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2. 

ABSTRACT 

This thesis presents a study of a new type of regenerative amplifier 

using tunnel diodes. From the general study and simplification of a tunnel 

diode equivalent circuit a method for small signal analysis is arrived at. 

This regenerative mode of amplification is then studied for a generalized 

conductance function. The expressions for the gain and the frequency 

response are derived and studied for optimum results. 

The particular conductance functions, due to the tunnel diode and 

associated circuit elements under the action of different pump amplitude, 

frequency and waveform, are considered. The dependence of the gain, the 

frequency response, the sensitivity of the amplifier to the input signal and 

the shape of the output pulse on the circuit parameters is studied. 

A study of such regenerative amplifiers in cascade is presented and 

practical systems are suggested. 

An approximate expression for noise in such amplifiers is proposed 

and shown to be in good accord with measurements. 

The thesis concludes with suggestions for further study. 



3. 

ACKNOWLEDGMENTS 

The author wishes to express his grateful appreciation for the support, 

guidance and encouragement given by his supervisor DR. A. R. BOOTHROYD 

of Imperial College. 

The author is indebted to Mr. R. A. King for his guidance and helpful 

discussions during the concluding stages of this work. 

Thanks are also extended to the past and the present research students 

of the Transistor Electronics Laboratory for useful discussions. In 

particular, the author is grateful to Anek Singhakowinta for stimulating 

discussions and his interest in the Author's work. 

The author wishes to thank the Signal Research and Development 

Establishment of the Ministry of Aviation, U.K., for the financial assis-

tance and support of his research programme. Earlier financial assistance 

from the Department of Scientific and Industrial Research, U.K., is also 

gratefully acknowledged. 

Finally, the author wishes to pay a tribute to Joan, his wife, for 

her encouraging and affectionate support. 



TABLE OF CONTENTS 

Abstract 	 2 

Acknowledgments 	 3 
Table of Contents 	 4 
Location of Figures 	 8 
Location of Tables 	 8 
List of Principal Symbols 	 9 

CHAPTER ONE 	Introduction 

1.1 	Introductory Background 	12 

1.2 	Definitions 	 12 

1.2.1 	The Regenerative Principle 	13 

1.2.2 	The Regenerative Amplifier 	13 

1.3 	Early Experimental Work 	14 

1.4 	Problem to be Investigated 	18 

1.5 	Original Contributions in this Thesis 	19 

CHAPTER TWO 	Tunnel Diode as a Circuit Element 

2.1 	Introduction 	 20 

2.2 	Tunnel Diode Voltage-Current Characteristics 22 

2.3 	Small Signal Operation of Tunnel Diodes 	25 
2,4 	Large Signal Operation 	28 

2.5 	Conditions for Regeneration 	30 

2,6 	Modes of Operation 	 32 

2.6.1 	Bistable Operation 	32 

2.6.2 	Monostable Operation 	35 
2.6.3 	Negative-Resistance Amplifiers and 

Oscillators 	 35 

2.7 
	

Requirements of a Regenerative Amplifier 	36 

CHAPTER THREE 	General Theory of Regenerative Amplifier 

3.1 	Introduction 	 37 
3.2 	Qualitative Description of Regenerative 

Cycle 	 40 

4. 



5. 

3.3 	Sampling Process 	 42 
3.4 	Analysis of the Linear Regenerative 

Amplifier 	 42 
3.5 	Sensitivity of the Amplifier to Signal Input 	45 
3.6 	Expression for Signal Voltage 	47 
3.7 	Signal Output Waveshape 	 49 
3.8 	Frequency Response 	 52 

3.9 	Regenerative Amplifier Gain 	54 
3.10 	The Damping Period 	 56 
3.11 	Conclusions 	 56 

CHAPTER FOUR 	Regenerative Amplifier with Square Wave Pump 

4.1 	Introduction 	 58 

4.2 	Type of Conductance Cycles 	 59 
4.3 	Amplifier Output 	 61 

4.4 	Large Signal Operation of Tunnel Diodes 	62 

4.5 	Effect of the Series Inductance 	65 

4.6 	Normalization of the Analysis with Respect to 

the Tunnel Diode Parameters 	68 
4.7 	Conductance Functions due to Square Wave Pump 	70 

4.8 	Approximate Analysis 	 73 
4.9 	Dependence of Gain on the Pump Current 	76 

4.10 	Damping Period 	 81 

4.11 	Frequency Response 	 84 
4.12 	Dependence of Gain on G

t 	 84 
4.13 	Dependence of Gain on the Diode Characteristics 86 
4.14 	Alternative Method of Analysis 	90 

4.15 	Experimental Investigations 	90 

4.16 	Conclusions 	 99 

CHAPTER FIVE 	Regenerative Amplifier with Sine Wave Pump 

5.1 	Introduction 	 101 

5.2 	Numerical Determination of Conductance Function 102 

5.3 	Approximate Methods 	 102 

5.4 	Dependence of Gain on Pump Frequency 	109 

5.5 	Dependence of Gain on Pump Amplitude 	115 



6. 
5,6 	Experimental Investigations 	122 

5.6.1 	Method of Measurement 	122 

5.6.2 	Low Frequency Measurements 	125 

5.6.3 	High Frequency Measurements 	130 

5.7 	Conclusions 	 130 

CHAPTER SIX 	Cascaded Regenerative Amplifiers 

6.1 	Introduction 	 133 

6.2 	Considerations for a Cascaded Amplifier 	134 

6.2.1 	Maximization of the First Stage 	134 

6.2.2 	Optimum Conditions for the Second Stage 136 

6.2.3 	Unilateralization of Cascaded Stages 	140 

6.3 	Grading of Diodes in Cascaded Amplifiers 	142 

6.4 	Experimental Investigations 	143 

6.4.1 	Measurements on Cascaded Amplifier with 

Square Wave Pump 	143 
6.4.2 	Measurements on Cascaded Amplifier with 

Sine Wave Pump 	 145 

6.5 	Conclusions 	 148 

CHAPTER SEVEN 	Noise in Tunnel Diode Regenerative Amplifiers 

7.1 	Introduction 	 149 
7.2 	Shot Noise in Tunnel Diodes 	151 

7.3 	The Noise Figure of Regenerative Amplifier 	153 

7.4 	Measurement of Amplifier Noise Figure 	155 

7.4.1 	Noise Generator Method 	155 

7.4,2 	C.W. Method 	 158 

7.5 	Conclusions 	 160 

Conclusions 	 163 

References 	 170 

Appendices 

A.1. 	The Effect of Sekies Inductance on the Input 

Conductance (Gin) 	 173 



7. 

A.2.  Method of Step by Step Integration 177 
A.3.  Computer Programme For Square Wave Pump 

Calculations 179 

A.4.  Computer Programme for Sine Wave Pump 

Calculations 183 
A.5.  Measurement of ieq for Tunnel Diodes 186 



8 

E1E. Page 

LOCATION OF FIGURES 

Fib. Page Fig. Page 

1.1 15 4.8 72 5.12 120 
1.2 15 4.9 72 5.13 121 
1.3 17 4.10 74 5.14 123 
1.4 17 4.11 74 5.15 123 
2.1 21 4.12 76 5.16 124 
2.2 21 4.13 78 5.17 124 
2.3 24 4.14 80 5.18 128 
2.4 26 4.15 82 5.19 129 
2.5 27 4.16 83 6.1 135 
2.6 29 4.17 86 6.2 137 
2.7 31 4.18 87 6.3 138 
2.8 31 4.19 89 6.4 139 
2.9 34 4.20 91 6.5 141 
2.10 34 4.21 92 6.6 144 
2.11 34 4.22 94 647 146 
3.1 38 4.23 96 7,1 150 
3.2 38 4.24 96 7.2 152 
3.3 39 4.25 97 7.3 152 
3.4 39 4.26 98 7#4 156 
3.5 41 5.1 103 7.5 156 
3.6 46 5.2 104 7.6 159 
3.7 50 5.3 106 0.1 168 
3.8 53 5.4 108 A.1 174 
4.1 60 5.5 lio A.2 175 
4.2 60 5.6 112 A:3 187 
4.3 63 5.7 113 
44. 63 5.8 114 
4.5 67 5.9 116 
4.6 69 5.10 117 
4.7 71 5.11 119 

LOCATION OF TABLES 

Table Page 
2.1 33 
4.1 85 
5.1 126 



9. 
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Introductory Background 

Very early in the history of Radio Engineering,regenerative amplifier1 b2 

made a considerable contribution to the techniques of communications. By 

the early thirties of this century they were established as high frequency 

amplifiers and detectors not only for 'modern two way radio systems'3 but 

had found currency in the amateur repertoire of circuits. 

The second world war saw super-regenerative circuits used widely in 

radar receivers. A considerable amount of effort was expended during this 

period towards the understanding and mathematical analysis of such ampli-

fiers. Further work and de-classification of information after the war 

resulted in a large number of publications45'6'7 on the subject of the 
regenerative amplifiers. 

While all the earlier work on the regenerative amplifiers employed the 

valve as an active device, with the advent of transistor and its acceptance 

later on as a respectable device, some work was reported8'9'10 on the 
'transistor as a super-regenerative amplifier and detector'. When Esaki 

reported11 the tunnel diode, it was expected that the two terminal negative-

resistance, provided so simply by tunnel diodes, would find use amongst 

other applications in regenerative amplifiers. 

1.2 Definitions 

1.2.1 The regenerative principle  

Regeneration is concerned with the build up of transients. In a valve 

or transistor this process is achieved by applying a part of the output 

energy to the input circuit in an appropriate phase relationship. An ana-

lysis and simplification of such valve or transistor regenerative circuits 

produce a simple equivalent circuit which consists of a time varying con-

ductance and one or more reactive elements12'13. The time varying conduct-

ance changes its sign from positive to negative and back again for every 
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completed transient. 

Depending upon the magnitude and the type of reactive elements, the 

conductance and the initial conditions of the circuit, the regenerative 

circuit will be an oscillator, bi-stable switch or monostable switch etc. 

We will examine the conditions for these modes of operation in sections 2.5 

and 2.6, 

Tunnel diode is perhaps the simplest regenerative device. The condi-

tions for regeneration can be achieved simply by the application of an 

appropriate bias. 

1.2.2 The reKenerative amplifier 

The theory of the regenerative amplifier is concerned with the repeated 

build up and decay of transients. The circuit conductance is made alterna-

tely negative and positive by the application of periodic voltage from a 

quench or pump oscillator. 

One type of regenerative amplifier is the well known super-regenerative 

amplifier. This type of amplifier goes into oscillations as the circuit 

conductance becomes negative and the oscillations are quenched as the con-

ductance goes positive. The signal frequency is at or very near the fre-

quency of oscillation. The pump voltage is at a much lower frequency but 

at a frequency at least twice as high as the maximum frequency of the 

modulation on the signal. The oscillations build up from the signal voltage 

developed across the circuit. When there is no signal present, the 

oscillations start from the level of the noise existing in the circuit. 

During the build up oscillations may become many times greater than the 

signal input and hence the gain of the amplifier. 

The regenerative amplifier proposed in this thesis does not go into 

oscillations. The voltage transient across the circuit builds up from 

the signal voltage developed across the circuit. This build up is arrested 

by the pump input and then the voltage across the circuit decays. The 

transients build up from the signal level to a peak voltage before they are 

quenched. This peak voltage is proportional to the magnitude of the input 

signal and may be many times larger. In this resides the gain of the 
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regenerative amplifier. 

The pump frequency, in this case, is at least twice as high as the 

frequency of the signal. 

In both types of the amplifiers described above, it is essential that 

the signal transient should die away before the commencement of the next 

cycle. Otherwise the next cycle will build up from the dying transient 

instead of from the signal. 

The choice of pump frequency, amplitude and waveform have a considerable 

influence on the characteristics of the regenerative amplifier. The actual 

choice is a complicated matter and is dealt with in later chapters. 

There are two modes of operation according to whether or not the 

transients are allowed to build up to an equilibrium value before they are 

arrested. If the transient which builds up in a single cycle of pump is 

quenched before it reaches a limiting equilibrium amplitude, determined by 

the circuit conditions and the load, the peak amplitude of the transient is 

proportional to the signal or noise voltage from which the transient grew. 

The amplification in this case bears a linear relationship with the input. 

If, however, the build up is allowed to proceed for long enough, the tran-

sient reaches a steady amplitude before it decays. In this, the logarith-

mic mode, the effect of an applied signal is to modulate the phase of the 

transient. 

The basic requirement of a regenerative amplifier thus is to provide by 

some means a conductance characteristic which oscillates between positive 

and negative conductance as a periodic control voltage is applied to the 

circuit. We shall see in Chapter 2, how tunnel diode provides this. 

1.3 Early Experimental Work and the Origin of the Project 

When this work was started, some work on linear negative-resistance 

amplifiers had been reported14'15'16'17. A short report later gave some 

experimental results obtained with tunnel diode super-regenerative 

receivers18. It was decided to investigate the possibility of a new mode 

of amplification which would utilize the inherent advantages of a simple 



Pump Current 

Tunnel 
diode 

(T.D.) 

Fig• 1.1.: Tunnel diode Switching Circuit. 

Fig. 1.2; DIODE. Voltage against time C..korcicteYisticS 
in the tresence of sinusoidal 

15 



16. 

two terminal device like a tunnel diode and at the same time it would try 

to overcome some of the disadvantages of the tunnel diode. 

In the earlier work by the author on tunnel diode as a logic element, 

the dependence of the switching characteristics on the trigger current and 

the parasitic elements associated with the tunnel diode was investigated. 

The circuit used was that of Fig. 1.1. It was observed that the switching 

transient of a tunnel diode in this circuit could be modulated by the 

presence of a small signal along with the trigger. The signal would, in 

such a case, see a conductance which is made to alternate, by the trigger 

current, from positive to negative and back again. 

Further, it was observed that if the trigger current was allowed to last 

for long enough the voltage across the tunnel diode reached a steady ampli-

tude but the switching transient was advanced or retarded in time corres-

ponding to the amplitude of the signal impressed (Fig. 1.2). On the other 

hand if the switching transient was not allowed to build up to the equili-

brium amplitude then the peak voltage across the tunnel diode was proportion-

al to the amplitude of the signal (Fig. 1.3) and the amplitude of the signal 

modulation on the peak voltage was many times the amplitude of the signal 

input. 

The signal was thus sampled at the frequency of the trigger current 

(pump current from now on) and amplified at the same time (Fig. 1.4). 

Tunnel diode is potentially a high frequency' and low noise device, It 

was expected that in this mode of amplification signals upto very high fre-

quencies could be sampled and amplified in a low noise stage. These 

arguments suggested that performance far exceeding that of any conventional 

techniques might be expected. 

It seemed a very attractive and feasible proposition that such 

amplifier stages could also be cascaded to produce high gain. Tunnel diode 

is a two terminal device and thus completely bilateral. In cascaded 

amplifiers of this sort where every stage would be switched on and off by a 

The advantages of a tunnel diode are discussed fully in Chapter 2. 
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Fig. 1.3 : Diode Voltage Against Time 

(Trigger Current Switched off at 0.4 psec.) 

Horizontal - 100 ns/cm Vertical - 50 mV/cm 

Fig. 1.4 : Signal Modulation on the Switching Transient 

and the Signal Current Waveform. 
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pump current an appropriate phase delay introduced between the pump input to 

the consecutive stages would give us a flow of signal energy in one direc-

tion only by making sure that the first stage was in a quiescent state by 

the time second stage became regenerative and so on. In this way it seemed 

possible to overcome the major drawback of the tunnel diode due to its two 

terminal nature. 

The components required for such an amplifier would be simple compon-

ents like resistors, tunnel diode and short delays. It was expected that . 

the simplicity of this configuration of amplification would make it possible 

to fabricate a low noise, wideband sampling amplifier in a very simple solid 

state construction. 

1.4 Problem to be Investigated 

In this work we will investigate tunnel diode regenerative amplifiers 

as defined earlier in section 1.2.2. The analysis and understanding of non-

oscillatory linear regenerative amplifiers form the main part of this 

thesis. To this end it is necessary to develop the simplest possible 

equivalent circuit which will, however, represent the linear regenerative 

amplifier to an adequate degree of approximation (Chapter 2). This analysis, 

though being carried out with tunnel diode expressly in mind, is neverthe-

less accurately applicable to any circuits, using other active elements, 

which can be reduced to the simple equivalent circuit assumed in the analy-

sis of Chapter 3. 

It is intended to derive simple analytic expressions for the gain and 

the frequency response of regenerative amplifiers (Chapter 3). These 

expressions are to be obtained for a general conductance function. The 

conductance function corresponding to particular pump amplitude, frequency, 

waveform and other circuit conditions can be substituted later to obtain 

optimum gain and frequency response conditions (Chapters 4 and 5). 

As far as possible effort would be made to avoid any numerical or 

graphical methods. It is intended to obtain analytic expressions which 

will help to further a qualitative understanding of the regenerative 

process and at the same time provide an approximate quantitative theory. 
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As mentioned in section 1.3, the cascading of such amplifier stages 

seems very promising and it should, therefore, be investigated (Chapter 6). 

An important aspect of the evaluation of any small signal amplifier is 

its noise performance (Chapter 7). An accurate analysis of noise in a 

sampling amplifier is very complex. Only alternative to cumbersome digital 

computer calculations is to make some reasonable simplifying assumption and 

then to show that the predictions based on these assumptions are in good 

accord with the measurements. 

It is important that while optimizing the amplifier with respect to 

its gain, frequency response and noise performance, the simplicity of 

fabrication is conserved. 

1.5 Original Contributions in this Thesis 

Except where reference is made to the work of others the research and 

conclusions reported in this thesis are original with the author. The work 

of sections 2.1, 2.2, 2.3 and 2.6 is well known and therefore only a few 

important references are given for these sections. 
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CHAPTER TWO 

2, TUNNEL DIODE AS A CIRCUIT ELEMENT 

2.1 Introduction 

Esaki gave news of the discovery of the tunnel diode in June 195$11. 

After a period of inertia, Sommers19 gave more details and suggested appli-

cations. Soon afterwards the tunnel diode was hailed as the greatest 

discovery after the transistor. A great deal of investigation was carried 

out in the field of tunnel diode circuits and many ingenuous circuits were 

devised. The enthusiasm of the earlier days is no longer present. Never-

theless, the tunnel diode appears likely to take its place along with the 

transistor, the semiconductor diode and the ferrite core in the field of 

applications. 

Tunnel diode can be employed in various circuits of which switches, 

converters, oscillators and amplifiers may be considered the most important. 

One of the main advantages tunnel diodes offer in these applications is the 

extremely wide range of frequencies in which the diode can be operated, 

The upper limit of oscillations obtained so far is of the order of 100 KMc/s, 

but it is believed that useful negative-resistance effects will also be 

available in millimeter wave range as the technology improves. This re-

markable feature results from the fact that unlike most other semiconductor 

devices the tunnel diode operates on the principle of majority carrier 

transition. The transit time effect is, therefore, of no importance here 

and frequency limitations arise only from the relatively large capacitance 

of the junction and the parasitic reactances associated with the mount. 

The low noise produced by the diode is another noteworthy feature. 

In the region of tunnel diode characteristic over which the diode current 

is due mainly to tunnel current the noise current is due to shot noise 

associated with diode current. One of the most impressive features of the 

tunnel diode is its relative insensitivity to a wide range of temperature 

variations. Significant resistance to radiation damage, greater reliability, 

small dimensions and a relatively simple fabrication process are other 

advantages of the tunnel diode. 
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This device, unfortunately, has several drawbacks. The most important 

one is its two terminal nature which makes it completely bilateral. The 

design of multistage tunnel diode amplifier, for this reason, is not very 

easy. 

It is a small power device. Whereas this is an advantage in some 

circuits (logic elements in a computer) it is also a great disadvantage 

when tunnel diodes are used as oscillators etc. 

2.2 Tunnel Diode Voltage-Current Characteristics 

The voltage-current characteristics for a germanium tunnel diode is as 

shown in Fig. 2.1. The important D.C. parameters are also indicated in 

this figure. 

The dotted line in this figure shows a normal diode characteristic 

resulting from minority carrier current. In the range over 0.35 Volt in the 

forward direction, the voltage-current curve could be fitted quite accurately 

by the relation 

I = I
s 
 rexn(qV/KT) - 1] 

In the lower voltage region below point C and in the reverse biased 

state the diode current consists of majority carriers which tunnel through 
ll,  the narrow p-n junction. Following Esakiit  can be assumed that there 

are two current streams flowing across the junction in opposite directions. 

The current flowing in the reverse direction is the familiar zener current 

(I Z). The current in the forward direction can be called Esaki current 

(1E). The Zener current I from the valence band to the conduction band, 

and the Esaki current 17  flowing from the conduction band to the valence 

bands are taken as 

E 
IE = A I V  f (E) p (E) zc  c 	c 	L rl - fv(E)I pv(E) dE , 

jEc  

EV  

and I
Z  = A d 	fv(E) pv(E) Zv_,c  [1 - fc(E)] pc(E) dE 	2.2. 

