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A33TRACT

Tne tneory of thresinold loglc nas been vell developed erd
the applicetions exist, ovut the syrnthesis of taresnold logic
cetes still needs inproverzat. Tae prodlems of reaslizing tusese
devices are numeroas odut itoday's advancing tecunology is pre-

senting solutions.

One exaniple of tuis tecunology is tae integrated circuit
and, nore specifically, tae operstional emplifier. It is pro-
posed in tanis taesis to irvestigate tne feasionility of using
operrtionel amplifiers to realize taresnold logic gates. It is

recuired that tae reallization Dde depend=ble, aesve good sensi-

tivity, end be easily menufascturable at a reasonesle cost.

mpe findings of tanis viorkx beer out tae sroposal. Operetlonal
amplifiers, used in pairs to form e saamer erni ccmperator, will
reslize taresnold getes. “‘cdern tecanology Jernits tne resdy

fabricetion in tae sopuler iategsreted form of packeginge.
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CHAPTER I : IHNTRODUCTION

1. THE STATE OF THE ART

Before any statement of purpose is made in this presentation, it is neces-
sary to present 2 brief resume of the development of threshold logic, both in
theory and in practise, Most of this work has been carried out just in the last
decade or so and although the theory has advanced rapidly, circuit design and

applications have some catching-up to do.

A threshold gate is an electronic building block for circuits to realize
logic (or swiiching) functions such as appear in the control, register, and
processing portions of an electronic digital computer, Inputs and outputs take

*®
on values we call "O" and "1", At present, "Boolean™ gates (AND, OR, NOT, and

¥
thier conplements) are used almost exclusively, but these gates perform an
jdentification function only. An AXD gate, for example, determines whether or
not a certain pattern of inputs is present. Boolean switching theory is well

developed and provides a good basis for logic design using Boolean gates,

In the late 1950's several variations of a new type of circuit were developed.
This type of circuit performs the rmore sophisticated function of determining the
"ma jority" signal among its inputs. For example, a 5-input gate has &n output
of 1 only when three or more (majority) of its inputs are 1's. The obvious gen-
eralization of such a gate is the threshold gate, where, in effect, inputs are
allowed different (possibly even negative) "weights™ in the voting process;
instead of 2 simple majority being determined, an arbitrary "Threshold" is
specified for the gate, The output then indicates whether or not the weignted

sum of inputs'attains the given threshold,
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Since its decision process is much more sophisticated than that of the

Bcolean gate, the threshold gate is logically more powerful, and fewer are needed

to realize a given switching function,

Secondly, threshpld‘gates can be modified conveniently (by variations of
the weights), making them particulerly suitzble for adjustable networks. these
applicatiorns there may be tens or even hundreds of inputs to each gate, and
circuit errors can be tolerated because of the intrinsically statistical environ~
ment, However, grezter relisbility is often reguired, and so more accurate methods
of circuit‘realization must be found. This point will be expanded further in this

thesis,

2. STATEXENT OF PURPOSE

Threshold gate circuit design has been difficult owing to such constraints

as tolerances, cost, simplicity, and ease of use in logic design. Several methods

of realization have been devised using active and inactive elexents alike, In
this age of micro-miniaturization vhen the integrated circuit is becoming so
prominent, it seems likely that this building block should hold some promise
for the solution of the problem of threshold gate realization. Some designs have
alrezdy been produced, these being particular circuits designed solely as thres-
hold gates, It will be the purpose of this thesis to explore the possibility
of using an already generally-kmnown device, namely the operational amplifier, to
reglize threshold gate circuits. It is hoped that such 2 design v:ll be com~
parable and even superior to conventional gates for tolerances, noise imrunity,

simplicity, and cost of production and intercommestion, :

To realizé the basic notion of a threshold gate, i.e., sutrztion and com-



parison, requires the construction of a two-part circuit, namely a summer and
a comparator. The weighting operation does not require any active elements and

so is not considered as a separate part,

Sumiers and comparators may be built using such standard circuit elements
as recistors, diodes and transistors. Problems arise however in the form of
limited fan-in and fan-out, poor noise immunity, poor sensitivity, These mzy be
dezlt with individually in individuzlly-designed circuits but it is difficult
to overcome all of them at one time, Thisiheéis proposes the operational amp-

lifier as a solution to these multiple problems,

As is known from the use of operatiorzl amplifiers in analog computers,
they are ideal for realizing 2 current or v-ltage type summer, Due to their
extremely high input resistance, they draw very little (and ideally zero)
input current. Therefore, there is practica2lly no restraint on the fan-in to these
devices. Fan-out capabilities will vary cerending on the %articular amplifier !g!
jn use as will other characteristics such as output level, input voltage offcset ﬁ
and bias current, common mcle parameters, eic. Eowever, it is not too difficult

to canoose 2 suitable zmplifier frozm Tz2 n2ny pecieges aveiledle.



CHAFTER 1I : THRESHOLD LOGIC

1, PH1LOSOPHY

During the past few years there have been many active research programs con-
cerned with threshold logic; Properties of threshold functions have been determined

and realization procedures have been developed.

The threshold gate as a basic logic element has, in principle, powerful logic
capabilities. It is now well known that an arbitrary function can be realized by
a network of such components and that there are many examples where the number of
gates required is considerably less than are needed when conventional gates

are used. In contrast, however, there are functions where there are no savings.

With regard to actual implementations, a factor of particular significance

is that threshold gates are more sensitive than conventional gates to corponent
and signal fluctuations. There are inherent sensitivities independent of the
particular implementing circuit configuration. In fact, some of the factors which
give the gate its greater logic capability are ones that increase its sensitivity.
The characteristics of threshold gates that can actually be implemented, therefore,
depend upon the amount of signal and component fluctuations that can be tolerated.
These in turn determine the component savings that are obtained in the realization

of a particular function.

The intent_then, of threshold logic is to provide a simpler realizatior pro-
cedure for arbitrary logic functions and at the same time maintain or improve the

accuracy and dependability beyond that of the conventicnal gates,



2, THEORY

This discussion of threshold logic theory is divided into four parts:
(A) a basic system of properties possessed by all threshold functions, (B) test
synthesis; i.e., the determination of whgther or not a given switching function
is a threshold function, and if it is, what weights and threshold realize it,
(C) synthesis of networks of interconnected gates to calculate specified switching
fﬁnctions, and (D) classification and enumeration of threshold functions, with
statistics and estimates of various factors such as the number of threshold
functions, the size of the weights, and the number of threshold gates likely
to be needed in a network. It should be noted that several variations of this
basic threshold logic are being developed, notable non-linear threshcld logic

29

s 2
(Ataka), a 3-valued threshold logic (Varshavsky-Oveievich), a multiple —threshold

9
threshold logic (Haring-Diephus)i and a theory of partially separable functions,

A. Properties of Threshold Functions

There are many simple but important properties of threshold functions that
follow directly from the definitions; these have been discussed in several
earlier (circa 1960) papers and books on threshold logic functions, Some of the
principal properties are:

(a) 1-realizability: the capability of a Boolean function to be realized
by a single threshold logic element.
(b) Positivity: a switching function, F, is positive in a variable x,
irredundant -
iff F has a@pormal form in which no term has x; 28 a factor. F is negative in xs
if no term has x; a8 a factor.
(c) Unateness: a switching function, F, is unate in x5 iff F i=s either

positive or negative in Xge F of n variables is unate iff it is unzte in each of

ifs varisbles,
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(d) Comparability: two functions,are comparable iff either F CF, or

1 "2
(e) Monotonicity: a switching function, F, of n variables is l-morotonic
iff the reduced function of F expanded along ary one variable x,, i.e., Fz and
. » “ Ll i
F- are comparable,
*3
F is k-monotonic iff the reduced functions expanded along any 1 variables,

12 i<k, are comparable. Completely monotonic = n-morotonic.

