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PREFACE

This book is concerned with the design of transistorized digital computer, and
digital type circuits. Written from the viewpoint of the circuits designer, it is
intended both for those who have no prior knowledge of either transistor or
computer type circuits, and those with a knowledge of computer type circuitry
but who have not yet converted to transistors.

Present day digital computer designers rarely chink of r:rcumzmg their block
diagrams with vacuum tubes. The chcnce now lies between transistors and mag-
netics. If transistors are chosen, a major decision as to how to mechanize the
basic logical elements — the AND and OR gates — must be made, because how
these elements are circuitized in a large measure fixes power dissipation, d-c
voltage levels, power supply requirements, cost, and reliability and operating
speed of the entire computer.

This book discusses detailed design calculatiors of nearly all the main methods
of circuitizing these computer logical elements and other building blocks, with
transistors. Emphasis has been on worst-case design techniques so that the basic
citcuits may operate wich resistors, voltages, transistor parameters, diode for-
ward drops, and reverse leakages, all simultanecusly at those extremes of their
tolerance limits that wou!d most tend to make the circuits inoperative.

Methods of calculating transistor switching speeds, and signal rise and fall
times, have been shown, with numerous examples. Factors that influence im-
portant decisions such as range of operating currents and d-c voltage levels, have
been discussed. '

Calculation and analysis of the various circuits has been done without requir-
ing use of the four-terminal network equivalent circuits primarily helpful in
dealing with small-signal licear amplifiers. Circuits of the nature discussed

“ herein ate mainly large-signal, on-off current switches, and it is shown how they
may be designed from the static volt-ampere curves of the transistors, and some
knowledge of their transient response characteristics. The behavior of the circuits
can be predicted frem relatively simple arichmetic caiculations.

* The fitst two chapters of the book deal with computer logic, logical building
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blocks, and Boolean algebra, in sufficien: detail that those without previous
expetience in computers may gain an appreciation of how the circuits designed
in the latter part of the volume fir into the overall picture of a computer. Chap-
ter 3 presents a brief discussion of transistor physics and transistor fundamentals.

It is hoped that such a book, emphasizing worst-case design techniques, switch-
ing circuits, and switching time calculations, will be found useful in this in-
creasingly important field.

For the technical review of the manuscript, and thexr many helpful sugges-
tions, my appreciation is particularly due to Dr. W. T. Chow, Mr. J. Tellerman
and Mr. E. Keonjian of the Arma Corporation, New York.

ABRAHAM 1. PRESSMAN, M. S.

Phsladelphia, Pa.,
March 1959,
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Chapter ]

BASIC BUILDING BLOCKS IN
DIGITAL COMPUTERS

Digital computer circuits are buile by the interconnection of a relatively small
number of basic building blocks. However complex a digital computer or con-
trol system may be, except for some small specialized portions, it can always be
designed as a unique assembly of these fundamental blocks.

The actual fabrication of a digital system usually occurs in one of the follow-
ing ways. A basic building block or multiples of these blocks in various com-
binations may be packaged on a single plug-in chassis. All the input and outpur
points of the block are brought out to standard pins on the plug-ia chassis. By
varying the interconnections between input and output points any digital circuit
may be realized. This has many advantages. Only standard packages are buile,
which simplifies the production problem. It also simplifies the trouble-shooting
problem as suspected failures can’be verified by merely replscing one standard -
package with another. Also, the same sér of packagcs can essily be used to
mechanize any number of completely different digital circuits. :

Still another scheme uses a buxldmg block concept but does not package the
block or combinations thereof in standard packages. It generally employs a
standard plug-in chassis, but does not use a standard array of circuits. With the’
building block designed and its drive requirements and capabilities known, &
nonstandard array of biocks is assembled to £l each plug-in chassis. Thus no two -
chassis are alike. This arrangement has advantages in that there are fewer re-
dundant components, and circuits electrically related .are usually close to one
another, a desirable condition tha eases the ever present computer ptoblem of
dnvmg~w1rmg capacity berween building blocks. Such a scheme is usually more
effective in smaller machines.

Whatever the plan used, however, the circuit designer’s problem is the same: -
to des:gn building blocks that perform the requxrcd logical operations with the
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necessary speed, and calculate their input drive tequirements and output load
driving capability. In this chapter, the properties of such building blocks and
their symbolic representation are discussed. They are treated here only as “black-
boxes” that have certain operations to perform, without any consideration as to
their-internal construction. Later chapters go into the matter of detailed design
and perform worst-case calculations to enable them to perform their operations
when all components and voltages are at the extremes of their toleranee limits.