EC 

2.1. 
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where A is an appropriate constant 

and ZV-*C  are the probabilities of penetrating the gap. 

f (E) and fV  (E) are the Fermi-Dirac distribution functions; namely, 

the probabilities that a quantum state is occupied in the conduction and 

the valence bands respectively. 

pc(E) and pv(E) are the energy level densities in the conduction and 

valence bands respectively. 

The net electron current flowing across the junction id  is the differ-

ence between IE  and I 

i
d 	

= IE 	I z  

According to simplifications due to Pucel20 and others 

IE 	
id 

721r. exp k2  

Iz  = IE  exp -ay 
kT 

These components of tunnel currents are plotted in Fig. 2.2. 

In practice, the diode current is greater than the sum of the theore-

tical majority and minority currents between points B and C (Fig. 2.1). 

The current in this region is called the excess current and there have been 

some attempts at explaining its presence. 

The peak point current (I ) of a tunnel diode can be accurately con-

trolled by etching the junction and tunnel diodes with a wide range of 

current ratings from microamperes to several amperes can be obtained. 

The peak point voltage V , valley point voltage V
V and forward point 

voltage Vfp  are determined by the semiconductor material and are largely 

fixed (see Fig. 2.1). For germanium these voltages are respectively 55 mV, 
350 mV and 500 mV typically at 25°C. 

If the shape of the voltage-current characteristic for tunnel diodes 

with different peak currents is assumed constant, their conductances at any 

point over the characteristic will be in the ratio of their peak currents; 

and 

2.3. 

2,4. 

2.5. 
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that is the ratio -2  is constant. In practice —2  varies approximately from 

0.1v to 0.2v but most diodes have this ratio in the middle of this range. 

2.3 Small Signal Operation of Tunnel Diodes  

A complete equivalent circuit for a tunnel diode in the linear mode 

including both the effects of series inductance and dissipation is shown in 

Fig. 2.3. This equivalent circuit remains effective to extremely high 

frequencies.21 

The diode a.c. conductance, GI  is a function of bias voltage and can 

be either positive or negative (Fig. 264). The diode conductance varies 
very slowly with voltage in the reverse bias condition. 

The capacitance, C, is also a function of bias but changes more 

gradually (Fig. 2.5). The capacitance is primarily due to the capacitance 

of the junction although a small portion of the capacitance is due to the 

leads and the package. As the junction capacitance is reduced the package 

capacitance becomes more and more important, however. 

The inductance, Ls, is relatively low and is determined primarily by 

the inductance of the leads. 

A small amount of series resistance, Rs, is also present and is deter-

mined by the bulk resistance of the semiconductor material. 

Measurements techniques for these diode parameters are described in 

the literature2223 

The small signal a.c. characteristics of the tunnel diode are described 

in terms of these equivalent circuit parameters L
s1 
 C, R

s 
-R = 	and of 

certain characteristic frequencies that are functions of these parameters. 

The impedance Zd  of the diode is 

	

Zd 	R +
s + 	 jwRC - 1 

• • Re 	R
s 1 + (wCR)2  

2.6. 

2.7. 
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wCR2 

	

and X =
s 	 2.8. e 

1 + (wCR)2  

where Re = the real part of Zd  

and Xe = the reactive part of Zd. 

The frequency at which the real part R
e of Zd is zero is the resistive 

cut off frequency, 
1 

	

fr = 	1 	F R 
2n RC 	L Rs - 1 	2.9.  

The frequency at which the reactive part Xe  = 0 is the self resonant 

frequency 

1 	R2C f
s 

= 
2n RC [ L

s 
2.10. 

A third characteristic frequency sometimes referred to as the oscilla-

tion frequency which, by definition, is theoretically the frequency at which 

the diode will oscillate if short circuited 

f 1 
1 	1 1- R osc 	 R 1 

s 

2n NC]  
This is true only for low level oscillations. 

Some typical values of the parameters for a tunnel diode are 

Ip  = 4.7 mA L 	= 6 nil 

R
s 

= 0.5 ohm 	-R = -33 ohms 
C 	= 10 pF 

and the corresponding characteristic frequencies are 

fr = 3.88 KMc/s 

fs = 417 Mc/s 

f 
osc= 645 Mc/s 

2.4 Large Signal Operation 

The validity of the small signal tunnel diode model can be extended 

over a large signal range by incorporating the static terminal characteris-

tics of the device into the model shown in Fig. 2.6. For most large signal 

applications the lead inductance Ls, the series body resistance, Rs, and 

2.11. 
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the barrier capacitance, C, can all be assumed to maintain constant values 

over the range of interest without introducing gross inaccuracy into the 

analysis, 

The equations describing large signal operation of the tunnel diode 

are 

Vd  = v + R + L -41  s s dt 

and i = C dv + f(v) 
dt 

where v = voltage across the junction 

and f(v)= static voltage-current relationship of tunnel diode 

junction. 

2.5 Conditions for Regeneration 

For a large number of applications including the regenerative amplifier 

of this work, of tunnel diodes, to the equivalent circuit of Fig. 2.3, a 

load resistance Ri  and some associated lead inductance 1,1  are added. Then 

the equivalent circuit becomes as in Fig. 2.7. If series resistance Rs  is 

neglected and the voltage generator of Fig. 2.7 is replaced by an equivalent 

current source, then the circuit of Fig. 2.7 can be represented by Fig.2.8. 

From the equivalent circuit (Fig. 2.7) we can write down the expression 

for the circuit impedance 

Z(S) = Rt  + SL + 	1 
SC - G 

 

2L  S -C + (RtC LG)S + (1 R
tG) 2.14. 

 

SC - G 

 

The zeros of this equation are 

 

R, 
51,2 = 

- C 
+ 	Rt 	2 

!- _.4 	- C ) 

1 - RtG j  
- LC 2.15. 

2.12. 

2.13. 
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The current i in such a circuit for a step input would be described 

by 

	

i 	= 	'le 
 1
t 	

At
e Sgt 

+ e(t) 

where Al  and A2  are constants which depend upon the initial current 

in the inductor and charge on the capacitor. 

The exponential factors S1 and S2 
may be real, complex or imaginary 

depending upon the choice of the circuit parameters. If either of the roots 

S
1 or S2 has a positive real part, the circuit will be regenerative. If 

the S's are real, an initial disturbance will either grow or decay ex-

ponentially to the steady bias condition. If the Sts are complex, the 

transients will be growing or decaying sinusoids. 

Equation 2.15 can be studied by the behaviour of the factors a and 0 in 

equation 2.16, for different relative magnitudes of the circuit parameters. 

Table 2.1 gives the various circuit conditions possible for different 

values of Rt,  L, C and G. 

LG 	1 For the condition 3 i.e. 	Rt 	the roots S1  and S2 
have nega- 

tive real parts and the circuit is absolutely stable, 

For all other combinations of a and p signs the circuit is regenerative 
because at least one of the roots have a positive real part. 

LG 	. If Rt< 	„ 	-a- and a2 	i01 then the roots are complex and 

the circuit will be oscillatory. For all other conditions 1, 2 and 5 of 

Table 2.1 the circuit is regenerative but non-oscillatory. 

2.6 Modes of Operation 

There are various modes of operation possible for a tunnel diode 

depending upon the bias applied to the tunnel diode, the load resistance 

and the relative magnitudes of the reactive elements. 

2.6.1 Bistable operation 

. If R 	1- for all magnitudes of L and C the tunnel diode will have t' G 
two stable states A and D (Fig. 2.9) which are defined by the load line and 
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the bias. 

0 If tunnel diode is biased at point A and Lt , 	, a positive pulse 
of large enough magnitude applied to the tunnel diode will lift the biasing 

current aboVe the peak current and if this lasts long enough to take the 

tunnel diode beyond the point m then the tunnel diode switches to the high 

voltagy State Do Otherwise it will return to the point A. If the width of 

the pulse is greater than the time taken to switch from A to C then the 

trajectory followed will be ABC. When the triggering current ceases, the 

biasing point moves from C to the high voltage quiescent state D. 

To switch back to the low voltage state, a negative trigger pulse is 

applied to the tunnel diode such that the tunnel diode current is reduced to 

below its valley current. The tunnel diode switched to F and then back to 

point A - when the trigger pulse ceases. The switching cycle is therefore 

ABCDEFA. 

For bistable operation if r
t 	G then the load line is modified by 

the presence of the inductance. The trajectory in such a case is 

ABC'DEF'A. 

2.6.2 Monostable operation 

If a tunnel diode is biased such that the load line makes only one 

intersection with the tunnel diode characteristic as in Fig. 2.10 then the 

circuit has only one stable point. 

If the inductance L is large enough, i.e. Lt  \` $ a trigger 

current which increases the diode current to more than the peak current 

a 

will cause it to go through the trajectory ABCD?  
Rt G If L — 	- the voltage across the tunnel diode at any instant will .0 

be dependent on the amplitude of the trigger current at that instant. 

2.6.3 Negative-resistance amplifiers and oscillators 

In these types of applications Rt  is restricted to be less than or 
1 equal to -cT and the bias point is as shown in Fig..2.11. 

C, 1 If 	< Rt 	3  , then the circuit will be stable and will act as 
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linear negative-resistance amplifier. 

LG 
If Rt -:, 	Rt  s< CG and a2 < 	then as discussed in section 2.3 

the circuit will be oscillatory-. 

2.7 Requirements of a Regenerative Amplifier 

The requirements of a regenerative amplifier are twofold. 

1) For a circuit to be regenerative it is necessary that at least 

one of the zeros of the immitance function of the circuit has a positive 

real part at some part of the pump cycle. 

2) If such a regenerative circuit is to amplify a signal then the 

real part of its immitance function seen by the signal must be negative for 

a part of the pump cycle. 

It is possible in some circuits to fulfill the requirements 1) and 2) 

above and at the same time a zero of the immitance function of such a circuit 

not only has a positive real part but the roots are complex. The circuit 

in this case is oscillatory and acts as the wellknown super-regenerative 

amplifier. 

It is intended to restrict this work to the investigation of the non- 

oscillatory regenerative mode of amplification. The circuit of such an 

amplifier will have at least one positive real root. 

A study of table 2.1 of section 2.5 shows that the first two rows of 

the table satisfy the conditions for regenerative amplification. Of these 

	

1 	LG the circuit conditions Rt.`- 	and Pt  are of greater interest as 

	

- G 	C 
shown in appendix A.1. 
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CHAPTER THREE 

3. GENERAL THEORY OF REGENERATIVE AMPLIFIER  

3.1 Introduction 

In the linear small signal mode of amplification, the regenerative 

amplifier can be represented by a very simple but adequate equivalent cir-

cuit. Fig. 3.1 shows the schematic representation of such an amplifier. 1b  

is the pump current which is very large compared with is, the signal 

current. 

If the frequency band of operation is well below the resistive cut off 

and the self resonant frequencies, a considerable simplification in the 

analysis can be achieved by replacing the tunnel diode in Fig. 3.1, by the 

approximate circuit of Fig. 3.2. In this circuit the series inductance Ls  

and the series resistance, Rs, are neglected. 

For linear negative-resistance amplifiers this model suffices to 

500 Mc/s or so for the majority of the presently available diodes. However, 

this and the following chapters assume this equivalent circuit and it is 

worth emphasizing that the analysis is exactly applicable whenever the 

situation can be described in terms of a time varying conductance shunted 

by a parasitic capacitance. 

A network model which includes the series inductance is studied later 

in section 4.5. 

A further simplification can be made by handling the problem in two 

stages: 

a) A large signal analysis. Here we obtain from the differential 

equations of the equivalent circuit of Fig. 3.3, the conductance-time 
characteristic produced by the action of the pump and study the effect of 

the pump frequency amplitude, waveform and the circuit parameters on the 

conductance-time characteristic. 

b) A small signal analysis. Here we study the effect of a time 

varying conductance on the signal (Fig. 3.4). For this analysis we assume 

that the signal current is very small compared with the pump current. 
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In this chapter we will investigate the part (b) for this purpose we 

assume a simple conductance function which is of the form 

G(t) = G
o  1 M F(01 

It is possible to deVelop general formulae and understand the main 

properties of the regenerative amplifier on the basis of these assumptions. 

In Chapter' 4 the large signal analysis will be attempted and then we 
can substitute the conductance time function corresponding to a particular 

pump. 

3.2 Qualitative Description of Regenerative Cycle  

The operation of this amplifier can be best understood by tracing the 

various events that take place during a single cycle of pump. We will study 

the equivalent circuit of Fig. 3.2 in the presence of a square wave pulse 

of current of magnitude Ib. A typical voltage transient, across the tunnel 

diode, in response to a square wave current input, will be as shown in 

Fig. 3.5. From the conductance against voltage graph (Fig. 2.4) we can 

obtain the conductance-time curve (Fig. 3.5). 

We can assume the circuit conductance for V.:;0 to be a constant value 

Go This will not introduce much inaccuracy in our analysis as conductance 

is a very slowly varying function of voltage in this region. Furthermore, 

as we shall see later, this section of conductance-time graph does not play 

a very important role in our analysis. 

At time t <, 0 and G(t) = Go  (Fig. 3.5) the voltage across the circuit 

is that due to the applied signal current is  = Is  Sin wt. When the tunnel 

diode is forward biased by the pump current (i.e. t > 0) the voltage across 

the tunnel diode capacitance slowly builds up to the peak voltage Vp. If ib  

is large enough at this point to exceed I + VpGt then the voltage will 

start increasing further. At time t = t1, the value of circuit conductance 

has been reduced from Go to zero. At this point as G(t) changes sign from 

positive to negative, regenerative build up starts. This build up goes on 

from the level of the signal to a maximum amplitude at the instant t = t2, 

when the conductance is once again zero. 
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After that the voltage, due to the signal, across the tunnel diode 

decays as the conductance goes positive. In order that the next regenerative 

cycle builds up from the level of the signal the voltage across the tunnel 

diode due to the signal must decay to the signal level. 

3.3 Sampling5 Process  

At the point t = t1  and G(t) = 0, the current-voltage curve for the 

circuit goes through a maximum. At this point in the cycle there is a 

minimum amount of charge flowing into the diode capacitance G. Any small 

signal current impressed at this instant makes a significant contribution to 

the total charge available to build up the voltage across the diode capacit-

ance. At an instant before or after t = t
1 the signal impressed makes a 

much less significant contribution. The signal input is thus sampled for 

a short period around t1  (when conductance changes from positive to nega-

tive). 

The sample of signal during the sensitive period of the pump determines 

the amplitude to which the signal voltage across the tunnel diode can rise 

before being quenched. 

The way in which sampling sensitivity varies during a pump cycle de-

pends on the pump, the tunnel diode and the circuit parameters. 

The signal is sampled once for every cycle of the pump. The maximum 

frequency of amplification is thus restricted to half that of the pump. 

From this qualitative description it is easy to see that the gain of a 

regenerative amplifier would, to a large extent, be dependent upon the 

characteristics of the amplifier in the sensitive period. It is not obvious 

as to what would be the determining influence on the frequency response 

except that the tunnel diode capacitance would be one major factor and the 

conductance, in some way$  another. 

3.4 Analysis of the Linear Regenerative Amplifier 

An approximate mathematical analysis of the circuit of Fig. 3.4, should 
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describe the main properties of the regenerative amplifier, 

Equating the currents in the circuit, the differential equation for the 

circuit is 

C v + G(t) v = Is  Sin wt 	3.1, 

where C = the diode capacitance 

I
s Sin wt = signal current at an angular frequency w. 

and G(t) = G r1 F(t)J 
0 L..  

Rewriting 3.1. 

+ G(t), v = is Sin wt
C  C 

This equation is of the form 

+ G(x) y = H(x) 	 3.3. 

This equation can be solved readily by multiplying both sides by an 
integrating factor, exp (J G(x) dx), 

Equation 3.3. now becomes 

t.  Sr + G(x) yi exp (..[G(x) dx) = H(x) exp IG(x) dx) 

which is the same as 

d ry exp (j G(x) 	= H(x) exp (1 G(x) dx) 

f
. / 

 
• • 	y = exp (- G(x) dx) 1..,11(x) exp ( tG(x) dx) + 

where K is an appropriate constant which depends on the initial 

conditions of the circuit. 

The solution of equation 3,2. therefore, is 

	

v = K exp(- 	(G(t)dt) + exp(-L(G(t)dt) • lis exp( 1  ( G(t)dt)Sin wt dt 
C 

= v + v o 	1 	
3.4. 

The formula 3.4. for the voltage across the circuit is applicable to 

any variations of conductance. The signal voltage v at any time t>0 

consists of two parts. vo  can be regarded as the stead/state voltage and 

3.2. 



1 3.7. 
v1+0 
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v1 is due to the effect of the signal input on the time varying conductance. 

For a time t < 0, the voltage v across the circuit is the steady state 

voltage. This assumes that signal from the previous cycle has decayed to 

the steady state value. At time t 0, G(t) = Go, and therefore)  the 

equation 3.2. for this region is 

+ Go v = Is Sin wt 
	

3.5. 
C C 

The steady state solution of this equation is 

I
s 

 
1-.62 Sin wt - w cos wt 

.I 
3.6. 

Crw2+(Go)21 

The value of the constant K in equation 3.4. can now be determined from 

the boundary condition at t = 0. The voltage v is continuous through t = 0 

i.e., 

Vi 
•-0 

From 3.6. 

V] 	- I
s
w 

-o Cfw2+ (G0)2-1 

\ 

From 3.4. 

v I 	= K 
+o 

Consequently using equation 3.7. 

K = -Isw 

 

3.8. 

 

C [72+ G
o \ 
2  
j 

From equations 3.4. and 3.8. we are now in a position to write the 

expression for vo. 

- 	 r vo = 	law 	exp ( -c- j  G(t)dt) 

Ci
w2+ G 2- 

- C 

3.9. 



- I
s
wC 	

exp ( 	̀ G(t)dt) 
2 

3.10. 
G
o 

2 
but/ GO • \Y> w2  and therefore, 

C  
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We will see later that the relative importance of the steady state voltage 

v
o and the transient voltage v1 depends upon the period t1 which is the time 

required for the circuit conductance to reduce from Go  to zero. 

3.5 Sensitivity of the Amplifier to Signal Input 

The qualitative description of section 3.3 shows us that the sensitivity 

of the circuit to signal input is greatest at t = tl. 

From the equation 5.4, we may write the value of vl  in the form 

v c Is exp ( 7  1 1 G(t)dt) I1 
 

where ft 
. exp ( L  1 

C ( G(t)dt) Sin wt dt. 
lo 

3.11. 

We can proceed now to evaluate I1, For this it is necessary to sub-

stitute a general conductance function with the important characteristics 

of the conductance curve of Fig, 3.5. An appropriate conductance function 

is 

G(t) = G ri - F(t)1 	3.12. 

At t = 0, G(t) = Go  

At t = tG(t
1) = 0 

and At t = tG(t
2
) = 0 

and we note further that  

• • F(0) = 0, 

• . . F(t
1) = 1 	3.13. 

• • F(t2) = 1 

,t 
1 G(t) dt = 	

r 
t - 0(t)] 

i 	
G i 

0 
0 L 

t 
where 0(t) = ! F(t) dt 

-o 

3.14. 

3.15. 
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j = exp ( C  G(t)dt) exp 6  
1 
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Making the substitutions in eqUation 3,11, from equation 3,14. 
,t 

exp r 
do 	

G. f t 0(01:1  Sin wt dt 
1 o 

To study the sensitivity of the amplifier this equation should be studied 

at and around t = t1,  

Changing the origin from t = 0 to t = t1  and the time variable from 

t to Z = t-t1, now I
1  becomes 

I 	exp! 
a

(20-t1 	0(2+t1) 1 j  Sin w(ati)dz 3.16, 
C 

-ti  

The exponential under the integral is a maximum at t = t1 and falls off 

on either side of it. We can reach a reasonable approximation to the value 

of integral I1  by expanding the exponential expression about the instant 

t = t1 and neglecting the unimportant terms 

gati) 	0(t1) + ZF(ti) + 3  Z2  F' (t1) 

and because F(t
1
) = 1 

0(Z+t1) = 0(t1) + Z 3  Z2  ri(ti) 

Consequently the exponential becomes 

exp  Go f ( 1  ) 0( atO c  1 	= exp 	0(t 	exp 	o 	(t1)  
G 	G F, 	1 z2 

20 	J 

GoFs(t1) z2  

2C 

3.18. 

The factor exp - G0F1(t1) Z2/2C is plotted in Fig. 3.6. It has the 

form of a gaussian error curve with a maximum at Z = 0 i.e. at t = 

The amplifier is most sensitive to signal at the time t = t1  and the 

sensitivity falls off quite rapidly for an instant before or after time 

t = ti. 

-C t- 

3.6 Expression for Signal Voltage  

The fact that the sensitivity factor in 3.18. is important only for 
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values of t near t1 leads to a considerable simplification in the evaluation 

of equation 3,16 

Now Sin w(ZI-ti) = Sin wZ cos wt1  + cos wZ Sin wti, The first term 

on the right hand side is very small near Z = 0 and therefore)  can be 

neglected. So that 

't1 G0F1(t ) 
= expl7 	G(t )dti Sin wt1  I 	exp 	2C 

	 521cos wZ dZ. 
1‘d 

0 	 1 	3.19. 

