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ABSTRACT

A gquantizer is described, the present prototype
of which is capable of performing 6000 analogue-to-digital
conversions pér 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.

£ detailed analysis is presented of problems
arisihg in the use of tunnel diodes in long chains to
fgenerate”ébcurately 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 definiﬁg 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.



The switching action of a tunnel diode is
described qualitatively and a relaxation oscillator is
analysed using a linear epproximation 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
20Mc/s.  Application of the method to the design of one-
tunnel diode flip flops, monopulsers, relaxation
oscillators and an adjustable voltage level discriminator

is illustrated.

It is mainteined 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 specifications for the
prototype of the quantizer built in the laboratory, are
included and it is argued that the remarkéble 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. Purthermore, 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 easgily controlled accuracy. It is easy
to imagine that such a system could find many epplications
in measurements, control as well as transformetion of
electrical signals. Indeed, an ultimate purpose of this
entire study would be to assess the potentielity 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, 2 new analogue-to-digital con-
verter was designed. The reasons for the choice of this
particular application are explained in Chepter 1. It
will be shown in that chapter that an adeptive analogue-to-
digital converter can prove most useful in a bio-physical
laboratory and how it is proposed to build such a converter.
Chepter 2 will be devoted entirely to the design of a
tunnel dicde stepping reference unit. Finelly, the re-
maining part of the thesis will be concerned with the
auxiliary circuits completing the gquantizer and with a
description and evaluation of the over-2ll performance of

the system.
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CHAPTER 1.

Introduction to the Purpose and Design

of en Ansalogue-to-Digital Converter.

1l.1. A Note on Electrenic Computers.

The well established independent technigues of
analogue and digital computation have been supplemented
in recent years by techniques simultanecusly drawing upon

both procedures for the solution of eppropriate problems.

It has been common practice to classify electronic
computers intc two separate groupsl. Those operating
basically on continuous signals are referred to as analogue
computersz, and sequential machines capable of menipulating
guantized information are generally called digital
computersE. A more fundamental apprcach, advocated by
McLeod in 19624, was well illustrated in an earlier paper
by Glinski®. According to his argument, Glinski considered
all computers as “processors" and defined the so-called
analogue computers as "parallel sequence analcg processors
with continuous information". Similarly, what is
popularly known as digital computers were: "serial sequence
analcg 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-t0-Digital Ccnverters.

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, cculd beccme a versatile and powerful tool.
Various attempts to achieve this goal have been described in
the 1iterature6’7’8’9’1o. Ancther way of attaining the
same results is tec utilize each type of computer tc solve
those parts of one prcblem for which their characteristic

11’12. In this case, some means

procedures are best suited
of interconnecting the analogue and digital computers must

be devised as the twé units are not directly compatible.

The equipment performing the transformaticn of an ahalogue
(continucus) signal into a digital (quantized) form is known
as an analogue-to-digital cenverter (4-D converter). The
inverse operaticn is effected with a digital-to-analogue
cenverter. Similar cccasions for conversion arise whenever

a digitel computer is introduced into a physicel system 3.

In its broadest sense, this last comment applies alsc to

many cases of data handling where the infermation 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 impcsed by the

input signals.
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1.2, Survey cof 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 alreadyl4715. Sorting out such a mass of informa-~
tion is not an easy task. A possible methed of classifica-
tion of all types of 4~D converters, whether mechanicel,
electrical or else, can be found in volume II of "Analogue

Computation" by Piferl®,

1.2.1. Classification of Voltage-to-Digital Converters.

The present work, however, is concerned only with
fhose A-D converters accepting electrical inputs. A
comparative survey recently publishedl7, classified 211 such
converters into four main groups according tc their rate of
enalogue-to-digitel conversions per second. The four

divisions were listed as follows:

Low speed - up to 10 conversions/second

Medium speed - 10 tc 1000 conversions/second

High speed - 1000 to 100000 conversions/second
Videc 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 asscciated precision must be known before
much can be said abcut the performance of a given converter.
The present state of the art in analogue~to-digital con-
version can be summerized as fcllows. 4 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 techniquesl7, For a precisicn of the order of 0.1%
of full scale, speeds between 50,000 tc 100,000 conversions/
second can be attainedls’lg’zo. NMuch higher conversion
rates have been reported21922. Reference 22, for instance,
describes a scheme working on a combined serial-parallel
principle, cperating at a clock freguency of 200Mc/s. As
many as 50 million conversions cen be cerried 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

applications®’s24525,26,27,28

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
cf 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 pessible at the cost of reduced
precisiow.

Secondly, most high speed accurate A-D converters
cen be represented as refined versions of the unit
described by the basic block diasgram of figure 1. The
function of every unit should be evident from its name and
only a bhrief explanation_needs to be given. The comparator
produces an error signal, ey, which is dependent on the
relative amplitudes of the input signal, BE;,, and the
reference signeal, 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 deccder tends to reduce ej. A digital representation
of E;, is obtained whenever E,, approaches E;, within less
than the equivalent cf the least significant digit of the
system.

Finally, no single A-D converter is likely to best
solve all prcblems. 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 reascn
for the large variety of converters alreédy available or
under development. As for all engineering problems, the
design of analcgue-to-digital conversicn 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 specificaticns for a new A-D

converter,

1.4. Proposed fnelogue-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 méthod of tackling such problems is to express
these signals into a digitally ccded 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 10Kc/s.

(b) A precision better than 1% should be main-
tained up to about 1Kc/s.



(e)

(a)

(e)

(£)
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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.

Facilities for trading precisicn for speed
would represent a significant advantage as
it would allow for higher conversicn rates

when necessary.

The converter should accept positive and
negative input signals of a fraction of a
volt as well as tens cf volts full scale
emplitude. It means that the lower limit
for the least significant digit should be

equivalent tc no more than a few millivolts.

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 prcve useful.

From the survey cutlined in section 1.3., it

can be concluded that in principle, specifications

similar to those mentioned shculd 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 tc obtain the desired

performance, it is necessary to resort to complex and
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expensive devices which for many purpcses would be
utilized in 2 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 4£-D converter especially
suited to the conditicns Jjust described. The particular
interest of the Engineering in Medicine labocratery in
physioclogical measurements has dictated that special
attention be paid to the feasibility of trading speed
with precision for various purpcses; many biclogical
measurements demand low precisicn (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 A-D converter as a piece of general
laboratory equipment i,e. which could be utilized flexibly
for various purposes requiring different sﬁeeds and
precision. The specificaticns already established were
consequently orientated towards achieving maximum system
flexibility while\reducing comﬁlexity, maintenance and
cost to 2 minimum. The argument leading tc the proposed

form of sclution will now be outlined.
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l1.4.2. Proposed Sclution.

Before pursuing the deteiled development of the
A-D converter, certain decisicns were required regarding

the choice of a2 method of apprcach.

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 cen 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 intervel cocrresponding
to the smallest unit cf measure im the system. These
events are then added thrcugh pulse ccunting cr similar
techniques and the excursions of the contrelled variable
are time integrels of these data pulses. The level
reached by the input éignal at the instant a pulse is
generated, becomes autcmatically the zerc reference level

for the next displacement.

A block disgram representation cof the proposed
A-D converter is given in figure 2, Its operation is

casy to explain on an incremental basis.  Whenever the
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error signal, e,, obteined from the difference between the

and the feedback veltage, E,, reaches

input veriable, E;,, r
a given positive cr negative amplitude, the comparator
generates an output pulse of the cerrespcnding pelarity.
At the game time, the reference is adjusted by one quantum

interval, returning e. to zero and establishing the next

0
level cf operation. The advantages c¢f this technique will
be discussed in detail in Part II of the thesis but certain

pcints must be elucidated here.

It was recognised that tc aveid using a fixed
clock pulse freguency and tc adopt a completely
asynchronous system would minimize restrictions on the
flexibility of the resulting apparatus. Some design
prcblems may be simpler in synchroncus machines but it is
believed that the extra difficulties were outweighed by
the adventages of having a converter capable of adjusting
its pace to the characteristics cf the input signals.

In this respect, the precposed converter may be described
as a true quantizer because the input signal is transformed
according tc equal increments cf amplitude rather than
being sampled at fixed time intervals. The number of
conversions per second is high for a rapid rate of chenge,
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 o

scheme of this type.

The problems related to the design of the
comparator also had an important bearing on the choice of
the particular laycut 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 comparatcr operating over a large dynamic range
(serial metheds) while others replace this by a number of
comparators each acting at a different level (parallel
methods). Serious cbjections 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 systen. On the other hand, a high speed comparator
with an expanded dynamic range would be difficult tc build
and wculd 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 tc 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. Furthercore, 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 cf the error
signal is free from linearity problems as only cne level on
each side of zero is detected by the ccmparator. The
deccder 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.%. Comparison with Delta Modulaticon.

-

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 eppellation
normally refers to a pulse code modulaticn technique
primarily intended for the trensmission of au61029 or
v169030 signals. It employs.a one-digit code and there-
fore makes the sampling frequency equal %0 the elock pulse
repetition rate. The method is well kncwn 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 cf the input signal. Further-
wore, the mathematical expression for the maximum input
freguency as a function of amplitude for a delta modulation
system29, is identical to the corresponding equaticn to be
derived later for the present converter. In this case,

the clock freguency must be replaced by the maximum pulse

repetition rate of the reference level generator,

The absence of a fixed clock pulse freguency 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
mcdulators. In fact, with the new reference generator,
problems cf 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 con the magnitude "g" of the
quantization interval. The gquantization error at any
point can be defined as tq/2, suggesting that the
quantized signel will always lie at or within these
limits from the exact value. If it is desired for scome
reason, to keep the quantization errcr to a small fraction
of the full scale, the number of defined levels must be
increased sufficiently. It should be remembered that
goed filtering is necessary in order to reccover the signal
if only a few levels are used, The instantaneous
accuracy is of prime importance whenever the gquantized
signel is utilized as such with little filtering. Many
analcg~-to-digital converters, used in cenjunction with
computers, must introduce negligible quentizaticn errors.
However, dividing a given dynamic range into a greater
number of intervals in order tc reduce the quantization
error can impcse severe limitations on the speed of the
converter. A simple example will demonstrate the implica-

tions of this statement.

Example: Suppese that a quantizer divides a given voltage
range into 1000 intervals. Thecretically, the
quantization error can be as small as ¥ 1 part

in 2000 or * 0,05% of full scale. If a



cemparison method is used, as in the present
case, the number F of steps available from

the reference per unit time limits the maximum
voltage variaticn per unit time ( AV/ AT)
acceptable at the input. The steps must be
equal to the full scale amplitude divided by
one thousend and the following inequality

must be satisfied at 211 times.
Fx(full scale amplitude)/1000 = AV/ AT

If the maximum slope of a sinewave is expressed
as =fTA, 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
instanoe; would require the reference to
operats at a speed greater or equal to

1000 =f ocr F = 2,14 x 106 steps/sec.

This result points cut 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 cf quantization intervals is
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decreased feor a fixed dynamic range, the amplitude of the
steps consequently increases. Assuming that the speed

F (step/sec) cof the reference remains the same, the maximum
slope acceptable by the quantizer is prcportionally larger.
The quantizatien thecry shows that in many cases, a small
number of levels is perfectly adequate as long as certain
conditicns are satisfied. This theoretical peint will

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

The ultimate perfcormance cof the quantizer there-
fore depends on the extent toc which the reference staircase
generator can meet the speed and precision requirements,

It is now intended to enumerate the prcblems related to the
design of this moét important part c¢f the system and to
explain in detail the various steps leading tco 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 gquestion to be answered at an early
stage was how tc define between one hundred tc 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 tc 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 cf 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 1ehd 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 chapfer.

2.2. The Tunnel Diode.

The tunnel diode is a heavily doped semiconductor
junction diode. Its characteristic shows a voltage-

contreolled negative resistance.

This behaviour has been explained by Esaki as
being due to guantum-mechanical tunnelling of carriers
z
through a narrow p-n junction’l. The tunnel effect is

a2 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 guantum theory, the
space 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 dicde 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 concentratioh.

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 breskdown 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

gccount the difference in construction.

Qualitative physical description of the tunnel

diode junction in terums of electron energy band theory,
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can be found in the literature-2 and will not be included
here. References %1-%3 and 24 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 2 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 % has been obtained from accurate
measurements taken on a 1N2941 tunnel diode. All subse-
queht 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 befween the figures of different sections.

The curve of figure ?* can be described by the following

points:

Ip = peak point current, the maximum tunnel diode
current to the left of the negative resistance
region.

Vb = peak point voltage, the voltage across the

diode when I = 1 to the left of the negative

p’
registance region.
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I_ = walley point current, the minimum diode

current to the right of the negative resistance

region.

V, = valley point voltage, the voltage at which
I =1, to the right of the negative resistance
region.

pr = forward peak point voltage, the voltage across

the diode for I = Ip in the high voltage region
(te the right of V).

The peak point current, Ip, is controlled by an etching
process and can be held to within *2.5% or better on a

z
22 (pege 12) Tupnel diodes can be made

production basis
with peak currents anywhere from a few microamps to several
amperes. When the peak current is less than about 50 pA,
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, V., the valley peint

p?

voltage, V_, and the forward peak point voltage, pr, are

v
fixed tc a certain extent by the semiconductor material.
Table I compares between typical voltages obtained with

germanium, silicon and gallium arsenide tunnel diodes,



Material Vo Vv Vep
mv mv mv
Ge 55 250 500
81 75 450 750
Gads 150 500 1200
TABIE I

The higher voltages cbtainable with GaAs combined with a
possibly greater I,/I, ratio, seems to suggest the choice
of this material as being more advantageous. At the
present, however, germanium diddes 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 GalAs 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 preoporticnal to Ip, imposing certain
limitations on the design of tunnel diode oscillators and
amplifier932'33. A useful linear approximation of the
negative resistance can be computed as 0.4 times the

resistance joining the peak point, (Ip, Vb)’ to the valley

point, (I, Vy).
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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. 4This 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, Ry represents the total series
resistance determined mainly by the bulk of the semi-
conductor materiel. The inductance, Ls,is limited by the
minimum inductance of the leads or the package. The
capacitance, C, is the summaticn of the capacitance of the
junction and the capacity introcduced by the package and
the leads. Finally, -gg4 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, fpg, and is defined as
the frequency at which the real part of the tunnel diode
impedance gces to zero. The device will not amplify above
this frequency. The second point of interest is the self-
resonant frequency, fy,, and it occurs when the imaginary
part of the diode impedance geces to zero. No oscillation
can be sustained above this frequency. Expressions for

fpo and f,, are easily derivea>2 (page 14).

_ leal 1
fro = ngVRs{ng -1 ..o (1)

2\
_ A 1 - ()
fxo = 2= NV/LSC (C -+ (2)

For a typical 1N2941 germanium tunnel diode in a T0-18

package, manufactured by General Electric, the relevant
parameters given in the data sheet are as follows:
C =15 to 50 pf; L = 6 to 19 x 1072 henries and
l—gdiz 0.0% mhes. In this case, with the minimum values

of C and Ly, £, = 2.58 Klic/s and fy, = 420.% Me/s.

ro

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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therefofe be remembered that cperation above a few hundred
megacycles is not always possible with all tunnel dicdes.
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 diocde circuit of
figure 5, will provide enocugh iﬁformation for the design
of all subsequent circuits required by the staircase
generator.

This basic circuit consists of a voltage source,
Ey, in series with a resistance, Rg, an inductance, Lg,
and the tunnel diocde itself. It ig 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, E5, and of the

gseries resistance, R drawn as a load line. Reference

s’
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, Lg.
Ad justment of the bias voltage, Eg, and cf the series
resistance, Ry, (and of the inductance, Lg, in certain
cases) would suffice to transform the circuit into an astable,
é menostable or a bistable unit. It can therefore become
a sinewave oscillator, a mohostable trigger circuit, a
bistable flip flop, a level detector, ete.. The analyses
for the cases of the sinewave oscillater and of the
amplifier can be based on the equivalent circuit cf

figure 4 and are derived in chapters % and 4 of reference
32.

However, the present work is concerned entirely
with the tunnel diocde as a switching element. It is now
intended to consider in detail the switching action of a
tunnel diode in crder 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 descripticn of the

Yunnel diode chain.

2.3, The Tunnel Dicde Chain.

If a chain of tunnel dicdes is connected to &

constant current source as illustrated in figure 7, a



Trigger

Fig.7. Fig. 8.
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multistable circuit is obtained. The cver-all static
characteristic of the chain is shown in figure 8, assuming
that all tunnel diodes are identical. The standing
current, Ig, is adjusted to a value below the minimum pesk
current, Ip, in the chain and all the dicdes 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
cutput.

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 scurce and then from a voltage
source will first be analysed qualitatively. The switching
of two tunnel diodes in series will then be étudied.
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.

2.2.1. Switching of a Single Tunnel Diode.

In the circuit of figure 9, iy represents the
current flowing through the ideal tunnel diode, Ty, at

any instant. The voltage v; across the diode is given by



46

the static characteristic of the device at a point corres-
ponding to a current, iz. The capacitor, C, represents the
total capacitance appearing across the diocde and i, is the

instantanecus current taken by that capacitance.

2.%.1.1. Current Drive.

In the case of a current drive, the resistance,
R, is made arbitrarily large. Assume that the voltage,
V,, is initially standing at zero and starts increasing
positively. The input current, i,,alsc increases from

zerc and is divided between ig and i, in a manner

c
illustrated by figure 10. The following equalities must be

satisfied at all times.
i = dig + ig .o (3)
Mg = Adlg  + Aig .. (4)

Equation (4) expresses the fact that any change in iy per
unit time must be reflected as cerresponding variations

of id and ic.

Referring to figure 10, the complete transition
from point zero to pcint 4 can be described as follows.
For the first part of the characteristic to the left of the
peek, the magnitude of the capacitor current, i, depends
on the rate of rise of V, and is kept small by the

shunting effect of the low dynamic resistance of the



L7

tunnel diode in that region. As the pegk is approsached,
the diode begins to look like a very large impedance and
‘any further increase in the current, i,, is taken almost
entirely by the capacitor, C, i.e. the voltage, v;, starts
increasing faster for a given rate of rise of i, The
presence of the charging current, i,, causes the voltage,
V1, across thé capacitor, C, to exceed the peak point

voltage, Vb, producing a decrease of the tunnel diode
current, ij. From that moment on, the negative resistance
initiates a regenerative action and no additional increase
in i, is needed to ensure complete switching of the tunnel
diode to the high voltage state. Suppose, for instance,

that the input current, i is maintained constant,

o?
( ai, = 0), as soon as the peak point is passed. From
Eq. (4), Ai, = - Aig and, as the tunnel dicde current is
decreasing, Aiy is negative, giving a positive value for
Al The increasing capacitor current causes the voltage,
V9 to become still larger, producing further decrease of
the diode current, lg. After the valley point, (V&, 1,),
is passed, the diode impedance becomes positive again and
the increase of vy produces an increase in the current,

ig, which in turn asks for an equivalent reduction of i,
slowing down the rate of change of vy. Switching is

completed when the capacitor current, i_.,, has been reduced

c?

to zero and the diode current, iy, is equal to the ihput

current, i,.
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The same argument hclds in the general case when
the input current, i,, is not kept constant during the
switching acticn of the dicde. If 1, indreases much above

the peak current, I the available capacitor current is

p’
larger and the switching time becomes shorter. In the
case of a significant reduction of i, taking place during
the switching, it is only necessary for iC not to fall to
zerc until the valley point is passed. The final value of
ig mqst obviously be greater than the valley current, I,

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

at the end of the switching process.

In practice, the tunnel diode wculd be biased
from a constant current scurce, IS, and an}additional
current pulse would bring the operating pcint abcve the
peak. In this case, the triggering pulse must nct be
removed before the tunnel diode current has fallen to a
value below the standing current, Iy, ctherwise, the
capaciter current wduld be reduced to zerc at a point on the
negative resistance and the diode would return to the low

voltage state.

2.%.1.2. Voltage Drive.

The circuit of figure 9 can alsoc be used to
describe the switching cf a single tunnel diode driven from
a low impedance source. In this case, the resistance,

R, is very small end it is important tc emphasize the fact
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that it represents the total dynamic as well as static
impedance in series with the dicde. In cther 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, V_, is increased from zerc depending on whether

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

resistence, |-Rg|, of the tunnel dicde.

In the circuit of figure 9, the resistance, R, is
effectively in parallel with the tunnel diode. This fact
becomes self-evident if the veltage source, V,, in series
with the resistance, R, is replaced by its equivalent
current source, V,/R, in parallel with R. If the
resistance, R, is smaller than ’—Rdl, their parsllel com-
binaticn can never present a negative resistance tc the
current source, VO/R, and no regenération can take place.
The circuit is therefore stable at all points and the
tunnel dicde can be said to pocssess a voltage-stable
characteristic. The behavicur of the tunnel dicde under
these conditions is illustrated by figure 11, when the
voltage, V,, is increased from zerc to a Value, VO3' The
exact trajectcry depends cn the timing of the transition
of the vecltage from zero to.V03 but a possiblé example is

given by the dctted line 0-1-2 and 3. It should be
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remembered that V, may be stopped anywhere such that the
resistance, R, intersects the dicde characteristic at any
point and the circuit would remain stable. Nc¢ switching

can cccur as long as R is smaller than I'Rdl‘

If on the cther hand, the resistance, R, is made
greater than l-Rdl, the switching action is similar to
the case of current drive already explained. Figure 12
shcws the trajectory, 0-142-3, fcllowed by the input

current, i_, when the voltage, V., is increased frcm zero

0 Q

to a final value, V). It is seen that the current, i,,
is divided between the tunnel dicde and the parallel
capacitance in exactly the Same way as in the case of
current drive. The same equations (%) and (4) are valid

and the description of the switching process need not be

repeated.

2.3,1.%, Practical Case.

In practice, the tunnel diocde is biased with a
standing current, Ig, as in figure 13. The current, Ig,
can be cbtained 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, ccnnected to the diode via a

capacitor, 02. The tunnel dicde is initially resting at
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point A (figure 14.). For complete switching to occur
from the low vcltage to the high voltage state, the trigger
pulse must be large enough tc increase the voltage across
the diode from pcint A to point B. As scon as point B is
reached, the standing current, IS, continues tc charge up
the capacitances, C; and Cp, until switching is completed,
regardless of the magnitude of the resistance, R. It is
agssumed for the mement that the duration cf the input pulse
is longer than the switching time. Peint 6 in figure 14
is therefcre the new cperating 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 tc the low voltage state or not at that moment
depends on the magnitude of I relative to the valley
current, I, and cn the amplitude of the input pulse. If
a dicde gate is employed at the input, the effect of the
trailing edge may be ccntrolled independently cf these
factors and the pulse may be remcved immediately after

pcint B is passed without fear of resetting the dicde.

