on the fipst quench cycle to

follow its arrival. Owing to the regenerative circuit, these continue

to build up instead of being damped out in the usual way. This is

the start of the trigger action of the circuit and oscillations build up

rapidly due to the increased drive from the pulse amplifier Vz . The
triggering is necessarily arranged to occur when the oscillation

amplitude is well below the level of saturation. Thus the properties

of the receiver are determined when it is operating in the linear

mode. Although regeneration ceases as soon as the amplifier Vz is

biased beyond cut-off, oscillations continue to build up because the

oscillator Vx has been brought well within its oscillating regime by

removal of the negative grid-bias. The grid is, in fact, driven

positive, and grid
#
current flows into the feed-back condenser C3 .

The negative bias' on the oscillator is gradually increased by grid

current entering C3 . Simultaneously the cathode current of V
x

charges the cathode condenser Cx
and the cathode voltage rises.

After a time, depending upon the various circuit parameters

involved, oscillation can no longer be maintained and the trans-

mitted pulse ends.

The events which occur after the oscillation has stopped are

important because they determine the length of time that must

elapse before reception is again possible. Fig. 8-12 illustrates the

behaviour of the various parts of the circuit both during and after the

transmission. As a result of the high peak voltage generated across

the tank circuitLC during transmission, C2 is charged up to a high

voltage which has to decay to a small fraction of a volt before current

in the amplifier valve Vz is back to its quiescent value. In reinstating
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the current in the grid of the oscillator V
x

is caused to swing

negative, after which it recovers on the time constant determined

by C3 and the associated resistance network. During this time the

cathode voltage of the oscillator is returning to normal with a time

constant Cv The grid and cathode recovery periods are adjusted

to be roughly equal, and, together, they determine the recovery

period of the receiver. Reception is not possible until the oscillator

grid-cathode voltage has returned to within about 1 V. of normal,

after which the sensitivity gradually increases to the value it had
before the pulse arrived. This is also shown in fig. 8*12. The times

and voltages quoted in this figure refer approximately to I.F.F.

Mark I, although the circuit of fig. 8-n is not accurately repre-

sentative of that equipment.

Practical responders . The I.F.F. Mark III responders, which were
used successfully in large numbers by the Allies for the greater part

of the war, incorporated a number of improvements over the basic

responder circuit described. An account of the interesting process

of evolution of the final circuits would not be in place here . The
circuit of a typical Mark III I.F.F. responder is briefly described

below.

The circuit of the I.F.F. Mark III responder is given in fig. 8*13.

Power supplies and pulse-width coding circuits are omitted.

Improvements over the basic circuit of fig. 8-n are:

(i) The use of a.g.s. to maintain the receiver sensitivity constant

whilst sweeping over a wide band of frequencies ( 1 57-187 Mc./sec.).

(ii) Reception and transmission are carried out by separate

oscillators which, however, use the same oscillatory circuit. This
has the effect of freeing the grid of the receiving valve from the

low-impedance connexions to the feed-back circuit, thus facilitating

the application of quench and a.g.s. voltages. Regeneration takes

place round the feed-back circuit exactly as before, due to the

common oscillator circuit. Fig. 8-14 shows details of the common
oscillator circuit and its coupling to the aerial.

(iii) A cathode follower is included in the feed-back circuit.

This gives a greater drive to the transmitter valve, thus increasing

the transmitted power and improving the pulse-shape.

(iv) Suppression circuits are included to prevent mutual inter-

ference between the I.F.F. responder and a radar equipment in

the same aircraft. These need not concern us here.
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Responders of this kind were also widely used for early radar
homing beacons. More details of these are to be found in a paper
by K. A. Wood,* prepared for the I.E.E. Convention on Radio-
location.

ATRIAL

8*3*4. The ‘ Lichtenstein ’ {German air interception
)

+

It is worth brief mention here that one version of the German A. I.

radar equipment, known as the ‘ Lichtenstein’, used a linear super-

regenerative receiver with automatic gain-stabilization. The receiver

was intended to receive pulses of about 3 /^sec. duration from the

local transmitter, after reflexion from a remote aircraft.

