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ABSTRACT 

A quantizer is described, the present prototype 

of which is capable of performing 6000 analogue-to-digital 

conversions per second with a precision of ±0.5% of full 

scale. 	The apparatus was built to investigate a new type 

of potentially adaptive circuit usable in the design of 

highly flexible laboratory equipment; it illustrates a 

principle by which a high speed self-adjusting voltage 

reference can follow the variations of an input signal 

within one quantization interval. 

A detailed analysis is presented of problems 

arising in the use of tunnel diodes in long chains to 

generate accurately defined staircase waveforms intended 

to serve as a stepping reference in the quantizer. 	It is 

shown that as many as 2000 voltage levels could be defined 

in this way with a combination of six chains; a tolerance 

of ±11% on the driving pulse amplitude is acceptable for 

chains containing ten tunnel diodes, provided that the rise 

time of these pulses is longer than some 20 nanoseconds. 

The chains can be operated continuously at repetition rates 

up to ten million pulses per second. 	A complete voltage 

reference, using four chains and defining 200 levels, is 

shown to offer a high speed of operation and a very low 

thermal drift owing to a temperature compensation effect 

between the chains. 
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The switching action of a tunnel diode is 

described qualitatively and a relaxation oscillator is 

analysed using a linear approximation of the tunnel diode 

characteristic. 	From this analysis, a general method is 

developed for the design of various tunnel diode-transistor 

hybrid switching circuits; it gives a timing precision 

better than +5% for operating frequencies up to about 

20McA. 	Application of the method to the design of one- 

tunnel diode flip flops, monopuisers, relaxation 

oscillators and an adjustable voltage level discriminator 

is illustrated. 

It is maintained that the technique, which is 

applied successfully throughout the quantizer, provides a 

simple though powerful tool for the design of tunnel diode 

switching circuits. 	Complete specificatiCns for the 

prototype of the quantizer built in the laboratory, are 

included and it is argued that the remarkable flexibility 

inherent in the technique employed should encourage 

further investigations along these lines in view of a 

possible extension to a new class of circuits with a sig-

nificant degree of adaptability. 
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Introduction. 

The work described here has been carried out in 

the Engineering in Medicine laboratory of Imperial College 

and has been intended to assist current research in bio- 

physics. 	One of the most striking features of bio-physical 

research is probably that it covers a large variety of 

widely differing problems. 	This situation arises from the 

complexity of the subject under study and it creates a need 

for correspondingly versatile laboratory equipment capable 

of coping with a variety of often unforeseeable operating 

requirements. 

The problem was presented a few years ago, in 

conjunction with the requirements of the laboratory, of 

investigating the potentiality of adaptive circuit techniques 

in the design of highly flexible laboratory equipment 

intended primarily for physiological measurements. 	In the 

present context, the term "adaptive" was used to describe a 

class of circuits in which the mode of operation or the 

transfer characteristic can be altered according to the 

behaviour of an input signal. 	Furthermore, it was decided 

to couple this study of a new potentially adaptive circuit 

to an investigation of the possibility of employing tunnel 

diodes to generate accurately defined staircase waveforms 

which would constitute a stepping reference in the new 

system and would permit a considerable reduction of the 
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circuit complexity. 	The fundamental idea was to use such 

a. voltage reference to track an input variable at a speed 

depending on some dynamic characteristic of the signal 

itself and with an easily controlled accuracy. 	It is easy 

to imagine that such a system could find many applications 

in measurements, control as well as transformation of 

electrical signals. 	Indeed, an ultimate purpose of this 

entire study would be to assess the potentiality of such a 

scheme as the basis of more specifically adaptive operations 

on signals. 

In order to demonstrate some of the salient 

features of this technique, a new analogue-to-digital con- 

verter was designed. 	The reasons for the choice of this 

particular application are explained in Chapter 1. 	It 

will be shown in that chapter that an adaptive analogue-to-

digital converter can prove most useful in a bio-physical 

laboratory and how it is proposed to build such a converter. 

Chapter 2 will be devoted entirely to the design of a 

tunnel diode stepping reference unit. 	Finally, the re- 

maining part of the thesis will be concerned with the 

auxiliary circuits completing the quantizer and with a 

description and evaluation of the over-all performance of 

the system. 
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CHAPTER 1. 

Introduction to the Purpose and Design 

of an Analogue-to-Digitpl Converter. 

1.1. 	A Note on Electronic Computers.  

The well established independent techniques of 

analogue and digital computation have been supplemented 

in recent years by techniques simultaneously drawing upon 

both procedures for the solution of appropriate problems. 

It has been common practice to classify electronic 

computers into two separate groups'. 	Those operating 

basically on continuous signals are referred to as analogue 

computers2, and sequential machines capable of manipulating 

quantized information are generally called digital 
7 

computers'. 	A more fundamental approach, advocated by 

McLeod in 19624, was well illustrated in an earlier paper 

by Glinski5. 	According to his argument, Glinski considered 

all computers as "processors" and defined the so-called 

analogue computers as "parallel sequence analog processors 

with continuous information". 	Similarly, what is 

popularly known as digital computers were: "serial sequence 

analog processors with digitized information". 	One 

important characteristic of this classification is that it 

stresses the complementary aspects of the two methods. 
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1.2. 	Needs for Analogue-to-Digital Converters. 

Once the concept of complementarity of analogue 

and digital computers has been introduced, it follows that 

a true hybrid machine combining the desirable features of 

both systems, could become a versatile and powerful tool. 

Various attempts to achieve this goal have been described in 

the literature6/ 7,8,9,10. 	Another way of attaining the 

same results is to utilize each type of computer to solve 

those parts of one problem for which their characteristic 

procedures are best suited11,12. 	In this case, some means 

of interconnecting the analogue and digital computers must 

be devised as the two units are not directly compatible. 

The equipment performing the transformation of an analogue 

(continuous) signal into a digital (quantized) form is known 

as an analogue-to-digital converter (A-D converter). 	The 

inverse operation is effected with a digital-to-analogue 

converter. 	Similar occasions for conversion arise whenever 

a digital computer is introduced into a physical system13 

In its broadest sense, this last comment applies also to 

many cases of data handling where the information is available 

in an analogue form (for instance, continuous voltage signals 

from a transducer) and when it is desired to take advantage 

of the special storage facilities offered by digital systems. 

The utility of digital computers in most of these applica- 

tions is therefore conditioned by the ability of the A-D 

converters to meet the various requirements imposed by the 

input signals. 
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Survey of Literature on A-D Converters. 

The large volume of technical literature accumu-

lated over the last few years on the description of new A-D 

converters is one indication of the significance of such 

devices to the ever increasing versatility of digital 

computers. 	Long lists of existing converters have been 

published already14915. 	Sorting out such a mass of informa- 

tion is not an easy task. 	A possible method of classifica-

tion of all types of A-D converters, whether mechanical, 

electrical or else, can be found in volume II of "Analogue 

Computation" by Fifer16. 

1..1. Classification of Voltage-to-Digital Converters. 

The present work, however, is concerned only with 

those A-D converters accepting electrical inputs. 	A 

comparative survey recently published17, classified all such 

converters into four main groups according to their rate of 

analogue-to-digital conversions per second. 	The four 

divisions were listed as follows: 

Low speed - up to 10 conversions/second 

Medium speed - 10 to 1000 conversions/second 

High speed - 1000 to 100000 conversions/second 

Video speed - 100000 to 10000000 conversions/second 

A description of the various techniques achieving these 

different speeds is given in the above reference and will not 

be repeated here. 
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However, the number of conversions/second is a 

measure which does not contain sufficient information by 

itself and the associated precision must be known before 

much can be said about the performance of a given converter. 

The present state of the art in analogue-to-digital con- 

version can be summarized as follows. 	A precision of 0.01% 

of full scale is possible at a speed as high as 20,000 

conversions/second with converters using successive approxi- 

mation techniques17. 	For a precision of the order of 0.1% 

of full scale, speeds between 50,000 to 100,000 conversions/ 

second can be attained18119,20.Much higher conversion 

rates have been reported21'22. 	Reference 22, for instance, 

describes a scheme working on a combined serial-parallel 

principle, operating at a clock frequency of 300McA. 	As 

many as 50 million conversions can be carried out every 

second at a precision of 1.5%. 	Between these extremes of 

speed and precision, a number of converters have been 

developed to satisfy the needs created by a large array of 

applications23924,25,26,27,28. 

1.3.2. General Remarks. 

It is not the purpose of the present discussion 

to establish the relative merits of existing converters as 

a fair comparison can only be based on an adequate knowledge 

of the intended applications. 	On the other hand, certain 

general conclusions can be drawn after a careful study of 
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the literature. 

Firstly, for any given technique, a higher con- 

version rate is normally possible at the cost of reduced 
evet..iiaew . 
epeed. 

Secondly, most high speed accurate A-D converters 

can be represented as refined versions of the unit 

described by the basic block diagram of figure 1. 	The 

function of every unit should be evident from its name and 

only a brief explanation needs to be given. The comparator 

produces an error signal, eo, which is dependent on the 

relative amplitudes of the input signal, Ein, and the 

reference signal, Er. 	That error signal operates a digital 

control unit which uses an accurate reference supply to 

produce a certain digital code. 	The feedback action from 

the decoder tends to reduce eo. 	A digital representation 

of Ein  is obtained whenever Er  approaches Ein  within less 

than the equivalent of the least significant digit of the 

system. 

Finally, no single A-D converter is likely to best 

solve all problems. 	To a certain extent, a converter must 

be tailored in accordance with the characteristics of the 

signal to be transformed; this is of course the main reason 

for the large variety of converters already available or 

under development. 	As for all engineering problems, the 

design of analogue-to-digital conversion equipment must 

take into account such features as flexibility, performance, 
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reliability, cost, size and maintenance. 	The final choice 

involves a number of compromises depending on the order of 

priority assigned to these various factors. 

These basic considerations will now be used as a 

guide in establishing the specifications for a new A-D 

converter. 

1.4. 	Proposed Analogue-to-Digital Converter. 

1.4.1. Specifications. 

It is often necessary to handle large quantities 

of information presented as analogue electrical outputs, 

say, of transducers; this situation arises particularly, 

for example, in bio-physical research. 	This application 

is of special interest in the context of the laboratory 

where the present work has been conducted. 	A most 

powerful method of tackling such problems is to express 

these signals into a digitally coded form and to use a 

digital computer to analyse the results. 	A suitable A-D 

converter to serve such a purpose would be required to meet 

the following specifications. 

(a) The frequency range should extend from very 

low, i.e. a fraction of a cycle per second, 

to approximately 10KcA. 

(b) A precision better than 1% should be main-

tained up to about 11C0/s. 
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(c) Low speed operation at 0.1% precision may 

be needed in certain cases and should not 

exceed the absolute limit imposed by the 

method used. 

(d) Facilities for trading precision for speed 

would represent a significant advantage as 

it would allow for higher conversion rates 

when necessary. 

(e) The converter should accept positive and 

negative input signals of a fraction of a 

volt as well as tens of volts full scale 

amplitude. 	It means that the lower limit 

for the least significant digit should be 

equivalent to no more than a few millivolts. 

(f) Provision to balance out large DC components 

from the input signal and to shift the zero 

level at the input over the full dynamic 

range may also prove useful. 

From the survey outlined in section 1.3., it 

can be concluded that in principle, specifications 

similar to those mentioned should lie within the 

potentiality of existing A—D converters. 	In practice, 

however, it is difficult to select a unit combining all 

of these properties. 	In order to obtain the desired 

performance, it is necessary to resort to complex and 
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expensive devices which for many purposes would be 

utilized in a very inefficient way. 	Even so, the rigidity 

of the practical scheme would often limit the range of 

possible uses. 

It was therefore felt desirable to consider the 

possibility of designing an 1-D converter especially 

suited to the conditions just described. 	The particular 

interest of the Engineering in Medicine laboratory in 

physiological measurements has dictated that special 

attention be paid to the feasibility of trading speed 

with precision for various purposes; many biological 

measurements demand low precision (5%) and high speed 

while, for others, a precision of one or two orders better, 

at low speed is desirable. 	Indeed, it became clear that 

such an instrument could be not only of real value in bio-

logical engineering but would prove equally useful in a 

number of similar situations. 	It was thus decided to 

conceive the new \-D converter as a piece of general 

laboratory equipment i.e. which could be utilized flexibly 

for various purposes requiring different speeds and 

precision. 	The specifications already established were 

consequently orientated towards achieving maximum system 

flexibility while reducing complexity, maintenance and 

cost to a minimum. 	The argument leading to the proposed 

form of solution will now be outlined. 
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1.4.2. Proposed Solution. 

Before pursuing the detailed development of the 

A-D converter, certain decisions were required regarding 

the choice of a method of approach. 

In the light of the experience gained from a 

survey of the literature, it seemed that a converter of 

the asynchronous and incremental type offered the possi- 

bility of an interesting solution. 	It was realized that 

such a system would be inherently compatible with the 

special emphasis on flexibility. 	This point can be 

clarified by a brief description of the fundamental 

properties of incremental devices. 	In an incremental 

converter, a single signal event indicates when the input 

variable has changed by one quantum interval corresponding 

to the smallest unit of measure in the system. 	These 

events are then added through pulse counting or similar 

techniques and the excursions of the controlled variable 

are time integrals of these data pulses. 	The level 

reached by the input signal at the instant a pulse is 

generated, becomes automatically the zero reference level 

for the next displacement. 

A block diagram representation of the proposed 

A-D converter is given in figure 2. 	Its operation is 

easy to explain cn an incremental basis. Whenever the 
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error signPl, eo, obtained from the difference between the 

input variable, Ein, and the feedback voltage, Er, reaches 

a given positive or negative amplitude, the comparator 

generates an output pulse of the corresponding polarity. 

At the apme time, the reference is adjusted by one quantum 

interval, returning e0  to zero and establishing the next 

level of operation. 	The advantages cf this technique will 

be discussed in detail in Part II of the thesis but certain 

points must be elucidated here. 

It was recognised that to avoid using a fixed 

clock pulse frequency and to adopt a completely 

asynchronous system would minimize restrictions on the 

flexibility of the resulting apparatus. 	Some design 

problems may be simpler in synchronous machines but it is 

believed that the extra difficulties were outweighed by 

the advantages of having a converter capable of adjusting 

its pace to the characteristics of the input signals. 

In this respect, the proposed converter may be described 

as a true quantizer because the input signal is transformed 

according to equal increments of amplitude rather than 

being sampled at fixed time intervals, 	The number of 

conversions per second is high for a rapid rate of change, 

AV/At, of the input signal and decreases for slowly 

varying inputs. 	It will be seen later that this property 

provides a simple means of trading precision for speed and 
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vice versa. 	It is to be emphasized that in this trading 

capability lies much of the significant potential of a 

scheme of this type. 

The problems related to the design of the 

comparator also had an important bearing on the choice of 

the particular layout shown in figure 2. 	As already 

mentioned (section 1.3.2., figure 1), most A-D converters 

employ a comparator of some kind. 	Certain methods use 

only one comparator operating over a large dynamic range 

(serial methods) while others replace this by a number of 

comparators each acting at a different level (parallel 

methods). 	Serious objections could be raised against both 

approaches for the present application. 	A large number of 

parallel units would increase the complexity and the cost 

of the system. 	On the other hand, a high speed comparator 

with an expanded dynamic range would be difficult to build 

and would have a limited accuracy. 	In order to avoid 

these obstacles in an incremental machine, the feedback 

from the decoder can be applied to a differential input 

stage, allowing the comparator to operate from an error 

signal over a fixed amplitude range. 	This expedient 

simplifies considerably the design of the comparator. 	Any 

error introduced at that stage represents only a fraction 

of one quantum interval and is likely to be smaller than 

the quantization error itself. 	Furthermore, if the polarity 
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of the reference is opposite to that of the input signal, 

a simple summing junction effectively replaces the 

difference unit. 	Any subsequent amplification of the error 

signal is free from linearity problems as only one level on 

each side of zero is detected by the comparator. 	The 

decoder itself is usually a network of accurate weighing 

resistors. 	One is therefore left with the stepping 

reference as the only unit in the converter required to 

maintain its accuracy over a large dynamic range. 

1.4.3. Comparison with Delta Modulation. 

Before studying the requirements imposed on the 

reference circuit, an interesting parallel can be estab-

lished between the system just described and another 

existing type of A-D converter. 

With the simple addition of a clock pulse 

generator, the block diagram cf figure 2 would illustrate 

the principle of delta modulation. 	This appellation 

normally refers to a pulse code modulation technique 

primarily intended for the transmission of audio29  or 

video30  signals. 	It employs a one-digit code and there-

fore makes the sampling frequency equal to the clock pulse 

repetition rate. 	The method is well known and adequate 

descriptions may be found in the above references. 	For 

the sake of comparison, the present converter can be 
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regarded as a case of delta modulation with a clock rate 

proportional to the slope of the input signal. 	Apart 

from this important difference and its logical consequences, 

both systems operate in a similar fashion generating a one- 

digit code representation of the input signal. 	Further-

more, the mathematical expression for the maximum input 

frequency as a function of amplitude for a delta modulation 

system29, is identical to the corresponding equation to be 

derived later for the present converter. 	In this case, 

the clock frequency must be replaced by the maximum pulse 

repetition rate of the reference level generator. 

The absence of a fixed clock pulse frequency in 

the converter under study, prevents the comparison from 

being pursued further. 	Another significant difference 

between the two systems arises out of the distinctive ways 

of generating the reference signal. 	It will be seen 

later that the output from the decoder is not obtained 

from the integration of the output pulses as in delta 

modulators. 	In fact, with the new reference generator, 

problems of instability in the closed loop are practically 

nonexistent. 

A few general remarks on analogue-to-digital 

conversions will now lead to the basic requirements for 

the reference unit. 
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1.4.4. Basic Requirements for the Reference Unit. 

The instantaneous accuracy of a given quantiza-

tion process depends on the magnitude "q" of the 

quantization interval. 	The quantization error at any 

point can be defined as tq/2, suggesting that the 

quantized signal will always lie at or within these 

limits from the exact value. 	If it is desired for some 

reason, to keep the quantization error to a small fraction 

of the full scale, the number of defined levels must be 

increased sufficiently. 	It should be remembered that 

good filtering is necessary in order to recover the signal 

if only a few levels are used. 	The instantaneous 

accuracy is of prime importance whenever the quantized 

signal is utilized as such with little filtering. Many 

analog-to-digital converters, used in conjunction with 

computers, must introduce negligible quantization errors. 

However, dividing a given dynamic range into a greater 

number of intervals in order to reduce the quantization 

error can impose severe limitations on the speed of the 

converter. 	A simple example will demonstrate the implica-

tions of this statement. 

Example: Suppose that a quantizer divides a given voltage 

range into 1000 intervals. 	Theoretically, the 

quantization error can be as small as t 1 part 

in 2000 or ± 0.05% of full scale. 	If a 
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comparison method is used, as in the present 

case, the number F of steps available from 

the reference per unit time limits the maximum 

voltage variation per unit time ( AV/ AT) 

acceptable at the input. 	The steps must be 

equal to the full scale amplitude divided by 

one thousand and the following inequality 

must be satisfied at all times. 

Fx(full scale amplitude) /1000 	AV/ AT 

If the maximum slope of a sinewave is expressed 

as 9tfAl  where f represents the frequency and A 

the peak—to—peak amplitude, the maximum 

frequency of a full scale sinewave that the 

quantizer will follow can be deduced from the 

above inequality. 	A lkc/s signal, for 

instance, would require the reference to 

operate at a speed greater or equal to 

1000 icf or F 	3.14 x 106  steps/sec. 

This result points out the need for a high value cf F 

(steps/sec available from the reference), even for relatively 

low frequencies of the input signal, if the quantization 

error is to be very small. 	Fortunately, trading accuracy 

for speed and vice versa is normally possible with such a 

system. 	If the number of quantization intervals is 
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decreased for a fixed dynamic range, the amplitude of the 

steps consequently increases. 	Assuming that the speed 

F (step/sec) of the reference remains the same, the maximum 

slope acceptable by the quantizer is proportionally larger. 

The quantization theory shows that in many cases, a small 

number of levels is perfectly adequate as long as certain 

conditions are satisfied. 	This theoretical point will 

be considered in a later study of the system as a whole. 

The ultimate performance of the quantizer there—

fore depends on the extent to which the reference staircase 

generator can meet the speed and precision requirements. 

It is now intended to enumerate the problems related to the 

design of this most important part of the system and to 

explain in detail the various steps leading to their 

solution. 
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PART I 

Design of the High Speed Stepping Reference. 

CHAPTER 2 

Design of a Building Block. 

2.1. Preliminary Remarks. 

The first question to be answered at an early 

stage was how to define between one hundred to one 

thousand voltage or current levels extending on both 

sides of zero with the facilities to step up or down one 

level at a time at a speed possibly extending to ten 

million levels per second. 

A number of methods were envisaged, making use 

of pulse counters, coincidence detecting circuits, 

integrators, etc... 	Most of these approaches were dis- 

carded in view of the further requirement for any one 

level to be kept as an accurate reference for long periods 

of time. 	It was finally decided to interconnect multi- 

stable circuits through weighing impedances to define the 

necessary levels. 	This principle has been applied in 

most of the existing digital voltmeters where binary 

circuits are combined to reproduce a given numerical code. 
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To obtain a large number of levels using binary circuits 

as the building block necessitates many of these units. 

As long as they are simple and inexpensive units, this 

solution is acceptable. 	In the present case however, the 

problem was slighly different from the example of the 

relatively slow digital voltmeter. 	The higher speed 

required (10 Mc/s p.r.r) would have called for expensive 

switching components together with careful design 

procedure if transistors had been used. 

In the light of these remarks, the high switching 

speed possible with tunnel diode circuits seemed to be an 

interesting proposition for the reference staircase 

generator. 	Furthermore, tunnel diodes lend themselves to 

simple multi-stable circuits as will be shown later. 

Their use simplified considerably the design of the building 

block to be introduced in this chapter. 

2.2. 	The Tunnel Diode. 

The tunnel diode is a heavily doped semiconductor 

junction diode. 	Its characteristic shows a voltage-

controlled negative resistance. 

This behaviour has been explained by Esaki as 

being due to quantum-mechanical tunnelling of carriers 

through a narrow p-n junction31. 	The tunnel effect is 

a process wherein particles can disappear from one side of 
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a potential barrier and appear almost instaneously on the 

other side. 	According to the laws of quantum theory, the 

apace charge depletion region of a p—n juntion must be made 

extremely thin before the probability of tunnelling 

becomes significant. 

A simple way of explaining qualitatively the 

generation of the tunnel current in a diode is to consider 

the effect on the characteristic of a p—n junction, of 

increasing the concentration of the free carriers in the 

semiconductor crystal. 	A direct consequence would be to 

decrease the breakdown voltage of the junction in the 

reverse direction. 	The extent to which the breakdown 

voltage can be reduced, is limited by the solubility of 

the impurities determining the carrier concentration. 

For many semiconductor materials, this limit is greater 

than what is needed to reduce the breakdown voltage to 

zero. 	In these cases, the junction can still be in the 

reverse breakdown condition at a slight forward bias. 

Application of a larger forward voltage would bring the 

junction out of the breakdown condition and the current 

would fall to a smaller value. 	The junction would finally 

behave in a similar fashion as a normal diode taking into 

account the difference in construction. 

Qualitative physical description of the tunnel 

diode junction in terms of electron energy band theory, 
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can be found in the literature-2  and will not be included 

here. 	References 31-33 and 34 present a more rigorous 

analysis of the tunnel diode junction. 	These theoretical 

derivations will not be unnecessarily reproduced here and 

the device will now be investigated as a circuit element. 

2.2.1. The Tunnel Diode as a Circuit Element. 

Figure 3 shows the static characteristic of a 

tunnel diode. 	This I vs V curve is voltage controlled and 

is made up of two positive resistance regions separated by 

one negative slope. 	It is worth noting that the 

characteristic of figure 3 has been obtained from accurate 

measurements taken on a 1N2941 tunnel diode. 	All subse-

quent figures representing the tunnel diode curve or its 

linear approximation, have been derived equally from these 

results. 	Whenever possible, the same scales have been 

preserved on the co-ordinates in order to permit direct 

comparison between the figures of different sections. 

The curve of figure 3 can be described by the following 

points: 

I = peak point current, the maximum tunnel diode 

current to the left of the negative resistance 

region. 

V
P 
 = peak point voltage, the voltage across the 

diode when I = I
P' 
 to the left of the negative 

resistance region. 
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Iv = valley point current, the minimum diode 

current to the right of the negative resistance 

region. 

Vv 	valley point voltage, the voltage at which 

I = Iv  to the right of the negative resistance 

region. 

Vfp = forward peak point voltage, the voltage across 

the diode for I = I in the high voltage region 

(to the right of Vv). 

The peak point current, Ip, is controlled by an etching 

process and can be held to within ±2.5% or better on a 

production basis2 (peg ' 	e 12) 	Tunnel diodes can be made 

with peak currents anywhere from a few microamps to severel 

amperes. When the peak current is less than about 50 11A, 

the device is often called a "backward diode" and is used 

in the reverse direction as a rectifier in conjunction 

with tunnel diode circuits because of its low voltage drop. 

The peak point voltage, VIV the valley point 

voltage, Vv, and the forward peak point voltage, Vfp, are 

fixed to a certain extent by the semiconductor material. 

Table I compares between typical voltages obtained with 

germanium, silicon and gallium arsenide tunnel diodes. 
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Material V P 
my 

Vv 
my 

Vfp  
my 

Ge 55 350 500 

Si 75 450 750 

GaAs 150 500 1200 

TABLE I 

The higher voltages obtainable with GaAs combined with a 

possibly greater Ip/Iv  ratio, seems to suggest the choice 

of this material as being more advantageous. 	At the 

present, however, germanium diodes are generally cheaper 

and are available from a large number of firms. 	This 

situation is due mainly to special difficulties 

encountered in the production of reliable GaAs tunnel 

diodes. 

It appears from the previous description of the 

tunnel diode characteristic, that the slopes in the three 

regions are directly related to the magnitude of the peak 

current Ip. 	The negative resistance in particular is 

nearly inversely proportional to Ip, imposing certain 

limitations on the design of tunnel diode oscillators and 

amplifiers32-33. 	A useful linear approximation of the 

negative resistance can be computed as 0.4 times the 

resistance joining the peak point, (Ip, Vp), to the valley 

point, (Iv, Vv). 
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Before analysing the switching action of a 

tunnel diode, one more question is worth answering. What 

parameters will limit the speed of a tunnel diode as a 

circuit element? 	The tunnel effect is responsible for 

the generation of the negative resistance. 	This basic 

conduction mechanism has a theoretical frequency limit of 

the order of 107  megacycles per second. 	This figure 

cannot fail to strike the imagination of circuit designers 

familiar with the many times slower mechanisms of drift 

or diffusion involved in conventional diodes and transistors. 

However, the equivalent circuit of the tunnel diode 

operating in the negative resistance region (fig. 4.), can 

be used to demonstrate the drastic effect of some 

parameters on the frequency response of the practical 

device. 

In this diagram, Rs  represents the total series 

resistance determined mainly by the bulk of the semi— 

conductor material. 	The inductance, Ls,is limited by the 

minimum inductance of the leads or the package. 	The 

capacitance, C, is the summation of the capacitance of the 

junction and the capacity introduced by the package and 

the leads. 	Finally, —gd  is the slope of the characteristic 

at the particular bias point under consideration and can be 

assumed independent of frequencies. 

If the impedance of the tunnel diode in the 

negative region is computed from the equivalent circuit, 
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two significant cut off frequencies can be derived. 	One 

is the resistive cut off frequency, fro, and is defined as 

the frequency at which the real part of the tunnel diode 

impedance goes to zero. 	The device will not amplify above 

this frequency. 	The second point of interest is the self- 

resonant frequency, fxo,  and it occurs when the imaginary 

part of the diode impedance goes to zero. 	No oscillation 

can be sustained above this frequency. 	Expressions for 

fro and  fxo  are easily derived
-72  - (page 14) 
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For a typical 1N2941 germanium tunnel diode in a TO-18 

package, manufactured by General Electric, the relevant 

parameters given in the data sheet are as follows: 

C = 15 to 50 pf; Ls = 6 to 19 x 10-9  henries and 

hq= 0.03 mhos. In this case, with the minimum values 

of C and Ls, fro  = 2.58 KMc/s and fxo  = 420.3 Mc/s. 

In practice, the cut off frequencies are circuit 

dependent and may be considerably smaller unless great 

care is taken to keep the inductance of the leads and the 

external parallel capacitance to a minimum. 	It should 
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therefore be remembered that operation above a few hundred 

megacycles is not always possible with all tunnel diodes. 

On the other hand, it can be said that most tunnel diodes 

are fast enough to be used advantageously in circuits 

operating at frequencies up to some twenty to fifty mega- 

cycles per second without any special difficulties. 	It 

will be seen later on that switching from one side of the 

negative resistance region to the other side can readily 

be effected in less than 10 nanoseconds with a 1N2941 

tunnel diode loaded by a transistor. 

2.2.2. Basic Circuit. 

A study of the simple tunnel diode circuit of 

figure 5, will provide enough information for the design 

of all subsequent circuits required by the staircase 

generator. 

This basic circuit consists of a voltage source, 

Es, in series with a resistance, Rs, an inductance, Ls, 

and the tunnel diode itself. 	It is assumed for the moment 

that the parallel load can be neglected. 	Figure 6 

represents the static characteristic of the tunnel diode 

with possible values of the supply voltage, Es, and of the 

series resistance, Rs, drawn as a load line. 	Reference 

to figure 6 is sufficient to establish the remarkable 

flexibility of this circuit. 	Suppose, for instance, that 

the tunnel diode is initially biased at point A and that 
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a trigger signal increases the current above the peak, Ip. 

Provided that certain conditions are satisfied, switching 

occurs in a manner illustrated by the trajectories of 

figure 6, depending on the magnitude of the inductance, Ls. 

Adjustment of the bias voltage, Es, and cf the series 

resistance, Rs, (and of the inductance, Ls, in certain 

cases) would suffice to transform the circuit into an astable, 

a monostable or a bistable unit. 	It can therefore become 

a sinewave oscillator, a monostable trigger circuit, a 

bistable flip flop, a level detector, etc.. 	The analyses 

for the cases of the sinewave oscillator and of the 

amplifier can be based on the equivalent circuit of 

figure 4 and are derived in chapters 3 and 4 of reference 

32. 

However, the present work is concerned entirely 

with the tunnel diode as a switching element. 	It is now 

intended to consider in detail the switching action of a 

tunnel diode in order to acquire a better understanding of 

all the switching circuits based on the diagram of figure 5 

and to define their operating conditions. 	This study will 

be carried out as part of a general description of the 

tunnel diode chain. 

2. 30  The  Tunnel Diode Chain. 

   

If a chain of tunnel diodes is connected to a 

constant current source as illustrated in figure 7, a 
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multistable circuit is obtained. 	The over—all static 

characteristic of the chain is shown in figure 8, assuming 

that all tunnel diodes are identical. 	The standing 

current, Is, is adjusted to a value below the minimum peak 

current, IP' in the chain and all the diodes are initially 

in their low voltage state. 	If a series of pulses 

switches the diodes one at a time to their high voltage 

state, a staircase voltage waveform is generated at the 

output. 

It can be shown experimentally that, for a given 

range of input pulse amplitudes, only one tunnel diode can 

be triggered at a time. 	It is now proposed to establish 

the conditions to be met both by the tunnel diodes in the 

chain and by the trigger pulses for this situation to 

prevail. 	To do so, the behaviour of a single tunnel diode 

operated from a current source and then from a voltage 

source will first be analysed qualitatively. 	The switching 

of two tunnel diodes in series will then be studied. 

Finally, equations will be derived giving the limits of 

acceptable trigger pulse amplitudes for a series of N diodes 

biased from a constant current source. 

2.3.1. Switching of a Single Tunnel Diode. 

In the circuit of figure 9, id  represents the 

current flowing through the ideal tunnel diode, Td, at 

any instant. 	The voltage vi across the diode is given by 
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the static characteristic of the device at a point corres- 

ponding to a current, id. 	The capacitor, C, represents the 

total capacitance appearing across the diode and is  is the 

instantaneous current taken by that capacitance. 

2.3.1.1. Current Drive. 

In the case of a current drive, the resistance, 

R, is made arbitrarily large. 	Assume that the voltage, 

Vo/ is initially standing at zero and starts increasing 

positively. 	The input current, io,also increases from 

zero and is divided between id  and ic  in a manner 

illustrated by figure 10. 	The following equalities must be 

satisfied at all times. 

is 	= 	id 	ic 	.. (3) 

	

Aio = Aid 	Aic 	(4) 

Equation (4) expresses the fact that any change in io  per 

unit time must be reflected as corresponding variations 

of id  and ic. 

Referring to figure 10, the complete transition 

from point zero to point 4 can be described as follows. 

For the first part of the characteristic to the left of the 

peak, the magnitude of the capacitor current, ic, depends 

on the rate of rise of Vc  and is kept small by the 

shunting effect of the low dynamic resistance of the 
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tunnel diode in that region. 	As the peak is approached, 

the diode begins to look like a very large impedance and 

any further increase in the current, io, is taken almost 

entirely by the capacitor, C, i.e. the voltage, vl, starts 

increasing faster for a given rate of rise of 10. 	The 

presence of the charging current, ic, causes the voltage, 

vi, across the capacitor, C, to exceed the peak point 

voltage, V
P' 

producing a decrease of the tunnel diode 

current, id. 	From that moment on, the negative resistance 

initiates a regenerative action and no additional increase 

in 10  is needed to ensure complete switching of the tunnel 

diode to the high voltage state. 	Suppose, for instance, 

that the input current, 10, is maintained constant, 

( Aic  = 0), as soon as the peak point is passed. 	From 

Eq. (4), Aic  = — Aid  and, as the tunnel diode current is 

decreasing, Aid  is negative, giving a positive value for 

Lie. 	The increasing capacitor current causes the voltage, 

vi, to become still larger, producing further decrease of 

the diode current, id. 	After the valley point, (Vv, Iv), 

is passed, the diode impedance becomes positive again and 

the increase of vl  produces an increase in the current, 

id, which in turn asks for an equivalent reduction of ic, 

slowing down the rate of change of vl. 	Switching is 

completed when the capacitor current, ic, has been reduced 

to zero and the diode current, id, is equal to the input 

current, ic. 
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The same argument holds in the general case when 

the input current, ic, is not kept constant during the 

switching action of the diode. 	If io increases much above 

the peak current, 	the available capacitor current is 

larger and the switching time becomes shorter. 	In the 

case of a significant reduction of ic  taking place during 

the switching, it is only necessary for is  not to fall to 

zero until the valley point is passed. 	The final value of 

ic  must obviously be greater than the valley current, Iv, 

if the tunnel diode is to remain in the high voltage state 

at the end of the switching process. 

In practice, the tunnel diode would be biased 

from a constant current source, Is, and an additional 

current pulse would bring the operating point above the 

peak. 	In this case, the triggering pulse must not be 

removed before the tunnel diode current has fallen to a 

value below the standing current, IS, otherwise, the 

capacitor current would be reduced to zero at a point on the 

negative resistance and the diode would return to the low 

voltage state. 