The minimum amplitude cf the trigger pulse, EE ’
fo ensure reliable switching depends on the magnitude of
the resisténce, R. If R is smaller than the negative
resistance, "Rd" Up > Vg - Vy must be satisfied.  The
trajectory ffom point A tc point B depends cn the rise time

of U, and cen be deduced as was done for the corresponding
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theoretical case (see figure 11.). The presence of Ig
in this region c¢f the curve merely acts as a ccnstant term

and dces not influence the transition from A tc B.

The situation met when R is greater than ,—Rd,,
is not significantly different. However, it lends itself
tc a clear graphical representaticn, as shown in figure 14,
and will be used to explain the influence c¢f the resistance,
R, and of the capaciter, 02, on the switching process.

In this case, the minimum inpﬁt pulse amplitude is given
by Ug 2 ¥y =V, + R(Ip - I,). Suppose an input pulse
Uy = VB - V, 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,
i,, and the part of the tunnel diode current lying above
1,, are supplied entirely by the trigger pulse. From

peint B to peint 3, the standing current, I supplies the

X
tunnel dicde current, i3, and part i, of the charging
current, ig. By the time point 3 is reached, the trigger
current, i,, has been reduced tc zerc by amn increase in
the voltage, v, equal to UO and both i, and iy are due
entirely tc I,. The further increase of v; due tc the
current, ic, produces a reverse current, i,, tc flow

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

charge building up across the coupling capaciter, C,,
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gradually decreases the current, i shifting the

9
operaticn towards pcint 6, the final quiescent condition.
This effect can be illustrated graphically if it is noted
that the voltage appearing across 02 is in series with
Uy, and is effectively mcving point 2 towards point 6
aloﬁg the IS line uwntil the dotted part of the load line,
1/R, intersects the dicde characteristic at point 6.
Another approach is tc consider the reduction of ir 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 1lcad line
about point % until point 5 ccincides with point 6. The
effect of the removal of the input pulse has}been
explained above and is of no ccncern here as diode gates
are ncermally introduced at the input. The time needed

for the operating point to move from 5 to 6 depends

mainly on the time constant (R + Rdz)cz-

The switching of a single tunnel diode has been
thoroughly investigated thus far for the cases of current
and c¢f voltage drive. = The results will now be utilized
to study the behavicur of a series of two tunnel diodes

under similar conditions.

2.2.2, Switching of a Series of Two Tunnel Diodes.

The switching of a series cof 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 ng, are equal cr different. Finélly,
the standing current will be introduced in order to

elucidate the practical implications of the results.

2.%3.2.1. Current Drive ¢f the Tunnel Dicde Pair.

Suppose that in the circuit of figure 15, the
two diodes differ only by a slight change in their peak
currents such that Ipl < Ip2' The total static
characteristic seen at pcint M is given in figure 16.

If the resistanqe,kR, is very large and Vb is increased
glowly from zerc, a current, io, starts tec flow. As soon
as io becomes greater than Ipl’ the first dicde switches
to the high veltage state, quite independently of the
presence of the second diocde. The switching takes place
at constant current because i, is defined by a large

resistance, R. The second dicde does not switch until

In this case of true current drive, the inter-
action between the two diodes 1s nil because the driving

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

vy OT Vo 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 eauxiliary circuit which could stop the drive
before the next peak is reached. This method necessitates
the operation of the contrel 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 Dicde Pair.

If the resistance, R, in the circuit of figure 15,
is given a very low value, and the voltage, Vb, is
increased from zero, the behaviocur 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.

1o = i * iy = il * odgp -+ (5)

Vo = Rij + v; + vy es (6)
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z ; .
2.%2.2,2.1. Different Peak Currents Ipl‘c Ip2'

is smaller than I the first tunnel

pl p2’
diode passes its peak point before the other one. Assume

It I

at first that the resistance, R, is smeller than '—Rd',

the negative resistance ¢f one tunnel dicde. For the same
reasons as these 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 V, over a sufficient range.

Suppose on the other hand, that the resistance,
R, is larger than !'Rd" such thaf 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 incrcase of the resistance, R,
by an amount equal to Rgyj. Purther 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
rige of Vb during that time must not be greater than that

of vy across the switching diode. In fact, it can be
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seen from Eq. (6), that as long as v, is increasing as fast
or faster than Vb while Vo is not changing appreciably, the
current 1, must remain constent or decrease. This 1imi—
tation imposed on the rise time of the driving signal will
be used toc great adventage later on in corder to ease the
tolerence requirements on the amplitude of the trigger

pulses fed to long chains of tunnel diodes.

2.%.2.2.2. Identical Peak Currents Ipl = Ip2°

One important question has remained unanswered
so far. Is it possible to use tunnel diocdes with
identical peak currents and still trigger them one at a
time? | "

I+ 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 cdmpletes its switching. In order to
explain this operation, the circuit of figure 15 can be
assumed to contain two identical tunnel dicdes except fér
a slight difference in their parallel capacitances Cy <= Co.
The resistance, R, is larger than léRd‘ by a smail amount

and V, increases slowiy. As soon as the peak currents
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are passed, both diodes begin to switch and Vi + Vo
increases rapidly. At first, the conditions of both
diodes are identical and iCl = 102. However, Cl is
smaller than 02 and the voltage V1 increases faster than
Vo. Consequently, the current, idl’ decreases more
rapidly than the current, ig0, for identical negative
resistances. It follows from eguation (5), that ig1 is
getting larger than i,, favouring some further advance of
the voltage, vy, on Vo This regenerative action has
been described before and will not be repeated. Meanwhile,
assuming that V, changes very little during the switching
time of a tunnel diode, the current i, is decreasing as
equation (6) must be satisfied at all times. Because the
voltage, Vo, is not changing as rapidly as 4K it is
possible that the reduétion of 14, may not be sufficient

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

o]
i,0, starts to decrease. For small values of the
resistance, R, this action may be rapid enough for 102 to
become zero at a point on the negative resistance cf the
second diode. At that moment, i, is still greater then
zero (icl:> iep) and the voltage, vy, is increasing. The
first diode is then getting closer to the.valley point and
therefore entering a region of very large negative

resistance. It means that even a small decrease of the

current, idl’ (or of iy, because of the very large
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negative resistance in parallel with Cl) would cause a
large increase of the voltage, VY. It can be seen that,
for equaticn (6) to be satisfied under these conditions,
the changes in the voltage, vy, must be negative. 4
curreﬁt, 145, begins to discharge'the capacitor, 02, in
order to reduce Vo while the voltage, UE continues to
increase. The action is égain 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

cireuit of figure 18.

2.2.2.%. Practical Cases.

' 2.%.2.%.1. Different Peak Currents.

The description dlready given for the case of

two different peak currents, Ip1-< I », is still perfectly

2
valid. Owing to the presence of thz current, Ig, 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:EQEE 2V, = Vy + (Ip - IgR
directly from figure 19. Provided that the réte of rise
of the leading edge of the input signal is slower than the
switching speed of a tunnel diode, the amplitude, U,, may
be larger than the minimum, HQ’ 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 U,

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 reguirements on U,
become correspondingly more>stringent and unless the extra
speed is essential, this condition shculd be avoided.

The 1N2941 tunnel diodé can switch over in less than 10
ngec and this time is more than adequate for the present
needs. The minimum amplitude, U,, cf input pulses, is
prpportional to the magnitude off;he 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 diocde. The

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

ease the tolerance required on U,.
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2.%,2.%.2. Equal Peak Currents.

The introduction of a standing current, Ig,
was shown not to modify seriousiy 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 Ig
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 ﬁhen the diocde current is still
above the intersection of the current level, I, with the
corresponding negative resistance. The 1limit 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, 1i,,, 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.

2., 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
diocde 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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2.2.3. 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 estabiishing 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 wupon the control of a
current ramp and necessitated a rather large increment
from one peek 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 éxplanation given for the tunnel

diode pair.

2. %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
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tunnel diodes. In crder 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, I, and for the conditions illus-
trated by figure 20, it would take more energy from the
input pulses to switch the first dicde 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 siightly different peak currents to ensure sequential
operation keeps all diodes from reaching their peak
voltage, Vb, until their turn comes for switching when i,
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

b

one diode gets to 1.25 V? while all the others still in

the 19W voltage state are standing at 0.75 Vb. A number
of equations can be written down directly in order to
descfibe the linear characteristic of figure 20. The
dynemic resistances, R,, to the left of every peak can be

expressed by equation (7).
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By = (¥ - n)Rgy + nRy, .. (7)
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.
R3; = 1linear approximation cf the dynamic
resistance of a tunnel diode in the low

voltage state (given by equation (A4.1)).

Rgo = 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’d(n +1)7 presented by the chain when

one diode is in the necgative region.

R'(n + 1) = Rg *+ (W -n - 1) Rgy + nRygy, .. (8)
Where n = 0,1,2,..-(N - l)
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).

Ven = O.75Vb (N =-n) + anp .. (9)

fcr n = 0,1,2..0

Vb(n +1) 7 Van + O.SVP

Vb(n + 1) = VP[O"YS(N - n) + 0.5] + anp . (10)
fOI‘ n = 0,1,200(N - l)

where Van = voltages appearing at the tocp of the

s fer I = Ip'

cr vecltages et the left extremity cf every

resistances, R

horizontael pcrticn ¢f the cheracteristic

when I = 1 .
p

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

; N =
resistances, R d(n + 1)? when I = Ip.
The stable voltage points, an, 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 Ig+ [pr - Ryo (Ip - IS)]n .. (11)
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2.%2.4.1, Lower Limit of Trigger Pulse Amplitude.

The linear static characteristic of figure 20
can now be used to establish the minimum amplitude, Uo, of
the input pulses which will ensure sequential trigge;;ng
of all tunnel diocdes in the chain. It can be seen from

figure 20, that the following inequality must be satisfied.
Uon™> Vo(n + 1) = Ve + R(Ip = Ig) .. (12)

Replacement of Vy(, . 1) and V. 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...(8 - 1).

Uon™ Vp{0.75(1\1 - n) + 0.5] - (N = n)Rg; I + (nR,, + R)(Ip - Ig)
.o (13)

Therefore, equation (13%) represents the lower limit to be
excecded by the amplitude of the trigger pulse, U,, in

order to ensure that one dicde 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, Vb, by the time the
switching diocde is at 1.25Vp. In this case, the first

term of equation (1%) must be replaced by vy KN -n) + 0.25],

producing equation (14).

Vo™V (8 - n) + 0.25] - (W - n)RgyTg + (nRgp + R)(Ip - Ig)
.. (14)
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It was pcinted out earlier that the first expression is
cleser to reality than this last one when it comes to the
calculation of the changes in the minimum amplitude, Ug,,

from one end of the chain to the other. From equation (13),
it can easily be found that the increment of, U,, from one

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

Uo(n + 1) ~ Yon = Rdz(lp - Ig) - (0-75V§ - Rg1Ig) .. (15)

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

may be replaced in equation (15): Vp = 60npv, I_ = 4.7una,

P

Ig = 2.2nma, Rgy = 9.60hms, RdZ = 18, Zohms. The answer is
+ 12.%mv per step showing that the last diodes in the chain

are more difficult to trigger than the first ones.

2.%2.4,2. Upper Limit of Trigger Pulse Amplitude.

The upper limit of the trigger pulse amplitude is
defined as the maximum voltage, U,, which must be fed to
the input of the chain before two diocdes 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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limit, ﬁ;, must be smaller than the magnitude of the step
generated by the tunnel diocde being switched plus the
amplitude of the lower limit wvalid for the next step.

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

U, < Eg(n r1) * Step .. (16)

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

and is given by equation (17).
Step = Vg - Ry Iy - Rep(Ty - To) .. (17)

Two expressions are available to define the lower limit,
Hﬁ(n + 1) Baquation (14) will be used rather than

equation (1%) beczuse 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 fhe neglected
production spread in the tunnel dicde characteristics as
well zs for the influence of any capacitance to ground along

the chain. FEquation (14) can ecasily by shown to yield

equation (18) for Us(n + 1)

)~ U

Uoy = Vp * Rgp- Ig + Rgo(I, - Ig) ..(18)

Eg(n + 1
Replacing the last two equations in equation (16), gives

equation (19).

Ty < U + pr - Vp .. (19)

———
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But Uy,s in the above expression for the upper limit, must
be o;;;ined from equation (14) for n =N - 2. This value
of n gives the smallest Uon of interest in the present
case when two diodes stiII—remain to trigger. The range
of input pulse amplitudes is therefore defined by the

following equations.

Upper Limit:

T,<1.257) = R4y I + [R+ (N = 2) Rgp|(I, - Ig)+Vg, ..(20)

Lower Limit:s

Ug>V (N + 0.25) - MRy I + R(I, - Ip) .o(21)

S
Equation (21) for the lower 1imit 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 dicde 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{Vp(N + 1.5) = (§ + 2) Rgy. I +
[R + (W - 2)Rgp] (I, - I) + vfp} .. (22)

-

The tolerance expressed in percent of that nominal value is

then obtained from equation (23%).

Tolerance (%) = .. (23)

(1 = M) + (W = 2)Rgy . Ig + (N = 2)Rygp(I, = Ig) + Vgp] x 100
Vp(W + 1.5) - (N + 2)Rqp-Ig + [2R + (N = 2)Rgp|(I, = I )+ Vep

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
dicdes 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 T2o0%
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 parellel with the chain,
was introduced to decrease its effective value during the

risetime cof the input signal.

Por 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 lcnger be neglected. The minimum increment between
the peak currents is dictated by their thefmal 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 20p4. 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 cnly 20pd, for N = 50, the over-all change in
peak currents would be 50 x Z0pA = 1.5ma. In the case of
the 1N2941, this amounts to more than 20% of the typical Ip.
Consequently, the additional restrictions impoéed on the
tolerance of Uo would soon make it impossible to trigger
reliably only one tunnel diocde at a time unless true

current drive as described earlier were emplcyed.

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 tc 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 behavicur is concerned.

The staircase waveform generated across the chain must now
be considered from the point of view of static precision

and linearity.



2.%2.5, The Staircasc Waveform.

When the tunnel dicdes in the circuit of figure 7
are being switched in turn, the veltage at the output of
the chain after &ll transients have disappeared, is given
by equation (11). This expression of the output waveform
is repeated here for ccnvenience together with the related
equation (17) describing the steps produced in the ocutput
voltage every time one more diode switches to the high

voltage state.
Vo = (F = n)Ryq I + [pr - Rgo (Ip - Is)] n .. (11)

V(step) = Voo = Rgo(I, = Ig) - Rgp.Is .. (17)

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

equations belong to the tunnel diode characteristic,

The current source was analysed in Appendix A4.5.
It is made up of a single transistor biased in the common-
base configuration with the aid of a temperature compen-
sating zener dicde. The specificaticns in Appendix A.5.
show that the current, I , is defined by an effective
resistance of 760kq. The magnitude of the step generated
by a typical 1N2941 tunnel dicde (sece Appendix A.9), is of
the order of 450mv for IS between 3 fo 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/760kn or less than -6ph.,  The effect
on the last step in the chain would be smaller than

AIR4o or -6pA x 18.3 = -109.8uv, approximately -.002% of
full scele. 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 I is automatically

taken into account.

It can also be seen in the performance data for
the current scurce (Appendix A.5), that IS is influenced by
ambient temperature changes. Its thermal coefficient is
equal to +0.3pA/CC and even for a variation of +10°C in
room temperature it is only +% 4. A difference as large
as 6pa in I was shown in the above paragraph to have

negligibie effect on the precision of the steps.

The parameter, I_, in equaticns (11) and (17),

87
can therefore be considered as a constant in the following

study of the accuracy of the staircase voltage waveform.

2.%2.6. 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 ancther within a reasonable
accuracy. It is ncw intended to summarize the results of

an investigation cn the subject carried out on a sample of
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forty 1N2941 tunnel diocdes manufactured by General
Electric.

At constant temperature and for a fixed value of
I, equation (17) gives the magnitude of the voltage step
contributed by any one tunncl diode in the chain.
Unfortunately, owing %o productién spread, the parameters
pr, Ip, Rgy and Rgp 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 tc be accurate cnly
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 of 40 units is
fairly representative of the production spread to be
expected from a large number of 1N2041 and tc a certain
extent, from other germanium tunnel diodes of similar con-
struction. It should be noted that these 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 sc far as these assumptions are

valid, it can be said that a precision of +6% between the
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steps can be attained in tunnel dicde chains without any
selection. Simply by rejecticn of a few units, this

figure can be reduced to +4%.

In order to improve the accuracy even further
the same forty dicdes were selected accerding to their
veltage steps tc conetitute four new chains. The idea was
to get maximum accuracy in two of the chains while keeping
the others to better than ¥5% with the remaining diodes.
The motive behind this apprcach will be clarified later on
by the study of the precisicn requirements for the complete
reference unit of the quantiszer. Out of the four chains,
the following accuracies were measured: one achieved
+1%; two others, +2% and the remaining cne £5% as its
dicdes were not selected. These results are most
significant considering that there was a restricted number
of dicdes to select from. It shculd be remembered that
all of these chains can be operated at 10Mc/s p.r.r. and
that the dicdes 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 tc better than +1% without
any great effort. In any case, selection need not
achieve a precision superior tc +2% as trimming can take

over in that range cf accuracy.
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The method c¢f increasing the precision of the
steps 1n & chain by trimming is described in Appendix A.6.
It consists of shunting cne 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 2 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 dicdes in the chain is cobvicusly nil as far as
accuracy is concerned. The order cf triggering of the
diodes ig contrclled mainly by the relative magnitudes of
the peek 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 dynemic preperties of the chain may be recovered by
the introduction of a small capacitance tc ground between
the two units switching together, Both capacitive and

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

of 6800 and 4700 respectively, the accuracy in the chain
was improved from +2% to +1%. One trimming capacitor was
necded to restore the normal sequential switching.

Complete description of the dicdes 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 céh therefore be cencluded that an accuracy of
better than +1% between the steps can be obtained by
selection of ten tunnel diocdes 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 dicde characteristic.

The sengitivity 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 ¢f resetting emplcy a
transistor switch to shori circuit the ceonstant current
scurce to ground, reducing the current in the chain to a
value below the minimum I, thus returhing all the tunnel

dicdes to the low voltage state.

The resctting 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.25);

2., Intermediate switohing.

Direct transistor switching is the simplest method and will
be described in detail later in order to investigate the
problems related tc the resetting cf the chain. The second
system utilises twe transistors interccnnected by a
transformer feedback locp tc generate a reset pulse.

The first transistor serves as a level detecter and is cut
off until a pre-selected number of tunnel dicdes have
switched tc¢ the high voltage state. The last step brings
the first transistor into conducticon and a ccupling
transformer feeds a large current pulse intc the base of
the second transistor which saturates for long enough to

reset the chain. This circuit has been described in
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the literatureBB, and the explanation will not be pursued
any further. The third method is an‘improved version of
the first cne as it simply introduces a tunnel dicde for
regeneration between the chain and the transistor. Its
performance is at least comparable to that of the second
method but it uses only cne tramnsistor and nc transformer.
It will be adopted for the present system fcr reasons which

will become clear later on.

2.4,1. Direct Transistor Switching.

Figure 22 represents a tunnel diocde chain
connected across the output of a common-emitter transistor.
Ag long as the last tunnel dicde, N, remains in the low
veltage state (V4= 65 mv), the transister is cut off and
the operation of the chain is not affected. The presence
of a small capacitance, Cy (20 tc 47pf), ensures that the
diode, N, is the last one tc trigger, therefore permitting
full use of the chain befcore the transistor comes into
action. This capacitance, €y, is unnecessary if the

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

2.4.1.1.Resetting Action.

The basic resetting process is very simple.
When the last tunnel dicde is triggered to the high

voltage state, (V,2 500 mv), the current begins to increase
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in the base inductance, Ly , and the transistor starts
diverting the scurce current, Ig,. If the saturation
registance of the transistor is small encugh, the current
in the chain falls below the minimum I, and all the diodes
resume the lcw veltage state. At the same time the base

current starts to decrease and the itransister cuts off.

Addition of a ccllector inductance, Lc, is nct
necessary for the resetting to take place normally
provided the saturaticn resistance cf the transistor is
low encugh. If this is nct the case and it is found that
cne or mcre dicdes do not reset, a small inductance,

L. (4 tc 10ph), causes an overshoot when the transistoer

switches off and permits total resetting tc cccur.

The base inductence, Ly, cn the cther hand,
cannct be removed. The exact behaviocur of the circuit of
figure 22, when the base is connected directly tc the chain,
depends cn the Vi, - Iy characteristic of the transistor
as well as on its current gain and its cut-cff frequency.
Consider for instance the cperaticn of the circuit in the
absence of L,. When the resetting action is initiated by
the triggering of the last tunnel dicde, the transistor
starts diverting part cf the current, Is’ from the chain.
Ccnsequently, the voltage acrcss the last dicde decreases

eand the base current is immediately reduced. This rapid



feedback prevents the transistor from staying into
saturaticn for long enough and cnly partial resetting can
occur. Furthermcre, because of the lcading effect of the
current, the last tunnel diode is easier to reset than the
others and tends to cut off the transistcr prematurely.
With some transistors, a stable ccnditicn can be reached,
when Lb 1s removed, where the last dicde stays just above
the valley vcltage and the scurce current, Ig, 1s divided
between the transister and the chain. All of these
difficulties disappear when Lb is greater than a certain
minimum. It can be said therefore that the inductance,
Ly, 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
previcusly served the same purpose. However, that second
method is supericr 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 ccnsiderations reveal some of the dis-
advantages of the direct transistor switching technique.
The exponential rise and fall c¢f the base current in the

inductance, L,, when switching the transistor, unduly
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increases the resetting time of the chain. Ne reverse
drive is available tc bring the transistor cut c¢f saturation
more rapidly. FPull advantage cannct be taken cf the
pctential speed of the transister and of the tunnel dicdes
used as the minimum Lb sets the limit. The inductance,

Ly, must keep the base current large for long encugh such
that the input cof the transistor dces nct detect the decrease
in driving signal until resetting c¢f the chain is completed.
The minimum acceptable value cf the inductance, Ly, there-
fore depends cn the magnitude of the scurce current, I,

the: current gain and the cut off frequency of the transistor
as well as the exact shape of its input characteristic in
the commen-emitter configuration, the total capacitance in
perallel with the chain and the forward peak voltage, pr,

of the last tunnel dicde.