Fig. 8*15 shows the lay-out of the radio-frequency section of the

receiver. The oscillatory circuit consists of the inductance L2 and

a small condenser formed by two adjacent blocks of copper situated

between L2 and the oscillator valve. Tuning is accomplished by the

rotation of a copper cylinder, mounted upon a ceramic rod, which

forms, with the blocks of copper, a split-stator condenser. Ll is the

aerial coupling coil and L3 the coupling to a full-wave diode detector.

The radio-frequency is about 500 Me./sec. and the quench frequency

600 kc./sec.

* See Bibliography.
f Air Interception= A. I., a term given to radar equipment fitted to night-

fighter aircraft.
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The circuit of the Lichtenstein receiver is similar to that de-

scribed in §7*5*2 and drawn in fig. 7*9. The super-regenerative stage

is operated at low gain (about 100 x), and the additional gain

required (about 2000 x
)
is achieved in six stages of video amplifica-

tion which are not shown in detail. This uneconomical arrangement

helps to reduce the susceptibility of the receiver to deliberate

interference by a m.c.w. signal.

8*3*5. Strobe-quench receivers

The fundamental nature of super-regenerative reception makes

it possible to construct a receiver which is only sensitive to incoming

signals for short, infrequent intervals Which are time-related to

some other occurrence, such as the transmission or receipt of a radar

pulse.

This type of receiver has been suggested by Williams for use in an

aircraft proximity warning device and has been used in the U.S.A.

in beacon receivers.* The first application is described below.

The radar proximity indicator transmits a short pulse and emits

a warning signal (e.g. lights a lamp) if an echo is received from an

aircraft (or obstruction) within, say, half a mile. The super-

regenerative receiver is sensitized for a short period following trans-

mission, by means of a quench ‘pulse’ of suitable shape derived

from the transmitter circuit. It is then quiescent until the next

sensitizing pulse comes along. The shape of the quench ‘pulse ’ can

be varied to altdr the duration of the sensitive period, on the

principles described in Chapter 3.

When a signal is received the oscillatory output of the super-

regenerative receiver is appreciable and can be used, after rectifica-

tion, to close a relay circuit and thus to operate the desired warning

device.

The duration of the transmitted pulse and of the sensitive period

determine the range over which the instrument operates.

8*4. Super-regeneration and frequency modulation

The super-regenerative circuit has considerable possibilities as

a frequency-modulation amplifier and detector. In the simplest case

a self-quenching receiver will demodulate a frequency-modulated

* See, for instance, Microwave Receivers
,
edited by S. N. Van Voorhis,

Radiation Laboratory Series, No. 23, Chapter 20, p. 567, McGraw Hill, 1948.
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signal when slightly detuned from the centre carrier frequency. The
parabolic form of the frequency response of a receiver in the

logarithmic mode (including self-quenching) is quite suitable for

this purpose and does not give rise to undue distortion (see fig. 8 -
1

6

).

The circuit shown in fig. 8-i is suitable for an elementary

frequency-modulation receiver. The receiver is tuned in to the

carrier in the ordinary way, but there are two tune points for

Fig. 8- 16. Frequency-modulated detection by detuning a receiver

operating in the logarithmic mode.

maximum undistorted signal. These lie either side of the mid-
frequency. The procedure in deciding the optimum tuning point

is as follows. The maximum suppression of noise occurs when the

centre carrier frequency coincides with the mid-frequency response.

The noise is at its greatest when the carrier lies outside the frequency

response altogether. Between these two extremes lies a range in

which a distinguishable and relatively distortionless signal is heard.
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The optimum tuning point lies in this region. The setting is not

usually very critical because of the gradual slope of the skirts of the

response curve.

It is interesting to observe that the distortion in the super-

regenerative detector when used for frequency-modulation is

considerably less than that resulting from its use for amplitude-

modulated signals.