2.3.1.2. Voltage Drive. 

The circuit of figure 9 can also be used to 

describe the switching of a single tunnel diode driven from 

a low impedance source. 	In this case, the resistance, 

R, is very small and it is important to emphasize the fact 
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that it represents the total dynamic as well as static 

impedance in series with the diode. 	In other words, any 

inductive effect must be minimized such that the impedance, 

R, remains the same even during the very fast switching 

transients. 

Two different conditions may prevail when the 

voltage, Vo, is increased from zero depending on whether 

the resistance, R, is smaller or greater than the negative 

resistance, Fad', of the tunnel diode. 

In the circuit of figure 9,the resistance, R, is 

effectively in parallel with the tunnel diode. 	This fact 

becomes self-evident if the voltage source, Vo, in series 

with the resistance, R, is replaced by its equivalent 

current source, Vo/I, in parallel with R. 	If the 

resistance, R, is smaller than '-Rd  I, their parallel com-

bination can never present a negative resistance to the 

current source, V0/R, and no regeneration can take place. 

The circuit is therefore stable at all points and the 

tunnel diode can be said to possess a voltage-stable 

characteristic. 	The behaviour of the tunnel diode under 

these conditions is illustrated by figure 11, when the 

voltage, Vo, is increased from zero to a value, V03. 	The 

exact trajectory depends cn the timing of the transition 

of the voltage from zero to Vo.;  but a possible example is 

given by the dotted line 0-1-2 and 3. 	It should be 
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remembered that Vo may be stopped anywhere such that the 

resistance, R, intersects the diode characteristic at any 

point and the circuit would remain stable. Nc switching 

can occur as long as R is smaller than 1-Rd i. 

If on the other hand, the resistance, R, is made 

greater than (-Rd(, the switching action is similar to 

the case of current drive already explained. 	Figure 12 

shows the trajectory, 0-1-2-3, followed by the input 

current, io, when the voltage, Vo, is increased from zero 

to a final value, V,;. 	It is seen that the current, ic, 

is divided between the tunnel diode and the parallel 

capacitance in exactly the same way as in the case of 

current drive. 	The same equations (3) and (4) are valid 

and the description of the switching process need not be 

repeated. 

2.3.1.3. Practical Case. 

In practice, the tunnel diode is biased with a 

standing current, Is, as in figure 13. 	The current, Is, 

can be obtained from a voltage source in series with a 

large resistance or from a smaller resistance in series 

with an inductance providing a large dynamic impedance for 

faster switching. 	Assume that a voltage pulse is fed 

through a resistance, R, connected to the diode via a 

capacitor, C2. 	The tunnel diode is initially resting at 
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point A (figure 14.). 	For complete switching to occur 

from the low voltage to the high voltage state, the trigger 

pulse must be large enough to increase the voltage across 

the diode from point A to point B. 	As soon as point B is 

reached, the standing current, Is, continues to charge up 

the capacitances, Cl  and C2, until switching is completed, 

regardless of the magnitude of the resistance, R. 	It is 

assumed for the moment that the duration of the input pulse 

is longer than the switching time. Point 6 in figure 14 

is therefore the new operating point by the time the 

trailing edge of the triggering pulse applies a signal of 

the reverse polarity across the diode. 	Whether the tunnel 

diode resets to the low voltage state or not at that moment 

depends on the magnitude of Is  relative to the valley 

current, Iv, and cn the amplitude of the input pulse. 	If 

a diode gate is employed at the input, the effect of the 

trailing edge may be controlled independently of these 

factors and the pulse may be remcved immediately after 

point B is passed without fear of resetting the diode. 

The minimum amplitude of the trigger pulse, U01  

to ensure reliable switching depends on the magnitude of 

the resistance, R. 	If R is smaller than the negative 

resistance, I-Rd l, U0 	VB  - VA  must be satisfied. 	The 

trajectory from point A to point B depends on the rise time 

cf U0  and can be deduced as was done for the corresponding 
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theoretical case (see figure 11.). 	The presence of Is  

in this region cf the curve merely acts as a constant term 

and does not influence the transition from A to B. 

The situation met when R is greater than 1.-Rdl, 

is not significantly different. 	However, it lends itself 

to a clear graphical representation, as shown in figure 14, 

and will be used to explain the influence of the resistance, 

R, and of the capacitor, C
2' 

on the switching process. 

In this case, the minimum input pulse amplitude is given 

by U0  Vp VA R(Ip 	Is). 	Suppose an input pulse 

U0  = V7 VA is fed into the circuit. 	The transition 

from A to point 6 in figure 14 takes place as follows. 

It is assumed for the moment that the input pulse width 

is much longer than the complete switching transient. 

Until point B is reached, the capacitor charging current, 

iel  and the part of the tunnel diode current lying above 

Is, are supplied entirely by the trigger pulse. 	From 

point B to point 3, the standing current, Is, supplies the 

tunnel diode current, id, and part i01  of the charging 

current, ie. 	By the time point 3 is reached, the trigger 

current, io, has been reduced to zero by an increase in 

the voltage, vl, equal to U0  and both is  and id  are due 

entirely tc Is. 	The further increase of vl  due to the 

current, ic, produces a reverse current, ir, tc flow 

across the resistance, R, until point 5 is reached. 	The 

charge building up across the coupling capacitor, C2, 
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operation towards point 6, the final quiescent condition. 

This effect can be illustrated graphically if it is noted 

that the voltage appearing across C2  is in series with 

Uo, and is effectively moving point 3 towards point 6 

along the Ie  line until the dotted part of the load line, 

1/R, intersects the diode characteristic at point 6. 

Another approach is to consider the reduction of it  to be 

due to an increase of the effective driving impedance as 

seen by the diode. 	The graphical representation would 

then be a rotation of the dotted part of the load line 

about point 3 until point 5 coincides with point 6. 	The 

effect of the removal of the input pulse has been 

explained above and is of no concern here as diode gates 

are normally introduced at the input. 	The time needed 

for the operating point to move from 5 to 6 depends 

mainly on the time constant (R  + Rd2)C2. 

The switching of a single tunnel diode has been 

thoroughly investigated thus far for the cases of current 

and of voltage drive. 	The results will now be utilized 

to study the behaviour of a series of two tunnel diodes 

under similar conditions. 

2.3.2. 	Switching of a Series of Two Tunnel Diodes. 

54 

The switching of a series of two tunnel diodes 
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will be investigated using the same approach as above. 

True current drive of the pair will be explained at first. 

The next case, the low impedance drive, will then be sub-

divided in two parts depending on whether the peak 

currents, Ipl  and Ip2, are equal cr different. 	Finally, 

the standing current will be introduced in order to 

elucidate the practical implications of the results. 

2.3.2.1. Current Drive cf the Tunnel Diode Pair. 

Suppose that in the circuit of figure 15, the 

two diodes differ only by a slight change in their peak 

currents such that Ip/  < Ip2. 	The total static 

characteristic seen at point M is given in figure 16. 

If the resistance, R, is very large and Vo  is increased 

slowly from zero, a current, io, starts to flow. 	As soon 

as io  becomes greater than Ipl, the first diode switches 

to the high voltage state, quite independently of the 

presence of the second diode. 	The switching takes place 

at constant current because io  is defined by a large 

resistance, R. 	The second diode does not switch until 

io 	Ip2' 

In this case of true current drive, the inter-

action between the two diodes is nil because the driving 

current, io , is not influenced by the changes in either 

v1 or v2. 
	This is to say that if the peak currents were 
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identical, the two diodes would always switch together to 

their high voltage state. 

Therefore, this driving mode relies on a 

difference between the peak currents in order to achieve 

sequential triggering of the diodes. 	In practice a 

driving current ramp could be used and the switching of the 

first diode could be detected as a rapid voltage change at 

point M by an auxiliary circuit which could stop the drive 

before the next peak is reached. 	This method necessitates 

the operation of the control circuit every time a tunnel 

diode is switched and over—all speed may be seriously 

impaired. 

2.3.2.2. Voltage Drive of the Tunnel, Diode Pair. 

If the resistance, R, in the circuit of figure 15, 

is given a very low value, and the voltage, Vo, is 

increased from zero, the behaviour of the tunnel diodes 

depends on whether their peak currents are equal or not. 

Regardless of the prevailing conditions, the following 

equations must be satisfied at all times. 

o = cl + dl c2 + 1d2 
= 

 

Vo = Rio  + vl  + v2  
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2.3.2.2.1. Different Peak Currents I
pl 	

Ip2' 

If Ipl  is smaller than Ip2' the first tunnel 

diode passes its peak point before the other one. 	Assume 

at first that the resistance, R, is smaller than I -Rd1' 
the negative resistance of one tunnel diode. 	For the same 

reasons as those given for a single diode, no regeneration 

can occur and a voltage-stable characteristic displaying 

two peaks (as in figure 16 ) could be plotted point by 

point by slowly increasing Vo  over a sufficient range. 

Suppose on the other hand, that the resistance, 

R, is larger than I-Rd i, such that switching can occur. 

In this case, the first tunnel diode would switch to the 

high voltage state in a manner similar to that illustrated 

in figure 12 and already explained for a single diode. 

The presence of the second diode in its low voltage state 

can be regarded as a mere increase of the resistance, R, 

by an amount equal to Rdl. 	Further increase of Vo  would 

then bring the operating point above Ip2  and the second 

diode would switch in exactly the same way. 	Graphical 

representation of this case can be seen in figure 17. 	In 

order to ensure that the second peak is not passed before 

the switching of the first diode is completed, the rate of 

rise of V0  during that time must not be greater than that 

of vl  across the switching diode. 	In fact, it can be 
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seen from Eq. (6), that as long as vl  is increasing as fast 

or faster than V.0 while v2 is not changing appreciably, the 

current io must remain constant or decrease. 	This limi—

tation imposed on the rise time of the driving signal will 

be used to great advantage later on in order to ease the 

tolerance requirements on the amplitude of the trigger 

pulses fed to long chains of tunnel diodes. 

2.3.2.2.2. Identical Peak Currents 'IA  = Ip2. 

One important question has remained unanswered 

so far. 	Is it possible to use tunnel diodes with 

identical peak currents and still trigger them one at a 

time? 

It has been shown earlier that, for a current 

drive, the answer would be no. 	However, provided certain 

conditions are satisfied in a low impedance circuit, two 

tunnel diodes, as in figure 15 for instance, can pass 

their peaks simultaneously and during the regeneration that 

follows, one of them can return to the low voltage stage 

while the other one completes its switching. 	In order to 

explain this operation, the circuit of figure 15 can be 

assumed to contain two identical tunnel diodes except for 

a slight difference in their parallel capacitances 01  02. 

The resistance, R, is larger than 1—Rd l by a small amount 

and Vo increases slowly. 	As soon as the peak currents 
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are passed, both diodes begin to switch and vl  + v2  

increases rapidly. 	At first, the conditions of both 

diodes are identical and ic, = ic2. 	However, Ci  is 

smaller than C2  and the voltage vl  increases faster than 

v2. 	Consequently, the current, idl'  decreases more 

rapidly than the current, id2, for identical negative 

resistances. 	It follows from equation (5), that ici is 

getting larger than ic2 favouring some further advance of 

the voltage, vl, on v2. 	This regenerative action has 

been described before and will not be repeated. Meanwhile, 

assuming that 1/0  changes very little during the switching 

time of a tunnel diode, the current ic  is decreasing as 

equation (6) must be satisfied at all times. 	Because the 

voltage, v2, is not changing as rapidly as vl, it is 

possible that the reduction of id2  may not be sufficient 

to account for the lowering of ic  and the capacitor current, 

ic2, starts to decrease. 	For small values of the 

resistance, R, this action may be rapid enough for ic2  to 

become zero at a point on the negative resistance of the 

second diode. 	At that moment, icl  is still greater than 

zero (icl > ic2) and the voltage, vl, is increasing. 	The 

first diode is then getting closer to the valleypoint and 

therefore entering a region of very large negative 

resistance. 	It means that even a small decrease of the 

current, i -d1 , (or of ic, because of the very large 
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negative resistance in parallel with CO would cause a 

large increase of the voltage, vl. 	It can be seen that, 

for equation (6) to be satisfied under these conditions, 

the changes in the voltage, v2, must be negative. 	A 

current, i 2, begins to discharge the capacitor, C2, in 

order to reduce v2  while the voltage, vl, continues to 

increase. 	The action is again regenerative and the first 

diode completes its switching while the second one resumes 

its low voltage state. 	Figure 17 gives a graphical 

representation of this case. 

The experience gained during the theoretical 

study of the tunnel diode pair, will now prove valuable 

in establishing the operating conditions of the practical 

circuit of figure 18. 

2.3.2.3. Practical Cases. 

2.3.2.3.1. Different Peak Currents. 

The description already given for the case of 

two different peak currents, Ipl < Ip2, is still perfectly 

valid. 	Owing to the presence of the current, Is, the 

trigger pulse needs to shift the operating point only from 

A to B, (figure 19.), and one diode switches while the 

other one remains below its peak. 	The switching action 

is very similar to that illustrated by figure 14. for a 

single unit except that the small nonlinear resistance 
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introduced by the second diode alters slightly the shape 

of the characteristic. 	The minimum trigger pulse amplitude 

is given approximately by 	2Vp  — VA  + (Ip  Is)R 

directly from figure 19. 	Provided that the rate of rise 

of the leading edge of the input signal is slower than the 

switching speed of a tunnel diode, the amplitude, Uo, may 

be larger than the minimum, Uo, by as much as the full 

voltage step generated by the first diode, before the two 

units can be switched together. 	If the risetime of U0  

is shorter than this limit, it was shown earlier that the 

input current, io, is still increasing after the first 

diode has passed its peak and the second diode may be 

triggered with the same pulse unless the difference between 

the peaks is widened. 	The tolerance requirements on U0  

become correspondingly more stringent and unless the extra 

speed is essential, this condition should be avoided. 

The 1N2941 tunnel diode can switch over in less than 10 

nsec and this time is more than adequate for the present 

needs. 	The minimum amplitude, Uo, of input pulses, is 

proportional to the magnitude of the resistance, R. 	It 

has just been pointed out that the voltage range of 

acceptable trigger pulse amplitudes is a fixed value 

equal to the step generated across one tunnel diode. 	The 

resistance, R, should therefore be kept small in order to 

ease the tolerance required on Uo. 
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2.3.2.3.2. Equal Peak Currents. 

The introduction of a standing current, Is, 

was shown not to modify seriously the basic operation of 

the tunnel diode pair from that of the theoretical case as 

long as the peak currents were different. On the other 

hand, when the peaks are identical, such that both tunnel 

diodes can start switching together, the presence of Is  

has a great significance. 	In effect, one of the diodes 

can return to the low voltage state only if its capacitor 

current is reduced to zero when the diode current is still 

above the intersection of the current level, Is, with the 

corresponding negative resistance. 	The limit has been 

shifted from the valley point to point B which lies much 

closer to the peak (see figure 19.). 

It will be remembered how the interaction 

between the diodes was shown to engender the return of one 

of them to the low voltage state. 	The reduction of the 

capacitor current, ic2, to zero was a consequence of a 

sufficiently large discrepancy betwen the magnitudes of 

the negative resistances of the diodes which itself was 

caused by the disparity of their switching speeds. 	In the 

present context, it means that the faster diode must 

approach the valley region before the other one has reached 

point B. 	Therefore, the high frequency performance of the 

two units must differ considerably. 



66 

In a chain containing more than two tunnel diodes, 

the situation becomes even worse. 	At any moment, the 

diodes not being switched contribute an additional 

resistance in series with the external R and if two units 

trigger at the same time, the drive being no longer of the 

low impedance type, both diodes reach their high voltage 

state. 

As a result of the above investigations, a list 

can be made of the requirements to be satisfied by a series 

of two or more tunnel diodes and by the driving signal in 

order to achieve reliable sequential triggering of the 

diodes in the chain. 

1. All peak currents are slightly different 

from one another. 

2. The driving signal is generated from a low 

impedance circuit if possible. 

3. The rate of rise of the input signal is 

limited such that it never exceeds the rate 

of change of the voltage across a tunnel 

diode switching in the chain. 

4. Finally, the input voltage pulse amplitudes 

are maintained within the acceptable range. 

The practical implications of some of these items will be 

considered during the following analysis of a chain con-

taining N tunnel diodes. 
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2.3.3. 	Switching of a Series of N Tunnel Diodes. 

The triggering of the tunnel diodes in a long 

chain, as shown in figure 7, can be achieved either with a 

current or a voltage drive. 	It is now intended to derive 

simple equations establishing the limits of input pulse 

amplitudes for which only one tunnel diode will switch at a 

time. 

It has been explained in section 2.3.2., how the 

case of true current drive relied upon the control of a 

current ramp and necessitated a rather large increment 

from one peak current to the next. 	That method was 

rejected for the present application in favour of a low 

impedance drive which is simpler to use at high pulse 

repetition rates and requires fewer components. 	A 

solution will therefore be sought only for circuits meeting 

the conditions listed at the end of section 2.3.2. 	The 

description of the switching process needs not be repeated 

as it is similar to the explanation given for the tunnel 

diode pair. 

2.3.4. 	Static Characteristic of the Chain. 

If it were possible to plot point by point the 

over—all characteristic of a long chain of tunnel diodes, 

a curve of the type shown at the top of figure 20 would 

be obtained. 	This theoretical representation results 

from the series combination of ten perfectly identical 



THE TUNNEL DIODE CHAIN  

Fig. 20. 

STATIC CHARACTERISTIC OF A 10-TUNNEL DIODE CHAIN 

68 



69 

tunnel diodes. 	In order to plot this curve, it was 

assumed that all the units still in the low voltage state 

reached their peak points simultaneously but only one of 

them entered the negative resistance region at a time 

while all others returned below V as the current was 

decreased again. 	In practice, instability would occur 

every time one diode would cross the negative region and 

part of the static curve could not be displayed during the 

rapid switching of that unit. 

This graph is however of considerable interest as 

it gives some insight into the actual behaviour of the 

chain. 	It can be seen for instance, that in the presence 

of a standing current, Is, and for the conditions illus-

trated by figure 20, it would take more energy from the 

input pulses to switch the first diode than to drive the 

last one. 	This observation is valid only because all 

diodes were assumed to shift exactly to their peak points 

before one of them could switch. 	In fact, the selection 

of slightly different peak currents to ensure sequential 

operation keeps all diodes from reaching their peak 

voltage, Vico, until their turn comes for switching when io  

is increased above their actual Ip. 	This more realistic 

situation obviously reduces the voltage drive requirements 

for the triggering of the first diodes in the chain. 

The difference between the minimum triggering energies for 
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the first and the last units is consequently smaller and 

can even become positive. 	It was found in practice that 

the external capacitances put in parallel with the lower 

part of the chain in order to decrease the effective 

driving impedance add to the effect just mentioned and the 

last diodes are slightly more difficult to trigger than the 

first ones. 	Under the existing conditions, however, the 

range of acceptable input pulse amplitudes is not 

seriously narrowed by this effect. 

A linearized version of the chain static 

characteristic can be obtained if the approximate curve, 

shown in figure 67 of Appendix A.1, is used instead of the 

exact one for every diode. 	The result is given at the 

bottom part of figure 20 and should be compared to the 

curve at the top of the same figure. 	It is seen that the 

approximate curve does not make the assumption that all 

V 's are reached but uses a more realistic approach where 

one diode gets to 1.25 Vp  while all the others still in 

the low voltage state are standing at 0.75 Vp. 	A number 

of equations can be written down directly in order to 

describe the linear characteristic of figure 20. 	The 

dynamic resistances, Rn, to the left of every peak can be 

expressed by equation (7). 
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Rn = (N - n)Rdl nRd2 

where N 	total number of tunnel diodes in the chain. 

n 	= number of tunnel diodes already in their 

high voltage state. Can take values 0,1,2..N. 

Rdl = linear approximation of the dynamic 

resistance of a tunnel diode in the low 

voltage state (given by equation (A.1)). 

Rd2 	linear approximation of the dynamic 

resistance of a tunnel diode in the high 

voltage state (given by equation (A.3)). 

Rn 	linear approximation of the dynamic 

resistance to the left of every peak in 

characteristic of figure 20. 

Similarly, equation (8) gives the magnitude of the net 

dynamic resistance, R 	, presentedthechain 'd(n + 1) 	by when 

one diode is in the negative region. 

R'd(n + 1) = R 	(N 	n - 1) Rdl  + nRd2  .. (8) 

where 	n 	= 011,2,...(N - 1) 

Rd 	magnitude of the approximate negative 

resistance of a tunnel diode. 

This last concept of a resistance, 
R'd(n + 1)' is only 

useful in drawing the bottom curve of figure 20. 	It is 
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not needed in the following calculations. 

The various voltage points terminating the above 

resistances at the peak current level, Ip, are given by 

equations (9) and (10). 

Van 	= 0.75V (N 	n) + nVfp 	.. (9) 

for n = 

V 	= V + 0
• 
 5V b(n + 1) 	an 	P 

Vb(n + 1) = Vp[0.75(N - n) + 0.5] + nVfp 	.. (10) 

for n = 0,1,2..(N - 1) 

where Van 	= voltages appearing at the top of the 

resistances, Rn, for I = Ip. 

cr voltages at the left extremity cf every 

horizontal portion cf the characteristic 

when I = I . 

Vb(n + 1) = voltages appearing at the top of the 

resistances, R.',1(n 	1), when I = Ip. 

The stable voltage points, Vrn, defined by the intersection 

of the characteristic with the standing current, Is, are 

given by equation (11) for n = 0,1,2,3...N. 

Vrn = (N 	n)Rdl Is 4-  [Vfla 	Rd2 (Ip - Id]n .. (11) 
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2.3.4.1. Lower Limit of Trigger Pulse Amplitude. 

The linear static characteristic of figure 20 

can now be used to establish the minimum amplitude, U0, of 

the input pulses which will ensure sequential triggering 

of all tunnel diodes in the chain. 	It can be seen from 

figure 20, that the following inequality must be satisfied. 

Uon > V b(n + 1) - Vrn  + R(Ip  - Is) 	.. (12) 

Replacement of Vb(n .4. 1)  and Vrn  from equations (10) and 

(11) respectively in equation (12), leads to the general 

expression for the minimum trigger voltage amplitude when 

n = 0,1,2...(N - 1). 

- n) + 0.5] - (N 	n)Rdlis 	(d2 nR 	+ R)(Ip  - Is ) Uon-->Vp[0.75(N 

.. (13) 

Therefore, equation (13) represents the lower limit to be 

exceeded by the amplitude of the trigger pulse, Uo, in 

order to ensure that one diode will switch for every input 

pulse. 	A more pessimistic expression is derived if it is 

assumed that all units still in the low voltage state, are 

standing at their peak voltage, V, by the time the 
13  

switching diode is at 1.25V p. 	In this case, the first 

term of equation (13) must be replaced by Vp 	- n) + 0.25], 

producing equation (14). 

Uon>Vp [(N - n) + 0.25] - (N - n)R.,(1.1_I + s 	(nRd2  + R)(Ip  - Is) 

.. (14) 
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It was pointed out earlier that the first expression is 

closer to reality than this last one when it comes to the 

calculation of the changes in the minimum amplitude, U0, 

from one end of the chain to the other. 	From equation (13), 

it can easily be found that the increment of, Uo, from one 

step to the next is given by equation (15). 

Uo(n + 1) - Uon = Rd2(Ip - Is)  - (4.751rp 	RdlIs) 	(15)  

As an example, the following values for a typical 1N2941 

may be replaced in equation (15): Vp  = 60MV, 1p  = 4.7ma, 

Is 	
'zinyol  = 	Rdl 9.6ohms,   Rd2 = 

 18.3ohms. 	The answer is 

+ 12.3mv per step showing that the last diodes in the chain 

are more difficult to trigger than the first ones. 

2.3.4.2. Upper Limit of Trigger Pulse Amplitude. 

The upper limit of the trigger pulse amplitude is 

defined as the maximum voltage, Uo, which must be fed to 

the input of the chain before two diodes can switch 

together. 

It should be remembered that under the prevailing 

conditions, the diodes cannot pass their peaks simul-

taneously, and that the rate of rise of the input signal is 

limited such that one diode must complete its switching 

before the driving current can increase again towards the 

next peak. 	It is clear from figure 21, that the upper 
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N R (ohms) IJ0 	(nom.) Tolerance 

2 0 290mv +75% 

10 0 500 +41 

10 500 1.2volt +17 

10 1000 1.9 +11 

50 0 2.1 +7 

TABLE II 
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limit, Uc, must be smaller than the magnitude of the step 

generated by the tunnel diode being switched plus the 

amplitude of the lower limit valid for the next step. 

This statement can be written as in equation(16). 

Uon < Uo(n 	+ Step + 1) .. (16) 

The magnitude of the step can be derived from equation (11), 

and is given by equation (17). 

Step = Vfp 	Rdl'is 	Rd2(Ip 	/s) 	.. (17) 

Two expressions are available to define the lower limit, 

Uo(n + 1). 	Equation (14) will be used rather than 

equation (13) because its assumption that all tunnel diodes 

reach the peak every time one of them switches, leads to 

more pessimistic results for the range of acceptable input 

pulse amplitudes. 	This additional safety in the use of 

the resulting expressions will allow for the neglected 

production spread in the tunnel diode characteristics as 

well as for the influence of any capacitance to ground along 

the chain. 	Equation (14) can easily by shown to yield 

equation (18) for Uo(n + 1)' 

pdl.s 	d2p - Is  Uo(n + 1)"Uon 	+ R I + R (I 	..(18) 

Replacing the last two equations in equation (16), gives 

equation (19). 

Uon < Uon + V - V fp p .. (19) 
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But Uon, in the above expression for the upper limit, must 

be obtained from equation (14) for n = N - 2. 	This value 

of n gives the smallest Um  of interest in the present 

case when two diodes still remain to trigger. 	The range 

of input pulse amplitudes is therefore defined by the 

following equations. 

Upper Limit: 

To<1.25Vp  - 2Rdl. Is  + 	+ (N - 2) Rdd(Ip - Is)+Vfp  ..(20) 

Lower Limit: 

Ell›-Vp(N + 0.25) - NRd1.Is  + R(Ip  - Is) 	..(21) 

Equation (21) for the lower limit is simply the equation (14) 

in which n has been replaced by zero in order to give the 

maximum possible value of Uon. 

As long as the amplitude of the driving signal is 

kept between the limits defined by equations (20) and (21) 

and provided the other conditions stated earlier are 

satisfied, one tunnel diode and only one will switch every 

time a pulse appears at the input of the chain. 

If the nominal value of the input pulse is chosen 

to lie half way between the lower and the upper limits, its 

magnitude is given by equation (22). 
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U (nominal) = 1/2 Irp(N + 1.5) - (N + 2) Rdl'Is 

[2IR 	(N 	2)Rd2] (Ip - Is)  + VfP} 	
(22) 

The tolerance expressed in percent of that nominal value is 

then obtained from equation (23). 

Tolerance (%) = 	 .. (23) 

— N) 	— 2)Rdl.Is 	(N 	2)Rd2(ip  — Is) + Irfp] x 100 

Vp(N + 1.5) - (N + 2)Rdl. Is  + [2R + (N - 2)Rd2](Ip  - Id+ 11-fp  

In order to illustrate the usefulness of the above 

equations, they were used to calculate the nominal values 

and the tolerances of the input pulse amplitudes necessary 

to drive chains containing respectively 2, 10 and 50 tunnel 

diodes for various resistances, R. 	The results of table II 

were checked against measurements taken on four chains of 

ten tunnel diodes each. 	With a driving resistance of the 

order of 600 ohms, tolerances ranging from ±15% to +20% 

were found acceptable on the input pulse amplitude. 	The 

magnitude of the resistance, R, was not well defined because 

a small capacitance to ground, in parallel with the chain, 

was introduced to decrease its effective value during the 

risetime of the input signal. 

For very long chains, i.e. last case in table II 

when N = 50, certain factors like the necessarily larger 
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difference between the first and the last peak currents, 

could no longer be neglected. 	The minimum increment between 

the peak currents is dictated by their thermal coefficients 

and by the fastest rate of rise expected from the input 

signal. 	Chains of ten diodes were operated in the 

laboratory with peak currents differing by as little as 

15 to 200. However, for normal room temperature fluctu-

ations, it would not be advisable to operate with differences 

considerably less than about 40pA. 	Even if the peaks were 

separated by only 30pA, for N = 50, the over-all change in 

peak currents would be 50 x 30pA = l.5ma. 	In the case of 

the 1N29411  this amounts to more than 30% of the typical I P. 

Consequently, the additional restrictions imposed on the 

tolerance of Uo would soon make it impossible to trigger 

reliably only one tunnel diode at a time unless true 

current drive as described earlier were employed. 

Nevertheless, it may be concluded that the require-

ments imposed on a chain of ten tunnel diodes and on its 

driving voltage pulses in order to ensure reliable 

sequential switching of all the diodes, can be easily met 

in practice. 	The circuit of figure 7, is therefore 

interesting as far as its dynamic behaviour is concerned. 

The staircase waveform generated across the chain must now 

be considered from the point of view of static precision 

and linearity. 
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2.3.5. The Staircase Waveform. 

When the tunnel diodes in the circuit of figure 7 

are being switched in turn, the voltage at the output of 

the chain after all transients have disappeared, is given 

by equation (11). 	This expression of the output waveform 

is repeated here for convenience together with the related 

equation (17) describing the steps produced in the output 

voltage every time one more diode switches to the high 

voltage state. 

Vrn = (N n)Rdl'Is [Vfp 	Rd2 (Ip  - Is) n 	.. (11) 

V(step) 
= Vfp 	Rd2(Ip 	Is)  - Rdl. Is .. (17) 

Apart from the current, Is, all the parameters in these 

equations belong to the tunnel diode characteristic. 

The current source was analysed in Appendix A.5. 

It is made up of a single transistor biased in the common-

base configuration with the aid of a temperature compen- 

sating zener diode. 	The specifications in Appendix A.5. 

show that the current, Is, is defined by an effective 

resistance of 760ko. 	The magnitude of the step generated 

by a typical 1N2941 tunnel diode (see Appendix A.9), is of 

the order of 450mv for Is  between 3 to 4ma. 	In a chain 

defining ten levels, the output voltage range would be 

10 x 450mv = 4.5 volts, producing a decrease of the current, 
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Is, equal to 4.5 volts/760ko or less than -6µA. 	The effect 

on the last step in the chain would be smaller than 

AIsRd2  or -6µA x 18.3 = -109.8µv, approximately -.002% of 

full scale. 	For most applications, such a small error 

would be negligible. 	In any case, if the average step in 

a chain is calculated from values measured while the current 

source is present, the small reduction in Is  is automatically 

taken into account. 

It can also be seen in the performance data for 

the current source (Appendix A.5), that Is  is influenced by 

ambient temperature changes. 	Its thermal coefficient is 

equal to +0.3µA/tC and even for a variation of +10°C in 

room temperature it is only +30. 	A difference as large 

as 6µA in Is  was shown in the above paragraph to have 

negligible effect on the precision of the steps. 

The parameter,  Is, in equations (11) and (17), 

can therefore be considered as a constant in the following 

study of the accuracy of the staircase voltage waveform. 

2.3.6. Precision of the Steps in the Chain. 

If the staircase waveform is to serve as the 

reference in a quantizer, it is of prime importance that 

the steps should be equal to one another within a reasonable 

accuracy. 	It is now intended to summarize the results of 

an investigation on the subject carried out on a sample of 
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forty 1N2941 tunnel diodes manufactured by General 

Electric. 

At constant temperature and for a fixed value of 

Is, equation (17) gives the magnitude of the voltage step 

contributed by any one tunnel diode in the chain. 

Unfortunately, owing to production spread, the parameters 

Vfp, Ip, Rd1  and Rd2  are different between units of the 

same type. Measurements were taken on four chains each 

containing ten unselected tunnel diodes (1N2941). 	In the 

first two cases, the steps were respectively within +4% 

and ±5% of their averages. 	The two other chains contained 

one odd unit each, causing the steps to be accurate only 

within -4% to +6%. 	Straightforward replacement of these 

two diodes improved the precision such that three of the 

chains had their steps within +4% of their averages. 

It is believed that this sample cf 40 units is 

fairly representative of the production spread to be 

expected from a large number of 1N2941 and to a certain 

extent, from other germanium tunnel diodes of similar con- 

struction. 	It should be noted that t}ese diodes were 

bought from the same manufacturer in two separate orders 

at a year interval. 	No difference in their characteristics 

could be detected during the measurements apart from normal 

production spread. 	In so far as these assumptions are 

valid, it can be said that a precision of .16% between the 
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steps can be attained in tunnel diode chains without any 

selection. 	Simply by rejection of a few units, this 

figure can be reduced to +4%. 

In order to improve the accuracy even further 

the same forty diodes were selected according to their 

voltage steps to constitute four new chains. 	The idea was 

to get maximum accuracy in two of the chains while keeping 

the others to better than t5% with the remaining diodes. 

The motive behind this approach will be clarified later on 

by the study of the precision requirements for the complete 

reference unit of the quantizer. 	Out of the four chains, 

the following accuracies were measured: one achieved 

1:1%; two others, +2% and the remaining cne *.5% as its 

diodes were not selected. 	These results are most 

significant considering that there was a restricted number 

of diodes to select from. 	It should be remembered that 

all of these chains can be operated at 101c/s p.r.r. and 

that the diodes were consequently chosen according to their 

peak currents for reliable triggering. 	It is believed 

that with as little as ten extra tunnel diodes, the four 

chains could have been selected to better than tl% without 

any great effort. 	In any case, selection need not 

achieve a precision superior to t2% as trimming can take 

over in that range of accuracy. 
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The method of increasing the precision of the 

steps in a chain by trimming is described in Appendix A.6. 

It consists of shunting one or more diodes in the chain 

with individual resistances. 	As long as a tunnel diode 

remains in the low voltage state, only a small current is 

diverted by its shunt. 	When the diode switches to the 

high voltage state, the parallel resistance takes a 

significant portion of the current, Is, effectively 

reducing the magnitude of the step generated by this particu- 

lar diode. 	It was shown in Appendix A.6 that a step can 

be reduced easily by more than 2% in this way. 	The 

shunting resistance can therefore be adjusted experimentally 

until the desired precision is obtained. 	The effect on 

the other diodes in the chain is obviously nil as far as 

accuracy is concerned. 	The order of triggering of the 

diodes is controlled mainly by the relative magnitudes of 

the peak currents. 	If the trimming resistance becomes 

small enough to divert a current, while the diode is in 

the low voltage state, equal to or greater than the increment 

between the peak currents, the order of triggering is 

affected and two diodes may switch together. 	In this case, 

the dynamic properties of the chain may be recovered by 

the introduction of a small capacitance to ground between 

the two units switching together. 	Both capacitive and 

resistive trimming were used on one of the chains to serve 
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as an illustration. With only two shunting resistances 

of 6800 and 470 0 respectively, the accuracy in the chain 

was improved from +2% to ±1%. 	One trimming capacitor was 

needed to restore the normal sequential switching. 