A minimum over-all resetting time of 0.25usec
was achieved with the circuit of figure 22, using an O0CLT1
or an ASZ21 transister acrecss a chain of ten 1N2941 tunnel
diodes passing 2 current I = 4 na. The baée inductance
had to be greater than 15 to 20 ph and a small collector
inductance was necessary for reliable reéetting. A
capacitive lcad of 100pf to ground increased this switching

time tc about 0.27 psec.

The maximum speed of operation of the chain being

limited to approximately 3.5tc/s by the presence of Ly, it
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was decided to investigate some other methed of resetting.
Considerable reduction of the resetting time can be achieved
if one tunnel dicde is inserted in the control loop between
the chain and the transistor in crder tec provide some
regeneratiocn of the driving signal. This intermediate
switching apprcach is much supericr 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 not supplied
by the chain itself as before and the delay introduced by
Ly is no longer needed for complete switching to occur.
‘Purthermore, 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 & 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 wost important unit.
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It was pointed out earlier, in section 2.2.2. that
the simple tunnel dicde 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 cof its varicus 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 tc the design of all

the tunnel diode switching circuits to be used in the

Rl
:as

gquentizer.

2.5.  The Astable Oscillator.

Figure 24. represents the circuit diagram of a
tunnel dicde relaxation oscillator and figure 25. is a

piecewise-linear approximation of its characteristic.

Qualitatively, the operation of the tunnel diode
relaxaticn oscillator is easily explained. When the bias

veltage, E,, is first turned on, the current builds up in

g9
the series inductance, LS. As soon as the peak current,
Ip, is attained, the tunnel diode switches to the high
voltage state (point Vep Y. Instability in the negative

region is ensured even with Rs«<!-Rd,, if the dynamic
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load impedance is greater than I—Rd' at the operating point36.
For very small values ¢f Lg, the cscillation is sinusoidal.
If Ly is large enough, however, relaxation cscillation builds
up. In this latter case, the tunnel dicde reaches the high
voltage region rapidly and develcps a veoltage drop greater
than the supply voltage itself. Tﬁe current starts to
decrease gradually through Lg until the valley point where

the tunnel diode switches back tc the low voltage region.

The first cycle is completed and starts repeating itself as

the current builds up again in Lg.

In order to avecid the soclution of ncnlinear
differential equaticns, in the analysis of the relaxatiocn
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 diode>7s 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 follewing analysis relies cn the assumption
that Ly is made large encugh to ensure constant current
switching from the low to the high voltage state and vice

verssa. It is alsc postulated that L ccntrols the changes



96

in the current and that, in the regions 1 tc 2 and 4 to 5
of figure 25, the presence c¢f the parallel capacitance may
be neglected &.9. R3,C<<L/(Rgp + Rg).  The validity of
these simplificaticns has been verified experimentally,
(see Appendix A.%.), by checking the accuracy cf the
resulting equaticns fcr the relaxaticn cscillator.

Bearing in mind these conditiocns, the characteristic of |
figure 25. can be reproduced by feur linear mcdels, each
describing its particular region cf the curve. These
equivalent circuits are given in figure 26. and are labelled
according to figure 25, The analysis of the relaxaticn

oscillator can ncw be carried out.

Region 1: from 1 tc 2, figure 25,

In this region, the first circuit of figure 26.
is valid and the well known expressicn for the building up

¢f a foreced current in an inductance can be written

directly.
i = B@-e h .. (24)

where T, = LRty

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

the current tc increzsse from an initial wvalue I1 to a final
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Linear Bquivalent Circuits for Computation of Switching

Times of the Tunnel Diode Relaxation Oscillator.

Equivalent Circuits Region of Validity
{see fig. 2. ) (see fig. 25. )

Erom 1 to 2

_1_C From 2 to L

Rs Ls
WVA—000—

Ra2 From I to 5

T T (Vo - Rel))

J4_C From 5 to 1

Fig. 26.
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value 12.

t1—2 = Tlln Efs “R't'li[l .o (25)
Bs - Rt11I2
In the case c¢f the relexation c¢scillator, 12 is equel to the

peak current, Ip, cf the tunnel diode and, prcvided L is

large encugh, I is the valley current, I,.

Region Il: from 2 to 4, figure 25.

The presence of the negative resistance contributes
to a very fast switching from the peak point voltage, V?,
to the fcrward voltage, pr. The current in the inductance,
Ly, does not change appreciably during that time and a

current, I, - I3, is available to charge the capacitance,

p
C. It can be seen from figure 25, that a good approxima-
tion would be to assume that the capacitance charges at a

ccnstant current I - Iy, The amcunt c¢f charge accumulated

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

charging current cr as a functicn of the vcltage variaticn.

Q = (pr - Vp). C = (IP —‘Iv)o ‘t2_4 . (26)

tog = Yo = Vp } C
In - Iv ! .. (27)
b d
It is seen that this time is contreclled almost entirely by
the characteristics of the tunnel diode used. 4 typical
1N2941, for instance, would give to_, = 5.2 nsec with



99

Regicon III: from 4 tc 5, figure 25.

As scon as peoint 4 is reached, the third equiva-
lent circuit of figure 26. becomes cperative. The scluticn
for the lcop current is the same as for regicn I except

that the net veltage is now the difference between Ey and

(Vy - LRgp).

i = ES - (V‘; - Ideg)[l - e—t/‘rg] . (28)
Rio i
where T2 = L/R..tQ
Rip = Ry + Rgo

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

current tc decrease from point 4 to peint 5.

.  §
% = Teln[Es = Vg + IyRgo - Rt214]

4-5 = .
Eg - Vy + I Rgpo - Ryolsg .o (29)

4

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

simplified.

t4_5 = ‘r21n_vfp + Belp - Eg
.. (20)

V¥ Ry - B |

Region IV: from 5 teo 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 V, is passed.
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" For practical reasons, the neglected transition time from point 5
to V& is considered as an additional error in t4_5. The times t2_4

and t5_1 will normally be negligible in the design equations.r

t5_1 = VV - Vl—o C o (31>
S

Accuracy of Equaticns (24) to (%1).

In crder tc assess the amount of inaccuracy
intrcduced by the approximaticns cf the above analysis, a
relaxation oscillater was designed and measurements were
téken for a wide range of supply voltages, Es' Thecretical
results, frem equaticns (25), (27), (29) and (%1), were
within £ 10# of the measured values as long as Es was
sufficiently greater than Vﬁ but less than about 1/2:V,
(see Appendix A.3.).  For larger values of E, the linear
approximation in the high voltage region (Rd2 in figure 25),
intrcduced sericus errors. In these cases, the time

necessary for the current to decrease in the inductance,

from a value corresponding to the voltage V;, to the

\
valley pecint current, I

Lg,

v+ 18 no longer negligible. This

time is proportiocnal (as a first estimaticn) to

Ly Ai/’(ES - V,) and can beccme very large when Ey approaches
V&. New equations have been derived in Appendix A.2. de-
fining two segments instead of one tc describe the tunnel
diode charecteristic in the high voltage region., With

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

values cf Eg as high as 97% of V.

The first analysis, based cn the linear mecdel of
figure 25, has permitted the derivaticn of simple equations
describing the cperaticn of the tunnel diode relaxation
cscillator. Their accuracy, hcwever, was maintained to
better than ¥ 10%, cnly for a narrow range of the supply
vcltage, Eg. The much supericr model of Appendix A.2
exﬁends the usefulness of these basic equaticons tc the
entire range of possible values of the supply voltage, Eg,
and ensures improved accuracy. These results can alsc be
applied directly to the case of resistive lcading of the
tunnel diode, provided that the lcad is sufficiently
greater than the negative resistance of the device (more

than a few hundred chms fcr the 1N2941).

2.5.1. Leoading ¢f the Tunnel Dicde by a Transistor.

In mcst practical circuits to be discussed here,
the tunnel dicde is directly coupled tc a common-emitter
transistor. Portunately, this case turns out to be much
simpler than may be expected at first. It will be shown
that equaticns (27)tc (31) need only minor alterations to
take intc acccunt the influence cf the transistor on the

operation of the tunnel diode relaxation ocoscillator.
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The circuit diagram of a complete relaxaticn
oscillator, including a transistor, is presented in
figure 27. The fcrward veltage, pr, for a germanium
tunnel diocde is of the crder cf 500 mv. On the cther hand,
the base tc emitter vcltage for a medium power germanium
transistor aces nct exceed normally 450 mv, even at the
maximum rating of the transister. The collector current
must therefore be limited to a safe value by a resistor
RC (figure 27) and the transistor saturates when the tunnel
dicde switches tc the high voltage state. Figure 28.
reprcduces the VBEVS IB curve for a typical medium power
high speed switching germanium transistor, superimposed on
the characteristic c¢f a tunnel dicde. A piecewise-linear
apprcximaticn of the combined characteristic is also
illustrated. In that figure, Vfr represents the voltage
appearing between the base and the emitter when the
transistor is in saturaticn. For the twc transistor types
used, 2N797 and ASZ21, and fcr the current range cf
interest, that vcltage lies between 250 mv and 450 mv.

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

Assuming a valley current, Iv = 0.6ma, and a
minimum current gain, 8§ = 20, a collecteor current, I, = 12ma,
weculd be flewing in the transister for Iy equal to Iy, If
a collector resistance, R,, limits the current to approxi-

mately that level, the transistcr enters into saturation
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for Iy = I, The input dynamic resistance, Ry, of a
saturated transistor in the common-emitter ccnfiguraticn is

very low. A simple argument can illustrate this fact.

The dynamic resistance of the forward biased
emitter-base diocde of a transistor can be evaluated from
the well known approximaticn r, (chms) = 26/'Ie(ma)39’page 7,
The resistance seen at the base of the same transistor is
given by vy = AV, /AL  crry = (4V /AIg) (B+ 1) =
r, (+ 1). As lcng as the transistor cperates in the
active region, these expressicns are valid. When
saturaticn is reached, however, the collector current is
maintained almost constant by the resistance, R,, and any
further increase of the emitter current must be diverted
tc the base, i.e. AIb = AIe. The dynamic resistance at
the base, Ty, = Avﬁe/’AIb’ beccmes ry = . A Vype/ 8Ig = rg.
The resistance, Rtr’ in figure 28, therefcre represents the
forward resistance of the emitter-base dicde cf the
transistor and it can be estimated as a function of the
base current from the expression given above fcr r,. From
figure 28, it is seen that the base current immediately
after the tunnel dicde has switched tc the high voltage
state, is c¢f the crder cf (Ip - I,) or 4,lma for a typical
1N2941, giving a value cof 6.4chms for Rtr'

The resistance, Rtr’ is therefcre very small and

will be taken as zerc for the present applicatiocn. This
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choice is justified if the follcwing poeints are remembered.
The resistance, Rtr’ is in series with RS and in parallel
with the tunnel dicde. Its exact centributicn te the time
¢f transition from % to 4 in figure 28. is not critical.
On the cther hand, the time factor LS/(RS + Rtr) is not
eccnstant because Ri. gets larger when the base current
decreases. The transition from % tc 4 is nonlinear and
most of tz_4 occurs in the upper pert of the line 2-4
(figure 28.) where I, is large end R, is small. This last
remark seems tc suggest that Rtr should be chcsen slightly
larger in crder tc take its variaticn intc acccunt.
However, in practical circuits, the supply voltage, Es’

is ncrmally of the crder of %.Vv cr larger. It was
pcinted out earlier, in connecticn with equation (29), that
under these conditions, the method of analysis tended to
underrate the transition time in thet regicn of the curve.
An improved approximation for the tunnel dicde characteristic
was even develcped in Appendix A.2. tc cvercome this
difficulty. Fortunately, this errcr can be compensated,
when a transistor is loading the diode, simply by choosing
Rtr smaller in order to increase the time constant

L,/(Rg + Ryp). It was found in practice that the best
correction was obtained by reducing Rtr to zero in the
equaticns which will now be derived. The accuracy of
these assumpﬁions 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 equaticns for the switching times of the
tunnel diode relaxation cscillator loaded by a transistor
can now be established. Comparison of figure 28. to
figure 25. shows that the presence c¢f 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 V, to 1, figure 28.

It follows from a comparison of figure 28. with
figure 25. that region I (from 1 tec 2) and region IV (from
V, to 1), are not affected by the presence of the transistor.
Equations (25) and (31) therefore apply respectively to

these casges.

Region I1: from 2 tc %, figure 28.

Equaticn (27) can be used as it is, ignoring the
presence ¢f the transistor. In fact, the transistor
diverts part of the total current (Ip - I,) during that
interval, increasing the charging time cf the capacitance,
C. Employing pr instead of vtr in the computation of
tooz, tends to correct for that effect ctherwise neglected
in the formula. In any case, this risetime accounts for
only a small fraction c¢f the total pericd; the added

complexity cf a more accurate expression wculd not be justi-

fied.
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Region IIT: from % to 4, figure 28.

The derivation of equaticn (29) is still perfectly
valid but the fecllowing changes must be made: V;. is

replaced by V.,  and RdZ by Rtr which is equal to zero.

tr
t3_4 = ¢21n Es - Vtr - RtZEp .e (32)
Eg - Vir - Reoly

Appendix A.4. shows that equations (25), (27),
(%) and (32), can be used tc compute the pericd of a
tunnel diocde relaxation oscillator lcaded by a common=-
emitter transistor, tc an accuracy better than 5%. This
series of equations will be applied later in a discussion
cf the design of a moncpulser, a 10 Mc/s pulse generator
and a one-tunnel dicde flip flcp. They will now be
adapted to the case of the tunnel dicde monocpulser to be
used in the building block for the high speed staircase

generator.

2.6. The Mcnopulser.

The principle of coperation of the tunnel dicde
monosteble trigger circuit (figure 29.) is illustrated by

figure 30, The tunnel diode is biased in the low voltage
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region (below Vp) by a small veltage, ES, in'series with a
resistance RS. The vcltage drop, Va’ acress the tunnel
dicde is smaller than 60 mv and the transistcr is cut off.
On the inceming of a positive trigger pulse, the peak
point, (Vp, Ip), is reached after a time ccntrolled mainly
by the pulse generator. As socn as the peak is passed,
the cperation of the circuit is similar to that cof the
relaxation oscillater analysed in sections 2.5 and 2.5.1.
Equations (25), (27), (21), and (32) still apply to the
description of the switching times but the presence of the
trigger pulse during the transition from 2 te 3 (figure 20.)
and the introduction of a stable point in region I must be
taken into account. In crder to find out what changes are
necessary in these equations, figure 30. may be used to

follow the sequence cof events over cne complete cycle of

the monostable.

A~ From 1 te 2, figure 3%0.

As stated befere, this time depends entirely on
the risetime of the input pulse when lcaded by the tunnel
dicde. It concerns the design of the pulse generator'and

does not enter intc the analysis ¢f the monopulser.

B- From 2 to %, figure 20.

Equation (27) still holds for reasons given in

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



110
new current charging the capacitance, C, being (Iin + I, - Iv),
assuming that the input pulse width is greater than t2_3.
For the present design purpose, however, (Iin + Ia) is
normally close encugh to Ip for equation (27) to be used

directly.

C- From % to 4, figure 30.

If the input pulse is still supplying current at
the end of time t,_=z, the high voltage state is reached at
a current level equal to (I  + I;;). The current in the
base of the transistor decreases by an amcunt equal to Iin
when the input signal is removed. As long as the duration
of the input signal 1s 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 320.

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

to decrease effectively from a value Iy to I,. If Ip is
replaced by I_, equation (%22) still applies.
ty,5 =70 |Bs - Ver - Riols o (33)
Bs = Vir - Ryply

where all parameters are defined as for equation (32),
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E- From 5 tc 6, figure 320,

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

as explained in section 2.5.2.

F- From 6 tc 1, figure Z20.

Because of the presence cf the stable point,
(I, V,), cne mere facter must be introduced in equation (25)
before it can be used to compute t6—l' It 12 is merely
replaced by I , 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 = Es/Rt19 will be mathematically attained only
after an infinite time. On the cther hand, an exponential
function is already at 95% of its final value after only
three time constants. Defining n as some important fraction
of I,, it is now possible to write equation (27) in a form

applicable to the monostable circuit.

't6_1 = Tlln ES - R'tlIV .. (34)
Ey - RtlnIa
where T, = LS/Rtl
n = important fraction of Ia

Por design purpcse, n can be estimated from the following

inequality (see section %,5.2.2.):



2.6.1,

Ip (max) - Ijy, (min)

1

Design Equation for the Tunnel Dicde Mcnopulser.

equations (27), (%1),

while t4_5 and t

where

W

be expressed as the summation of the times given by

22) and (%4).
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.. (67)

The duration of one cycle of the moncpulser can

tox * tyg + toog + tgy (see £ig.30)

In this expression, t,_ =z and t5—6 are properticnal to the

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

are preportional to the inductance, LS.

LS(K1 + K2) + CK3

T - CK,

K1+ K2

l 1n}Es —RtlIX
t1 lES -thzI

a

Vip + Ww - Vp - |y

l In Es - Vtr - RtEIa
- Vi = Ryoly

Ip

-1

v

Equation (%5) is a useful design expressiocn.
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2.6.2. Design Prccedure for Mcncpulser.

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 varicus parameters of the

1N2941 tunnel diodes are reprcduced in Appendix A.9Q.

1. Choocse T, the pericd of the moncpulser, as the

minimum spacing between two consecutive input pulses.

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

knewledge of the driving circuit.

% Select the operating current, I,.
_I_§>I; - Iy and Ia<£2
4. Chcose the series resistance, Rs<:'"Rd"

Rs must not be reduced unnecessarily if the mono-
pulser is tc cperate with a period T<0.,1 upsec, ctherwise,
Ls would have to be made sc small as to become impracticable.

The maximum value for RS is given by the inequality

H;<:(Vv - Va)/KIa - IV)'
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5 Compute the magnitude of the supply vcltage, Eg.
B, = (Rdl + R I, .. (36)
6. From equation (35), determine the maximum in-

ductance, Lg.

7. Design the input coupling netwerk according to the
characteristics of the driving circuit. A coupling
capacitor aprroximately equal to three times the parallel
capacitance of the tunnel diode is a gcod compremise.

This value is normslly small encugh to differentiate the
~input pulse, introducing some isclatiocn between the driving
circuit and the wmonopulser 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 fer the staircase generator (up tc 20 Mc/s P.Tr.Tr.

and for pulse widths dewn tc:S5Onsec).

2.6.%2. Practical Design cf a Mcncpulser.

It was pointed out in secticn 2.4.2. that a
tunnel diode monopulser could be used to contrel the re-
setting transistor (figure 23.). The procedure just cﬁt—
lined has been applied to the design of a circuit meeting

the variocus 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 1.0 psec intervals (period, T, in equation
(%25)). The resetting action has tc be ccmpleted within
less than 0.1 sec, (pulse width of moncpulser is given by
equaticn (3%)), 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 (EE - T;)
but it was feund in practice that twe thirds of that value
was a mere realistic estimate, especially for Lg smaller
than 10 or 15 uh. Appendix A.9. lists the electrical
characteristics of the tunnel diodes used, together with
the guaranteed precduction spreads which will be accepted
as the design limits (i.e. maxima and minima fcr worst
case design). The minimum driviné current for the meno-
pulser is therefore E}E E’%(ER - I;) or 2 ma. Straight-
forward applicaticn of the remaining steps in the design
procedure gives: I_ = 3.7ma.(£§ = Z.2ma, 1z = 4.2ma),

R, = 22 chms, B, = 117mv, I, = 10.6uh, C.,,, = 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
dicde monopulser, (equaticns (27) and (31)), were less than
10 nsec and the pulse width was O.lusec. At these speeds,

the respcnse time of the transistor must be taken into



Rin 39

——]

10pf =

Fig. 31.

o output

39pf OA47
[l I~
] I
21
s % —
A

|/ASZ21
S

91T



117

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 dischafged
and the chain reset t¢ zerc in less then 60 nsec. The
transister is cver-driven in bcoth directions by the tunnel
dicde and switches on and cff in less than 5 and 14 nsec
respectively. The total resetting time for the circuit

of figure 21. is therefore ccomputed as 0.144usec as com-
pared to a value ¢f 0,1lusec measured when driven with
.lusec pulses. In crder to operate the chain continuously

at 10 Mc/s, the inductance, L in the meoncpulser would

X
have toc be reduced belcw 10ph. 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 =ug that the drive available from
the monopulser starts to decrease when LS is reduced below

10uh. The input staircase may be easily provided with a

faster moncpulser if necessary.

The addition cf the two capacitances in parallel
with the chain (29pf across the output and 10pf from the
middle of the chain to ground, in figure %1.), increases
slightly the resetting time but improves to a great extent
the range of accepteble input pulse amplitudes. These

capacitances reduce the possibility of triggering two or
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more dicdes simultanecusly, as was noted in subsection
2.2.4.2., by decreasing the rate of rise c¢f the input
pulses fed to the chain. They also serve the purpose of
presenting a very leow impedance at the switching speed of
the tunnel dicdes. This situation is highly desirable as
it corresponds to the case cf very low impedance drive,
i.e. R = O (see table II in section 2.3.4.). The size of
these capacitors is not critical. The final chcice is a
compromise as the amplitude cf the input signal wculd have

to be increased if larger capacitances were used.