There are other properties but these are the more important ones &nd are
sufficient for the purposes of this brief survey. Xore detailed discussions can
) 15 22 2¢e
be found in Gabelman, Lewis and Coates, Sheng and others,
E.F. Moore has shown that the monotonicity properties do not

characterize threshold functions, and for this reason generalizations to stronger

corditions have been and are still being explored, The adequacy of monotonigity
for limited_value of n (the number of arguments) has been determined as n<8,
and Gabelmazshas shown the inadecuacy for n = 9,

Cho;?has defined a set of n#¥l easily calculated numerical parameters which,
among other ucses, provide a theoretical characterization of threshold functions.

These "Chow" parameters provide a fertile area for further work on basic properties

of threshold functions,

B. Test Synthesis

The problem of identifying and realizing threshold functions (finding weights
ard threshold when they exist) has unfortunately produced a large number of
varied papers. For small n, no more than 6, say, the problem is trivial -—— most

functions are not threshold functions and can be so recognized immediately,



especially in any reasonable geometric representation, by the ipmonotonicity'test.
For those near-threshéld functions which pass this test, a calculstion of Chow
parameters and a table-loock-up in tables that exist for n =7 immediately provide

the "best!" realization, if one exists, or an indication that it does not,

For partially specified functjons, or for large n, there is no practical
fthod known other than the solution of a system of linear inequalities genrerated
by the definition of a threshold function., This system must first be reduced to
reasonable size by elimination of redundant inegualities, which amounts to de-
termining the signs and relative magnitudes of the weights. Then it can be solved
in a variety of fashions —- by linear programning or game theory, by algebraic
determination of all solutions, or by various specialized iterative methods.

24 '

The dual-simplex method of Muroga-Toda-Takasu is easily carried out by harnd for¥

n up to 12 and higher, is e2s5ily programmed for a computer, and gives (by defi-

nition) the best possible realization.

Other fairly limited methods of jdentification and realization have been
proposed, but the subject has been well coveredand further work in test syn-

thesis would seem to be unrecessSsrjye.
C. Networks

Methods to synthesize networks of threshold gates divide into four classes:
(a) synthesis with majority gates of three or five inputs, (b) synthesis of
symmetric functions, {c) general combinater.al synthesis, and (d) seguential machine

synthesis.

When the basic gate is constrained to be a three-input majority gate, it is
easily possible to realize arbitrary functions for small n (up to 5 or 6) by
using geoietric reﬁresentations. For larger N, truth table representations can be

used in computer programs to procduce heuristically good networks. But there is



much theoretical interest in using an algebraic approach, analogous to the Boolean
algebra used for Boolean gates. This theory has been developed in a variety of
papers which propose rules for manipulating the algebraic expressions, often

suggesting a particular form that always gives realizations, but not necessarily

the best ones,

Methods of synthesis of symmetric functions have been developed to the point
where the theoretical problem is much better solved then the technological problem

of increasing the number of gate inputs, upon which the theory derends,

Methods for realizing arbitrary functions are a little more difficult and
consequently have developed more slowly, Several algorithms and many different

approaches'have been suggested but there appears to be no "blanket" solution to

the problem., Sequential machine realization has been studied only generally and
may hold more promising possibilities. The use of computers to combine man's
jntuition with the machines clerical abilities is likely to prove the best approach

to logic design using threshold gates,

D. Classification, Enumeration and Bounds

There are several proposed meth:ds of classification and emumeration of thres-
hold functions, too numerous and complex to go into here. Another point of much
contention among authors on the subject is the value of the upper bound, the
nunber of threshold gates required to realize an arbitrary function. All the results.
so far produced are purely academic, since they assume gates with an unlimited

nunber of inputs,

In surmary, the theory is well developed, but important new ideas are to be
expected in the difficult area of network synthesis, and there will probably be

continuing progress in the unification and completion of the basic theory of the

nature of threshold functions.



3, CIRCUIT DESIGN

Threshold gate circuits can be broadly divided into two classes — (a) those
that sum directly the input signal representations, and (b) those that do not,
In either case, there ic eventually a summation, and two methods have been widely

used -— magnetic flux summation and resistor current or voltage summation,

The threshold gate responsible for most of the earliest interest in threshold
logic was simple and elegant, consisting of several input windings on a ferrite
core and an output winding, Signals could be represented by the diréction of a
unit pulse of current in each input; algebraic summation of fluxes takes place in
the core, except that the flux saturates in one direction or the other at the
equivalent of one unit pulse of current in the output winding.Magnitﬁde and sign
of input weighting were determined by the pumber of turns and the direction of
each input winding. There were many variations of this basic theme; elaborations
were necessary for speed, tolerance and cther engineering reasons, A typical'
magnetic threshold gate system operated in a multi-phase system — "waves" of
power supply activation washed through the system to impress a directionality on
otherwise bilateral signal rropagation,Furthermore, it was typically necessary to
add a transistor or other such active device to provide (a) gain, and/or (b) a
sharper threshold discrimination, and/or (c) better standardization and driving
capability in the output signal, Several computers have been built using such

magnetic threshold gates, e.g., Ferranti's ORION,

Once an active element was introduced, it was natural to use a simple
Kirchoff resistor sumzation of the inputs, with the active device used to restore
proper levels. Important such devices used were the phase-locked-oscillator, and
the tunnel-dicde balanced pair. These examples represented phased ac ard phased

dc power supplies respectively. Although some success was achieved, tolerance,
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speed, and power supply distribution problems remained severe,

Resistor summation and transistor discrimination/ restandardization repre-

sented the most 1mportant threshold gate circuit for several years (Chaéi Coates-
Lewis? Akers-Rutter). (Earlier, vacuum tube threshold gates were used in some
computers.) These circuifs had two related difficulties: (a) close tolerances
were required on the summing resistors and the threshold supply, and (b) noise
appearing on the different input signals was combined additively at the critical
summation point. These effects combined to limit the gates to reasonable fan-in
(i.e., number of equivalent majority-gate inputs) wnth poor noise immunity, or
reasonable noise immunity with poor fan-in, And thlsﬁpypical with 1% uniformlty

resistors.