The simple logarithmic circuit, although useful as a cheap

frequency-modulation receiver, is not by any means ideally suited

to the purpose. The limiting action is rather poor, in spite of the

obvious limitation of oscillation amplitude during each super-

regenerative pulse. This is adequately proved by the fact that the

super-regenerative detectorwilldetectamplitude-modulatedsignals.

Loughlin (1947) has used an off-tune super-regenerative circuit

for the mixer, intermediate-frequency amplifier and discriminator

in his ‘Fremodyne’ circuit described below.

8 -

4 * 1 . The ‘ Fremodyne * receiver

The Hazeltine
4 Fremodyne’/ due to B. D. Loughlin, is a super-

regenerative superheterodyne receiver for frequency-modulated

signals. The basic circuit is given in fig. 8*17. The valve is a double

triode (12AT 7), one-half of which is used as the super-regenerative

oscillator and the other half as a local oscillator in superheterodyne

fashion. Super-Regeneration takes place on the intermediate

frequency of 2i :

75 Mc./sec. A frequency-modulated signal at a

frequency of 108 Mc./sec. is mixed with a local oscillation at a

frequency of 129*75 Mc./sec. on the grid of the super-regenerative

detector, which consequently acts as mixer, intermediate-frequency

amplifier and off-tune discriminator. The super-regenerative stage

is self-quenching at a frequency of 20-30 kc./sec. by virtue of the

grid leak which is returned to the high-tension supply. The
audio-frequency component ofthe current in the super-regenerative

valve is taken from the cathode circuit of that stage to an audio-

frequency power amplifier (not shown).

The ‘Fremodyne’ is probably the most economical frequency-

modulated receiver known. Its disadvantages are

:

(i) Radiation of interfering oscillations. The frequency of these

differs from the signal frequency and their intensity is small.

* Licensed by Hazeltine Electronics Corporation, Long Island, New York.
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(ii) Limited audio-frequency band, due to the relatively low

quench frequency.

(iii) Signal distortion due to the non-linearity of the frequency

response curve.

%\Z AT 7

In spite of this there is no doubt that the receiver fulfils its aim of

providing reception offrequency-modulated signals with the utmost

economy of components.

8*4*2. Super•'regenerative amplification of frequency-modulated

signals

A more satisfactory, though more complicated frequency-

modulated receiver can be made using a super-regenerative amplifier

followed by a conventional discriminator. Before describing circuits
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for thispurposewewillexamine the behaviour ofasuper-regenerative

receiver with a frequency-modulated signal at the input.

We have seen in Chapter 4 that the spectrum of the detected

output from a super-regenerative receiver, due to a c.w. signal,

consists of a series of lines separated by the quench frequency. This

is also true of the output before detection, but the former spectrum

is centred on zero frequency, whereas the latter is centred on a radio-

frequency. These conclusions are correct whether we consider the

linear or the logarithmic mode, for the different shapes of pulse only

alter the envelope of the line spectrum and not its essential character.

The super-regenerative pulse that builds up from the incoming

signal consists mainly of self-oscillations at an ‘instantaneous’

frequency equal to the natural frequency /„ of the resonant circuit.

These oscillations are, however, synchronized at their start to the

signal frequency when self-oscillations and signal are comparable

in amplitude. They are only coherent in so far as this synchronizing

takes place. Kalmus (1944) has shown that this leads to the re-

markable result that although the envelope of the spectrum of the

pulses is centred on the frequency /„ lines only appear at the

signal frequency./ and at frequencies f±nf9 .

The effect of modulating the signal frequency is to move the

whole line spectrum by the amount of the modulation fm . Thus
each line is shifted by the same amount. It is this fact that makes

it possible to use p super-regenerative amplifier for frequency-

modulated signals.

'

A discriminator centred on one of the lines ofthe output spectrum

(e.g. f—fq, f- 2

f

q, etc.) demodulates the signal without distortion

provided that the amount of frequency modulation is less than the

quench frequency. The demodulation cannot, however, be con-

veniently carried out at the signal frequency, which is usually above

40 Mc./sec., and it is necessary to transpose the whole spectrum to

a suitable intermediate frequency before demodulating.