Complete description of the diodes in the four chains 

finally adopted can be found in Appendix A.7, together with 

the results of the accurate measurements of their steps. 

It can therefore be concluded that an accuracy of 

better than +1% between the steps can be obtained by 

selection of ten tunnel diodes in a chain biased with a 

constant current source. 	This figure can certainly be 

improved by trimming to better than +0.1%. 	The tempera-

ture would have to be controlled carefully as it would 

soon impose a limit on the precision of the chain because 

of its effect on the tunnel diode characteristic. 

The sensitivity of the tunnel diode chain to 

temperature variations will be analysed in chapter 3 in 

relation with an expression for the net thermal drift in 

the reference of the quantizer. 

The argument thus far has shown that the tunnel 

diode chain can serve as a high speed accurate staircase 

waveform generator. 	Various methods of resetting the 

chain to zero will now be discussed. 
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2.4. 	Methods of Resetting. 

The most useful methods of resetting employ a 

transistor switch to short circuit the constant current 

source to ground, reducing the current in the chain to a 

value below the minimum Iv  thus returning all the tunnel 

diodes to the low voltage state. 

The resetting transistor may be controlled in a 

number of ways, three of which will be mentioned: 

1. Direct 	transistor switching (Ref.32, page 48); 

2. Level detector with transformer feedback 

(Ref.35); 

3. Intermediate switching. 

Direct transistor switching is the simplest method and will 

be described in detail later in order to investigate the 

problems related to the resetting of the chain. 	The second 

system utilises two transistors interconnected by a 

transformer feedback loop to generate a reset pulse. 

The first transistor serves as a level detector and is cut 

off until a pre—selected number of tunnel diodes have 

switched to the high voltage state. 	The last step brings 

the first transistor into conduction and a coupling 

transformer feeds a large current pulse into the base of 

the second transistor which saturates far long enough to 

reset the chain. 	This circuit has been described in 
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the literature-J, and the explanation will not be pursued 

any further. 	The third method is an improved version of 

the first one as it simply introduces a tunnel diode for 

regeneration between the chain and the transistor. 	Its 

performance is at least comparable to that of the second 

method but it uses only one transistor and no transformer. 

It will be adopted for the present system for reasons which 

will become clear later on. 

2.4.1. Direct Transistor Switching. 

Figure 22 represents a tunnel diode chain 

connected across the output of a common-emitter transistor. 

As long as the last tunnel diode, N, remains in the low 

voltage state (IT',65 mv), the transistor is cut off and 

the operation of the chain is not affected. 	The presence 

of a small capacitance, Cb (20 to 47pf), ensures that the 

diode, N, is the last one to trigger, therefore permitting 

full use of the chain before the transistor comes into 

action. 	This capacitance, Cb, is unnecessary if the 

diode, N, has the largest peak current in the chain. 

2.4.1.1.ResettinF Action. 

The basic resetting process is very simple. 

When the last tunnel diode is triggered to the high 

voltage state, (1[224500 mv), the current begins to increase 
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in the base inductance, Lb , and the transistor starts 

diverting the source current, Is. 	If the saturation 

resistance of the transistor is small enough, the current 

in the chain falls below the minimum Iv  and all the diodes 

resume the low voltage state. 	At the same time the base 

current starts to decrease and the transistor cuts off. 

Addition of a collector inductance, Lc, is not 

necessary for the resetting to take place normally 

provided the saturation resistance of the transistor is 

low enough. 	If this is not the case and it is found that 

one or more diodes do not reset, a small inductance, 

Lc  (4 to lOph), causes an overshoot when the transistor 

switches off and permits total resetting to occur. 

The base inductance, Lb, on the other hand, 

cannot be removed. 	The exact behaviour of the circuit of 

figure 22, when the base is connected directly to the chain, 

depends on the Vbe  — Ib characteristic of the transistor 

as well as on its current gain and its cut—off frequency. 

Consider for instance the operation of the circuit in the 

absence of Lb. 	When the resetting action is initiated by 

the triggering of the last tunnel diode, the transistor 

starts diverting part of the current, Is, from the chain. 

Consequently, the voltage across the last diode decreases 

and the base current is immediately reduced. 	This rapid 
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feedback prevents the transistor from staying into 

saturation for long enough and only partial resetting can 

occur. Furthermore, because of the leading effect of the 

current, the last tunnel diode is easier to reset than the 

others and tends to cut off the transistor prematurely. 

With some transistors, a stable condition can be reached, 

when Lb is removed, where the last diode stays just above 

the valley voltage and the source current, Is, is divided 

between the transistor and the chain. 	All of these 

difficulties disappear when Lb  is greater than a certain 

minimum. 	It can be said therefore that the inductance, 

Lb, delays the signal to the base of the transistor such 

that complete switching can occur. 	In that sense, the 

presence of the transformer in the second method described 

previously served the same purpose. 	However, that second 

method is superior to the direct transistor switching 

scheme because it introduces amplification in the control 

loop. 

2.4.1.2. Disadvantages of the Direct Transistor Switching 

Technique. 

The above considerations reveal some of the dis-

advantages of the direct transistor switching technique. 

The exponential rise and fall of the base current in the 

inductance, Lb, when switching the transistor, unduly 
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increases the resetting time of the chain. 	No reverse 

drive is available to bring the transistor cut of saturation 

more rapidly. 	Full advantage cannot be taken cf the 

potential speed of the transistor and of the tunnel diodes 

used as the minimum Lb sets the limit. 	The inductance, 

Lb, must keep the base current large for long enough such 

that the input of the transistor does not detect the decrease 

in driving signal until resetting of the chain is completed. 

The minimum acceptable value of the inductance, Lb, there-

fore depends on the magnitude of the source current, Is, 

the-current gain and the cut off frequency of the transistor 

as well as the exact shape of its input characteristic in 

the common-emitter configuration, the total capacitance in 

parallel with the chain and the forward peak voltage, Vfp, 

of the last tunnel diode. 

A minimum over-all resetting time cf 0.25psec 

was achieved with the circuit of figure 22, using an 00171 

or an ASZ21 transistor across a chain of ten 1N2941 tunnel 

diodes passing a current Is  = 4 ma. 	The base inductance 

had to be greater than 15 to 20 ph and a small collector 

inductance was necessary for reliable resetting. 	A 

capacitive load of 100pf to ground increased this switching 

time to about 0.27 psec. 

The maximum speed of operation of the chain being 

limited to approximately 3.5Mc/s by the presence of Lb, it 



92 

was decided to investigate some other method of resetting. 

Considerable reduction of the resetting time can be achieved 

if one tunnel diode is inserted in the control loop between 

the chain and the transistor in order to provide some 

regeneration of the driving signal. 	This intermediate 

switching approach is much superior to the first method just 

described as will now be seen. 

2.4.2. 	Use of Intermediate Switching. 

A much faster resetting circuit avoiding the use 

of a base inductance is illustrated in figure 23. 	The 

last diode in the chain triggers a monopulser which in turn 

switches on the resetting transistor. 	The transistor 

stays in saturation for a time controlled by the magnitude 

of the inductance, Lm. 	The base current is net supplied 

by the chain itself as before and the delay introduced by 

Lb  is no longer needed for complete switching to occur. 

Furthermore, a larger base current is available for faster 

"switching on" of the transistor. 	The saturation resistance 

is therefore reduced, making the collector inductance, Lc, 

unnecessary. 	Finally, the transistor is switched off much 

more rapidly as a reverse base current is applied when the 

monopulser returns to its initial state. 	The resetting of 

the chain is therefore dependent to a large extent on the 

action of the monopulser and maximum switching speed must 

be aimed at in the design of this most important unit. 
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It was pointed out earlier, in section 2.2.2. that 

the simple tunnel diode circuit of figure 5. could be used as 

a monopulser. 	The main reason for referring to the diagram 

of figure 5. as the "basic circuit", lies in the fact that 

only one of its various configurations needs to be analysed 

completely. 	The results can then be applied with minor 

changes to a large variety of circuits derived from this 

basic unit. 	The astable oscillator is the simplest of all 

configurations as it does not need any external triggering 

signal. 	It will therefore be chosen to derive the general 

equations which will then be adapted to the design of all 

the tunnel diode switching circuits to be used in the 

quantizer. 

2.5. 	The Astable Oscillator. 

Figure 24. represents the circuit diagram of a 

tunnel diode relaxation oscillator and figure 25. is a 

piecewise-linear approximation of its characteristic. 

Qualitatively, the operation of the tunnel diode 

relaxation oscillator is easily explained. 	When the bias 

voltage, Es, is first turned on, the current builds up in 

the series inductance, Ls. 	As soon as the peak current, 

IP' 
is attained, the tunnel diode switches to the high 

voltage state (point Vfp  ). Instability in the negative 

region is ensured even with Rs<1-adl, if the dynamic 
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load impedance is greater than 1-Rd l at the operating point'6. 

For very small values of Ls, the oscillation is sinusoidal. 

If Ls is large enough, however, relaxation oscillation builds 

up. 	In this latter case, the tunnel diode reaches the high 

voltage region rapidly and develops a voltage drop greater 

than the supply voltage itself. 	The current starts to 

decrease gradually through Is  until the valley point where 

the tunnel diode switches back to the low voltage region. 

The first cycle is completed and starts repeating itself as 

the current builds up again in Ls. 

In order to avoid the solution of nonlinear 

differential equations, in the analysis of the relaxation 

oscillator, the linearized characteristic given in 

Appendix A.1. will be used for the tunnel diode. 	Ana- 

lytical expressions have been derived to fit the character-

istic of the tunnel diode37, 38, but they are themselves 

approximations. 	In view of the added complexity, their use 

would not be justified here. 	The present analysis aims at 

the derivations of formulas with an accuracy better than 

±10% and the linear approximation is perfectly adequate as 

will be seen later. 

The following analysis relies on the assumption 

that Ls  is made large enough to ensure constant current 

switching from the low to the high voltage state and vice 

versa. 	It is also postulated that Ls  controls the changes 
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in the current and that, in the regions 1 to 2 and 4 to 5 

of figure 25, the presence of the parallel capacitance may 

be neglected e.g. Rd2C1<<J/(Ad2 Rs). 	The validity of 
these simplifications has been verified experimentally, 

(see Appendix A.3.), by checking the accuracy of the 

resulting equations for the relaxation oscillator. 

Bearing in mind these conditions, the characteristic of 

figure 25. can be reproduced by four linear models, each 

describing its particular region of the curve. 	These 

equivalent circuits are given in figure 26. and are labelled 

according to figure 25. 	The analysis of the relaxation 

oscillator can now be carried out. 

Region I: from 1 to 2, figure 25. 

In this region, the first circuit of figure 26. 

is valid and the well known expression for the building up 

of a forced current in an inductance can be written 

directly. -tAr 
i 	= 	Es( 1 - e 

Rtl 
.. (24) 

where 	1- 1 = L/Rt1 

Rti = Rs Rdl 

Equation (24) can be used to find the time necessary for 

the current to increase from an initial value I1 to a final 



	

( 	— Iv) 

	

0 	 
c 

0 	  

FromS to 1 

Linear Equivalent Circuits for Computation of Switching, 

Times of the Tunnel Diode Relaxation Oscillator. 

Equivalent Circuits 	Region of Validity 
(see fig. 24. ) 
	

(see fig.25. ) 

Rs 	L5  

97 

Rdi 
From 1 to 2 

I c From 2 to 4 

   

0 	 

E5  
From 4 to 5 

Fig. 26. 



98 

value 

t1-2 
= T llnI Es -  (25) 

Es - Rt1I2 	
..  

In the case of the relaxation oscillator, 12  is equal to the 

peak current, Ip, of the tunnel diode and, provided L is 

large enough, II  is the valley current, Iv. 

Region II: from 2 to 4,  figure 25. 

The presence of the negative resistance contributes 

to a very fast switching from the peak point voltage, Vp, 

to the forward voltage, Vfp. 	The current in the inductance, 

S9 does not change appreciably during that time and a 

current, Ip  - Id, is available to charge the capacitance, 

C. 	It can be seen from figure 25. that a good approxima-

tion would be to assume that the capacitance charges at a 

constant current I - 	The amount of charge accumulated 

on C during the switching can be expressed in terms of the 

charging current cr as a function of the voltage variation. 

= (vfp  vp ). = (I Iv),t -2-4 	(26) 

t2-4 = 
Arf-0 

1p IV 
C .. (27) 

    

It is seen that this time is controlled almost entirely by 

the characteristics of the tunnel diode used. 	A typical 

1N2941, for instance, would give t2_4  = 5.2 nsec with 

C = 5Opf. 
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Region III: from 4 to 5, figure 25. 

As soon as point 4 is reached, the third equiva- 

lent circuit of figure 26. becomes operative. 	The solution 

for the loop current is the same as for region I except 

that the net voltage is now the difference between Es  and 

- IvRd2). 

i 	= 	Es  - (VI; - 

Rt2 

e-tA21 .. (28) 

where T 2 = 	L, --/Rt2 

Rt2 = Rs + Rd2 

Equation (28) is transformed to give the time for the 

current to decrease from point 4 to point 5. 

t 	= 
4-5 	2 

— 	IvRd2 Rt2I4 
- R  t2I  5] .. 	(29) E Es - V' 	+I v 	vR d2 

If 14  is replaced by Ip  and 15  by Iv, the expression may be 

simplified. 

t4_5  = T 111py

, +R

RSIP — Es  1 2 	Vg 	I - E 

	

v 	sys SO (
30) 

Region IV: from 5 to 1, figure 25. 

The arguments used for the analysis of the switching process 

from 2 to 4 (region II) still apply in this last region. It can be seen 

from figures 25 and 37 that equation (31) is intended to represent the 

rapid switching to the low voltage state shortly after lc is passed. 
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For practical reasons, the neglected transition time from point 5 

to Vv  is considered as an additional error in t4_5. The times t2_4  

and t5_1  will normally be negligible in the design equations. 

t5_- = 	Vv - Vl  ^ a 
I -  p Iv 

.. (31) 

Accuracy of Equations (24) to (31). 

In order to assess the amount of inaccuracy 

introduced by the approximations of the above analysis, a 

relaxation oscillator was designed and measurements were 

taken for a wide range of supply voltages, Es. Theoretical 

results, from equations (25), (27), (29) and (31), were 

within t 10% cf the measured values as long as Es  was 

sufficiently greater than V but less than about 1/2.Vv  

(see Appendix A.3.). 	For larger values of Es, the linear 

approximation in the high voltage region (Rd2  in figure 25), 

introduced serious errors. 	In these cases, the time 

necessary for the current to decrease in the inductance, 

Ls, from a value corresponding to the voltage Yv, to the 

valley point current, Iv, is no longer negligible. 	This 

time is proportional (as a first estimation) to 

Ls L1/(Es — Vv) and can become very large when Es  approaches 

Vv. 	New equations have been derived in Appendix A.2. de— 

fining two segments instead of one to describe the tunnel 

diode characteristic in the high voltage region. With 

very little added complexity, the results using the new 
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equations were found to be accurate to better than 5% for 

values of Es  as high as 97% of 11-77. 

The first analysis, based on the linear model of 

figure 25, has permitted the derivation of simple equations 

describing the operation of the tunnel diode relaxation 

oscillator. 	Their accuracy, however, was maintained to 

better than ± 10%, only for a narrow range of the supply 

voltage, Es. 	The much superior model of Appendix A.2 

extends the usefulness of these basic equations to the 

entire range of possible values of the supply voltage, Es, 

and ensures improved accuracy. 	These results can also be 

applied directly to the case of resistive loading of the 

tunnel diode, provided that the load is sufficiently 

greater than the negative resistance of the device (more 

than a few hundred ohms for the 1N2941). 

2.5.1. Loading of the Tunnel Diode by a Transistor. 

In most practical circuits to be discussed here, 

the tunnel diode is directly coupled to a common-emitter 

transistor. 	Fortunately, this case turns out to be much 

simpler than may be expected at first. 	It will be shown 

that equations (27)to (31) need only minor alterations tc 

take into account the influence of the transistor on the 

operation of the tunnel diode relaxation oscillator. 
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The circuit diagram of a complete relaxation 

oscillator, including a transistor, is presented in 

figure 27. 	The forward voltage, Vfp, for a germanium 

tunnel diode is of the crder. cf 500 mv. 	On the other hand, 

the base to emitter voltage for a medium power germanium 

transistor aces not exceed normally 450 mv, even at the 

maximum rating of the transistor. 	The collector current 

must therefore be limited to a safe value by a resistor 

Rc (figure 27) and the transistor saturates when the tunnel 

diode switches to the high voltage state. 	Figure 28. 

reproduces the VBEvs IB  curve for a typical medium power 

high speed switching germanium transistor, superimposed on 

the characteristic of a tunnel diode. 	A piecewise—linear 

approximation of the combined characteristic is also 

illustrated. 	In that figure, V
tr represents the voltage 

appearing between the base and the emitter when the 

transistor is in saturation. 	For the two transistor types 

used, 2N797 and ASZ21, and for the current range of 

interest, that voltage lies between 350 my and 450 mv. 

For design purpose, Vtr  may be selected as 400 mv. 

Assuming a valley current, Iv  = 0,6ma, and a 

minimum current gain, .§= 20, a collector current, Ic  = 12ma, 

would be flowing in the transistor for Ib equal to Iv. 	If 

a collector resistance, RC, limits the current to approxi—

mately that level, the transistor enters into saturation 
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for Ib  = Iv. 	The input dynamic resistance, Rtr, of a 

saturated transistor in the common-emitter configuration is 

very low. 	A simple argument can illustrate this fact. 

The dynamic resistance of the forward biased 

emitter-base diode of a transistor can be evaluated from 

the well known approximation re  (ohms) = 26/Ie(ma)39,page 17  

The resistance seen at the base of the same transistor is 

given by rb  = AVbe"Ib or rb = ( Vbe/ Ie) (P I)  = 

re (( + 1). 	As long as the transistor operates in the 

active region, these expressions are valid. 	When 

saturation is reached, however, the collector current is 

maintained almost constant by the resistance, Rc, and any 

further increase of the emitter current must be diverted 

to the base, i.e. Lib 	AIe. 	The dynamic resistance at 

the base, rb  = AVbe/AIb, becomes rb =A V be/ Ale = re' 
The resistance,Rtr'  in figure 281  therefore represents the 

forward resistance of the emitter-base diode of the 

transistor and it can be estimated as a function of the 

base current from the expression given above for re. From 

figure 28, it is seen that the base current immediately 

after the tunnel diode has switched tc the high voltage 

state, is of the order cf (I - Iv) or 4,lma for a typical 

1N2941, giving a value of 6.4ohms for Rtr. 

The resistance, Rtr, is therefore very small and 

will be taken as zero for the present application. 	This 
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choice is justified if the following points are remembered. 

The resistance, Rtr, is in series with Rs  and in parallel 

with the tunnel diode. 	Its exact contribution to the time 

of transition from 3 to 4 in figure 28. is not critical. 

On the other hand, the time factor
sARs + Rtr) is not 

constant because Rtr  gets larger when the base current 

decreases. 	The transition from 3 tc 4 is nonlinear and 

most of t3_4  occurs in the upper part of the line 3-4 

(figure 28.) where Ib  is large and Rtr  is small. 	This last 

remark seems to suggest that Rtr  should be chosen slightly 

larger in order to take its variation into account. 

However, in practical circuits, the supply voltage, Es, 

is normally of the order of -i.Vv  or larger. 	It was 

pointed out earlier, in connection with equation (29), that 

under these conditions, the method of analysis tended to 

underrate the transition time in that region of the curve. 

An improved approximation for the tunnel diode characteristic 

was even developed in Appendix A.2. to overcome this 

difficulty. 	Fortunately, this error can be compensated, 

when a transistor is loading the diode, simply by choosing 

Rtr smaller in order to increase the time constant 

Zs/(Rs  + Rtr)' 	It was found in practice that the best 

correction was obtained by reducing Rtr  to zero in the 

equations which will now be derived. 	The accuracy of 

these assumptions can be verified from the results tabu-

lated in Appendix A.4. 
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2.5.2. Computation of the Switching Times. 

The equations for the switching times of the 

tunnel diode relaxation oscillator loaded by a transistor 

can now be established. 	Comparison of figure 28. to 

figure 25. shows that the presence of the transistor can be 

ignored in the determination of the combined characteristic, 

until the transistor enters into saturation. 

Region I and IV: from 1 to 2 and from Vv  to 1, figure 28. 

It follows from a comparison of figure 28. with 

figure 25. that region I (from 1 to 2) and region IV (from 

Vv to 1), are not affected by the presence of the transistor. 

Equations (25) and (31) therefore apply respectively to 

these cases. 

Region II:  from 	to 3, figure 28. 

Equation (27) can be used as it is, ignoring the 

presence of the transistor. 	In fact, the transistor 

diverts part of the total current (I - Iv) during that 

interval, increasing the charging time of the capacitance, 

C. 	Employing Vfp  instead of Vtr  in the computation of 

tends to correct for that effect otherwise neglected 

in the formula. 	In any case, this risetime accounts for 

only a small fraction cf the total period; the added 

complexity of a more accurate expression would not be justi-

fied. 
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Region III: from 3 to 4, figure 28. 

The derivation of equation (29) is still perfectly 

valid but the following changes must be made: .1/v.  is 

replaced by Vtr  and Rd2  by Rtr  which is equal to zero. 

t3_4  = T.  21n [Es -  Vtr - Rt 2Ip 
Es 	Vtr Rt 2Iv 

where 	T  2 = Ls/Rt2 

Rt2 	Rs 

• • (32) 

Appendix A.4. shows that equations (25), (27), 

(31) and (32), can be used to compute the period of a 

tunnel diode relaxation oscillator loaded by a common- 

emitter transistor, to an accuracy better than 5%. 	This 

series of equations will be applied later in a discussion 

of the design of a monopulser, a 10 McA pulse generator 

and a one-tunnel diode flip flop. 	They will now be 

adapted to the case of the tunnel diode monopulser to be 

used in the building block for the high speed staircase 

generator. 

2.6. 	The Monopulser. 

The principle of operation of the tunnel diode 

monostable trigger circuit (figure 29.) is illustrated by 

figure 30. 	The tunnel diode is biased in the low voltage 
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region (below V ) by a small voltage, Es, in series with a 

resistance Rs. 	The voltage drop, Va, across the tunnel 

diode is smaller than 60 my and the transistor is cut off. 

On the incoming of a positive trigger pulse, the peak 

point, (V 
P
, 	I 

p
), is reached after a time controlled mainly 

by the pulse generator. 	As soon as the peak is passed, 

the operation of the circuit is similar to that of the 

relaxation oscillator analysed in sections 2.5 and 2.5.1. 

Equations (25), (27), (31), and (32) still apply to the 

description of the switching times but the presence of the 

trigger pulse during the transition from 2 to 3 (figure 30.) 

and the introduction of a stable point in region I must be 

taken into account. 	In order to find out what changes are 

necessary in these equations, figure 30. may be used to 

follow the sequence of events over one complete cycle of 

the monostable. 

A- From 1 to 2, figure 30. 

As stated before, this time depends entirely on 

the risetime of the input pulse when loaded by the tunnel 

diode. 	It concerns the design of the pulse generator and 

does not enter into the analysis cf the monopulser. 

B- From 2 to 3, figure 30. 

Equation (27) still holds for reasons given in 

section 2.5.2. but I must be replaced by (Iin  + Ia), the 



110 

new current charging the capacitance, C, being (Iin  + Ia  - Iv), 

assuming that the input pulse width is greater than t2_3. 

For the present design purpose, however, (Iin  + Ia) is 

normally close enough to I for equation (27) to be used 

directly. 

C- From 3 to 4, figure 30. 

If the input pulse is still supplying current at 

the end of time t2_3, the high voltage state is reached at 

a current level equal to (Ia  + Iin). 	The current in the 

base of the transistor decreases by an amount equal to Iin  

when the input signal is removed. 	As long as the duration 

of the input tiignal is sufficiently smaller than the pulse 

width of the monopulser itself, the timing is not affected 

as the net shift is zero. 

D- From 4 to 5, figure 30. 

It follows from "C" above, that the current has 

to decrease effectively from a value Ia  to Iv. 	If Ip  is 

replaced by Ia., equation (32) still applies. 

t4_5 - in Es - Vtr - Rt2Ia 
Es Vtr Rt2Iv 

• • (33) 

    

where all parameters are defined as for equation (32) 
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E- From 5 to 6, figure 30. 

In this case, equation (31) can be used directly 

as explained in section 2.5.2. 

F- From 6 to 1, figure 30. 

Because of the presence of the stable point, 

(Ia, Va), one more factor must be introduced in equation (25) 

before it can be used to compute t6_1. 	If 12  is merely 

replaced by 1a, in equation (25), a time equal to infinity 

would be obtained. 	This result is not surprising if it is 

remembered that in equation (24),  the final value of the 

current, I 	t1, will be mathematically attained only 

after an infinite time. 	On the other hand, an exponential 

function is already at 95% of its final value after only 

three time constants. 	Defining n as some important fraction 

of Ia, it is now possible to write equation (27) in a form 

applicable to the monostable circuit. 

= TlIa Es - Rtliv  
Es - RtlnIa 

 

t6-1 .. (34) 

   

where 	T1 = s/Ilt1 

	

Rtl 	= Rs + Rdl 

	

n 	= important fraction of Ia 

For design purpose, n can be estimated from the following 

inequality (see section 3.5.2.2.): 
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in .. (67) 
• a 

 

2.6.1. Design Equation for the Tunnel Diode Monopulser. 

The duration of one cycle of the monopulser can 

be expressed as the summation of the times given by 

equations (27), (31), (33) and (34). 

T = t2 	+ t4_5  + t5_6 + t6_1  (see fig.30) 

In this expression, t2_3  and t5_6 are proportional to the 

total capacitance, C, in parallel with the tunnel diode, 

while t4_5  and t6_1  are proportional to the inductance, Ls
. 

T = Ls(K1 + 	CK7  

T - CK 3  .. (35) 

 

K1+ K2 

 

where K1 1  In Es-Rtliv 7 tl.1Es -Rt1  nI L  

 

12 	i In Es  - Vtr - Rt2Ia  
Rt2 2; - Vtr Rt2Iv3  

Vf Vv TipV1  
••• p 

Iv  

Equation (35) is a useful design expression. 
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2.6.2. Design Procedure for Monopulser. 

Notes: 1. Worst case design procedure has been applied 

to all circuits in the staircase generator. 

For simplicity, the following conventions will 

be used: a line above a symbol indicates a 

maximum and a line under a symbol indicates a 

minimum. 

2. Data concerning the production spread about 

typical values for the various parameters of the 

1N2941 tunnel diodes are reproduced in Appendix A.9. 

1. Choose T, the period of the monopulser, as the 

minimum spacing between two consecutive input pulses. 

2. Estimate the minimum trigger current, Iin, from a 

knowledge of the driving circuit. 

7 	Select the operating current, Ia. 

I a > 
P 

- Iin 	and 

4. 	Choose the series resistance, Re<  1-Rdl* 
Rs must not be reduced unnecessarily if the mono- 

pulser is tc operate with a period T<0.1 ti sec, otherwise, 

Ls would have to be made so small as to become impracticable. 

The maximum value for R
s is given by the inequality 

1:7<(vv  - va  )/(Ia  - v) s• 
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5. Compute the magnitude of the supply voltage, Es. 

E
s 	(R

dl + Rs) Ia 
	..(36) 

6. From equation (35),  determine the maximum in-

ductance, Ls. 

7. Dc:sign the input coupling network according to the 

characteristics of the driving circuit. 	A coupling 

capacitor approximately equal to three times the parallel 

capacitance of the tunnel diode is a good compromise. 

This value is normally small enough to differentiate the 

input pulse, introducing some isolation between the driving 

circuit and the monopulser during the operation. 	On the 

other hand, it is large enough to pass adequately the 

leading edge of the trigger pulse. 	These remarks are 

perfectly valid at least for the range of frequencies 

envisaged for the staircase generator (up to 20 Mc/s p.r.r. 

and for pulse widths down to 50nsec). 

2.6.3. Practical Design cf a Mcnopulser. 

It was pointed out in section 2.4.2. that a 

tunnel diode monopulser could be used to control the re- 

setting transistor (figure 23.). 	The procedure just out-

lined has been applied to the design of a circuit meeting 

the various requirements as will now be described. 
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If the ten-tunnel diode chain is to operate 

continuously at a maximum speed of 10 Mc/s, resetting will 

be initiated at 1.0psec intervals (period, T, in equation 

(35)). The resetting action has to be completed within 

less than 0.1P sec, (pulse width of moncpulser is given by 

equation (33)), such that no pulse is lost at the input even 

at the maximum pulse repetition rate. 	The trigger pulse 

is generated by the last tunnel diode in the chain and, in 

theory, the driving current may be as high as (IE  - 

but it was found in practice that two thirds of that value 

was a more realistic estimate, especially for Ls  smaller 

than 10 or 15 ph. 	Appendix A.9. lists the electrical 

characteristics of the tunnel diodes used, together with 

the guaranteed production spreads which will be accepted 

as the design limits (i.e. maxima and minima for worst 

case design). 	The minimum driving current for the mono- 

pulser is thereforein 3  VE (I - 1) or 2 ma. 	Straight- 

forward application of the remaining steps in the design 

procedure gives: Is  = 3.7ma (Ia  = 3.2ma, Ia  = 4.2ma), 

Rs  = 22 ohms, Es  = 117mv, 	= 10.611h, Cin  = 120pf. 	The 

resulting circuit is illustrated in figure 31; its 

performance was found to be in close agreement with the 

computed values. 	The rise and fall times of the tunnel 

diode monopulser, (equations (27) and (31)), were less than 

10 nsec and the pulse width was 0.1isec. 	At these speeds, 

the response time of the transistor must be taken into 
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account. 	The switching time of the ASZ21 transistor was 

computed when driven by the moncpulser, and the results 

are given in Appendix A.10. 	It is seen that the total 

capacitance across the chain (Ct  100pf) can be discharged 

and the chain reset to zero in less than 60 nsec. 	The 

transistor is over-driven in both directions by the tunnel 

diode and switches on and off in less than 5 and 14 nsec 

respectively. 	The total resetting time for the circuit 

of figure 31. is therefore computed as 0.144µsec as com-

pared to a value of 0.1111sec measured when driven with 

.11sec pulses. 	In order to operate the chain continuously 

at 10 Mc/s, the inductance, Ls, in the monopulser would 

have to be reduced below lOph. 	The maximum value for the 

inductance was selected because of the fact that the first 

chain only is driven at 10 Mc/s when two decades or more 

are interconnected and ani4 that the drive available from 

the monopulser starts to decrease when Ls  is reduced below 

lOph. 	The input staircase may be easily provided with a 

faster monopulser if necessary. 

The addition of the two capacitances in parallel 

with the chain (39pf across the output and lOpf from the 

middle of the chain to ground, in figure 31.), increases 

slightly the resetting time but improves to a great extent 

the range of acceptable input pulse amplitudes. 	These 

capacitances reduce the possibility of triggering two or 
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more diodes simultaneously, as was noted in subsection 

2.3.4.2., by decreasing the rate of rise of the input 

pulses fed to the chain. 	They also serve the purpose of 

presenting a very low impedance at the switching speed of 

the tunnel diodes. 	This situation is highly desirable as 

it corresponds to the case of very low impedance drive, 

i.e. R = 0 (see table II in section 2.3.4.). 	The size of 

these capacitors is not critical. 	The final choice is a 

compromise as the amplitude of the input signal would have 

to be increased if larger capacitances were used. 

One more point must be considered to complete 

the design of the building block. 	Every decade must be 

able to drive a similar unit. 	Two different approaches 

suggested themselves. 	The first one requires the last 

tunnel diode to trigger one additional monopulser which, 

in turn, drives the next decade. 	With this approach, the 

question arises whether the voltage pulse generated by a 

tunnel diode would be large enough to trigger the chain. 

The most stringent condition would be met when only one 

tunnel diode remained in the low voltage state in which 

case, the necessary voltage increase across the chain is 

given by [(c - Rdlla) 	9Rd2(lio  - Ia)] or 367mv. 	This 

result is sufficient to rule out that method on the ground 

that almost no voltage drop (30mv in the worse case) could 

be tolerated across an eventual coupling network betWeen 

the monopulser and the next chain. 
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The second approach employs one more transistor 

as illustrated in figure 31. 	The positive going step 

generated at the output of the chain during resetting, is 

differentiated by the coupling capacitance and the 

resulting pulse is inverted and amplified by the output 

transistor. 	The biasing conditions must be such that the 

transistor is still saturated in the worst case of current 

gain and resistor values. 	If the coupling capacitor is 

large enough, its discharge will be sufficient to cut the 

transistor off completely, generating a well defined pulse 

at the output. 

2.7. 	Design of  the Output Stage. 

The DC biasing conditions must first be 

established and the minimum drive from the coupling 

capacitor to cut off the transistor in a given time can be 

deduced from them. 

Worst case design techniques were again used and 

the tolerances on all resistors and on the supply voltage 

were taken as +10%. 	The output stage, to be useful, 

should provide say, at least twice as much current as is 

available from a tunnel diode and a collector current 

greater than 5ma was aimed at. 	The upper limit for the 

collector resistance, Ro, is given by equation (37). 

VCC - viceat) 

 

••• 

 

.. (37) 

 

lc 
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The significance of the symbols may be found in figure 32. 

A value of Rc  = 830ohms is obtained for Vce(sat) 	.35v, 

and a nominal Rc = 470ohms +10% is chosen in order to exceed 

the minimum current requirement by a safe margin. With 

this new value for Rc' and using worst case design 

equations, the limits of the collector current can be 

computed as I = 12.3ma and I, = 8.03ma. 

The minimum base current must be sufficient to 

keep the transistor into saturation when the maximum 

collector current is flowing and the current gain is at its 

minimum. 

Ib 	

po 
	 .. (38) 

The minimum current gain p c)  is now taken as 35 directly 

from the data sheet for the ASZ21 because the design is 

very conservative and estimating an additional safety 

factor on p
a 
 beyond the specified limits would impose 

unnecessary requirements on other circuit parameters. 

Equation (38) gives a value Ib  = 0.35ma. 

The presence of R
2 must be taken into account 

before R
I 

can be computed. 	The diode in series with the 

base of the transistor is kept conducting slightly by R1  

and R
2 
so that the positive going step generated by the 

resetting process may be fed directly into the base of the 
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output transistor. 	The diode is needed in order to avoid 

undesirable loading of the negative input pulses to the 

chain by the low dynamic impedance of the saturated trans- 

istor. 	The standing current in the diode must therefore 

be small and a value of Id  = 0.lma is adequate. 	The 

maximum resistance R2  is computed from equation ( 39). 

R2 
Vbe  .. (39) 

   

    

Id  

For Vbe  = 0.36 volt, Vj = 0.25 volt, Id  = 0.05ma, the 

resulting R2  is 2.2Kohms. 	The nominal value is chosen 

as R2  = 2.7Kchms but it should be realized that this 

resistance is not at all critical and that it is desirable 

to keep it large to improve the efficiency of the coupling 

network. 