Integrated circuit technology has permitted a solution to this dual problem,
First , the relative uniformity of a cluster of resistors manufactured at the
same time is very high — 2% uniformity is standard and better uniformity is
possible by increasing geometric dimensions, Second, it is now possible to provide
a separate current switch for each input, the outputs of vhich are used in the
summation process, This isolates the decision process from the possibly noisy
inputs -—- all that is required of the inputs is that they lie at least 100 mV
from the reference level that separates 1's from O's, Integrated gates of this
cort are the first threshold gates that, compared with contemporary Boolean gates,
are (a) competitive in cost (approximately 25% more costly in exactly the same
fabrication technology), (b) compatible in all voltage levels and sc usable as sub-
systems in conventional systems, (c) compatible in speed (initial experimental
gates operate with 12 nancseconds state delays, fully loaded, as compared with
g nancseconds for ccmparable OR/NOR gates), and (d) have better noise immunity.

4
The gates actually fabricated (Amodei-Hampel-anhew—Winder) have five inputs
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weighted respectively 2,2,1,1, and 1, withthreshold 4, and provide both true and
complemented outputs., This gate was combined with a 3-input majority gate in a
14-pin package to provide a versatile building block. Higher fan-ins are possible,

but then only one gate per package is feasible with this technology,

Threshold gate circuits are also being developed for the new large-scale
integration (LSI) technologies, These circuits compared with the high-speed, high-
power threshold gates discussed above are simrler, samewhat slower, and on a local
level often have much less noise immunity, They are designed to behave virtually
independently of temperature variations and those power supply drops that show up
symmetriéaily on the two power-supply lines, These particular circuits allow in-
corporation of very simple OR functions at inputs and outputs; they are most tél-
erant to component variations when their thresholds are highest. These properties
seem likely to generate a new generation of logic design problems and correspon=

ding switching theory,

In summary, threshold gate circuit technology ﬁas taken a long step forward
and is roughly on a par with the theory of threshold gates, In both areas, thres-
hold gates are now competitive with Boolean gates, It is now essential to consider
the application of each to the real problems of logic design in computer-like

systems,

4. LOGIC DESIGN

Practical logic design wi?h threshold gates is found in the phased power
supply system (Muroga;Takash{z;) and in Ferranti's ORICN data-processing computer.
However, detailed information on these efforts is not avajlable and, moreover,
the reguirement for multiple phases places special constraints on the logic design
that do not apply in the integrated circuit technolozy. The known logic designs,

are, for the most part, realizations of computer subsystems, such as adders,

parity checkers, registers and counters,




A compléte full adder accepting three inpgts and delivering a sum ard a carry
as outputs, can be realized using two threshold gates (Amodei—Hampel-Mayhew-Windéi),
This realization typifies the advantages of using threshold gates: (a) one-third
as many gates are needed as in the most sophisticated Boolean-gate adder (in fact,
one of the l4-pin packages mentioned éarlier constitutes one entire adder stage),
(b) interconnection issimpler, and (c¢) only the true input signal representa-
tions are needed (saving a factor of two in the number of input connections to

the adder).

Many other adder designs are knoun. Forexamples, only three 3-input majority

gates are required per stage (Curry-Harel—Cohn-Llndaman). Binary/decimal adder/
13
subtractors are easily realized (Fischler-Foe), Carry look-ahead is verynatural
i0
in threshold logic (Coates-lewis); a 64-bit adder can be built that uses 189 of the

(2,2,1,1,1) gates mentioned earlier and operates in just six stage delays (Winder).

| A fast, two-level, approximately n/2-gate n-bit parity checker is discussed by

Minnicﬁf Kauﬁ%ogives a slower, less expensive design using log2n of gates (this
network also gives a complete binary count of the number of one's present among
the inputs). Since both these designs require tclerances equivalent to a (2n+l1)-
input majority gate, probably the best solution is a 1ogzn-leve1 tree network of
approximately n 2-gate, 3-input full adders of the sort described above,

Sequential networks of threshold gates offer very interesting pO°Sib111tleS.
In Gustafson-haring-Sussklnd-nills-Sandforéf the realization of counters is in-
vestigated, assuming a collection of identical delsy lines as in the standard
synchronous sequential machine model, but then dcing the next-stage logic with
one threshold gate per output., Cf more practical interest are the rihg counters
developed (for m23) in Pric:a?f vwhich recuire one zajority gate per full count &nd

no capaci tive interconnection, Coun‘ers of this type are very simple (either all
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or all but one of the gates can be S-input majority gates) and can operate at
very high speeds — oné lightly-loaded stage delay per transition of the clocking

pulse. Binary counters can be constructed using three gates per stage,

The Boolean idea of realizing a flip-flop or register by cross—-connected
NOR gate#becomes, in threshold logic, a pair of minority gates. However, the same
effect can be realized with a single threshold gate, Furthermore, the need for an
isolatiné AND gate betwcen the sampled input signal and register stage is eli-
minated; control signals ("reset" and "gate in data") can be applied directly to
the gate (Winder),

Many other logic designs have been published; among them are conparators, a
decoding system using 3-input majority gates, pattern recognition systems, a
multi-purposqéccumulator and a multipurpose logic array, methods of realizing
large fan-in majority gates using low fan-in gates, and methods of improving
reliability by suitable redundancy, an application for which threshold gates are

especially appropriate,

Two impc :nt principles should be mentioned here, First, because of pin
limitations, <1 asymmetric basic building block (such as the 2,2,1,1,1 gate) is
preferable to 3 majority gate; the full gererality of the 7-input majority gate
is rarely rneeded, and the saving of two pins is quite important. As an example
of this, consider the full adder stage and the register stage with an AND gate
for output isolation, each of which can be realized using one package of the type
described earlier. Second, the functions of storage and logic can be_combined in
cne thresﬁold gate by using suitable feedback of the output; this, of course, is
not true with a Boolean gate, The simplest example is the register stage, but
much more sophisticated applications are possible. In particular, realization of
control logic by chains (or trees) of one-gate flip-flops (an asynchronous digital

version of delay lines) is an atiractive scheme for reasons of economy, simplicity
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In Coates-Lewis (DONUTfla careful comparison was made in equivalent designs
of a complete small computer using threshold gates and NOR gates. A reduction
in gate count from 2:1 to 4:1 was reported depending on the fan-in of the thres-
hold gate assumed, Similarly, on subsystems such as those discussed above, using
the integrated threshold gate has prroduced an average reduction of from 2:1 to
3:1. Equally significant -- since the cost of printed circuit plug-ins, platters
and racks can exceed the cost of the integrated circuit packages themselves —-
an average reduction of about 2:1 in the numter of interconnections can be ob-
tained, These statistics, taken together with the 25% per package cost increase

for threshold gates, result in a total main-frame cost reduction of about 50%,
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CHAPTFER III : OPERATIONAL AMPLIFIFRS