If the limits of integration can be replaced by 4- m then the integral 

is a standard one which can be solved by simple means. This assumption is 

justified because the sensitivity falls off quite rapidly on both sides of 

Z = 0. 

Provided GoF"(t1) t12 > 3 
2C 

and t > 2t1  

1 
I 

3.20. 

the sensitivity factor in which case would have fallen to less than 5 per 

cent of its peak value, If these conditions are satisfied)  the error 

involved in changing the limits of integration is negligible. 

ri ft1 	1 	
,:,«: 

. • . I1 = exp 1 z 1 	G(t)dt I Sin wt 1 j ex p1-GoF'(t1)  Z2 cos wZ dZ 
J 
o 	

.J 

	

— cr3 	L 	2C 

L 
, t, 	. 

	

'  2 n C  11 	- Cw2  = exp 1= ir j-  G(t) dt i 
LC 	i ILGoPi(t1)  i 

exp 2d07771)  Sin wt1 

0 

Now GoFt(t1) = G'(t1). 

The signal voltage vl  now is given by 
t 

v1 = Is Sin wt 

	

p (-C w 	1 ex 1 1:67-dr(r)1
0 ji G(t)dt 7777TT)J  

ti  

3.21, 

In this expression exp -C w2  
267e) is the frequency dependent term. As 
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we shall see later this expression is very nearly equal to unity over the 

frequency band of amplification. Sin wt, appears in the equation only to 

signify that a sample of signal Is  Sin wt is taken at the instant t = ti. 

Now we are in a position to compare the relative magnitudes of v1 and 

vo. From equations 3.10. and 3.21. 

v1 	
C 	

2 7  G 	t, 
f".g. , 2 n 	1 	exp 	G(t)dt — 4 "(3.4 1) 	wC 	J
o 

 

3.22. 

 

For vo  to be less than one per cent of v1, the right hand expression should 

be greater than 100. In practice, this expression has a value of 1000 or 

more. Therefore, neglecting vo  

r 2 n 	 i 	n  2 . r 1 v . 	. exp --'=-2-r-- j expi- 7, J  G(t)dt -I Sin wt1 vl 	IsCU-INTTIT) I 	[ 2 GI kti) 	'-' 	I 
t1 

3.23. 

3.7 Signnl Output Waveshape 

Further simplification of equation 3.23 is possible and can be made to 

yield very useful information regarding the waveshape of the output signal 

voltage, 

We know from qualitative description of section 3.2 that the signal 

builds up in amplitude to the point t = t2  when the circuit conductance 

reduces to zero from its negative value. For t > t2  the circuit conductance 

goes positive and the signal voltage decays, 

age is a maximum at t = t2. 

The only part of expression 3.23. which
t
can describe the shape of the 

output is the exponential factor exp t- 1 	Jr  G(t)dt) 

t1 

f 	11 
and exp 	

t 	t 
r_ 	1 exp [- 	G(t)dt] expl G(t)dt] 

ti 	 0 -(3 Jo 

but exp [- f G(t)dt] can be expanded around the time t = t2 

At t = t2 G(t2) = 0 F(t2) = 1 

Hence the signal output volt- 
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t )- _ 1 1  1  

f 1 exp 1 - c  

t2 	1 
G(t)dt 1  exp 2C 

-Gt(t2)z2  
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Changing the variables once again from t to Z = t-t20 we Obtain 

1 t exp 	

c 

	

- - 	G(t)dt 	exp 	r t 	93(t) C1 
Jo 

 

o ,  
7 	\ kat2)- 0(z+t2j 

Now 	gat2) = 0(t2) 	Z F(t2) 	3 Z2  F' (t2) 

We neglect higher terms of the expansion and this makes the exponential 

factor 

[_ 1 
[ 	

r G(t)dt] 	
- 

exp 	Co t2 	0(t2) - 3  Z2Ft (t2)

0  
}] 

2 	 -G1(t
2
) 

exp 1- 2c--  j G(t)dtj exp 	Z2  2C -o 
3.24. 

- G'(t2) 
The factor exp2C 

	gives us the shape of the output pulse 

and is a gaussian error curve. The peak of the output voltage occurs at 

the time t = t2 and falls off quite rapidly on both sides of it. This 

factor is plotted in Fig. 3.7. 
Substituting from equation 3.24 and 3.21 the output voltage across the 

circuit is 

exp 

exp 

3.25. 

Before embarking upon a further study of the constituent terms of this 

expression we can normalize it to a new time variable x such that 

t 

Then normalizing other time dependent factor in expression 3.25. with 

respect to C we have 

Gl(ti) = G1(x1) 
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G'(t2) = G'(x2) 

C 

x2 1 I-2  G(t)dt 	- 	G(x)dx = a = negative-conductance area, 

	

t1 	xl  

	

and w2 	2  

C2 

Then the normalized expression for output voltage is 
1 

2.7 	2 	 [-G1(x,) 
v = Is  A T177) I exp [- µ2/2G 1(x

1  )1exp a exp 	2 	(dx2) 1 - 
3.26. 

where dx2 is normalized time deviation from the 
instant x = x2 

3.8 Frequency Response  

The only frequency dependent term in the expression 3.26. is the term 

exp 	µ2/2G1(xi) 	 3.27. 

The value of this expression is unity for µ = 0 and falls off at higher 

frequencies. This term is drawn in Fig. 3.8. 

In the regenerative amplifier, the maximum frequency of amplification 

is restricted to half the frequency of sampling. If 	is the frequency 

of the pump 
	 27 

• then the frequency band of amplification 3.28. 

If the gain in this frequency band is not to fall by greater than 100 

below the gain at the low frequency end 

then exp - µ2/2G1(x1) j 0.9 

µ2/2G1(x1) < 0.105 

2 	0.21 Gl(xi) 

or 	µp2 	0.84 Ggx1) 
	 3.29. 
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This condition relate the two factors which determine the frequency 

response of the amplifier. In practice, as we will see in chapter 4, this 
condition 3.29 is more than satisfied and drop in gain in the frequency band 

of amplication is even less than 5%. 

3,9 Regenerative Amplifier Gain 

The linearity of the regenerative amplifier is evident from the fact 

that the signal output voltage v at any time during the regenerative cycle 

is directly proportional to the signal input current 

The regenerative gain Am of the amplifier measured at the time t2, at 

the peak of the output pulse and in the frequency band such that the 
expression 3.27 is unity, is given by 

Am = Gt[gfil)1 exp a 	3.30. 

= G
t 

A
v 

where G
t 

= G
s 

4- 

and Av = [27E/G exp a 	3.31. 

A
v in this expression 3.31 depends upon the conductance function G(t) and 

thus on Gt. Av  can be maximized with respect to Gt  and then the gain Am  in 

equation 3.30, is at a maximum. 

As far as the current and voltage gains and the voltage across the 
circuit are concerned, they are affected only by the total conductance Gt  
and not by the individual values of source conductance G

s or load conductance 

GL. But the current input and thus also the current output depend upon the 

relative magnitudes of Gs  and GL. 

The maximum current input = Is when Gs = 0 

i.e. Gt  = GL  

The current gain Ai  = Av  Gt  = Av  GI  

and the maximum output current = Is  Av  GL 	3.32. 

In an active two port which has infinite or zero input impedance, the 

amplification ratio (ratio of voltage or current out to voltage or current in) 



where X = duration of one cycle. 

But v = I A exp f-G1(x2) 	 .21(dx
2 

 
8 v  L 2 

Power available from the source = 2/4G 
s s 
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is a very useful measure of performance. However, for a two terminal net-

work with its input and output ports common or for a network which requires 

power at the input port, it is much more significant to measure performance 

in terms of the flow of power in the circuit. 

The most important measure of power flow is the quantity called the 

transducer gain (PT). Transducer gain is defined by the formula 

PT 	
Power delivered to the load.  
Power available from the source 

= p 
0 3.33. 

  

Pays 

Its importance arises from the fact that it compares the power which 

the active network delivers to the load with that which the generator alone 

could deliver under optimum conditions of the load and the source imped-

ances, and therefore it measures the efficacy of using the active device. 

Power output into load at any instant 	= v2 GL X 
1 Average power output over one cycle 	= 5-c  j v2  GL dx 3.34. 

3.35. 
4 G G 	X 

2 r 	
cc'. 1 2  dx Therefore PT = 	s L A 	fexp f- G'(x2) 

v 	2 X 	-o 	2 

Changing the limits of integration to + a (This does not involve any in-

accuracy because the expression under the integral falls in value to much 

below 5 per cent at the limits of integration i.e. x = 0 and x = X. 

PT 	4 Gs  GL 
 A2

v  
I_Gi(x

2
) 

The terms Av  and LT4-1E  7 ) 	depend upon the external total conductance 
7 

2' Gt and not on the individual values of Gs and GL. These terms can be 

maximized with respect to Gt. 

The remaining factor 4 Gs  GL in the expression 3.36. for PT is a X 

2 

3.36. 
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maximum with respect to the source and the load conductance when 

Gs = G
L 	G

t 
	

3.37. 
2 

3.10 The Damping Period 

In section 3.4 we made the assumption that at the end of each cycle 

the circuit reaches its steady state. It is necessary that each cycle must 

start from the level of the input, signal. Otherwise the voltage transient 

would build up from the decaying transient.of the previous cycle. 

It is obvious from equation 3.36. that shorter the period X compatible 

with the circuit condition the higher the power gain PT. But if the 

period X is reduced indefinitely the above assumption will not be justified. 

If we can ensure that the transducer gain drops to -20 db at x = X, the 

power due to regenerative amplification would have dropped to 5 per cent of 

the signal power available from the source. For this 

PT 	= 0.05 at x = X 

= 4 G
s
G
L
A2
v  exp 

;Gt(x2) 
L--2 

0 • exp[1,Gt(x2 	(x - x2)2  
) 	[  0.05 	] 1  

2 
4 G

s
G
L
A2.

v 

3.38. 

This condition must be satisfied if the analysis of this chapter is to 

hold valid. In practice this condition is satisfied very easily, specially 

when the pump waveshape is a practical one of a sinusoid. 

3.11 Conclusions  

It has been shown in the preceding analysis that the properties of the 

linear small signal amplifier can be described in terms of simple formulae. 

The usefulness of these formulae is not impaired to any degree (if anything 

it is enhanced) by basing the analysis on a general conductance function. 

The parameters of great importance are the time t1, t2 
and the 
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conductance slopes Go(ti) and G'(t2) at the beginning and the end of the 

regenerative period respectively. The negative-conductance area a is 

another parameter of great significance. The frequency response is de-

pendent upon the conductance slope at the beginning of the regenerative 

period. The gain of the amplifier is determined by the conductance slopes 

at the beginning and the end of the regenerative period and the negative 

conductance area in the regenerative period. 

The lower the G'(t1) the higher the gain but this is at the expense of 

the frequency response of the amplifier. Whereas an increase in negative-

conductance area can achieve the same objective without any restrictions on 

the frequency response. 

A reduction of G'(t2) increases the duration of the signal output pulse 

and hence the gain too but the period T has to be increased to ensure 

adequate dmmping. 
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CHAPTER FOUR 

4. REGENERATIVE AMPLIFIER WITH SQUARE WAVE PUMP  

4.1 Introduction 

The general theory of the linear regenerative amplifier developed in 

the last chapter assumes a general conductance function. The expressions 

that result are sufficient to describe the operation of the amplifier under 

the restrictions imposed in the analysis. 

In this chapter we consider conductance functions due to square wave 
mitihoi  applied tco a eguiriel 

pump', The analysis of regenerative amplifier with square wave pump is 

comparatively simple and is considered before sine wave pump (Chapter 5). 

However, square wave pump is more difficult to generate at higher frequencies 

than sine wave pump. 

The study of a regenerative amplifier with a given pump entails a study 

of the response of a tunnel diode to the pump amplitude, frequency and wave-

form. It is also important to study the influence of tunnel diode internal 

parameters and the external circuit elements like the load conductance on 

this response. It is necessary, finally, to show how the gain and the fre-

quency response depend upon the pump and the circuit elebents. Only then 

will it be possible to suggest any optimization techniques that may be 

available to us. 

The theoretical analysis of this regenerative amplifier using a speci-

fied pump is necessarily approximate. The corresponding conductance function 

depends upon the current-voltage characteristic of the tunnel diode. This 

characteristic is a very complicated non-linear function, but it remains the 

same in essential form from one tunnel diode to another and therefore, it is 

possible to normalize the analysis with respect to tunnel diode parameters. 

The analytical method is only convenient when the pump current is a 

simple function of time and even then it is necessarily approximate and 

tedious. When a greater accuracy is desired or when the pump current cannot 

be easily expressed analytically, graphical or numerical methods are the 

only choice. 

It is shown that some analytical methods can be used to get design data 

for rectangular pump currents. The numerical analysis gives more accurate 

results but it is not very convenient for optimization. Once approximate 

The rise time of the square wave pump is assumed to be small compared 
with its pulse width. 
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optimization has been carried out, the numerical analysis can then be used 

to provide accurate design information. 

4.2 Types of Conductance Cycles  

The tunnel diode conductance-voltage relationship can be calculated 

from its static characteristic, i = f(v). To obtain G(x), all that is 

required is to determine the tunnel diode voltage against time relationship. 

The tunnel diode voltage in the presence of pump current depends upon the 

magnitude, frequency and waveform of the pump along with the characteristics 

of the tunnel diode and the load conductance. In general, there are two 

distinct types of conductance function possible as shown in Figures 4.1 and 

If the tunnel diode voltage due to the pump is arrested as in Fig. 4.1, 

the conductance characteristic seen by the signal is similar to the one 

assumed for the discussion and analysis of Chapter 3. The signal in this 

case is sampled at x = xl, is amplified to a peak level at x = x2  and for 

x > x2' the amplified signal decays. If the damping period is long enough, 

the signal voltage across the tunnel diode would decay to the signal input 

level before the commencement of the next regenerative cycle. 

The conductance function of Fig. 4.2 on the other hand is a more com-

plicated one. The signal input sees a negative-conductance area al  when 

the voltage across the tunnel diode, due to the pump, is building up and it 

sees another negative conductance area a2  when the voltage across the tunnel 

diode, due to the pump, decays. Depending upon the length of time, 8x, that 

elapses between the two negative-conductance areas, al  and a2, two possibili-

ties exist. 

1) If 8x is small enough the amplified signal pulse across the tunnel diode 

does not decay to the signal input level before it is amplified again 

due to second negative-conductance area a2. 

2) If 8x is large enough, the amplified peak of signal at x = x2, decays 

to the level of the signal input present. In this case another sample 

is taken of the signal at x = xi. This sample is amplified due to a2 
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and reaches a peak amplified level at x = 3q and so on. Thus two 

independent samples of the signal are taken and amplified during the 

period of one pump cycle and the two samples may each experience 

different amount of amplification. 

For both the above mentioned conditions, if the area a2 is small enough 

and its associated conductance slopes large enough then the amplification of 

the signal due to the second negative-conductance area may be insignificant, 

In such a case we can neglect the effect of the area a2.. 

If the amplification due to a2  is comparable with that due to al  and 

the condition (1) above exists, then the power gain PT  will be increased. 

But if the amplification due to a2  is comparable with that due to al  and the 

condition (2) above exists then the situation is a much more complicated 

one and will not be considered in this work. 

The amplification due to a2  can be made very very small in comparison 

with that due to a1 if the decay of the tunnel diode voltage due to the 

pump is speeded up. This can be achieved very simply by letting the pump 

current go negative (as for a sinusoidal pump current) during the switch off 

portion of the tunnel diode voltage transient. In practice, then, a2  (< al  

and can, therefore, be neglected. 

4.3 Amplifier Output 

In the regenerative amplifier there are two transient process taking 

place simultaneously. Due to the pump current, the tunnel diode voltage 

builds up, reaches a peak amplitude and then decays to the quiescent state. 

The signal voltage, similarly, builds up reaches a peak amplitude and then 

decays to the quiescent state. The relative position in time of the two 

peaks is not directly of any significance if the output of the amplifier 

is desired to be in the form of an amplified replica of the input signal. 

In such a case, we would endeavour to maximise the transducer gain PT  and 

the frequency response of the amplifier. The second negative-conductance 

area a2' discussed in Section 4.2, does make a contribution, though not a 

very significant one, to the transducer gain. 
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Other application of the regenerative amplifier, of this thesis, is to 

obtain amplified samples of the signal. The amplified signal appears as 

the envelope of the peaks of the voltage across the tunnel diode. To 

obtain a maximum signal modulation of the output pulses the two peaks must 

coincide in time. 

The signal amplitude for a time x > xl  depends upon the magnitude of 

the negative-conductance area traversed upto that time x. The circuit 

conductance is zero at the time x1  when v = vx, and becomes zero again at 

v = vx1  if the voltage transient is of the form shown in Fig. 4.1. but 

becomes zero at v = vx2  if the voltage transient is of the form shown in 

Fig. 4.2. Maximum negative-conductance area would have been traversed upto 

the peak voltage if the peak voltage is to be v = vx2  (i.e. 8x = 0 for Fig. 

4,2). The signal in this case reaches a peak value at v = vx2. The diode 

voltage due to pump current decays after this and the circuit conductance 

goes negative once again. This second excursion into negative-conductance 

region amplifies the signal further and the peak of the signal will rise to 

above the level of the signal at v = vx2  but the diode voltage due to pump 

current is lower than the peak value of vx2. The sum of the voltage due to 

signal and the voltage due to pump current could rise above that at v = vx2  

only if 1) a2  were to grow very quickly with time and 

2) the voltage transient due to pump were to decay slowly. 

These conditions have not been encountered in practice. 

To achieve a maximum modulation of the diode voltage peak due to pump, 

by the amplified signal, tha diode voltage transient should be arrested at 

v = vx2. For square wave pump this is very easy to arrange by restricting 

the width of the square wave, W = x2, where x2  is the time taken to reach 

v = vx2. But for sine wave pump it is much more complicated. In any case 

for an application of this type, the second negative-conductance area a2  

plays no significant role and need not, therefore, be considered. 

4.4 Large Signal Operation of Tunnel Diodes 

To study the voltage transient across a tunnel diode in the circuit of 

Fig. 4.3, the equivalent circuit of Fig. 4.4 is employed. In this circuit, 



.:1(v) -0- 

L 

= Gs+ GL  
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Fig. 4,3. 

Flo . 4.4 0 Large. S0ono! Equivalent Circuit 
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the tunnel diode is replaced by its static current voltage characteristic 

shunted by its junction capacitance C. L is the parasitic inductance in 

series with the junction and Gt  is the external conductance seen by the 

diode. The series resistance R
s of the diode is very small for most ger-

manium tunnel diode and it is neglected in the following analysis. The 

capacitance C is assumed constant with respect to diode voltage over the 

range of interest. 

The differential equations for the circuit of Fig. 4.4 are 

d 	
= 	C dv + f(v) 	 4.1. 

L did 	= Ii(t) - v L. 	d 
dt 

From 4.1. substituting for id  in 4.2. 

L di
d = i(t) Rt -v-RC dv t

R
t f(v) dt 

Again differentiating 4.1. and multiplying by L, we get 

L di
d = LC d2v + L G(v) dv 	4.4. 

dt 	dt2 	dt  

where G(v) = d f(v) 
dv 

= the tunnel diode dynamic 

conductance characteristic. 

From the equations 4.5, and 4.4. 

LC d2v + jRtc 	
dt 

L G(v)1 dv + v + R
t f(v) = i(t)Rt 

dt 
 

The solution of this equation 4.5. would give us the voltage time 

relationship for the tunnel diode in terms of the circuit parameters and 

the pump current. This is possible only if f(v) is a simple function of 

voltage and i(t) is a simple function of time. 

f(v) for a tunnel diode is a very complicated function and can be 

expressed to a reasonable degree of approximation only by a double exponential 

dt 

4.3. 
dt 

4.5. 
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of the form 

Ave-Bv 
	

exp(qv/kT) 11 

`where A, B and C are constants of a given diode\ 

or by a polynomial. The polynomial approximation is good only if terms upto 

at least the fifth power are taken into consideration. 

With these approximation to f(v), the equation 4.5. is intractable by 

any simple means other than numerical or graphical. The complexity of 

mathematics demands that the static characteristic be approximated by piece-

wise linearization of the characteristic. Then the voltage-time relationship 

can be obtained for every linearized region by solving equation 4.5. for the 

region in question. As we shall see later a mixture of piece-wise linear 

and other approximations are adequate to give us most of the design para-

meters. 

4.5 Effect of the Series Inductance on the Conductance Cycle  

In the analysis of Chapter 3, the series inductance L in the equivalent 

circuit of the tunnel diode was neglected. In this section we will study 

the effect of series inductance on the conductance cycle and determine the 

conditions which the circuit parameters must satisfy to minimize the effect 

of the inductance. 