Resistance RI effectively defines the base 

current, Ib. 	The minimum current through that resistance 

is already known: Irl  = Ib  + IA  cr I = 0.45 ma. 	The upper Id 
 

limit for R1 is then given by equation (40) and is equal 

to 8.94Kohms. 

R
1 
= V cc 

  

.. (40 

    

  

Irl 

 

     

The nominal value of R1 can be obtained from a similar 

expression but the standing base current must be defined. 
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Taking Ib  nominal, twice the minimum value obtained 

previously, end using Ira.  = Ib + Id  = 0.8ma, a resistance 

5.6Kohms Rl 	 R1 = 
+10% is selected and the worst case limits for the standing 

base current can be obtained from equations (41) and (42). 

Vbe — Vd .. (41) 

  

R2  

Ib  = Vcc — Vbe 

     

Vbe 	d 	.. (42) T— = Vcc T 

   

      

  

••• 

   

     

R1  R2 

With the following values: 7 be = 0.44 volt, Vbe  = 0.36 volt, 
7; = 0.25 volt, Vd  = 0.13 volt, and a 10% tolerance on all 
other terms, the resulting limits are 1-17 = 0.983ma and 
Ib = 0.420ma which satisfy the requirement of equation (38). 

2.7.1. Transient Response of the Output Transistor. 

The amount of reverse driVe needed to cut off the 

output transistor depends on the response time to be 

achieved. 	It has been said that the output pulse must 

have a 0.111  sec width. 	It is therefore reasonable to 

expect the transistor to cut off completely in less than 

25nsec. 	In the worst case, the collector current is at 

its maximum T—  = 12.3ma, the base current equals 

773  = 0.98ma and a maximum current gain p o  = 50 is 
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assumed. 	If it is supposed that the total "switch off" 

time of the transistor is made up of a storage time 

is = l9nsec and a turn off time tf = 6nsec, equations 

(A.25) and (A.26) from appendix A.10. may be transformed 

to find the necessary reverse current drive Ibr. 	With 

the values listed above, the amount of reverse drive 

obtained from equation (A.25) is Ibr  = 1.35ma. 	In these 

conditions, the turn off time computed from equation (A.26) 

is tf = 4.43nsec and the above assumption is valid. 	The 

equivalent constant current drive from the capacitor C 

(figure 32), must therefore be greater than Im  = I -br "4' 

1.35 + 0.98 = 2.33ma. 	Supposing again that the reverse 

current drive can be approximated by a triangle (see 

Appendix A.10), the peak amplitude of that triangle would 

have to be twice as large as the equivalent Im or 4.7ma. 

It was found in Appendix A.10 that the current in the 

collector of the resetting transistor was Ic  = 30ma. 

From figure 31, it can be seen that if the coupling 

capacitor is made equal to 39pf the peak current at the 

beginning of the discharge would be roughly one third of 

the total current Ic which would be divided between three 

equal capacitances. 	In actual fact, the discharge is 

much more complicated tc analyse than may be thought. 

The presence of a negative pulse at the input of the chain 

when the resetting is first initiated as well as the 

impedances in series with the two coupling capacitances, 
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change the distribution of the discharge currents. 	Never-

theless, it was found in practice that the above approxima-

tion is adequate as the measured values of the peak current 

in the coupling capacitance was of the order of 1c/3 or 

10ma. 	It should be remembered that as soon as the 

transistor cuts off, its input impedance increases sharply 

and the discharge current is affected. 

2.7.2. Output Pulse Width. 

The output pulse width is made up of the "turn 

off" time at the collector of the output transistor, plus 

the discharge time of the coupling capacitor and the "turn 

on" time, tr. 	The time, tr, may be computed from 

equation (A.23) of Appendix A.10. and is equal to 23.3nsec 

under the conditions 1"; = -12.3ma, Ibf  = -.42ma and 
p 0  = 50. 	Both the leading and the trailing edges of the 

output pulse present a similar slope. 	The discharge time 

of C can be deduced from the risetime at the output of the 

staircase, computed in Appendix 1.10. 	According to these 

results, the discharge of C would be completed in less than 

6Onsec and the output pulse width would be tr + tf + 6Onsec 

or 87.73nsec. 	The actual measured value was 98 or 10Onsec. 

The explanation for this significant difference can be 

found from a simple study of the discharge of the coupling 

capacitor C. 	As long as the output transistor is in 

saturation, its dynamic input impedance is low and the 
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capacitor is discharging rapidly. 	When the transistor 

cuts off, its input impedance increases many times and the 

discharge must be completed through R1  and R2  (figure 32.) 

at low current levels. 	This effect was neglected for the 

computation of the risetime at the output of the chain 

because the remaining charge across C when the transistor 

cuts off is small enough not to influence significantly 

the resetting of the chain. 	At the base of the output 

transistor, however, the current levels are small and the 

presence of that residue is not negligible. 	The net 

result is a prolongation of the effective Ibr* 	No attempt 

was made to include this effect in the analysis as it is 

much simpler to readjust slightly the value of C in the 

circuit if necessary. 

The circuit of figure 31. with a chain containing 

ten tunnel diodes was operated in the laboratory at a 

continuous pulse repetition rate as high as 10 Mc/s. 	The 

pulse generator to be described in Chapter 3, producing 

pulses of 30nsec duration, was used for that test. 	The 

positive equivalent of the building block, is identical to 

figure 31. except that the current source Is  is reversed, 

the tunnel diodes are all inverted and the ASZ21 are 

replaced by 2N797 NPN transistors. 

Chapter 2 was orientated completely towards 

the design cf a building block for the high speed stair- 
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case generator. 	The tunnel diode was investigated at 

first as a switching element and a general method of analysis 

was developed to cover a large variety of circuits some of 

which will be introduced in subsequent chapters. 	The 

resulting equations were used to establish a design 

procedure for a type of tunnel diode monopulsers. Finally, 

the performance of the circuit shown in figure 31. was 

computed and was found adequate for the present needs. 	The 

combination of a number of these building blocks to 

constitute a complete staircase generator will now be 

considered,. 
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CHAPTER 	3 

The Complete Staircase Generator. 

3.1. 	Basic System. 

The basic method of assembling a complete stair—

case generator using the building block described in 

Chapter 2, is illustrated in figure 33. 	The operation 

of the system is self—evident and can be summarized as 

follows. 	Consider first the positive half of the 

generator. 	Three identical building blocks are connected 

to an output adder by weighing resistors bearing a decimal 

relationship. 	The first block represents the units and 

receives the positive input pulses fed into the system. 

The tenth pulse resets the "unit" decade to zero while 

stepping up the next block representing the tens. 

Similarly the hundreds are controlled by the resetting 

pulses from the previous decade, 	The same process occurs 

with pulses of the reverse polarity on the negative side 

of the generator. 	Summation of the positive and the 

negative waveforms produces the stepping up and down of the 

output. 	(The staircase waveforms produced respectively by 

two positive chains connected in cascade can be seen in 

figure 33.a.). 
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Fig. 33.a. 

Traces. 1-. Input pulses from a pulse generator driving 

the first positive chain continuously. 

2- Voltage waveform appearing at the output of the 

first positive chain. 

3- Voltage waveform appearing at the output of the 

second positive chain driven by the resetting 

action of the first one. 

Scales. 	Horizontal: about lOpseciam (uncalibrated) 

Vertical : Trace 1 = 2 volts/cm 

Traces 2 and 3 = 5 volts/cm 

Notes. 	1- Input p.r.r. was about 1Mcis. 

2- Input pulse width was increased to about 0.4psec 

to improve display. 

3- Unitsused. during cycling process were disconnected. 

4- Unless otherwise stated, the oscilloscope used for 

all photographs of traces was a 545A Tektronix 

with a Type M plug-in unit. 
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3.2. 	Precision of the Decades. 

One of the requirements for the staircase 

generator was that it should define a large number of 

levels. 	In theory, the number of building blocks driving 

one another may be unlimited. 	In practice, however, two 

factors limit the number of levels: the maximum precision 

of the steps in any one decade and the thermal drift. 

It is obvious from figure 33. that the accuracy 

required from every decade depends on its relative position 

in the system. 	Every tunnel diode chain possesses its 

own average step which should be used in the computation 

of the weighing resistors in order to standardize on a 

given average. 	The accuracy of the staircase generator 

is of prime importance as it is intended to serve as the 

reference unit in the quantizer. 	Basically, figure 33. 

yields sufficient information to establish the precision 

needed in each decade to ensure normal generation of the 

staircase waveform. 	The equality of the steps in the 

first decade presents no difficulties as their deviation 

from their average may add to almost 100% of a quantization 

interval without seriously increasing the total error. 

The steps in the second building block, on the ether hand, 

must not deviate from their average by more than +10% as 

every one of them must replace ten of the unit steps 
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within plus or minus one unity interval. 	Similarly, the 

next decade must be accurate to +1% cf the average, 

(case of 2000 steps), and sc on. 

In fact, these figures represent absolute limits 

and neglect such things as thermal drift and over—all 

deviation. 	These two items among others contribute to 

impose more severe limitations on the staircase when used 

as a reference unit. 	This problem is treated thoroughly 

in Part II, in connection with the study of the precision 

requirements for all units in the quantizer. 	It cannot 

be analysed at this stage as the influence of some 

auxiliary circuits in the staircase generator and the 

inaccuracy introduced by other units in the quantizer must 

be taken into account. 

However, the thermal drift introduced in the 

staircase waveform by the tunnel diodes themselves is 

independent of these factors. 	An expression for the net 

thermal coefficient of the staircase generator will now be 

derived. 

Thermal Drift. 

When semiconductor devices are used to define 

accurately a number of voltage levels, thermal drift is 

normally a major problem. 
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Two causes of thermal drift are important in the 

tunnel diode for the present application. 	One is due to 

the variation of Vp  and Ip  with temperature and will affect 

the reference when one or more diodes are in the low 

voltage state. 	The other is present whenever there are 

diodes in the high voltage state and is given mainly by 

the sensitivity of Vfp  to temperature variations. 	A 

general expression for the thermal drift at the output cf 

the tunnel diode staircase generator of figure 33. can be 

derived. Remembering that a positive chain is always 

associated with its negative counterpart, the following 

terms can be defined. 

N = number of tunnel diodes in a chain (positive or negative). 

n = number of tunnel diodes in the high voltage state for 

the positive chain. 

n' = number of tunnel diodes in the high voltage state for 

the corresponding negative chain. 

(N - n) = number of tunnel diodes in the low voltage state 

for the positive chain. 

DL = low voltage state thermal coefficient of a tunnel 

diode, (mv/°O). 

DH = high voltage state thermal coefficient of a tunnel 

diode, (mvPO). 

As explained before, the output of the staircase generator 

is the summation of the voltages from two identical stair- 
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cases working in opposition. 	The net drift is therefore 

the difference between the drifts introduced on each side. 

The contribution of one complete decade can be expressed as 

follows. 

Net drift /AT = (Drift in positive staircase) 

- (Drift in negative staircase) 

Net drift // AT = LDH.n 	DL.(N - n)} - [DH.nt  + DL.(N - ni  

.. (43) 

Before equation (43) can be simplified, some more thought 

must be given to the nature of the coefficients DH  and DL. 

The thermal sensitivity of the voltage appearing across a 

tunnel diode biased in the high voltage state from a constant 

current source, depends mainly on the combined effects of 

A Vfp/AT and AVAT/A T. 	(It was shown in Appendix A.5. that 

the current source had a negligible temperature coefficient). 

For germanium tunnel diodes, these two factors are identical 

(reference 32, page 13). A good approximation of DH  can 

therefore be obtained by making it equal to Alrfp/ AT or 

-1.0mv/°C as specified in reference 32. 	The forward 

voltage, Vfp, of a tunnel diode is influenced by temperature 

changes to a lesser extent than is the voltage drop across 

an ordinary germanium diode (-2.5mv/cC). 	It can be 

assumed for the present needs that the temperature co-

efficient, DH, is controlled essentially by the material 
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used and that its variations from one diode to another in 

the chains are negligible. 

The low voltage state temperature coefficient, 

DL, depends on the combination of two thermal effects on 

the tunnel diode characteristic. 	The first one is due 

to the temperature coefficient of the peak voltage, 

AVp/AT, and is specified as -604 	This coefficient 

may be assumed constant for all of the tunnel diodes used. 

The second part of DL  comes from the temperature sensi- 

tivity of the peak current. 	That temperature coefficient, 

p I // LT, depends on the doping level and on the resistivity 

of the semiconductor32 (page 12), also 40. 	The peak 

voltage, Vp, exhibits good correlation with the doping 

level and provides an indication of the temperature 

characteristic of the peak current. 	For germanium tunnel 

diodes manufactured by General Electric, AI / .6.T is 

positive for V greater than approximately 60mv and it 

becomes negative for V smaller than that value. Measure-

ments have shown that the 1N2941 tunnel diodes in hand 

agreed very well with the above statement. 

However, a brief investigation was carried out on 

a small number of JK1OB tunnel diodes made by S.T.C. 	In 

all cases, the temperature coefficient, AI /LT, was 

positive even for diodes with a peak voltage as low as 

48mv. 	The magnitude of AI //1 T increased as expected 
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for larger values of V . 	It is possible that the actual 

levels of impurity concentrations in the materials used to 

make the junctions may be responsible for these differences. 

No special attempt was made to clarify that point as 

1N2941 diodes were used throughout. 	A study in that 

direction would have been completely outside the scope of 

this project. 	The thermal drift in the staircase 

generator was therefore analysed considering only those 

units obeying the rule stated above for G.E. tunnel diodes 

but the results are equally valid for the S.T.C. components. 

As long as V lies in the vicinity of 60mv, whioh 

is the typical value for the diodes used, AI /AT is close 

to zero at room teemperature and its contribution to DL  

may be ignored. 	Even when V goes to some extremes like 

45 or 80mv, A Ip/Ip. AT is only of the order of 

+0 .15%/c) 
 C" (page 13) 

This effect constitutes the 

second part of D
L and it can be deduced from the following 

equations. 

Low voltage state: V 	= 0.75V .I 
5 

-P 

Suppose V11  and V12  represent the voltage, V1, at 

temperatures T1  and T2, respectively; 'p1  and Ip2  being 

the peak currents at these temperatures. 

.. (44) 



A T 
Ip2 = Ipl 

+ AIp. AT .. (45) 
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V12 	-= p V 11 	1 = 0.75Vp .Is  
Irl 

Ipl - Ip21 

L 'P2   

.. (46) 

Replacing equations (44) and (45) into equation (46), and 

defining the normalized temperature coefficient of the peak 

current, M = p Ip/Ip . AT, the final expression for 
AV1  /A T may be obtained. 

A V' = 	- M 	v 	
) 	.. (47) 

QT 	1 + M.L 

The total temperature coefficient for the low voltage 

state of the tunnel diode can be found from 

DL  = -60 tiVV0C + (-M)Vi. 	The maximum value of Di is 

therefore 	= -60 pV/c)C - TTx0.0015. 
But 77 = cx0r.757-p711.  gives 	= = 40mv yielding 

DZ  = -12011 V/°C. 	The actual magnitude of DL  will always be 

smaller than this maximum because (-M)V1  will never be as 

high as -60 p.V/3C and may even become positive. 	Furthermore, 

only a fraction of pVp/6. T influences V1  to an 

extent depending on the magnitude of the standing current, 

Is, through the chain. 

The temperature coefficients DI, and DL can there-

fore be assumed constant and equation (43) reduces to 

equation (48). 
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Net drift / A T = (DH  - DL). (n - n') 	.. (48) 

Equation (48) represents the drift introduced by the combina-

tion of one positive and one negative chain employing the 

same type of tunnel diodes. 	However, more than one unit 

can be used and the output from various units are 

respectively attenuated or amplified, before the final 

summation is performed, by factors P1, P2  and P. numbered 

according to the increasing order of magnitude of the 

blocks. 	An expression for the total drift of the reference 

voltage can be deduced by repeating equation (48) as in 

equation (49). 

Total drift = (DH  DL) 	n, - n1) ATl  + P2(n2  - ne2) AT2  

+ P7(n7  - n4) A T,z  + ...] , . 3 .. (49) 

The subscripts 1, 2, 3... refer to the first, second and 

third building block respectively. 	The scale factors are 

not independent of one another. 	If the base of the 

numerical system used is denoted by the letter B, the 

factors Pi, P2  and P. can be replaced respectively by Bm 

Bm 	1  and Bm 2  where m is a positive or a negative 

integer depending on the number of units cascaded and on 

the necessity for amplification or attenuation. 

Equation (49) becomes: 
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Total drift = 

DH  - 	[ Bm(na  - n j1  ) AT + Bm + 1(n - n2) A T2  2 	2 

+ + Bm 2( - 	+ .d .. (5o) 

Equation (50) also leads directly to an expression 

for the output voltage of the staircase generator. 	In fact, 

DH. AT and DL. AT can be thought of as voltages representing 

the two possible states of the tunnel diodes. 	If the low 

and the high voltage states are called VI  and V2  

respectively, it is sufficient to replace (DH  DL) by 

(V
2 
 - V1) and to remove AT inside the bracket in 

equation (50) to obtain the output voltage. 

Output voltage = 

(V2  - 	[Bm(ni  - nj) + Bm 1(n
2 
 - n2)+ Bm 2(n3  - n0+..] 

.. (51) 

Comparison of this last expression with equation (50) shows 

that the thermal drift in the staircase is a constant 

percentage of the magnitude of the output voltage if the 

chains are submitted to the same temperature variations. 

This observation is translated into mathematical form in 

equation (52). 

Relative drift = (DH  - DL) AT 
.. (52) 

 

( v2  - v1) 
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The average step (V2  - V1) is typically 450mv and it has 

been seen that DH  = -1mvPC. 	The maximum drift occurs 

when D is reduced to zero by a AI /AT.' negative and 

equal to -0.15%PC. 	In that case, equation (52) gives a 

relative thermn1 drift equal to -0.22% of the amplitude 

of the reference signal per degree Centigrade. 	This 

result is certainly interesting as it shows that the 

magnitude of the thermal drift decreases when the output 

voltage is close to zero. 	This compensation effect is 

limited by the "mismatch" of the temperature coefficients 

in opposite chains and by possible temperature differences 

between the chains. 	The thermal drift at the output of 

the staircase generator could also be reduced considerably 

by adequate temperature control of the tunnel diodes. 

The temperature coefficients of the four chains 

described in Appendix A.7. were measured and the results 

are tabulated in Appendix A.8. 	An experimental value of 

-0.23%/cC was obtained for the relative thermal drift of 

the reference unit. 	Remembering that the compensation 

was assumed to be 100% efficient for the derivation of 

equation (52), the experimental results demonstrate the 

usefulness of that expression. 	For very small output 

voltages, the mismatch between the thermal coefficients of 

opposite chains contribute to increase slightly the net 

relative drift. 	A complete analysis of the results can 



be found in Appendix A.8. 

Up to this point, the tunnel diode staircase 

generator was shown to offer the accuracy and the high 

speed of operation required by the stepping reference of 

the quantizer. 	One more problem remains to be solved: 

the control of the step generating units to permit 

uninterrupted operation. 

3.4. 	High Speed Cycling Process. 

The operation of the staircase generator was 

described in section 3.1. 	Under normal conditions, the 

number of tunnel diodes in the high voltage state 

increases gradually in the chains of either polarities 

as pulses arrive at the input. 	A point is reached, 

however, where one side overloads and resets completely 

to zero. 	At that moment, a large discontinuity would 

appear at the output unless some action were taken. 

This undesirable effect can be avoided if the overloading 

initiates a "cycling" process where the contents of the 

two sides are subtracted from one another. 

The proposed method of cycling permits 

uninterrupted operation at the input and leaves unchanged 

the maximum pulse repetition rate of the staircase. 

Figure 34. represents the complete staircase generator 
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together with the control units. 	The subtraction is 

carried out only between the blocks representing the most 

significant figure. 	The operation is performed as 

follows. 	The overloading side resets to zero and triggers 

a high speed pulse generator which starts stepping up both 

sides of the highest order unit at the same time. 	The 

pulse generator is then stopped by the first overload 

pulse coming from either side. 	If both chains were 

initially at zero, the positive and the negative blocks 

overload together, indicating that the full scale output 

has been attained. 	Part of the dynamic range can be lost 

in that fashion as the contents of the lower units are not 

taken into account but it will be seen that the advantages 

of the technique overshadow this minor drawback. 	If, on 

the other hand, the second side was not at the zero level, 

this block overloads first and resets to zero, stopping the 

cycling process. 	The number of pulses received by the 

first block is then equal to the difference between the 

maximum content of a chain (10 in the present'case) and 

the number of diodes in the high voltage state in the 

second chain when cycling was initiated. 

If, for example, three decades are being used, 

an overload of the positive side would indicate a positive 

level equivalent to +1000 steps. 	If the negative stair-

case reads -955, for instance, the desired output would be 
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+1000 -955 = +45 steps. 	After cycling, by the method 

described above, the chains would reset respectively to 

+100 and -55 producing an output equal to +45. 

3.4.1. Influence of the Cycling Process on the Speed of 
Operation.  

In order to take full advantage of the proposed 

cycling technique, a temporary storage must be incorporated 

within the system. 

It was pointed out, during the qualitative des-

cription of the cycling process, that the pulse generator 

may be required to feed a maximum of ten pulses into the 

last decades for the case of a complete overload. 	During 

that time, no carry pulse may be accepted from the lower 

units. 	This is to say that unless something is done about 

it, the minimum spacing between two consecutive input 

pulses of opposite polarities, must be at least equal to ten 

times the period of the pulse generator used for cycling. 

If the cycling is done at the maximum pulse repetition rate 

acceptable by the building blocks, the speed at the input 

is still limited to one tenth of its possible maximum. It 

is important to note, however, that the minimum spacing 

between input pulses of the same polarity is not affected 

by that restriction. 	For some applications, this may be 

most significant. 	For the case of the proposed quantizer, 

for instance, it means that the maximum slope, ( AV/AT), 



acceptable at the input is computed assuming operation of 

the staircase at its maximum pulse repetition rate. 	On 

the other hand, the transition from a positive rate of 

rise ( AV/At) at the input of the quantizer to a negative 

one and vice versa, must be sufficiently gradual so that 

the minimum spacing between the last positive pulse and 

the first negative one meets the above requirement. 	The 

implications of this last statement will be clarified in 

a further study of the quantizer. 

3.4.2. Temporary Storage. 

The restriction is not inherent to the system 

itself and it may be removed if an auxiliary loop is 

included, as in figure 35, to store any carry pulse 

coming from the lower units during the cycling of the 

last blocks. 	When the cycling process is initiated, a 

flip flop inhibits the normal inputs to the last blocks 

and opens a gate to the temporary storage unit. 	This 

latter unit is identical to the standard building block 

of Chapter 12, except that it contains only two tunnel 

diodes in the chain. 	If a carry pulse arrives at the 

gate during the cycling, it is fed simultaneously to a time 

delay circuit and to the unit just described switching on 

the first tunnel diode. 	The delay may be produced by 	a 

simple tunnel diode circuit containing two monopulsers. 

The carry pulse resets the temporary storage unit after 

145 
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a time controlled by the delay circuit (longer than ten 

periods of the pulse generator). 	The resetting of the 

two-tunnel diode chain finally transfers the carry 

to the corresponding decade after the cycling is completed. 

A simplified version of the staircase generator 

employing only two decades, i.e. + 100 steps, has been 

built and tested in the laboratory. 	The "cycling" pulse 

generator operates at 10 Mc/s and no temporary storage 

facilities are provided in the prototype. 	The maximum 

pulse repetition rate on any one side is consequently 

limited to just under 10 Mc/s and the minimum spacing 

between pulses of opposite polarities must be greater than 

1 ..sec. 	The design of the control circuits achieving 

this performance will be outlined briefly. 

3.5. 	Design of Control Circuits. 

All of the following circuits are illustrated in 

figure 36. 

3.5.1. Pulse Generator. 

The complete analysis of the tunnel diode 

relaxation oscillator was carried out in section 2.5. 

Equation (35), derived in section 2.6.1., for the design 

of the tunnel diode monopulser still applies but the 

constants K1 and K2 must be altered according to the 
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different conditions. 	For convenience, equation (35) is 

reproduced below together with the new expressions for K1  

and K2. 

L
s 

T - CK, .. 	(35) 
K1 + K2 

where K 1 = 1 	in 
Es - Rti Iv 
E
s 
- R

tl 
I
p htl 

K
2 

1 	an  ES 	Vtr 	Rt2 IT) 
Rt2 Es - Vtr - Rt2 Iv 

= 
Vfp + Vv - Vp - V1 

I "' I p 	v 

Fcr the description of the various terms, see section 2.6. 

The series resistance, Rs  = 4.7ohms, was chosen much 

smaller than the negative resistance of the tunnel diode 

in order to improve the d.c. stability. 	The pulse 

repetition rate of the tunnel diode relaxation oscillator 

depends to a certain extent on the operating point and 

the larger Rs, the more sensitive the circuit is to changes 

in Es and to temperature variations. 	A source voltage, 

Es = 150mv, is chosen such that the tunnel diode is biased 

approximately in the region of maximum negative resistance. 

For a 0.1 p.sec period and with all other terms as defined 

in Chapter 2, the inductance Ls  is computed from 
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equation (35) as 1.4 	Adjustment of the pulse 

repetition rate is made with the aid of a movable slug in 

the inductance. 

As for the monopulser, the tunnel diode 

relaxation oscillator was connected to the input of a 

common-emitter transistor. 	Computation of the transient 

response of this booster stage is similar to that of the 

resetting transistor given in Appendix A.10., and will not 

be reproduced here. 	Only one point will be mentioned. 

The pulse width from the 10McA oscillator, if computed 

from equations(27), (30) and (31), is found to be less 

than 35nsec (see Figures 37 and 38). 	The tunnel diode 

itself stays in the high voltage state for only 2Onsec. 

It is therefore necessary tc reconsider the choice of the 

equivalent forward base current applied to the transistor. 

The pulse width being almost three times narrower than 

for the case of the monopulser, Ibf  = 2ma/3 or 0.7ma was 

selected for the computations. 

The lOMc/s pulse generator must drive simul- 

taneously a positive and a negative chain. 	A long tailed 

pair amplifier was designed for that purpose. 	Peaking 

inductances and d.c. coupling were used for the booster 

stage and the amplifier in order to obtain pulses of equal 

amplitudes as soon as the lOMc/s pulse generator was 
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Trace.; Voltage waveform appearing across the tunnel diode 
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pulse duration. 

Scales. 	Horizontal: 5 nsec/cm 

Vertical : about 80mv/cm (uncalibrated) 

Notes. 	1- The transistor normally loading the tunnel diode 

was removed. 

2- Sampling Oscilloscope - Tektronix Type 564.. 
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and Sampling Dual-Trace Type 3876. 

3- See also figure 38. 
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switched on. 	One of the transistors is normally cut off 
held 

while the other is krpt irchn  saturation by the current 

defined in the emitter resistor. 	The positive pulses from 

the booster stage switch the current between the two 

transistors, generating pulses of opposite polarities at 

the collectors. 	The actual design of the amplifier is a 

straightforward application of well known circuit 

techniques and presents no special interest. 	The voltage 

pulses appearing at the output of the amplifier, when 

driven from the 10McA pulse generator via the booster 

stage, were displayed on a sampling oscilloscope. 	The 

amplifier was driving the chain normally and risetimes of 

less than 3Onsec were measured at the collectors. 

3.5.2. One Tunnel Diode Flip Flop. 

The 10 McA pulse generator must be switched on 

and off within less than 0.1 [sec whenever the cycling 

process requires only one pulse. 	For a two-decade stair- 

case, the pulse generator may be expected to operate 

again within 0.9 ilsec after the "switch off" action was 

initiated. 	This time is increased to 9 .sec for a three- 

decade staircase generator. 	The bistable circuit 

controlling the pulse generator must therefore be ready 

to switch off less than 0.1 [1sec after being switched on 

and its recovery time must then be less than 0.9 ilsec. 

A one-tunnel diode flip flop, operating on the same 
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principle as the monopulser of section 2.6., has been 

designed to meet these requirements. 

The operation of the one-tunnel diode flip 

flop of Figure 39. is very similar to that of the 

monopulser and can be explained from the characteristic 

of Figure 40. 	The tunnel diode is biased such that the 

source resistance intersects its characteristic at two 

stable points A and B. 	Initially, the tunnel diode is 

at point B. When the first negative pulse is applied to 

the input gate, the coupling capacitor Cin  charges up 

rapidly, increasing temporarily the base current of the 

transistor. 	No effect is detected at the output as the 

transistor is already in saturation. 	For the remaining 

of the input pulse, Cin  has already charged up and a 

negative voltage is maintained across the resistance R1  

(Figure 39.), by the conduction through the input diode. 

At the end of the input signal, the diode in the OR gate 

cuts off and Cin 
 must discharge through R and R. 

1 	in' 

lowering the current in the tunnel diode below the valley 

point. 	The switching from point B to point A proceeds 

exactly as explained for the monopulser and the transistor 

cuts off rapidly. 	The delay introduced by the input 

pulse width before the flip flop switches on, is useful 

in the present application as it gives same time to the 

chain to reset completely before the 10 Me/s pulse generator 
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starts to operate. 	As soon as another pulse of the same 

polarity arrives at the input gate, the charging up of 

the capacitor Cin  by the leading edge of the pulse, 

increases the current in the tunnel diode and switches it 

to the high voltage state. 	The input pulse must be 

narrow compared to the time taken by the current to 

decrease from point P to point B (Figure 40.), otherwise, 

the discharge of Cin  would switch the flip flop back to 

point A. 	It will be seen later on that R1 can be 

adjusted such that the peak of the discharge current 

through Cin  is smaller than the charging current, thus 

permitting the use of a larger input pulse duration and 

easing the design requirements. 

3.5.2.1. Analysis of the One-Tunnel Diode Flip Flop. 

The analysis carried cut in section 2.6. for 

the monopulser applies almost exactly to the one-tunnel 

diode flip flop. 	The presence of a stable point in the 

high voltage region is taken into account in the same 

manner as was done for point A in equations (33) and (34). 

The resulting equations will now be listed. 

1. 	Switching from point B to point A: (use figure 40.) 

From V to point Q: equation (31) applies. 

From point Q to point A: equation (34) can be used 

if Iv  is replaced by Ib, where Ib  is equal to the 

current at point B. 
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2. 	Switching from point A to point B: 

From V to point P: equation (27) still holds. 

See related remark in section 2.5.2. 

From point P to point B: 

[ Ia - Ibi 
t.P - B 	= 't  21n 	m.Ib  

where
2 
= L s— t2 

.. (5n 

R
t2 	

Rs + Rd2 (Rd2 
0) 

= fraction of 4 representing 

the difference from Ib of the current in the 

inductance Ls at time t P - B. 

The choice of m will be determined by some design 

parameters to be considered later on. 

3.5.2.2. Design of the One-Tunnel Diode Flip Flop. 

The design procedure outlined in section 2.6.2., 

for the moncpulser must be altered slightly before it can 

be applied to the one-tunnel diode flip flop. 	The estab-

lishment of the design limits for the trigger current must 

be done carefully if a worst case technique is tc be used. 

The following equations will serve to set these limits and 

to decide the choice of the operating points A and B. 
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Definitions: (use Figure 40). 

Ia 	= current at point A 

Ib 	= current at point B 

Iin a 	= input trigger current produced by the 

leading edge of the input pulse during 

the charging up of Cin. (Figure 40). 

I
in b 	= input trigger current produced at the 

trailing edge of the input pulse by 

the discharge of Cin. 

Limits of Ia: 	Ia  = Ip 	in a — I 	 (54) 

. a 	 E 	.. (55) 

Limits of Ib' . 	Ib  = 7 	.. (56) 

Tb = Iin b  + 1v 	.. (57) 

Limits of Iin a: 'in a = 1p ' Ia 	.. (54) 

Iin a = depends on1-7---  in b 

Limits of 'in b` 	Iin b = T-  - I b 	v 	.. (57) 

   

Ii 	Ia Iv I n b — a 	v .. (58) 

By definition: 
	

Iin b = k 2Iin a 	.. (59) 

There are six independent equations and eight unknowns. 

Some other circuit considerations must be used to derive two 
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more equations. 	A very useful expression may be obtained 

if the constant k
2 
from equation (59) is expressed as a 

function of "Iin aft only. 	It is done by replacing Ia  
•••••••••• 

from equation (54) in equation (58) and using the result in 

equation (59). 

..- I-  -7 - I. 2 	p 	v 	in a .. (60) 

 

A lower limit for k2  can also be found by noting from 

equations(56) and (57) that Iin b  cannot be chosen 

arbitrarily small as at the limit; 

Ib = Ib = Iv when Iin b  = Iv - Iv .. (61) 

    

For similar reasons, the absolute lower limit for "iin a" 

can be expressed as in equation (62) which is deduced from 

equations (54) and (55). 

I
i 	

= I - 
n a 	p .. (62) 

   

Combining equations (61) and (62) with equation (59) gives 

the expression for the lower limit of k2. 

k2  = Iv - Iv 	 .. (63) 
T-  - I 
P 

Equations (54) to (63) are sufficient to establish from 

known data the design limits regarding the choice of the 
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operating points and the range of input pulse amplitudes for 

the one-tunnel diode flip flop. 

One more equation must be derived before the 

design procedure can be outlined. 	From equations (31) and 

(34) or from equations (27) and (53), the maximum value of 

inductance, Ls, can be expressed as in equation (64). 

7 	
T - CK 2  

s -  
1 

(64) 

If T, in equation (64), is defined as the minimum time 

interval between switch on (from B to A) and switch off 

(from A to B) pulses, the other terms are given by equations 

(65) 	and 	(66). 

K2 

K 
1 

= 

maximum permissible 

point B to point A. 

Vv 	RdlIb 

switching time from 

.. 	(65) 

.. 	(66) 

.. 	(67) 

Ip  + Iinb  

1 in Rtlib 
R 
tl Rtl.n`Ia 1 

[ 

Ip ""
Iina  
Ia 

Note: 	n is computed from the maximum distance that the 

current in the inductance may be from point A when 

the next input pulse arrives. 
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If, on the contrary, T is defined as the minimum time 

interval between switch off (from A to B) and switch on 

(from B to A) pulses, K2  and 	are given by equations (68) 

and (69). 

maximum permissible switching time from 

K2 

K
1 

m = 

point A to point 

V 	- V 
fP 

B. 

.. 	(68) 

.. 	(69) 

.. (70 

ina + Ia 

in 
a
l 

- Iv 

Ia  - Lb] 

t2 

iin b 

m.Ib  

Iv - Ib 
Ib 

Note: 	m represents the relative difference of the current 

in the inductance from point B on arrival of the 

input pulse. 