1. DEVELCPMENT OF THE OPERATIONAL AMPLIFIFR

The first operational ampiifiers were manufactured using transistors. This
solid-state device was an improvement over vacuum-tube devices providing such
notable advantages as small size, low power consumption, reliability and rugged-
ness. Previous to this bre;k-through, operational amplifiers were relegated
almost entirely to the laboratory being too costly and bulky for feasible com-
mercial application. Now they are being used in a wide variety of applications
in signal processing and control with foreseeable uses in other fields such as

threshold logic,

There are st:ll problems with the transistor-typé operational amplifier
arising from the temperature~-dependency of some transistor characteristics.
Solutions have been found in a number of ways. Carefully matched input transistors

employed in a differential input configuration (Figure 1) will reduce the

v+

1

? :
-IN o—————~Q§:
L

l

4 v-

_ D___Q CUTPUT

Figure 1

+IN o—

temperature sensitivity as well as providing greater versatility since there are
now two available inputs, This method does not completely el iminate the tem-
perature problem and so another configuration was developed -— the choprer

etabilized amplifier. This configuration provides two amplifying channels: one
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for AC anéd one for DC. The latiter effectively provides amplification in the order
of 1000 while minimizing tecperature sexnsitivity and virtually eliminating DC
offsets or drift. Field effect iransistors (FET'S) have also been used in place

of the bipolar ones of Figure 1 to izer=zs3e igyatl impedance.

Finally, monolithic integrated circuits have produced devices which operate

about on a par with discrete devices of fcur or five years ago,

A comparison of the afore-mentioned devices shows that bipolar-type ampli-
fiers are now comparable to the ctcrrer-stztilized iype of three years ago but
that the present chopper-stzbilized type kzs improved tenfold in that period,
"FET's are closing the price-performance gar but monolithic amplifiers have a long

way to go to match the discrete ccmporent and hybrid devices,

2, APPLICATIONS

(a) Monolithic IC amplifiers with bireclsr transistor inputs are generally

post useful in low-impedance circuiis such 2s low-g2in amplifiers,

(b) FET input stagee maie tke zxplifier rreferable in high impedance and

memory circuits.

(c) Choprer-stabilized z=plifiers are Test for low levels and where long-

term stability is required.

3, FUNDAMENTAL CIRCUIT THZICZT

Although a powerful arnd vessztile sircuit elexent, the operational agpli-

fier's operation can be si=:zly extlzinel t7 the ccnsideration of a few simple
restraints. The operational z=zlifier srzwxz in Figure 1 can be more simply

modeled as in Figure 2,
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-IN r—- T ——Z 1 E
E ¢ f AP——o0 ° oyt
P l
o | 3 2y A(EE)) |
L=
E, o | L l
+IN I - i
Lo —

Figure 2

There are two inputs, The inverting input (-IN) provides negative amplification,
~A, while the non-inverting input (+IN ) provides a positive amplification, A,
where A is the amplifier gain and is very large. Certain assumptions are made to

produce an idealized model which is easier to handle., They are:

(a) Gain = oo (A »09),

(b) Eo = 0 when El =E, .

(¢) Input impedance = c© (Zi-v ™) .

(d) Output impedance =0 (Zo-v o) .

(e) Bandwidth = ac (response time = 0) .

These ideal characteristics will be used to develop the equations which control

the operation of the amplifier.

Inverting Circuits

The non-inverting input is grounded and the input is supplied through <.
A feedback loop is connected from the output to -IN, Since Zi is assumed to be
infinite, then no current enters the amplifier so that the input and feedback
resistors, Ri and R, respectively, carry ecual currents. Referring to Figure 3,

f
the fcllowing eouations may be written,
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Figure 3

is = ii + if = 0
Therefore, Ei - Es + "3 = 0 s
Ry Re
and since E8 = -Eo - 0 28 A =0,
A
then _E_i - - i X
Ri Ef

8rld E = - Rf ') 3 -

o B i

i

o

The gain can be controlled tr the rztio ol lZe external resistors Ri and P.f and

as A —»o© the summing point rotezzizi =e~czes a virtual ground., This condition,

)

S

Rl

along with the conditien tha: no cursent Zcws Into the azplifier holds not only

for resistive feedback but zlss Ssr z=F ctrer cozplex feedback and irput retworks.

Extending the general ifea 27 =ze crerztiicnzl azplifier to incorporate
multiple inputs produces a s=—inz zzzlifler or Tsuzzer", There remainrs only one

feedback element but the geins c= <he s=rizus inpute will vary with the value of

'y
)
[}

"

inputs the output of the summer is

&

the particular input resistzrece, Thus Ics

expressed as



. 1

EO = - Rf %’R: :- soee +RfE ‘
B 3. 2 00 .
1 2 n

There are practical limits on the number of such inputs, but these will be discussed

at a later time,

There are other basic inverting circuils such as the integrztor and the
differentiator. These will not be discussed here as they bear no direct relation-
ship to threshold logic aprlications. Cetails are available from such publications

as the Burr-Brown Handbook and Catalogue of Cperational Amplifiers,

Non-Inverting Circuits

Unlike inverting circui‘s whick may te realized using either single-ended or

differential input, the non-inverzing circuit realization requires a differential
input. The simplest non-inverting circuit Is the woltage follcwer. The irput is

applied at +IN and the outrut is fed Tack o ~IN, Algebraically,

T = :--E
“o A 3 o )
E o= 1 .
(-

l1e1l/a

As: A =, EB — Ei o
Such a non-inverting, unity-gzzin a=glifier czn be used as a buffer element to

isolate circuits or devices frorm crne anctzer,

wher: the feedback is threugh

n
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non-inverting amplifier witk gzin greatsr <hzn unity and regulated by the feed-

back resistors,
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Combining'these equations rields

- R

Loy

A Rl . Ro
k-4
and as A = CO 5=z /3
\
Rl M P'o
or E-’{P'l’ao)Ea
C ) - .
g -
1

An extension of this result tc the feedtack differential amplifier which has in-
puts to both the inverting and nen~imverting inputs and feedback from the output

-

to the inverting input precduces the relaticnsni

o)

= ,E- ' o=
o == 72 “1)
1
where El and E2 are the inveri-z zrd nco-=-inverting inputs respectively and Ro

end Rl are the elements of <ze wclszze Ziviier netwecrke for the non-inverting

input and the feedback locy,
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4, ELECTRICAL SPECIFICATIONS

The theory so far discussed was based on thLe assurption of idealized oper-
etional amplifier characteristics. Introducing a real operational amplifier will
cause variatiéns frem the predicted ideal operation. These variations can be pre-
dicted from knowledge of the electrical characteristics of the amplifier. Dis-
cussion on this subject will be limited to the parameters considered most impor-
tant for threshold logic application, Complete specificadtions and their meanings

are available from theﬁliteratureg

‘Rated Output

The output voltage which an operational amplifier is capable of supplying
must be known and considered in any aprlication. Over—driving the amplifier can

cause at least temporary upsets while the device returns to normal levels if not

permanent damage. The limit on the output voltage swing is called the saturation

level,

Open loop Gain

Higher gain yields operation closer to that of the ideal operational amp-
lifier. Ideally, the gain, A, is infinite, Practically it is frem 10* to 10°,
still quite large., However, since the gain is not irfirite, there is a certzin

error introduced, = 1/A , giving

Actual Open loop Gain = G, = Idealized Cren Loop Gain
¢ 1+ 1/A

where A = Open Loop Gzin

= Feedback Ratio = 5 .