The equation 4.5. is of the form 

A d2v + B dv + 0(v) = D 	 4.6. 
dt
2 	dt  

	

where A = LC 	B = R
tC + L G(v), 

0(v)= v + Rtf(v) and D = i(t)Rt. 

To simplify and study the equation 4.6. we can assume i(t) = constant, 
then if z = dv 

dt 

d
2
v 	dz 	dz . dv 

dt
2 
	

dt 	dv dt 

Z dz 
dv 4.74 
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Substituting 467, into equation 4,6. we have 

Az dz + Bz + 0(v). = D 	4,8. 
dv 

For any particular value of dz this is a relationship between z and 

0(v). 	 dv 

Let dz 
dv 

From equations 4.8. and 4.9. 

D 0(v)  
AM + B 

or substituting for A, B, D and 0(v) 

i(t) Rt  - v - Rt  f(v) 
4,10. 

LCM + R
t
C + L G(v) 

A family of isoclinals can be drawn for different values of M and then 

the integral curves can be obtained by graphical means as in Fig. 4,5. 

From the equations 4.5. and 4.10. it is obvious that the effect of L 

is negligible if RtC :>>L 

IG(v) 

The tunnel diode conductance G(v) is a maximum at v = 0 and as v 

increases)  G(v) reduces in magnitude and it never attains the same magnitude 

in the cycle except at the end of the cycle when it returns to the same 

magnitude as at v = 0. Therefore, if RtC >> L at v = 0, we can neglect 

L altogether. 	 G(v) 

If IL G(v)I is of the seine order of magnitude as the product RtC and 
1 	 dv Rt . -P• 5  , the effect of L on z = 	is similar to that shown in Fig. 4.5. 

When G(v) is positive)  i.e. from x = 0 to x = x1, the term L G(v) adds to 

7bv  the term RtC and -c  d-i  is reduced; the voltage transient is slowed down in 

this region by the presence of the inductance. 

As the circuit goes into the negative conductance region (x ), x1))  RtC 

is reduced by the amount IL G(v)I , thus speeding up the transient in the 

negative conductance region. The effect of the presence of series inductance 
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is to reduce the time taken to traverse the negative-conductance regions  

thus reducing the negative-conductance areas a, and increasing the conduct-

ance slopes GI(xl) and GI(x2). 

Further, the negative conductance seen by the signal reduces in magni-

tude as L is increased. (Appendix A.1.). 

Both these effects tend to reduce the gain of the amplifier, This 

result is an important one to consider while designing practical amplifiers, 

It is necessary to reduce the spurious series inductance to a minimum so 

that the gain and the frequency response predicted in the subsequent analy-

sis can be obtained. In the analysis that follows it is assumedxthat 

IL G(v)! <;(Rte i.e. the inductance L is neglected. 

4.6 Normalization of the Analysis with Respect to the Tunnel Diode 

Parameters  

If the condition derived in the last section, i.e. RtC :>> L G(v) is 

satisfied, the analysis is considerably simplified. The circuit of Fig.4.4. 
reduces to that of Fig. 4.6. 

Equating the currents 

C i(t) = i(t) M f(v) - G
t
v 	4.11. 

Normalizing with respect to the diode capacitance C 

{r(x) = i(t) - f(v) 	Gt
v 	4.12, 

A study of this equation reveals that it is possible to normalize it 

with respect to the diode peak current I , provided we can assume that all 

tunnel diodes have the same shape of static characteristics, f(v), whatever 

their peak current. This assumption is not strictly true in practice. 

Nevertheless, we can obtain useful approximate results from the analysis 

on the basis of it. 	If equation 4.12. is solved, we obtain voltage against 
time x graph for a diode with a peak current I 0  a conductance Gt  and a pump 

current i(t). This voltage against time graph would be the same for another 

circuit which has a diode with its peak current 

I 	= m I 	 4.15. 

This is possible to achieve in practice. See Section 4.15. 

Pn  
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A conductance G
t = m G

t n 
4.14. 
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and a pump current in(t) = m i(t) 
	

154, 

if the time scale is multiplied by 1 
m 

i.e, the new time xn = — m 

Thus calculations and optimization carried out on a tunnel diode with 

a given I can easily be transferred to a diode with a different I if the 

conditions of load conductance, frequency and other design requirements of 

a practical amplifier are more appropriate to the conditions offered by the 

second diode. 

4.7 Conductance Functions Due to Square Wave Pump 

We shall now examine the conductance function due to square wave pump. 

The analysis for square wave pump is, perhaps, the simplest by numerical 

means. The equation 4.12. for square wave pump becomes 

Tr(x) = lb  - f(v) 	Gtv 	 4.16, 

where Ib  is the amplitude of the pump current. 

This equation can be solved to a sufficient degree of accuracy and in 

a useful form by a step by step integration for different values of Ib. 

This process is very simple but tedious. A method of calculation is des-

cribed in Appendix A.2. A digital computer programme to do the same is 

given in Appendix A.3. 

The graphs of voltage against time x of Fig. 4.7* are drawn for a 

circuit with the following specification: 

The tunnel diode static characteristic, assumed for these calculations 

and the calculations in the following sections of this Chapter, was that 

of Fig. 4.8. 

Tunnel diode I = 4,7 mA 
P 
Vp = 60 mV 

G
t = 0.01 mhos. 
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Fig. 4.9 gives the corresponding conductande functions for different 

values of It. Only the sections of CondUctance curves of direct interest 

are shown. 

4,8 Approximate Analysis  

At first sight it seems plausible that a piece-wise linearization of 

the diode static characteristic would lead to a considerable simplification 

of the analysis. The expressions obtained as solutions for the differential 

equationsof the different linearized regions are cumbersome and so far as 

the understanding of this mode of application is concerned, are no more 

lucid and informative than the computer calculations. 

As shown in Sec. 3.11, it is not necessary for us to know the complete 

conductance function to determine the properties of the regenerative 

amplifier; the parameters of interest are the time xi, the conductance 

slopes GI(x1) and Gl(x2) and the negative conductance area a. 

GI(x1) is highly dependent on the conditions that exist at the point 

x = x1 and piece-wise linear approximation results in grossly inaccurate 

values of G'(x1). Similarly, Gt(x2) will be far from accurate. 

The following method gives the design parameters directly. The 

intersections of the G(v) characteristic of the tunnel diode and the 

external conductance Gt  (Fig. 4.10.) are at the voltages vx, and vx2  where 

the circuit conductances G(x1) = G(x2) = O. 

From the equation 4.16. 

+1 	= Ib - 	f(vxi  ) Gt
v
xl xl 	 4.17. 

and G'(xl) = 	G(v) 	at v = vx, 

GI(vx1) 
4.18. 

where G/(vx1) is the slope of conductance-voltage curve at 

v = vxl. 

From the equation 4.17. and 4.18. and the diode characteristics3 G1(x1) 

can be determined readily. 
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Similarly 

x2 
= Ib  - f(vx2) Gt vx2 	4.19. 

and G'(x2) = G'(vx2) 41x2 	 4.20. 

In this way both the conductance slopes can be calculated accurately, 

The negative conductance area a can be determined by simple approxima-

tions based on a study of the conductance curves of Fig. 4.9. The area a 

can be divided into three parts as shown in Fig. 4.11. The conductance 

slope G'(x) is very nearly equal to Ge(x1) from the point x =
J- 
 to 
c4- 

x = 	+ 8x1. At the point x1  the circuit conductance G= 0 andAthe point 

x = x1 + 1 the circuit conductance is Gt - G1 where (-G1) is the maximum 

negative conductance of the diode. 

Then the time Ox1 = IG
t  - Gll 

Gl(xl) 

and the triangular area 

8a1  = 8x1 . IGt  Gll 
2 

IGt 	Gli 2  

F5TTTET.) 

The rectangular area 5a
3 
(Fig. 4.11.) is 

8a
3  = 8x3  IGt  G

1I 

8x3  is the time required to traverse the voltage range v 

range circuit conductance is constant at G
t - G1 

From equation 4.11. 

dv  8x 3 
Ib [f(v)-(iGt-Gil )v3 

y 
1  in 	- f(vz) Gtvz 

Gt 	f(v ) Gtvy  

4.21. 

to v
z 

over this 

4.22. 
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ib f(vy) Gtvy 

The area 8a2 is comparatively small and can be determined to a reason-

able accuracy by a similar assumption to that for the area Salt the conduct-

ance slope is assumed constant at Gt(x2) frOm vz  to vx2  (Figs. 4,10 and 4,11). 

Therefore 

15a2 

and 8a
2  

Gt  Gi  

Gt(x2) 

8x2 	Gt G
1 

2 G'(x2) 

iGt  - GIJ2 
	

4.24. 
2 G'(x2) 

From the equations 4.21, 4.23 and 4.24 

the total area a = 'Gt G1l
2 	

1 4. 	1 	Ib-f(vz)-Gtvz 

2 	777,7 	GI (.2)1 + in  Ib-f(vy)-Gtvy 

4,25. 
The time x1 can be accurately obtained by integrating the equation 

4.16. This integration can be carried out by the step by step method of 

Appendix A.2. 

The time x2 is then given by 

x2 = x1 + 8x1 + 8x2 + 3 
	4.25A. 

The values of the conductance slopes G'(x1), G'(x2), thearea a and the 

time x2 are given in Fig. 4.1. for different values of the expression 

f(vx1) - Gtvxl. The area a and the time x2pas determined by the 

approximate method of this section, are a little higher than those computed 

from accurate calculations of Section 4.7, but, the error involved is less 
than 10 per cent. 

4.9 Dependence of Gain on the Pump Current 

Equation 4.16. equates the current flowing into the diode capacitance, 
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to the excess of pump current over the part of the pump current that flows 

into the conductance part of the circuit. We shall call it the excess pump 

current and denote it by ie. If ie  is very small, the voltage transient 

across the diode builds up very slowly and its excursion into the negative 

conductance region takes a very long time thus increasing area a and hence 

the gain. On the other hand if ie  is very large the transient buils up 

very quickly and the area a is reduced. 

The excess pump current available at the time x = xl  determines to a 

considerable degree the performance of the amplifier, The equation 4.18. 

gives the conductance slope, G'(x1), at the beginning of the regenerative 

cycle. This can be rewritten as 

G'(x1) 	= 	iego . GI(vx1) 
4.26. 

where i
ego is the excess pump current at the time x = 

x1.   

For values of iego-  0, no regenerative build up takes place. 

For iego 	0 but very small, Gt(x1) is small and the area a large. 

The gain of the amplifier under such conditions is very high (Fig. 4.13.) 

and a: small change in iego causes a large change in gain. iego 
 is depen-

dent upon the magnitude of the pump current It), the tunnel diode static 

characteristics f(v) and the conductance Gt. Any spurious variations in 

these circuit parameters have a direct effect on the excess pump current 

iego. When  iego is very small a small change in circuit parameters produces 

a large change in iego.  Thus gain of an amplifier, with a small value of 

iego, is highly sensitive to any spurious variations in the circuit para-

meters and the pump amplitude. 

The larger the 
iego,  the lower the gain and the amplifier performance 

is less sensitive to the spurious variations in the circuit conditions. A 

compromise is therefore necessary between the magnitude of the amplifier gain 

and its stability with respect to the circuit tolerances. 

The curves of Fig. 4,14. show the shape of the output pulse for differ-
ent values of the excess pump current 

iego.  The peaks of the signal output, 

for each value of iego,  occur at the time x2 corresponding to it. If the 

pulse width of the pump is larger than the corresponding x2, the modulation 
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of the voltage transient due to the pump by the signal is reduced according 

to the curves of Fig. 4.14. If the pump pulse width is restricted to less 

than x2, the gain Am is again less than that at x = x2. To achieve the 

maximum value of Am, the width of the square wave pump pulse should therefore 

be restricted to the period x2. 

The maximisation of transducer gain, on the other hand, is very 

complicated. Equation 3.36 for transducer gain shows that it is dependent 

upon Alt..G 1(x2) and the period X. Av  is dependent upon the negative con-

ductance area and is therefore determined by iego and the pump pulse width 

W. Once again Gs(x2) is dependent upon iego and W. The period X of the 

square wave is equal to W + d
P
. The damping period d

P 
 is calculated from 

the equation 3.38 and is therefore dependent upon G/(x2) and Av. All 

these factors are interdependent in determining transducer gain but the 

excess pump current iego is an important parameter in the determination of 

transducer gain. 

The graph of Fig. 4.15. shows transducer gains for different values of 

iego. For this graph we have assumed that G
s = GL  = 

Gt and X = 2x2. We 

note from this graph that under the conditions assumed the transducer gain 

increases rapidly when iego is reduced to small values. If the transducer 

gain of the amplifier is not to be unduly sensitive to the circuit toler-

ances and spurious variations in the various circuit elements than trans- 

ducer gains of not much higher than 	10 db. can be achieved. 

4.10 Damping Period 

The frequency response and the power gain of the amplifier are both 

dependent on the period X for a complete cycle of the pump. If the width 

of the square wave pump pulse is W, the period X must at least be 

X = W + dp 	4.27. 

where d is the damping period. 

In Section 3.10, we have derived the condition 3.38 which must be 

satisfied for adequate damping. The Fig. 4.16 shows the damping period 

calculated from the condition 3.38, for different values of iego.  The 

corresponding values of x2 are also shown in Fig. 4.16. 
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In a practical amplifier, the period X may be dictated by the diffi-

culty of obtaining the required waveshape. In practice, X = 2x2  more than 

satisfies the requirements of adequate damping period. 

4,11 Frequency Response  

As discussed in section 3.8,the frequency response of the regenerative 

amplifier is determined by two factors; the term exp -42/2W(xl) is one 

factor. This term is shown as a function of 4 for different values of ego 
in Fig. 4.17. The frequency response of the amplifier is dependent also 

upon the sampling rate and hence on the period X. 

If 	is the pump frequency normalized to the diode capacitance 2n 

-2 _ 1 
E 	- 2 	X 

2x
2 

if we assume X = 2x
2 

therefore 4 = 
x2 

The frequency band of amplification will therefore be not greater than 
= 1 

. The gain of this frequency band will not fall by more than 2X 
10 per cent below the gain at the low frequency end if the condition 3.29 

is satisfied. The table 4.1 shows the various factors calculated for 

different values of i
ego and we note that the condition 3.29 is more than 

satisfied. 

4.12 Dependence of Gain on Gt  

This study can best be performed by keeping some circuit conditions 

constant and thenstudying the influences of Gt  on the gain. It is possible 

by changing Gt  to modify G'(x1), a and Gt(x2). For a practical design the 

permissible value of the conductance slope GI(x
1) is specified by the 

circuit tolerances. Once Gqx1) is specified, the frequency response of 



Table 4,1. 

iego Gt(x
1 
 ) 0.84 GI x1) x2 

2 
42= 11  p 	2 x2 

X 10
-4  

X 10
-4  

X 10
-4  

0.09 1.31 0.95 411 0.587 

0.19 2.76 2.32 268 1.37 

0.29 4.2 3.63 210 2.24 

0.39 5.65 4.75 176 3.19 

0.49 7.1 5.96 154 4,17 

0.59 8.55 7.18 138 5,15 

0.69 10.0 8.4 126 6.15 

0.79 11.47 9.6 116 7.3 

0.89 12.9 10.8 107 8.65 

0.99 14.39 12.1 100 9.86 
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the amplifier is largely defined too. With G'(xl) fixed, we can proceed 

with the study of the effect of Gt on the gain of the amplifier. 

There are two opposing effects of the total external conductance, Gt,  

seen by the tunnel diode in the circuit of the regenerative amplifier.. The 

smaller the conductance G
t the faster is the tunnel diode transition through 

the negative conductance region but the total effective negative-conductance 

(Gt G1) is increased in magnitude. While the former effect tends to reduce 

the area a, the latter tends to increase. it, 

Fig. 4.18 is a plot of the gain Am  against different values of conduct-

ance Gt. For the values of Gt  in the range of 0.0067 to 0.02 mhos the gain 
A
m is within 10% of the peak. For values of conductance higher than 0.02 

mhos the gain falls off rather rapidly because (Gt  - G1) is reduced much 

more rapidly and the transit time through the negative-conductance region 

is not increased appreciably. 

4.13 Dependence of Gain on the Diode Characteristics  

The conductance slope G'(x1) and the negative-conductance area a are 

both dependent upon the diode characteristics. The amplifier gain can be 

increased by reducing the conductance slope G'(x1) and or by increasing the 

area a. 

A reduction in G'(x1) can be accomplished by reducing G'(v) at v = vxl  
or by reducing iego.  A reduction in iego as discussed in section 4.9 is not 

suitable because the amplifier becomes more sensitive to the spurious 

variations in the circuit conditions. A reduction in Gl(vx1) is possibly 

only by making the diode static characteristic, i = f(v), broader at the 

peak, 

This method of increasing gain by reducing the conductance slope G'(x1), 

works at the expense of the frequency response - (section 4.11 . (Fig.4.17) ). 
-.1 

Further, the gain factor L2R/61(x1).]7  increases slowly compared with the 
gain factor exp a. 

The area a can be increased by increasing the effective negative-

conductance. Fig. 4.19 shows the gain Am  against I --G11 . 
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Thus tunnel diodes with higher ratios I p  /Iv  will give higher gains. 

The lower the Ip/1-G11 of a tunnel diode for the regenerative amplifier the 

higher the gain figure. 

4.14 Alternative Method of Analysis 

The method of analysis developed,in Chapter 3, and employed in the study 

of the properties of the regenerative amplifier in the preceding sections 

of this chapter, gives us an understanding of the processes involved but a 

number of calculations are necessary before we arrive at the results. At 

the outset of this work, a much simpler method, of arriving at the gain Am  

and the shape of the signal output pulse, was used. 

From the solutions of equation 4.16 for various values of pump current 

the corresponding voltage against time graphs of Fig. 4.7 were drawn. 

From Fig. 4.7, we can obtain the graphs of v Gt against iego for constant 

values of time x (Fig. 4,20). 

If v Gt 	i
o 

Gain A = dio m 
ego  

ThisThis can be calculated for different values of x and iego.  Fig. 4.21 

shows the gain again time x graphs for different values of iego.  These 

graphs, as is expected, are similar to those of Fig. 4.14. Thus we obtain 

some of the results by fairly simple means. But this method is entirely 

graphical and the accuracy of the predictions deteriorates as the number of 

graphical steps required to get the final results increases. This approach 

is again very limited because it is too mechanical to be of assistance in 

the study and the understanding of the processes involved. Nevertheless 

a comparison of the graphs of Fig. 4.21 with those of Fig. 4.14 shows that 

the results, obtained by the graphical and the analytical means, are in 

good accord. 

4.15 Experimental Investigations  

The circuit of Fig. 4.22 was employed to verify the theory of the 
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regenerative amplifier. The measurements were carried out at low frequencies 

to suit the available equipment. 

A representative set of measurements was for an Ib  = 5.7 mA. The 

diode used for these experiments has static characteristics of Fig. 4.8. 

Other circuit parameters are 

GL = 0.01 mhos 

Gs = (0.00045)2 = 0.0009 

GL Y.> Gs.  

If we assume GL = Gt = 0.01 mhos then the graphs of Fig. 4.7 and the 

subsequent calculations apply to the circuit of Fig. 4.22. 

The signal peak will be at x2  corresponding to the circuit conditions. 

If the width of the square wave pump pulse is adjusted to this value, the 

peak of the voltage across the tunnel diode due to the pump current will 

coincide with the peak of the signal. 

Fig. 4.7. gives the voltage against x graphs for different pump 

current. x2 is the time taken to reach the voltage vx2. From Fig. 4.10. 

this is found to be at 190 mV. Therefore from Fig. 4.7. 

x2 = 177 

For a pump pulse width of 0.4 p sec the capacitance C is given by 

t2 	Cx2 

or C 	= t2 = 0.4 x 10-6  = 2260 pf. 
x2 	177 

The tunnel diode capacitance was increased to this value by the addition of 

an external capacitance of 2200 pF. 

Great care was taken to keep the leads short so that the series in-

ductance should be low. The external component like capacitors and resis-

tors were of small size and connected to the tunnel diode very close to its 

base. Even then it was estimated that the series inductance could amount to 

as high as 30 nH. 
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To check if these conditions conform to the condition LG <c".: RtC, so 

that the circuit inductance can be neglected 

R
t 
C = 2.26 x 10-7  

and 	LG(v) = 30 x 10-9 x 0.175 = 5.25 x 10-9  

where G(v) = 0.175 at v = O. 

therefore, LG(v) tC and the effect of the inductance can be 

neglected. 

In the calculation above we have employed the value of circuit conduct-

ance at the point v = O. This part of the conductance cycle is of no 

significance as far as the gain of the amplifier is concerned. The signi-

ficant part of the cycle is in the negative-conductance region (from x1  to 

x2). The circuit conductance and hence the factor LG(v) are an order of 

magnitude lower in this region compared with those at v = O. 

LG(v) at the point of maximum negative-conductance 

LG(v) 
	

30.10-91(-y  

30 x 10-9  x 0.035 

1.05 x 10-9  

In this experiment ordinary components were used. The tunnel diode 

used were mounted in TO 18 cans. Even with the leads cut very short the 

inductance of the leads is of the order of 6 nH. The resistor leads and the 
configuration of connection give rise to extra inductance. 