1.1 Digital Signals and Their Significance. Digital computer or control
circuits are basically information processing devices. The information they pro-

0 oOf-
] 1

‘ o ! 0
0 | I .
i o} o )
| 0 ! .

i . , ) 1 1o Fig. 1-3. Eight possible combinations

, , : of a 3-bit code.

cess is in the form of a time or space sequence of sigml& These slgnals may
have either of two values having the sigaificance of a “one” or a “zero.” In
writing a one or zero, two different marks of any sort, such as 1 or 0.may be
used. These one or zero signals may be represented physically in various ways.
Thus a one may be a positive voltage level, and a zero a negative volrage level.
The levels need not be positive or negative with respect to a common ground
poine, only with respect to one another. A one may be represented by the
presence of a voltage pulse, zero by the absence of a pulse at a specific time.
. A vacuum tube or thyratron may be in the “on” or “off” stare, a relay may be -
energized or de-energized to represent the two valued signal. The presence ot
absence of a hole punched in card or paper tape may represent one or zero. A
magnctic toroid may be magnetized in a clockwise or counterclockwise direction;
the surface of 2 drum or tape coated with magnetic material may be magnetized
in one or the other direction for ones or zeros, or ones may be tepresented by
magnetic marks and zeros by the absence of magnetic marks.

Whatever the physical process involved, each such one or zero signal is com- -
moaly referred to as a “bit.” A coded time or space sequence of such bits can
be used to represent alphabetic or numerical characters. Because each bit can
have the value of either one or zero, a code with # bits can fepresent 2* different
" characters. A code where each character is represented by the position of bits
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in a three-column array is shown in Fig. 1-1. There are only eight possible com-
binations in such 2 3-bit code. _ '

To represent the 10 unique decimal digits, 1 through 9 and 0, would require
a 4-bit code. To represent the decimal digits, alphabetic characters and various
punctuation marks available on a standard typewriter keyboard — 56 charac-
ters — would require a 6-bit code. The number system in everyday use is based
on the number 10. In this system there are 10 discrete possible marks, 1 through
9 and 0. Any number is represented by the sum of powers of 10, each power of
10 being preceded by one of these marks signifying the number of times that
power of 10 is to be taken into the sum. Thus the number 1234 has the meaning
(1 X 1013) + (2 X 10+2) + (3 x 10*1) + (4 X 10°). :

To design machines performing high-speed numerical computation directly
in the decimal system would be extremely difficult in that this would require a
~ device capable of changing rapidly to any of 10 different discrete states repre-
senting the 10 basic numbers. There are however, as already mentioned, any
sumber of ways in which a device can change rapidly to cither of two possible
physical states. Consequently a number system based on powers of two rather
than 10 is used in high-speed numerical machine computation.

In such a binary system there are only two permissible marks, 1 or 0. Numbers
are represented by the sum of powers of two, each power of two being preceded
by a Tor a 0 coefficient signifying the number of times that power is to be taken
into the sum. Numbers are written in the binary system merely as these co-
efficients set side by side, with the extreme right-hand coefficient usually repre- *
senting the lowest power of 2, 29 or 1. Thus the number 13 would be written
in the binary system as 1101 signifying (1 X 23) + (1 X 22) + (0 X 2!)
+ (1 x 29). ' o : '

The_aperations of addition, multiplication, subtraction and division may be
performed directly in the binary system. Some of these operations will be con- -
sidered later. :

In addition to representing an alphabetic or numerical character, a binary sig-
nal .may represent a control condition or commmand. Thus a voltage level bieing
in either its one or zero state may have the significance of “add” or "do not add”,
“read” or "do not read”, “commence an operation” or “do not commence an
operation”, 2 “given condition is true” or a “given condition is not true”. . y .
one of an infinite variety of conditions that can be sensed for or signalled by an
electrical or mechanical device may be represented by such a one or zero signal.