Circuits due to Kalmus are given below in which a super-

regenerative amplifier is used in this way. They are essentially

super-regenerative superheterodyne receivers with the super-

regenerative stage used either as a radio-frequency or intermediate-

frequency amplifier.
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8 *

4
*

3 . Super-regenerative superheterodyne receivers for frequency

modulation

Fig. 8* 1 8 is the circuit of a superheterodyne receiver on a radio-

frequency of 45 Mc./sec., using a self-quenching super-regenerative

radio-frequency amplifier preceded by one tuned radio-frequency

stage.The latter prevents radiationofsuper-regenerative oscillations.

The amplified signal is mixed with local oscillations at a frequency

of 36*7 Mc./sec. A single line of the transposed spectrum is selected

by a circuit tuned to the intermediate frequency (8*3 Mc./sec.). The

signal is finally passed to a limiter and a discriminator.

Fig. 8* 1

8

. Super-regenerative superheterodyne receiver

for frequency-modulation.

The receiver is particularly insensitive to impulse interference

(e.g. ignition noise) because amplitude limiting takes place in three

successive stages, namely, the super-regenerative, mixer and limiter

stages. The highest self-quenching frequency attainable at a signal

frequency of 45 Mc./sec. does not, however, greatly exceed

iookc./sec. We have seen that this must exceed the maximum

deviation due to frequency modulation of the signal. This is in-

adequate for the 1 50 kc./sec. deviation used in wide-band frequency-

modulated transmissions in the U.S.A., and it is preferable to

operate the super-regenerative stage on a higher radio-frequency

in order to increase the permissible quench frequency. Fig. 8*19

shows a circuit in which this is done. It is a double superheterodyne

with a super-regenerative first intermediate-frequency stage.

A 30 Mc./sec. local oscillation is mixed with the incoming signal

(45 Mc./sec.) in a 9001 pentode mixer. The resulting signal with
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a centre frequency of 75 Me./sec. is coupled into a self-quenching

super-regenerative oscillator (9002). The super-regenerative oscilla-

tions are mixed with a 66*7 Me. /sec. local oscillation, and a single

line of the transposed spectrum is selected by a circuit tuned to the

second intermediate frequency, 8*3 Mc./sec. The conventional

limiter and discriminator complete the circuit. The quench

frequency in this receiver is about 200 kc./sec. which is adequate

for the widest deviation likely to be used.

ht +

Fig. 8*19. Super-regenerative double superheterodyne receiver

for frequency-modulation.

The use of a higher radio-frequency for frequency-modulated

transmissions (e.g. B.B.C. transmissions on 90 Mc./sec.) makes the

use of a double superheterodyne unnecessary.

8 5. Super-regenerative control circuits

The super-regenerative circuit, by virtue of its enormous

amplification in a single stage, is very suitable as a control receiver

for radio-controlled model ships or aircraft, or for other applications

where light weight and current economy are important.

In the usual model-control arrangement the receiver is only

required to distinguish between the ‘ signal * and
4

no-signal * states.

Reception of a signal closes a relay which operates a uni-selector or

stepping switch. The operation required is thus selected by keying

the signal on and off.

The change of anode current produced by a c.w. signal in a self-

quenching super-regenerative receiver can be sufficient to operate
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a low-current relay. A simple control circuit is shown in fig. 8 -20,
in which the relay is in the anode circuit of the super-regenerative
oscillator.

AERIAL

The circuit uses a special Raytheon valve (RK-62) which has been
designed for the purpose. The precise operation of the circuit is

somewhat obscure. The valve is self-quenching, but the current in

absence of a signal is sufficient to close the relay. Reception of a signal

increases the mean negative grid potential and turns off a large pro-

portion of the anode current. The action of the circuit is, therefore,

more certain, and the requirements for the relay are much less

stringent.
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EXPRESSION FOR NOISE AT
RECEIVER OUTPUT

Let us consider first of all the noise voltage during a quiescent

period. The conductance G has then the constant value G0 . Let us

assume that the noise is produced by a current generator giving

a fluctuating current i(t) in the interval - \T<t<\T. i(t) now

replaces ^4 sin(^) in the equivalent circuit (fig. 3*1).