It is important to remember that the values of Iin a  and 

Iin b in equations (67) and (70) must be the values 

calculated from the actual circuit tolerances and not the 

absolute limits set by equations (61) and (62). 	If the circuit 

tolerances are controlled carefully, say to + 5J  for 

instance, advantages may be taken of the factors n and m in 

equations (66) and (69) and larger values of the inductance, 

Ls, can be chosen for the same speed of operation of the 

flip flop, permitting the use of greater input pulse widths. 
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The most favorable conditions for the operation of the one-

tunnel diode flip flop will be met when the input pulse 

width is much shorter than the time constant introduced by 

the presence of Ls. 	In any case, it will be seen that the 

tolerances required for a worst case design can be satis-

fied easily. 

• 3.5.2.3. Summary of Design Procedure. 

1. Choose k2  slightly greater than the value given by 

equation (63). 

2. Select Iin a  about twice the absolute minimum given 

by equation (62). 

3. From equations (54) to (59), establish the design 

limits for Ia, Ib, Iin a  and Iin  b.  

4. From the results of step 3, chose Ia  and Ib  half way 

between the design limits and compute their tolerances 

from these same limits. 

5. Compute Rs  joining point A to point B and determine the 

corresponding Es. 

6. From a knowledge of the minimum spacing between two 

input pulses, and using equation (64), find the 

maximum Ls. 
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7. The input coupling capacitance, Cin, is not critical 

and is chosen approximately equal to three times the 

capacitance of the tunnel diode. 

8. Adjust Rin  and R1  to obtain "Iin a" and k2 as chosen 

in step 1 and 2, taking into account the magnitude of 

the input pulse and the output impedance of the 

generator. 

3.5.2.4. Practical Design and Performance. 

An example of a one—tunnel diode flip flop is 

illustrated in Figure 36. 	The actual worst case design of 

the circuit required an input pulse width of less than 

25nsec with a value of Ls lOph if the flip flop is to 

switch on and off reliably within 0.111sec. 	The output 

pulses from the inverters of the last decades have been 

designed to have a 0.1[Lsec width and a flip flop using 

Ls  = lOph. would always be reset to point A by the trailing 

edge of these large pulses. 	It was pointed out before 

that as long as the tolerance on the input signal was kept 

within certain limits, a larger value of Ls  could be used, 

permitting an increase in the maximum input pulse width. 

This approach was used in the circuit of Figure 36., and 

Ls was increased to 2511h. 	The cycling can be carried out 

at 10 Me/s and, in the worst ease, only one pulse is let 

through before the flip flop switches the pulse generator 
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off again. 	It should be remembered that the restriction 

on the pulse width is not imposed directly by the minimum 

time interval between the switching on and the switching 

off because the flip flop is triggered "on" by the trailing 

edge of the first pulse. 	The consequently smaller value 

of Ls  when this time is decreased, however, necessitates 

closer tolerances on the input pulse amplitude if the pulse 

width is not reduced, because of the greater tendency for 

the circuit to trigger back to point A at the end of the 

"switch off" pulse. 	This is due to the fact that the 

decay of the current from point P to point B ('figure 40), 

is proportional to Ls. 

In the present case, the 1% resistors in series 

with the diodes in the OR gate driving the flip flop, were 

adjusted experimentally to obtain the same drive from both 

sides. 	If the input pulse width were reduced to 25nsec, 

the tolerances on Ia' Ib and "Iin a
If would be eased 

considerably and are listed below. 

Ia 	3.7ma + 10% 

Ib 	= 1.4ma + 20% 

Iin a = 2.5ma + 20% 

It can be seen that the one-tunnel diode flip flop presents 

numerous points of interest some of which are the great 
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simplicity, the potentially high pulse repetition rate and 

the normal response of the circuit to pulses of either 

polarities. 

The transient response of the output transistor 

of the flip flop is similar to that of the resetting 

transistor. 	Two transistors had to be used in parallel 

because the collector standing current when the flip flop 

is off, is about 30ma which is the absolute maximum for 

the ASZ21. 	The current available from the tunnel diode 

is perfectly adequate to drive the two transistors in or 

out of saturation in less than 3Onsec. 	The risetime at 

the collectors is approximately 2Onsec (see Figure 41). 

In order to illustrate the action of the flip 

flop during the cycling process, a series of photographs of 

oscilloscope displays were taken (Figures 42, 43, and 44). 

The conditions prevailing for each of these photographs are 

described in the figures themselves. 	Both sides of the 

staircase generator arrangement shown in Figure 34, were 

driven by continuous trains of pulses of corresponding 

polarities. 	A time delay of half a period was introduced 

between the two trains of pulses such that both sides could 

not overload simultaneously. 	In this way, the full range 

of possible cycling conditions can be illustrated depending 

on the initial states of the chains which can be altered 

easily. 	Figure 42 shows, as an example, the negative side 
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RISETINE AT THE COLLECTOR OF THE 

ONE-TUNNEL DIODE FLIP FLOP  

Fig. 41. 

Trace. 	Risetime of the voltage waveform seen at the collector 

of the one-tunnel diode flip flop (see fig. 36.) at 

the end of the cycling operation. 

Scales. Horizontal: 10 nsec/cm 

Vertical : about 0.8 volt/cm (uncalibrated) 

Notes. 1- Complete waveform appearing at the same point 

can be seen in figure 44. 
2- Sampling Oscilloscope - see Note 2 in figure 37. 



C  
. 	..... 

167 
THE CYCLING OPERATION IN 

THE STAIRCASE GENERATOR  

I ! 

1 1 1 
i ,.. 

1 --- 

! . . 

1 t 

Fig. 42. 

Fig. L.3. 

Traces. 	1- Voltage waveform appearing across the second 

negative decade. (Rapid transients had to be 

drawn in ink to improve reproduction) 

2- Same as trace 1 but for the positive second decade. 

Scales. 	Horizontal: 50vsec/cm (fig. 42.) 

0.5Fsec/cm (fig. 43.) 

Vertical : 2 volts/cm (both traces on both figures 

Notes. 	1- See end of section 3.5.2.4. for description of 

prevailing conditions. 

2- Compare to figure 44. 

3- Negative side overloading first. 

2- 

1- 



DETAILS OF CYCLING OPERATION  

IN STAIRCASE GENERATOR  

Fig. )1)1. 

Traces. 	1- Voltage waveform at the collector of the one-

tunnel diode flip flop during the cycling process.  

2- Positive pulses, (driving the positive decade), 

seen at one collector of the 10Mc/s pulse 

amplifier during the cycling process. 

3- Voltage waveform across the second positive 

decade during the cycling operation. 

Scales. 	Horizontal: 0.5psec/cm 

Vertical : Traces 1 and 3 = 5 volts/cm 

Trace 2 	= 2 volts/cm 

1- Same conditions as in figures 42. and L.3. 

2- Details of trace 1 given in figure 41. 
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Notes. 
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overloading after the corresponding positive chain has 

reached the fourth level. 	The cycling process resets the 

positive decade to zero and returns the negative one to 

the sixth level. 	Details of this cycling operation are 

given in Figures 43 and 44 for clarity. 

The staircase generator described thus far 

(Chapters 2 and 3), was shown to offer many advantageous 

features including high speed of operation and circuit 

simplicity. 	As a pulse counter or a scaler, for instance, 

it could be of considerable value in a number of applica- 

tions. 	However, it was designed to serve as the main 

reference level generator in a quantizer (Chapter 1). 

The next part of the thesis will be concerned with the 

problems related to the ulilization of this stepping 

reference generator in a complete A-D converter of the type 

proposed in Chapter 1. 



PART II 

The Quantizer. 

CHAPTER4 

Design of Auxiliary Circuits. 

Before the staircase generator of Part I could be 

used in a quantizer, the design of a number of auxiliary 

circuits was required. 	An A-D converter of the type 

described in Chapter 1 (Figure 2) was built as illustrated 

by the block diagram of Figure 45. 	The function of every 

unit can be deduced from the explanation given in 

Chapter 1 for the basic system. 

The summation of the input variable, Ein, with the 

reference voltage, Es, from the decoder, produces an error 

signal, eo, which, after amplification, is fed via a gate 

to a level detector. 	This lai,ter unit generates an 

output pulse of the same polarity as eo  every time its 

input becomes greater than a predetermined voltage level 

on either side of zero. 	Simultaneously, the level 

detector also feeds a pulse to the staircase generator, 

adjusting -Es  by one quantization interval such that eo  

is returned to zero. 	Under normal conditions, the 
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reference, -Es' tracks the input variable in that way to 

less than plus or minus one quantization interval. 	An 

output pulse is therefore generated every time Ein  has 

changed by one quantization interval, q, and the feedback 

action keeps the amplitude of the error signal, eo, between 

fixed limits. 	The pulse repetition rate appearing at the 

output is proportional to the slope, AEin/ At, of the 

input variable, and the polarity of these pulses is similar 

to that of the slope. 

On the other hand, if the rate of change, 

AEjn/ At, at the input exceeds the maximum speed of the 

feedback action, the error signal does not return below 

the cross over point when one pulse is fed to the staircase 

generator. 	In this case, the level detector generates a 

continuous train of pulses at the maximum repetition rate 

accepted by the staircase generator until the error signal 

has fallen below the critical level. 	The quantizer can 

therefore recover rapidly after a variation of the input 

signal exceeding its speed limit. 	This useful property 

becomes indispensable if the converter is time shared, for 

instance, between a number of independent variables. 

In the course of these operations, the cycling 

process described in Chapter 3' (section 3.4), may be 

initiated in the stepping reference unit. 	As soon as one 
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side of the staircase generator resets to zero, a voltage 

step equivalent to one hundred quantization intervals would 

appear at the input of the summing amplifier. 	This large 

discontinuity in Es  would be maintained until the end of 

the cycling process when the opposite side would reset to 

zero. 	It was shown in Chapter 3 that this action was 

controlled by a lOMc/s pulse generator and can last for up 

to ltsec in the worst case (subtraction of nine levels). 

If nothing were done about it, the amplifier would overload 

severely and a number of unwanted output pulses would be 

generated by the level detector. 	The Reset Reference Unit 

included in Figure 45 was introduced to cope with this 

situation. 	It consists of two accurately defined voltage 

references of opposite polarities equivalent to one hundred 

quantization intervals each. 	One or the other of these 

references is removed at the beginning of the cycling 

process by the operation of a corresponding flip flop 

circuit in order to compensate for the discontinuity in Es; 

the flip flop is switched back at the end of the cycling and 

the Reset Reference Unit regains its original state. 	It 

will be seen later that it is advisable to inhibit the 

input to the level detector during the cycling process in 

order to avoid the generation of spurious output pulses 

caused by voltage spikes of a few nanoseconds duration 

appearing in Es  when the Reset Reference Unit is switched 

on or off. 	The gate shown in Figure 45 was introduced 
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for that purpose. 	This precaution also eased the precision 

requirements for the Reset Reference Unit. 

It can therefore be said at this stage that the 

quantizer just described operates on the principle out—

lined in Chapter 1 and that it contains necessary refine— 

ments imposed by practical circuit considerations. 	The 

timing sequence in the different loops presented no special 

difficulties as the system is asynchronous, i.e. the ending 

of a particular event automatically starts the following 

one. 	The speed requirement was that no auxiliary unit 

should limit, if possible, the maximum pulse repetition rate 

of the staircase generator. 	The design specifications for 

the summing amplifier, the level detector and the Reset 

Reference Unit were also dictated to a large extent by the 

influence of these parts on the over—all accuracy of the 

converter. 	A detailed analysis of the quantizer in terms 

of precision requirements and tolerances has been 

summarized in Appendix A.11. 	Sufficient insight into the 

problem was gained from these derivations to complete the 

design of the quantizer. 	It is now intended to outline 

briefly the design procedures for these various circuits in 

so far as they differ from ncrmal practice. 	Some of their 

most striking features will also be mentioned. 
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4.1. 	Level Detector. 

A circuit diagram of the level detector is shown 

in Figure 46. 	The function of this unit in the quantizer 

was explained et the beginning of the present chapter with 

reference to Figure 45. 	Considerable simplification of the 

design resulted from the use of a single tunnel diode 

circuit to operate both as a voltage level detector and as 

a pulse generator. 

4.1.1. Basic Circuit of Level Detector. 

In order to illustrate more clearly the principle 

of operation of the level detector circuit, part of 

Figure 46 has been reproduced in Figure 47. 	This circuit 

uses the tunnel diode peak current value to define a detected 

level of input signal; a single pulse is required to mark 

the instant of detection. 	In the present scheme, an 

increase of applied signal level, Vin, from zero, causes a 

corresponding increase of the diode current (all input 

current being taken by the diode) until the peak current 

level is reached. 	The diode switches to the high voltage 

state and the resulting voltage change initiates the 

diversion of the input current from the diode causing it 

to return to the low voltage state. 	The system can be 

well described, in terms previously employed, by the 

characteristic of Figure 48, (compare to Figure 28.). 
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(COMPARE TO Fig. 27.) 

  

Fig. 47. 

ELECTRICAL 

CHARACTERISTIC 

(COMPARE TO Fig. 28.) 

Fig. 48. 
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This figure shows a linear approximation of the electrical 

static characteristic corresponding to the circuit of 

Figure 47; the transistor, TR1, (detecting the change to 

the high voltage state) is considered as a load on the 

tunnel diode and the presence of TR2 is taken into account 

as was done previously in Chapter a. 	The base of TR1 is 

biased with a small negative voltage, VB, such that the 

input characteristic of this transistor in a common base 

configuration, drawn as a load line (see Figure 48), does 

not intersect the tunnel diode curve above the valley 

voltage, Vv. 

Suppose that the input voltage, Vin, is initially 

at zero and that.both TR1 and TR2 are cut off. 	If Vin 

is then increased sufficiently to raise the input current 

(defined by Vin  across a relatively large resistance, Rn) 

above I , the tunnel diode switches rapidly to the high 

voltage state and TR2 is turned on as explained in 

Chapter 2 (section 2.5.1.). 	At the same time, the 

current starts building up in the inductance, Ls' gradually 

turning on the transistor TR1. 	As soon as the current in 

the tunnel diode has fallen below the valley current, Iv, 

the diode switches back to the low voltage state. 	The 

cycle is then completed as the transistors cut off. 	This 

relaxation oscillation is sustained as long as the input 

current,duevtoV
in

, is greater or equal to I . 	On the 
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otherhand,ifITin  is decreased such that the input current 

is smaller than I
P
, the circuit becomes stable at a point 

below the peak of the tunnel diode. 

It follows from the above description that the 

method of analysis developed in Chapter 2 for the tunnel 

diode relaxation oscillator (section 2.5.) can be applied 

to the present circuit without any modification. 	The 

nonlinearity introduced in Rs  by the transistor TR1, has 

negligible effects on the accuracy of Equation (35) (see 

section 3.5.1.) in the calculation of the magnitude of Ls  

as a function of the period of oscillation. 	A series of 

tests carried out in the laboratory have shown that 

Equation (35) can predict the period of oscillation of the 

circuit under study with an accuracy better than 5% for 

Iin = Ip/  Es  = 200 to 300mv and for pulse repetition rates 

up to 10McA. 	The voltage, Es, is measured at point M 

(Figure 47),  when the tunnel diode and the transistor, 

TR2, are removed and Iin  = Ip. 	This voltage, Es, must be 

adjusted between 200 and 300mv such that no stable point 

is present when 1in  = Ip. 	For a typical 1N2941 tunnel 

diode (Appendix A.9.), and for Rs  = 26ohms, Es  = 250mv and 

for a period of oscillation T = 0.8tasec, a value of Ls 

equal to 17µh can be found from Equation (35). 	The choice 

of the pulse repetition rate of the level detector 

resulted from a compromise between the maximum speed of 
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the staircase generator and the overload recovery time of 

the summing amplifier after a fast input voltage step. 

4.1.2. Related Problems. 

The basic circuit just described was shown to 

possess the fundamental properties required for the level 

detector unit. 	In view of its functions in the quantizer, 

a few refinements were introduced as illustrated in 

Figure 46. 

The pulse inverter and the differentiating net-

work connected to the transistor, TR2, supply respectively 

the output pulses and an adequate drive for the staircase 

generator. 	The design and performance of such circuits 

have been discussed thoroughly in Chapter 2 and will not 

be repeated here. 

The complete level detector unit is perfectly 

symmetrical. 	It employs two complementary versions of 

the basic circuit defining a negative as well as a positive 

voltage level. 	Provision is made for a single input with 

a voltage range extending to +9 volts. 	The emitter-base 

diodes of the silicon transistors used as input emitter 

followers, have a specified maximum reverse voltage of 

approximately 5 volts. 	These transistors can enter into 

the breakdown region without undergoing any noticeable 

damage provided that the power dissipated in the junction 
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is kept below a,safe value
45
. 	An 0A47 germanium switching 

diode was put in series with the emitter of each of these 

transistors to limit the reverse current to a few micro—

amperes whenever the breakdown region is reached. 

4.1.3. Temperature Coefficient. 

A simple expression for the temperature 

coefficient of the level detector can be derived as follows. 

The magnitude of the input voltage necessary to trigger the 

tunnel diode can be written as in Equation (71). 

EL = VBE V1 + Rn(Ip  — Im) + Vp 
	.. (71) 

where E
L 

= input voltage necessary to bring the opera—

tion of the tunnel diode to its peak point. 

VBE = voltage appearing between the base and 

emitter of the input transistor when the 

emitter current is equal to (I — Im). 

V
1 	

voltage appearing across the 0A47 diode 

when I = I — I 
P 	m°  

I
m 	

current supplied to the tunnel diode by the 

level adjustment network (Figure 46). 

The differentiation of Equation (71) with respect 

to temperature yields Equation (72) for the temperature 
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coefficient of the level detector. 	It is assumed that the 

current, Ina, and the resistor, Rn, have a negligible 

temperature sensitivity. 

dEL 	dVBE 	dVi 	RndI + dV 	 .. (72) 
dT 	dT 	dT 	dT 	dT 

The first two terms of Equation (72) represent 

the temperature coefficient of the voltage drop across 

semiconductor diodes and are approximately equal to 

—2.5mv/0C for both germanium and silicon44,page  130.The 

last term of Equation (72) is of the order of —601.1V/°C 

(see section 3.3.). 	If Rn  .dI p/dT is adjusted to a value 

of about +5mv/°C, a very small temperature coefficient is 

obtained for the level detector. 	With Rn  equal to 

2Kohms, a temperature coefficient dIp/dT = (+5mv/°C)/ 

(2000ohms) = +2.5p1/0C is needed. 	It was shown in 

section 3.3. that a 1N2941 tunnel diode manufactured by 

General Electric, with a selected peak voltage of the order 

of 60mv would approach this requirement. 	A net temperature 

coefficient of less than lmv/OC was measured for the level 

detector using that technique, for a total variation of 

twenty degrees Centigrade about room temperature. 

It may be noted, in passing, that this circuit 

combines many interesting features which well illustrate 

the advantages of hybrid tunnel diode—transistor circuits. 
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In view of the complexity of the operation achieved by the 

level detector, the number of components is unusually 

small. 	The temperature coefficient, described by 

Equation (72), can be easily controlled to become positive, 

negative or zero, by adjusting the resistor, Rn, or by 

selecting a tunnel diode with a different peak voltage. 

A simple means of adjusting accurately the threshold over 

a large voltage range is provided. 	The amount of backlash 

between switch on and off can be reduced or increased with 

the base voltage, VB. 	If VB is made sufficiently small, 

the circuit no longer generates pulses when the threshold 

is exceeded and becomes a direct-coupled bistable with a 

change-over time of a few nanoseconds. 	Finally, it is 
LuoTtk. 
fmtk noting that the frequency response is adequate for many 

applications as the level detector was operated in the 

laboratory, without any special care, at a pulse repetition 

rate as high as 10Mc/s. 

The performance of the unit shown in Figure 46 

will now be outlined. 

4.1.4. Performance. 

A photograph of an oscilloscope display is shown 

in Figure 49, illustrating the response of the level 

detector to a voltage pulse fed from the summing amplifier. 

Details concerning that photograph are included in 



4- 

1 
' 	 

PULSE RESPONSE OF LEVEL DETECTOR 
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Fig. 49. 

Traces. 	1- Input pulse 'to the summing amplifier. Amplitude 

slightly greater than one quantization interval. 

2- Output voltage pulse from summing amplifier unit. 

3- Output pulses from the level detector unit. 

(Corresponding to output of quantizer)  

Scales. 	Horizontal: 0.51.4sec/cm 

Vertical : Trace 1 = about 6mv/cm (uncalibrated) 

Trace 2 = 10 volts/cm 

Trace 3 = 5 volts/cm 

Notes. 	1- Trace 1 was read on a 2 volts/cm scale but the 

effective input was reduced to about 4.5mv by 

a resistance divider. 

2- Similar results can be obtained with a negative 

input signal giving negative output pulses. 
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Figure 49. 	The performance of the complete level detector 

circuit is summarized below. 

Input Impedance: greater than 100Kohms in parallel with 

lOpf when mounted on a Vero board. 

Adjustment of voltage threshold: continuous from 0.4 to 

9.5 volts. 

Polarities: positive and negative. 

Backlash as referred to input: 30mv. 

Temperature coefficient as referred to input: less than 

—1mv/°C. 

Sensitivity to supply fluctuations: smaller than —0.2volt/ 

volt for all supplies. 

Output: 5 volt pulses of both polarities with a 470 ohms 

output impedance. 

Pulse Repetition Rate in Astable Condition: adjusted to 

1.25McA. 

4.1.5. The Level Detector Gate. 

The gate shown in Figure 46, is used to short 

circuit to ground both sides of the level detector input 

every time the cycling operation is being performed in 

the staircase generator. 	In this way, any undesirable 
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voltage transient appearing at the output of the summing 

amplifier while that process is going on, is prevented 

from interfering with the normal operation of the quantizer. 

The function of the level detector is not otherwise 

affected. 

The gating circuit, like most of the units in the 

quantizer, is perfectly symmetrical. 	Its main element is 

a tunnel diode monopulser of the type described in section 

2.6. 	As soon as the positive or the negative half of the 

Reset Reference Unit is switched on, at the beginning of 

the cycling process, both sides of the level detector gate 

are triggered via corresponding diode OR gates. 	The 

operating times on both sides of the gate are controlled by 

adjusting the inductances in the two monopulsers and are 

made slightly longer than the maximum duration of the 

cycling process. 	The design procedures for all of these 

circuits have been well established in Chapter 24.. 

In order to illustrate the operation of the gate 

in the quantizer, a constant negative voltage greater than 

the critical level was applied to the detector, transforming 

it into a pulse generator. 	Figure 50 shows a photograph 

of the resulting waveform generated at the output of the 

second positive decade of the staircase generator together 

with the gating pulse produced during the cycling process 

as the input signal is being short circuited to ground. 
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Fig. 51. 

OPERATION OF LEVEL DETECTOR GATE 
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1- Output pulses from the level detector when a 

fixed negative voltage, exceeding the detected 

level, is applied to its input. 

2- Driving voltage as seen at the collector of the 

transistor in the level detector gate (see 

fig. 46.) 

3- Voltage across second positive chain driven from 

the level detector (including cycling operation). 

Scales. 	Horizontal: 10Hsec/cm (fig. 50.) 

0.5psec/cm (fig. 51.) 

Vertical : 5 volts/cm (all traces in both figures) 

Note. 	1- Figure 51. shows details of level detector gate 

operation during cycling process included in 

figure 50. (See description in section 4.1.5.) 

Traces. 
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Details of that operation can be seen in Figure 51 on an 

expanded time scale. 

The level detector unit was shown thus far to 

satisfy all of the conditions for its application in the 

quantizer. 	The design of a summing amplifier to supply 

an adequate driving voltage will now be outlined briefly. 

4.2. 	Summing Amplifier. 

The operational amplifier shown in Figure 52 

was designed to perform the summation of ein  with the 

various reference signals and to provide for a large 

voltage gain. 

To minimize the influence of the drift of the 

level detector on the accuracy of the quantizer, it was 

decided to fix the cross-over points above plus and minus 

eight volts respectively. 	Consequently, a rather large 

amplification of the error signal was needed in order to 

preserve the sensitivity of the converter. 	A minimum 

quantization interval of 5mv was estimated as satisfactory 

and a voltage gain of approximately two thousand times was 

therefore aimed at. 	A direct-coupled amplifier was 

required with a low input impedance, negligible zero drift 

and a highly stable gain in the regions corresponding to 

outputs of plus and minus eight volts. 	The use of 

cascaded virtual earth feedback amplifiers suggested 
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itself as a possible solution. 

In principle, the circuit illustrated in Figure 52 

is a straightforward application of well established design 

techniques. 	The use of balanced transistor pairs in low 

drift direct-coupled operational amplifiers has been 

analysed thoroughly in the literature469 47,48. 	A useful 

survey of the problems related to the design of such 

amplifiers has also been published recently49. 	A few 

comments will therefore be sufficient to clarify certain 

points in the present design. 

A special biasing arrangement was utilized for 

the base of the transistors in the input stage in order to 

operate the long tailed pair with equal base-to-emitter 

voltages. 	A potentiometer was also included for the 

adjustment of the base voltage to zero. 	Considerable 

reduction of the thermal drift can be achieved using that 

technique, as compared to the results possible with more 

conventional methods, and temperature coefficients as low 

as 0.050./00 have been reported50. 	An additional 

resistance equal to Rin  was connected between the unused 

base of the first stage and ground to restore the circuit 

balance thus avoiding deterioration of the common mode 

rejection ratio. 

The design of the temperature compensated 

constant current source biasing the emitters of the input 
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pair is a repetition of the example already given in 

Appendix A.5. 	Emitter currents of 50011A were selected 

for the first stage as a compromise between noise and 

bandwidth considerations. 

The matched pair (2N2060) employed in the first 

stage has a much lower cut off frequency than the other 

transistors in the amplifier. 	A larger bandwidth could 

certainly be achieved if an amplifier were designed with 

the faster matched pairs now available frcym Fairchild 

Semiconductor. 	In order to preserve as much as possible 

of the frequency response, the amplifier has been 

stabilized only for large values of the feedback 

resistance; it would break into oscillation if much 

smaller values were introduced. 	The feedback resistance 

was made rather large in view of the high voltage gain 

required and of its relation to the magnitude of the input 

resistance (G = Rp/Rin) of the quantizer. 	A capacitance-

resistance network connected across the output of the 

second stage reduces the loop gain at high frequencies 

before the 2a2060 has started to cause a significant phase 

shift. 	The open-loop current gain at low frequency is 

approximately two hundred thousand times. 

The diode shown across the base and emitter of 

the transistor TR6, protects TR6 and TR4 from entering 

into breakdown if TR5 is pushed into saturation, removing 



momentarily the feedback action. 

Two operational amplifiers of the type just 

described were cascaded, as illustrated in Figure 53, to 

obtain the desirable voltage gain. 	The limiter circuit 

shown in the coupling network between the two amplifiers 

helps reducing the overload recovery time of the system. 

4.2.1. Performance. 

The characteristics for the summing amplifier 

unit have been summarized below. 

D.C. Voltage gain = 1600. 
Input impedance = 10Kohms. 

Output impedance = 4.7hohms (approx.). 

Output voltage range = +9 volts. 

Risetime, tr  = 0.24sec (see Figure 49). 

Bandwidth = 1.25Uc/s (computed from tr). 

Time delay = 0.15pec. 
Output noise = 0.44 volt peak-to-peak. 
Output thermal coefficient = -13mv/0C 

Output sensitivity to supplies fluctuations 

= -0.3 volt/volt. 

The performance of the amplifier unit will be 

illustrated in a more realistic fashion (Chapter 5) in a 

later study of the quantizer. 
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4.3. 	Reset Reference Unit. 

The reset reference unit serves the purpose of 

keeping the signal from the decoder constant during the 

cycling of the staircase generator. 	A circuit diagram for 

that unit is shown in Figure 54. 	Owing to its perfect 

symmetry, only one side will be considered in the following 

discussion. 	The function of the unit in the quantizer was 

explained at the beginning of the present chapter and only 

a few remarks on the circuits will be added here. 

A stand-by voltage, er, (see Appendix A.11) is 

defined across a 680chms metal oxide resistor connected to 

the output of a constant current source. 	A common-emitter 

transistor, controlled by a one-tunnel diode flip flop, is 

used to short circuit that current to ground during the 

cycling process. 	The resulting voltage step, Er, is equal 

to the saturation voltage, Vce  (sat), of the transistor minus 

er' 	It can be seen from Figure 54, that the flip flop is 

switched on as soon as the corresponding decade starts 

resetting in the staircase generator. 	It is triggered 

back to its original state at the end of the cycling 

process by the trailing edge of a negative pulse produced 

in the other bistable (see Figure 36), which controls the 

10Mc/s pulse generator. 

The design procedure, developed in Chapter 3 

for the one-tunnel diode flip flop, was followed to 
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calculate the component values indicated in Figure 54. The 

magnitude of the inductance, L = 6.54h, was computed from 

Equation (64) together with Equations (68), (69) and (70), 

for T = 0.1psec. 	The tunnel diode rests normally in the 

low voltage state and the worst situation arises when a 

single pulse is generated in the cycling process. 	In this 

case, the tunnel diode is triggered back approximately 

0.13µsec after it has been switched on. 

The pulse inverter driving one of the flip flops 

was designed earlier in section 2.7. 	Peaking inductances 

were inserted at the collector and in series with the 

resistors defining er  in order to speed up the response of 

the Reset Reference Unit. 	Any significant delay in the 

switching times of this unit may cause serious overshoots 

at the output of the summing amplifier. 

The constant current sources are similar to the 

circuit described in Appendix A.5. 	A temperature sensitive 

silicon resistor (sensistor) was included in the emitter 

resistance, Re9  in order to raise the temperature 

coefficient of the Reset Reference Unit to a value approxi-

mately equal to that of the corresponding chain in the 

staircase generator. 	It was shown in Appendix A.11 

(section A.11.7.1.), that this technique is useful in 

reducing the precision required from the Reset Reference 
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Unit for a given temperature range. 	Problems related to 

the computation of this temperature coefficient are discussed 

in Appendix A.12, where it is shown that a figure of 

-11mv/°O is acceptable for both er  and e;,. 	The temperature 

coefficient of Re, necessary to achieve this performance, 

was extracted from Equation (A.14) in Appendix A.5. 	It 

was obtained in the circuit from a series combination of a 

560ohms sensistor (+0.7% temperature coefficient) with a 

metal oxide resistor of about 660ohms. 	Both IT and IT and 

their temperature coefficients were finally adjusted in 

place with parallel resistors as indicated in Figure 54. 

These comments on the design of the Reset 

Reference Unit completed the description of all circuits in 

the major feedback loop of the quantizer. 	However, an 

overload detection unit (shown in Figure 45), was also 

included in the converter and its design will now be 

discussed briefly. 

4.4. 	Overload Detection Unit. 

The overload detection unit does not take part in 

the normal operation of the quantizer. 	Its circuit 

diagram was drawn in Figure 54, together with the Reset 

Reference Unit. 

The 0083 transistor, (Figure 54), is used to 

drive a warning light and it can be turned on by any one 
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of the three transistors connected to its base or by any 

number of them operating simultaneously. 	The transistor, 

TR1, is normally kept into saturation by the tunnel diode 

which is biased in the high voltage state. 	The tunnel 

diode itself operates as an AND gate and it can be switched 

to the low voltage state only when two simultaneous pulses 

are fed to its inputs. 	The design of such a gate is 

readily deduced from the procedure outlined in Chapter 2 

for the monopulser. 	If an input signal, ein, greater 

than one hundred quantization intervals, is applied to the 

converter, the full capacity of the staircase generator is 

exceeded and the system overloads. 	One event peculiar to 

this situation can be detected at the end of the cycling 

process when both sides reset simultaneously after the 

subtraction has been performed between an empty chain and 

a full one. 	Resulting coincident pulses are used to 

trigger the AND gate described above, ultimately switching 

on the warning light. 	After the overload is removed, the 

AND gate must be reset manually to its original state in 

order to turn off the light in the overload indicator. 

The other two transistors connected respectively 

to each side of the Reset Reference Unit (Figure 54), would 

turn on the warning light if any of the flip flopsf ailed to 

operate at the end of the cycling process. 	This arrange- 

ment was utilized at an early stage in the design to 



indicate possible faults in the Reset Reference Unit or in 

the staircase generator during the cycling operation. 

This part of the circuit has not been removed as it can 

still prove useful when testing the various units 

separately. 

4.5. 	Linearity of Staircase Generator. 

To conclude this chapter, reference will be made 

to the results of Appendix A.12. in which the linearity 

requirements for the chains in the staircase generator have 

been derived. 	The various factors comprised in Equation 

(A.51) of Appendix A.11, were computed in Appendix A.12. 

from a knowledge of the circuits described in the present 

chapter. 

Table IX, (Appendix A.12), illustrates the inter—

dependence between the minimum precision requirements for 

the steps in the chains and the maximum deviation of the 

staircase waveforms for a given temperature range. 	It can 

be seen that for a precision of 1% on the steps in any 

decade, a deviation three times larger than this can be 

tolerated for a temperature range of +5°C. 	The data 

contained in Appendix A.7, show that the tunnel diode 

chains used for the second decades meet these requirements 

by a safe margin. 	It is interesting to note, from 

Table IX, that the influence of increasing the operating 

199 
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temperature range on the minimum precision requirements for 

the steps is almost negligible as compared to the drastic 

effect of a change in the maximum deviation. 	Both the 

positive and the negative staircase waveforms containing 

one hundred steps each are illustrated in Figure 55. These 

photographs of oscilloscope displays show the voltage wave—

forms appearing at the summing junction when the amplifier 

has been removed and when the stepping reference is being 

driven continuously. 	The large impedance seen at that 

point under such circumstances is responsible for the long 

resetting time. 

Thus far, solutions have been found to the 

problems concerning the design of all units shown in 

Figure 45. 	The performance of the quantizer which was 

built with these various parts will be outlined in the next 

chapter. 	A general discussion of the results will finally 

assess the merits of the technique illustrated by the 

prototype, in view of the aims defined in the introduction 

and in Chapter 1. 
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Fig. 55. 

Traces. 	1- Voltage waveforms (positive and negative) appear-

ing across the first decades driven from 

continuous pulse trains. 

2- Similar to trace 1 but for the second decades 

driven from the first ones. 

3- Voltage waveform seen at the opened summing 

junction point from the decoder unit when one 

side of the stepping reference is operated at 

a time. (See section 4.5.) 

Scales. 	Horizontal: 20psec/cm 

Vertical : Traces 1 and 2 = 5 volts/cm 

Trace 3 	= 0.5 volt/cm 

Note. 	Both photographs were taken under similar 

conditions. (The combined waveform is made up of 

99 steps in each case). 

3- 
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CHAPTER 

Performance of the Prototype and Discussion of the Results. 

The equipment built in the laboratory to 

illustrate the principle of operation of the quantizer 

described in the thesis, is shown in Figures 56 and 57. 