One more pecint must be considered to complete
the design of the building block. Every decade must be
gble to drive a similar unit. Two different approaches
suggested themselves. The first one requires the last
tunnel diode tc trigger cne additional monopulser which,
in turn, drives the next decade. With this approach, the
question arises whether the vcltage pulse generated by a
tunnel diode would be large enocuvgh tc trigger the chain.
The most stringent condition weuld be met when cnly one
tunnel diode remained in the low voltage state in which
case, the necessary vcltage increase across the chain is
given by [('Tl; - Ry Tp) + 9Rgp (T - _Ié)] or 367mv. This
result is sufficient tc rule out that methed 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 transister
as illustrated in figure Z1. The positive gcing 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 teclnigques were again used and
the tolerances on all resistors and on the supply voltage
were taken as +10%. The ocutput stage, to be useful,
should provide say, at least twice as much current as is
available from a tunnel diocde and a collector currént
greater than Sma was aimed at. The upper limit for the

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

rc- = Y_Q_E - v;e- (sa‘b)

ic

.. (37)
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The significance of the symbols may be fcund in figure 32.

4 value of R, = 830chms is cbtained for ce(sat) = . 25V,

and a nominal R, = 470chms +10% is chesen in crder to exceed
the minimum current requirement by a safe margin. With
this new value for RC, and using worst case design

eguaticons, the limits of the ccllector current can be

computed as T; = 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.

I, = .. (38)

N
(O I Yol

The minimum current gain B is now taken as 35 directly

from the data sheet for the ASZ21 because the design is
very conservative and estimating an additicnal safety
factor on B o beycend the specified limits would impose

unnecessary requirements cn other circuit parameters,

Equation (38) gives a value I, = 0.Z5ma.

The presence of R2 must be taken into acccunt

befcre R, can be computed. The dicde in series with the

1
base of the transistor is kept conducting slightly by Ry
and R2 so that the positive going step generated by the

resetting process may be fed directly intc the base of the
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output transistor. The dicde is needed in order tec avoid
undesirable loading of the negative input pulses to the
chain by the low dynamic impedance c¢f the saturated trans-
ister. The standing current in the diode must therefore
be small and a value of I4 = O.1lma is adequate. The

maximum resistance R, is computed from equation (39).

— v - V3
R, = be d .. (39)
g
For V, = 0.326 volt, Vg = 0.25 volt, Eﬂ = 0.05ma, the
resulting EE is 2.2Kchms. The nominal value is chosen

as R2 = 2,7Kkchms but it shculd be realized that this
regsistance is nct at 211 critical and that it is desirable
to keep it large to improve the efficiency of the coupling

network.

Resistance Rl effectively defines the base

currenf, Ib' The minimum current through that resistance

is already known: I.q = EE-+ Id or Ell = 0.45 ma, The upper
limit for R, is then given by equation (40) and is equal

to 8.94Kchms.

Ry = ng ~ Vbe .. (40)
Irl

The nominal value of R1 can be obtained from & similar

expression but the standing base current must be defined.
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Taking Ib nominal, twice the minimum value obtained
previcusly, end using Irl = Iy + Id = 0.8ma, a resistance
Ry equal to 5.7Kohms is fcund. A value cf Rl = 5.6Kohms
+10% is selected and the werst case limits for the standing

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

I, = Voo = Vy Vpe = Vg

b —= ¢ - — .. (41)
B Bp

ETE et BT )
B 2

S

With the following values: vbe = 0.44 volt, Vi,

Vg = 0.25 volt, V3 = 0.13 volt, and a 10% tolerance on 2ll

other terms, the resulting limits are T; = 0.98%ma and

= 0,%6 volt,

Ib = 0,420ma which satisfy the requirement of equation (38).

2.7.1. Trensient Response of the Output Transistor.

The amcunt 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 0.1y sec width. It is therefcre reascnable to
expect the transister to cut off ccmpletely in less than
‘25nsec. In the werst case, the collector current is at
its maximum IZ = 12.3ma, the base current equals

T; = 0.98ma 2nd a meximum current gain B = 50 is
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assumed. If it is supposed that the total "switch off"
time cf the transistor is made up of a storage time

ts = 19nsec and a turn off time tf =.6nsec, egquations
(A4.25) and (A.26) from appendix A.10., may be transformed
to find the necessary reverse current drive I . With
the values listed above, the amount of reverse drive
obtained from equation (4.25) is I, = 1.3%5ma. In these
conditions, the turn off time computed from equation (4.26)
is tf = 4.4%nsec and the above assumption is valid. The
equivalent constant current drive from the capacitor C
(figure 32), must therefore be greater than I = Tpp + T; =
1.25 + 0,98 = 2,3%3ma. Supposing again that—;he 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 curregg in the
collector of the resetting transistor was I, = Z0Oma.

From figure %1, it can be seen that if the coupling
capaciter is'made equal to 239pf the peak current at the
beginning of the discharge woculd be rcughly one third of
the total current IC which would be diyided between three
equal capacitancest- 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 I,/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. Qutput Pulse Width.

The output pulse width is made up of the "“turn
off" time at the collector of the output transister, plus
the discharge time of the coupling capacitor and the "turn
on" time, tr. The time, tr, may be computed from
equation (A.2%) of Appendix A.10. and is equal to 23.3nsec

c
By = 50. Both the leading and the trailing edges of the

under the conditions T = -12.%ma, I, ¢ = -.42ma and

output pulse present a similar slope. The discharge time
of C can be deduced from the risetime at the ocutput of the
staircase, computed in Appendix 2.10. According to these
results, the discharge of C would be completed in less than
60nsec and the output pulse width would be tr + tf + 60nsec
or 87.7Znsec. The actual measured value was 98 or 100nsec.
The explanation feor this significant difference cean be

found from a simple study of the discharge of the coupling
capacitor C. As long as the output transistor is in

saturaticn, 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 R, and R, (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
cutg 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
wag 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 %1, with a chain containing
ten tunnel diodes was operated in the laboratory at =
continuous pulse repetition rate as high as 10 Mc/s. The
pulse generator toc be described in Chapter 3, producing
pulses of 20Onsec dﬁration, 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 crientated completely towards

the design c¢f a building block feor 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 tc cover a large variety of circuits some of
which will be introduced in subsequent chapters. The
resulting equations were used tc establish a design
prccedure for a type of tunnel dicde mencpulsers. Finelly,
the perfcrmance 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
censtitute a complete staircase generatcr will ncw be

considered .- -
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CHAPTER p

The Complete Staircase Generator.

2ol Basic System.

The basic method of assembling 2 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 ﬁositive input pulses fed into the system.

The tenth pulse resets the "unit" decade to zerc while
stepping up the next block representing the tens.

Similarly the hundreds are controlled by the resetting
pulses from the previous decade. The same proccessg occurs
with pulses of the reverse polarity cn the negative side

of the generator. Summation of the pcsitive 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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POSITIVE CHAINS.

Figo 33!&.

Input pulses from a:pulse generator driving
the first positive chain contlnuously.

Vﬁltage waveform appearing at the output of the
first positive chain. f |

Voltage waveform appearing at the output of the

second positive chain driven by the resetting

‘action of the first one.

Horizontal: about 10psec/cm (uncalibrated)
Vertical : Trace 1 = 2 volts/cm

~ Traces 2 and 3 = 5 volts/em
Input p.r.r. was about 1Mc/s.
Input pulse width was increased to about O.hpsec.
to improve display.
Unitsused during cycling process were disconnected.
Unless otherwlse stated, the oscilloscope uéed for

all photographs of traces was a S545A Tektronix

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

P

One of the requirements for the staircase
generator was that it should define a large number of
levels. In thecry, 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 obvicus from figure 23. 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 impertance as it is intended to serve as the
reference unit in the quantizer. Basically; figure 33,
yields sufficient information to estaeblish the precision
needed in each decade t¢ 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 gquentization
interval without seriocusly increasing the total error.

The steps in the seccnd building block, on the cother 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 twe items among others centribute te
impcse more severe limitations on the staircase when used
as a reference unit. This problem is treated thorcughly
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 cf gome
auxiliary circuits in the staircase generater and the
inaccuracy introcduced by other units in the quantizer must

be taken into account.

However, the thermal drift introduped in the
staircase wavefcorm by the tunnel dicdes themselves is
independent of these factors. Ar. expression for the net
thermal coefficient of the staircase generator will now be

derived.

2. 3. Thermal Drift.

When sgemicconductor devises are used to define
accurately a number cf voltage levels, thermal drift is

normally a major problem.
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Twe causes cf thermal drift are impertant in the-
tunnel diode for the present application. One is due to
the variation of Vb and Ip with temperature and will affect
the reference when one or more dicdes are in the low
voltage state. The other is present whenever there are
diodes in the high voltage state and is givén mainly by
the sensitivity of pr 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 (pcsitive or negative).

n = number cf tunnel diodes in the high voltage state for
- the positive chain.

n' =number of tunnel diodes in the high voltage state for
the correspeonding negative chain.

(N - n) = number of tunnel diodes in the low voltage state
for the positive chain.

D. = low voltage state thermal coefficient of a tunnel
dicde, (mv/°C).

D. = high voltage state thermal coefficient of a tunnel
diode, (mv/0C).

As explained before, the output of the staircase generator

is the summaticn of the voltages from two identical stair-
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cases working in oppositicn. The net drift is therefore
the difference between the drifts introduced on each sgide.
The contribution cf one complete decade can be expressed as

follows.

Net drift /AT = (Drift in positive staircase)

i

- (Drift in negative staircase)

Net drift /AT

[}

EDH.n + Do (N - n)] - [bH.n' + Dy (N - n'ﬂ
.. (43)

Before equation (4%) can be simplified, some more thought
must be given to the nature of the coefficients Dy and Dp.
The thermal sensitivity of the voltage appearing across a
tunnel dicde biased in the high voltagé state from a constant
current source, depends mainly on the combined effects of
Apr/ﬁAT and AV /AaT. (It was shown in Appendix 4.5. that
the current source had a negligible temperature ccefficient).
For germanium tunnel dicdes, these two factors are identical
(reference 32, page 13). A gocd approximation of Dy cen
therefore be obtained by making it equsal to Apr/’AT or
-1.0mv/°C as specified in reference 32. The forward
voltage, Vrp, of a tunnel diode is influenced by temperature
changes to a lesser extent than is the voltage drop across

en ordinary germanium dicde (-2.5mv/°C). It can be

assumed for the present needs that the temperature co-

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

the chains are negligible.

The low vcltage state temperature ccefficient,
DL’ depends on the combinaticn of two thermal effects on
the tunnel dicde characteristic. The first cne is due
to the temperature coefficient of the peak voltage,
AVp/A T, and is specified as -60u V/°C. This coefficient
may be assumed constant for all cf the tunnel diodes used.

The second part of D. comes from the temperature sensi-

L
tivity of the peak current. That temperature coefficient,
A Ip/ij, depends on the ddping level and cn the resistivity
of the semiconductor32 (page 12)’ alse 40. The pesak
veltage, Vp, exhibits good cecrrelation with the doping
level and provides an indicaticn cf the temperature
characteristic c¢f the peak current. For germanium tunnel
diodes manufactured by General Electric, AIp/’AT is
positive for V? greater than apprcximately 60mv and it
becomes negative for Vp 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 JK10B tunnel diodes made by S.T.C. In
all cases, the temperature coefficient, AIp/’AT, was
positive even for dicdes with a peak voltage as low as

48mv, The magnitude of zst/A T increased as expected
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for larger values of Vb. 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 spécial attempt was made to clarify that point as

IN2941 diodes were used throughout. A study in that
direction would have been completely cutside the scope of
this project. The thermal drift in the staircase
generator was therefore analysed considering only those
units cbeying the rule stated above for G.E. tunnel diodes

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

As long as Vﬁ lies in the vicinity of 60mv, whioh
is the typical value for the diodes used, Aip/’AT is close
to zero at rcom temmperature and its contribution to DL
may be ignored. Even when Vﬁ goes to some extremes like
45 or 80mv, AL /I_. AT is only of the order of
to.15%/b032 (page 13). This effect constitutes the

second part of D and it can be deduced from the fellowing

L
equations.
Low voltage state: Vv, = 0.75V,.Ig .. (44)
=
P
Suppose Vil and Vi2 represent the voltage, Vi, at
temperatures Tl and T2, respectively; .Ipl and Ip2 being

the peak currents at these temperatures.
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Ip2 Ipl + __g. AT .. (45)
AT
Vip - Vi, = AV = 0.75V,.Ig lel - Iyp] .. (46)
Ip1 | Ip2

Replacing equations (44) and (45) intec equaticn (46), and
defining the normalized temperature ccefficient of the peak
current, M = lﬁIp/Tp. AT, the final expression for

AVl/A T may be obtained.

AV =T -u vo,o® (v, .. (47)
1 + MAT

The total temperature coefficient for the low voltage

state of the tunnel diode can be found frem

Dy = -60 wv/C + (M)V;,  The meximum value of D, is
therefore D = -60 1 V/°C - 7/x0.0015.

But VI = T;)cOWSVEVEE gives VI = 40mv yielding

D, = -120p V/°C.  The actuel magnitude of D will always be

L

smeller than this maximum because (-M)V; will never be as
high as =60 pV/°C and may even beccme positive.  PFurthermore,
only a fraction of AVP/A T influences V; tc en

extent depending on the magnitude of the standing current,

Is’ through the chain.

The temperature coefficlents DH and Dy, can there-
fore be assumed constant and equation (4%) reduces to

equation (48).
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Net drift /AT = (Dy - D). (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 thanlone unit

can be used and the output from various units are
respectively attenuated or amplified, before the final
summation is performed, by factcrs Pl’ P2 and P3 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).
. - - - 1. - ']
Total drift = (Dy - Dp) [Pl(nl n}) aTy + Pon, - nh) aT,

+ Pylng - 03) AT, + ... ] +o (49)

- -~ -

The subscripts 1, 2, %... refer to the first, second and
third building block respectively. The scale factcrs are
not independent of one another. If the base of the
numerical system used is denoted by the letter B, the
factors Pl’ P, and P3 car be replaced respectively by BY,.
B+ 1 oang B® % 2 gnere m is a pogitive or a negative
integer depending on the number of units cascaded and on
the necessity for amplificaticn or attenuation,

Equaticn (49) becomes:
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Total drift =
111 8 m+l ]
(DH - D) [B (nl - nl) ATl + B (n2 - n2)A!P2
+ B2+ 2(n_ - nl) AT + ] .. (50)

Equation (50) also leads directly to an expressicn
for the output voltage of the staircase generator. In fact,
DH.sz and I&f 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 V,
respectively, it is sufficient tc replace (DH - Dp) by
(V2 - Vi) and to remove AT inside the bracket in
equation (50) to obtain the output veltage.

Output voltage =

m ! m + 1 ' m + 2
(V, = V) [B(ny - ng) + 87 * Ln - n)e 3° F 2

Dz - né)+..]
.. (51)

Compariscen of this last expression with equation (50) shows

that the thermal drift in the staircase is a constant

percentage of the magnitude cf 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
(Vg - Vi)

.. (52)
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The average step (V2 - V;) 1s typically 450mv and it has
been seen that Dy = ~-1lmv/9C.  The maximum drift cccurs
when D

L
equal to -0.15%/°C. In that case, equation (52) gives a

is reduced to zerc by a AIp/AsT.Ip negative and

relative thermal 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 pcssible temperature differences
between the chains. The thermal drift at the output of
the staircase generater cculd alsc be reduced considerably

by adequate temperature control of the tunnel dicdes.

The temperature ccefficients 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%/°C 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
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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 mcre problem remains to be solved:
the control of the step generating units to permit

uninterrupted operation,

Z. 4. High Speed Cycling Process.

The cperation 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 peoint is reached,
however, where one side overlcads and resets completely
to zero. At that moment, a large discontinuity would
appear at the output unless scme action were taken.

This undesirable e¢ffect can be avoided if the overloading
initiates a "cycling" process where the contents of the

two sides are subtracted from one another.

The propcsed method of cycling permits
uninterrupted operation at the input and leaves unchenged
the maximum pulse repetition rate of the staircase,

Figure %4, 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 ccming 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 unité 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 cf 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 initisted.

If, for exesmple, three decades are being used,
an overlcad 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 Cyeling Prccess 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 prccess, 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
ig still limited to cne tenth of its possible maximum. It
is important tc 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 propesed guantizer,

for instance, it means that the maximum slope, ( AV/AT),
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acceptable at the input is computed assuming operation of
the steircese at its maximum pulse repetition rate. On
the other hand, the trensition from a positive rate of
rise ( AV/ At) a2t the input of the gquantizer to a negative
one and vice versa, must be sufficiently gradual sc 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 gquantizer.

2.4.2. 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 25, tc store any carry pulse
coming from the lower units during the cycling of the
last blocks. When the cycling prccess is initiated, a
flip flop inhibits the normal inputs to the last blecks
and opens a gate to fhe temporary stcrage unit. This
latter unit is identical tc the standard building block
of Chapter :2, except that it contains cnly two tunnel
diodes in the chain. If 2 carry pulse arrives at the
gate during the cycling, it is fed siwmultaneously to a time
delay circuit and to the unit just described switching on
the first tunnel diode. The deley mey be precduced by a
gimple tunnel diode circuit containing two monocpulsers.

The carry pulse resets the temporary storage unit efter
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a time controlled by the delay circuit (longer than ten
periods of the pulse generator). The resetting of the
twe-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 twe decades, i.e. + 100 steps, has been
built and tested in the laboratory. The "cycling" pulse
generator operates at 10 Mc/s and no tem@orary storage
facilities are provided in the prototype. The maximum
pulse repetition rate on any cne side is consequently
limited to just under 10 Mc/s and the minimum spacing
between pulses of opposite polarities must be greater than
1 psec. The design of the control circuits achieving

this performance will be cutlined briefly.

25, Design ¢f Control Circuits.

A1l of the following circuits are illustrated in

figure %6.

2.5.1. Pulse Generator.

The complete analysis of the tunnel diocde
relaxation cscillator was carried out in section 2.5.
Equation (%5), derived in section 2.6.1., for the design
of the tunnel diode moncpulser still applies but the

constants Ky and K2 mnust be altered according to the
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different conditions. For convenience, eguation (3%5) is
reprcduced below together with the new expressions for K1

and K

20

r, = I- % .. (35)

B+ B
. "E _
where K1 = “1 in ES §t1 iv]

10 [fs Tt pJ

K, = Llm gs - ztr - §t2 in
Rio Ts T Ttr T Tt2 v

K, = Jept V- Vp -V

z I -1,

Fcr the descripticn cf the varicus terms, see section 2.6,
The series resistance, RS = 4,7chms, was chcsen 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 diocde relaxation oscillator
depends to a certain extent cn the cperating point and

the larger Ry, the more sensitive the circuit is to changes
in ES and tc temperature variations. A source voltage,

ES = 150mv, is chosen such that the tunnel diode is biased

approximately in the regicn of maximum negative resistance.

For a 0.1 psec pericd and with all other terms as defined

in Chapter 2, the inductance L is computed from
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equation (35) as 1.4 ph. Adjustment of the pulse
repetition rate is made with the aid of a mcvable slug in

the inductance.

As for the monopulser, the tunnel dicde
relaxation oscillator was cconnected to the input of a
common-emitter transistor. Computation of the transient
respense of this beooster stage is similar to that of the
resetting transistor given in Appendix 4.10., and will nct
be reproduced here. Only one pcint will be mentioned.
The pulse width from the 10Mc/s cscillator, if computed
from equations(27), (30) and (31), is found tc be less
than 35nsec (see Figures 37 and 38). The tunnel dicde
itself stays in the high veoltage state for only 20nsec.

It is therefcre necessary tc reccnsider the choice of the
equivalent forward base current applied tc the transistor.
The pulse width being almost three times narrcwer than
for the case of the menopulser, Iys = 2ma/% or O.7ma was

gelected feor the computations.

The 10Mc/s pulse generator must drive simul-
tanecusly a positive and a negative chain. A long tailed
pair amplifier was designed for that purpose. Peaking
inductances and d.c. ccupling were used for the bocester
stage and the amplifier in order tco cbtain pulses of equal

amplitudes as scon as the 10Mc/s pulse generator was
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SWITCHING TRANSIENTS FOR A TUNNEL DIODE

RELAXATION OSCILLATOR
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Fig. 37.

Voltage waveform appearing across the tunnel diode

in the 10Mc/s relaxation oscillator for one

pulse duration.

Horizontal: 5 nséc/cm

Vertical : about 80mv/cm (uncalibrated)

1- The transistof normally loading the tunnel diode
was removed. ‘

2- Sampling Oscilloscope - Tektronix ije sél.
Plug-in units - Sampling Sweep Type 3T77
and Sampling Dual-Trace Type 3S76.

3~ See also figure 38.
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PULSES ACROSS THE TUNNEIL DIODE IN THE
10Mc/s RELAXATION OSCILLATOR
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Fig. 38.

Voltage waveform appearing across the tunnel diode
in the 10Mc/s relaxation osciilator for the durstion
of two pulses.,

Horizontal: 20nsec/cm

Vertical : about 80mv/cm (uncalibrated)

1- Same conditions as for figure 37.

2- Sampling Oscilloscope = see Note 2 in figure 37.
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switched on. One of the transistors is normally cut off
while the other is gg%i;ggiﬁ;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 copposite 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 cutput of the amplifier, when
driven from the 10Mc/s pulse generator via the booster
stage, were displayed on a sampling oscilloscope. The

amplifier was driving the chain normally and risetimes of

less than Z%0Onsec were measured at the collectors.

%.5.2. One Tunnel Diode Flip Flop.

The 10 Mc/s pulse generator must be switched on
and off within less than 0.1 psec 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 ysec after the "switch cff" action was
initiated. This time is increased to 9 psec for a three-
decade staircase generator. The bistable circuit
controlling the pulse generator must therefore be ready
to switch off less than 0.1 psec after being switched on
and its recovery time must then be‘less than 0.9 pysec.

A one-tunnel dicde flip flcp, operating on the same
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principle as the moncpulser ¢f section 2.6., has been

designed to meet these requirements.

The cperation of the one-tunnel dicde flip
flop of Figure %*9. 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 peints A and B. Initially, the tunnel dicde 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 cutput 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 Rl
(Figure %9.), by the conduction through the input diocde.
At the end of the input signal, the diode in the OR gate

cuts off and C, must discharge through R, and R, ,

1
lowering the current in the tunnel dicde below the valley
poeint. 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 some time to the

chain toc reset completely before the 10 Mc/s pulse generator
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starts to operate. As soon as another pulse of the same
poclarity arrives at the input gate, the charging up cf
the capacitor Cin by the leading edge of the pulse,
increases the current in the tunnel diocde and switches it
to the high voltage state. The input pulse must be
narrow compared tec the time taken by the current to
decrease from pecint P tec peint B (Figure 40.), ctherwise,
the discharge of C;, would switch the flip flcp back to
peint A. It will be seen later on that Rl can be
adjusted such that the peak of the discharge current
through Cin is smaller then the charging current, thus
permitting the use of a larger input pulse duraticn and

easing the design requirements.