Express i(t) for —\T<t<\T by its Fourier integral

i(t)= ( 1

)

J -00

The circuit equation for fig. 3*1 now reads

e^N(f) df. (2)

f+ oo

Its solution is V(t
)
= I ei2nftN(f) A(f) dfy (3)

where A(f) = j^^(27r/0)
2 - (arr/)2 +j^ 27

r/J . (4)

From ParsevaPs theorem, adapted for Fourier integrals, the

mean-square value of V(t) in the interval — \T < t < \T is

\mW= J_

+
”

1

A(j) \*df. (5 )

Now we assume that the spectral density of a random noise

fluctuation
|

iV(/)| 2 is a slowly varying function of frequency which

has no sharp peaks provided that the interval T is large. On the

other hand, the function
|
A(f)

|

2 has a single peak at the resonant

frequency, which is very nearly

/

0 . Very little error will be made by

taking
|
N(f)

|

2 to be a constant and equal to
|

iV(/0)|
2

;
then the

mean-square value of V(t) for an infinite interval is

|

F(0 |2 = lim imt\ir
a

{A{f)l
2df

T-+00 j- j —00

lim
00

IWo)!
2

T 4cg0

-
(
6
)
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Let us now consider the build-up ofpulses from noise in successive

quench cycles. The interval T is now taken over 2n + 1
quench

periods, and the noise fluctuation is again represented by a current

generator
r+00

i(t) =
J — 00

The voltage at the end of the nth build-up period due to noise

current i(t) is readily obtained by following the steps leading to

equation (27) (Chapter 3), with ^4sin(a>^) replaced by i{t). The
resulting expression for Vn(t2) is

(7)

where B(tn)= r\iWnN(f)S(f)df
J —00

(8)

and S(f) f cxJ ^2C(/-/oH
(/)

/o
P
L |G'(*i)l J

- (9)

The mean-square value of V(t2)
averaged over 2W + 1 pulses in

the interval T is

<rr In— \

(10)

where |fi(Oi
2 = e-W»G(f)Jf.

J —00
in)

and
r 4-00

<?(/) =
J

N(u) N(« -/) 5(«) S(« -/) du. (12)

Now K = (13)

and T = {2n+i)T
q

.

Therefore by definition

r tt

(h)

Now let us assume that G(f)/T is a function which tends to a

bounded function H(f) as T->oo, i.e. lim = //(/).
2’ -> 00 1
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Then lim r,SrW. = H(f)s(/-*£), (15)
T-+ co i —n \ *

q !

where m is an integer and

8(f) = o for / 4= o,

= oo for / = o,

and f 8(f) df = i.

J -00

However, all the cases for which m — o arise solely because we

have chosen exactly equal intervals of time between the successive

pulses. Very slight variations in the interval would eliminate these

cases. They are obviously spuriously introduced by our rigid con-

dition and must be omitted. Equation (15) shobld therefore read

Hm ^PTQ ie~^K = H(f)S(f).
T—<» I — n

(16)

If we now let T~> 00 in equations (10) and (14) and use the last

result, we get

= H(o)

G(o)= lim
T -> 00 1

r +

0

,
= lim

' T-> 00 J —a

IW)I !