Ir Ri and Rf are perfectly matched the gain error is 1/A » The A term is called
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loop gain and can be expressed :
Loop Gain (db) = Open Loop Gain (db) =~ Closed Loop Gain (db).

Loop gain limits the closed loop accuracy. If feedback is adjusted the finite open

loop gain can be compensated leaving only temperature stability to deal with.

Some other useful definitions are:
(a) Slew Rate: maximum rate of output voltage change or rate of swing.
(b) Settling Time : time required to achieve steady state operation
after input change.
(c) Voltage Offset : result from unequal base-emitter voltages in the
input pair of transistors and is minimized by careful matcﬁing; temperature and
power supply variations produce drift which can uéually be dealt with by exter~

nal means,

(d) Bias Current : can affect output voltage and cause input offset
unless compensated by external circuitry.

(e) Koise : is amplified by closed loop gain; in non-inverting appli-
cations it is best to use low feedback impedance to minimize the effects of
noise; the bipolar input gives lowest output noise for low values of source and
feedback impedance (less than 10K),

(£) Common Mode Voltage — Common Mode Rejection : In circuits raking
wms vse of differential input operational amplifiers, consideration of the Ccmmon
Mode Voltage (CMV) and/or the Common Mode Rejection Ratio (CMRR) is important,
Ideally, when the two inputs are equal (CHV), the cutput is zers, but since the
inverting'and non-inverting gains are not usually eoual, an output voltage will

be generated. This is known as Common Kode Gain (CKG).
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CMG = Output Voltage (vhere the inputs are tied
Input CHV together)

Another expression of this characteristic is the Common Mode Rejection Ratio :

- Open-loop Gain - A
CMRR G oG °

The non-inverting amplifier is most affected by CMRR which adds another error term
to the output, Since the CMV goes to zero whenever either input is grounded, thoce

circuits using both inpute or the differential input type are affected by CMRR,

5. APPLICATION OF OPERATIONAL AMPLIFIERS TO THRESHOLD LOGIC

Basically the function of a threshold gate is to accept a number of weighted
inputs, sum them and compare the sum to a previously-selected threshold value,
Operational amplifiers lend themselves very nicely to such applications as the
preceding discussion of summers and the following discussion of comparator cir-

cuits show,

Comparators

A comparator is a simple two-state device whose output reflects the value
of the input as ccmpared to a previously-established level., Another way of ex-
pressing its operation is that the output indicates the relative polarity of
its inputs. Usually, the inputs consist of one reference voltage and one or rore
variable voltages, The variables may represent physical quantities such as tecp-
erature, pressure, etc., or may have no physical connotations at all, Thus, a
comparator can effectively perform the operation of a threshold gate by accepting
variable weighted inputs and comparing their sum to a reference or threshold

value,
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There are many different types of corparator circuits with varying degrees
of suitability to threshold logic. As more detailéd discussion and comparison
will be presented in the next chapter, details will te omitted here. Suffice it
to say that operational amplifiers can be used to fabricate threshold logic gates,

With what degree of succes will be seen.later.

Actually there are many difficulties to be overcome in the reaiization of
threshold gates, not the least iﬁportant of which is the sensitivity require-
ment. Since, in physical realization, input values and weights are represented
by physical ouantities, naturally they have variations, when the overall variation
exceeds tﬁe gap length, g, the output of a threshold logic element will be in
error, The overall variation increases with the number of input variables and the

size of the weights. Thus, practically, there is a 1limit tc the number of in-

put variables and the sizes of the weights,

The restriction on the weight is rather obvious in the case of resistive
inputs. Consider the percentage fluctuation in the nominal value of
any given resistor and we realize that larger values will yield larger
deviations; e.g., a l-ohm, 1% resistor may vary between 0.9 and 1.1 ohms, vhere-
as a 100-ohm, 1% resistor may have values between 99 and 100 ohxs, a difference
of two ohms as opposed to 0.2 ohms for the smaller resistor. Thus, sensitivities
will decrease with large-valued weights, The problem that this thesis- will deal
with , then ; is to produce a threshcld gate design that employs operational
amplifiers ard will reduce if rot eliminate the constrairts on size and rumber

of input weights,
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CHAPTER IV : TEST RESULTS AND ARALYSIS

In order to ascertain whether or not operational amplifiers could be suc-
cessfully used in the fabrication of threshold gates it was necessary to do scme
laboratory testing and comparison of this type of circuit to the more conventional

transistor and diode gates. The following, then, are the results of those tests,

1. THE TEST CIRCUIT

The prelihinary tests were performed using a Philips type TAA243 operational
amplifier. This is an inexpensive type and does not perform with a high degree
of accuracy but was sufficient to establish that the basic idea of using opera-
tional amplifiers to fabricate threshold gates was sound, Table 1 shows the par-

ticularly relevant data for the TAA243,

Table 1. Reference Data : Philips TAA243 Operstional Amplifier

Characteristics at T, = 25°C

Voltage gain Gv typ. 2300
Common mode rejection ratio CMRR typ. 80 dB
Differential input resistance Ri typ. 20 kn
Cutput resistance R.o typ. 200 &2
Common mode voltage v, typ. =6 to 1.5V
Input offset voltage vio typ. 7 mV

Using this operational amplifier in a comparator circuit with a second
operational amplifier to sum the inputs produced the circuit and data given

in Figure 5.
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A 1,68 2,28 2,63 3,03 3.39 4.09 14.29
B 27,16 20,46 16.81 12.27 8.74 0;91 0,00

Figure 5

The first amplifier is used as a summer in the corifiguration discussed in
Chapter III, Section 3, Figure 3., The A input has a gain factor of one since

the feedback/input resistor ratio is 10:10 or unity, while the B input has a gain

factor of one-tenth since the ratio is 10:100, Thus, in considering the deata %
presented along with Figure 5, the summing process is carried out on the A values

taken at face value egd the B values taken at one~tenth of face value, What is
accomplished by this process is a demonstration of "weighting" of the input

variables,

Since the first operational amplifier produces an inversion of the éum of
the inputs (i.e., positive to negative), the threshold voltage is established
at a positive level, When the sum exceeds the threshold in a negative sense,
the second operational amplifier changes output states, This configuration uses
positive weights and threshold. If negative values of these variables are de-

sired, appropriate inverters can be introduced to yield the required polarities,

Before cortinuing to analyse the data we must consider the established



threshold level, Thi$ level =z7 te varied by adjusting the resistor RT or the
power supply. For the case in zoint, the zrzreskcld was established at 4.32

. volte with the upper and lower threshol< levels being, respectively, Tu = 4,37
and Tl = L,27 volts, It shculd te pocinzed cut here that these were convenient
values for the experiment and zre not necessariiy convenient values for actual
threshold logic use. In the latter case it is preferred to have integral values
for the threshold and gap iength when irtegral weights are also being used,
Mote, however, that it is nct haxd to ef?act the desired adjustments to make T
jtself an integral value, Additicnally, since greater sensitivity is afforded
when the threshold level is very low, tke experizental level was kept reasonably

low and could, as explainei ear’iex, e zmaie lower, The constraints here, of

course, lie in the ability of tkze power s:rrly to produce a steady, low-level

voltage (cay several hundreds of =3i11ivei+s) and the successful neutralization

of input offsets that cculd int=oduzce lar-sze-scale errors,

Let's now consider the reccs<ed data o see how well it confirms the premise

that aﬁérational amplifiers are really uselul for threshold gate realization.