If operation at very much higher frequencies is desired, the inductance 

can be reduced to very small values of the order of 1 nH or smaller by using 

strip line techniques. The series inductance of the diode itself can be 

reduced to less than 0.25 nH by mounting the diode between brass plates 

(known as pill type construction). 

If the capacitance in the amplifier circuit of Fig. 3.22 is reduced to 

a thousandth, the pump pulse width will be 0.4 n sec. If L = 1 nH 
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50 mV/cm Vertical. 100 nsec./cm horizontal. 

Fig. 4.24 : Peaks of the Tunnel Diode Voltage and the Signal 

Current Against Time. 
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t=0.01,0.14A/cm) 

Signal Current 0.1mA/cm. 
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then 	R
t
C = 2.26 x 10-10  

and 	L G
1 

= 1 x 10-9 x 0.035 

= 3.5 x 10-11  

Therefore R
tC > LG(v) and it is 
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possible to achieve the practical 

operation of such an amplifier upto fairly high frequencies. 

Fig. 4.23 is an oscillogram of the voltage transient across the tunnel 

diode due to the pump only. 

Fig. 4.24 is an oscillogram of the peaks of the voltage transients in 
the presence of the signal. This Fig. also shows the sine wave input signal 

current. The signal input was monitored by the help of a current probe. 

The ratio of signal modulation amplitude to the amplitude of the input gives 

us the gain Am, 

The experimental gain figures (Am), in general, were found to be slightly 

lower than the calculated ones (Fig. 4.25), but are very close to the 

results predicted by the analytical and graphical means. 

The period of the pump waveform was adjusted to 0.8 p. sec. According 

to the section 4.11, the max frequency of amplification will then be 

1 	c/s. 

2 x-0.8 x 10-6  

625 k c/s . 

Measurements were carried out over the whole of this frequency range. Fig. 

4.26 shows the results, 

CONCLUSIONS 

It is possible to predict the performance of the regenerative amplifier 

by a few simple calculations and these are found to be in good accord with 

measurements. 

The dependence of the gain and frequency response of the amplifier on 

the various circuit parameters has been studied. On the basis of these 
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investigations, the circuit elements can be optimized for gain. 

It is shown that a more suitable tunnel diode should give much higher 

gains. Such a tunnel diode should have a minimum  Ip 	. In practice 

the diodes commercially available have I / G
1 	

G
1 

 
very nearly constant whatever their peak currents. 

Very high gain figures are possible if the excess pump current ego 
is kept to a low value but the amplifier becomes very sensitive to any 

spurious variations in the circuit conditions. In practice,' 	transducer 

gain of about 10 db seems a good compromise for such an amplifier. 
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CHAPTER FIVE 

5. REGENERATIVE AMPLIFIER WITH SINE WAVE PUMP 

5.1 Introduction 

We shall now examine the conductance function due to sinusoidal pump. 

Of all the pump waveforms, the sinusoidal pump has the greatest practical 

importance because of the ease with which it can be generated and applied. 

The general approach to the determination of conductance functions due 

to sine wave pump is similar to that of the last Chapter. The fundamental 

differential equation 4.11. for the response of tunnel diode becomes more 

complicated because of the presence of the time dependent term due to the 

pump. This equation for sinusoidal pump can be solved by the Runge-Kutta 

method (Appendix A.4.) of step by step integration; this is inordinately 

tedious and therefore, a digital computer solution is necessary. 

Conductance functions obtained by the action of sinusoidal pump, 

although essentially the same in shape as those due to square wave pump, 

are different in some aspects. It is possible, on the basis of these special 

characteristics of the conductance function due to sine wave pump, to make 

some very useful approximations. 

Essential to the evaluation of the amplifier is the conductance slope, 

G'(x1). A method is developed for the approximate determination of this 

factor. 

Further approximations and piece-wise linear analysis provide us with 

the value of the negative-conductance area a and the conductance slope 

GI(x
2). The approximate analysis is considerably simpler than the step by 

step integration mentioned above. 

A study of regenerative amplifier with square wave pump is comparatively 

simple; conductance slope G'(x1) can be determined directly once the 

magnitude of the pump current is specified and it is entirely independent of 

the width of the pump pulse. For sinusoidal pump, G'(x1) is dependent not 

except for the trivial case when the pump pulse width W 
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only upon the amplitude but also on the frequency of the pump current; 

G'(x
1) can have the same value for widely differing magnitudes of the pump 

current if the pump frequency is so adjusted. The area a is again dependent 

upon both these factors. In Chapter 4, we studied the behaviour of the 
amplifier in the presence of different magnitudes of square wave pump 

current and then the width and the frequency of the pump pulse could be 

controlled to give the required conditions of gain and the type of output 

desired. For sine wave pump, once again, it is not possible to separate 

the two factors of the pump magnitude and frequency. Because of this the 

gain of the regnerative amplifier with sinusoidal pump is studied for con-

ditions of different pump amplitude and frequency, 

5.2 Numerical Determination of Conductance Function 

The differential equation for the circuit of Figure 4.6. for a sine 
wave pump is 

C 	= It  sin (opt 	f(v) - Gtv 

If up  = cw p  

and t = cx 

ir(x) = I
b sin x - f(v) 	

Gtv 	5.2. 

The solution of this equation for different values of Ib  and u are 

given in Fig. 5.1. These solutions were obtained by the digital computer 

programme of Appendix A.4. The tunnel diode assumed for these calculations 

has static characteristic of Fig. 4.8. and Gt  is assumed to be 0.01 mhos. 

Fig. 5.2. gives the conductance-time graphs for Ib  = 5.7 ma for 

different values of pump frequency u 

5.3 Approximate Methods 

From an examination of the conductance-time graphs of Fig. 5.2, we 

note that the conductance-time graphs are very nearly linear in the region 

x = 0 to x = x1. Therefore the conductance slope G'(x1) is given 
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approximately by 

Gl(xl) Go 

xl 

where G
o 
is the circuit conductance at v = 0. 

= G'(vx1). irix1  and G1(x ) 
1 

From the equation 5.2, 5.3 and 5.4 

Go  = Gt(vx1) [Ila  sin ppx1  f(vx1) - Gtvxl] 

x1 
F 

1  or 	sin 
77 17) 113x1  = 	

G 

 ° 	
f(vxl, Gtv.I.j 	5.6. 

This is a transcendental equation in x1. Go
, f(vx1),vx1  and Gi(vx1) 

are constants of the circuit. For a given value of Gt  these can be deter-

mined frail the tunnel diode characteristic. 

Equation 5.6 can be solved by graphical means. In Fig. 5.3. the term 
sin .ix is plotted for the range of interest for different values of µp. 

The right hand side of equation 5.6 is also plotted on the same graph for 

different values of Ib, x1, for a specified p and Ib, is given by the 

intersection of the two graphs corresponding to the given pp and Ib. 

In general there are three possibilities depending upon whether the 

graphs of specified p
p 
and I

b 

a) intersect in two points. The lower of the two values of x at the 

intersection points is x1  and the higher value is a trivial solution; 

b) intersect in one point; 

The point of intersection gives x1. 

greater than X/4 because the graphs 

creasing functions of 1  - (Fig. 5.3); 

i.e. they are tangential to each other. 

The value of x1 in this case is always 

for different I
b are monotonically in- 

c) do not intersect at all. No x
1 

exists; the specified values of 

p and Ib for such a case are incompatible for the transition of the circuit 

into the negative-conductance region and are therefore of no interest to us. 
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5.3. 

5.5. 
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Fig. 5.4 shows the values of xI 
obtained by the computer as well as 

the approximate calculations. The error in the value of x1 
determined by 

the approximate method is less than +3 per cent for most of the range 

studied. 

From the values of x1, the respective conductance slopes G1(x
1
) can be 

calculated by the means of equation 5.3 or equations 5.2 and 5.4. 

The area a can be calculated by dividing the area into three regions 

as in Section 4.8, Fig. 4.11. Gy(x) is very nearly equal to G'(xl) over 
the voltage range vx1  to v (Fig. 4.10). G(vx1) = 0 and G(v ) = Gt-

where (-G1) is the maximum negative conductance of the diode, 

Then the time 8x1  = 	
IGt  - Gi l 5.7. 

G/(xi) 

and the triangular area 8a1  = 8x1  IGt  - G11 

2 

	

= 1Gt  - G11 2 
	

5.8. 
2G1(x1) 

	

The rectangular area 8a3  = 8x3  . ! Gt  - G11 	5.9. 

The time 8x
3 
is the time taken for the diode voltage to rise from the 

voltage v to v
z. Over this range the circuit conductance is approximately 

constant at (Gt  - G1). An analytical solution of equation 5.1 is therefore 

possible for this region. 

The complete solution of equation 5.2 for this region is 

v = Ib 	I G
c  sin µ x µ cos µ x

1  + A exp (-Gcx)+f(v )+G v 	 L. 	p 	Y 0  Y 

µ2 
+ Gc where Gc 

= G
t 
- G

1 
and 	5.10.  

A is an arbitrary constant which can be evaluated by inserting the 

initial conditions of the circuit into the equation 5.10. The initial con-

ditions are at x = x
1 
+ 8x1, 

V . 
Equation 5.10. can be solved for the voltage range v to vz and 8x3 
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obtained. 

The third part 8a2  of the negative conductance area can be determined 
dv approximately by noting the fact that IT  remains nearly constant over the 

voltage range vz  to vx2  (Fig. 5,1,vz  for the diode with static characteristics 

of Fig. 4.8 is at 150 mV and vx2  at 190 mV) 

N• Ea2 = (vx2 vz)A.J. 	 5.11, 

and Ea
3 
	

8x2 Gt Gll 
	5.12. 

2 

The total area a = Sal  + 3a2  + 8.93  and can be obtained from the equations 

5.8, 5.9 and 5.12. 

The time x
2 is given by 

x2  = xl  + bx, 	8x
2 	8x

3 

Gl(x2) can now be easily evaluated. 

G' (x2)= G'(vx2). 	x 	5.13. 
2 

and 	7  j 	lb  sin µ x2  - f(vx2) G
t
v
x2 	5.14. x

2 	
p 

Fig. 5.4. gives the approximate and accurate values of x
1, 

x
2 
and area 

a. The approximate calculations give results very close to the accurate ones. 

5.4 Dependence of Gain on Pump Frequency  

The transition of tunnel diode through any region of voltage depends 

upon the amount of excess pump current available at all the points in that 

region. The higher the excess pump current faster the transition. The 

excess pump current in any region depends not only upon the amplitude I
b 

of the sine wave pump but also upon the frequency of the pump, 

If the amplitude Ib  of sine wave pump is kept constant and the 

frequency ill = 1 is varied, the conductance slopes G'(x1) and G/(x
2
)
' 

and 
7 negative-con2n  ductance area a vary with the frequency. To study the effect 

of pump frequency on the conductance slope G'(x1) we will study the 
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equations 5.2 and 5.4. From equation 5.2 

G'(vx1) • G'(x1) = 

Gl(vx1) ego 

and 	ego = It  sin pp  xi  - f(vx1) Gtvxl 

The excess pump current ego at x = x1 
and hence G'(x1) depend upon the 

angle 61  = ppx1, Fig. 5,3 gives the time xl  for a given pump frequency p 
and amplitude It, The value of 61  for different values of µ and a constant 

value of It  are given in Fig. 5.5. The lower the frequency the further 

away the corresponding xl  is from the peak of the sine wave (i.e. 6i( i); 

iego and therefore G'(x1) both reduce with frequency (Fig. 5,6). 	The 

maximum value of G'(x1) is reached at a frequency pp when p p  x1  = - 2 • 

If the pump frequency is increased further el  becomes greater than 

and the conductance slope G 1(xl) once again decreases, 

The conductance slope G'(x2) is determined by the equations 5.13 and 

5.14 and is dependent upon 62  = ppx2. 2 
is an increasing function of 

frequency (Fig. 5.5). G'(x2) will be a maximum at a frequency 	such 

that ppmx2  = 62  = 7  . 
Th: maximum value of G' (x2)= Gqvx2) [ It- f(vx2)- Gtvx2l 

5.15. 

As the frequency of pump reduces from this value, 82  reduces and G'(x2) 

is lower than the peak value given by the equation 5.15. (Fig. 5.6). 

If pp  > µpm, 0 > 	and G'(x2) decreases once again. At a frequency 

ppo, It  sin ppox2  = f(vx2) Gt(vx2) i.e. G'(x2) is zero. In this case, 

the peak of the transient due to the pump is arrested at the voltage vx2. 

This is the condition for maximum gain Am  at the peak of the transient 

as discussed in Section 4.3. 

The area a depends upon the excess pump current available when the 

tunnel diode traverses the negative-conductance region. When el  is less 
than but close to 7, then as the tunnel diode goes into negative-conductance 

area,it  = It  sin p x is rising; it  keeps rising till the peak is reached 
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at µ x = and then ib  reduces. Negative-conductance area in this case is 
7 small. When el  = - 2- , the area a is larger because in this case it  keeps on 

reducing from the peak value, If al  is very much smaller than 7, the 

negative-conductance area once again is larger because ib  remains below 

the peak for most of the cycle and the transition through the negative-

conductance region is slow. Fig. 5.5 shows the variation of period 
(x2  - x1) with frequency. Fig. 5.6 shows the behaviour of all these 

parameters G'(x1), G'(x2) and area a when It  is kept constant and pump 

frequency µ is varied. Fig. 5.7 gives graphs similar to Fig. 5.6 for a 
range of values of pump current It. 

From the values of G'(x1), G'(x2) and area al  the gain factor Av  can 

be calculated. Fig. 5.8 gives Av  against pump frequency. Am  = AvGt  is 

fairly high at over 16 at a frequency of ---- 
1100 	At this frequency 

Gt(x2) = 0 i.e. µp  = up, and the peak of the signal transient appears at 

the peak of the diode voltage due to the pump current. In this region of 

frequency close to µ po v , A is very sensitive to small frequency changes in 

µp; 10 per cent reduction in pump frequency can cause a gain reduction of 

nearly 50 per cent. 

If the pump frequency is reduced from this value, A
v 

reduces very 

rapidly, goes through a minimum and increases slowly with a reduction in 

frequency. At lower frequencies 1e go is very small and is affected to a 

large extent by small changes in the value of It  and the other circuit para-

meters like G
t and the tunnel diode characteristics. 

Transducer gain, in addition to the parameters Gt(x1), G'(x2) and area 

a is also dependent upon the period X = 	Though the factor A
v goes 

through a minimum (Fig. 5.8) and then inceases with a reduction in fre-

quency, the period X increases more rapidly. Transducer gain, therefore, 

reduces with frequency (Fig. 5.9). Transducer gain rises rapidly near the 

frequency µpo and is rather sensitive to pump frequency changes. 

5.5 Dependence of Gain on Pump Amplitude 

If the pump frequency µp  is kept constant, the parameters G'(x1), 
G'(x2) and area a vary with pump amplitude as shown in Figs. 5.7 and 5.10. 
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The lower the pump current the higher the area a and the lower the factors 

GI(x
1
) and Gl(x2). The lower the pump current higher is the gain of the 

amplifier. 

For each value of I
b there is a corresponding value of pwhere Po  

G'(x2) = 0, ppo  against lb  graph is drawn in Fig. 5.11, This figure also 

gives the values of Am against the pump current Ib  at the corresponding 

pump frequency ppo.. The frequency ppo reduces with pump current Ib  and 

the corresponding A
m increases with a reduction in the pump current. 

Transducer gain against Ib  for different pump frequencies is shown in 

Fig, 5.12. Transducer gain increases slowly with decrease in lb  for the 

regions of low transducer gain (of the order of ldb or so). Near the value 

of Ib  for which the frequency 4 is very close to p
po gain rises quite 

rapidly, As discussed earlier this region of operation is very sensitive 

to any small spurious variations in pump frequency and amplitude. 

It should be noted that the transducer gain, at frequencies p <.< p p po 
is higher for lower Ib. But if Ib  is made very small, any small change in 

Ib  will modify the amplifier 
1 frequency of 	an increase of Ib  from 5.6 mA to 5,7 mA reduces the 1700 ' 

by 5db, whereas an 

by only 2db. 

Thus there are two limits between which regenerative amplifier with 

sine wave pump can work; 

1) The transducer gain is very high near the pump frequency ppo  

corresponding to a given Ib  but it is very sensitive to small changes in 

frequency. 

2) The transducer gain can be made very large at frequencies away 

from ppo  by reducing Ib  but in this case the gain becomes very sensitive 

to small spurious variations in 
D. 

Fig. 5.13. shows a three dimensional representation of the gain 

dependence on the pump frequency and amplitude. It will be noted that as 
Ib  is reduced to obtain high gains frequency has to be reduced too. The 

gain by a large amount. For example at a 

gain 

gain 

increase of I
b from 5.7 mA to 5.8 mA reduces the 
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limit to this process takes place when It  is such that the excess pump 

current sego tends to zero, in which case gain tends to infinity at a pump 

frequency very nearly equal to zero, 

5.6 Experimental Investigations 

5.6.1 Method of measurement  

Transducer gain measurements were carried out at low frequencies as 

well as at the maximum frequency range possible for the diodes available. 

The transducer gain in the circuit of Fig. 5.14, can be determined 

readily by the measurement of voltage gain. 

If Gb  „<( Gs  GL, we can neglect Gb. 

2 Power delivered to the load P
o = v1 GL  

where v1 is the voltage across the load. 

Now Power available from the generator 

Pars = I
s
2 

4Gs  
If v

s is the voltage across the conductances Gs and GL in parallel)  

with tunnel diode out of circuit, 

Pays 	v
s
2 (Gs + GL)

2 

4Gs 

Therefore transducer gain PT  = 	v1
2 

4.GsGL 

v
s
2(G

s
+G
L
)2 

For G
s 

= G
L 

PT = v1
2 

s
2 

Thus transducer gain in decibels equals voltage gain in decibels. 

The voltage input vs  is measured by removing the tunnel diode out of 

the circuit. Then the tunnel diode is inserted and the pump current and 
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Fig. $.16 : Experimental Set up for Measurement of 

Transducer Gain. 

Fig. 6.17 : Strip Line Amplifier used for the Measurements. 
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frequency adjusted to the specified values. The voltage vl  can now be 

measured and transducer gain obtained. 

5.6.2 Low frequency measurements 

The circuit employed for low frequency measurements was that of 

Fig. 5.15. Fig. 5.16 gives a pictorial view of the experimental set up0 

Strip line components were used to construct the amplifier (Fig. 5.17). 

These components are in the forms of mounts for resistors, capacitors and 

tunnel diodes. The strip line components were used to keep the lead in-

ductances to a minimum. A regenerative amplifier can be manufactured as 

a very small integrated unit but in our experimental set up the size of the 

amplifier is comparably very large due to modular construction. 

It is not necessary to use strip line components for the low frequency 

measurements but they were used for the sake of convenience. The tunnel 

diode used has a self capacitance of nearly5pEand is of a pill type 

construction. An extra capacitance of 47 pE was added across the tunnel 

diode. 

For X = 1200 

T = XC = 1200 x 50 x 10-12 

= 0.06 x 10-6  secs. 

or the pump frequency f
p = 16.67 me/s. 

The circuit parameters for this experiment 	are given in 

table 5.1. 	If the performance predicted by theory is to be obtained then 

the circuit elements must satisfy the condition derived in section 4.5. 
i.e. LG(v) (.? R

t
C. 

Now L = lnH (estimated value). 

R
t = 100 ohm. 

C = 50 x 10-12 

.°. R
tC = 100 x 50 x 10

-12 
= 5 x 10 9  

and L G(v)= 1 x 10-9  x 0.185 = 0.185 x 10-9  

where G(v) = 0.185 at v = 00 



Table 5.1 

lb 	= 5.7 mA 

X 	= 1200 

01(x1)= 5.45 x 10
-4 

Gt(x2)=. 4.65 x 10-4  

A
v 	= 9 x 102 (obtained from approximate calculations) 

C 	= 50 x 10-12  F. 

1 ) R
t 	= 100 ohms ( Gt  

L 	= 1 nH 

G(v) = 0.185 mhos at v = 0 

G(v) = -0.035 mhos at v = 90 mV. 

12 
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. this condition is more than satisfied. 

If the frequency response of the amplifier is not to fall by more than 

10% in the band of signal frequencies of LIE then the condition 3.29 must be 
met. 	 4 it  

Condition 3.29 is 

2/( 0.84 Gl(x1), 

2 

\1200) • 
( 2n \ e' 0.84 x 5.45 x 10-4  

0.275 C 4.58 

Finally the damping period must be adequate. For this we check the 

values of circuit parameter in condition 3.38 

exp 	Gs(x
2
) 

(dp)2! 
2 

G'(x2) = 4.65 x 10-4 

G
s 	

G
L 

= 0.005 

A
v 	9 x 102 

dp = 177 which is adequately satisfied for the cycle 

period of 1200. Figs. 5.18. and 5.19. give some of the results obtained 

from the measurements carried out on the circuit of Fig, 5.15, Two sets of 

points in Fig. 5.18. for Ib  constant are of the same shape as the graphs 

of Fig. 5.9. High gain points correspond very closely to the predicted 

results but gain seems to reduce rather more quickly than the predicted 

results. A likely explanation for this is that when the pump frequency is 

changed the amplitude changes slightly but this change, which may be as 

small as 2% of the intended pump current, cannot be easily measured with 

voltmeters used. 