\S(f)\*df. (17)

This is in the same form as equation (5). Once again we take out

the spectral noise density from under the integral sign at its value

where S(f) is a maximum. From equation (9), this occurs when

/ = /0 . Therefore

\B(tn)\
2 = lim I Wo) I

s

T-i-co T

r+co

\S(f)\*df
J —00

j ingw] ]•

• 2 V L 2nC J t

IWo)
T (18)

We can now express
|

V(t2) |

2 in terms of
|

V(t)
|

2 of equation (6)

ijV(f
|

2

by eliminating lim -— from equations (6) and (18). Thus
T->co i
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and, from equation (io) in the limit T-> oo,

"-i (20)

From equation (58 a) (Chapter 3) this can be written

<’*- ip £“p (?) <2,)

Let us define V\ as the mean-square noise voltage within the

energy band-width of the super-regenerative circuit. It is related

to V2 in the following way:

v^ = K
VI bn*'

(22)

Through this (21) may be written, using equation (61), (Chapter 3)

^ 2
^(fe)’

exp
(£) <23>

= Vg x (total power gain).

Thus the mean-square deviation of the output voltage is equal to

the mean-square noise voltage within the super-regenerative band-

width times the total power gain of the receiver.

WR II
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DESIGN DATA FOR SINUSOIDAL
QUENCH

Figs. 1-6 are based upon the formulae of §5*4. They relate the gain

and frequency response of a super-regenerative receiver using

sinusoidal quench to the electrode voltages applied to the super-

regenerative oscillator. They are only valid in so far as the assump-

tions made in Chapter 5 are valid. The symbols are defined in

table 5, page 81.

1. Super-regenerative gain

Figs. 1-3 relate the super-regenerative gain in nepers to the

electrode voltages through the parameters y and K
,
or z and P,

defined in table 5. They are derived from equation (23) in Chapter 5.

Fig. 1 shows the trend of the gain as the quench voltage is varied,

y being directly proportional to the quench voltage provided that

the steady electrode potentials remain constant. Fig. 2 shows the

dependence of gain upon the mean voltage of the electrode to which

quench is not applied. Fig. 3 shows the dependence of gain upon

the mean voltage of the electrode to which quench is applied.

Because of th£ nature of the formulae for K and P the curves of

figs. 2 and 3 cannot be used directly to represent the variation of

gain with electrode voltage. It is not possible to make the scale

proportional to the voltage which is to be varied but only to P or

K
y
each ofwhich is linearly dependent upon that voltage. The values

of the parameter (y or z) and the variable (P or K) must be calculated

from the electrode voltages using the formulae of table 5.

The quantity representing super-regenerative gain on the

ordinate axis of figs. 1-3 is

H = (^Na = (fJb)Nt .

Thus each ordinate must be multiplied by the factor blfq before

it represents the gain in nepers. This factor is constant for a given

circuit arrangement.
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2. Band-width

Figs. 4 and 5 relate the super-regenerative band-width at 1 neper

down with the electrode voltages through the parameters y and

K or z and P. They are based upon equation (26), Chapter 5.

Fig. 6 shows how the band-width varies with quench amplitude

when the super-regenerative gain is held constant by adjusting the

mean voltage of the electrode to which quench is applied. The
process is described in § 5*4*3. Fig. 6 is obtained by taking constant-

gain cross-sections of fig. 3, thus relating z and P for various values

of H
y
the gain parameter. This enables P, representing the mean

voltage ofthe quench electrode, to be eliminated from the expression

for super-regenerative band-width, which is then plotted against

z for various values of H.

The quantity representing band-width in figs. 4-6 is

Thus each ordinate must be multiplied by the factor <J(2fq b) before

it represents the super-regenerative band-width at — 1 neper.
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LIST OF PRINCIPAL SYMBOLS

A Amplitude of signal current.

b Band-width of quiescent-circuit response at — 3 db.

b, Band-width of super-regenerative response (at — 8-7 db.

for slope-control; —6 db. for step-control).

b e ‘Effective’ band-width of quiescent circuit defined as

;

b69
* Effective ’ band-width of super-regenerative circuit defined

bn Energy band-width of quiescent circuit.

bn , Energy band-width of super-regenerative circuit.

B Band-width of frequency spectrum of output pulses after

detection (at — 8*7 db. for slope-control ;
— 6 db. for

step-control).

C Total circuit capacitance.

e Base of Naperian logarithms.

f = (1)127T Signal frequency.

/o = wo l27T Natural frequency of resonant circuit.

fa Quench frequency.