Table 2 : S=~le Calculatiors

Input Weight weightei Tnput Sum Cutput
A B A B A B
1,68 26.16 1 1/i0 2,38 2,616 4.296 HI
2,28 20.46 1 1/1C z.28 2.2.6 L.326 HI
2,63 16,81 1 1/i2 Z.43 1.681 4,311 HI
3.0C3 12,27 1 1/:C .02 1.227 L,257 10
3.39 8.74 1 1/10 2.35 0.27L L,264 1o
L,09 0.91 1 1/10 L.C9 0,051 4,181 Lo
L.29 0.00 1 1/12 L.29 0.0CC Le 29 =1

In the cases where the s= cf <he weiztted ingputs fell within the gap
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( 4.,27<T<L4.37) the output was EI (or 1}. In the remainder of the cases, where

this sum was less than Tl, the output wzs 10 (or O). Since the problem of nega-

tive weights inposes some peculiar effects we restricted ourselves to positive

values,

This threshold gate realization sesms to prcvide a very sencitive test cf
the threshold level, As mentioned earlier, the maximumvariation in T was
L.37 = 427 = 0.1 volt, Thus tre sensitivi:y value for T of 4,32 volts is

S = 01 .
432
Obviously this will improve if the threskcld level is lowered and as has been

discussed, this is easily possibdle.

To see further how the threszold car e chanzed and how this will affect

the operation of the gate the following ésta was gathered and plotted as shown
in Tble 3.

Table 2 : Threshold evel Variation

RI(KD-) R,(KN) Z_(7) E, (V) E; (V) Ee
1 1 1 1 1 HI
1 1 1.5 1.5 1.5 HI
1 1 2 2 2 HI
1 1 3 3 3 H1
1 o5 o 1 1,02 HI
1 o5 1 2 2,02 HI
1 .5 1.5 3 3,02 HI
1 o5 2 L 4,02 HI
o5 1 2 1 1.01 K1
5 1 4 2 2,01 HI
o5 1 6 2 3,01 HI
5 1 2 i 4.01 HI



Figure 6
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The circuit shown in Figure 6 is just the second part of the circuit of
Figure 5, The threshold level, Et s is a function of the reference voltage, Eref »

and the input resistors Rl and R2. Obviously, then, great latitude is available
for the adjustment of the threshold level as Rl, R2, and/or Eref may be varied, 3

The data in Table 3 was gathered by making just such variations,

The values listed under the heading "Et" are the calculated values of Et
using the equation and the values under Ei (input) are the minimum inputs re- 3
ouired to triggér the operational amplifier into the other output state, As the o
data and graphs indicate, the gate functions very consistantly even as E, is

t
varied and the external circuitry is varied. The sensitivity remains very gocd.

The weight sensitivity can be controlled by the accuracy of the resistors,

Since the sensitivity is directly proportional to the allowable variation in the

" nominal value of the resistoq&t is beneficial to use resistors produced in the
same batch of high quality resistors to assure as far as possible a uniformity

in value,

The threshold sensitivity of the gate is subject to yet another constraint,
that being the offset voltage of the arplifier, However, this value is usually
constant and is specified by the manufacturer (Table 1). Therefore, establish-
ment of a threshold value is dependent only on correct biasing and hence on the

resistors used in the feedback loop.

From these preliminary results it can be seen that operational amplifers can
be quite successfully used to realize threshold logic gates. towever, to return
to the sénsitivity problem, we must take a closer lock to see if it is satis-
factorily haﬁdled by this realization. In order to better understand the problem
first consider the following threshold logic gate constructed simplg of Dicdes,

resistors, and transistors,
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This is a low fan-in gate circuit with a fan-in range of about one to ten, To
obtain high fan-in circuits, it is necessary to offset the decrease in efficiency
of the normal resistance adder that high fan-in causes, This is the purpose of
the diodes in the input leads and the resistor Ry (Figure 8) . For such circuits
the efficiency is independent of fan-in and depends only on'gap position; there~
fore, the fan-in is practically unlimited,
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Figure B
The gates such as that shown in Figure 8 are constructed from readily-
available components and operate over a fan-in range of one to fifteen (alihough,
a2s explained, thay need not be so limited) and a2 fan-out of one to ten (one to
fifty when an emnitter-follower is included), The range of the gap Tu:Tl is from
1:0 to 5:4.

The voltage corresponding to logical "1" is determined by the clamp supply

Vl, and the clamp diode voltage Vb. The logical "C" voltage is determined by the
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collector-emmitter saturation voltage of the transistor. The input circuit is
the standard resistance-type adder that includes the threshold , as determined
by RT and VT, as one of the inputs, The input circuit includes a2 second clamp
diode, D2, to prevent the transistor base from becoming excé%ively positive

with respect to the emitter.

If it is desired to construct threshold gates with high gap locations
(e.g., 9:8), then high logic levels are required and consequently tclerances
must be strictlj controlled. (As noted previously, sensitivity is higher for
lower gap.locations,) Such iolerances are fairly easily obtained in individual
or discrete components, For example, resistors with tolerances of plus or minus
one percent of nominal are available and power supplies reliable within 0.05

percent also exist as off-the-shelf items, It is obvious, then, thzt the more

discrete components (transistors, diodes, resistors, etc.) that are used, the
more sources there are to introduce error. Use of operational amplifiers to a
replace discrete components will help to reduce the number of error sources

and produce a more reliable threshold gate,

2. ADDITIONAL CIRCUITS

The test circuit previously described is only a representative scheme for
threshold gate realization. A few other circuit designs using ordinary operational
acplifiers and specially designed threshold or level detectors will now be dis-

cussed,

A threshold detector (Figure 9) may be built using an operational amplifier
producing a circuit similar to a Schmitt Trigger in that it is a latch circuit

with a large'dead zone. This function is implemented by using positive feedback
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around an operétional amplifier. When the amplifier ouput ie in either the
positive or negative saturated state, the positi;e feedback network prcvides

a voltage at the non-inverting input which is determined by the attenuation

of the feedback loop and the saturation voltage of the amplifier. To cause the
amplifier to change states, the voltage-at the input of the amplifier must change
polarity by an amount larger than the amplifier input offset.voltage. When this
occurs, the amplifier szturates in the oposite direction and remains in that

state until the voltage at ite input again reverses,

- E
;L:’ \:\\\\\‘~ — AN
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Figure 9
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The zener diodes clamp the detector to make it independent of temperature
and supply voltage. The detector may be compensated if power supply impedance