To provide maximum flexibility, the circuits 

were mounted on plug-in type Vero boards, as can be seen in 

Figures58 and 59; sockets were used for transistors and 

tunnel diodes. 	The power supplies were carefully de-

coupled, (filters in Figure 57), and electric shields were 

introduced in critical positions, (see Figure 57 and 2nd 

decades circuit board), in order to avoid undesirable inter-

action between various circuits and between components on 

the same board. 	As a further precaution, all connections 

between boards were made with shielded cables. 	Whenever 

possible, the positioning of the boards and the lay-out of 

each circuit was arranged to necessitate connecting cables 

of short lengths only, so as to minimize capacitive 

loading on the circuits. 	These measures were taken in 

view of the high frequency response of most circuits in the 

quantizer and of the low voltage levels at which tunnel 

diodes operate. 



Figure 56. FRONT VIEW OF CUANTIZER. 

Figure 57. REAR VIEW OF cUANTIZER. 

Position of Boards. 

a- Filters; b- Level Detector; c- 1st Amplifier; d- 2nd 

Amplifier; e- Level Detector sate; f- Filters; g- 1st 

Decades; h- 2nd Decades; i- lavic/s Cycling Unit, Flip 

Flop, Overload Indicator; j- Reset Reference Unit, Over-

load Detector. 
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Experience has shown that the system was not 

affected by electric or magnetic pick-up under normal 

conditions prevailing in the laboratory. 	However, it 

would be advisable to shield the summing amplifiers if 

relays or switches were operated closer than a few feet 

from the quantizer. 	The sensitivity of the tunnel diode 

circuits to electro-magnetic pick-up was reduced (as a 

consequence of the worst-case design approach) to a level 

acceptable for the present application. 	A more complete 

investigation of this matter would be required before an 

adequate enclosure could be designed for the apparatus. 

Some of the characteristic features of the 

quantizer will now be illustrated by the results of certain 

tests performed in the laboratory. 

5.1. 	Very Low Frequency Test. 

The following scheme was used to measure the 

over-all performance of the quantizer at very low 

frequencies. 

A positive voltage ramp increasing from zero at 

a rate of less than 10mvAec. was generated by integration 

and applied to the 10x input of the converter such that a 

quantization level was passed every 4 seconds or so. 

Every pulse generated at the output of the quantizer caused 
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a Solartron 1010 digital voltmeter to sample the input 

signal at that instant. 	The coded result was automatic-

ally punched on a paper tape, to be finally printed out. 

The same process was repeated with a negative voltage ramp. 

In this way, two hundred readings were recorded, corres-

ponding to the voltage levels defined by the quantizer on 

both sides of zero. 	The accuracy of the measurements was 

limited to about + 5% of one quantization interval by the 

presence of a small 50c.p.s. component superimposed on the 

voltage ramp used as the input signal. Nevertheless, 

useful information about the characteristics of the 

converter was deduced from these results. 	The various 

definitions which will now be used to describe the 

performance of the converter, follow the general recommen-

dation published three years ago in the AIEE Transactions51. 

(a) 	Total Count. 

The full scale reading of the converter is 

divided into 200 intervals by the staircase generator. 

This number of divisions could be extended to 2000 if one 

more chain were added to each side of the stepping reference 

unit. 	In such a case, however, trimming of the tunnel 

diodes in these chains and adequate temperature control 

would be required. 	The decoder resistances would also 

have to be adjusted more accurately. 
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(b) Resolution. 

The resolution is a measure of the smallest 

change in the input signal which can be detected by the 

converter; it is very nearly equal to one quantization 

interval. 	The quantization intervals were obtained from 

the above test by the subtraction of successive readings 

and their computed averages for the positive and the 

negative sides were 40.69mv and 40.68mv respectively. 

Adjustment of the average quantization interval can be 

made at the level detector, EL  and Ei, or by changing the 

input resistance, Rin. 	For the test described above, the 

second input resistance, Rin  = 100Kohms, was used instead 

of the ten times more sensitive input in order to reduce 

the relative importance of the hum present in the ramp 

signal. 	On the most sensitive range, the input 

resistance of the converter is lOKohms and the quantization 

interval is equal to 4mv. 	The maximum resolution in a 

system of this type would be limited ultimately by the 

noise in the summing amplifier. 

(c) Zero Offset. 

The zero offset is defined as the magnitude of 

the output reading provided by the system, as referred to 

the input, for zero input signal. 	In the present case, 

no pulse appears at the output of the quantizer for zero 

input and the zero offset is nil. 
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(d) Deviation. 

The deviation is the amount, relative to the 

correct magnitude of the signal at the point of measure- ' 

ment, by which the measured value varies from the true 

value after correction of the zero drift. 	From the results 

mentioned earlier, the maximum deviation was computed for 

each polarity and was -0.43% for a positive input and 

+0.43 for a negative input. 	As expected, the deviations 

were directly related to those measured in the tunnel 

diode chains (Appendix A.7) and therefore reached a maximum 

at mid-scale. 	This situation could be improved if desired 

by choosing values of E2  and E2 (see Appendix A.11) 

slightly different from the measured averages for the 

corresponding chains. 	In this case, the resulting 

deviations at full scale would have to be taken into account 

during the adjustment of the reset reference steps, Er and 

Et r • 

(e) Linearity. 

The linearity is a measure of the constancy of 

the ratio between the output and the input values. 	Using 

the average quantization interval given above, it was 

found that the linearity of the results was 4.0.3/0 of one 

half full scale for the positive side and +0.2% for the 

negative side. 
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(f) Repeatability. 

The reproducibility of several independent 

quantizations of a fixed input signal can be estimated from 

the maximum total deviation which results from any combina-

tion of levels between the positive and the negative stair- 

cases. 	The worst condition is met when the chains are at 

-46 and +36 levels respectively where the resulting 

deviation is equal to -3.50 of the input signal or -0.18% 

of full scale. 

(g) Repeatability of the Zero. 

The error as referred to the input, when the 

quantizer is returned to zero in the course of operation, 

reaches a maximum of -27% of one quantization interval when 

both staircases are at the 46th level. 	This result is 

obtained under condition that the thermal drift for zero 

input was initially balanced out with the "set zero" 

circuit, after resetting all chains manually. 

(h) Quantization Uncertainty. 

The only significant source of uncertainty in 

the definition of the two hundred voltage thresholds is 

the noise appearing at the output of the summing amplifier. 

From the data given in Chapter 4, it can be seen that this 

uncertainty amounts to less than + .40 of one quantization 

interval. 
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The quantization error in the system is 

basically equal to + 1 part in 200 or + 0.5%. 	The 

absolute accuracy of the prototype, taking into account 

the sources of error already listed, is therefore reduced 

by the chains nonlinearities to + 0.8% of full scale. 

A few more tests will now be described to 

illustrate the dynamic response of the quantizer. 

5.2. 	Dynamic Tests. 

The internal operation of the main feedback loop 

in the quantizer is illustrated in Figure 60. To take the 

photograph shown in this figure, a sinewave of sufficiently 

high frequency was applied to the input of the converter 

with a small enough amplitude to cover only a few 

quantization intervals. 	The input sinewave is represented, 

superimposed on the voltage waveform appearing at the out- 

put of the summing amplifier. 	Quick feedback action from 

the stepping reference is indicated by a large discontinuity 

of the amplifier output every time the level detector is 

triggered. 

A clear demonstration of the analogue-to-digital 

conversion performed by the system can be seen in Figure 61. 

This photograph shows part of an input sinewave together 

with the corresponding pulse train representation; it 

illustrates well the dependence of the output pulse 
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OPERATION OF THE MAIN FEEDBACK LOOP 

IN THE QUANTIZER  

  

3- 

 

Fig. 60. 

Traces. 	1- Sinusoidal input to the quantizer. 

Frequency was about 16Kc/sec. 

2- Voltage waveform appearing at the output of the 

summing amplifier (input of level detector) 

showing feedback action from stepping reference. 

3- Positive output pulsesfrom quantizer produced by 

positive slopes of the input signal. 

4- Negative equivalent of trace 3 for negative 

input slopes. 

Stales. 	Horizontal: 10Fsec/cm 

Vertical : Trace 1 = 0.2 volt/cm 

Traces 2,3,L. = 5 volts/cm 

Notes. 	1- Quantization interval = about 24Omv as referred 

to input of quantizer. 

2- See section 5.2. for description. 



ANALOGUE-TO-DIGITAL CONVERSION OF 

PART OF A SINE WAVE  

Fig. 61. 

Traces. 	1- Part of an input sine wave. 

2- Output pulses from quantizer corresponding 

to trace 1. 

Scales. 	Horizontal: about 8psec/cm (uncalibrated) 

Vertical : Trace 1 = uncalibrated 

Trace 2 = 5 volts/cm 

Notes. 	1- Input frequency was between 6 to 7Kc/s. 

2-. Input quantization interval = about 40mv. 

3- Note dependence of output p.r.r. on input 

signal rate of change. 

See section 5.2. for description. 
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repetition rate on the slope of the input signal. 

5.2.1. 	Step Response. 

In order to investigate the dynamic response of 

the converter, a continuous train of relatively long pulses 

was fed to the system and the output pulses generated by 

the converter were integrated to reconstitute the original 

input signal. 	Figure 62 shows a photograph of two 

oscilloscope traces corresponding respectively to the input 

signal and the reconstructed waveform. 

The overshoot in the step response of the 

converter is due to the overload recovery time of the 

summing amplifier unit. 	Control of that overshoot is 

possible by adjusting the pulse repetition rate in the level 

detector when the summing amplifier overloads. 	Ideally, 

the amplifier unit should recover from a nearly full scale 

overload as soon as the action of the level detector has 

raised the stepping reference to the required level. 

Complete recovery should be achieved before an extra pulse 

is generated by the level detector. 	To do so, some means 

of protecting the amplifiers from excessive overload would 

have to be provided. 	A limiter circuit, introduced 

between the two amplifiers (Figure 53), improved the 

situation only partially. 	Considerable difficulty arises 

because of the very low current levels which must not be 
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Fig. 62. 

Fig. 63. 

Traces. 	1- Pulses fed to the input of the converter. 

2- Waveform resulting from integration of the 

output pulses generated by the converter when 

operated by the input signal shown in trace 1. 

Scales. 	Horizontal: 2Opsec/cm (fig. 62.) 

Spsec/cm • (fig. 63.) 

Vertical : Uncalibrated. 

Notes. 	1- Quantization interval = about 4mv. 

2- Note pause in figure 63. due to level detector 

gate operation during cycling process. 

3- See section 5.2.1. for description. 
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exceeded at the summing junction (i.e. 0.4P-A for a full 

scale reading of the amplifier unit). 	It may be advisable 

to design a new amplifier unit if it is hoped to take full 

advantage of the high frequency response of all other parts 

of the quantizer. 	Very large open loop gain and 

utilization of over-all feedback in the present amplifiers 

make it difficult to exert any control on the overload 

recovery time of the unit. 	A brief investigation carried 

out in the laboratory has shown that a circuit using a 

temperature compensated common-base input stage followed by 

adequate amplification could replace the two feedback 

amplifiers employed in the present system. 	With this new 

approach to the design, a few stages would be sufficient 

to produce directly the amount of gain required; problems 

of overload protection would be simplified and improved 

frequency response of the amplifier unit could also be 

expected. 

In the prototype, however, the pulse repetition 

rate of the level detector was simply decreased to 

1.25Mc/s (see Figure 49), to allow for a certain overload 

of the summing amplifier while still preserving a reasonable 

speed. 	This adjustment does not permit the use of large 

input steps which would produce an off-scale overshoot in 

the converter. 	It is interesting to note, however, that 

such a system continues tracking the input signal after a 
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temporary overload of the amplifier unit; only a transient 

output error is produced in such cases. 

Maximum allowable rate of change of the input 

signal, to avoid overloading the summing amplifier, can be 

computed from the level detector pulse repetition rate 

multiplied by the magnitude of a quantization interval; 

this maximum input slope can be expressed as 

Ein/At = 1.25 x 106(q) volts/sec. 	On the most sensi—

tive range, for instance, q = 4mv and AEin/ At must be 

smaller than 5,0 x 103  volts/sec. 

Another useful specification for a quantizer is 

the maximum conversion time. 	In the present system, it 

is equal to the time required to sweep the staircase 

generator over its full range at the maximum pulse 

repetition rate of the level detector. 	With a 0.8 µsec 

period (Figure 49), it takes 160 lisec to generate the full 

200 steps. 	If another 2 µsec is added to allow for the 

pause created by gating action during the cycling process, 

a maximum conversion time of 162 lasec is found under most 

adverse conditions. 	This result means that over 6000 

conversions per second could be effected by the present 

system, assuming that the sampling time of any input gate 

could be neglected. 	For an input signal covering only 

part of the full scale amplitude, the maximum number of 
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conversions per second, as computed above, would be 

increased proportionally. 	The operation of the level 

detector gate is illustrated in Figure 63, which represents 

an expanded view of the step response given in Figure 62. 

It should be noted that the maximum conversion time could 

be reduced by a factor of almost ten if a faster amplifier 

were available, such that the staircase generator could be 

driven at 10McA by the level detector (with a 1 Ea sec stop 

for cycling). 	It is to be noted however, that such a 

sampling system is by no means an optimum way of utilizing 

a quantizer of this type even though its performance in 

such service is highly satisfactory. 

5.2.2. 	Frequency Response. 

As explained in the example of Chapter 1 

(section 1.4.4.), a relationship exists between the maximum 

frequency, f, of a sinusoidal input signal acceptable to 

the converter and its peak-to-peak amplitude, A; this 

dependence is given by f = 1.25 x 106(q)/7cA. 	From this 

formula, it can be seen that the maximum frequency of an 

input sinewave utilizing the full range of the converter 

(i.e. 200 quantization intervals) must not exceed ac/s. 

This result is slightly optimistic as it neglects a short 

time taken by the cycling process twice per cycle. 	The 

possibility of trading precision for speed in such a 
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Fig. 66. 
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Note. 	See next page for description. 
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FREQUENCY RESPONSE OF CONVERTER 

(See Figures 64, 65 and 66.) 

Traces. 1 - Input sinusoidal waveform to the quantizer. 

2 - Waveform resulting from integration of the out-

put pulses generated by the converter when 

operated by the input signal shown in the corres-

ponding trace 1. 

Scales. 	Horizontal: Uncalibrated (Figure 64, 1Kc/s) 

20 4secAm (Figure 65, 10Kc/s) 

5 vsecAm (Figure 66, 50KcA) 

Vertical:Uncalibrated (all traces and all figures) 

Notes concerning Figures 64, 65 and 66. 

1. In Figure 64, approximately 100 quantization intervals-

were used by the input signal. 

2. A Tektronix Type 0 plug-in Unit was used as the integrator. 

The- noticeable slopes on the flat portions of the re-

constituted waveforms are due to leakage in the inte-

grator itself. 

5. Quantization interval = about 4Omv. 

4. In Figure 65, the maximum number of quantization intervals 

in which the converter can divide a 10KcA sinusoidal 

input signal were used. 	The effect of the cycling 

operation can be seen to the right of this figure on the 

reconstituted waveform. 

5. In Figure 66, the 50 c.p.s. hum present in the integrator 

is noticeable on trace 2 because of the higher sensi-

tivity of the vertical scale. 

6. See section 5.2.2. 
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converter is illustrated by Figures 64, 65, and 66, which 

show the quantizer response to a sinewave of lKc/s, lOKc/s 

and 50Kc/s respectively. 	Integration of output pulses 

was used as a means of comparing the reconstituted wave-

form to the input signal. 

Thus far, the ability of the converter to 

perform high speed accurate quantizations of voltage signals 

was illustrated by the performance of a prototype built in 

the laboratory. 	In order to demonstrate the remarkable 

flexibility inherent in the new technique employed, a few 

interesting applications will now be considered briefly. 

5.3. 	Applications. 

Apart from the most obvious application as an 

analogue-to-digital converter, the apparatus can find a 

variety of uses for rather more general laboratory 

purposes. 	A selection of examples, covering various 

fields of application for which the converter is well suited, 

will now be outlined. 

It is evident from the specifications already 

listed that mere addition of a forward backward counter and 

of adequate display circuits, would transform the system 

into a fast digital voltmeter. 	Such an instrument would 

preserve the interesting features of the quantizer, 
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including among others, circuit simplicity and notable 

flexibility. 

Another scheme would utilize the equipment as 

part of an analogue multiplier. 	In this case, one of the 

signals to be multiplied is fed to the quantizer while the 

other is applied, through a number of parallel coded 

resistive networks, to the input of a summing amplifier. 

A simple gating circuit, controlled by the converter output 

pulses, would then suffice to complete the multiplier, for 

example, as follows. 	A short circuit could be removed 

from one coded resistor in the gating network for each 

positive pulse, thus increasing the analogue output product. 

Occurrence of a negative pulse would disconnect a corres-

ponding input resistor causing the product to decrease 

proportionally. 	This scheme requires the addition to the 

quantizer of a relatively simple gating network; it takes 

advantage of digital techniques to produce a stable, 

accurate and reasonably fast analogue multiplier. 

A further application would allow use of the 

converter as a digital integrator in the following way. 

The signal to be integrated is fed directly to the quantizer. 

A pulse generator is connected to drive a counter at a 

repetition rate proportional to the net number of pulses 

(positive minus negative) that have appeared at the 

converter output since zero time. 	(An easy way of 
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controlling the effective repetition rate is to direct the 

driving pulses, via a gating matrix, to stages of different 

significance in the counter, according to past sequences of 

pulses from the converter.) 	Assume that the repetition 

rate can effectively become negative by using a reversible 

counter and, for example, inverting the driving pulses 

according to the input signal polarity. 	It is clear that 

the counter would then provide at every instant a digital 

representation of the integrated input signal starting from 

any desired initial conditions. 	This application could 

certainly be effected by the digital voltmeter mentioned 

previously, employing the same counter and display, but 

with the introduction of an additional control network and 

a pulse generator. 

Numerous applications of a slightly different 

type suggest themselves if it is noted that a peak of 

input signal is indicated in the quantizer by a reversal of 

output pulse polarity. 	To turn the instrument into a 

direct-coupled kicksorter, for instance, a gating matrix 

similar to that used in the integrator already described, 

could be employed to feed a pulse to a corresponding 

channel on occurrence of this sign inversion. 	Following 

the same argument, a quantizer of this type can operate as 

an holding sampler or a level-preserving pulse stretcher. 

In these cases, the level detector gate (section 4.1.5.) is 
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switched on with an auxiliary bistable circuit, whenever a 

peak is reached, (or at any other desirable instant); 

consequently, no more output pulses can be generated and a 

digital sample of the input signal, taken effectively at an 

instant immediately preceding the pause, can be stored in a 

counter until action is taken to reopen the gate. 	This 

facility is inherent in the quantizer and could be utilized 

in all applications already considered. 

One fascinating prospect for a device of this 

type is in the broad field of signal analysis. 	A large 

number of statistical measurements on signals could be 

readily performed with the quantizer utilizing techniques 

illustrated in the previous examples. 	Simple or joint 

amplitude distributions of signals, for instance, could be 

investigated using the system to control a pulse generator 

(for time measurements) and a counter. 	In these applica- 

tions, the new converter not only performs the analogue-to-

digital transformation, most useful for data handling, but 

it can facilitate the analysis considerably by adjusting 

its performance according to some characteristics of the 

input signal itself. 	It follows, for example, that more 

efficient use of equipment and of storage facilities can 

result from employing this type of quantizer (as compared 

to ordinary sampling systems) on voltage waveforms having 

a wide spectral range. 	This last usage could be extended 
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to include accurate quantization of rapid voltage transients 

exceeding the speed limit of the apparatus, provided that 

the input signal is fed initially through an adequate 

smearing filter. 	Smearing techniques consist basically in 

the utilization of filters capable of distributing the 

energy of sharp signals over longer times, generally 

resulting in waveforms of much lower amplitudes. The 

original signal can be recovered using inverted filters. 

In this way, it may be possible for the maximum input rate 

of change for a given transient to be reduced sufficiently 

to fall within a range acceptable to the quantizer. 

This list of general applications for a 

quantizer of this type could certainly be extended. 	How-

ever, it is clear from these few examples that a system, 

automatically adjusting its pace to suit the input signal 

being transformed, is inherently versatile. 	As pointed 

out in Chapter 1, the additional flexibility gained in 

choosing a completely asynchronous approach has undoubtedly 

outweighed the small loss which may arise in certain cases 

due to the absence of a fixed clock pulse frequency. 	It 

is realized that most applications mentioned earlier could 

be fulfilled separately by a number of existing instruments. 

However, combining all of these properties into a single 

potentially-inexpensive apparatus constitutes a very 

attractive proposition. 	It is fair to say that as a 
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portable general laboratory instrument, the quantizer 

described in this thesis possesses undeniable merits. 	An 

apparatus could be built employing the basic quantizer and 

a pulse.counter as its main elements and a number of plug-

in units would make it suitable for an ever widening range 

of uses. 

In view of the preceding considerations and 

results, it is believed that the aims defined in the intro-

duction and in Chapter 1, have been met satisfactorily. 

To sum up this work, two general comments will now be made 

with regard to the potential adaptability of the quantizer 

and on the significance of the design method, developed in 

the course of this research for tunnel diode-transistor 

hybrid circuits. 

5.4. 	Conclusion. 

Little more need be added to the matters dis-

cussed already in this chapter and to the concluding 

comments of section 5.1. 	However, two significant results 

of this project demand special consideration. 

In the introduction, an ultimate aim was defined 

of producing a potentially adaptive circuit in view of its 

possible application in the design of highly flexible 

laboratory equipment. 	This general orientation has 
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significantly influenced the over-all design of the 

quantizer. 	The prototype described in this thesis has 

demonstrated a high degree of flexibility inherent in the 

technique employed. 	Furthermore, it may be noted that 

various means are potentially available within the present 

system to permit a closer control of its transfer 

characteristic. 	For instance, additional feedback loops 

or external connections to the decoder unit, could be used 

to alter the quantization interval according to any 

desired function of input signal or of outside parameters. 

Special inputs to the summing junction, controlled by the 

digital read-out through extra decoding networks, could 

also vary the effective transformation, depending on the 

past history of the input signal. 	The first method may 

suffer certain limitations as nonlinearities introduced in 

the decoder could interfere with the normal cycling 

operation of the staircase generator. 	With the latter 

approach, however, the present stepping reference and de-

coder are left unchanged such that the arrangement may be 

readily applicable to the prototype itself. 

Therefore, the quantizer has shown sufficient 

flexibility to justify the hopes expressed in the intro- 

duction. 	It is believed that further investigations in 

the line just mentioned could very well lead to a type of 

circuit possessing a high degree of adaptability. 
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Another interesting aspect of the present 

research was the'comprehensive study of tunnel diode- 

transistor hybrid switching circuits. 	Apart from a 

detailed investigation on the use of tunnel diodes as 

accurate voltage stepping references, a general design 

method was developed to cover a wide variety of these 

hybrid switching circuits. 	The technique is simple as 

it results from an analysis based on a piecewise-linear 

approximation of the tunnel diode characteristic. 

Numerous examples described in the thesis have shown that 

a precision better than + 5% can be achieved in most 

designs for operating frequencies up to about 20Mc/s. 

Circuits like monostables,bistables, multivibrators, and 

many others, employing transistors as sole active 

elements, could be replaced advantageously in certain 

applications by hybrid equivalents designed with this 

simple method. 	It is to be noted, for instance, that 

extensive use of the tunnel diode-transistor combination 

has permitted a considerable reduction of circuit 

complexity in the quantizer. 

It is believed that far too little attention 

has been paid by circuit designers to the advantages of 

using such hybrid tunnel diode-transistor combinations in 

medium speed circuits. 	Indeed, the circuits developed 

here to this end, show clearly certain of these advantages. 



It is further believed that the method described in 

Chapter 2, offers interesting possibilities as a new and 

powerful tool in circuit design, particularly in view of 

its simplicity and of the remarkable circuit features 

which result. 	These aspects represent what is 

considered tc be a significant contribution arising out 

of this research; the primary result of which has been 

the practical realization and assessment of the flexible 

quantization scheme discussed here. 
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230 

APPENDIX A.1. 

THE TUNNEL DIODE CHARACTERISTIC_ 

A.1.1. Linear Approximation of the Tunnel Diode Character-
istic. 

In order to avoid the solution of nonlinear 

differential equations, in the analysis of the tunnel diode 

switching process, a linearized characteristic can be used 

in place of the exact curve reproduced here from Figure 3. 

The approximation shown in Figure 67, has been suggested in 

the Tunnel Diode Manual321 page 51. 	The slopes can be 

determined from a few simple empirical equations. 

Rdl = 0.75VP 
I13  

V' 	= Vfp +Vv 
2 

R 	= V 	V' Rd 	fP - v 
I - I p v 

V3 	= 1.25V 

.. (A.2) 

.. (A.3) 

.. (A.4) 

The design of a tunnel diode relaxation oscillator 

using the above equations is described in section 2.5. An 

improved version of this equivalent characteristic is given 

in Appendix A.2. and a comparison of the accuracies of the 

two methods can be found in Appendix A.3. 



TUNNEL DIODE 

CHARACTERISTIC 

LINEARIZED 

CHARACTERISTIC 

Fig. 3. 

Fig. 67. 
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APPENDIX A.2. 

THE TUNNEL DIODE RELAXATION OSCILLATOR. 

A.2.1. Linear Approximation of the Tunnel Diode Character-
istic: (Improved Accuracy). 

The expressions derived in section 2.5, for the 

switching times of the tunnel diode relaxation oscillator 

were relying on the validity of the approximations defined 

by Equations (A.1) to (A.4). 	The following empirical 

equations (see Figure 68), lead to a much more accuracte 

linear model for the tunnel diode. 	The linearization of 

the characteristic below the valley voltage point, Vv, 

remains unchanged. Point 4 was chosen such that V4  and 14  

would be easy to calculate (see Equations (A.5) and (A.6)) 

while providing the desired accuracy. 

Summary of the procedure: (see Figure 68). 

1. Equations(1.5) and (A.6) define a point which lies very 

close to the tunnel diode characteristic and were 

obtained from measurements on a number of diodes 

(1N2941). 

2. R,57, given by Equation (1.7), is defined by a line 

joining point 4 to point Vv  on the voltage axis. 

3.Rd2 passes through point (Vfp,Ip) and point 4. 



Vp 	 Vv V5 V4 Vfp  V 

PIECEWISE-LINEAR APPROXIMATION 
OF THE TUNNEL DIODE CHARACTERISTIC. 

Fig. 68. 

Rdi 

V4  

= 

= 

0.75Vp 

	

. . 	A..1) 

• • 	A.5) 

Ip 

(Vv 	3Vfp) 
4 

14 = (Ip + Iv) ..(A.6) 
3 

= V4  - Vv ..(A.7) 
14 

Rd2  = (Vfp - V4) ..(A.8) 
( 	- 	Ia ) 

V5 = Vv 	Rd3 Iv  ..(A.9) 
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4. The voltage, V5, is the intersection of the line -Adz 

with the level of the valley current Iv. 

If this piecewise-linear approximation is applied to the 

analysis of the tunnel diode relaxation oscillator 

(Figure 24), the same equivalent circuits can be used 

(Figure 26), and the same equations are obtained. 	In the 

high voltage region, however, Equation (29) must be re-

placed by two expressions of exactly the same form but 

operating between different initial and ending points. 

Region I, II and IV are not affected (compare Figure 25 to 

Figure 68), and Equations (25), (27) and (31) are valid. 

Region I: from 1 to 2, Figure 68. 

 

t1-2 	iln [(,Es Rtliv)] 
as  - ;lip) 

.. (25) 

Region II: from 2 to 3, Figure 68. 

 

   

t (Vfp  _ VOC 
2-3 = 	( - Iv) p  

.. (27) 

Region IV: from 5 to 1, Figure 68. 

t 5_1  (vy v1)c  
(Ip-Iv) 	.. (31) 

Region IIIa:from 3 to 4, Figure 68. 

If 	- 	 is replaced  Rd2Iv) 	 by (V4 - Ra214) in  

the third equivalent circuit of Figure 26, Equation (29) 
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gives the time from 3 to 4 as interpreted in Figure 68. 

It must be remembered that Rd2 is now defined by Equation (A.8) 

instead of Equation (1.3) and that the initial current is 

still Ip  but the final condition is 14. 

t3-4 — Tnall [ES 	V4 Rd2I4  
Es  — V4  + Rd2I4  A — Rt214 

.. (A.10) 

 

where ti 2 = -sit2 

Rt2 = Rs + Rd2 

Rd2 is given by Equation (A.8) 

Region IIIb: from 4 to 5, Figure 68. 

Following exactly the same derivation as for 

Region IIIa, but introducing different end conditions, 

Equation (A.11) is obtained. 

t
4_5

=  T 
3 
 In Es Vv Rt3I41 

Es - Vv - Rt3  Iv (.1%.11) 

where T
3 

=
s
/ht3 

Rt3 	= Rs  + R d3 

R
d3 

given by Equation (i.7). 

A comparison between the accuracy of these last expressions 

and that of Equations (25), (27), (29) and (31) alone, can 

be found in Appendix 1.3. 
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APPENDIX A.3. 

TEST ON THE ACCURACY OF THE TWO METHODS OF ANALYSIS 

OF THE TUNNEL DIODE RELAXATION OSCILLATOR.  

Table III presents an interesting comparison between 

the two methods developed for the analysis of the tunnel 

diode relaxation oscillator. 

Notes Regarding Table III. 

1. The bias voltage, Es, was obtained from a 10 volts 

regulated power supply through a resistance potential 

divider. 	The smaller resistance represented the 

external series resistance. 

2. Rs = (Source resistance) + (resistance of the 

inductance, Ls). 

3. The values of the inductances were measured at 

frequencies from 2 to 10 Mc/s on a Marconi Q meter. 

4. Tm is the period of oscillation of the relaxation 

oscillator, measured on a 545A Tektronix oscilloscope. 

The accuracy of the time base of the oscilloscope 

used was checked with the aid of a frequency meter 

and an RF signal generator. For time bases from 

1011sec/cm to .02µsecAm, the error was always less 
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than + 3% and generally of the order of 1%. 	The 

frequency meter itself was calibrated with the 

200 kc/s signal emitted by the B.B.C. (Droitwich) and 

was found to be accurate to + 1 division on the 

vernier (error leas then +.0eo). 	The error in the 

measured values of Tm can therefore be considered to 

be less than +3%. 

5. 	Tcl and Tc2 are the periods of oscillation computed 

respectively with the first and the second series of 

equations. 

It can be seen from Table III, that both methods 

predict a period Te, slightly smaller than the real value, 

Tm. 	The first method introduces an error smaller than 

5% of the period for Es< 160 mv. 	The accuracy of the 

second series of equations is better than the precision of 

the oscilloscope (+3%), even for Es  as large as 97% of the 

valley voltage, Vv. 
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1st Method. 2nd Method. 

Eqs.(25),(27),(29), 
(31). 

Eqs.(25),(27),(A.10, 
(A.11),(31). 

Es Rs Ls Tm T01  rc-Tm 100 Tc2 100[V] 
Tm 

my ohms pli Ilsec Ilsec % lisec % 

90 5.4 1.1 .140 .134 -4.1 .135 -3.8 
5.5 5.7 .653 .651 -0.38 .653 -0.02 
5.7 24. 3.12 2.75 -11.8 2.76 -11.4 
6.7 410. Close to stability about point Vp. 

150 5.4 1.1 .070 .0695 -.74 .070 +.06 
5.5 5.7 .316 .312 -1.2 .315 -.25 
5.7 24. 1.28 1.280 0 1.292 +.94 
6.7 410. 22.86 22.15 -3.1 22.35 -2.2 

200 26.3 1.1 .086 .076 -10.9 .083 -2.8 
26.4 5.7 .389 .348 -10.6 .385 -1.0 
.26.6 24. 1.725 1.463 -15.2 1.613 -6.5 
27.6 410. 30.5 28.52 -6.5 28.68 -6.0 

300 26.3 1.1 .059 .046 -21.3 .061 +4.9 
26.4 5.7 .248 .190 -23.5 .2474 -.24 
26.6 24. 1.006 .7631 -24.1 1.004 -.20 
27.6 410. 17.43 16.71 -4.2 17.03 -2.3 

350 26.3 1.1 No oscillation; stable close to Vv. 
26.4 5.7 .265 .175 -34.0 .248 -.64 
26.6 24. 1.09 .700 -35.8 1.06 -3.1 
27.6 410. 18.04 16.87 -6.5 17.74 -1.7 

TABLE III 

Comparison of the two methods of analysis for the tunnel diode 
relaxation oscillator. 
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APPENDIX A.4. 

ACCUR/CY OF THE AN/LYTICAL EXPRESSIONS FOR THE TUNNEL 
DIODE RELAXATION OSCILLATOR LOADED BY A TRANSISTOR. 

The accuracy of Equations (25), (27), (31), and 

(32) for' the computation of the period of a tunnel diode 

relaxation oscillator loaded by a transistor, was checked 

using the procedure described in Appendix A.3. 	Table IV 

contains the results for two values of Es  and Rs  and for 

three different transistors. 	In all cases, the error is 

less than the maximum inaccuracy of the measurements 

(±3%). 

Conditions L 
i.t h 

Period Eror 
[I.6-Tm1100 

Remarks 
Tc Tm 

—173771 

Es  = 150mv 1.1 74.8nsec 75nsec -0.3% Tm  was ob- 
Rs  = 5.30 5.7 335.6nsec 336nsec , 	-0.1% tained from 
ASZ21 24 1.3611sec 1.3811sec -1.4% an average 

410 24.1111 sec 23.95tsec +0.7% of 3 measure-
ments. 

Es = 200mv Rs  = 26.20 5,7 407nsec 4llnsec -1% 
ASZ21 

Es = 150mv 5.7 336nsec 335nsec + .3% 2 different 
Rs = 5.30 5.7 336nsec 345nsec -2.7% 2N797 
2N797 

TABLE IV 
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APPENDIX A.5. 

CONSTLNT CURRENT SOURCE 

The design of a constant current source with a 

single transistor biased in the common-base configuration 

presents no special difficulties. 	However, the mere 

negligence of one or two minor points may seriously 

increase the sensitivity of the source to temperature and 

supply voltage fluctuations. 	The circuit of Figure 69 

will be analysed to illustrate this fact and its final 

performance as a constant current source will also be 

deduced. 	For practical purpose, the current, Is, can be 

expressed by Equation (L.12). 

- Veb] 
Re 	A + 1 

(A.12) 

where 	Is  = collector current in transistor TR. 

Vz = voltage across the zener diode. 

voltage from emitter to base measured Veb  

at the terminals of the transistor. 

Re  = total external resistance in series with 

the emitter. 

P 	= common-emitter current gain. 



-VEE 

ADJUST Is  

RE 
	TR 	 

Vz 
Temperature 
compensating 
zener diode 

Load 
VEENt.-• 

Fig. 69. 

CONSTANT CURRENT SOURCE 

Components: 

Transistor = 0C139 for negative current source 
0071 for positive current source 

Zener diode = OAZ208 (Mullard) 

Rb = 3.9Kohms 

REE = 1.38Kohms 

VEE = +25volts (or -25volts according to polarity of source) 

Performance: 

Collector Current Is = 3.3ma 

Output Resistance  Rout — 760Koh.ms 

Thermal Coefficient AIs/AT = +0.3pA/°C or +0.009%/°C 

Sensitivity to Supply Fluctuations pIshITEE  = +11.5pA/volt 

241 



242 

A.5.1. Sensitivity to Supply Fluctuations. 