The points on the graph of Fig. 5..18. shown by small circles give the 

maximum transducer gain that could be measured at the corresponding fre-

quencies when Ib  was adjusted to give maximum gain. The trend is as 

r  0.05  

4GsG1,Av
2 

• 
* • 



•• - . 

n 
• 

i• 
._ 

I' 
_ 

• 
1 	L 1 	 I. 
" I 

:: 
nit'l' • tri I 

I 

• 
i 	1 r IL, 	I' 

1 
i 1 

I. 

, ,i, -I. 
,......::r ... 	.. 
' 

....... • • 

	

- 	
.- 

I" 	I 

• 
_ 	_ 

t 

1,'- '' _ 
i 

eiltl.. H-Iii 	t 
" 	111 

l:iil• I' 

. 	I 
i'r 

• 
. 

, 
' 	1 

I 

I 	I 	I 	1- 
4 

• 1 
1 

	

iI~ ' 	: 

ni 	., 
iii-dri: 

F.114.ir 

• 
' 	ri I.I 

•'i 
t 	1 

ill 
II i 

. 	..... 

.. 	. 
'- 

I. 

	i 

X 
t 

.-11- 

i.  

.• 	...., 
.-....-. 

1...,r , 
I 

.1 

I 
- 	' 

I- 

.I
•
- 	--I.• 1 

r 	1 

- 	.1 

i 	,. 

I 
-I 

L': 

. 
• 

.1.:..  ---" 
I 

1.1 1.11 , 
i 

• ,. 

. 
. 

t!I• 
. E 

. . 
-,- 
I 

.1  , 
T 	• 
r 

11.11. 
.1 	11.1 
•. 	P : 	 , 

j-i 
...-' 

.1 

1 • •I• 
1 	I 

1 ' 

" . 	: 	.  J. .t. ... ._ -1 .1 ' ...... 	_ 	.. 1 rimitc. :ifii; I..W. 1 ..14:- ' 

- •:- 	: 	t ..-1: 
.. 	. 
I 	 ' 	. 1 	' -4--t  -rt-, r••• '''.41---4.iii-'.": ';f_l' 	1 	.i. 

. 

I. .I 31: ,11. .-• . 
i 1 	,,t.: . 

._ - 
- 

- 	I: 
- 
-'• I 	I. ,... . 

, 
' '' 

,..  
.=--• _ 

rz -t .1-1:1...H. 11,1 
' 	tr.: 	.• . , 

it ' 
' r, 
' 	, 	I : 	: 

	

1 	t 
I . 

	

If. 	'1. 

1.34tiii 
1111-44: 
r. 71* 
.,.• 

- 	 

•" 

• - . 
A 

t 
.1 	1 

r 
01 
in 

• 

L. 
I 
'' - 	r 	I' 

I T t ii 4 	Tz :r7". 
1.1 .-:1114. 

I 
l' 	11 • it -r • A i• 	1::•4-. '41 . L= 

• 
.:. _. : 

_L 
r 

I' 	. 

Ir-  1, 4 ii lr* • 1..., tit, i 	• 0 } . ;i - .. 
1 t 	I- t-1 

-.it 	i 
.: _-_,-.111:1 

. 
.E71 

. 	. I 
i. 

I- 
.t-7. i: 	" - t 

'1' 	1 
It 	• 1.1 Ili. 

i 
rt•T1 

is 
. ,. t 1 

II 	I 

.1- 
i 

.1._=. 
• 

71.T. 
, 
tr. 

	

fl 1 	I 

	

, 	'. 

	

,. 	I 	• 	.  	

•a 

•t1....: 	
•rf 	' 

	

-1-. 	izr 
_t•t-41• 

	

4 	r, . 	i• 1 

11: 
i .:.•TrIaL17a1 tbFli 

."  
-. ::-1 	• tii; '1' . 

.. 
; 
i 

14' 	. 
. 

..'17 	1 1", 
.. 

' •,:!=.1-: ' r.:. -7 
= L14-17: .1.4rrE1-;:: 

 	•-,  -. 	Vii. !:1-_ : i.1--_ 	•- !+-a F^: 	 
II ; 

. . • , 
.. ...  i: 	1 . 	-t• 

• 

.11411 
..L._ , 

... 	•_,: ...' 
;• 

111 - 

-1 	. i 

J 
... . .. 
• 

	

: 	.... ..... 
.. 

 • 
	.... 	. 	. 	

	

1' 	 

.1 	....... 

„ 	1 
, . .: . 

 ......  
•• 	• 

... 

1:: . : 

___ . 

. 

___. 

• 
. 
.. 

t  

• 

1 

717 

t 

. 

In' 

re-cot:-..,cificer 
ain 

.... 

c:16)  	i 

- 

• 

x.:•.< 

000 

1 
•7.  • 

. 

X 
X.. 
" 

f_ 	! 
' 	: 

h 

C ri rruiki 
4- or= 

•Ont) 

crori • F'.4.! 

.1 

Ga 

(.*.G1 

c;1.1c 

I 

I.:: 

. 

" 

•_Poi.ntS 

tt.tincy 

- 

iril- s 

re 

1.::Liii.,17 

C4-eY1C, 

batk_ .:v.nri ' 

• 

• Vc)1'.<2( 

r 

__. 
. 	. .. 

•... 

	

, 	. 

-.-.7h t 	 

:110;. 
I...I.Z.. 

.. 

: 

. 

- 
.1. 	,i 

i • . - 
.. 

.. 

a: o 
• • .. - 	. : 

en k gclin 
L 

•••• 1-1 1, 

1 	l' ., 
	 I .1::: :4T. 

1 -7L- t 

1 
I i 

• I  L 
I, 

! 

' 	•1 	1 ; 	:I 	• 
'''T' 	 

" 

. 	 ..... t  	 
I' 1 	i 

. 

•; 

'' 

:r 
ni 

. 

IA 1" 
.. 

.. 

• .. . ... 
! 

I.,. . 	I 	11 ' 

-- -1.• 	... 
1 
inipt• 

 II .1 	- 
• 

. 

. 

. 
. 

..... 
• -" 

1 .1 

. 
r 

I t, - 

ti 
I' 

•, 1 .• 

•• . , 
ill 	,  

, 	 
. 	i 

I i 
Pt 	I, 

	

 	, 

L 
I 	I 

tt- 
:ii :I 

I. 	' 

	

. 	I  I I_ 	 ;:illil 

5.48. 	Transclucey 	air% 08n; st- 

Pu 
	Frequency.. 

5, 	I Fre,, LI,evIcy 50 Kc15.1  

32 

23 

24 

20 

16 

12. 

8 

CO 



• 

J 

'° 1
2

9
 

%." 1
  

l)
 

4
.• 

I .... : 
... 
.... LL:1

 

.... 	.. 
.
.
.
.
.
.
.
 

....... 1.. 

... . . 	
. 	

1. 	
.. 

!i 

   
;::::1

.::: 

L: 

1 

•
 i 	

t 

..... : .. .
.
 	
.. 	

.... ... 
• . . ; 	. 

•
 • : 

.
.
.
.
.
.
.
 

. .. 	... . 
. • 

. 	
.. 	. : ... 

1111 111 

.11 iii 
 

it 1 

!! 
• 

1 
IIf  

I  

+I 

11 117
  

III i!1 
1 	

I I 

-1- 

1 

1.1.f 	
1. 

i1 11 

• I ; 

• rr: 
EL 

il 

•
 ...... 	

:L
T
 -7:.fl7.7.

•  
	
1
7
'71

' 

	

' • 	
' 	

:E
 	

I• 	
• 

	

'''' 	
''' : ' 

; 	
I • 

it 

E
M

E
M

M
IE

M
g
1
 

m
 

F
lea irhTiFure:#11111:11111:i 1

  

•••••E11111.11.111111111111 
111=11111 	

IIIMIU1111111 

P
S

I T
M

 
m

ulm
 rim

m
eim

m
um

ism
-dm

... 
m

om
 •Im

m
ism

im
iliiim

umm
im

 
UMME111H11111111111111•111111111111111UMM1 	

.1 
11111111111MIIIIIM111111111111111111111 

II. II 	
111111M11111111111111111111M 

rr 

1 
1111' 

11112111 

Hui 
MU m

ai 
UM 

M
U

M
 

1111111111111/1111111=18111111 
1111111 

.:w• wair-sual:= 
• 

• 
• ; 

Ij 	
I 

s
t
i
 

PW
W

11iiiilimir 	
I!!!! 

._
,=,,-::::= naugn....„ 

■r
r''''''W

.1:P
ailialE

ailifiii;;" 
rilipiiii6IN

:irdiE
SZI.:n112.4

.1i........ 

	

"114: 111111:111111.1 	
H

IM
 ...... •1111:M

ill 1  

	

lIl M
in

i  
 II N

I II 
I
li 

IM
E111:11112M

IRM
IREM

M
ISM

INIIIIM
IUM

M
 

M
E

R
S

iiiiiiirlin
irliiiin

il  

	

R
ilin

liiiiirilliiiin
iiiiM

M
ill1111 i iiii 	

1
 i 

im
illitn

iim
iiiH

M
H

IM
N

IM
M

O
M

M
IIIII H

U
 

1=11111111 In1111111111M111111111111111111111 
11M I TN  igin 

11M111111111 

Rffiifill11111101111M111 11111umullifi 11111 

IF
 

111111111 11 	
1 	

1111 	
11111111111 	

11 
1W

1 111111111iIII 111111111I1 	
1111 

4 

0 1 



then pump frequency f
p 	1 

1200 x 2,75 x 10-12 
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predicted; the transducer gain increases if the pump frequency and 

amplitude are reduced simultaneously (discussed at the end of section 5.5). 

Fig. 5.19. shows the frequency response curve. The difference between 

the maximum and minimum gain in the band is approximately1.5 db. This can be 

caused very easily by very small drifts in pump amplitude and frequency 

and the measuring equipment and is considered insignificant. 

5.6,3 High frequency measurements  

The diode employed for measurements at high frequencies has a capaci-

tance of 2,75 pF. 

If X 	1200 

306 me/s. 

The condition L G(v) < CR
t is once against satisfied but not with 

the same margin as at lower frequencies. In this case L G(v) is comparable 

with CR
t at v = 0 but an order of magnitude less in the negative-conductance 

area. 

CRt 	= 2.75 x 10-12 x 100 = 2.75 x 10-10. 

L G(v) = 1 x 10-9  x 0.035 = 3.5 x 10-11  

where G(v) = -0.035 and is the maximum negative 

conductance of the diode. 

The experimental set up was similar to the one shown in Fig. 5.15. 

47 pF capacitor was deleted and the high frequency measuring equipment 

was substituted for the low frequency instruments. 

Transducer gains of 8-10 db were obtained at signal frequencies of 10, 

100 and 150 me/s. 

5.7 Conclusions 

Approximate methods of determining the transducer gain and other 
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circuit properties agree very closely with the accurate computer calculations. 

At higher transducer gains, the theoretical and measured results are in 

close agreement but at lower gains there is greater discrepancy between the 

results., 

Very high gains of over 32 db can be obtained if pump current and 

pump frequency both are reduced. If pump current is reduced such that the 

excess pump current i
ego is very small, the gain of the amplifier is 

sensitive to the spurious variations of pump amplitude and other circuit 

elements. The frequency band of amplification is also decreased in direct 

proportion to the reduction in pump frequency. 

Fairly high gains over 10 db can be obtained if the pump current is 

high and at the same time pump frequency is high but in this case, though 

the frequency band of amplification rises with the increase in pump fre-

quency, the gain becomes very sensitive to pump frequency and amplitude. 

As a compromise, it is possible to obtain gains of the order of 4r10 db 

without undue restrictions on the circuit tolerances. 

A comparison of the performance of regenerative amplifiers with square 

and sine wave pumps can best be done by studying the following results. 

From Fig. 4.15. for Ib  = 5.7 mA i.e. iego  = 0.39, transducer gain 

expected is 9 db at 112 = 1 (if we assume thatX = 2x2). If Ib  increase 

troam 5.g mA transducePgaiPiteduces by one db. On the other hand if Ib  

reduces by 0.1 mA to 5.6 mA then transducer gain rises by 2 db. 

Now for sine wave pump of amplitude Ib  = 5.7 mA transducer gain is 

11 db at a pump frequency 1-_12 = 1 (Fig. 5.9). A small change in fre- 

quency from 1200 to 	27t ---- 1300 reduces the gain from 11 db to 5.3 db. Thus 

transducer gain is very sensitive to a change in frequency. Below a pump 
1

00 
frequency of 14 

	transducer gain reduces very slowly with frequency but 
1 it is still very sensitive to a change in 	At a pump frequency of 1700 

where transducer gain is just under 4db, if pump amplitude 1, changes from 

5.7 mA to 5.8 mA gain is reduced by 2 db. On the other hand if Ib  is 
decreased by 0.1 mA to 5.6 mA, transducer gain rises by 5 db to 9 db. 

We arrive at two important conslusions from the above discussion. 
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1) For a given pump current and circuit conditions the frequency band 
1 of amplification for sine wave pump is about /7.  of the frequency band for 

square wave pump. This is due to the fact that the time xl  required for the 

conductance 	reduce from Go to zero is considerably larger for sine 

wave. The time x x2  is again much larger and is determined by the sine 

wave period as against the square wave pump where this period can be con-

trolled. The effect of these factors is to reduce the pump frequency for 

the sine wave pump even though the period x2  - xl  is the same as in the case 

of a square wave pump, 

2) Under the same conditions of tolerances of the circuit . 

the gain of a regenerative amplifier with sine wave pump is much lower than 

that with square wave pump. 

As mentioned at the beginning of Chapter 4, at very high frequencies, 
square wave is not as practical a waveform as sine wave. At higher fre-

quencies, square wave pump degenerates into a sine wave pump because of 

the fact that the rise time of square waves becomes comparable with the 

pulse width of the square wave. Further, if the square wave is to retain 

its shape, then it will have to be applied to the tunnel diode through 

a very large bandwidth network and this is either impractical or too 

expensive to achieve at very high frequencies. It is realised, therefore, 

that the maximum potentialities of the regenerative amplifier suggested in 

this thesis may not be achieved at very high frequencies. Nevertheless, 

transducer gains of the order of 4-10 db are possible in practice. 
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CHAPTER SIX 

6. REGENERATIVE AMPLIFIER STAGES IN CASCADE 

6.1 Introduction 

We have seen in Chapters 4 and 5 that the higher the gain of a regenera-
tive amplifier, the more sensitive it is to small variations in the pump 

amplitude, frequency, waveform and to small drifts in the circuit parameters. 

A drop in gain of 50 per cent may be caused by an increase in pump amplitude 

of 2 per cent. For higher gains, the frequency of pump also has to be 

reduced and therefore the frequency band of implication is reduced. It 

seems likely and promising that by connecting regenerative amplifier stages 

in cascade, we may be able to increase the gain-bandwidth product of the 

amplifier without increasing the sensitivity of the amplifier to spurious 

variations in the circuit conditions. 

Tunnel diode is a two terminal device and the amplifiers using tunnel 

diodes are bi-directional. Regnerative amplifier stages in cascade may be 

so designed that the first stage is in a quiescent condition when the second 

stage is in the process of regeneration and so on. This implies delay 

between stages and at higher frequencies these delays may be obtained by 

strip line techniques. It seems possible, thus, without any major complica-

tion, to achieve the property of unidirectional flow of signal, to increase 

the gain-bandwidth product over that of a single stage and at the same time 

preserve the simplicity of fabrication by cascading regenerative amplifier 

stages. 

The analysis of a multi-stage regenerative amplifier multiplies in 

complexity; the current input to the second stage has a complex waveform 

which is a combination of the pump waveform and the output of the first 

stage. If the amplifier is not unidirectional then the effect of feedback 

must also be considered. The only feasible approach to obtaining an accurate 

assessment of the properties of a cascaded amplifier seems to be a digital 

computer solution of the problem. But we shall see in the following sections 

the number of factors on which the gain of a cascaded amplifier depends is 

considerable and these factors have conflicting influences. Thus, even 
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computer analysis would be very elaborate and laborious. It is possible, 

however, to form some intuitive understanding of a cascaded amplifier based 

on the knowledge of the regenerative processes in a single stage amplifier. 

In this Chapter, we discuss the different types of simple cascading 

arrangements that seem possible and some practical results are presented to 

substantiate the general conclusions. 

6.2 Considerations for a Cascaded Amplifier 

In a manner similar to that for a single stage regenerative amplifier, 

the gain of a cascaded amplifier will depend upon the conductance slopes 

Gqx
1
) and Gl(x

2)' and the negative-conductance areas traversed by the 

individual stages. An additional factor due to cascading is the influence 

of the coupling between stages. The coupling elements between the stages 

can be so designed as to fulfill the following functions 

1) The gain of the first stage should be as high as possible. 

2) The signal input to the second stage should be a maximum and so 

arranged as to produce maximum gain from the stage. 

3) The amplifier should be unilateralized or what is the same thing 

the feedback from any stage to the stage preceding it should be 

mihimized. 

We consider these three conditions in detail in the following sections. 

6.2,1 Maximization of the first stage  

The gain of the first stage depends upon the pump amplitude, frequency 

and waveform, tunnel diode parameters and the total conductance Gt  as 

discussed in Chapter 4. Assuming the cascaded amplifier is unilateral the 

only parameter of the first stage that is affected by the second stage is 

Gt. For a maximum gain and a maximum current output from the first stage, 

the conditions derived in sections 3.9 and 4.12 should be satisfied, These 
conditions can best be fulfilled by a cascading arrangements such as Fig. 

6.1. (Any arrangement with a shunt conductance would involve a loss of gain). 
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6.2.2 Optimum conditions for the second stage 

As we have seen in section 3,5, the sensitivity of a regenerative 

amplifier to signal is represented by an error curve centered around the 

point x = xl. The signal output voltage is an error curve with its maximum 

at the point x = x
2 (see section 3.7), These facts apply to all the stages 

in cascade. If the output from the first stage is impressed on the second 

stage without any delay between the stages then there is no likelihood of 

gain from the second stage; at the time x = x
1 for the second stage, the 

first stage signal output will be very low compared with later on in the 

cycle. Therefore, it is necessary to impress the signal from the first 

stage when it is at its maximum to the second stage when the second stage is 

at its most sensitivd to the signal input, 

Fig. 6,2a shows current output from first stage under the action of a 

square wave pump of width W. Fig. 6.2b shows current input to second stage 

due to the first stage and pump current, The pump input to the second stage 

is delayed. This delay is arranged such that the signal output current is 

a maximum (at the time x2 for the first stage denoted by x21) at the point 

where the second stage is at its most sensitive to signal (at the time 

x1 for the second stage denoted by x12). 

The delay is, therefore, 

D 	= 	x21 - x12 
	 6.1. 

so that input from the first stage arrives at the second stage a time D 

earlier than the pump. A schematic diagram of a cascaded amplifier with this 

delay incorporated in it is shown in Fig. 6.3. 

If the two transients follow very nearly the same trajectory then 

x2 - x1 
	 6.2. 

But, unfortunately, this is not the only criterion for the adjustment 

of the temporal relationship between the cycle of operation of two consecu-

tive stages. Along with signal input to the second stage and its own pump 

input, there is a current input to the second stage due to the voltage 

transient of the first stage. The current input to the second stage due to 

this voltage transient at any time depends on the magnitude of the load 
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resistor RL, and the position in time of this transient with respect to 

the cycle of operations of the second stage. The magnitude of this current 

can and does modify the voltage transient of the second stage considerably. 

Therefore the conductance slopes G'(x1), G'(x2) and negative conductance 

area a for a stage after the first are determined by the pump input to it 

and the input current due to the transient of the preceding stage. In this 

way it may be that the point of maximum signal output from the first stage 

has been positioned to coincide with the most sensitive period of the second 

stage but this may not result in an optimum gain condition because the 

current input due to the transient of the first stage causes the second 

stage to switch off very quickly; in such a case the negative-conductance 

area for the second stage may be very small etc. Hence it is necessary to 

determine the optimum delay between stages for a maximum gain from an 

amplifier in cascade. The signal delay D given by equation 6.1 is not the 

optimum but is expected to be close to it. 

The gain of a regenerative amplifier depends upon the excess pump curr-

ent available at x1, during the transition through the negative-conductance 

area and at x2. The excess pump current for the first stage can be con-

trolled to give the performance required from the stage but the excess pump 

current for the second stage is determined by the magnitude of the input 

from the first stage and its own pump current input, 

If different stages in a cascaded amplifier are to have a degree of 

insensitivity , above a certain minimum to the spurious variation of the 

circuit conditions, all the stages in cascade must have their respective 

excess pump currents during any time in the regenerative period above a 

certain minimum. 