The manipulation, routing and general processing of such binary data repre-:
senting alphabetic or numerical characters under the coatrol of binary signal
commands or conditions, is performed essentially by six basic Jogical elements,
These are the flip-flop, binary countes, AND gate, OR gate, time delay unit, and
signal inverter. In addition, there are units — such as power amplifiers and
transducers of various kinds to convert mechanical into electrical signals — that’
are essential, but which do not perform logical operations. Thete are also mem-
ory devices that have the capacity to store large numbers. of binary bits, but
they will not be discussed in this book.
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1.2, Flip-Flops. The flip-flop performs the logical operation of remember-
ing. It has two possible states, the one and zero state. It can be flipped or
flopped from one state to the other by short duration impulses, and remembers
indefinitely the last state into which it has been thrown. The usual symbol for

the flip-flop is shown in Fig. 1-2.
" Input signals are usually short duration impulses shown in the symbol by
arrows directed into the side of the fip-flop. Output signals are indicated in the
symbol by arrows coming ot of the top of the rectangle from the same side as
the corresponding input signal. Inherent in the logic symbol is the logical sense

ZERO OUTPUT ONE OUTPUT

ZERD INPUT ————al O o ! ONE INPUT

Fig. 1-2. Logical symbels for a flip-flop.

of “enable” or “inhibit”, “true” or “false.” That is, a signal last delivered to the
zeto input side will set the Aip-flop so that the zero side generates an enable
or true signal, and the one side generates an inhibit or false signal. ‘This state
is maintained indefinitely and is referred to as the zero state of the flip-flop.
A second impulse of the same nature delivered to the zero side of the flip-flop
does not change its state, but an impulse delivered to the one input side reverses

Fig. 1.3, :
Logical symbel for on
AND gate. )

the state of the flip-flop so that its one outpur terminal generatés an enable or
true signal, and its zero side an inhibit or false signal. The flip-flop is'now in
the one state and gemains there until an impulse is next delivéred to the zero
input terminal. Basble and inhibit signals have meaning only with respect to-
the AND and OR gates driven by the flip-flop. These signals are nsually volcages
of either of two levels. The gates driven from the flip-flop can be designed so
that cither the upper or lower voltage level constitutes a true signal.

‘The usual flip-flop — that dealt with here — contains two output signals a
either of two d-c voltage levels. Bur in the logical sense a flip-op is any device
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that can, upon receipt of a triggering pulse, assume either of two stable states,
and will remain in that state until triggered to the opposite state. A fip-flop
can be a thyratren with only one cutput terminal, its two states being “fired” and
“not fired.” Or it may be a square hysteresis-loop magnetic core magnetized to
the state of either positive or negative remanence. In such a case the state in

o

-

G ==t
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Fig. -4 A pouible sequence of signals at AND gate inputs (A to D), and the

resuliant ovtpyt of B, '

o

which it resides Is only known by attempting to set it back to a standard state.
The flip-flop discussed in this book contains two transistors of which one is
turned off, generating one voltage level, and the other is switched on, generating
the other voltage level. ‘
* 1.3. AND Gates. A logical AND gate is a device with s multiplicity of input. -
terminals and s single output terminal. The signals on its input terminals are
the true or false, enable or inhibit, one or zero binary signals discussed above.
The AND gate performs the logical operation of ‘emitting & true output signal
only when all its input signals are simultaneously true. A false or inhibit signal
on one or more of its input termingls produces a false or inhibit signal at its
output. The logical symbol for the AND gate is shown in Fig. 1-3. lnputs are
showfn 23 arrows directed into the semicircle, and the outpur as the arrow directed
aut of it, :
Figure 1-4 illustrates a typical sequence of signals at an AND gate for true
upper-level and false lower-level signals. Oaly fram t; to t, are all four inputs
at the enabling level giving a true out for that duration ac E,

-
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Sometimes a fogical AND operation must be inhibited under a given condition.
For example, an AND gate ontput may be desired if conditions 4 and B are
true, but if C is simulraneously true, a true output should be inkibited. This is

0 .
, Fig. 1-5. Llogical symbol for an AND -
C——"0 gate with an inhibifing input ot C.

shown symbolically by Fig. 1-S. Hete the circle inside the AND gate indicates
{that a true signal at C is to inhibit or prevent an output at D, whatever the con-
~ ditions at 4 and B. A typical set of waveforms in such a gate would be s ia
Fig. 1-6 for true upper-level, and false lower-level waveforms.
The lack of an inhibiting signal from t; to t permits the gating of A and B
to give ouputs for cvery enabling inpur at A because B is continuously at the
. f ta R 5

‘ o

N J
L
L

i DU

PSR N

J

Plg. 146 “Pomible input and resulting output sigmels for the AND gate of Fig. 1-5.

e e e B

enable-level for chis incerval. From t; to ts the presence of a signal at € inhibits
the gate and prevents any true output signal, even though A and B are at times
both true in this interval. e
14. OR Gates. The OR gate is a device with a multiplicity of inputs and .

one output. The inputs can each assume-either of two possible values, one des-
ignated true, the other false. The gate performs the logical operations of produc-
ing a true ourput for the time duration that one or mote of its inputs is true,
and a false output for the time durations in which none of its inputs are true.
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Its logical symbol is shown in Fig. 1-7 where the inputs are shown direCt_ed into
the triangle, and the resultant signal at D is directed outwards. A typical ex-
ample for true upper-level and false lower-level signals is shown in Fig. 1-8.