causes oscillation during its transition time,

The circuit shown in Figur 10 uses an operational amplifier in an open-
loop configuration to supply the comparator function. The very high open-locp
gain means that only a very eamall differential input signal is needed to cause
the amplifier output to make a transition between saturated states, In such a
comparator circuit the input threshold voltage is ecual tc Eref; This Eref must
not exceed the maximm common-mode-voltage for the particular operational amp-
lifier in uée. If desired, the input and reference voltages may be interchanged

thus charging the polarity of the output transition,
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If only one input is used (as in Figure 6), then the reference and input
voltages are applied to the same input tenmina1  of the operational amplifier
through appropriste resistors. The other input terminal of the amplifier is
earthed and consequently no common-mode limitations exist. Eref may be any
convenient voltage opposite in polarity to the signal voltage., The threshold

voltage is set by a choice of input resistors,

In both of these comparators the input voltage must ewing mast the threshold

voltage by an amount
v* - v-
o _max O_Hax

AyoL

for the full output transition to take place, In the case of rapidly changing

input signals the output transition time is dependent on amplifier character-
istics, but when the input voltage varies comparatively slowly the time is de-
pendent on the rate of change of input voltage. In the latter case it is often
advantageous to speed up the output transition time ty using some form of re-
generative comparator, In this arrangement (Figure 11) positive feedback is
applied between output and input via resistors R2 and Kl’ and when e reactes
the thresheld voltage the amplifier switches regeneratively betvween saturated

states, the output transition time being made virteally indeperdent of the rate
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of change of input voltage,

/
L]
o+
4
\ 4

-;Ij~ﬁgcﬁ——[—vj;?;/" I A 4 .
|

|
|

o ~—
<

'y

'

_Figure 11
The circuit exhibits hysteresis, i.e., the transition takes place for dif-
ferent values of e dependent on whether ey is increasing or decreasing towards
Eref' The transfer curve for the comparator is illustrated for a value of Eref
é equal to zero. The input threshold voltage at which the transition takes place

has a value of approximately

v By

omax———R1+Rz

and with Vb having its positive and negative saturation values, the amount

of hystcresis is thus

In all comparators outpute may be clamped to desired values rather than
using saturation limiting and it is important that care be taken to ensure that
reference and input voltages do not exceed allowable limits for common modle

and differential input signals,

Also available from manufacturers in pre-packaged forms are threshold ce~
tectors of different sorts., However, as this discussion deals only with threchold

devices employing operational amplifiers, these otaer devices will rot be con-
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sidered further at this time,

3, PERFORMANCE AKALYSIS

Several comparator circuits have been shown in this and the last chapter.
It is now necessary to consider the advantages and disadvantages of each with

respect to application to the realization of a threshold gate,

In Chapter I1I, Section 5, comparator circuits with different limiting
circuits were mentioned, These are shown in Fifjure 12, All-of these use a single
input cqnfiguration which results in a relatively slow switching time from
state to state but has the advantage that there is no common-mode limitation on
the reference and input voltages. This latter may be useful vhere relatively

high voltages are in use in the threshold network, The choice of output limiting

technicue can be m;de to coincide with the reguirements of the circuit, For
example, if it is not important that the output voltage mainlain a steady state
value above and below the reference level then the simple "soft limit" will
? suffice, If the output must remain steady then either the zener or transistcr
"hard" limiting can be enployed. The transistor technigue affords an easier
way of adjusting the output 1limiting levels by simply adjusting the resistor
divider network, The zener circuit would recuire a change in the value of the
zener diodes in the bridge network., All three circuits provide about the same

output transfer, that is, the slope of the transfer curve is approxirmately the

same in each case,

For a faster response to an input voltage change which exceeds or drops
below the threshold or reference level the differential input configuration is
used, However, as was noted earlier, there is a restriction on this configur-

" ation, The value of the thresncld voltage must not eyceed the maximum C¥V for
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the particular amplifier in use, For most logic circuit applicetions this will
pose no particular problem, In fact, in threshold function realization it is
advantageous from a sensitivity point of view to keep the threchold value low

(see Sheng, Chapter 9, Section 9-6).

Figure 10 shows the transfer curves for a typical differential input com-

parator. The slope of the output voltage curve at time t' (when the input voltage

i

:
&
%
L

reaches the reference level) is infinite; i.e., the voltage swing is instantaneous,
Figure 11 shows positive feedback techniques which also provide a steep (slope =)
transfer curve at the vin = vref point. However, these circuits also introduce
hysteresis which provides noise immurity but sacrifices comparison-voint accuracy,
The width of the hysteresis loop is easily controlled by the ration of the

feedback resistors though, and so can be adjusted to an acceptable amount to

satisfy gensitivity requirements and still gain the advantage of roise immunity,

The circuit shown in Figure 9 is similar to that of Figure 11, It was de-
signed for use in a constant amplitude triangular wave generator and conseguently
the recistive values are specified for that application. They are ad justable to
be compatible with any circuit use, This circuit exhibits 4very rapid response
but is restricted in that the input cannot exceed the differentiai mode voltage
of the amplifier., Also, since the amplifier changes state only when the input
voltage changes polarity bty an amount greater than the input offset voltage then
suck a comparator would be of no use in a logic circuit employing only positive
logic levels, However, it could be very useful in circuits using positive and
negative logic levels, again taking into consideration the hysteresis effect cf

the positive feedback,

The "windcw" comparator shown in Figure 12(d) could be used in threshold
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logic but only in specially restricted applications, Since the output is positive
only when the input falls within a previously-established range then some res-
triction must be put on the input so that it will not exceed the threshold value
by more than a specified amount, The gap length can easily be regulated by
adjusting AE. Under these restrictions the comparator is useful, However, it is
unlikely that the input voltage can be controlled so closely so as not to exceed
the threshold level by more than AE. In other worde, for threshold lcgic appli-

catione the window comparator circuit is rot very feasible,

It would appear then, that either the:single or differential input con-
figurations will satisfy the reguirements of a threshold gate, the choice being
based on speed and input reguirements, The output liriting and hysteresis
features can also be selected to conform to particular application recuirements,

Clearly, though, the operational amplifier will function as a threshold gate.

L. FAPRICATION TECHNIQUES

It has now been seen that the operaticmal arplifier will fulfill the re-
quirements for realization of a threshold logic gate, The question which remains
to be answered is whether an operational amplifier can be incorporated alcng
with the necessary external circuitry irto a simple single package corntaining

one or more threshold gates.