6.2.3 Unilateralization of cascaded stages 

There are a number of possibilities in the way tunnel diode regenerative 

amplifier stages can be cascaded. The most obvious arrangement is to 

connect identical stages together as in Fig. 6.1. Such a system as dis-

cussed in section 6.2.2. is not an optimum one with respect to the gain of 

the amplifier. Such an amplifier is not unidirectional each stage inter-

acts with every other. 
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It is necessary, as discussed in section 6,2.2. to introduce a delay 

between pump current input to different stages to ensure optimum gain con-

ditions. If the delay can also be adjusted such that for any two consecutive 

stages the first stage is regenerative while the second is not and vice 

versa then signal flow through the amplifier will be unidirectional, An 

amplifier which satisfies the condition of optimum delay of section 6.2.2. 

and is unidirectional, is that of Fig. 6.4. In this circuit there are 

delay elements in the pump as well as signal paths. The diagram of Fig. 6.5 

shows the relative delays in the two paths and their effect on the pump 

and voltage transients. The second stage pump is applied after a delay E 

such that first stage has reached the quiescent state. The current input 

from the first stage is applied to the second stage time D (Equation 6.1) 

in advance. This figure also shows the part of second stage current that is 

fed back to the first stage. To ensure that this is ineffective it is 

necessary that the mark to space ratio of the pump must at least be Er,E.-4) 
Thus we find that to make a unilateralized cascaded amplifier possible we 

have to increase the period X of the pump pulse. This increase in the 

period X will give rise to a reduction in the frequency band of amplification 

and the transducer gain. 

6.3 Grading of Diodes in Cascaded Amplifiers 

The pump and signal delays have been arranged to make the feedback 

ineffective; nevertheless, the feedback is present and a significant part 

of the amplified signal is lost if Ria  is comparable with /41,2  and so on 

(Fig. 6.4). It seems desirable thus to have RL1  7N> RL2  and so on. This 

can be accomplished by grading the diodes, e.g., T.D.I. has Ip  = lmA, 

T.D.2. has I = 5 mA and T.D.3. with an I = 22 mA. As shown in section 
4. 6 , the optimum load resistors in this case will bear an inverse 

relationship to that of the respective peak currents and if the diode 

capacitances are in the direct ratio of the peak currents)  the pump pulse 

width required for these stages will be the same. 

A further advantage of grading the tunnel dioda3in a cascaded amplifier 

is to increase the signal handling capacity at each successive stage as the 

signal grows in amplitude. 
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While grading of diodes in a cascaded amplifier maximises the current 

gain. Ai  (see Section 3.9), it is not an optimum system for obtaining a max-

imum transducer gain. For a maximum transducer gain 1111  = RL2  = R.L3  etc. 

i.e. identical stages in cascade should be used. 

6.4 Experimental Investigations 

Measurements of gain Am  were carried out to investigate the gain 

capabilities of regenerative amplifier stages in cascade. The method of 

measurement was the same as that of section 4.15, i.e. the signal input 

current was monitored by a Tektronix current probe and the signal output 

was observed on an oscilloscope as modulation envelope on top of the voltage 

transients across the load. 

6.4.1 Measurements on cascaded amplifier with square wave pump 

Going back to the design of section 4.15 for a single stage amplifier, 

for Ib = 5.7 mA x2 = 177. These values are for a tunnel diode with 
I = 4.7 mA and G

t = 0.01 mhos and therefore for a pump pulse width of 

0.4 psecs 
0.4 x 10-6  = 2260pF 177 

We use a three stage amplifier with graded diodes. These have peak currents 

of 1 mA, 4.7 mA and 22 mA. The capacitance values for the diodes and their 

respective loads can now be calculated (sections 6.3 and 4.6). 

For a diode with I = 1 mA 

C = 2260 = 470 pF approximately (Section 4.6) 
4.7 

and for a diode with I = 22 ma 
p 

C = 2260 x 4.7 
= 0.01 tip 

The loads will be in the inverse ratios of the peak currents i.e. if 

RL  for 4.7 mA diode = 100 ohms 

then for 1 mA diode RL  = 100 x 4.7 
= 470 ohms. 



0.33,125. 0.33/1s. 

22 o•ot 
PE 

Sat 390 

	, 
470 
pF 

2-2K 
PF. 

Pump Current  
W 0••4,u5. 

6.8 K 

DELAY 

E-D 

0'5 ,USec. 

 

0.5/4 See. 

144 

    

I rnA. T. D, I. 	-4•7 fnA T.D.2 	22 rAA.T.D.3. 

FT. 6.6: 	CIrcuit Of Cascaded ReOencroft've 

Ampft:f-ier. 



14.5. 

for 22 mA diode RL  = 100 = 22 ohms (approximately) 
4,7 

Amplifier was connected together as in Fig. 6.6. The delay E = 0.5 µsec. 

Delay D = x2  - xi  

Now x
2 = 177 

and 	x1  = 82 from Fig. 4.7 for It  = 5.7 mA 

• • 	D = 95 

or 	D = 0.215 µsec. for C 2200 pF 

Delay in the signal path for a maximum gain is expected to be close to 

it. Optimum delay was found by the following procedure. Delay was adjusted 

close to the value OE D) in the signal path and E in the pump path. The 

pump input to the second stage was adjusted to arrest its voltage transient 

at voltage vx2, Then the modulation of the peaks of the transients was 

measured and compared with the modulation of the peaks of the first stage 

output. 

Delay (E D) was changed in steps of 0.01 µsec. till maximum gain was 

obtained. It was found that the optimum value of the delay in the signal 

path was very close to the value E - D. 

Now E = 0,5 µsec. Measured value of optimum E - D was 0.33 µsec. 

Optimum D = 0.17 µsec. 

which is about 21 per cent lower than the calculated value above. 

Once delays have been optimized, the stage gains can be measured. 

Following were the measured value of stage gains. 

Total gain over three stages = 28 

First stage gain = 6.34 
Second stage gain= 2.5 

Third stage gain = 1.8. 

6.4.2  Measurements on cascaded amplifier with sine wave pump 

A two stage amplifier shown in Fig. 6.7 was used. If X = 1200 then 
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to give isolation between the two stages a mark to space ratio of 	is 2E-D 
required. We assumed D to be small and therefore a mark to space ratio of 

0.5 was required. 

To achieve this a direct current bias was applied to the tunnel diode 
2 so that it would be conducting in the forward direction for only 

X 	 3 
— of the 

period — 
2 

Sine Wave period 	= 1800 

or Sine Wave period = 1800 x 700 x 10-12  

1.26 x 10 6 secs 

if C = 700 pF is the capacitance across the circuit 

conductance; 

or the frequency of the sine wave = 873 kc/s. 

Thus delay E is approximately 0.42 ilsecs. 

Now x
2 

= 426 and x
1 = 293 	obtained from 

Fig. 5.1. 	for = 5.7 ma 

and X = 1200 

therefore D = x
2 - x1 = 133 

= 0.0935 x 10-6  secs. 

The delay E - D required in the signal path for maximum gain was found 

to be 0.35. The optimum value of D is about 25 per cent lower than D given 

by the equation 6.1. 

The following gain figures were measured 

Total gain 	= 10 

First stage gain = 4 
Second stage gain a  2.5 

Efforts were made to get higher gains by adding a third stage but gain 

obtained from the third stage was very nearly unity. 

• 
e . 



1 
6.5 Conclusions. 

The gain contribution of each new stage that is connected in cascade 

to a single stage regenerative amplifier adds less and less gain as the 

number of stages increase. Measurements have shown that if significant 

contribution in gain is to be obtained from each stage in a cascaded 

amplifier, maximum number of stages in cascade is limited to two or at 

the most three (with square wave pump only). 

The reason for this drop in gain of the later stages compared with the 

first is easy to see. For the sake of discussion, we assume that 

identical stages are connected in cascade and the pump waveform is square 

wave. If gain stability of all the stages with respect to the circuit 

tolerances is to be maintained constant, current input to each stage at 

its corresponding time xi should be the same. As we have shown by 

measurements, at the time xi for a second stage, the current input from 

the first stage is a little below its peak value. Thus the current 

input to the second stage after time xi (i.e. in the negative-conductance 

region) is a rising one (Fig. 6.5). The transition of the second stage 

through the negative-conductance region is faster than that of the first 

stage. The negative-conductance area a and hence the gain of the second 

stage is, therefore, reduced to below that of the first stage. 

Similar explanation applies to later stages in the chain but the 

later stages receive progressively faster rising current input from 

their respective preceding stages and gain of successive amplifier stages 

in cascade progressively reduces. 

Because of increase in cycle period X required to accommodate the 

period 2E - D between each period E, the frequency band of amplification 

and the transducer gain for each one of the stages in cascade is reduced 

approximately to 2/3  the figure they will produce if each stage was used 

as a single stage amplifier (i.e. with Mark to space ratio of unity). 
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CHAPTER SEVEN  

7. NOISE IN TUNNEL DIODE REGENERATIVE AMPLIFIERS 

7.1 Introduction 

The tunnel diode exhibits shot noise11,14,19 in the bias region where 

the diode static characteristics displays negative-conductance and for diode 

voltages less than the peak voltage v . in the forward conduction region 

for voltages greater than V there is a noise component due to diffusion 

current 24. At very much higher voltages, noise is due entirely to the 

diffusion component. At very low frequencies the tunnel diode also exhibits 

1/f noise. 

The tunnel diode series resistance R
s contributes thermal noise. The 

magnitude of this resistance is very small and the noise due to the series 

resistance does not become important till operation close to the cut off 

frequency f
r is desired.

25 

In this work, shot noise is of main interest to us. The tunnel diode 

voltage transient, for regenerative amplifiers, is restricted to below the 

valley voltage Vv; if the transient proceeds to voltages greater than Vv, 

the transducer gain and the frequency response of the amplifier both 

deteriorate. Thermal noise due to R
s is again not important because the 

regenerative amplifier with useful performance must operate at a fraction 

of the cut off frequency fr. 

In the regenerative amplifier, signal is sampled at the point x = x1  

where circuit conductance becomes zero. The signal current present in the 

circuit at this instant plays the greatest part in the determination of the 

amplitude to which signal is going to build up before being quenched. It is 

expected that noise current due to the diode must have the maximum effect at 

the same instant x = x1. 

The signal in a sampling system appears in discrete lines at the 

sampling frequency and its harmonics (including zero frequency) and the 

signal modulation appears as side-bands on these lines. The noise energy is 

distributed throughout the whole spectrum. The highest modulation side-band 
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that can be distinguished has a frequency equal to half the pump frequency. 

It is therefore necessary to restrict the amplifier bandwidth, by means of 

a suitable filter, so that only the side-bands of a single line are accepted, 

A low pass filter with bandwidth slightly less than half the pump frequency 

is thus necessary to avoid any interference from the lower side-bands of the 

line at the pump frequency. It is assumed in our analysis that this res-

triction can be implemented and that the output noise bears a linear rela-

tionship with the noise around the point x = x
1.  . 

A complete and rigorous analysis of the noise in regenerative amplifiers 

is beyond the scope of this work. As we shall see, the analysis based on 

the above assumptions gives a very good prediction of results to be 

expected in practice. 

7.2 Shot Noise in Tunnel Diodes 

At frequencies much lower than the cut off frequency (the frequency at 

which the diode1 s terminal impedance no longer exhibits a negative real part. 

see Sec. 2.3) the shot noise is the main contributor. 

As discussed in Sec. 2.2, following Esaki11, we can assume that there 

are two current streams flowing across the junction in opposite directions. 

The net electron current flowing across the junction is the difference 

between these two current streams (equation 2.3). 

For calculation of mean square noise current, we assume that both 

current streams are uncorrelated. Both of these current stream will then 

contribute full shot noise and the equivalent saturated diode current for 

the tunnel diode is the sum cif I and IE (see Sec. 2.2). 

If i
eq is the equivalent saturated diode current at a diode voltage v 

and the two opposing current streams are i and i
E at that voltage then 

ieq = iZ  + 5.7  7.1. 

i and iE can be determined at a given voltage by the equations 2.4 and 

2.5. Therefore 

-AZ 
na 	1 exp kT  - i

d eq 
1 - exp 
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where id is the diode current obtained from the diode current-voltage 

characteristics. 

This is calculated for the diode characteristics of Fig. 7.1. Fig. 7.1 

also gives the graph of i
eq 

against the diode voltage. id  and ie  
kT 	

ci  approach 

each other when more than a few times 
kT q 

of bias is applied but ieq > d 
for diode voltage comparable with — . eq 

was measured by the method 

outlined in Appendix A.5. The calculated and measured values for ieq 
agree 

very well in the negative-conductance region (Fig. 7.1). For diode voltage 

less than its peak voltage V the error is much greater. 

7.3 The Noise Figure of Regenerative Amplifier 

For a linear negative-resistance amplifier a simple equivalent
26  circuit 

would be that of Fig. 7,2. This circuit is essentially the same as the one 

for a regenerative amplifier. Fig. 7.3 gives the noise equivalent circuit 
for the circuit of Fig. 7.2. 

The current generators in the equivalent circuit represent the Johnson 

noise in the conductances and the shot noise in the diode and are given by 

. 2 
s = 4kT GB 

s s 

.2 d = 2q eq  B 

2 1 L = 4 k TL  GL  B 

where T
s 
and TL are the absolute temperatures of the source and the 

load conductances respectively. i
eq in equation 7.3 is the ieq at the bias 

point. B is the bandwidth and k is the Boltzman Constant. 

Since all the noise sources are in parallel we arrive at the noise 

figure simply by taking the ratio of the total mean square noise current to 

that contributed by source alone. 

. Therefore, F = i
s
2  + 12  d + i2L   / is

2 7.5. 

where F is the noise factor. 

7.2. 

7.3. 



Substituting from equations 7.2, 7.3 and 7.4 

1 + TL GL + 	q
eq  

T G 	2k T G 
s s 	s s 

Assuming TL  = Ts  = 290°K. 

and hence 	q 	= 20 
2 k Ts  

Then, F = 	1 + GL + 20 i 

G 	G 
s 	s 

This is the expression for the noise figure of a linear negative—

resistance small signal amplifier. 

In a regenerative amplifier i
eq 

is a function of time defined by the 

sequence of operation of the bias current of the diode. It is not possible 

by any simple means other than complicated digital computer calculations 

to study the transients in a regenerative amplifier in the presence of noise. 

To obtain a simple guide to the noise figure of the regenerative 

amplifier, it is necessary to study the nature of ieq through a cycle of 

operations. As explained in section 3.5 an input arriving at the point 
x = x1 has the maximum effect on the circuit transient. The regenerative 

amplifier is less sensitive to an element of input arriving before or after 

x = x1. This implies that the noise present at the point x = xi  and hence 

ieq at x = xi  will determine to a very large extent the noise at the output 

of the amplifier. Furthermore, i
eq against time x (which can be obtained 

from the voltage again time and i
eq against voltage graphs for the circuit) 

around x = x1  is very nearly linear and a time average of ieq around x = xi  

will be equal to ieq at x = xi. 

If the input noise is band limited to half the pump frequency then no 

band overlap or 'aliasing' effects should take place; the input noise at 

any frequency contributes to output noise at the same frequency and no other. 

In such a case, there should be a linear relationship between the noise power 

at the output and the noise power at the input. 

If the above conditions are assumed to exist then noise figure of a 

15•14-. 

7.6. 

7.7. 
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regenerative amplifier will be given by the expression 7,7 with the proviso 
that i

eq in this case is that at the point x = x1 
(at the voltage vim). 

i.e. 	F = 1 + 
GL + 20 ieo(vxl) 
	

7.8. 
G 	G 
s 	s 

For low noise figures Gs  should be as large as possible and GL  as low 

as possible but these conditions are not compatible with high gain conditions 

For G
t 

= G
s 
+ GL to be as large as possible and still have a large gain from 

the amplifier the tunnel diode negative conductance (-G) should be as high 

as possible. At the same time to keep ieq at a minimum the diode should be 

a low peak current diode. Thus I / 1-G1 should be minimized for the diode 

to be used in a low noise regenerative amplifier. This is the same condition 

as derived in section 4.13 for a diode most suitable for high gain amplifiers 

7.4 Measurements of Amplifier Noise Figure  

Measurements of noise figure were carried out by two methods: 

7.4.1 Noise generator method 

The schematic diagram of the circuit is shown in Fig. 7.4. Fig. 7.5 
gives the circuit of the amplifier used. 

The noise output of the amplifier was noted on the R.M.S. voltmeter. 

Then noise generator input to the amplifier was increased and the rise in 

the voltmeter reading noted. If the noise power due to the tunnel diode 

amplifier can be doubled by the extra noise input from the noise generator 

then the noise figure of the amplifier is given directly by the noise 

figure reading of the noise generator. But this was not possible as the 

source resistance of the noise generator was 50 ohms and this was increased 

by connecting a resistance of 150 ohms in series to give the required source 

conductance of 0.005 mhos for the amplifier. 

In this case if F
n 
is the reading on the noise generator then the noise 

figure of the amplifier will be 

F = 	F
n 
. 	Noise generator source resistance 

Source resistance seen by the amplifier. 
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= F . 

n 	200  

= Fn . 
4 

As the amount of noise power from the noise generator used (Rohde and 

Schwarz) is limited to a noise factor of 33,it was possible to increase the 

noise power due to the tunnel diode amplifier by only a small fraction. 

If M
1 is the reading of the R.M.S. meter due to amplifier noise alone 

and M2 is the reading of R.M.S. meter due to the noise of the amplifier and 

the noise generator then 

2 
excess power due to noise generator 	= 	= M2  

P 
noise power due to regenerative amplifier 	mi I  - 1 

Noise factor of the amplifier 
P
n 

Fn 
4Pn 

For the circuit of Fig. 7.5 following results were obtained 

F
n 	14.5 
	90 

M
2 

Pn  = 0.1377 

  

Noise factor of the amplifier = 	14.5 

  

4 x 0.1377 

 

= 26.2 

From the expression 7.7 

F 	= 	1 + 0.00,5 + 20 x 5.5 x 10-3  
0,005 	0.005 

= 1 + 1 + 22 

= 24 
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where G
s = 0.005 mhos and ieq = 5.5 mA at vxl  = 64 mV. 
GL  = 0.005 mhos 

The measured result is 9.2 per cent higher than the predicted one, 

Similar measurements on other amplifiers with different source and load 

resistances gave results ± 10% of the calculated values, 

7.4.2 C.W. method27  

The noise figure F of a network is defined as the ratio of the available 

signal to noise ratio at the signal generator terminals to the available 

signal to noise ratio at its output terminals. 

If Pg  = Available power from generator. 

S = Available signal power at the output. 

N = Available noise power at the output. 

Noise bandwidth of the network. 

then F = 	P
E_ 	(S/N) 	 7.9. 

kTB 

The circuit of Fig. 7.6 was used to carry out the measurements. If 

the signal input is adjusted to double the noise power at the output then 

S = N. 

If A = attenuation 

R 	= source resistance of the signal generator 

v 	= voltage output of the signal generator at the input 

to the attenuator. 

Then substituting the values of P , k, T, S and N 

F = v2 7.10. 

 

4R AB x 10-21  

 

The tunnel diode amplifier was excluded out of the circuit of Fig. 7.6 and 

the voltage v1  required from the signal generator at the input of the filter 

to show a SAT ratio of unity was determined. Noise figure F1  of the 

receiver with the low noise pre-amplifier and filter was then measured by 
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the noise generator method of Sec. 7.4.1. 

The tunnel diode amplifier was connected back as shown in Fig. 7.6 

and the voltage v2  required from the signal generator to show a S/N ratio 
of unity was measured. If F2  is the noise figure of the tunnel diode 

amplifier 

v1 
v2 

F
2 
F1  

= 	6.8 mV 

= 	13.0 mV 

then F2 

2 

(From equation 7,10) 

2.2 

x2.2 

v 

F1  

113.0 

2 

= 

2 
.8  

8.04 

Noise factor from equation 7.8 

for G
s 

= 0.02 G = 0.01 

and ieq = 5.5 ma at v = vxl  = 64 mV (Fig. 7.1). 

F = 1 + 0.01 + 20 x 5.5 x 10-3  
0.02 	0.02 

= 7.0 

which is about 15% below the measured results. 

7.5 Conclusions  

An approximate expression for the noise figure of a regenerative 

amplifier has been suggested. Measurements carried out by the noise genera-

tor method of section 7.4.1. give results within 10% of the predicted results. 

But the C.W. method of Section 7.4.2 shows somewhat greater discrepancy 

between the measured and predicted results. Nevertheless, the approximation 

expression 7.8 gives a very good guide to the noise performance of the 

amplifier. 