Fig. i-7. logical sym-
bol for an OR gate,

L5. Binary Counter. The binary counter, like the flip-flop is a device with
two stable states and having the property of remaining indefinitely in the state
into whick: ir was last thrown. By the repeated application of a short-duration
input pulse to one of its input terminals it is alternately thrown from one state
to the other. Its logical symbol is shown in Fig. 1-9.

In operacion too, it-resembles the flip-flop, with the added facility of being
able to reverse its state, whether one or zero, by the application of a pulse at

I
i
|
]
]
I
|
|
—— ]
]
|
]
|
|
I
]
;
!
)
Fig. 1-8. Posible input and resulting sutput signal for the OR -gate of Fig. 1.7,

the binary counter input terminal. As well as its binary count inpu, it gener-
ally has the normal flip-flop terminals that permir it to be set to the one .or
zero state by pulses at these points. And like the flip-flop, if it is in the zeto
state, a pulse at the one input terminal will set it to the one state, but if it is
already in the one state a pulse at that terminal will have no effect.

A simple example of the way in which building blocks are combined is given
in Fig. 1-10, which shows how a binary counter may be built from a fip-flop.
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In this illustration a standard flip-flop is feeding two AND gates for steering
purposes. One of the input terminals of G1 is fed from the zero output side
of the flip-flop, and the output of AND gate G1 feeds the one input side. Simi-
lerly, one of the input terminals of G2 is fed from the one output side, and the
output of the AND gate G2 feeds the zero input terminal. “Count” pulses are

ONE QUTPUT ZERO QUTPUT

L

ONE NPUT ———ati 8¢C Ope——- ZERO INPUT

Fig. 1-9. Llogital symbel for @

BINARY binary counter.

GOUNT
INPUT

simultaneously applied to the second input terminals of gates G1 and G2. This
connéction automatically steers the count pulse into that input terminal that
will change its state. A change of state occurs at each pulse applied to the count -
terminal, because if the flip-flop is initially in the zero state, G1 will be ensbled
and G2 will be inhibited. The first count pulse coming along cannot pess

4
" 9

61 62

COUNT

Fig. 1-10. Lloglcal interconnections for building a binary counter from a flip-flop
" ond two AND gates.

th:ough G2 but is routed through G1 to set the flip-flop to the one state. Now -
G2 is enabled and G1 is inhibited. The next count pulse is therefore routed
-through G2 and sets the flip-flop back to the zero state.

Binary counters are frequently made up in this manner with the AND gates
recognizable as the normzl AND gates in use wherever an AND operation is
required. In some counters however, such steering AND ganes are not immedi-
ately recognizable as such. They may be built-in with resistors and capacitors
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or with a pair of diodes to achieve the pulse steering properties in the simplest
possible way. .

1.6. Signal Inverters. The signal inverter as its name implies, merely-te-
verses the sense of a signal. If its input is a one or true signal, its output is a
zero or false signal, and vice versa. Normally built with an active element

Fig. 1-11. Symbol for a
logical signal inverter,

such as a tube or transistor, it gives power gain in addition to signal reversal.
Its logical symbol is shown ia ¥ig, 1-11. : '

L7. Time-Delay Element. Time delays in computer circuits are produced
either by a passive network of inductances and capacitors for small delay
times, or by an active element such as a cube or transistor in combination witi:

l——-————» STEP OUTPUT

' TRAILING
INPUT —~ OMy  ————®£DGE OUTPUT

iNPUT
STEP OUTPUT ————d  E=

TRAILING EDGE -t
OUTRUT

Fig. 1-12. Logical symbol for a delay multivibrator.

an R-C network for longer delays. Passive-network delay lines are designed as
low-pass filters!, and are usually suitable for relatively short delays up to about
5 microseconds.

t ful:eii‘cgbniqm, Moskowitz; S., and Racker, J., pp: 100-119. New York: Prentice-Hall,

nc., 1951, '

Pulse and Digital Circuits, Millman, ]., acd Taub, H., pp. 286-322. New York: Mc Geaw-
Hiil Book Co., Inc., 1956. , ’