2.5.2.1. Analysis of the One-Tunnel Dicde Flip Flop.

The analysis carried out in section 2.6. for
the mecnopulser applies almost exactly tec the cne-tunnel
diode flip flcp. The presence of a stable pecint in the
high veltage regicn is taken into acccunt in the same
manner as was dcne for pecint A in equations (%23) and (3%4).

The resulting equations will now be listed.

1. Switching from point B tc peint A: (use figure 40.)

From V. to point Q: equaticn (31) applies.
From point Q tc point A: equation (%4) cen 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 secticn 2.5.2.

From point P tc point B:

4. {Ia = Ip
Toln {"?ﬁ-r;] .o (53)

where ¢, = I;s/‘RJG2

H

tpop-

Rio

Ry + Rgp (Rgp #0)

m = fraction of Iy representing
the difference from I, of the current in the
inductance Ls at time tP - B*

The choice of m will be determined by some design

parameters to be considered later on.

2,5.2,2. Degign 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 cperating points A and B.
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Definitions: (use Figure 40).

Ia = current at pcint A
Ib = current at point B
in a = input trigger current produced by the
leading edge of the input pulse during
the charging up of C, . (Figure 40).
Iin b = input trigger current produced at the
trailing edge of the input pulse by
the discharge cf C._ .
in
Limits of I: =T -lina .. (54)
T, = I .. (55)
Limits of I,: Iy =Ty .. (56)
nglinb'*'-l—z .e (57)
Limits of I, g: Igp o= 1) - I, .. (54)
Iin 5 = depends on Iin b
Limits of I, ,: I, = T; - EZ .. (57)
By definition: Tip p = K15, 4 -« (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 expressiocn may be obtained

if the constant k2 from equation (59) is expressed as a

function of "I, " only. It is done by replacing EE
from equation (54) in equation (58) and using the result in

~equation (59).

A\ in a (60)

A lower limit for k, can also be found by noting from

equations(56) and (57) that I;, ; cannot be chosen

arbitrarily small as at the limit:

-‘g::':-[_.sz; when Iin'b:--I_v—I .w (61)

For similar reasons, the absclute lower limit for "I, "
can be expressed as in equation (62) which is deduced from

equations (54) and (55).

I =T - .. (62)

in a P ER

Combining equaticns (61) and (62) with equation (59) gives

the expression for the lower limit of kz.

I R
kp="v-¥ .. (63)
T -1
P Y

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 cne-tunnel dicde flip flop.

One more equation must be derived before the
design procedure can be outlined. From equations (31) and
(%4) or from equaticns (27) and (53%), the maximum velue of

inductance, I can be expressed as in equation (64).

S’

z; = I - CKo .. (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 cther terms are given by equations

(65) and (66).

T = maximum permissible switching time from

point B to point A.

K, = Vv -Balp .. (65)
Ip + Linp - Iy

K, = -ty |fe-Baly .. (66)

R'tl ES - RtlnIa

)
2 = Ip - Iln a .6 (67)

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 &) pulses, K, and K. are given by equations (68)

2 1
and (69).
T = maximum permissible switching time from
point A to point B.
K, = 'rp = Vp .. (68)
2 T T, =1
ina + ~a v
K, = 1 1 [Ia—lb] .. (69)
R.t2 i m.I'b
7 - dnbptIy- .. (70)
Ty

Note:s 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 Ij, 5 and

Iin p 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 + 5% for

instance, advantages may be taken of the factors n and m in
equations (66) and (69) and larger values of the inductance,

L., can be chosen for the same speed of operation of the

ISR
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 Lge In any case, it will be seen that the

tolerances required for a worst case design can be satis-

fied easily.

2.5.2.%2., Summary of Design Procedure.

1.

Choose k, slightly greater than the value given by

equation (63%).

Select I, 5 about twice the absolute minimum given

by equation (62).

Prom equations (54) to (59), establish the design

limits for Ia, Ib, Ij_n ) and Iin b.

From the results of step %, chose Ia and Iy half way
between the design 1limits and compute their tolerances

from these same limits.

Compute RS joining point A to point B and detéermine the

corresponding Es'

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 cagpacitance, Cip» is not critical
and is chosen approximately equal to three times the

capacitance of the tunnel diode.

8. Ad just R;, and R1 to obtain "I;, " 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,

2.5.2.4. 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 = 10ph if the flip flop is to
switch on and off reliably within O.lpusec. The output
pulses from the inverters of the last decades have been
designed to have a O.lusec width and a flip flop using
Ly = 10ph 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 meximum input pulse width.
This épproach was used in the circuit of Figure 26., and
Ly was increased to 25ph. The cycling can be carried out
at 10 Mc/s and, in the worst case, 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 Ly 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 poiht 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 Lg.

In the present case, the 1% resistors in series
with the diodes in the OR gate driving the flip flop, were
ad justed experimentally to obtein the same drive from both
gides. If the input pulse width were reduced to 25nsec,
the tolerances on I, I, and "Iin a" would be eased

considerably and are listed below.

I, = 3.Tma t 10%
Iy, = l.4ma + 20%
Iip g = 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 normel 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 dicde
is perfectly adequate to drive the two transistors in or
out of saturation in less than ZOnsec. The risetime at

the collectors is approximately 20nsec (see Figure 41).

In order to illustrate the action of the flip
flbp during the cycling prccess, a series of photographs of
oscilloscope displays were taken (Figures 42, 4%, 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 continuocus trains of pulses of correspon@ing
polarities, A time delgy of half & 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. Pigure 42 shows, as an example, the negative side
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RISETIME AT THE COLLECTOR OF THE

ONE-TUNNEL DIODE FLIP FLOP

T

TRI v rirerrriT

Fig. L41.

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. 1l- Complete waveform éppearing at the same point

can be seen in figure LY.

2- Sampling Oscilloscope - see Note 2 in figure 37.
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THE CYCLING OPERATION IN

THE STAIRCASE GENERATOR
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Fig. L3.

Voltage waveform appearing across the second
negative decade. (Rapid transients had to be

drawn .in ink to improve reproduction)

‘Same as trace 1 but for the positive second decade.

Horizontal: SOpsec/em (fig. L2.)

O.SFsec/cm (fig. L3.)
Vertical : 2 volts/cm (both traces on both figures
See end of section 3.5.2.4. for description of
prevailing conditions.

Compare to figure Ll.

Negative side overloading first.
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DETATLS OF CYCLING OFERATION

IN STATRCASE GENERATOR
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Vertical : Traces 1 and 3

E

Fig.

Voltage waveform at the collector of the one-
tunnel diode flip flop during the cycling process.
Positive pulses, (driving the positive decade),
seen at one collector of the 10Mc/s pulse
amplifier during the cycling process.

Voltage wéveform across the secdnd positive

decade during the cycling operation.

Horizontal: 0.5usec/cm

]

5 volts/cm

2 volts/em

Trace 2

Same conditions as in figures 2. and L3.

Details of trace 1 given in figure 41.
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overloading after the correspending positive chain has
reached the fourth level. The cycling process resets the
rositive decade to zero and returns the negative one to
the sixth level. Details of this cycling operation are

given in Figures 4% 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 ceonsiderable 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

propesed in Chapter 1.
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PART II

The Quantizer.

CHAPTER 4

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 disgram of Figure 45. The function of every
unit can be deduced from the explanation given in

Chapter 1 for the basic gystem.

The summation of the input variable, E;,, with the
reference voltage, By, from the deccder, produces an error
signel, e,, which, after amplification, is fed via a gate
to a level detector, This latter unit generates an
output pulse of the same polarity as €, every time its
input beccomes greater thean a predetermined voltage level
on either side of zero. Simultaneouély, the level
detector also feeds a pulse to the staircase generator,

o)

edjusting -Eg4 by one quantization interval such that e

is returned to zero. Under normal conditions, the
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reference, -ES, tracks the input variable in that way to
less then plus or minus cone quantization interval. An
output pulse is therefore generated every time E;n has
changed by one quantizetion interval, q, and the feedback
action keeps the amplitude of the error signal, ey, between
fixed limits. The pulse repetition rate sppearing at the
output is proporticnal to the slope, AEj,/ 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,

AE;,/ At, at the input exceeds the maximum speed of the
feedback action, the error signal does not return below
the cress 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 staircese generator until the error signal
has fallen below the critical level. The quantiger 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 %.4), may be

initiated in the stepping reference unit. As soon as cne
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side of the staircase generator resets to zero, 2 voltage
step equivalent to one hundred quentizetion 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 Chepter 2 that this action was
controlled by a 10Mc/s pulse generator and can last for up
to lusec in the worst case (subtraction of nine levels).

If nothing were done about it, the amplifier would overload
severely and a number of unwanted ocutput pulses would be
generated by the level detector. The Reset Reference Unit
included in Figure 45 wes introduced to cope with this
situation. It consists of two accurately defined voltage
references of opposite polarities equivalent to one hundred
gquantization 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 Eg when the Reset Reference Unit is switched

on or off. The gate shown in Figure 45 was introduced
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for thet purpose. This precaution also eased the precision

requirements for the Reset Reference Unit.

It can therefcre be said at this stage fhat the
quentizer just described operates on the principle out-
lined in Chapter 1 end that it contains necessary refine-
ments imposed by practical circuit considerations. The
timing sequence in the different loops presented no specizl
difficulties as the system is asynchronous, i.e. the ending
of a particuler event automatically starts the following
one. The speed requirement was that no auxiliary unit
should limit, if possgible, the meximum pulse repetition rate
of the staircese generator, The degign 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 perts on the over-all accuracy of the
converter, A deteiled analysis of the quentizer 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 quentizer. It is now intended to outline
briefly the design procedures for these various circuits in
's0 fer as they differ from normal practice. Scme of their

most striking features will also be mentioned.
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4,1. Level Detector.

A circuit diagrem of the level detector is shown
in Figure 46. The function cf this unit in the quantizer
was explained at the beginning of the present chapter with
reference to Figure 45. Considerable simplification of the
design resulted from the use of a single tunnel dicde
circuit to operate both as a veltage level detector and as

a pulse generator.

4,1.1. Basic CGircuit of Level Detector,.

In order to illustrate more clearly the principle
of operation of the level detector circuit, part of
Pigure 46 has been reproduced in Figure 47. This circuit
uses the tunnel diode pesk 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 (211 input
current being taken by the diode) until the peak current
level is reached. The diode switches to the high voltage
stote 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

cheracteristic of Figure 48, (compare to Figure 28.),
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This figure shows @ linear approximetion of the electrical
static characteristic corresponding to the circuit of
Figure 47; +the transistor, TR1, (detecting the change to
the high vecltage state) is considered as a lcad on the
tunnel dicde and the presence cf TR2 is taken into account
as Was done previously in Chapter 2. The bese of TR1 is
biased with a small negative voltage, Vg, such that the
input characteristic of this transistor in a common base
configuration, drawn as a lcad line (see Figure 48), does
not intersect the tunnel diode curve above the valley

voltage, V.

Suppose that fhe input voltaege, Vi,, is initially
at zero and that both TR1 end TR2 are cut off. If vin
is then increased sufficiently to reise the input current
(defined by Vin across a relatively large resistance, Rn)
above Ip, the tunnel diode switches repidly to the high
voeltage stete and TR2 is turned on 2s expleined in
Chapter 2 (section 2.5.1.). At the same time, the
current sterts building up in the inductance, LS, gradually
turning on the trensistor TR1. As soon as the current in
the tunnel diode hes fallen below the valley current, I,
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, due to Vin’ is greater or equal to Ip. On the
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octher hand, if Vin is decreased such that the input current

is smaller then I, the circuit becomes stable at a point

’
below the peak ofpthe tunnel diode.

It follows from the above description that the
method of enalysis developed in Chapter 2 for the tunnel
diode relexation cscillator (section 2.5.) cen be applied
to the present cirecuit without any modification. The
nonlinearity introduced in Rg by the transistor TRI, has
negligible effects on the accuracy cof Equation (35) (see
section %.5.1.) in the calculation of the magnitude of Lg
as 2 function of the period of oscillation. A geries of
tests carried ocut in the laboratory have shown that
Equetion (35) can predict the periocd of oscillation of the
circuit under study with an accuracy better than 5% for
Iin = Ip, Eg = 200 to 200mv and for pulse repetition rates
up to 1OMc/s.  The voltage, Ey, is measured at point M
(Figure 47), when the tunnel dicde and the transister,

TR2, are removed end Iin =1 This voltage, Eg, must be

ad justed between 200 and zoozv such that no stable point

is present when I, = Ip. For a typicsl 1N2941 tunnel
diode (Appendix A.9.), and for Ry = 26ohms, E; = 250mv and
for a period of cscillation T = 0,8psec, a velue of LS
equal to 17ph can be found from Equation (3%5). 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 emplifier after a fast input voltage step.

4.1.2., Related Problens.

The basic circuit just described was shown to
possess the fundamental properties required for the level
detector unit. In view of its functicns in the quantizer,
a few refinements were introduced as illustrated in

Figure 46.

The pulse inverter and the differentiating net-
work connected tc 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 COmplementéry versions of
the hasic 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
approximafely 5 volts. These transistors can enter into
the breakdown region without undergcing any ncticeable

damage provided thet the power dissipated in the junction
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is kept below a safe value45° An O0A47 germanium switching
diode was put in series with the emitter of each of these
transistors to limit the reverse current to a2 few micro-

amperes whenever the breskdown region is reached.

4,1.%. Temperature Coefficient.

A simple expression for the temperature
coefficient of the level detector cean be derived as follows.
The meagnitude of the input voltage necessary to trigger the

tunnel diode can be written as in Equation (71).

EII = VBE + Vl + Rn(Ip - Im) + Vp .. (71)
where EL = input voltage necessary to bring the opera-
tion of the tunnel diode to its peak point.
VBE = voltage eppearing between the base and
emitter of the input transistor when the
emitter current is egual to (Ip - Ip).
V1 = voltege appearing across the 0A47 diode
when I = Ip - I,
Im = current supplied to the tunnel diode by the

level adjustment network (Figure 46).

The differentiastion of Equetiocn (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, Im’ and the resistor, Rn, have a negligible

tempereture sensitivity.

6E; _
aT aT 4T

dVgg , 3N Rpdl, 9V .. (72)
aT aT

The first two terms of Equetion (72) represent
the temperature coefficient of the voltage drop across
semiconductor diodes and are approximately equal to
-2.5mv/0C for both germanium and silicon?4:P28¢ 120 qpe
last term of Equation (72) is of the crder of —60pV/°C
(see section %2.%.). If Rn,de/BT is adjusted to a value
of about +5mv/°C, a very small temperature coefficient is
obtained for the level detector. With R, equal to
2Kohms, a temperature coefficient de/HT = (+5mv/0C)/
(20000chms) = +2.5pA/0C is needed. It was shown in
section 3,3. that a 1N2941 tunnel diode manufactured by
Genersl Electric, with & selected peak voltage of the order
of 60mv would approach this requirement. A net temperature
coefficient of less than 1mv/0C was measured for the level

detector usihg that technigue, 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 diocde with & 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 Vg 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

2o ‘Lnoting that the frequency response is adequate for many
aprlications as the level detector was operated in the

laboratory, without any special care, at a pulse repetition

rate as high as 10lc/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
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PULSE RESPONSE OF LEVEL DETECTOR
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Fig. L9.

Traces. 1- Input pulse to the summing amplifier. Amplitude
slightly greater than one quantization interval.
2- OQutput voltage pulse from summing amplifier unit.
3- Output pulses from the level detector unit.
(Corresponding to output of quantizer)

Scales. . Horizontal: O.Spsec/cm

sbout 6émv/cm (uncalibrated)

Vertical : Trace 1

Trace 2 = 10 volts/cm

Trace 3 = 5 volts/cm

Notes.  1- Trace 1 was vead on a 2 volts/cm scale but the
effective input was reduced to about L .bmv by
a resistance divider. |

2- Similar results can be obtained with a negative

input signal giving negative output pulses.
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FPigure 49. The performence of the complete level detector

circuit is summarized below.

Input Impedance: greater‘than 100Kohms in parallel with

10pf 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: 3ZOmv.

Temperature coefficient as referred to input: less than

-1mv/©C,

Sensitivity to supply fluctuations: smaller than -0.2volt/

volt for all supplies.

OQutput: 5 volt pulses of both polarities with a 470 ohms

output impedance.

Pulse Repetition Rate in Astable Condition: adjusted to

1.25Mc/s.

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 staircese 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 2s..

In order to illustrate the operation of the gate
in the quantizér, 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.



Traces.,.

Scales.

Noteiﬂ

187

OFERATION OF LEVEL DETECTOR GATE

Fig. 50.

l(,"H;
A

!
H-
“

3

RN
LI 38 I

=
-
U

H-{-
-C

Fig. 51.

. OQutput pulses from the level detector when a

fixed negative voltage, exceeding the detected
level, is applied to its input.
Driving voltage as seen at the collector of the
transistor in the level detgctor gate (see
fig. 46.)
Voltage across second positive chain driven from
the level detector (including cycling operation).
Horizontal: 1lOpsec/cm (fig. 50.)

O.5usec/em  (fig. S1.)
Vertical : 5 volts/cm (all traces in both figures)
Figure S51. shows details of level detector gate
operation during cycling process included in

figure 50. {See description in section L.1.5.)
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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 e;n 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 guantizer, 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 sensgitivity 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 virtuel 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 literature4®s 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 bissing 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
ad justment of the base voltege to zero. Considerable
reductioh 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 0.05uV/0C have been reported”C.  An additional
resistance equal to Rin was connected between the unused
base of the first stage and ground to restore the circuit
balance thus é%oiding detefioration 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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peair is a repetition of the example already given in
lppendix A.5. Emitter currents of 500pi were selected
for the first stage as a compromise between noise and

bendwidth considerations.

‘The matched pair (2N2060) employed in the first
stage has a much lower cut off frequency than the other
transistors in the amplifier. 4 larger bandwidth could
certainly be achieved if an emplifier were designed.with
the faster metched peirs now availabie?fromnFairchild
Semiconductor. In order to preserve as much as pcssible
of the ffequency response, the amplifiér hés been
stabilized only for large values of the feedback
resigtance; it would break into coscillation if much
smaller values were introduced. The feedback resistance
was made rather 1arge in view of the high voltage gain
required and of its relation to the magnitude of the input
resistance (& = Rp/R;,) of the quentizer. A capacitance-
resistance network connected across the cutput of the
second stage reduces the loop gain at high frequencies
before the 2N2060 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



mementarily the feedback action.

Twe coperaticnal amplifiers of the type just
described were cascaded, as illustrated in Figure 53, to
cbtain the desirable voltage gein. The limiter circuit
shown in the coupling network between the two amplifiers

helps reducing the overload reccvery 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 = 4.7Kkohms {approx.).
Output voltage range = +9 volts.

Risetime, %, = 0.28usec (see Figure 49).
Bandwidth = 1.25lMc/s (computed from ).
Time delay = O.,15psec.

Output noise = 0.44 volt peak-toc-peak.
Output thermsl coefficient = -132mv/0C
Output sensitivity to suprlies fluctuations

= =0.% volt/volt.

The performance of the amplifier unit will be
illustrated in 2 more realistic fashion (Chapter 5) in a

later study of the quantizer.
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4.3, Reget 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 sheown 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

2 few remarks on the ciréuits will be added here.

A stand-by voltage, e, (see Appendix A.11) is
defined across a 680chms metal oxide resistor connected to
the output of a constant current scurce. A cocmmon-emitter
transistor, centreclled by a cne-tunnel -diode flip fiop, is
used to short circuit that current to ground during the
cycling process. The resulting voltage step, E,., is equal
tc the saturation voltege, VCe (sat), of the transistor minus
€ps It can be seen from Figure 54, that the flip flcp is
switched cn as soon as the corresponding decade starts
resetting in the staircase generator.v It is triggered
back tc its criginal state at the end of the cycling
process by the trailing edge of a negative pulse produced

in the cther bistable (see Figure 26), which controls the

10lc/s pulse generator.

The design procedure, developed in Chapter 2

for the one-tunnel diode flip flop, was fellowed to
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calculate the component velues indicated in Figure 54. The
magnitude of the inductance, L = 6,5eh, was computed from
Equation (64) together with Equations (68), (69) and (70),
for T = O.,lpsec. The tunnel dicde 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 dicde is triggered back approximately

0.13psec after it has been switched on.

The pulse inverter driving one cf the flip flops
was designed earlier in section 2.7. Peaking inductances
were inserted at the collector and in series with the
resistors defining e, 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, R in order to raise the temperature

e?
cocefficient 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 4,11
(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/9C is acceptable for both e, and e,n. The temperature
coefficient of R,, necessary tc achieve this performance,

was extracted from Eguation (A.14) in Appendix A.5. It

was obtained in the circuit from a series combination of a
5600hms sensistor'(+o.7% temperature ccefficient) with a
metal oxide resistor of about 660chms. Both IT and Ié 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 locp 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 Detecticon 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 0C8% 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 gimultaneously. The transgistor,
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 vcltage state only when two simultanecus 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, e;,, 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 ccincident 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 overlocad 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 flopsfailed to
operate at the end of the cycling process. This arrange-

ment was utilized at an early stege in the design to
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indicate possible faults in the Reset Reference Unit or in
the staircase generater 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 Generater.

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.11l, 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 reguirements 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 c¢f increasing the operating
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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 illusitrated in Figure 55. These
photographs of cscillcscope 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 lerge impedance seen at that
peint under such circumstances is responsible for the long

resetting time.

Thus far, soclutions 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 intrcduction

and in Chapter 1.
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COMPLETE R&GFERENCE STAIRCASE WAVEFORMS

1~

2w

3-

Fig. 55,

Voltage waveforms (positive and negative) appear-
ing across the first decades driven from
continuous pulse trains.

Similar to trace 1 but for the second decades
driven from the first ones.

Voitage waveform seen at the opened summing
junctioh point from the décoder unit when one
side of the stepping reference is operated at

a time. (See section L.5.)