Noise performance obtained from regenerative amplifier is considerably 

worse than the typical response of a conventional negative-resistance 
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amplifier. The noise current which determines the noise performance of a 

regenerative amplifier is near the peak of the diode current-voltage 

characteristics whereas conventional amplifier is usually biased to the 

middle of the negative-resistance region where noise current is less than 

half that at the peak, 

As shown in Section 4.12 transducer gain does not drop very much when 

G
t is changed from 0,01 to 0.02 mhos. But the noise figure reduces from a 

predicted value of 24 to 13 (these figures are calculated on the assumption 

that G
s 

= G
L 

= G
t/2) if Gt is increased from 0.01 to 0.02 mhos. 

Noise figure of a regenerative amplifier can be further reduced by 

increasing the maximum negative conductance of the tunnel diode and reducing 

the diode peak current. 

No measurements on the noise figures of cascaded amplifiers have been 

carried out. As discussed in sections 6.4 and 6.5, the first stage of 

cascaded amplifier gives gains of the order of gain expected from a single 

stage but the gain of a second stage is reduced to less than half the 

value of the gain of the first stage. A third stage gives a gain less than 

the second and so on. 

Noise figure for two stages in cascade is given by 

F
12 

= F
1 

+ 	F2 - 1  

where F12 is the noise figure of the cascaded amplifier 

F
1 

and F
2 are the noise figures of the first stage and second 

stage respectively 

and Al  is the gain of the first stage. 

Thus unless the gain of the first stage is very high and the noise 

figure of the second stage very low, overall noise figure F12  will be much 

higher than F . As we have seen these conditions are difficult to meet 
1 

because the gain of the first stage is not particularly high and the later 

stages are going to contribute a noise power comparable with the first 

stage noise. 
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For a typical calculation with Gs  = GL  = 0,01 

F1  = 14 	F
2 

= 14  

Al 	
2 	(or 3 db) 

•
F12 = 14 + • 	• 2 

= 20.5 

Thus the noise factor is considerably worsened by cascading. 

The actual situation is not so simple as this because unless the signal 

input to the second stage is band limited to half the pump frequency there 

will also be noise due to conversion production's of the side bands of the 

lines at higher harmonics of the pump frequency which will fall into the 

frequency band of amplification. 
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CONCLUSIONS  

A new mode of regenerative amplification has been proposed and it 

has been shown to be feasible in practice. A general and detailed 

analysis has been carried out for such an amplifier. The analysis is 

not restricted to any one particular active device; the requirement 

of such an amplifier is that a conductance function of the type 

assumed in Chapter 3 should be seen by the signal to be amplified. 

The simple and general mathematical expressions obtained are then 

applied to regenerative amplifiers using tunnel diodes as active devices. 

The performance of tunnel diode regenerative amplifiers is studied for 

practical pump waveforms like square and sine waves. Some approximate 

methods for the evaluation of conductance functions, due to these pump 

waveforms, have been suggested. These methods are shown to give results 

which are in close agreement with the accurate calculations and the 

measurements carried out on amplifiers. 

Gain and frequency response characteristics of such amplifiers 

using tunnel diodes are dependent on the various circuit parameters like 

load conductance, tunnel diode characteristics, pump waveform, frequency 

and magnitude. From the detailed consideration of these factors, we 

arrive at the following conclusions regarding the circuit parameters. 

1. Load and Source Conductances. To obtain a maximum gain from 

regenerative amplifier there is an optimum value for the sum of these 

conductances. If maximum transducer gain is desired then the load 

conductance should be equal to the source conductance. If maximum 

current gain is desired then source conductance should be zero and load 

conductance equal to the optimum value mentioned above for the sum of 

source and load conductances. 

2. Tunnel Diode Characteristics. An ideal tunnel diode would, for 

maximum gain, have a current-voltage characteristic with a broad peak 

region. Its negative conductance should be as high as possible for a 
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I 

given peak current; i.e.  the factor 1 - -  should be a minimum. 	While G1 
the former could reduce the frequency band of amplification the latter 

has very little effect on frequency response and is, therefore, more 

useful parameter to maximize. 

3, The Pump Current. It is shown that lower the pump current, (as long 

as excess pump currentio greater than zero) the higher is the gain of 

regenerative amplifier and at the same time lower is the frequency band 

of amplification. 

We find that there are rather serious limits placed on the maximum 

gain that can be obtained in practice, due to the considerations of 

circuit tolerances. 

It has been demonstrated that regenerative amplifier with square 

wave pump has considerable advantages over that with since wave pump. 

The period required to complete a full cycle of regeneration and damping 

is shorter because less time is needed to traverse positive conductance 

regions. The closer the positive - conductance areas of the conductance 

time graph balance the negative-conductance area (and at the same time 

satisfy the conditions 3.20 for period t1  and the condition 3.38 for 

damping period) the higher is the transducer gain that can be expected 

from the amplifier. Under the same conditions of gain stability with 

respect to circuit tolerances, tunnel diode regenerative amplifier with 

square wave pump gives higher gains than regenerative amplifier with 

sine wave pump. 

As the time required to complete a cycle of regeneration with square 

wave pump is about a third or a quarter of that with sine wave pump, 

regenerative amplifier with square wave pump makes a better use of the 

high frequency capabilities of tunnel diodes. The maximum frequency of 

amplification with sine wave pump using the presently available diodes 

seems to be of the order of 250 to 300 me/s. The same diode can be 

operated up to over 1 kmc/s for square wave pump and up to 10 kmc/s for 

linear negative-resistance amplifiers. 

Unfortunately square wave pump is neither easy to generate nor to 

apply at higher frequencies and the maximum potentialities of regenerative 
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amplifier may not, therefore, be realized in practice. 

Other main restriction on the maximum frequency of pump current 

and hence the maximum frequency of amplification is due to the diode 

capacitance. But a reduction in diode capacitance does not produce 

an improvement in the performance of regenerative amplifier relative 

to the performance of non-regenerative negative-resistance amplifier. 

If it is possible only to minimize the diode capacitance and the 

diode negative conductance can not be increased at the same time, the 

extended frequency capabilities of the diode may be of little use for the 

condition LG R
tC may not be satisfied. There is a limit to the 

minimum value of L than can be achieved by conventional means and it 

may be necessary to resort to solid state circuit techniques. With the 

conventional techniques the condition LG <RtC may be satisfied with 

some effort for regenerative amplifiers with pump frequency of around 

one kcm/S. Nevertheless, useful performance, even though not as 

promising as at lower frequencies, may still be obtained at frequencies 

above 1 kcm/s. 

Noise performance of the regenerative amplifier is considerably 

worse than non-regenerative negative-resistance amplifiers; noise figures 

of the order of 10 db are obtainable for regenerative amplifiers 

compared with 6 db or better from negative-resistance amplifiers. The 

noise current for the regenerative amplifier is that near the peak of the 

current voltage characteristic whereas the non-regenerative amplifier is 

usually biased to the middle of the negative-resistance region where 

noise current is less than half that at the peak. 

Noise figure of the regenerative amplifier can be reduced substant-

ially if the ratio 
I-2GI  is minimized. Once again this will not result 

in an improvement relative to the performance of a conventional negative-

resistance amplifier. 

It was expected that it will be possible to cascade regenerative 

amplifier stages to obtain higher gains. Some practical results have 

been given on the performance of cascaded amplifiers. The gain of the 

amplifier stages in cascade progressively reduces from stage to stage 
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and more than three stages in cascade produce very little extra 

amplification to that for three stages. Even the third stage in a three-

stage amplifier does not have high enough gain to justify its use and there-

fore, for useful performance number of stages in cascade is restricted 

to two. 

The form of output from one stage to another is such that the analysis 

of a multistage amplifier seems inordinately complicated and has not been 

attempted. 

Unless first and subsequent stages in a cascaded amplifier have 

high enough gain figures, noise figure of the amplifier is expected 

to be considerably worsened by cascading. 

Although as proposed at the outset, a unilateral multistage regenerative 

amplifier can be constructed, in practice gain figures achieved were 

disappointing and noise performance is expected to be even more so. 

In this thesis, the author has proposed and shown the feasibility 

of a new type of regenerative amplifier. Using available components 

a wide band amplifier with useful gains is shown to be possible. It is 

disappointing in that the inherent advantages of tunnel diode are not 

exploited to their utmost. It is not inconceivable though that tunnel 

diode with smaller band gap materials (this will result in lower 7r 

ratios) will be fabricated and an amplifier with wider bandwidth, higher 

gain figures, and lower noise may eventually be made possible. 

This type of regenerative amplifier can be used as broad band 

amplifier or can be used for applications where it is required to sample 

a signal at high frequencies and amplify it at the same time. 

Some parts of this thesis have more general applications. The 

tunnel diode switching analysis in general, and the approximate 

techniques developed for the sine wave pump (section 5.3) in particular 

should find use in tunnel diode logic circuit design. 
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Suggestions for Further Study. 

It has been shown that gain and frequency response of the proposed 

regenerative amplifier can be optimized with respect to circuit parameters 

and amplifiers using practical and well known waveforms of square and 

sine waves have been studied. But no explicit study, to determine an 

optimum pump waveform, has been attempted. 

An ideal pump waveform which will produce higher gains and wider 

frequency band of amplification may be that of Fig. C.1. This pump 

waveform has a fast leading edge and rises to very high magnitude 

such that the period t1  is reduced to a minimum (consistent with the 

condition 3.20). As the circuit approaches the time t1  (when 

circuit conductance changes from positive to negative) the pump is 

reduced in magnitude so that just enough excess pump current is present 

to keep the circuit tolerances within reasonable limits. After this the 

excess pump current throughout the negative-conductance region is kept 

nearly at the value of excess pump current at t=t1  (i.e. it is equal to 

'ego) . As the circuit current is reducing while tunnel diode voltage 

goes through the negative conductance area so is the pump current to 

obtain nearly constant value of i
ego and hence a large negative 

conductance area. At the end of negative-conductance area the amplified 

signal is damped back to the input level in the minimum period necessary 

to satisfy condition 3.38 and the next cycle then commences. This pump 

waveform will result in a maximum negative-conductance area and just 

sufficient positive conductance area. In this way high gain and high 

frequency operation could both be achieved. 

Further investigation in the determination and generation of optimum 

pump waveform for regenerative amplifiers is recommended. 

It has been shown at different stages through this work that gain 

of regenerative amplifier may be very sensitive under some conditions to 

small changes in circuit parameters. A full study of the gain-bandwidth 

capabilities of regenerative amplifier in relation to the allowable 

circuit tolerances is suggested as another field for further useful 

investigation. 
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This thesis presents a very simple expression for noise figure 

of regenerative amplifiers. This expression has been demonstrated to 

predict the results to be obtained in practice to within 10 to 15 per cent. 

However, no rigour or precision is claimed for the expression obtained. 

An accurate study of noise in regenerative amplifier is suggested. 

In the study of noise in regenerative amplifier only the noise 

contribution from tunnel diode and the associated circuit conductances 

was considered. The noise that may be injected into the amplifier 

by the pump source along with the pump current has been completely excluded 

from our discussion. It should be of great benefit to evaluate the effect 

of noise contributed by the pump source. 

Some practical results have been presented in Chapter 6 on the 

performance to be obtained from regenerative amplifiers in cascade. Some 

conclusions on the performance of cascaded amplifiers have also been 

given. These conclusions are qualitative and have been based on our 

knowledge of the regenerative processes in a single stage amplifier. 

An analysis of cascaded amplifiers was considered outside the scope of this 

work. A considerable improvement in the performance of cascaded 

amplifiers may be achieved if optimization of such amplifiers is considered 

in detail. 

The regenerative amplifier proposed in this thesis is a sampling 

amplifier. The maximum frequency of amplification is, therefore, 

restricted to half the pump frequency. Any frequency above this 

maximum frequency of amplification can, therefore, be converted down to 

a corresponding frequency in the frequency band of amplification. Some 

measurements on such a frequency converter were performed by the author. 

The conversion gain of the converter was found, up to fairly high 

frequencies, to be the same as the gain experienced by a signal in the 

frequency band of amplification. Noise figure of the converter was 

again found to be similar to that of the amplifier. It is expected 

that useful performance may be obtained from such converters and this is, 

therefore, suggested as a very promising field for further exploration. 
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APPENDIX A.1. 

It series lead inductance L is included in the equivalent circuit of 

the regenerative amplifier, the input admittance of the amplifier (Fig.A.l) 

as seen by the signal is 

Y
in Gt  + Y 	 A.1.d 

Gin  + jBin 	 A.2. 

where Yd  is the admittance of the diode and Gin  
and B. are the conductance and the susceptance In 
parts of Yin' 

The diode impedance Zd  at the signal frequency at the point where diode 

conductance G(v) = -G is 

Z
d 

= jwL + 	1 
jwC - G 

(1 - w2LC) jwLG 
jwC G 

therefore Y
d = jwC - G  

(1-w
2LC) - jaG 

Rationalizing 

Y
d -G + jBe 	A.3. 

(1 -w2LC)2+ (wLG)2 

where jBe  is the susceptance of the tunnel diode. 

From A.3., A.2. and A.1. 

Gin 
	= Gt 

- (1 -w2LC)2+ (wLG)
2 

If L = 0 

Gin = Gt  - G 

For L> 0 the input conductance reduces as the inductance L is in-

creased. The conductance part of Yd  as given by the second term in the 
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expression A.4. is plotted for different values of L in Fig. A.2. 

We note further that for regenerative amplification to take place 

or Rt 	1 . — G 
G
t  < 
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APPENDIX A.2.  

The differential equation 4.16. can be rewritten as 

x dv All 5, 

 

lb 	f(v) - Gt
v 

 

or x dv  
i
e(v) 	

A.6. 

-o 

where ie
(v) is the excess pump current as a function 

of diode voltage v. 

or once again x = 	0(v) dv 	 A.7. 

wo
1 where 0(v) - ie(v) 

0(v) can be tabulated for different values of v. 

It is necessary to compute the running integral of this tabulated function 

0(v) where v takes successive values for which 0(v) is tabulated. For such 

a calculation, the trapezoidal rule is especially well adapted. To the 

given table of 0(v) against v, we adjoint a column of the averages 

00 	01  

2 
C61 + 932  , 
2 

 

 

The required integrals are precisely the entries in this column from 

the top down to each entry in turn, multiplied by h = 8v. Moreover, each 

sum can be found from the preceding one by adding to it the corresponding 

average. The following table shows the computation pattern in detail. 
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v 0(v) Average Sums fv0(v)dv 
'o 

v1 

v
3  

• • 

00 

01 

°2 

03 

• ill • 

vo=0
S
o 

v2
hS 

. 	. 	. 	. 

i(r6o + 951) 

i(r61 + 02) 

i(932 + 03) 

• • 	• 	• 

= 0 

si=i(00+ 01) 

S2=S1+i(01+  02) 

S3
=s2-4(02

+ 03) 

hS1 

2  

hS
3 

• . 	0 

The accuracy of the results obtained depend upon the interval h. For the 

evaluation of the integral A.5,h = 10 mV was assumed. The results obtained 

from these calculations were later compared with more accurate calculations 

by the digital computer programme of the Appendix A.3. and found to be 

within better than 2% of each other. 
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APPENDIX A.3.  

The calculation of voltage against time for the circuit of Fig. 4.6. 
can be carried out by the method of Appendix A.2. This method is quite 

simple but tedious. Further in the method of Appendix A.2., the diode 

characteristics is tabulated at an interval of 10 mV and characteristics 

between any two adjacent tabulated points are assumed to be straight lines 

(implied in the calculations). The time taken to traverse each 10 mV inter-

val is then calculated. 

To check the accuracy of the calculations carried out by the method of 

Appendix A.2. and to assist in further work a digital computer programme 

was written for the London University Computer 'Mercury'. This programme 

with very slight modifications can as well be used on the Atlas Computer of 

London University. 

Essential characteristics of the programme are the following. The 

diode characteristic were once again tabulated for the computer at an 

interval of 10 mV. The computer was given a routine instruction by which 

it interpolated the diode current values by using the Backward Gregory-

Newton formula
28 upto its third term i.e. the interpolation was carried out 

by fitting a parabola to three relevant adjacent points of the table of 

diode static characteristics. This is a better approximation to the points 

on the diode characteristics than the straight line approximation. 

The form of equation more suitable for the computer is the equation 

4.16. as compared with the equation A.5. for the hand calculations. 

The method of integration employed is that due to Runge and Kutta. This 

method is self starting, i.e. only the initial conditions are required to 

start the integration. As is well known31 the procedure consists of five 

stages; the first four are the calculation of four approximate values of 

the increment in the value of the dependent variable, given a small fixed 

increment in the independent variable. The fifth and the final step is the 

addition, of the weighted values of the four approximate values obtained by 

the first four calculations, to the initial value to obtain the final value. 

This is a fourth order integration procedure and corresponds to taking the 
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first four terms of the Taylor series solution. 

The solution starts from x = 0 and v = 0 and then the solution is 

obtained for a fixed increment in x of h = 8x = 10 in contrast with a fixed 

increment of 10 mV for calculation of Appendix A.2. The computer solution 

is carried out for a time increment and most of the range of the solutions 

v(t), the increment of voltage for the fixed step increment of time is much 

smaller than 10 mV. This implies that the accuracy of the computer calcula-

tions should be a considerable improvement on the calculations of Appendix 

A.2., where time required to traverse 10 mV is calculated for each step. 

But a comparison of the results obtained from the two methods shows that the 

results obtained are better than within two percent of each other. 

For the sake of completeness the programme used for computer solutions 

is given under. Briefly, the first part following the title gives the 

interpolation routine. Chapter 1 orders the computer operation on the 

differential equation and Chapter 0 orders the read in operations for the 

data i.e. tunnel diode voltage-current characteristic the conductance Gt  and 

the frequency or time limits for the integration steps. 
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APPENDIX A.4.  

A programme to solve equation 5.1. is given under. This progra=me 

is very similar to that of Appendix A.3. The method of integration is 

exactly the same and therefore the discussion of Appendix A.3. applies 

directly to the programme given in this Appendix. 

routine ' 

t•• - • ,- • -,••-- 
iii= Trp 

 Tij=n3-I 
2)3n=jn-i-nni-nn 
TT1=cin-c(in-I) 

z2,-- c(sjni-i)-zcj;1+c(jn-I) 
(„:1;;=c(jn-04-1-r3TTI+0.51131:3 2 
return - 
psa 

iAS? iieT  

-0 .5173H2 

chapter' 

. J 

Y*5 
>5 

iii d 

c%,J00 

I)x=0 

'l ,=Airy 

repeat 

>> 1 nte,jrates00 steps until x=xn 

.;.1,ts_ep(.10) 
neALne 

y0=x 
.]_;;=-0(i)fl 

v:Int(yini0,3 

x;; 
repeat 



3)newLine 
neAi(le 
caption 

exeeded xn 
across2/0 
10)t-,,sin(wx) 
yo=o .  

1=1.(i)n 

jumpdown(rI) 
Ti=a1T+z(i-/)y(i... 
repeat 
end aux seq 

cLose 

chaptero 
variabLes1 
I)n=I0 

D1=0 

02=0 
D -j=0 

I 

j , .= I(I)t:3  

read(ci) 
repeat - 
repeat 
reai(ax ) 
reaq(zx) 
zI=I/zi 

rea(Jk) 
xn=w 

acrossi/I 
2)reaq(al) 
resq(w) 

acrossI/I 
psa 
cLose 

134. 

)-0-ziyi 
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1.71 

(Typical Data Input) 

2.93 	3.67 	68 4.7 4.6 4 

3.6 3.26 2.9 2.53 2.I`6 1.85 1.6 1.22 1.12. 

1.03 -96 .9 • .76 •74 •71 • 8 

fit4,  0 66  .7=f,  .77 .6 • 

1.1S 1.28 46 1.72 n.o3 2.46 3 • 2  4.14 4.83 

100 	3 40 

400 

500 

Coo 

6 700 

6.8 'Co 

6.8 206 

6.6 
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APPENDIX A.5.  

The following procedure was used to measure ieq of the tunnel diode. 

(The circuit of Fig. A.3. was employed). 

1. With tunnel diode removed out of the circuit and R (Fig. A.3.) set to 

some convenient value, the noise power from the receiver was measured. 

2. The noise diode current was increased until this power is doubled. The 

noise diode current required to do this is the equivalent saturated diode 

current for the pre-amplifier stage and the Johnson noise of the resistance 

R. 

3. The Signal Generator was then switched into the circuit. The output of 

the signal generator was increased to a convenient value large compared to 

the noise. 

4. The tunnel diode was then inserted into the circuit, R replaced by a 

different convenient value and the bias on the diode was adjusted untill the 

signal produced the same reading as before. At this point the combined 

conductance of the new R plus the tunnel diode conductance is equal to con-

ductance of the original resistor. 

5. Under this condition, the i
eq for pre-amplifier will be as before and 

the additional noise current required to double the noise power is due to the 

tunnel diode and the added conductance. By subtracting the contribution by 

the conductance and the pre-amplifier from the final reading we obtain the 

value for the tunnel diode alone. 

Noise factor F for a temperature limited diode is given by the expression 

F = 20 I
a
R 

where Ia is the saturated diode current of the noise diode 

and R is the source resistance of the noise generator. 

For R = 50 

I
a 

= 	 
20 x 50 

I
a in milliamperes 

Thus noise factor of the noise source gives i
eq directly. 
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