The above expression for the current, Is, is 

independent of the drift in the supply voltage, VEE, in so 

far as the zener voltage, Vz, is constant for small 

changes in the diode current, Iv 	If Equation (A.12) is 

differentiated with respect to VEE, the effect of AVEE  

on Is may be found. 

A Is s 	z 
.. (A.13) A VEE RbRe  

where 
	

Rz = dynamic resistance of the zener diode. 

Rb = see Figure 69. 

Note that the factor pA 13+1) was dropped in this last 

expression as it is normally negligible. 	The dynamic 

resistance, Rz, of a zener diode is usually small and the 

sensitivity of Is  to supply voltage fluctuations can be 

reduced simply by choosing Rb  and Re  very large. 	If in 

the circuit of Figure 69, the position of Rb  and of the 

zener diode were interchanged, the base voltage would be 

fixed at a value, Vz, above ground level. 	The expression 

for the current, Is, would include the factor, VEE, and the 

sensitivity of Is  to supply fluctuations would become 1/11e. 

It can be seen that Equation (L.13) gives a much smaller 

A Ie/AVEE  owing to the extra factor R z/kb* This is a 

basic point in the bias stability of a common—base transistor 

but it may be easily overlooked. 
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A.5.2. Thermal Drift. 

If now Equation (A.12) is differentiated with 

respect to the temperature, T, the thermal coefficient of 

Is is obtained. 

A Is  = 1 AVz  AVslo  A Re 	1  .. 	(A.14) 
AT Re  A T AT Zs. AT •Re  

The factor pA p+ 1) was again ignored as its effect would 

be negligible for normal room temperature variations. 	At 

low current levels, the presence of the leakage current, 

would have to be taken into account unless silicon Ica,  

transistors were used. 	In any case, all of these effects 

can be compensated over a certain temperature range by 

adequate adjustment of AVz/AT. 	The thermal coefficient 

of a zener diode is a function of its zener voltage and it 

can be positive, negative or zero. 	After selection of a 

zener diode with approximately the right voltage, Vz, the 

final adjustment of A Vz/AT may be carried out by altering 

the current, Iz, through the diode until the net thermal 

coefficient of Is is as close to zero as desired. 	In most  

cases, there is no need to go to that extreme and the 

design values give satisfactory results without any further 

adjustment. 
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A.5.3. Output Impedance of the Current Source. 

However, the performance of a current source 

depends in the first place on the magnitude of its output 

impedance. 	For a common-base transistor, ; it  is very 

large and tends rapidly towards the collector resistance, 

re, as the source resistance, Re, is increased above a 

few hundred ohms39' page  51 

A.5.4. Performance of Current Source. 

An 0C139 germanium transistor and an 0AZ208 

zener diode were used in the circuit of Figure 69 with 

VEE  = -25volts, Rb  = 3.91(0 , Re  = 1.38K0 and Rz  = 62ohms. 

From Equations (A.12) to (A.14), the following specifica-

tions were calculated. 

Collector current 	Is 	- 

	

- 	3.3ma 

Output resistance 	Rout = 	760Kil 

Thermal coefficient 	AIs/AT= + 0.3 p,APC 

or + .009%/°C 

Sensitivity to supply fluctuations 

AIs/AVEE  = +11.5 [LA/volt 

These results were checked experimentally on two circuits 

using different sets of components and they were found to 

agree closely with the measured performance. 



21+5 

If the regulated supply voltage is adjusted after 

a warm—up period of 30 minutes, the maximum drift in a day 

was found never to exceed 10mv and has a typical value of 

2 to 5mv. 	It means that the maximum effect on Is  is equal 

to 0.12pA or .0035% in a day. 	The thermal coefficient of 

the current source is three times larger and constitutes 

the main cause of the drift in Is. 



246 

APPENDIX A.6. 

TRIMMING OF THE TUNNEL DIODE CHAIN FOR IMPROVED ACCURACY. 

The magnitude of the voltage steps generated by a 

tunnel diode chain can be adjusted independently of one 

another by the addition of individual resistances across the 

diodes. 	A qualitative description of the underlying 

principle is given in section 2.3.6., and is self-explanatory 

in relation with Figures 70 and 71. 	In order to derive 

simple equations for the amount of trimming introduced by a 

resistance, Rp, a linear approximation of the tunnel diode 

characteristic will be utilized as in Figure 72. 	From 

that figure, the following equations can be written. 

Voltage step before trimming = V7 - V1 	.. (A.15) 

Voltage step after trimming = v4  - V2 	.. (A.16) 

Correction in voltage step 	= (Step after trimming) - 

(Step before trimming) 

Correction 	= (V4-V2) - (V3-V1) 

or Correction 	= (Vi-V2) - (V3-V4) 

.. (A.17) 

The first term, (V1-V2), is the change in the low voltage 

state caused by the shunting of part of Is  through the 

resistance, R
. 

V1-V2 Rdl[  Rdl  
Rill Rp 	

(11.18) 
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Fig. 71. 

Fig. 72. 



21+8 

Similarly, the second term, (11.3-V4), represents the decrease 

in the high voltage state due to the diversion of a current, 

Irp' by the resistance, R . 	An expression for the current, 

Irp,  can be written directly from Figure 72 with the help 

of the simple parallel resistance concept. 

Irp = c-Rd2Iv + Is - 	Vv-Rd2I1A Rd2 
Rp  RP / Rd2+ Rp 

or Irp  = 11 -Rd2Iv + 	
Rd2 .Is .. 	(A.19) 

R
d2 

+ R
p 	

Rd2+ Rp 

The second term, Tx-V41  of Equation (A.17), is therefore the 

product of the resistance, Rd2, with Irp. 

V3-V4  = Rd2 [c_Rd2Iv 	Rd2/s 	.. (A.20) 
Rd2+ Rp 	Rd2+ Rp 

Replacement of Equations (A.20) and (A.18) into Equation 

(A.17), leads to the expression (A.21) for the voltage 

correction produced by a trimming resistance, Rp. 

Correction = Rdl 	Rdl 	Is  - Rd2 	Rd2 	Iv) 
T147-7; 	712 R  

R
d2 .1/V .. (A.21) 

  

Rd2+ Rp 
The trimming obtained from two possible values of the resis- 

tance, Rp, were calculated from Equation (A.21). 	The 

characteristics of a typical 1N42941 tunnel diode are given 

in Appendix A.9 and the parameters, Rdl, Rd2  and 	were 
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derived from Equations (A.1), (A.3) and (A.2) of Appendix A.1. 

The results are listed in Table V for Is  = 3.3ma. 

R
P  

Correction of Voltage Step. 

ohms my % 

1000 -8 -1.9 

470 -17.15 -3.9 

TABLE V 

It was found in practice that the above results 

were slightly optimistic as a consequence of the particular 

equivalent characteristic used for the tunnel diodes. 	In 

the regions of interest, the actual magnitudes of the dynamic 

resistances of the diodes are smaller than their linear 

replacements Rdi  and Rd2  defined by Equations (A.1) and 

(A.3) in Appendix A.1. 	The equivalent characteristic shown 

in Figure 72, was intended for switching problems and the 

present application would necessitate new definitions of its 

parameters. 	However, the trimming resistances have to be 

adjusted experimentally and there is no need for more 

accurate equations. Measurements have shown that a resistance 

of 470 0 would in fact reduce the step by about -2f instead 

of -3.9%. 	Resistances smaller than 4700 can be used as long 

as their approximate values are taken into account while 
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selecting for peak currents. 	In this case, the diverted 

current, Irp' for v = V , should be added to Ip  to find the 

effective peak current of a diode in the chain. 



APPENDIX A.7. 

CHARACTERISTICS OF THE TUNNEL DIODE CHAINS. 

Chain No. 6B 	lot Stage -ve 

Diode 
No. 

I 
ma
P  

AI 
Ida 
P 

Steps 
my 

2.1Dev. 
my 

51 4.526 446.7 -19.1 

54 4.618 92 458.9 -26.0 

43 4.647 29 464.5 -27.3 

25 4.695 48 457 -36.1 

34 4.739 44 462 -39.9 

72 4.788 49 475 -30.7 

71 4.859 71 485 -11.5 

44 4.887 28 489 -11.7 

59 4.912 25 454 - 0.1 

35 5.100 88 --- ---- 

All values measured at T = 22.2°  C. 

Average step  = 465.8mv 

Minimum 	= 446.7mv (-4.10%) 

Maximum 	= 489mv (+4.98%) 

.Lcceptable input pulse range: 3.2volts +13% 
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CHARACTERISTICS OF THE TUNNEL DIODE CHAINS. 

Chain No. 7B 	1st Stage +ve 

Diode 
No. mv 

I
P  
ma 

AI
P  

t.L a 

Steps EDev. 
my 

62 4.558 465.5 -2.5 

70 4.584 26 471.5 +1.0 

27 4.622 38 471 +4 

61 4.675 53 472 +8 

53 4.723 48 470 +10 

74 4.747 24 467 +9 

48 4.795 48 460 +1 

50 4.839 44 477 +10 

64 4.843 4 458 0 

47 4.896 57 ___ 

All values measured at T = 22.2°  C. 

Average step = 468.Omv 

Minimum step = 458mv (-2.14%) 

Maximum step = 477mv (+1.92%) 

Acceptable input pulse range: 3.Ovolts +20% 
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CHARACTERISTICS OF THE TUNNEL DIODE CHAINS. 

Chain No. 3B 	2nd Stage -ve 

No. 
Diode IP  

ma 
AI 
P 
ta 

Steps 
my 

EDev. 
my 

38
* 

 4.442 463.7 +2.9 

11 4.555 113 461.4 +3.5 

63 4.610 55 456 -1.3 

6 4.670 60 456 -6.1 

7 4.766 96 465 -1.9 

68 4.792 26 461 -1.7 

32 4.839 47 465 +2.5 

40**  4.928 89 463 +4.7 

46 4.956 28 456 -0.1 

49 5.008 42 --- ---- 

All values measured at T = 22.330  C. 

Average  step = 460.8mv 

Minimum  step = 456mv (-1.04%) 

Maximum step = 465mv (+0.91%) 

Acceptable input pulse range: 3.2volts +11% 

Diode No. 38 trimmed with 680ohms. 

** Diode No. 40 trimmed with 470ohms and also with 
15pf to ground. 
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CHARACTERISTICS OF THE TUNNEL DIODE CHAINS. 

Chain No. 5B 	2nd Stage +ve 

Diode 
No. 

I P 
ma 

Al P 
tl a 

Steps 
my 

EDev. 
my 

55 4.301 485.3 +1.2 

57 4.398 97 483.6 +0.7 

60 4.458 60 487 +3.6 

42 4.526 68 480 -0.5 

39 4.566 40 482 -2.6 

45 4.655 89 488 +1.3 

69 4.917 262 480 -2.8 

58 4.956 39 489 +2.1 

28 4.968 12 482 0 

10 4.852 -116 --- --- 

All values measured at T = 22.30  C. 

Average step  = 484.1mv 

Minimum step  = 480mv (-0.85%) 

Maximum step  = 489mv (+1.01%) 

Acceptable input pulse range: 3.2volts +13% 
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APPENDIX A.8. 

MEASUREMENTS OF THE THERMAL COEFFICIENTS OF THE CHAINS. 

The following measurements were taken on the 

four tunnel diode chains described in Appendix A.7. 

Chain No. 
** 

A Eo  
-AT 

*** 
A eo  A e 
AT e-Eo 	AT 

my my °C may o C Voc 

7-B 467.2 +0.408 —8.67 —0.206 

6-B 465.0 +0.587 -8.73 -0.209 

5-B 483.4 +0.336 -8.70 -0.200 

3-B 459.7 +0.430 -9.28 -0.224 

TABLE VI 

77s 	= Average step at T = 2300. 
** 

AE0/AT = Temperature coefficient of the output 

voltage of a chain measured when all 

tunnel diodes are in the low voltage state. 
*** 

o/AT = Temperature coefficient of the output 

voltage of a chain measured when nine 

of the tunnel diodes are already in 

the high voltage state and the remaining 

one lies in the low voltage state. 
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To obtain the results of Table VI, all voltages 

were measured with a digital voltmeter on a scale giving 

an accuracy better than +lmv. 	The temperature was monitored 

with a thermometer graduated to 0.100 and sufficient time 

was allowed before the readings for thermal stability to be 

attained. 	It has been estimated that the precision on the 

temperature coefficients would be of the order of +3%. 

This limit was imposed mainly by the temperature measurements. 

The values given in Table VI represent the averages of the 

results from three or four series of measurements taken on 

every chain. 

The temperature coefficients, DL  and DH, described 

in section 3.3. for a tunnel diode in a chain, can now be 

checked against experimental results. 	From the column of 

A EcIA T 9  it can be seen that DL  ranges from +34pV/°0 to 

+60V/°0, suggesting that in all cases, the effect of 

negative Alp/AT is dominating over that of AVIIAT. 

Similarly, combining AE0/AT with Ae0/ AT and dividing by 

9, the magnitude of DH  is found to lie between -0.97mv/°C 

to -1.04mv/OC. 	The theoretical value was chosen equal to 

-1.0mv/bC. 

Before the temperature coefficients of Table VI 

can be compared with one another, they must be normalized. 

The average step of chain No. 6-B was chosen as the 

standard and the transformed coefficients are given in 

Table VII. 
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Chain No. W. * Normalized Results 
AE0/AT Aeo/ AT 
my/°C my/0C 

7-B 1st Stage +ve 1.00473 +0.406 -8.63 

6-B 1st Stage -ve 1. +0.587 -8.73 

5-B 2nd Stage +ve 0.10396 +3.23 -83.7 

3-B 2nd Stage -ve 0.09886 +4.35 -93.9 

TABLE VII 

W = weighing factor taking into account the differences 

between the average steps of the chains. It also 

includes the factor of ten used in the weighing 

resistors to make the steps in the second decades 

proportionally larger. 

The values listed in Table VII can be used directly for the 

calculation of the compensation effect between the chains 

of opposite polarities in the same decades. 	Table VIII 

shows the net thermal drift of the zero output from the Staircase 

Reference Unit when the chains are either all at zero or 

all at the 9th level. 

Decade AE0/ AT 
my/0C 

AE0/75  AT 
%/0C 

Aeo/A T 
my/0C 

Aeo/Vs  A T 
VoC 

1st Stage -0.181 -0.04 +0.10 +0.022 

2nd Stage -1.12 -0.24 +10.2 +2.2 

TABLE VIII 
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From Table VIII, it can be seen that the compensation effect 

between the chains constitutes an efficient means of reducing 

the sensitivity of the Reference Unit to temperature fluc- 

tuations. 	For instance, a rise of 100C in the temperature 

would shift the zero by less than -3% of the Unit step. 

In the worst case, when the zero output is defined by the 

difference between two full chains, the drift would still be 

only +2.2% of the Unit step per degree Centigrade rise in 

the temperature. 

The maximum absolute thermal drift in the stair-

case generator output is produced at full scale when one 

side is at the 99th level while the other is at zero. 

From Table VII, a value of -0.23% of full scale per degree 

Centigrade can be computed for this condition. 	It was 
(-0.23% of output level per degree C) 

shown in section 3.3, that this figurOis maintained for 

most of the range of the staircase waveform. 	The compen-

sation effect illustrated by the results of Table VIII is 

efficient enough to justify the hypothesis used for the 

derivation of Equation (52) in section 3.3. 
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APPENDIX A.9. 

TUNNEL DIODE SPECIFICATIONS. 

Electrical Characteristics 
of the 1N2941 Tunnel Diode at 250C. 

Min. Ia. Max. 
Peak Point Current 	I 	4.2 	4.7 P 	5.2 ma 

Valley Point Current 	Iv 	0.6 	1.04 ma 

Peak Point Voltage 	VP 	60 	my 

Valley Point Voltage 	Vv 	350 	my 

Forward peak point Voltage 	Vfp  450 500 	600 my 

Negative conductance 	-G 	30x10-3 	mho 

Total capacity 	C 	15 	50 pf 

Series Inductance (Leads 1/8") Ls 6x10-9 	henries 

Series Resistance. 	Rs 	0.5 	2.0 ohms 
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APPENDIX A.10. 

TRANSIENT RESPONSE OF THE RESETTING TRANSISTOR. 

Three fundamental methods are generally accepted 

for computing the transient response of a given transistor 

in a given circuit41! Chapter 6.These are: the 

equivalent circuit approach, the charge control analysis, 

and the diffusion equation solution. 	A number of 

variations of the first approach, for instance, may be used 

depending on the application considered. 	The equations 

adopted here, to compute the switching times of the 

transistors, are described in Chapter -4 of the reference 42. 

They were derived for constant current drive but can still 

serve as useful approximations in the present case. 

A.10.1. Current Available from Monopulser. 

When a transistor is connected to a tunnel diode 

monopulser as in Figures 27 or 31, the drive on the base of 

the transistor cannot be classified as a true current or 

voltage source. 	On the other hand, the transistor can be 

considered advantageously as a current operated device and 

the tunnel diode itself was defined in terms of currents 

throughout the design of the monopulser. 	The amount of 

charge fed into the base of the transistor during the 
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switching of the tunnel diode, may be expressed in a number 

of ways. 	If, for instance, a constant current applied to 

the base, can supply the same amount of charge in the same 

time, the switching time of the transistor is not changed. 

In the following analysis, the charge available from the 

tunnel diode, was transformed in each case into an equivalent 

constant current drive in order to use the simple equations 

of reference 42 to compute the switching times of the transistor. 

Figure 30 can serve as a guide to investigate the 

forward drive current, Ibf  , and the reverse drive current, 

Ibr, supplied by the tunnel diode to the base of the 

transistor. 	The time delay introduced by the transistor 

before the collector starts switching on, is of the order of 

a few nanoseconds (see data sheets for ASZ21 and 2N797), and 

the tunnel diode will be close to the high voltage state within 

that time. 	As long as the traasistor risetime is much 

shorter than the pulse width of the monopulser, the relevant 

forward base current to switch the transistor "on", may be 

expressed as (Ia  — Iv  ) or 2.16ma. 	A value of Ibf  = 2ma can 

be chosen. 

The reverse drive current, Ibr, is slightly more 

difficult to determine because it is applied for a very 

short time. 	The peak amplitude of that reverse current is 

(ID  — Iv) or 3.16ma. 	The slope of the tunnel diode 

characteristic suggests a simple way of estimating the 
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equivalent constant current drive for the "switching off" 

of the transistor. 	Firstly, the representation of the 

reverse current as a function of time may be approximated by 

a triangle of base t1  and of height Ih  = 3.l6ma. 	In line 

with the assumptions made for the analysis of the monopulser, 

the switching time between points 5 and 6 (Figure 30), is a 

linear function of the voltage (i.e. constant current 

switching). 	In this case, the base t1  of the triangle 

would be proportional to 2Vp  or 120mv. 	If it is noted 

that Vtr  is about three times as large (Vtr  = 400mv), it can 

be said that the equivalent constant current reverse drive 

would be applied for a duration 3t1. 	But the height of a 

rectangle of base 3t1  must be 1/6 of that of a triangle of 

base ti if their surfaces are equal. 	The constant reverse 

current drive can therefore be taken as 3.16ma divided by 6 

or Ibr 	0.5ma. 

A.10.2. Risetime at the Output of the Chain. 

The approximate risetime at, the output of the 

chain when the resetting transistor is being switched on, 

can be computed in two steps. 	Assume first that the dis-

charge of the total parallel capacitance, Ct, across the 

chain takes place at constant current; the corresponding 

time may be extracted from Equation (A.22). 

= Ct AV 
	 .. (A.22) 

t 



However, the low impedance of the chain in parallel with 

the resetting transistor in fact causes the discharge to be 

an exponential with a time constant computed from 

Equation (A.22). 	The risetime at the output of the chain 

is therefore approximately three such time constants (95% 

of the discharge) if a true exponential is assumed. 	The 

minimum collector current (for use in Equation(A.22)) 

for a forward base drive, Ibf, equal to 2ma, depends on the 

current gain of the transistor. 	BeOause the transistors 

used have normal risetimes much shorter than the pulse 

width of the monopulser, the most representative value of 

p may be chosen as the d-c value to the edge of the 

saturation region. 	The specified minimum hfe  for ASZ21 

transistors at Vce  = -2volts and Ic  = 10ma is 35. 	A 

design value of po  = 15 has been used throughout the 

computation, unless otherwise stated, in order to keep a 

safe margin. 	The resulting Ic  is 15 x 2ma or 30ma. 

From Figure 31, the total parallel capacitance Ct may be 

estimated as 100pf. 	From Equation (A.22), using 

AV = 10 x 0.5 = 5volts, and 1 = 3.4ma, At equals 

18.8nsec. 	The risetime at the output of the chain is 

therefore equal to 3 x 18.8 = 56nsec. 	The measured value 

under the same conditions using a sampling oscilloscope 

was about 50nsec (see Figure 73). 
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RESETTING TIME OF TUNNEL DIODE CHAINS  

Fig. 73. 

Trace. Voltage step 'appearing across a. positive tunnel diode 

chain when resetting to zero. 

Scales. Horizontal: 10 nsec/cm 

Vertical : 1 volt/cm 

Notes. 1- Sampling oscilloscope was used (see note 2, 

figure 37.) 

2- High impedance probe used: 50x, 10Mohms, 1.8pf. 

Oscilloscope was triggered externally on the same,  

waveform with a 5.6pf capacitor. 

3- This photograph represents the first positive 

decade driving the following stage normally.' 
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A.10.3. "Switching On" of the Resetting Transistor. 

It has been assumed for the computation of the 

risetime at the output of the chain that the transistor 

could switch on in a time considerably shorter than the 

0.14sec pulse width of the monopulser. 	This hypothesis 

will now be verified. 

The expression obtained from reference 42 for 

the risetime of the current at the collector of a transistor 

is given in Equation (A.23). 

tr  = Tce In[.,--ibf•  130  
-of Po - -Lc 

(A.23) 

  

Tee = 	o  
27t 	f aco 

(A.24) 

Where = time for the collector current of a 

transistor to rise from zero to a 

value Ic' 

= common-emitter d-c. current gain to the 

edge of saturation for a base current 

equal to Ibf 

Ibf = constant forward base current. 

faco alpha cut-off frequency, the frequency 

at which the common-base current gain 

has fallen to 1A/2 of its low 

frequency value. 
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For most high speed switching transistors, the alpha cut- 

off frequency is not given in the data sheet. 	Instead, 

the frequency, fT  (sometimes called fl), at which the 

common-emitter current gain, p, has fallen to 1, is 

specified. 	Using the well known relationships 

p o  = m oAl 	0 ) and I(`= P °Ai 1  + [Ili' a, co(1 a  0 )] 
it can be shown that fT  is a good approximation of f aco. 

These expressions are valid for an idealized transistor in 

which m = a0/(i + jf/fm  ). 	In fact, most high speed 

switching transistors contain an accelerating field in the 

base region. 	In such cases, the above equalities must be 

corrected by the introduction of an "excess phase factor". 

The alpha cut-off frequency is then generally equal to 

1.4 to 2.5 times fT, depending on the magnitude of the 

page 44, page 9 excess phase factor43 	12-13; 4 . 	Never- 

theless, in the following calculations of the switching 

times of the transistors, the alpha cut-off frequency, 

fct co/ was chosen equal to fT, as no information was 

readily available regarding the magnitude of the excess 

phase factors for the transistors used. 	This simplifi- 

cation is justified because the present analysis aims at 

determining the maximum possible switching times of the 

transistors under the worst conditions. 	The choice of a 

smaller value for f a, co  therefore ensures that the results 

are always on the safe side. 	For the ASZ21 and the 
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2N797, the minimum fT  specified for typical biasing 

conditions are respectively 300McA and 600Mc/s. 	A rise- 

time, tr = 9.Snsec, may be obtained according to 

Equation (A.23), for an ASZ21 transistor, with 

Ie  = 30ma/V271, Ibf = 2ma, and p o  = 15. 	The full value of 

collector current, Ic  = 30ma, must not be used in 

Equation (A.23) because it was obtained from the same values 

Ibf and i3 0  employed in that expression, and would give a 

time, tr, equal to infinity. 	Equation (I.23) may be used 

directly only when Ibf  corresponds to an over-drive current 

for the chosen values of Ic  and p o. 	The transistor 

response in the present condition is certainly much shorter 

than the pulse width of the monopulser and the assumptions 

made previously in that respect were justified. 

It has been seen up to now that the collector 

current of the resetting transistor increases from 0 to 

21ma in less than lOnsec after the switching of the mono-

pulser and that the discharge of Ct  should be completed in 

less than 6Onsec. 	One more condition must be met to ensure 

complete resetting of all the tunnel diodes in the chain: 

Vce(sat) 	Lx10 or VCs(sat) .:500mv, for Ic 	Is. 	Both 

the ASZ21 and the 2N797 satisfy that requirement with 

specified maximum saturation voltages, for Ic  = 10ma, of 

350mv and 140mv respectively. 



IC - PoIb2 
PoIbl 	PoIb2 tad = T 1n (A.25) 
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A.10.4. "Switching Off" the Resetting Transistor. 

At the end of the signal from the monopulser, the 

resetting transistor must cut off rapidly for the chain to 

be ready for the next input pulse. 

Just before the monopulser switches back to the 

low voltage state, the current in the tunnel diode has 

decreased to Iv  and the voltage across the input of the 

transistor is Vv. 	Assuming Vv  = 380mv, the Vbs  vs Ib 

curve for the ASZ21 transistor gives a base current, for 

that voltage, of the order of 0.2ma. 	The worst conditions 

will be met with a transistor displaying a large current 

gain. 	If p 0  = 50 is chosen, the corresponding collector 

current would be 10ma and the transistor would be in 

saturation because the current could be limited to Is  = 

3.2ma. 	In that case, the storage time, tsd,may be 

computed from Equation (A.25). 

where tad = storage time of the transistor defined as the 

time for the transistor to come out of 

saturation under the prevailing circuit 

conditions. 

Ts = inverted time constant of the transistor 

measured when the collector is used as an 
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emitter and vice versa. 	A conservative 

value of 50nsec was used for both types of 

transistor. 	Ts  was taken as the storage 

time of the ASZ21 without reverse drive. 

Equation 4.30 on page 4-81 of reference 42 

may be used to show that this assumption is 

justified in the present case. 

Ibl = forward base current just before the applica-

tion of the reverse drive. 

Ib2 = constant reverse base current drive. 

IC  = collector current just at the edge of satura- 

tion = Is. 

For an ASZ21, using values already computed, Ibi = -0.2ma, 

/b2 = Ibr = 0.5ma' Po  = 50, Ts  = 50nsec, and Ic  = Is  = 

3.2ma, the storage time is given by Equation (A.25) as 

t
sd 

= 10.8nsec. 	It should be noted that, if the transistor 

is still in saturation when the valley point of the tunnel 

diode is reached, the switching time of the monopulser to 

the low voltage state, given by Equation (31),is increased 

by a few nanoseconds. 

The turn off time, tf, may be computed from 

Equation (A.26). 

Toe ln
[k/BR Icl  

P o IBR 
.. (A.26) 
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where tf = turn off time of the transistor from the 

edge of saturation. 

common-emitter d-c current gain estimated 

at the edge of saturation for a forward 

base current equal to Ibr. 

/br = constant reverse base current drive. 

Icl = collector current at the edge of saturation. 

If the following values are used, p o  = 15, Ihr  = 0.5ma, 

Tce = 8nsec, lc' = 3.2ma, the turn off time becomes 

tf = 2.8nsec. 	The transistor is therefore cut off in 

approximately tsd  + tf = 14nsec after the valley point has 

been reached in the monopulser. 

It can therefore be concluded that the resetting 

of the chain is completed after a time equal to the 

summation of the monostable pulse width plus the total 

"switch off" time of the transistor or 0.1 + 0.014 = 

0.11411sec. 	The computatiom is not repeated for the 21797 

because this transistor has a cut-off frequency twice as 

high as that of the ASZ21 and its transient response is even 

shorter. 
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APPENDIX A.11. 

ANALYSIS OF PRECISION REQUIREMENTS IN THE QUANTIZER. 

In this appendix, the precision requirements in 

the quantizer are investigated using the block diagram of 

Figure 74. 	The ultimate aim is to derive an expression 

for the required tolerance and linearity of the staircase 

generator as a function of all causes of inaccuracy intro— 

duced by auxiliary units in the quantizer. 	It is 

convenient to center the analysis round the amplifier unit 

and a basic equation is established at first, relating the 

output voltage, eo, to the summation of input and 

reference voltages. 	This equation is then divided in two 

parts. 	The first one represents the zero conditions in 

the quantizer and it is used to establish expressions for 

E7 and its range of adjustment, leading to the design of 

the set zero circuit. 	The second part is obtained by 

adjusting E3  to cancel out the zero condition terms in the 

basic equation. 

From this second expression, all precision 

requirements are derived to meet the following general 

condition: no overload of the summing amplifier can occur 

at any time when an arbitrarily slow input voltage ramp 

sweeps the quantizer over its full range of operation. 
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At first, the maximum acceptable deviations, X1 and X2, of 

the steps in each chain are investigated assuming that no 

cycling action occurs. 	Following a similar approach, the 

precision requirements during the cycling process are 

studied in three parts: firstly, when the Reset.  Reference 

Unit is switched on, secondly, during the stepping up of 

both chains simultaneously, thirdly, when the Reset 

Reference Unit is switched off. 	It will be seen that the 

most general expression is obtained from the second sub-

division. 

A.11.1. 	List of Symbols. 

The following list of symbols is intended for 

use in Appendix A.11 and A.12., and does not necessarily 

apply elsewhere. 	The symbols (mostly illustrated in 

Figure 74) appear in the list in logical order from input 

to output and back via the feedback loop. 	Capital letters 

are assigned to nominal and to maximum values and lower-

case letters, to instantaneous magnitudes of variables. 

Only symbols describing positive quantities have been 

listed. 	The quantizer being symmetrical, the negative 

equivalents are to be obtained by the addition of an 

apostrophe to the corresponding positive symbols (e.g. A 

and A'). 	All resistors are marked in the same way as the 

corresponding voltages, the symbols being indicated on 

Figure 74. 



274 

e. in = instantaneous value of input voltage signal. 

Ein = a value of input signal equal to an exact multiple 
of the quantization interval. 

E3 	= nominal value of correction voltage at the input 
used to adjust the zero level of the quantizer. 

X3 	= maximum relative drift of E.R from its nominal value. 

G 	= Rp/hin, basic voltage gain of summing amplifier 
(defined as a function of Rin). 	This gain 

is assumed constant as any drift 	would be 
included in Ed. 

ec, 	= instantaneous value of output voltage from 
amplifier including noise and drift. 

Ed 	= maximum voltage drift appearing at the output of 
the summing amplifier for a constant input signal 
and for a given temperature range. (Does not 
include drift due to weighing resistors). 

En 	= peak amplitude of the noise at the output of the 
summing amplifier. 

Xn 	= fractional equivalent noise in the summing 
amplifier as referred to the input of the 
quantizer. 

eL 	= instantaneous value of the positive voltage level 
actually detected by the level detector 
(including drift in the detector). 

EZ 	= nominal value of the positive voltage level 
detected by the level detector unit. 

EdL 	= maximum voltage drift on the positive side of the 
level detector as referred to its input including 
thermal effects and error of adjustment. 

XL 	= fractional equivalent drift due to the level 
detector as referred to the input of the quantizer. 

instantaneous voltage output from the first decade 
on the positive side of the staircase generator. 

e2 	= instantaneous voltage output from the second 
decade on the positive side of the staircase 
generator. 
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E10 = nominal voltage at the output of the first 
positive decade in the staircase generator 
corresponding to the zero level for that chain 
at the chosen standard temperature. 

E20 = nominal voltage at the output of the second 
positive decade in the staircase generator 
corresponding to the zero level for that chain 
at the chosen standard temperature. 

X10  = maximum relative drift in Elo. 

X20 = maximum relative drift in E20. 

E1 	= nominal value of the average voltage step for the 
first positive decade in the staircase generator 
at the chosen standard temperature. 

E2 	= nominal value of the average voltage step for the 
second positive decade in the staircase generator 
at the chosen standard temperature. 

n1  and n2  = see notes at end of section A.11.2. 

Xi 	maximum relative deviation from El  of any of the 
steps in the first positive decade. 

X2 	= maximum relative deviation from E2 of any of the 
steps in the second positive decade. 

Xld 	= magnitude of Xi when the first positive decade is 
at the 9th level (to be used only with the 
corresponding value of n1 = 9). 

magnitude of X2 when the second positive decade 
is at the 9th level (to be used only with the 
corresponding value of n2 = 9). 

maximum relative deviation from El of any of the 
steps in the first positive decade at the chosen 
standard temperature. 

er 	= instantaneous value of the quiescent voltage on 
the positive side of the Reset Reference Unit. 
(The side generating a positive pulse during the 
cycling process). 

Ero 	nominal value of er. 

Erd 
	maximum value of the voltage drift of er  from Ero. 

X2d 

xla 
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Er  

Xr 

nominal amplitude of the positive voltage pulse 
generated by the Reset Reference Unit. 

maximum relative drift from Er  of the positive 
pulse generated by the Reset Reference Unit. 

E1/G, voltage amplitude equal to one quantization 
interval as referred to the input of the 
quantizer. 

A.11.2. 	Basic Equation. 

The following analysis of the quantizer is 

derived from a fundamental expression relating the output 

of the summing amplifier to its inputs. 	Equation (A.27) 

can be written directly from Figure 74, remembering that 

G = Rf/Rin. 

eo  in ± Rin E3(ItX3) 
R 

el g el el _el e2 e2 er p er  
2" - Rr 11. 

± Ed  + En  
..(A.27) 

General Notes. 

1. The voltage symbols in the various equations represent 

absolute values and their signs are taken into account 

in the equations themselves. 

2. For simplicity reason, the double signs (t) preceding 

En, Ed, Erd and all Xs (see Equation (A.31), have 

been replaced in the following equations by single 

positive signs. 	It is therefore assumed that these 

particular symbols can take both positive or 
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negative values. 	For the derivations, their signs 

have been chosen in a way corresponding to worst-

case conditions. 

The instantaneous voltages contained in 

Equation (A.27) can be expressed as functions of their 

nominal values plus or minus drift terms. 	Only those 

equations describing the positive half of the quantizer 

have been listed for reasons given before (section A.11.1.). 

el  = El0(1 1-  X10) + n1E1(1 + Xi) 
	.. (A.28) 

e2 = E20(1 	X20) 	n2E2(1 	X2) 
	.. (A.29) 

er = Ero 	Erd 	 .. (A.30) 

Replacing Equations (A.28) to (A.30) into Equation (A.27) 

yields Equation (A.31). 

ec, =GRi  • n 
E3(1 + x3) 	E10(1 	X10)_  E10(1  + X10)  

R1 

  

E20(1 + X20) E20(1  + xk) Ero  + Erd 
R2 	R2 	Rr  

E' + Erdro  

r 
.. (A.31) 

  

Equation (A.31) continued on next page. 