/m Modulation frequency.

F(t) Arbitrary function in conductance formulae.

G(t) Circuit conductance function.

G0 Quiescent circuit conductance.

Gi Limiting value of negative conductance (step-control).

H =(fJb8)N9 Super-regenerative gain factor on design curves.

Jjr, I'Ji etc. Branch currents in equivalent oscillator circuit.

j V(-A
L Total circuit inductance.

M Mutual inductance.

N0 = log« fi0 Slope-factor or step-factor gain in nepers.

Nt = log, n a Super-regenerative gain in nepers.

Nt = N0 + N, Total gain in nepers.

P, Frequency-dependent terms in basic equation of super-

regeneration.

Q Circuit Q-factor.

r = Vi/2cr Ratio of signal to noise at input to detector.

S Factor, dependent on electrode voltages, appearing in

formulae for sinusoidal quench.

S(f) Frequency spectrum.

t Time variable.

fj, etc. Specific instants in conductance cycle.

Tq = i/fq Quench period.
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1 66 LIST OF PRINCIPAL SYMBOLS

T
fc

Build-up period, slope-control.

Td Damping period.

VM Signal voltage at input.

Va Instantaneous anode voltage.

Fa Mean anode voltage.

Vg Instantaneous grid voltage.

Vg Mean grid voltage.

F0a Anode voltage at which oscillation begins.

Vo, Grid voltage at which oscillation begins.

Y Circuit admittance.

Z Circuit impedance.

a = G0/4^C, fi — GxI\tiC Used for substitution in expressions for

frequency response.

S =± {(d)(t>0)
— i Departure from resonance.

Slope or step voltage gain factor (
= £**•).

Super-regenerative voltage gain factor ( = e^4
).

Root mean-square deviation of amplitude of output pulse

from the mean amplitude.

Width of output pulse at — i neper.

Arbitrary phase angle.

Function used in conductance formulae.

Arbitrary phase angle.

= 2.nf Radian frequency of signal.

= 2nf0 Natural radian frequency of tuned circuit.



INDEX
A. I. (Air Interception), 149
Amplitude modulation, 4, 133

Automatic gain-stabilization (a.g.s.),

116-30

circuits, 125

definition, 6, 116

numerical example, 12

1

principle of, 117

simple theory of, 118

Band-width of quiescent circuit

effective band-width, 42, 52

energy band-width, 41, 52

natural band-width, 43, 52
Band-width of super-regenerative re-

ceiver

effective band-width, slope-control,

52
effective band-width, step-control,

50, 52
energy band-width, slope-control,

4i. 52
natural band-width, logarithmic

mode, 106

natural band-width, sinusoidal

quench, 52, 85
natural band-width, slope-control,

4i, 52
natural band-width, step-control,

49, 52

Choice of quench frequency, 1, 89,

109, 133

Circuits, 125, 131-57

a.g.s., 125

‘Fremodyne’, 153
I.F.F. responder, 144
super-regenerative receivers for

amplitude modulation, 133

super-regenerative receivers for

control, 157
super-regenerative receivers for

frequency modulation, 150

super-regenerative receivers for

pulse, 142

Coherent state, 25-6

Conductance

function, 32-43
quiescent, 24
•lope, as. *8. 30, 41. 74. 81

Conductance cycle

hybrid, 53
logarithmic mode, 101

other kinds of, 97
rectangular, 93
saw-tooth, 98
self-quenching, m
sinusoidal, 73
slope-control, 24
step-control, 27, 44