Horizontal: 20psec/cm
5 volts/cm

Vertical : Traces 1 and 2

Trace 3 = 0.5 volt/em
Both photographs were taken under similar
conditions. (The combined waveform is made up'of

99 steps in each case).
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CHAPTER 5

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
- Figuresb58 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 boesrds and the lay-out of
each circult was arranged to necessitate connecting cables
of short lengths only, so as to minimize capacitive
loading on the circuits. Thesé 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.
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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 gquantizer. 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 oomplete
investigation of this matter would be required before an

adequate enclosure could be designed for the apparatus.

Some of the characteristic features of the
gquantizer 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 10mv/sec. 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 quantiger 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 Transactions L.

(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; 1t 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, Ey and Eﬁ, or by changing the
input resistance, Ri,. For the test described above, the
second input resistance, Rj, = 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 10Kohms 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.

(¢) Zero Offset.

The zero offset is defined as the magnitude of
the output reading provided by the system, as referred to
the input, for zerc 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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(@) TDeviation.

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 40.43% for a positive input and
+0,4%% for a negative input. As expected, the deviations
were directly related to those measured in the tunnel
diode chains (Appendix 4.7) and therefore reached a maximum .
at mid-scale. This situation could be improved if desired
by choosing values of E, and B (see fppendix A4,11)
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

EL.

(e) ILinearity.

The linearity i1s 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 +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 +3%6 levels respectively where the resulting
deviation is equal to -%.5% of the input signal or -0,18%

of full sceale.

(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 + 2% of one quantization

interval.
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The gquantization error in the syétem is
basically egqual to + 1 part in 200 or + 0.5%. The
absclute 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 guantizer.

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 encugh 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 L0OOP

1-

IN THE QUANTIZER

¥

¥
-
=
-
-t
b :
o

Ilr‘TII
B

N -
M=
"m_::5
»,

/ i ';T\':

i

‘‘‘‘‘

-

=
/.

-t
«]

i K;';:.
N
]

wh \\
~HH‘B"HN\E

Fig. 60.

Sinusoidal input to the gquantizer.
Frequency was about 16Ke/sec.
Voltage waveform appearing at the output of the
summing amﬁlifier (input of level detector)
showiné feedback action from stepping reference.
Positive output pulsesfrom quantizer produced by
positive slopes of the input signal.
Negative equivalent of trace 3 for negative
input slopes.
Horizontal: 1Opsec/cm
Vertical : Trace 1 = 0.2 volt/cm

Traces 2,3,4L = 5 volts/em
Quantization interval = about LOmv as referred
to input of quantigzer.

See section 5.2. for description.
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ANAT.OGUE~-T0-DIGITAL CONVERSIQON OF
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Pig. 61.

1l- Part of an input sine wave,

2- Output pulses from gquantizer corresponding
to trace 1.
Horizontal: about 8psec/cm (uncélibrated)
Vertical : Trace 1 = uncalibrated

Trace 2 = 5 volts/cm

1- Input frequency was between 6 to TKc/s.

2- Input quantization interval = about LOmv.

3- Note dependencé of output p.r.r. on input
signal rate of change. |

4- 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 5%), improved the
situation only partially. Considerable difficulty arises

because of the very low current levels which must not be
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STEP RESPONSE OF CONVERTER
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Fig. 63.

Traces. 1- Pulses fed to the input of the converter.
2- Waveform reéulting from integration of the
output pulses generated by the converter when
operated by the input signal‘shown in trace 1.
Scales. Horizontal: 20psec/em (fig. 62.)
| Susec/em - (fig. 63.)
Vertical : Uncalibrated.

Notes. 1- GQuantization interval = about lnmv.
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. 0.4 p 4 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 cpen locp 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 c¢f the amplifier unit could slso be

expected.

In the prototype, however, the pulse repetition
rate of the level detector was simply decreased to
1.2%Mc/s (see Figure 49), to allow for a certain overload
of the summing amplifier while still preserving a reagonable
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 guantization interval;
this maximum input slope can be expressed as
AB;,/ 0t =1.25 x 100(g) volts/sec. On the most sensi-
tive range, for instance, q = 4mv and AE;,/ At must be

smaller than 50 x 10° volts/sec.

Another useful specification for a gquantizer 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 pusec
period (Pigure 49), it takes 160 psec to generate the full
200 steps. If another 2 psec is added to allow for the
pause created by gating action during the cycling process,
a maximum conversion time of 162 psec 1s 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 seccnd, as computed above, would be
increased proportionally. The operation of the level
detector gate is illustrated in Figure 6%, 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 10Mc/s by the level detector (with a 1 psec 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 £ = 1.25 x 106(q)/7tA. 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 quentization intervals) must not exceed 2Ke/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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FREQUENCY RESPONSE OF CONVERTER

Fig. 66.

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 psec/om  (Figure 65, 10Ke/s)
5 usec/em  {Figure 66, 50Kc/s)

Vertical:Uncalibrated (all traces and all figures)

*

Notes concerning Figures 64, 65 and 66.

1. In Pigure 64, approximately 100 quantization intervals-
were used by the input signal.

2. A Tektronix Type O plug-in Unif 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.

2., Quantization interval = about 40mv.

4, In PFigure 65, the maximum number of quantization intervals
in which the converter can divide a 10Kc/s sinusoidal
input signal were used. The effect of the cycling
Operation can be seen to the right of this figure on the
recohstituted waveform. |

5. In PFigure 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. BSee 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 1Kc¢/s, 10Ke/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 technigue employed, a few

interesting applications will now be considered briefly.

5.%. 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 specificaticns already
listed that mere addition of a forward backward counter and
of adequate display circuits, would transform the system
into a fast digital voltmeter. duch an instrument would

preserve the interesting features of the guantizer,
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including among others, circuit simplicity and notable

flexibility.

Another scheme would utilize the equipment as
part of an analcgue multiplier. In this case, one of the
signals tc be multiplied is . fed to'the quantizer while the
other is applied, through a number of parallel cocded
resistive networks, to the input of a summing amplifier.

A simple gating circuit, controlied 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 guantizer.
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. (&n easy way of
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controlling the effective fepetition rate is to direct the
driving pulses, via a gating matrix, to stages of different
significance in the counter, according to past seguences 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
ocutput 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 helding 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 gquantizer and could be utilized

in a1l 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 gquantizer 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 & 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 acéording to some characteristics of the
input signal itself. It follows, for example, that more
efficient use cf equipment and of storage facilities can
result from employing this type of quantiger (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. Sméaring 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

$o fall within a range acceptable to the quantizer.

This list of general applications for a
guantizer of this type could certainly be extended, How-
ever, it is clear from these few examples that a system,
automatically adjusting its pace tc 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



226

pcrtable general laboratory insStrument, the quantizer

described in this thesis pcssesses 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 uwp this work, two general comments will now be made
with regard to the potential adaptability of the guantizer
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 5.7%. However, two significant results

of this project demand special consideration.

In the introduction, an ultimate aim was defined
of producing a pctentially 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
auantizer. 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, derending on the
past history of the input signal. The first method may
suffer certein 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 thét the arrangement may be

readily applicable to the protctype 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 menticned 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
résearch 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 20lc/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 tumnel dicde-transistor combination
has permitted a considerable reduction of circuit

complexity in the quantizer.

It is helieved that far too 1little 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 certein of these advantages.
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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
congidered 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.



APPENDIX A.1.

THE TUNNEL DICDE CHARACTERISTIC.

A,1.1., ZLinear Approximation of the Tunnel Diode Chearacter-
istic.

In order to aveid the solution of nonlinear
differential equations, in the analysis of the tunnel diocde
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 Manual-2» P8€€ 51 1pe slopes can be

determined from a few simple empirical eguations.

—-T_P' . 0 (Anl)
1
A = V
v AEs i .. (4.2)
2
Rap = Vpp _ Vy (4.3)
I - I ) ./
jo v
Vo = 1.25V) .. (4.4)

The design of a tunnel diode relaxation oscillator
using the above equations is described in section 2.5. 4An
improved version of this equivalent characteristic is given
in Appendix A.2. end a comparison of the accuracies of the

two methods can be found in Appendix A.Z.
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APPENDIX A.2.

THE TUNNEL DIODE RELAXATION OSCILLATOR.

A.2.1. Linear Approximation of the Tunnel Dicde Character-
istic: (Improved Accuracy). A

The expressions derived in section 2.5. for the
switching times of the tunnel dicde relaxation oscillator
were relying on the validity of the approximaticns defined
by Equations (A.1) to (4.4). The fecllowing empirical
equations (see Figure 68), lead to a much more accuracte
linear model for the tunnel dicde. The linearization of
the characteristic below the valley veltage point, V.,
remains unchanged. Point 4 was chesen such thsat V4 and I4
would be easy tec calculate (see Equations (4.5) and (24.6))

while providing the desired accuracy.

Summary of the procedure: (see Figure 68).

1. Equations(A.5) and (4A.6) define a point which lies very
close tc the tunnel dicde characteristic and were

obtained from measurements on a number c¢f dicdes

(1N2941).

2. Ry, given by Equation (£.7), is defined by a line

joining point 4 to point V. on the voltage axis.

3. Ry, passes through point (pr,Ip) and point 4.

d



Rd1

Rd,

Rd,

Vs

I
- 15 S
|
[
' -
TR
11
Ry
Lo [\~
11
I g
VP

PIECEWISE~LINEAR APPROXIMATION
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= 0,75Vp

Ip
(Vv_+ 3Vfp)
I

(Ip + Iv)
3

Vg = Vv

14

(Vip =~ V4)
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Vv + Rd;Iv

OO(AOI)

.. (A.5)

ve(A.O)

oo (A7)

.. (4.8)

V. (A.9)
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4. The voltage, Vg, is the intersection of the line 1/Rys

with the level of the valley current I,

If this piecewise-linear approximation is applied to the
anslysis 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, IT and IV are not affected (compare Figure 25 to
 Pigure 68), and Equations (25), (27) and (3L) are valid.

Region I: from 1 to 2, Figure 68.

4 = 131 (B = RypIy) .. (25)
(Es - Rtllp)

Region II: from 2 to 3%, Figure 68.

ty = (Jp - Tp)C .. (27)
(Ip- I,)

.

Region IV: from 5 to 1, Figure 68.

(v, - vy)C

te 4 =
5-1 (Ip_IV) . (31)

Region Illa:from % to 4, Figure 68.

If (V) - RgoI) is replaced by (V, = RyoI4) in
the third equivalent circuit of Figure 26, Equation (29)
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gives the time from 2 to 4 as interpreted in Figure 68.
It must be remembered that Ry, is now defined by Equation (4.8)
instead of Equation (4.3%) and that the initial current is

still I, but the final condition is 14.

JY
t3_4 = Tyln [gs : §4 : §62§4 : §t2§g] .. (4.10)
S 4 de~4 t2-4
where T2 = Ls/htz
Rt2 = Rs + 362

Ry, 1s given by Equation (4.8)

Region IIIb: from 4 to 5, Figure 68.

Following exactly the same derivation as for
Region IIIa, but introducing different end conditions,

Equation (4,11) is obtained.

t4_5 = TB in|Bg = Vy - RtBIl}
By = Vy - Byaly .. (£.11)
where Ty = I.S/'R_b3
Ryz = Rg+ Ry,

R, given by Equation (A.7).

A comparison between the accuracy of these last expressions
and that of Equations (25), (27), (29) and (31) alone, cen

be found in Appendix 4.3,
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IPPENDIX 4.3,

TEST ON THE ACCURACY OF THE TWO METHODS OF ANALYSIS

OF THE TUNNEL DIODE RELAXATION OSCILLATOR,

Table III presents an interesting comparison bhetween
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. Ry = (Source resistance) + (resistance of the

inductance, Ls).

2. 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

10usec/cm to .02usec/cm, 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 less than +,02%). The error in the
measured values of Tm can therefore be considered to

be less than +3%%,

5. Tcl and T,, 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 T slightly smaller than the real wvalue,

C’
Tm. The first method introduces an error smaller than

5% of the period for E < 160 mv. The accuracy of the
second series of equations is better than the precision of
the oscilloscope (+3%), even for Ej as large as 97% of the

valley voltage, Vv’
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1st Method. 2nd Method.
Eqs.é253,(27),(29), Eq8-§25),(27),(A.10)
21). £.11),(%).
T.-T T.,~T
E, R, I T T, ['g m}lOO T, 100[ c m]
i Tm
mv ohms ph pLeee usec % pusec %
90 5.4 1-1 ¢14O 0134 _401 -135 —308
5.5 5.7 .65% .651 -0.32%8 .65% ~0.02
5.7 24- 3012 2075 "11-8 2&76 —11-4
6.7 |410, Close to stability about point Vb.
150 5.4 1.1 .070 .0695 - T4 .070 +.06
5'5 5'7 a316 '312 "1.2 0315 025
5.7 24. 1.28 1.280 0 1.292 +.94
6.7 | 410, 22.86 22.15 -%2,1 22.35 -2.2
200 26.3 1.1 .086 076 -10.9 .08% -2.8
26.4 5.7 . 289 . 248 -10.6 . 285 -1.0
26.6 24. 1.725 1,463 ~-15.2 1.61% -6.5
27.6 | 410. 20.5 28.52 -6.5 28.68 -6.0
300 260 ~ l.l -059 .046 "21- 3 0061 +4.9
26.4 5.7 . 248 .190 -22.5 2474 -.24
26 6 24. 1.006 . T631 -24.1 1.004 -. 20
250 26.3 1.1 | No oscillation; stable close to Vy |
26.4 5.7 . 265 175 -%24,0 .248 -.64
26.6 24. 1.09 . 700 -%25.8 1.06 -Z.1
27.6 | 410, 18.04 | 16.87 -6.5 17.74 ~1.7
TABLE III

Comparison of the two methcds of analysis for the tunnel diode
relaxation oscillator.
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ACCURLACY OF THE ANLLYTICAL EXPRESSIONS FOR THE TUNNEL
DIODE RELAXATION OSCILLATOR LOADED BY A TRANSISTOR.

The accuracy of Equations (25), (27), (%1), and

(22) for the computation of the periocd of a tunnel diode

relaxation oscillator loaded by a transistor, was checked

using the procedure described in Appendix A.%.

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 Period Error Remarks
wh T T [TC_Tm]loo
Tn |
E, = 150nv 1.1 | 74.8nsec | 75nsec -0.2% | T, was ob-
R. = 5.30 5.7 | 2%5,6nsec |%3%6ngec -0.,1% | tained from
28221 24 1.3%6psec| 1.38psec -1.4% | an average
_ 410 24.11rsec| 2%.95usec +0.7% | of 3 measure-—
ments.
Es = 200mv
Ry = 26.20 5.7 | 407nsec 411lnsec -1%
ASZ21
ES = 150mv 5.7 | %36nsec 2Z5nsec + 3% 2 different
RS = 5.0 5.7 %%6nsec Z45nsec -2.7% | 2N797
eN'797

TABLE IV
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APPENDIX A.5.

CONSTANT CURRENT SQURCE.

The design of a constant current source with g
single transistor biased in the ccmmon-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, Ig, can be

expressed by 3quation (£.12).

I = {Vz - Veb}. g .. (4.12)
Ry pt+ 1
where I, = collector current in transistor TR.
Vz = vcltage across the zener diode.
ep = Voltage from emitter 1o base measured
at the terminals of the transistor.
R, = total external resistance in series with

the emitter.

p = common-emitter current gain.
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CONSTANT CURRENT SOURCE

© -Veg

<.f ADJUST Ig

Re TR I
Vz S Tem’peraturé W\/\V-\\}f
= compensating padie Load

zener diode

t|l

Fig. 69. -

Components;

Transistor = 0C1l39 for negative current source
0C71 for positive current source

Zener diode = Q0AZ208 (Mullard)

Rb = 3.9Kohms

Rgg = 1.30Kohms

Veg = +25volts (or -25volts according to polarity of source)

Performance:

Collector Current Is = 3,3ma
Output Resistance Ry = 760Kchms
Thermal Coefficient aIs/aT = +0.3pA/°C or +0.009%/°C

_Sensitivity to Supply Fluctuations aIs/aVgy = +11.5pA/volt
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£.5.1, Sensitivity to Supply Fluctuations.

The above expression for the current, Is’ is
independent of the drift in the supply voltage, Vg, in so

far as the zener voltage, V_, is constant for small

Z’
chenges in the diode current, I,. If Equation (4.12) is
differentiated with respect to Vg, the effect of AVEE

on I may be found.

AISQ__JR

2 .. (£.13)
A.VEE RpRe ‘
where RZ = Jynamic resistance of the zener diode.

R, = see Figure 69.

Note that the factor B/ B+1l) 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 R, and Re very large. If in

b
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, V,, above ground level. The expression
for the current, Is’ would include the factor, VEE’ and the
sensitivity of I  to supply fluctuations would become 1/R..
It can be seen that Bquation (4.13) gives a much smaller

A Ig/ AVgg owing to the extra factor R,/R,. ‘This is &

basic point in the bias stability of a common-base transistor

but it may be easily overloocked.



243

A,5.2, Thermal Drift.

If now Equation (A.12) is differentiated with

respect to the temperature, T, the thermal coefficient of

Iy is obtained.

AL
AT

S

S I

|8V, Vey ARg 1 .. (5.14)
AT - I

The factor B/( B+ 1) was again ignored as its effect would
be negligible for ncrmal room temperature variations. At
low current levels, the presence of the leakage current,

I would have to be taken into account unless silicon

co?
transistors were used. In any case, all of these effects
can be compeﬁsated over a certain temperature range by
adequate adjustment cf AV,/ 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, V,, the
final adjustment of AV,/AT may be carried out by altering
the current, I,, through the diode until the net thermal
coefficient of I, 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

ad justment.
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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, oyt 1is very
large and tends rapidly towards the collector resistance,
r,, as the source resistance, Ry, is increased above a

few hundred ohmszg’ page 51.

A.5.4. Performance of Current Source.

An OC1329 germanium transistor and an 0AZ208
zener diode were used in the circuit of Figure 69 with
Veg = f25volts, Ry = 2.9Ka , Ry = 1,28K0 and R, = 62chums.
From Equations (4.12) to (4.14), the following specifica-

tions were calculated.

Collector current IS = 2. %ma
Output resistance : Rout = 760Kn
Thermal coefficient AT/ BT = + 0,3u4/C

or + ,009%/°C
Sensitivity to supply fluctuaticns

81,/ aVgp = +11.5 p&/volt

These results were checked experimentally on two circuits
using different sets of components and they were feund to

agree closely with the measured performance.
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If the regulated supply veltage is adjusted after
a warm~up pericd of 20 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 Iy is equal
to 0.12u4 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‘
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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. £ gualitative description of the underlying
principle is given in section 2.3.6., and is self-explanatory
in relation with Figures 70 and T1. In order to derive
simple equations for the amount of trimming introduced by a

resistance, R a linear apprcximation of the tunnel diode

p?
characteristic will be utilized as in Figure 72. From

that figure, the following equations can be written.

Voltage step before trimming = Vi - V3 .. (4.15)
Voltage step after trimming = V, -7V, .. (4.16)
Correction in voltage step = (Step after trimming) -

(Step before trimming)

Correction = (Vy-V,) - (Vx-1)
or Correction = (V1-v,) - (Vz—V4)
.. (4.17)

The first term, (Vi—Vz), is the change in the low veltage

state caused by the shunting of part of IS through the

resistance, Rp.

V-V, = Rai fa1 % .. (4.18)
Rdl + Rp
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Fig. 71.

Fig. 70.
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Fig. 72.

Vo Vy
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oimilarly, the second tern, (V3—V4), represents the decrease
in the high voltage state due to the diversion of a current,
Irp’ by the resistance, Rp. An expression for the current,
Irp, can be written directly from Figure 72 with the help

of the simple parallel resistance concept.

I, = Yy-Raoly + [Is - (V%ARG2I§} Rao
or I, = ViRaoly « o Rap . Is .. (4.19)
R * 5 ot B

The second term, Vz-V,, of Equation (A.17), is therefore the

product of the resistance, Ry,, with Ir

p.
.-V, = Ra2 | VyRgply + Rgols .. (4.20)
Rgot Rp Rd2+ Rp

Replacement of Equations (A.20) and (4.18) into Equation
(4.17), leads to the expression (4.21) for the voltage

correction produced by a trimming resistance, Rp.

Correction = Ral [ Ra1 1Is - Rap [ Ra2 ] (Ig- I,)
p ] |

- Beow .. (4.21)
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 1N2941 tunnel diode are given

in Appendix A.9 and the parameters, Ry, Ry, and Vy, were
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derived from Equations (4.1), (4.3) and (A.2) of Appendix A.l.

The results are listed in Table V for IS = %.7ma.

Rp Correction of Voltage Step.
ohms mv %
1000 ' -8 -1.9
470 -17.15 -2.9
TABLE V

It was found in practice that the above results
were slightly optimistic as a consequence of the particular
equivalent chéfacteristic used for the tunnel diodes. In
the fegions of interest, the actual magnitudes of the dynamic
resistances of the diodes are smaller than their linear
replacements Ry, and Ry, defined by Equations (£.1) and
(A.3) in Lppendix 4.1. The equivelent characteristic shown
in Figure T2, was intended for switching problems and the
present application would necessitate new definitions of its
parameters. However, the trimming resistances have to be
ad justed experimentally and there is no need for more
accurate equations. Measurements have shown that a resistance
of 4700 would in fact reduce the step by about -2% instead
of -%,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, Ir for v = Vb, should be added to Ip to find the

p’
effective peak current of a diode in the chain.
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CHARACTERISTICS OF THE TUNNEL DIODE CHAINS.

Chein No. 6B 1st Stage -ve

Dl:;LTOde Ip AIp Steps | ZDev.
0. ma pa mv mv
51 4.526 | | 446.7 | -19.1
54 4.618 | 92 | 458.9 | -26.0
4% 4.647 | 29 | 464.5 | -27.%
25 4.695 | 48 | 457 | -36.1
24 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 | ——- e

A1l values measured at T = 22.29 C,

465,8mv

Average step

Minimum = 446.7Tmv (-4.10%)
Meximum = 489mv (+4.98%)

Lcceptable input pulse range: 2.2volts +13%



CHARACTERISTICS OF THE TUNNEL DIODE CHAINS.