A recent develcpment by Motorola Semiconductors Products Div., a sirngle
chip containing six internally-compensated, high performance operational amp-
lifiers, is one possible answer to the problem., If each threshold gate was imp~
lemented using a rair of operational amplifiers then such a chip cculd be used

to fabricate three gates. The external circuitry, the resistors which are neecded
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to weight the inputs to the first operational amplifier (the summer) and those
needed to provide threshold level adjustment on the second operational amplifier
(the comparator) could be manufactured separately by thin film deposit tech-
niques and the appropriate ccnnections made to produce a single package, In fact,
Bell-Northern Laboratories use a pro;;ss of this nature in production of cir-

cuitry for the "touch tone™ telerhone dialing system,

At present, integrated circuit technology does not produce highly accurate
individual resistors on silicon chips. The "pinch" resistor, which can be made
with values of from 2 ohms to about 10 K-ohms, has at best a tolerance of about
two pefcent nominal, However, very accurate resistor ratios can be produced or
silicon chips and as resistor ratios play a very impoftant part in the circuits
which have been discussed, this technology can be made use of in the proposed

‘threshold gate fabrication.

Thus, the technology exists today to produce a single package incorporating

operatioral amplifiers to fealize threshold logic gates,
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CHAPTER V_: CONCLUSIONS

In Chapters III and IV several comparator circuits were prescnted and dis-
cussed. The relative merits and demerits of each will render them useful or im—
practical in certain circumstances, but in general it was shown that an operaticnal

ampiifier realization is indeed very feasible and quite ‘desirable,

Also available now from the manufacturers are pre-packaged circuits which
are actual threshold detectors in themselves, These were ﬁot concidered in de-
tail as this thesis meant only to deal with operational amplifier circuits,

However, these devices should receive some mention here as further investi-
gation could prove them to be equal or superior to any other method. For exzmple,
Fhilips Electron Devices produce special integrated circuits for comparators

for use with core memories where speed is more important than sensitivity. They

also have the TAA560 Level Detecter, the data for which will be found in the
appendices, General Electric also produces a level detector, the PAL9L. Again,

the data will be found in the appendices,

It has been noted variously throughout this writing that ultimate accuracy
depends not on one or even two but a number of contributing factors, It is

generally accepted that ocperational amplifiers, as products of today's advanced

technology, are capable of highly accurate performance. Thus the basic summing
and comparing operations which comprise the prorosed threshold gate realization
method can be performed accurately given that the externzl dcvices used in con-
Junction with the opergtional amplifier also are of a ccntrolled accuracy, Here
again, ioday's knowledge and production techniques can assure high tolerznces in
such items as resistors and power supplies which are really the only components

needed to complement the operational amplifier integrated circuit, All these
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items are available off-the-shelf and so do not invlove additional special-

order costs,

This concludes this discussion of the realization of threshold logic gates
using operational amplifiers, at least .as far as the feasibilityof such a plan
is concerned, It has been shown that such configurations can core up to any
desired requirements and do so in a simple and economic way. A detailed discus-
sion of costs was deliberatley avoided as the price range of operational
amplifiers is so wide reaching (from several dollars to several hundreds of
dollars) and constantly changing as production techniques improve, that such a
discussién would have little meaning. Suffice it to say that quality varies with

cost and that the user's budget will dictate the quality he can demand.

This thesis has not presented the ultimate solution perhaps for the real-

ization of threshold logic gates, but its proposal is certainly workable and
has offered yet another approach through the pre-packaged threshold devices

] that are now available,
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AFPENDIX A: Philips TAAS60 Level Detector

L3

The TAA560 is a silicon monolithic integrated level detector in a metal

envelope, A Darlington input circuit forms a Schmitt-trigger that operates

at a low current level, Due to the three-stage current amplifier an output

current of maximum 50 mA can be delivered, It is primarily intended for bat-

tery fed timing circuits, such as in camera shutter control,

Characteristics

Threshold Voltage
Switching to OFF-state

Switching to Oll=state

Input ?oltage
Output Voltage

Output Current

Circuit Diagram

Supply at 2,5V
Supply at 4.5 V
Supply at 2.5 V
Supply at 4.5V

typ. 1.5 V
typ. 2.9V
typ. 1.2 V
typ. 1.4 V
max, L,E V

max,12,5 V

max, 50 mA

r—9 1

albl
L4
8
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APFENDIY B : General Electric PAL9L Precision Threchold Detector with Hysteresirs

The PALOL is a monolithic integrated circuit threshold detector with 10%
hysteresis and is intended for application requiring the logic function of a
Schmitt-trigger but with superior voltage and temperature stability. With
input sensitivity below 100 nanoamperes and its own voltage reference (0.6
of supply volfage), this IC provides an ideai‘interface with high impedance
resistér dividers or voltage inputs as well as threshold detection of approx-
jmately one time constant for resistor-capacitor networks. The wide range of
power supply voltageé and output characteristics also makes the PAL9L directly
compatible with many other itypes of quasi-linear or digital circuits as well

as with discrete resistive or inductive loads,

Maximum Ratings

Voo 49V (min, 2.3 V)
vout.put 9V
Ibutput 250 mA
vinput 9

Flectrical Characteristics

Lorp Switching Level (vin/ vcc) typ. 0.61
Loy Switching level (vin/ vcc) typ. O.54

Circuit Diagram

4K

8x

IZ GMD



Voltage Threshold Detction Circuits
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Figure (a) Voltage Level Detection for V,;y < 0.4V¢c
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Figure (c) Voltage Level Detection for Vi > 0.8Vcc
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AVPPRDIX C ¢ Large Sczlie Inizzrztio

Motorola Semiconductor Froducts iInc, has developed two methods of
fabricating complex circuits on a2 single chip or board., The first is sort
of a pseudo-large-Scale-Integraticn {18I) technique involving more con-
ventional Medium Scale Integration {¥SI) chips and ccmpact multi-layer
interconection packaging. “he seccnd is "MCS Folycell LSI, a new process

capable of producing ccxplex custcm—iesigred integrated circuits,

The developmment of large area, high density MOS chip fabrication
technology makes LSI rossible today. ~he Motorola Polycell LSI System
provides the design carability that mmkes LSI practical as well, The ability

to quickly and econozically reduce custom circuit recuirements to working

chips is the key to 1SI, This is the roll of the Polycell Syszem, The heart
of this s;%em is a litrary of ¥CS F-czannel logic cells, self contained
units for performing logic fu=ctions. “he electrical perfor:ance of each
cell, consisting of a number of inte=connected components, has been
characterized, The fac: tha: these cells are handled as units greatly ex-

pedites the entire design crocecure,

Many circuit reziizations are ccssible using the present cell designs,

=a develoment of new cell designs,

!t

However, some circuits =zy require

This is possible but ==y te rather c=s:ly at the present tirme, As tre
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technology zdvances =@

The other method =entioned z>c7e Ze shcwn in the accompanying
diagrams., This is z=n exz=gle of 3 F=ZIt A/S Zonverter, but otker circuits
could be realized vci-i s sizmilas rrocedure, Tre key to effective design

jjes in the multilerer =ca=~i., These siidelines cormonly used with 1l nano-

(X}
[ 3o

second digital logic zre } Ri=iwm Zine length, 2) matched transmission
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lines, 3) ground plane enviromment, and 4) coaxial input/output signal paths,

o oo ®care Mm.5.8.

ﬂ-l ll 2 vce VEE GND.

i 0

OA2NED0Y

Figure 2 — Board Layout
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Figure 3 A Completed Board
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