Control circuits, 156

Damping
factor, 10, 52, 88

period, 24, 27, 39, 109

Design data, 162

Detection

linear mode, 57
logarithmic mode, no
self-quenching, 115

Detector

linear-law, 59
square-law, 61

Distortion, 4, 107

Effective band-width, 41, 42, 50, 52

Energy band-width, 41, 52

Envelope of oscillations

sinusoidal quench, 52, 87

slope-controlled state, 37, 52

step-controlled state, 47, 52

Equivalent circuit

super-regenerative receiver, 23, 50

tuned-anode oscillator, 12

‘Eureka’ responder beacon, 132

Formulae
quiescent circuit, 9, 52

sinusoidal quench, 81, 162

slope-control, 52
step-control, 52

‘Fremodyne* receiver, 132, 152

Frequency, choice of quench, 1, 89,

io9 > 133

Frequency modulation, 150-56

Frequency response

logarithmic mode, 105

quiescent circuit, 9, 52
slope-controlled state, 40, 52
step-controlled state, 49, 52, 95
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Frequency spectrum
due to signal and noise, 66

effect of amplitude modulation on,

66

of a single rectified pulse, 63, 64
of a succession of pulses, 64, 66

Gain
a.g.s., 1 17
slope- 39, 41, 52
step- 48, 52
super-regenerative, 1, 27, 39, 48,

52 , 83, 94
Gaussian error-curve, 27, 33, 38, 41, 87

Hybrid conductance cycles, 53

Identification-friend-or-foe (I.F.F.)

responders, 6, 13 1, 144

‘Lichtenstein* A. I. receiver, 149

Limitation of oscillation amplitude,

15, 103

Limiting frequency of oscillation, 20

Linear mode
analysis, 28
circuit, 137
definition, 2 .

formulae, 52
slope-control, 31

step-control, 43
Logarithmic mode

analysis, 103 •

circuit, 136

definition, 2, 100

distortion, 107

frequency response, 105

Modulation frequency, 4, 66, 90

Natural band-width, 41, 43, 49, 52,

85, 106

Oscillation envelope (see Envelope of

oscillations)

Oscillators, 8-19

Parallel-tuned circuit

steady state, 8

summary of properties, 9
transient analysis, 9

Practical oscillators, 19, 131-57
Pulses

detection of h.f., 57-63

spectra of rectified, 63-6
super-regenerative reception of,

142-4

Q-factor, 8, 29
Quench cycle

linear mode, 23-6

logarithmic mode, 10

1

rectangular, 93
self-quenching, 111

sinusoidal, 75
Quench oscillator, 1

Quench wave-forms
other kinds of, 97
rectangular, 93
saw-tooth, 98
sinusoidal, 72

Quiescent state, 30

Receivers

‘Fremodyne’, 132, 152

‘Lichtenstein’, 149
linear- with a.g.s., 125 137
logarithmic, 2, 100, 136

self-quenching, 3, 111, 134
strobe-quench, 150
super-regenerative—superhetero-

dyne, 138, 155
Rectangular quench, 93-7
Regenerative period, 24, 75
Responders (see I.F.F. responders)

Sampling period (see Sensitive period)

Self-quenching, 4, 114, 134
Sensitive period, 26, 33, 46, 55
Signal-to-noise ratio, 55

at receiver output, 158

before detection, 55
in a.g.s. system, 119
in output spectrum, 66
in practical receivers, 69
logarithmic mode, 103, no

Sinusoidal quench, 72
approximate theory, 77
design data, 162

design formulae, 81

graphical method, 73
Slope-controlled state, 31

analysis, 31

basic equation, 34
basic formulae, 52
conditions for, 36, 88, 98
definition, 25
frequency response, 40
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Slope-gain factor, 39, 41, 52

Spectrum (see Frequency spectrum)

Squegging, 4.ni
Step-controlled state, 43

analysis, 43
basic equation, 47
basic formulae, 52

definition, 25

frequency response, 49
Step-gain factor, 48, 52

Strobe-quench receivers, 150

Super-regenerative

gain, 1, 27, 39, 4$, 52, 83, 94
oscillator, 1, 8-19

principle, 1, 22

pulse receivers, 142-50

receiver-transmitter, 140

superheterodyne receivers, 138,

155
Suppression

of interference, 5

of radiation, 135

Symmetry of output pulse, 28, 48

Transition from slope- to step-control,

5i

Tuned-anode oscillator

limitation of oscillation amplitude,

I5> 103

steady-state analysis, 13

transient analysis, 1
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