Chein No. 7B 1st Stage +ve
Diode Iy AIp Steps | TDev,
Vo, ma pa mv mv
62 4.558 465.5 | -2.5
70 4.584 | 26 | 471.5 | +1.0
27 4.622 28 471 +4
61 4.675 | 53 | 472 +8
532 4.723 | 48 | 470 +10
74 4.747 | 24 | 4617 +9
48 4.795 | 48 | 460 +1
50 4.839 | 44 | 477 +10
64 4.843 4 | 458 0
47 4.896 | 57 | -—- -—

A1l values measured at T = 22.2° C.

Average

step

Minimum

step

Maximum

step

Acceptable input pulse range: 3.0volts +20%

1l i

.

468,0mv
458mv (-2.14%)
47Ty (+1.92%)

252



CHARACTERISTICS OF THE TUNNEL DIODE CHAINS,

Chain We. ZB 2nd Stage -ve

Dlirgde Ip AIp Steps | LDev.
AR ma na mv nv
287 | 4.442 463.7 | +2.9
11 4.555 | 113 | 461.4 | +3,
632 4,610 55 456 ~1.32
6 4.670 | 60 | 456 -6.1
7 4,766 96 465 -1.9
68 4.792 26 461 -1.7
22 4.829 47 -} 465 +2.5
40™° | 4.928 | 89 | 463 +4.7
46 4.956 | 28 456 -0,1
49 5.008 42 —— ———

A1l values measured at T = 22.

Average step

Minimum step

Maximum step

Acceptable input pulse range:

i Diode No. %8 trimmed with 680chms.

15pf to ground.

460, 8mv

456mv (-1.04%)
465mv (+0,91%)

2,2volts +11%

* Diode No. 40 trimmed with 470ohms and also with
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CHARACTERISTICS OF THE TUNNEL DIODE CHAINS.

Chain No. 5B

2nd dtage +ve

Diode Ip AIp Steps L Dev,
No. ma uea mv mv
55 4.201 485.3 +1.2
57 4.298 97 483.6 +0.7
60 4.458 60. 487 +3.6
42 4.526 68 480 -0.5
29 4.566 40 482 -2.6
45 4.655 89 488 +1.32
69 4,917 | 262 480 -2.8
58 4.956 29 489 +2.1
28 4.968 12 482 0
10 4.852 | -116 - _—

A11 values measured 2t T = 22,30 C.

Average step

Minimum step

Maximum step

Acceptable input pulse range: 3.2volts +13%

]

484 ., 1mv

480mv (-0.85%)
489mv (+1.01%)
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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.

¥ P Ter

Chain No. Vs ﬁgo : ﬁgo e,,-A gj -

uv mv/OC| mv/0C %/0C

7-B 467.2 | +0.408 -8.67 -0.206
6-B 465.0 | +0.587 | -8.7% -0.209
5-B 483.4 | +0.236 | -8.70 -0.200
Z-B 459.7 | +0.430 -0.28 -0.224

TABLE VI

) Vg = Lverage step at T = 230C,

*AEO/’AT = Temperature coefficient of the output
voltage of a chain measured when all
tunnel diodes are in the low voltage state.

***Aeo/’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 vcltage 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 0.1°C 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 Dy, described
in section %.3%. for a tunnel diode in a chain, can now be
checked against experimental results. From the column of
AE,/AT, it can be seen that Dy ranges from +24pV/0C to
+60wW /°C, suggesting that in all cases, the effect of
negative AIP/AT is dominating over that of Avp/ AT.
Similarly, combining AE,/A T with Ae,/ AT and dividing by
9, the magnitude of Dy is found to lie between -0.97mv/°C
to -1.04mv/0C, The theoretical value was c¢chosen equal to

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,



Chain No. w. * Normelized Results

AE,/ AT |Aey/ AT
nv/0C mv,/°C

7-B 1lat Stage +ve || 1.00473 +0., 406 -8.63

6-B 1st Stage -ve || 1. +0,587 -8.73

5-B 2nd Stage +ve 0.103296 +2.23 =82.7

3-B 2nd Stage -ve | 0.09886 +4,35 -9%2.9

TABLE VII

YW= weighing factor taking into account the differences

between the average stepé 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 ocutput from the Staircase
Reference Unit when the chains are either all at gero or

all at the 9th level.

Decade ||AEo/AT |aE /g AT | ne /AT |bdeg/VgaT
mv/°C °q /¢ nv/0C O%/%c

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 tempersature fluc-
tuations. For instance, a rise of 10°C in the temperature
would shift the zerc by less than -3% of the Unit step.

In the worst case, when the zero cutput 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 -0.2%% 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 2.%, that this figure|is maintained for
most of the range of the staircase waveform. The compen-
sation effect illustrated by the results of Table VIII is
efficient encugh to justify the hypothesis used for the

derivation of Equation (52) in section 3. 3.



APPENDIX A,9.

TUNNEL DIODE ' SPECIFICATIONS.

Electrical €haracteristics
of the 1N2941 Tunnel Diocde at 250C.

Peak Point Current

Valley Pocint Current

Peak Pcint Voltage

Valley Point Voltage

Forward peak point Voltage
Negative conductance

Total capaeity

Series Inductance (Leads 1/8")

Series Resistance.

i

=
[
=

l o

F
.
[A]

450

Iyp.
4.7

0.6

60

250
500
20x10~72
15
6x1072
0.5

Max.
5.2

1.04

600
50

2.0
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ma
ma

mv

mv

nv

mho

'pf
henries

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

t4l’ Chapter 6. These are: the

in a given circui
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
adcpted 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.

£.10.1. Current Available from Monopulser.

When a transistor is connected to a tunnel diode
monopulser as in Figures 27 or 21, 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 advantagecusly as a current operated device and
the tunnel diode itself was defined in terms of currents
thfoughout the design of the monogulser. 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 dfive in order to use the simple equations

of reference 42 to compute the switching times of the transistor.

Figure %0 can serve as a guide to investigate the
forward drive current, Iys , and the reverse drive current,
Iyrs 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 ASZ21l and 2N797), and
the tunnel diode will be close to the high voltage state within
that time, As long as the tram sistor risetime is much
shorter than the pulse width of the monopulser, the relevant
forward base current tc switch the transistor "on", may be
expressed as (I, - T; ) or 2.16ma. A value of I, . = 2ma can

be chosen.

The reverse drive current, I,,, is slightly more
difficult to determine because it is applied for a very
short time. The peak amplitude of that reverse current is
(I, = T)) or 3.16ma. The slope of the tunnel diode

-~—P
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 fuhcticn of time may be approximated by
a triengle of base t, and of height Iy = 3.16ma. In line
with the assumptions made for the analysis of the monopulser,
the switching time between pcints 5 and 6 (Figure 20), is a
linear function of the voltage (i.e. constant current
switching). In this case, the base ty of the triangle
~would be proportional to 2Vp or 120mv. If it is noted

thet Vi, is about three times es large (Vip = 400mv), it can
be said that the equivalent constant current reverse drive
would be applied.for a duration 3tq. But the height of a
rectengle of base 3%, must be 1/6 of thet of a triangle of
base tq if their surfaces are equal. The constant reverse
current drive can therefore be taken as %,16ma divided by 6

or Ipy = 0.5ma.

A.10.2. Risetime at the Output of the Chain.

The epproximate 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 paragllel capacitance, Cy, across the
chain takes place at constant current; the corresponding

time may be extracted from Equation (A.22).

.. (A,22)

<

I, - Ig = Cy A

t
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However, the low impedance of the chain in parallel with
the resetting transistor in fact causes the discharge to be
an expenential with a time constant computed from
Equation (4.22). The risetime at the cutput of the chain
is therefore approximately three such time constants (95%
of the discharge) if a true expcnential is assumed. The
minimum collector current (for use in Equation (4.22))

for a forward base drive, Ipf, equal to 2ma, depends on the
current gain of the transistor. Because the transistors
used have normal risetimes much shorter than the pulse
width of the monopulser, the most representative value of
B may be chosen as the d—cvvalue to the edge of the
saturation region. The specified minimum h,  for ASZ21
transistors at Vee = -2volts and Io = 10ma is 35. A
design value of .EQ = 15 has been used throughout the
computation, unless otherwise stated, in order to keep a
safe margin. The resulting EE is 15 x 2ma or Z0na.

From Figure %1, the total parallel capacitance Ct may be
estimated as 100pf. From Equation (4.22), using

AV = 10 x 0.5 = 5volts, and Ig = 2.4ma, At equals
18.8nsec. The risetime at the output of the chain is
therefore equal to 3 x 18.8 = S56nsec. The measured value
under the same conditions using a sampling oscilloscope

was about 50nsec (see Figure 7%).
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RESETTING TIME OF TUNNEL DIODE CHAINS

340l
T
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ero voit line
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' Fig. 73.

Irace. Voltage step 'appearing acfoss a positive tunnel diode
chain when resetting to zero.
Scales. Horizontal: 10 nsec/cm
Vertical : 1 volt/cem
* Notes. 1- Sampling oscilloscope was used (see note 2,
figure 37.)
| 2- High impedance probe used: 50x, 10Mohms, 1.8pf.
g Oscilloscope was triggered externally on the same
waveform with a S.6pf capacitor.
3- This phdtograph repreéents the first bositive

decade driving the following stage normally.
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4,10.%. "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
O.lpsec 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 Bquation (A4.23%).

tp = Toe 1m [ Ips, Bo ] .. (4.2%)
Ipr Bo = Lo

T, = Po .. (4.24)

2n Ty 0o

Where t, = time for the collector current of a
transistor to’rise from zero to a
value Ic'

P, = common-emitter d-c. current gain to the
edge of saturation for a base current
equal to Ipf

Iy = constant forward base current.

fyco= a@lpha cut-off frequency, the frequency
at which the common-base current gain
has fallen to 14/2 of its low

frequency value.
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For most high speed switching transistors, the alphe cut-
off frequency is not given in the data sheet. Instead,
the frequency, fT (sometimes called f1)9 at which the
common-emitter current gain, B, hes fallen to 1, is
specified, Using the well known relationshirs

Bo = oo/(1 -ag) and ,‘3': 50/’\/1 + [f/fa-co(l ‘“0)]2:

it can be shown that fq is a good epproximetion of fgeqg.

These expressions are valid for an idealized transistor in
which o =a_ /(1 + jf/f, ). 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 freguency is then generelly equal to

1.4 to 2.5 times fp, depending on the magnitude of the
excess phese factor4’s Pege 12-12; 44, page 49 yeyerp-
theless, in the following calculations of the switching
times of the transistors, the alpha cut-off frequency,

fo cor Wes chosen equal to fT, as no information was
readily available regerding the megnitude of the excess
phase factors for the transistors used. This simplifi-
cation is justifieé because the present anaiysis aims at
determining the maximum possible switching times of the
transistors under the worst conditions. The choice of.a
smaller value for f, ., therefore ensures that the results

are always on the safe side. For the ASZ21 and the
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2N797, the minimum fp specified for typical biasing
conditions ere respectively 200Mc/s and 600Mc/s. A rise~
time, tr = 9.8nsec, may be obtained according to

Equation (A.2%), for an ASZ2]1 transistor, with

Ie = Z0ma/f2, Iye = 2ma, and B, = 15. The full value of
collector current, I, = Z0ma, must not be used in

Equation (A.23) because it was obtained from the same values
Iys and B, employed in that expression, and would give a
time, tp, equal to infinity. Equation (4.2%) mey be used
directly only when I,¢ corresponds to an over-drive current
for the chosen values of I, and Bb. The transistor
response in the present condition is certainly wmuch 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 O to
21lma in less than 1lUnsec after the switching of the monc-
pulser and that the discharge of C; should be completed in
less than 60nsec. One more condition must be met to ensure
complete resetting of all the tunnel diodes in the chain:
Voe(sat) < V%10 or Vge(sat) < 500mv, for Io ¥ Tg.  Both
the ASZ21 and the 2N797 satisfy that requirement with

specified maximum saturation voltages, for I, = 1Oma, of

250mv and 140mv respectively.
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A.10.4, "Switching Off" the Resetting Transistor.

At the end of the signal from the monopulser, the
resetting trensistor wmust 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 I, and the voltage across the input of the
transistor is V.. Assuming V; = 280mv, the Vye vs Iy
curve for the ASZ21 transistor gives a base current, for
that voltage, of the order of O.2ma. The worst conditions
will be met with a transistor displaying a large current
gain. If g, = 50 is chosen, the corresponding collector
current would be 10ma and the transistor would be in
saturation because the current could be limited to EE =
3.2ma. In that case, the storage time, tsq,may be

computed from Equation (£.25).

t

i

sd

o[BIy - BoIpo
T .in|—o-bl o b .. (A.25)
S [ Ic - Polw2

H

~where tsd storage time of the transistor defined as the
time for the transistor to come out of
saturation under the prevailing circuit
conditions.

inverted time constant of the transistor

=]
I

measured when the collector is used as an
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emitter and vice versa. A conservative
value of 50Unsec was used for both types of
transistor. Tg was taken as the storage
time of the ASZ21 without reverse drive.
Equation 4.%0 on page 4-81 of reference 42
may be used to show that this assumption is

justified in the present case.

I3 = forward base current just before the applica-
~tion of the reverse drive.

Iyo = constant reverse base current drive.

I. = collector current just at the edge of satura-

tion = E§°

For an ASZ21, using values already computed, Iy = -0.2ma,
Ipp = Ipp = O.5ma, B, = 50, T, = 50nsec, and I, = Eﬁ =
2.2ma, the storage time is given by Equation (A.25) as

ng = 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 voltege state, given by Equation (31), is increased

by a few nanoseconds.

The turn coff time, t¢, may be cdmputed from

Bquation (4.26).

Polgr - Ica .. (4.26)
Bo 1iBR

te = Tl . 1n{
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where tf = turn off time of the transistor from the
edge cf saturation.
50 = common-emitter d-c current gain estimated
.at the edge of saturation for a forward
base current equal to Iyn.
Iy = constant reverse base current drive.
I,1 = collector current at the edge of saturation.

If the following values are used, Po =15, Iy = 0.5ma,
Tee = 8nsec, I, = 3.2ma, the turn off time becomes

tr = 2.8nsec. The transistor is therefore cut off in
approximately tsd + tr = ldnsec 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 equel to the
summation of the monostable pulse wildth plus the total
"switch off" time of the transistor or 0.1 + 0.014 =
0.114psec. The computatiom is not repeated for the 2W797
because this transistor has a cut-off frequency twice as
high as that of the ASZ21 and its trensient response is even

shorter.
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APPENDIX A.11.

AVALYSIS OF PRECISION REQUIREMENTS IN THE QUANTIZER.

In this appendix, the precision requirements in
the quentizer 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, eg, 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 esteblish expressions for
Ex and its range of adjustment, leading to the design of
the set zero circuit. The second part is obtained by
ad justing 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 meximum acceptable deviations, Xy and X5, 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 megnitudes 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.
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€1

€2

274

instantaneous value of input voltage signal.

a value of input signal equal to an exact multiple
of the quantigetion interval.

nominal value of correction voltage at the input

used to adjust the zero level of the quantizer.
naximum relative drift of Ez from its nominal value.

Rp/Ryn, basic voltage gain of summing amplifier
- defined as a function of R.;. ). This gain
is assumed constant as any drift would be
included in Eg.

ingtantaneous value of output voltage from
amplifier including noise and drift.

maximum voltage drift appearing at the output of
the summing amplifier for z constant input signal
and for a given temperature range. (Does not
include drift due to weighing resistors).

peak amplitude of the noise at the output of the
summing amplifier.

fractional equivalent noise in the summing
amplifier as referred to the input of the

quentizer.

instantaneous value of the positive voltage level
actually detected by the level detector
(including drift in the detector).

nominal value of the‘positive voltage level
detected by the level detector unit,

maximum voltage drift on the pesitive side of the
level detector as referred to its input including
thermal effects and error of adjustment.

fractional equivalent drift due to the level
detector as referred to the input of the quantizer.

instanteneous voltage output from the first decade
on the positive side of the staircase generator.

instantaneous voltage output from the second
decade on the positive side of the staircase
generator,



ny; and no

I
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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.

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.

maximum relative drift in Byg.
maximum relative drift in Epg.

nominal value of the average voltage step for the
first positive decade in the staircase generator
at the chosen standard temperature.

nominal value of the average voltage step for the
second positive decade in the staircase generator
at the chosen standard temperature.

= gee notes at end of section A,11.2.

maximum relative deviation from Eq of any of the
steps in the first positive decade.

maximum relative deviation from Eo of any of the
steps in the second positive decade.

magnitude of X; when the first positive decade is
at the 9th level (toc ke used only with the
corresponding value of ny = 9)

magnitude of Xo when the second positive decade
is ot the 9th level (to be used only with the
corresponding value of no = §)

maximum relative deviation from Ey of any of the
steps in the first positive decade at the chosen
stendard temperature.

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).

nominal value Of erp.

maximum value of the voltage drift of e, from Epg.
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E. = nominal amplitude of the positive voltage pulse
generated by the Reset Reference Unit.

X, = maximum relative drift from E, of the pcsitive
pulse generated by the Reset Reference Unit.

q = PBr/G, voltage amplitude equal to one quantization

interval as referred to the input of the
quantigzer.

A11.2, Basic Equation.

The following analysis of the quantizer is
derived from a fundamental expression relating the output
of the summing amplifier to its inputs. Equeation (A.27)
can be written directly from Pigure 74, remembering that

G = Re/Rip.

1]
o = Glein + Rin |Ex(1%Xz) e3 el  ep _82 _ex L er
B2 R TR R "R} "Ry Rp
+ Eg + By
.. (4.27)
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 (&) preceding
E,, By, Erg and all Xs (see Equation (4.31)), have
been replaced in the following equations by single
positive signs. It is therefore assumed that these

particular symbols can tzke 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 instaentanecus voltages contained in
Equation (4.27) can be expressed as functions of their
nominal values plus or minus drift terms. OUnly those
equations describing the positive half of the quantizer

have been listed for reasons given before (section A.11.1.).

e = B1o(l + Xy0) + nyEq(1 + X) .. (4.28)
er = EI‘O + Erd ) (-A-BO)

Replacing Equations (4.28) to (4.20) into Equation (A4.27)

yields Equation (2.7%1).

4

| ]
6o = 6By B3(1 + X2) | Bio(1 + X19) Eyo(2 + %10)
R TR R

\N

t
Eoo(l + X20) 3 Ego(1 + Xpo) _Ero + Epg
o) 2 Ry

+

.. (A.21)

Equation (A.31) continued on next page.
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+ Gdesy + Ry MBI (1 + %) - n{Bi(1 + X{)
)

+ 0pBo(1 + Xp) _ ngBi(1 + X3+ B, + B,
Ro R} ]

(A7)

Notes on Equations (4.28) to (A.%1).

1. The factors ny, ny, n{ and n) are integers whose
values depend on the levels reached by the corres-
ponding chains of the staircase generator. In the
terms nyE;, npEp, niEi and néEé, the multiplying

factors, n, can vary from O to 9.

2. Choosing the magnitude of n in the terms of the same
type as n1EyXy, for instence, necessitates some
knowledge of the various components of X;. For the
part of Xi due to the thermal coefficient of Ey, n
is the szme as for the related term nlEl (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, Ey, are equal to the maximum,
X145 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 Ny Xy ge

2, Equation (A.%1) is valid for normal operation of the
stepping reference unit as long as the cycling

process is not initiated.
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4. The tolerances and drifts of the resistors in
Equation (4.%1) and in the remeaining derivetions
are included in the corresponding X appearing in
each term. It can be shown thet, as a first
approximetion, these factors belonging normally to
the denominators can be added directly to the

numerators of the same expressions.

A,11.%. Computation of Zero Conditions.

The first part of Equation (2£.%1) describes the
gero conditions in the quantizer when e, = 0 and all
chains are at the zero level (n] = n, = ni =np=0). 1In
this cese, the second part is reduced to zero and the out-
put voltage, e,,, from the summing emplifier is given by

Equation (4.73%2).

one |22+ 210 - Blo + P20 - B2 _ Fro 4 Bro
ic\R; " B E R, Ry R &I

D
O
o]

i

X382 X0B0 _ XoBlg 4+ XpoBoo _ X5oEdo

* GRin Ry Ry Ry R, Y
E E!

- xd + “rd Ei + E .3
RI. R_I"_} + d n o (A /2)

A,11.%.1. YNomingl Value of E3.

The nominal value for the vbltage, E3,

necessary to reduce e,, to zero under ideal conditions can
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be obtained from Equation (4.32) simplified as follows:

l. XE = Xlo = )(]‘-0 = X2O = Xéo = O

2.  Bpg =Epg =0

z En = 0 This term cannot be corrected by E> in any
case. 7

4. Ey =0 The long term drift can be compensated by
adjusting EE‘

g - _n|f0 - o, Beo - B0 - Ero 4 Bro] .. (4.33)
2 31K Ri Rs R% Rr 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.%.2, Range of Adjustments of E..

The renge of adjustments of E; necessary to
correct for the net drift of the zerc level in the quantizer
can be derived from the second part of Equation (A.3%2) as

given by Equation (A.34).

4Bz = R Ry R R, RS

X=E.  X0B0 _ XHoBlg . XooF X54E!
tRz‘:EE““ 10810 - Moo 4 ¥20%20 _ Xofho
: 1

]
B, Pras Ba L. (A.34)
in

- X0
R, RL  GRy
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The design of the "set zero" circuit (see Figure 53) was
based on results obtained from Equations (4.3%3) and
(4.34). If Rz in front of Equation (4.34) is replaced by

R the equation represents the voltage drift of the zero

in»

level in the quantizer as referred to the input.

A.11.4. Summary of Prevailing Conditions for the Remaining

Part of the Analvsig.

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 (4.31) is still

used but the following general conditions prevail.

1. The input signel is equal to an exact number of
gquantization intervals.

2. The first part of Bguation (A.%1), dealing with the
zero conditions and with the drift terms E,y,
En.g and ElLg, have been reduced to zero by adequate
adjustment of EE'

2 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.%1). Two additional conditions must be added
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to those listed in section A.,11.4.: a2ll error and drift
terms are nil (all X = O) and the noise .vecltage is ignored
(E, = 0). In this case, Equation (4.7%) reduces to

Equation (A.35).

eo = Geln + GRin

nlEl - nl'.E]'. 4 1’12E2 - néE'Q ..b (A.35)
Ri RQ R'2

A.11.5.1. Computation of Rl'

Suppose that the input signal is negative and
equal to one quantization interval, g, and that all of the
chains are at the zero level except the first positive
'decade such that ny = 1 and ni = Ny = né = 0 in Equation

(4.35).