End of equation (A.31). 

+ G ein  + RininlE1(1 + Xi) _ niEi(1 + Xi)  

L 	R1 	RI 1 

	

+ n2E2(1 + X2) _ io.*1 + *1 4. Ea1 	+ En 
R2 	R 	_1 
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..(.A.31) 

Notes on Equations (A.28) to (A.31). 

1. The factors nl, n2, nj and iq are integers whose 

values depend on the levels reached by the corres— 

ponding chains of the staircase generator.. 	In the 

terms n1 E1, n2E2, niEi and n2E2, the multiplying 

factors, n, can vary from 0 to 9. 

2. Choosing the magnitude of n in the terms of the same 

type as n1E1X1, for instance, necessitates some 

knowledge of the various components of X1. 	For the 

part of Xi  due to the thermal coefficient of Ell  n 

is the same as for the related term n1E1 (see 

note 1). 	On the other hand, it is safe to assume 

that in the worst case, the deviations of the steps 

from their average, El, are equal to the maximum, 

xla7 and are positive for the first five steps and 

negative for the remaining ones. 	Consequently, 

the magnitude of n cannot exceed 5 in the terms 

similar to ni xla• 

3. Equation (A.31) is valid for normal operation of the 

stepping reference unit as long as the cycling 

process is not initiated. 



4. 	The tolerances and drifts of the resistors in 

Equation (A.31) and in the remaining derivations 

are included in the corresponding X appearing in 

each term. 	It can be shown that, as a first 

approximation, these factors belonging normally to 

the denominators can be added directly to the 

numerators of the same expressions. 

A.11.3. Computation of Zero Conditions. 

. The first part of Equation (A.31) describes the 

zero conditions in the quantizer when ein  = 0 and all 

chains are at the zero level (n1 = n2  = ni = nJ2  = 0). 	In 

this case, the second part is reduced to zero and the out—

put voltage,eoci, from the summing amplifier is given by 

Equation (A.32). 

	

r-E7 t 	' 	' El0 _ E  10 + E  20 — E  20 _ E  ro + Ero eoo = GRir 	Ri 	Trr— R2 772—  

10  X10E 

	

X7E7 	XioEio  X20E20 X20E20 

	

+ GR. [---= 	 in R3 	R1 	Ri 	R2 	R' 2 

Erd  
Rr  R"—r  + Ed  + E .. (A.32) 

  

A.11.3.1. Nominal Value  of E3. 

The nominal value for the voltage, E3, 

necessary to reduce e00  to zero under ideal conditions can 
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be obtained from 

1. X3 	= X10 

E' 2. Erd = 	 rd 

3. En 	= 0 	This 

4. Ed 	= 0 	The 

az 	= - R3[7—  

Equation (A.32) simplified as follows: 

= Xi() 	= X20 ' X20 ' 

0 

term cannot be corrected by E. 
case. 

long term drift can be compensated 
adjusting E3. 

Elo _ Eio 	E20 - 212 - Ero 

in any 

by 

.. 	(A.33) 
Ri 	R2 	11 	R 	R' 

The magnitude of E. is different from zero because the 

resistors are adjusted according to the average steps of 

each chain (Appendix A.7) and are not necessarily 

proportional to the zero level conditions. 

A.11.3.2. Range of Adjustments of E3. 

The range of adjustments of az  necessary to 

correct for the net drift of the zero level in the quantizer 

can be derived from the second part of Equation (A.32) as 

given by Equation (A.34). 

g...3_ + X10E10_  X10 E10 + 

[ 
R1 	1 	

X20E20 _ X20E20 6,E7  = 4. a7  
, IL3 	R' 	R2 	li. 

rd 	 rd + Ed 
Rr  Rr GRin  

.. (A.34) 
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The design of the "set zero" circuit (see Figure 53) was 

based on results obtained from Equations (A.33) and 

(A.34). 	If R7 in front of Equation (A.34) is replaced by 

Rin, the equation represents the voltage drift of the zero 

level in the quantizer as referred to the input. 

A.11.4. Summary of Prevailing Conditions for the Remaining 

Part of the Analysis. 

The remaining part of this appendix is concerned 

with the analysis of the dynamic behaviour of the system in 

the presence of an input signal. 	Equation (A.31) is still 

used but the following general conditions prevail. 

1. The input signal is equal to an exact number of 

quantization intervals. 

2. The first part of Equation (A.31), dealing with the 

zero conditions and with the drift terms Ed, 

Erd  and El!,d, have been reduced to zero by adequate 

adjustment of E. 

7 	The two series of notes of section A.11.2. still 

apply. 

A.11.5. The Decoder Unit. 

The nominal values for the weighing resistors of 

the decoder unit (see Figure 74) can be derived from 

Equation (A.31). 	Two additional conditions must be added 
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to those listed in section A.11.4.: all error and drift 

terms are nil (all X = 0) and the noise voltage is ignored 

(En  = 0). 	In this case, Equation (A.31) reduces to 

Equation (A.35). 

ni E, 	niEi 4.  n2E2  _ 
eo  = G 	" + GRin 	— 

R1 	Ri 	R2 	R2 
.. (A.35) 

  

A.11.5.1. Computation  of R1. 

Suppose that the input signal is negative and 

equal to one quantization interval, q, and that all of the 

chains are at the zero level except the first positive 

decade such that n1  = 1 and ni = n2  = n2 = 0 in Equation 

(A.35). 

eo 	G i  =+ R {--=--1 n R1 .. (A.36) 

The magnitude of R.1  necessary to reduce e0  to zero in 

Equation (A.36) is given by Equation (A.38). 

R1 
	

in.[Eql] 

	
.. (A.38) 

The quantization interval is determined by the 

ratio EL/G (see Figure 74). 	Any error in the gain, G, due 

toRi •n, can be compensated by adjusting EL. 	Equations 

similar to Equation (A.38) can be derived for all other 

resistors in the decoder. 	However, only one resistance 

value must be computed in that way as the others are 
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calculated from the weighing factors listed in Table VII of 

Appendix A.8. 

A.11.6. 	Precision in Tunnel Diode Chains (No Cycling 

Operation). 

For the quantizer to operate normally until the 

cycling process is initiated in the stepping reference unit, 

certain precision requirements must be met by the tunnel 

diode chains. 	The conditions listed in section A.11.4. are 

still applied to Equation (A.3l). 	Every time a factor, 

n, in the resulting expression increases by one unit, the 

correction in e0  must equal 'ELI with an error always less 

than that value. 	If this last condition were not fulfilled, 

the error would exceed one quantization interval and the 

amplifier would overload temporarily; more than one pulse 

would be generated by the level detector in correcting for 

that error. 

A.11.6.1. First Decades. 

An expression for the error introduced in the 

quantizer by any new step being generated in the first 

positive decade can be derived from Equation (A.31) if ein  

is decreased by one quantization interval and n1  is stepped 

up by one unit, all other terms remaining unchanged. 

Subtraction of the two resulting eci  gives the error voltage, 

eOE 	
which should ideally be zero. 



1
E
11 

eoE 	
X 

GRin R1 
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.. (A.39) 

By definition. 

e 	EL ± EdZ = G.(q) ± Edif 	.. (A.40) 

Making eoe  smaller than el,  and combining with Equation 

(A.38) give the upper limit for Xi. 

= 1 - 	+ 2X1a) (A.41) 

where by definition: 

EdZ 
	En and .. (A.42) 
G.q 	G.q 

 

Equation (A.41) gives the maximum relative 

difference that can be tolerated between two successive 

voltage steps in the first positive chain in order to avoid 

overloading of the amplifier under normal operating 

conditions. 	An identical expression could also be derived 

for the corresponding negative decade. 	It is interesting 

to note that the total deviations of the chains from the 

ideal staircase waveform do not interfere with the normal 

operation of the quantizer until the cycling process is 

initiated. 	However, these causes of error influence the 

instantaneous accuracy of the analogue-to-digital con-

version. 
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A.11.6.2. Second Decades. 

The same procedure can be used to derive an 

expression for the upper limit of X2. 

72 	= 0.1 - 	+ 2xn) 	.. (A.43) 

As long as Equations (A.41) and (A.43) are 

satisfied, the positive side of the staircase generator can 

operate from zero to its maximum output without producing 

an overload of the summing amplifier. 	It is assumed that 

the net deviation in the first decade is zero when the 9th 

level is reached such that the tenth diode is triggered when 

the input signal is equivalent to exactly ten quantization 

intervals. 	This situation is real as the resistance, R1, 

is adjusted according to the average step, El  (see Appendix 

A.7). 	Similar conclusions hold for the negative side of 

the stepping reference. 

A.11.7. 	Precision Required in the Voltage References  

during the Cycling Process. 

Additional precision requirements are imposed 

on the staircase generator during the cycling process and 

the deviations of e1, e2, ei and e2 from exact multiples of 

"q" as well as the errors in Er  and El, must remain below 

certain limits in order to prevent overloading of the 
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summing amplifier. 	In the following analysis, the process 

has been divided in three parts depending on the state of 

the Reset Reference Unit: 

1. Reset Reference Unit switched on. 

2. Both chains being stepped simultaneously. 

3• 	Reset Reference Unit switched off. 

A.11.7.1. Reset Reference Unit Switched On. 

The present situation arises when the positive 

staircase has reached its 99th level and when the input 

signal decreases sufficiently to bring the output voltage 

of the summing amplifier to an amplitude equal to 

(EL  t En). 	At that precise moment, the resetting of the 

positive side of the staircase generator to zero and the 

introduction of the voltage step, Er, reduces the output 

by an amount IEL 	errorl 
	

As stated before, the 

resulting voltage error must not exceed 'ELI. 	The negative 

chains may contain any number of steps between zero and 

ninety-nine. 	An expression for the output voltage of the 

amplifier, just before the positive chains start resetting, 

can be obtained from Equation (A.31) under the conditions 

listed in section A.11.4. 



9E1  .4.  9E2 	'E'_ qE 
• eoa = -EL En = -GEin + GRin R/ 	R2 	Ri 

	

n'Elli n2E2X2  niEi Xi _ ngpC 	E
n 	(A.44) + GR. 	 in R2 	R' 1 111  

After the positive chains have returned to zero and the 

positive voltage step, Er, has been switched on but before 

the beginning of the 10Mc/s stepping operation, the output 

from the summing amplifier is given by Equation (A.45). 

It is assumed that the input signal, Bin, has not changed 

appreciably. 

eob 	i n 	in = -GE + GR [- Ri R2 Rr 
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1 n'E' _ ng 4.  Er  

+GRin  
niEiXi nppC Er1+  

2 Ri 	R' 
En • • (A.45) 

    

By definition, 

[Er] 	[9E1 9E2  

r 	

] 
Ri, 7-1  = 100g = Ri 

 --- + 
n RI 	 2 " 

(A.46) 

Equation (A.45) can be simplified if the difference, 

eob 	eoa = EL 	2En, is carried out using Equation (A.44) 

and if Equation (A.46) is introduced in the new expression. 

If then, eoa  = EL  is subtracted from the result, 

Equation (A.47) for eob  is obtained. 
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ErXr 	 niElXid  n2E2X2d  

e 	. - GR -=-= - eob 	Rr 	GRin  R
1 	R2 
	 t 2En  .. (A.47) 

The factors Xid  and X2d represent the magnitudes of Xi and 

X2  when the positive chains are at the 9th levels. 

Corresponding values of n1  and n2 equal to nine must be 

used. 	As a close approximation, X -1d and X2d  can be re- 

placed by the relative thermal coefficients of the average 

steps, El  and E2. 

Ideally, the error voltage, eob, should equal 

zero but, in practice, it must never exceed -LEL. 	Making 

e0-13.< 'ELI in Equation (A.47), extracting Xr  and using 

Equation (A.46) and Equation (A.42) to simplify the results, 

yields Equation (A.48) for the upper limit of Xr. 

Xr = .01 - .02Xfl  - (.OgXld  + 0.912d ) 	 .. (A.48) 

As long as Equation (A.48) is satisfied, the re-

setting of the positive chains in the staircase generator 

and the introduction of Er at the beginning of the cycling 

process does not overload the summing amplifier. 	It can 

be seen from Equation (A.48) that a precision much better 

than 1% may be needed for the voltage step, Er, in the 

Reset Reference Unit. 	Some compensation effect can be 

used advantageously if Er  shows a temperature coefficient 

equal to that of the poeitive chains such that Xr  contains 
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a term equal to (.o9xid  + 0.91:2d). 	Similar results can be 

obtained for the negative half of the voltage references. 

A.11.7.2. Both Chains BeiEE  Stepped Simultaneously. 

The most stringent precision requirements are 

imposed on the voltage references in the quantizer during 

that part of the cycling process when the 10Mc/s pulse 

generator is stepping up both sides simultaneously. 	In 

this case, the linearity of the chains together with the 

precision of the Reset Reference Unit must be taken into 

account. 

The output voltage from the summing amplifier 

prior to the switching on of the lOMc/s pulse generator 

was given earlier by Equation (A.45). 	As soon as the 

second decades start stepping up, Equation (A.49) can be 

used to describe the new voltage, eoc. 

e = -GE + oc 	in GRin 
n2E2 - niEl - ng 4.  Er  

R2 Ri R2 Rr  

  

+GR14 R2 n2E2X2 - niEiXi n_EX 	ErXr + E
n 	(A.49) 

11 	Rr  Ri 

In Equation (A.49) the factor ni remains constant while n2  

and n2 are increasing simultaneously (n2 increases from 

zero and n2 starts from whatever initial value it had at 

the beginning of the cycling process). 
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Provided that the input signal does not change 

appreciably during the cycling process, the voltage e0o, 

of which eob is a special case for n2  = 0, is due to 

inaccuracies introduced by the various units of the 

quantizer. 	The initial voltage, eob, was itself different -  

from zero as expressed by Equation (A.47). 	Increments of 

eoc from eob, for values of n2  between 1 and (10 — 

are given by Equation (A.50) obtained from Equations (A.45) 

and (A.49). 

in2E2X2  n2Epl 
eoc — eob = GRIn 	R2 	

+ 2En  .. (A.50) 

It should be noted that, in deriving Equation (A.50), the 

initial value of n has been cancelled out in the subtrac—

tion and only its increment equal to n2  has remained. 

If the summation of the voltages given by 

Equations (A.47) and (A.50) is Always smaller than +EL, 

the amplifier does not overload at any time during the 

operation of the 10McA pulse generator. 	A general 

expression based on the above statement was derived 

describing the most stringent precision requirements to be 

imposed on the voltage references in the quantizer. 	The 

result is given in Equation (A.51); it was obtained 

directly from the addition of Equations (A.47) to (A.50) 

and finally simplified with Equations (A.38) and (A.42). 
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100Ir  + 10(n2X2  - n2X) - 9(Xid + 10X2d).<1 + 2Xn  .. (A.51) 

Notes on Equation (A.51). 

1. For n2  = 0, Equation (A.51) is reduced to Equation 

(A.48). 	Equation (A.51) is more general as it 

includes an additional term taking into account the 

total deviations in the chains. 	The influence of 

these deviations on the choice of the factor n2 has 

been discussed in Appendix A.12. 

2. Some parts of X2  and X2 are due to thermal effects 

and can be subtracted from one another (see section 

3.3. and Appendix A.8). 

3. Those components of 2  and X2 due to the tolerances 

on the steps in the chains and on R2  and R2 must be 

added together in agreement with the worst-case 

approach. 

A.11.7.3. Reset Reference Unit Switched Off. 

The precision needed in the quantizer when 

the reset reference voltage, Er, is removed at the end of 

the cycling process, can be analysed in a manner illustrated 

in sections A.11.7.1. and A.11.7.2. 	The rather complex 

derivations are not reproduced here as the resulting 

expression is a special case of Equation (A.51) and would 

contribute no additional information to the analysis of 

the quantizer which has been summarized in this appendix. 



APPENDIX A.12. 

COMPUTATION OF THE PRECISION REQUIREMENTS IN THE QUANTIZERc 

In this appendix, the relevant characteristics 

of all circuits in the quantizer are introduced in the 

theoretical equations derived in Appendix A.11. 	In this 

way, equations are obtained describing the maximum relative 

deviation factors, X1  and X2, as functions of the tempera- 

ture range. 	An analytical expression is derived for the 

reset reference voltage step, Er, from which the relative 

drift factor, Xr, is obtained. 	All circuits described in 

Chapter 4 are then investigated in turns for their 

contribution to the over-all error in the quantizer; the 

results are used to express Xr as a function of the 

temperature range. 	This value of Xr  is replaced in 

Equation (A.51) of Appendix A.11. to find the upper limit 

of the tolerances, x2a  and x a., on the steps in the chains 

as a function of the tempeature range. 	A table of 

values is calculated from the resulting expression, 

permitting the choice of the maximum acceptable tolerances 

in the second decades, for three different temperature 

ranges and for various chain linearities. 

A.12.1. 	List of Symbols Used in Appendix  A.12. 
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The following list of symbols contains only the 
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terms used in Appendix A.12. which were not included in 

the definitions at the beginning of Appendix A.11. 

= maximum relative deviation of any step in the first 
positive decade at the chosen standard temperature. 

part of X1 due to the temperature coefficient of 
the average step, El, of the first positive decade. 

= part of X1 due to the inaccuracy introduced in El 
by the weighing resistor, R1. 

= maximum relative deviation of any step in the second 
positive decade at the chosen standard temperature. 

iT 	= instantaneous value of the current flowing at the 
output of the current source on the positive side 
of the Reset Reference Unit (see Figures 54 and 75). 

ib 	= instantaneous value of the current flowing in the 
base of the transistor in the overload detection 
unit (see Figure 75). 

is 	= instantaneous value of the current flowing into the 
resistor, R02  in the Reset Reference Unit and 
defining er  (see Figure 75). 

xc 	= maximum relative variation of is  due to the thermal 
coefficient of the resistor, Re. 

ico = instantaneous value of the collector current in the 
switching transistor on the positive side of the 
Reset Reference Unit when the base and the emitter 
are connected together and Vce  is equal to Ero 
(see Figure 75). 

it 	= instantaneous value of the current produced into 
the resistor, Rr, by the voltage, er. 

IT, 	le, 'co'  Ir  = nominal value of the current, iT, 
lb, ic, ico, ir, respectively, measured at the 
chosen standard temperature. 

X0, xee, xi = maximum value of the relative varia— 
tion of the current iT, 	ic, ico,  in res-
pectively, for a given temperature range. 

xla 

3c1b 

xlc 

x2a 

xb ,  
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xce = maximum relative thermal drift of the saturation 
voltage, Vce(sat), of the switching transistor on 
the positive side of the Reset Reference Unit. 

k 	= temperature coefficient of the current, iT. 

xd 	= temperature coefficient of the average step in the 
chains. 

Ira = part of Xr  caused by the inaccuracy in the adjust-
ment of Rr.  

A.12.2. Sources of Error in the Chains. 

The factor, X1, described in Appendix A.11, may 

be expressed as the summation of three terms representing 

the main sources of error in the first positive decade. 

X1 = xla 	xlb 	xlc 	 .. (A.52) 

These fractional error terms have been defined at the 

beginning of the present appendix and are related respec-

tively to the precision of the steps, the thermal 

coefficient of the chain and the influence of the resistor, 

R1, on the accuracy of El. 

The first term, xla, is smaller than ±2.2% as 

given in Appendix A.7. for the chain No. 7B. 	From 

Appendix A.8. and section 3.3.it is seen that xlb is equal 

to (-.0023/OC).L T. 	The last term, x10, is made up of two 

parts: the tolerance on the resistor, R1, and its 

temperature coefficient. 	The weighing resistor, R1, was 
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adjusted to better than +0.1% of its nominal value. 	The 

maximum temperature coefficient specified for the metal 

oxide resistors employed in the decoder was ±0.025%/b0. 

Replacing these figures in Equation (A.52) yields 

Equation (A.53) for Xi as a function of the temperature 

range, A T. 

X1  = xla  - • 	- 0027( A T) + (±.001 t .00025 AT) 	.. (A.53) 

Identical expressions could be derived in the same way for 

Xi, X2  and 

X2  = x2a 	• 	- 002"z( A T) + (±.001 + .00025 AT) 	.. (A.54) 

A.12.3. Sources of Error in the Reset Reference Unit. 

In order to analyse the different sources of 

error affecting the voltage step, Er, of the Reset Reference 

Unit, part of Figure 54 has been reproduced in Figure 75. 

This figure shows the source current, iT, divided between 

the precision resistor, R0, defining er, the attached 

switching transistor, the decoder resistor, Rr, and the 

base resistor, Rb, of the overload detection unit. 

A.12.3.1.Analytical Earessions for Reset Reference Volta• es. 

The following equations can be written directly 

from Figure 75, using the symbols defined in section A.12.1. 

of this appendix. 



J overload 

)...
detection 
unit 

-.- 

Rb 

'virtual 
earth 

BASIC CIRCUIT DIAGRAM FOR RESET REFERENCE UNIT 

Fig. 75. 
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er 	+ Xc) Rc(1 + xc) 	.. (A.55) 

which can be approximated by 

er 	RcIc  + Relc; + ReIcxe 	 .. (A.56) 

The factor Kc  takes into account the variations of er  due 

to changes in Ic, assuming the resistance, Rc, to be 

constant. 	Similarly, xc  deals with the effect on er  of a 

thermal drift of Rc, for a constant value of Ic. 	This 

assumption and the simplification of Equation (A.56) are 

valid as long as xc  is very small. 	The voltage er  is 

measured in place for the calculation of Rr  and the 

tolerance on Rc  does not enter into xc  which depends only 

on the temperature coefficient of a metal oxide resistor. 

Following this argument, the node equation for the circuit 

of Figure 75 can be used to derive an expression for the 

term Ic(1 + x0). 

Ic(1 + X0 ) 	iT 	(ib 	loot+  ir) 
	.. (A.57) 

If the currents in Equation (A.57) are expressed as functions 

of the circuit parameters shown in Figure 75, Equation (A.58) 

is obtained after separation of the nominal values from the 

error terms. 
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Ero - 'The) 	Ico 	Ero  
lc( + Xc) = ITRb 	Rr + I

T(xT) 

(Ero - Vbe 
(xb)I (x ) 

ro 
co co

E 
	(xi)] 	.. (A.58) Rb 	Rr 

The first two terms in Equation (A.58) equal Io  and the 

last two represent the variation IcXo. 	Replacing 

Equation (A.58) into (A.56) gives Equation (A.59) as the 

general expression for the voltage, er. 

[E  

	

er = Ero + RcIT(xT)  - Rc. 	
ro 

Rb

-  Vbe) 
 (xb) 

E 
+ I (x ) 	R

ro (xi)  
+ Ero(xc) co co 	

r 

where Ero  = RcIc  is given by Equation (A.60). 

- I 	+ Vbe/Ab T 	co  
Ero - 1 + 1 + 1 

Rc Rb Rr 

.. (A.59) 

.. (A.60) 

The step generated by the positive side of the Reset 

Reference Unit when the switching transistor saturates, is 

given by Equation (A.61). 

Er(1 + Xr) = er  - Vce(sat) 11 + xce] 	.. (A.61) 

Replacing Equation (A.59) into Equation (A.61) and 

separating the error terms from the nominal values give 

Equation (A.62) and Equation (A.63) for Er  and Xr  respec-

tively. 
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Er = RcIT - R0 
[(Ero 	Vbe) 

Rb 	
+ I + co 

Era 
Rr  Vce(sat) (A.62) 

   

RcIT(xT) 	Rc Ero(xb + xi) 
Xr  _ 	Er 	Er 	Rb 

- Vbe(xb) + 
Rb  

Ico(Xco) 

Eroxc - Vcs(sat) 
Er 	Er 	

[xce 

 

.. (A.63) 

 

The term Ero(xi)/Rr  has been replaced in Equation (A.63) by 

Ero(xi)/Rb. 	The error introduced in the equation by this 

, simplification is negligible. 

A.12.3.2. Calculation of Er  and iT. 

The voltage steps, Er, and El, were chosen equal 

to +5 volts and —5 volts respectively in order to use 

identical values for the weighing resistors, Rr  and R. and 

to operate the switching transistors in the Reset Reference 

Unit at a safe collector-to-emitter voltage. 	Noting that 

Er, for instance, is the difference between Ero  and the 

saturation voltage of the corresponding transistor, the 

necessary magnitude of Ero  can be obtained. 	The voltage 

E1,0  can also be derived in a similar way. 	At 230C, the 

saturation voltages for the ASZ21 and the 2N797 transistors 

are respectively -0.262 volt and +.095 volt when driven 

by a tunnel diode as illustrated in Figure 54. 	It was 

therefore necessary to adjust Ero  to -5.262 volts and E1,0 
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to +5.095 volts. 	From Equation (A.60) and its negative 

equivalent, IT  = 8.00ma and 	= 7.56ma can be obtained 

using the above results with the following parameters: 

Ico = 2  PI, Ieo 
	1 11A, Vbe  = Vbe =0.38 volt, 

Rb  = 22Kohms, Rb = 224Kohms, Re  = R = 680ohms, Rr  = R' 

120kohms (approx.). 

It should be remembered that these figures 

represent design values and that IT  and IT were finally 

adjusted in place. 

A.12.3.3. Investigation of the Various Error Terms. 

Expressions will now be derived for the factors 

xT, xb, xi  , xco, xe  and xce, contained in Equation (A.63), 

from the characteristics of the circuits described in 

Chapter 4. 	All of these factors have been defined in 

section A.12.1, of this appendix. 

(1) xT  = AIT/IT  

The current, iT, in the Reset Reference Unit 

is defined by a circuit of the type described in 

Appendix A.5. where it can be seen that the two major 

causes of variations in iT  are the temperature fluctuations 

and the sensitivity of the source to changes in the supply 

voltage. 
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The first item will be taken into account at 

this stage by assigning a symbol, k, to the temperature 

coefficient, LIT/IT. AT, of the current source. 	In order 

to show that the second item could be neglected, measure-

ments were carried out in the laboratory on the +25v. and 

the -25v. regulated supplies. 	The maximum drift recorded 

has never exceeded +40mv per day after a five minute warm- 

up period. 	The resulting change in iT is less than 

1.007% per day as computed from Equation (A.12) and 

Equation (A.13) of Appendix A.5. 	An expression for xT  

can therefore be written as in Equation (A.64). 

xT  = k. AT 	 (A.64) 

(2) xb  - from ib  = Ib(1 + xb) 

The current, 11:0  can be affected only by the 

temperature changes in Vbe, er  and R1. 	Directly from 

Figure 75, ib, can be expressed as follows, 

ib = (er 	Vbe)/h1 	 .. (A.65) 

which, after differentiation with respect to temperature, 

gives Equation (A.66). 

b k

Ae 

re:
-  

 
AV'be] 
A T .. 	(A.66) 

AT.ib  er - 	Vbe 	A T 
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Approximating 	er/AT by kEro9 making er  = 5.26v, 

Vbe 
	.38v. and Ero  = 5.262. v.and replacing AVbe/AT by 

-2.5mv/0C into Equation (A.66), give the following 

expression for xb. 

xb = (1.1k + .00053 ± .00025). 	(A.67) 

(3) xi  - from it  = Ir(1 + xi) 

In this case, the procedure is very similar to 

that used above for xb. 	Only temperature effects on Rr  

and er  are worth considering. From Figure 75, it  = er/ r, 

which after differentiation with respect to temperature 

gives Equation (A.68). 

Air 	= A er 	A Rr.1 .. (A.68) 
A T .ir 	A T .er 	A T Rr  

The first term in Equation (A.68) can be approximated by the 

temperature coefficient, k, of iT  and the second one is the 

thermal coefficient already quoted for the metal oxide 

resistors used. 	In this way, Equation (A.69) is obtained 

from Equation (A.68). 

xi =(k  + .00025). AT 
	

(4.69) 

(4) xco - from ico 	Ico(1 	xco)  

The following currents were measured at the 

collectors of ASZ2l and 2N797 transistors for a collector- 
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to-emitter voltage equal to 5 volts and with a short 

circuit between the base and the emitter. 

Ico = 1 to 2 11A 	for ASZ21 

Igo 	= 0.4 to 1 µ A for 2N797 

For the present application, these leakage currents can be 

assumed to double for every 100C rise in temperature and 

Equation (A.70) can be written directly for xco. 

xco = + 0.1( AT) 
	

(A.70) 

(5) xce - takes into account the temperature effect on 

Vce (sat). 

The temperature coefficients of the saturation 

voltages of ASZ21 and 2N797 transistors, driven by a tunnel 

diode, were measured in the laboratory. 	For both types of 

transistors, a thermal coefficient of the order of -0.0410/0C 

was obtained, leading to Equation (A.71) for xce. 

xce = -.00040 T) 
	 .. (A.71) 

(6) xc 

	

	- as explained in section A.12.3.1, xc  is reduced 

to the effect of the temperature coefficient 

of the metal oxide resistor used for Re. 

o = +.00025(A T) 	 .. (A.72) 
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A.12.3.4. Expression for Xr   as a Function of the Termpera-

ture Range. 

An expression for the maximum relative drift, 

Xr, of the reset reference voltage step, can be obtained 

as a function of the temperature range if the above 

equations for xT, xb, xi, xc, xco  and xce  are introduced 

into Equation (A.63) together with Er  = 5.0 volts, Ero = 

5.262 volts, Vice(sat) = .262 volt, Vbe  = 0.38 volt, Re  = 

680ohms, Rb = 22Kohms, Ice  = 2 p..A, IT  = 8.00ma. 

Xr  = (1.023k + 0.226x10-3). AT + Xra 	.. (A.73) 

Similarly, a corresponding expression can be derived for 

if Er = 5.0 volts, El,(5  . 5.095 volts, V e(sat) 

0.095 volt, Vbe  = 0.38 volt, Rc = 680ohms, Rb = 224Kohms, 

Igo  = 1 ..A and IT = 7.56ma. 

Xr = (1.022k' + 0.245x10-3). LT + a 	.. (A.74) 

The extra terms, Xra  and XI,a, were added to the above 

equations in order to take into account the inaccuracy in 

the adjustment of Rr  and RI,. 	It was more convenient to 

ignore these error terms until this point to deal -

exclusively with the temperature effects on Xr  and X. 

A.12.4. 	Precision Requirements for the Chains. 

The minimum accuracy requirements for the 
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chains in the staircase generator have been expressed in 

Appendix A.11. by Equation (A.41) and Equation (A.43). 

These equations are valid as long as the cycling process 

is not initiated. 	From Equation (A.42), the factors 

XL = .000513(A T) and Xn  = t.0282 can be obtained, using 

data available from Chapter 4 on the level detector and 

the summing amplifier units. 	The maximum tolerances, 

xia  and x2a, on the steps in the first and second decades 

can be computed by replacing Equation (A.53) and Equation 

(A.54) in Equation (A.41) and Equation (A.43) respectively. 

The results for a t50C temperature range are: xla  = xia  = 

+92.8% and x2a  = 	a = t8.1%. 

Much more stringent precision requirements 

must be met by the chains when the cycling process is 

taken into account as will now be seen. 

A.12.4.1. Precision Requirements During the Cycling Process. 

Equation (A.51), derived in Appendix A.11, 

can be used to establish the linearity and precision re-

quirements for the second decades in the staircase 

generator. 

The factor Xr, from Equation (A.73), is replaced 

into Equation (A.51) and the temperature dependent parts in 

Xr  are adjusted (see section A.12.4.2.) to cancel out the 
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term 9(Xld  + 10X2d). 	Equation (A.54) and its negative 

equivalent, for X2  and X2 respectively, are then introduced 

in the resulting expression,;  leading to Equation (1.75) for 

the maximum tolerances, x2a  and x el, (i.e. to ensure that 

no overload of the summing amplifier occurs during the 

cycling process independently of the gating system) in the 

last two tunnel diode chains as a function of the tempera-

ture range. 

x2a 	x2a =[0.1 - O. 2Xn  - 10. Xrd - .002 - .000% T) 

•• (A.75) 

The last term in the above equation could be ignored if the 

temperature coefficients of R2  and 	were matched. 

The tolerance required in a chain can be found 

directly from Table IX as a function of the maximum 

deviation and of the temperature range. 	These results 

were computed from Equation (1.75), with the following 

additional assumptions: 

(a) The maximum tolerances on the steps in both chains 

are equal, x2a  

(b) The deviation of each step from the average in the 

chains is equal to plus or minus the upper limit of 

the tolerance, i.e. x2a. 

(c) The maximum total deviation in each chain is given 



307 

by the number of times, n2, that the tolerance, 

x2a9 can be repeated with the same polarity in 

successive steps. 

(d) 	The weighing resistors, R2 and R, were adjusted to 

+0.1% while Rr  and RI, were adjusted to +.01%. 

a T 	

z,  

5 3 1 

+ 50C + 0.71% 1.33% 4.4% 

+ 1°C _ 0.81% 1.43% 4.5% 

0°C 0.83% 1.45% 4.6% 

TABLE IX  

Maximum Permitted Tolerance, x2a, on the Chains as a Func—
tion of the Deviation and the Temperature Range. 

A.12.4.2. Temperature Coefficient of the Reset Reference  

Unit. 

In the derivation of Equation (A.75), it was 

assumed that the temperature coefficient of the Reset 

Reference Unit was adjusted to match the deviation, due to 

thermal drift, appearing at the output,  of the staircase 

generator at the beginning of the cycling process. 	The 

term 9(Xid  + 10X2d) in Equation (A.51) is a function of 
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the temperature coefficient, xd, of the average step in 

the chains and is approximately equal to 99.xd. 	The 

coefficients xd  = -0.21%/°C and x6 = -0.2W° C, for the 

positive and the negative chains respectively, can be 

deduced from the experimental results given in Appendix 

A.8. 	From the first part of Equation (A.73) and from its 

negative equivalent, the thermal coefficients, k = 

-0.23%/°C and k' = -0.25%/be, for the current sources in 

the Reset Reference Unit, can be calculated with the above 

values for xd  and x6. 	The voltage drift (normalized to 

a 465mv step) of the complete positive staircase waveform 

resting at the 99th level adds up to -96mv/bC (Table VII, 

Appendix A.S.). 	Multiplying this figure by the corres- 

ponding weighing factor Rr/R2  = Er/10.E2  and adding the 

thermal drift of the saturation voltage, Vce(sat), 

obtained from Equation (A.71), the necessary thermal drift 

in er  is found to equal -10.5mv/°C. 	Similarly, the 

negative chains have a thermal drift of -108mv/be at full 

scale and the coefficient Ael./A T must be adjusted to 

-11.6mv/oe. 	An average value of -11my/be must be chosen 

in order to operate both sides of the Reset Reference Unit 

with identical temperature coefficients. 

It is interesting to note that with this 

technique, the temperature range, AT, in Table IX, has 

only a very small influence on the maximum tolerance, 



x2a9 acceptable in the chains. 	Without this matching of 

thermal coefficients between the Reset Reference Unit and 

the staircase generator, it would be impossible to 

satisfy Equation (A.51) for AT = + 50C, regardless of 

the tolerance on the steps. 

309 
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