&, = -Gej, + GRyy Rl - .. (A.36)

The magnitude of Ry necessary to reduce e, to zerc in
Equatién (L.%26) is given by Equation (A.38).
E,
Ry = Rin[a-] .. (4.328)
The gquantization interval is determined by the
ratio Ey/G (see Figure 74). Any error in the gain, G, due

to R; can be compensated by adjusting Ef. Equations

in>
similar to Equation (4.38) can be derived for all other
resistors in the decoder, However, only one resistance

value must be computed in that way as the cthers are



283

calculated from the weighing factors listed in Table VII of

' Appendix A.8.

4.11.6. Precision in Tunnel Dicde Chains (No Cycling

Operation).

For the quantizer to operate normaelly 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 (4.31). Every time a factor,

n, in the resulting expression increases by one unit, fhe

correction in €y

than that wvalue. If this last condition were not fulfilled,

must equal ‘ELl with an error always less

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
guantizer by any new step being generated in the first
positive decade can be derived from Equation (4.31) if eyp
is decreased by one guantization intervel and ny is stepped
up by one unit, all other terms remaining unchanged.
Subtraction of the two resulting e, gives the error voltage,

€ge » Which should ideally be zero.
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HE
171 \
eOE = GRin[—ﬁi—]'F 2El’l . (A.Eg)
By definition.

Making ege smaller than ey and combining with Equation

(A.38) give the upper limit for X,.

X =1 - (X + 2%) .. (4.41)

where by definition:

&=
=

_ 4L and X, _n_ .. (4.42)
Xi T G.q n 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
overlcading 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 deviétions of the chains from the
ideal staircase waveform do not interfere with the normal
Operatibn 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. BDecond Decades.

The same procedure can be used to derive an

expression for the upper limit of X,.
T, = 0.1 - I5(%g + 2X,) v (8.43)

As long as Equations (A.41) and (A4.43) 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, 1t 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 situastion is real as the resistance, Ry,
is adjusted according to the average step, El (see Appendix
A7), Similar conclusions hold for the negative side of

the stepping reference.

A11.7. 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 €1» €5 ei and e} from exact multiples of
"g" as well as the errors in E, and E} 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 con.
2. Both chaing being stepred simultaneously.

Z. 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 ocutput voltage
of the summing amplifier to an amplitude equal to

(B, £ B;). At that precise moment, the resetting of the
positive side of the staircase generator to zero and the

introduction of the voltage step, E,, reduces the output

T
by an amount 'EL + error| . As stated bvefore, the
resulting voltage error must not exceed lEL" 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.%1) under the conditions

listed in section A.11.4.
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9E; , 9B, _ njE] _ niB}
— -— 2 3 N + - -
€gg = By, + B, = -GE;, + GRl“{%l R R{ R)
+ GR. B %y, mpfipXp | nEJX] _ npERXS, By .. (4.44)
in Ry Ro Ri R)

After the positive chains have returned to zero and the
positive voltage step, E,, has been switched on but before
the beginning of the 10lc/s stepping operation, the output
from the summing amplifier is given by Equation (A.45).

It is assumed that the input signal, E;,, has not changed

appreciably.
[ n! 1 n!E! E
171 - 2272 + “r
e = -GE;,, + GR. - ——— T
ob in in [ Ri Ré r]
von. | B nEHXS B 5 .\ (h.45)
in R{ Ré Rn
By definition,
B [9E; , 9E
__I_‘_ — —_ R —— + -—---2 + o -Ao 6
Rin{ér] 100q Rln[31 R, q (A.46)

Equation (4.45) can be simplified if the difference,

€ob = €yg = Bp t 2By, is carried out using Equation (4.44)
and if Equetion (A.46) is introduced in the new expression.
If then, ey, = Ey is subtracted from the result,

Equation (4.47) for e,y is obteined.
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E n,E, X noE,X
_ rir)_ 11713 + _2°2°2d

The factors Xid and Xpg represent the magnitudes of X; and
X2 when the positive chains are at the 9th levels.
Corresponding values of ny and np equal to nine must be
used. As a close approximation, Xj3 snd Xo3 can be re-
placed by the relative thermal coefficients of the average

steps, El and E,.

Ideally, the error voltage, e,,, should equal
zero but, in practice, it must never exceed ﬁEL. Making
eop < ‘ELf in Equation (A4.47), extracting X, and using
Equation (4,46) and Equation (A4.42) to simplify the results,
yields Equation (A.48) for the upper limit of X,

_X-f = ool - -02%1 - (.09de + O.ngd) ) (A-48)

As long as Equation (4.48) 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 2 precision much better
than 1% may be needed for the voltage step, E,s, in the
Beset Reference Unit. Some compensation effect can be
used advantageously if Er shows a temperature coefficient

equal to that of the poeitive chains such that X. contains
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a term equal to (.O9Xld + O.9X26). Similar results can be

obtained for the negative half of the voltage references.

A,11.7.2. Both Chains Being Stepped Simultaneously.

The most stringent precision requirements are
imposed on the voltage references in the guantizer during
that part of the cycling process when the 10Mc/s pulse
generator is stepping upr 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 10Mc/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, e

oc*
e,, = —GE; + GR noflp _ ity _mofy, Er
oc in in R2 R]'_ R'z RI’
E TRAY) E
ror, nokbs Xy _ lXi nsEL XS + rir +E, .. (A.49)

In Equation (4.49) the factor nj remains constent while nj
and né are increasing simultaneously (np increases from
zero and n) starts from whatever initial value it had at

the beginning of the cyecling process).
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Provided that the input signal does not change
eppreciebly during the cycling process, the voltage egg,
of which e,y is a special case for npy, = U, is due to
inaccuracies introduced by the various units of the
quantizer. The initial voltage, €ops Was itself different
from zero as expressed by Equation (A4.47). Increments of
€gc from eyy, for velues of n, between 1 and (10 - nj),
are given by Equation (4,50) obtzined from Equations (A4.45)
and (4.49).

nrE~X n~EAX
€oc ~ €op T GRJLn{2 22 ~ 22 e
R, R}

} + 2B, .. (4.50)

It should be noted that, in deriving Equation (24.50), the
initial value of né has been cancelled out in the subtrac-

tion and only its increment equal to n, has remained.

If the summation of the voltages given by
Equations (4.47) and (A.50) is elways smeller than +Ep,
the amplifier does not overload at any time during the
operation of the 10Mc/s pulse generator. A general
expression based on thé 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 (4.51); it was obtained
directly from the addition of BEquations (4.47) to (4.50)
and finally simplified with Equations (4.38) and (A.42).
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100X, + 10(npXy - npXp) - 9(X3gq + 10Xp3) <1 + 2X, .. (4.51)

Notes on Equation (4.51). .

1. For n, = 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 n, has
been discussed in Apnendix A,l2.

2. Some parts of X5 and X5 are due to thermal effects
and can be subtracted from one another (see section
3.3. and Appendix A4.8).

3. Those compohents of X5 and X5 due to the tolerances
on the steps in the chains and on R2 and R} 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 gquantizer when
the reset reference voltage, E., is removed at the end of
the cycling process, can be enalysed in & manner illustrated
in sections A.11.7.1. and A4.11.7.2. The rather complex
derivations are not reproduced here as the resulting
expréssion 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.l2,

COMPUTATION OF THE PRECISION REQUIREMENTS IN THE QUANTIZER.

In this appendix, the relevant characteristics
of 211 circuits in the quahtizer are introduced in the

theoretical equaticns derived in Appendix A.1l. In this

way, equations are obtained describing the maximum relative

deviation factors, X and XQ’ as functions of the tempera-
ture range. An analytical expression is derived for the

reset reference voltage step, E from which the relative

e
drift factor, X,, is obtained.  All circuits described in
Chapter 4 are then investigated in turns for their
contribution to the over—ail error in the guantizer; the
results are used to express Xr as a function of the
temperature range. This talﬁe of X. is replaced in
Equation (£.51) of fppendix A.1l. to find the upper Limit
of the tolerances, Xpy and xb,, on the steps in the chains
as a function of the tempe%ature range. A table of
values 1s 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.

The following list of symbols contains only the

292
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terms used in Appendix A.12. which were not included in

the definitions at the beginning of Appendix A.11.

Xla
X1b
*lc
X2a

i

iy

XT ] X'b

maximum relative deviaticn of any step in the first
positive decade at the chosen standard temperature.

part of Xy due to the temperature coefficient of
the average step, Ej, of the first positive decade.

part of X7 due tc the inaccuracy introduced in Ep
by the weighing resistor, Rj.

maximum relative deviation of any step in the second
positive decade at the chosen standard temperature.

instantanecus 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).

instantaneous value of the current flowing in the
base of the transistor in the overlcad detection

unit (see Figure 75).

instahtaneous value of the current flowing into the
resistor, R,, in the Reset Reference Unit and
defining e, ( see Figure 75).

maximum relative variation of i, due to the thermal
coefficient of the resistor, Re.

instantanecus 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 V,, is equal to Eng
(see Figure 75).

instantaneous value of the current produced into
the resistor, R,., by the voltage, er.

Iy, Ic, Igos Iy = nominal value of the current, ip,
ip, igy igp, ip, respectively, measured at the
chesen standarg temperature.

Xoy Xco, X{ = maximum value cof the relative varia-
tion of the current in, iy, ig, ico, ir, res-
pectively, for a given temperature range.
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Xoe = maximum relative thermal drift of the saturation
voltage, Vee(sat), of the switching transistor on
the positive side of the Reset Reference Unit.

k = temperature coefficient of the current, ig,

Xg = temperature coefficient of the average step in the
chains.

Xrg = part of X, caused by the inaccuracy in the adjust-

ment of Rr-

A,12.2. Sources of Error in the Chains.

The factor, X;, 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.

X = x34 + X1p + X3¢ .. (A.52)

These fractional error terms have been defined &t 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,

Ry, on the accuracy of Ey.

The first term, x;,, is smaller than +2.2% as
given in Appendix A.7. for the chain No. 7B. From
Appendix A.8. and section 2,2, 1t is seen that x93 is equal
to (-.0023/0C).A T. The last term, xj,, is made up of two
parts: the tolerance on the resistor, R;, and its

temperature coefficient. The weighing resistor, Ry, 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%/0C.
Replacing these figures in Equation (A.52) yields
Equation (4.5%) for Xi as a function of the temperature

range, AT,

X) = x5 - .0023( A7) + (£.001 & .00025 AT) .. (4.53)
Identical expressions could be derived in the same way for
X, Xo and X5.

X, = Xy - .0023(4 ) + (£.001 £ .00025 AT) .. (4.54)

A,12.3, Sourcés o0f Error in the Reset Reference Unit,

In order to analyse the different sources of
error affecting the voltage step, E,., of the Reset Reference
Unit, part of Figure 54 has been reproduced in Figure 7T5.
This figure shows the source current, iT, divided between
the precision resistor, R,, defining e,, the attached
switching transistor, the decoder resistor, R,., and the

base resistor, Ry, of the overload detection unit.

A,12.%,1.Analytical Expressions for Reset Reference Voltages.

The following equations can be written directly
from Figure 75, using the symbols defined in section A,12.1.

of this appendix.
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ep = Io(1 + X;) Ro(1l + x,) .. (4.55)
which can be approximated by

er ® Rolo + RoI X + RoIlexe .. (4.56)

The factor X, takes into account the variations of e, due
to changes in I,, assuming the resistance, R,, to be
constant. Similarly, x, deals with the effect on e, of a
thermal drift of R,, for a censtant value of I.. This
assumption and the simplification of Equation (A.56) are
valid as long as X, is very small. The voltage e, is
measured in place for the calculation of R, and the
tolerance on R, does not enter into X, which depends.oniy
~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 I (1 + Xg).

Io(1 + X,) = ip ~ (iy + 1% ip) .o (4.57)

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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(Bpg = Vpo) + I Ero |
-(Ero - Vbe) EI‘O

The first two terms in Equation (4.58) equal I, and the
last two represent the variation I X,. Replacing
Equation (A.58) into (£.56) gives Equation (4.59) as the

general expression for the voltage, ep.

(Epg - Vie)
ep = Bpy + Roln(xp) - Rc‘{:'jx%ﬂ;‘;gg (xp)
EI‘O
r

where Eng = R,I, is given by Equation (4.60).

Bro = T +1 +1 .. (4.60)
Re Ry, Rr

The stepr generated by the positive side of the Reset
Reference Unit when the switching transistor saturates, is

given by Equation (4.61).
Ep(1 + X,) = ey - Vye(sat) [1 + xce] .. (A.61)

Replacing Equation (A.59) into Equation (4.61) and
separating the error terms from the nominal values give
Equation (4.62) and Equation (A.63) for Ep and Xp respec-

tively.
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=
i

.TEro - Vbe) Ero
r R, Ip - RC{T + Iog + g" - Vce(sa‘t) .. (£.62)

ReIp(xp) Ro[Brolxy, + x4) - VoelXp) 4 T..(
s TR TR R £ " Teolxeo)

E -
" I'%XC - Vceésa‘t) [Xce] .. (A.GE)
r T

The term E,,(x;)/R, has been replaced in Equation (A.63) by
Ero(x5)/Rp.  The error introduced in the equation by this

simplification is negligible.

£,12,%2.2. Calculation of E,. and in.

The voltage steps, E,, and E}. were chosen equal
to +5 volts and -5 volts respectively in order to use
identical values for the weighing resistors, R, and R} and
to operate the switching transistors in the Reset Reference
Unit at a safe collector-to-emitter voltage. Noting that
E,, for instance, is the difference between Eny and the
saturétion voltage of the corresponding'transistor, the
necessary magnitude of E., can be obtained. The voltage
Elo can also be derived in a similar way. At 2320C, 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 En, to -5.262 volts and Ej
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to +5.095 volts. From Equation (A4.60) and its negative
equivalent, Ip = 8.00ma and Ih = 7.56ma can be obtained
using the above results with the following parameters:

Too = 2 pd, I =1 phd, Ve = Vi, = 0.38 volt,

Ry, = 22Kohms, Ry, = 224Kohms, R, = R4 = 680ohms, R, = R} =

120kohms (approx.).

It should be remembered that these figures
represent design values and that IT and I were finally

ad justed in place.

A.12.%2.%, Investigation of the Various Error Terms.

Expressions will now be derived for the factors
Xp, Xy, Xy 5 Xpgs Xg 8nd Xge, contained in Equation (4.63%),
from the characteristics of the circuits described in
Chapter 4. A1l of these factors have been defined in

section £.12.1. of this appendix.

(1) xp = 4aIy/TI;

The current, ip, in the Reset Reference Unit
is defined by a circuit of the type described in
fppendix A.5. where it can be seen that the two major
causes of variations in igp are the temperature fluctuations
and the sensitivity of the source to changeé in the supply

voltage.
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The first item will be taken into account at
this stage by assigning a symbol, k, tc the temperature
coefficient, AIp/Ip. 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 reeorded
has never exceeded +40mv per day after a five minute warm-
up period. The resulting chenge in ip is less than
+.007% per day as computed from Eguation (£.12) and
Equation (4.13) of Appendix A.5.  An expression for xnp

can therefore be written as in Equation (A.64).

Xq = k., AT .o (A.64)

(2) Xb - from i'b = Ib(l + X'b)

The current, i), can be affected only by the
temperature changes in Vi, e, and Ry. Directly from

Figure 75, iy, can be expressed as follows,

which, after differentiation with respect to temperature,

gives Equation (A.66}.

{Aer _ AVbe]
Ai.b _ *AT AT _ AIE]:‘.]. .. (A.66)
AT 1Y er - Vpe LT R
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Approximeting de./AT by KE.,, making e, = 5.26v,
Vbe = .28v. and E.y, = 5.262 v. and replacing AVBe/'AT by
-2.5mv/°C into Equation (4.66), give the fcllowing

expression for xy.

xp = (1.1k + .0005% + ,00025). AT .. (4.67)

(2) x; - from i, = Ir(l + Xi)

In this case, the procedure is very similar to
that used above for xy. Only temperature effects on R,
and e, are worth considering. From Figure 75, iy = ep/R,,
which after differentiation with respect to temperature

gives Equation (4.68).

Adp = 4% - AR 1 .. (4.68)
AT.1in, AT.en 4T R,

The first term in Equation (4.68) can be approximated by the
temperature coefficient, k, of iy 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 (A4.68).

x; = (k £ .00025). AT .. (4.69)

(4) =xgo = from igg = Ioo(l + x44)

The following currents were measured at the

cecllectors of ASZ21 a2nd 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.

I 1 to 2 pA for ASZ21

Iio O.4 to 1 p4& for 2N797

For the present applicaticn, these leakage currents can be
assumed to double for every 109C rise in temperature and

Equation (4.70) can be written directly for xqg.

Xoo =+ 0.1(AT) .. (4.70)
(5) Xp,e ~— takes into account the temperature effect on
Voe(sat).

The temperature coefficients of the saturation
voltages of ASZ21 and 20797 transistors, driven by a tunnel
diode, were measured in the laboratory. For both types of
transistors, a thermal coefficient of the order of -0,04%/0¢

was obtained, leading to Equation (A.71) for x,,.

Xge = =.0004(2 T) .. (4.71)
(6) x, - as explained in section 4.12.3.1, x. is reduced
to the effect of the temperature coefficient
of the metal oxide resistor used for R,.
x, = +.00025(A T) .. (A.72)
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A12.%.4. ZExpression for Xy as a Puncticn of the Termpera-

ture Range.

An expression for the maximum relative drift,
Xn, of the reset reference voltage step, can be cobtained
as a function of the temperature range if the above
equations for xq, Xy, Xis Xg» Xgp and Xge are introduced
intc Equation (A.63) together with Ey = 5.0 volts, Epg =
5.262 volts, V.e(sat) = .262 volt, Vye = 0.38 volt, Rq

680chms, Ry = 22Kohms, Iy = 2p 4, Ip = 8.00ma.
X, = (1.02%k + 0,226x107°). AT + X .. (4.7%)

Similarly, a corresponding expression can be derived fer
X., if BL = 5.0 volts, Bl = 5.095 volts, Vie(sat) =
0.095 velt, Vi, = 0.28 volt, R4 = 680chms, R = 224Kohms,

Iéo =1 pd and Ié = T7.56ma.
X, = (1.022k' + 0.245x107°). AT + X\, .o (4.74)

The extra terms, X., and X},, were added to the above
equations in order to take intc acccunt the inaccuracy in
the adjustment of R, and R': It was more convenient te
ignore these error terms until this point to deal

exclusively with the temperature effects on Xy, 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 £.11. by Egquaticn (4.41) and Equation (4.43).
These equations are valid as long as the cycling process
is not initiated. From Equation (A.42), the factors

X, = .000513( 4 T) and X, = +£.0282 can be obtained, using
data available from Chapter 4 on the level detector and
the summing amplifier units. The maximum tolerances,
Xy 4 and Xo,, on the steps in the first and second decades
can be computed by replacing Equation (4.53%) and Equation
(A.54) in Equation (A4.41) and Equation (4.4%) respectively.
The results for a +£59C temperature range are: xj, = x]4 =

£92.8% and xpa = Xb, = £8.17%.

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. Preéision Requirements During the Cycling Process.

Equation (A.51), derived in Appendix 4.11,
can be used to establish the linearity and precision re-
guirements for the second decades in the staircase

generator.

The factor X., from Equation (4.73), is replaced
intc Equation (£.51) and the temperature dependent parts in

X, are adjusted (see section 2.12.4.2.) to cancel out the
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term 9(X; g9 + 10X,3).  Equation (4.54) and its negative
equivalent, for X, and X) respectively, are then introduced
in the resulting expression, leading to Equation (4.75) for
the maximum tolerances, Xpg and Xpg, (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.

Xpg + Xbg = %2{0.1 - 0.2X, - 10.Xra]- .002 - .0005(aT)
.. (A.75)

The last term in the above equation could be ignored if the

temperature coefficients of R, and R) 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 température range. These results
were computed from Equation (£.75), with the following

additional assumptions:

(a) The maximum tolerances on the steps in both chains
are equal, Xpgp = Xbg.

(b) The deviation of each step from the average in the
chains is equal to plus or minus the upper limit qf

the toleranoe, Le€s Koo

(c) The maximum total deviation in each chain is giveh



07
by the number of times, np,, that the tolerance,
X5, Can be repeated with the same polarity in
successive steps.

(a) The weighing resistors, Ro and RA4, were adjusted to
2 2

+0.1% while Ry and R were adjusted to +.01%.

n
° 5 3 1
AT
+ 59C ||+ 0.71% | 1.33% | 4.4%
+ 19¢ 0.81% | 1.43% | 4.5%
0°¢ 0.83% | 1.45% | 4.6%

TABLE IX

Maximum Permitted\Tolerance, Xog, On the Chains as a Func-
tion of the Deviation and the Temperature Range.

4.12.4.2. 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(X; 4 + 10X54) in Equation (4.51) is a function of
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the temperature coefficient, x5, of the average step in
the chains and is approximately equal to 99.xg. The
coefficients xg = -0.21%/°C and xj = -0.2%5/°C, for the
positive and the negative chains respectively, can be
deduced frem the experimental results given in Appendix
4.8, From the first part of Equation (A.73) and from its
negative equivalent, the thermal coefficients, k =
-0.23%/°C and k' = -0.25%/°C, for the current sources in
the Reset Reference Unit, can be calculated with the above
values for x3 and xj. The voltage drift (normalized to

a 465mv step) of the complete positive staircase waveform
resting at the 99th level adds up to -96mv/°C (Table VII,
Appendix A.8.). Multiplying this figure by the corres-
ponding weighing factor R./R, = E./10.E, and adding the
thermal drift of the saturation voltage, Vee(sat),
obtained from Equation (4.71), the necessary thermal drift
in ey, is found to egual -10.5mv/°C.  Similarly, the
negative chains have a thermal drift of -108mv/°C at full
scale and the coefficient Ael/A T must be adjusted to
—11.6mv/b0. An average value of ~-11mv/0C. 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,
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Xog, 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 = + 5°C, regardless of

the tolerance on the steps.
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