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Introduction

HE book you are about to read, the second edition of
Understanding Digital Electronics, has been com-
pletely revised and is very much up to date. Digital

electronics, however, is constantly changing. It requires con-
tinuous review, vigilant reading, and constant experiment-
ing from all of us who are a part of this exciting, ever-
widening area of study and want to remain knowledgeable
about it.

When I first undertook this project, I looked at this as an
opportunity to review another writer’s work and to perhaps,
in some small way, add newer bits (no pun intended) of infor-
mation to it. As a published author myself (Solid-State Elec-
tronics Theory with Experiments, TAB Books, 1987) I knew
the amount of effort required to research, write, and illustrate
a technical book. In that sense, this book was very much a
challenge.

The majority of the chapters in this second edition con-
tain all new circuit diagrams and most contain information
not found in the first edition. Existing diagrams were cor-
rected to reflect electronic symbols used in this country. Most
concepts were expanded upon and explained in simpler, lay-
man’s terms.

The most pronounced change is in the last chapter,
“The Arithmetic Logic Unit (ALU).’ The original book
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based the theory of the ALU on a device foreign to us here in
the United States. I found it more appropriate to base ALU
theory on the 74181, a device common to many electronic
circuit labs in technical schools throughout the country.

Also, binary arithmetic, along with a great many other
topics, was added to this second edition. This book is, there-
fore, considerably more complete and up-to-date than its
predecessor. That is not to say that it is all-inclusive; no book
ever is. It does reflect a somewhat simpler approach with
more information.

My intentions, then, were to strive for a second edition
which would be more enjoyable and easier to understand
without sacrificing the good intent of the first edition author.
I hope I have achieved those objectives and have instilled in
you, the reader, a desire for further study of digital electron-
ics and eventually, microprocessors.

Basic Digital Concepts

O understand digital electronics, you first need to
understand the terms digital electronics and analog
electronics, as well as the basic differences between
the two. This will help those of you with a knowledge of
basic and/or solid-state electronics identify with digital con-
cepts. If you don’t have an electronics background, you will
find that digital concepts are relatively easy to understand.
This chapter deals with some of those concepts and shows
the simplicity, and hence the beauty, of digital electronics.
We will explain some advantages and disadvantages of
each type of system or concept, then introduce binary
arithmetic, and finally provide some information about truth
tables. Truth tables are an invaluable tool in designing and
troubleshooting all kinds of digital electronic circuits, from
the simplest to the most complex.

ANALOG SYSTEMS

Analog systems offer a faster response to changes in the ana-
log input signal, and less distortion in systems designed to
amplify and reproduce the input analog signal.

However, analog systems also involve higher power dissi-
pation, more weight, larger size (usually translated to higher
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costs), and greater sensitivity to environmental, or tempera-
ture, changes.

DIGITAL SYSTEMS

Digital systems have many advantages, including smaller
size, less power dissipation, lower costs, lighter weight, and
less sensitivity to environmental changes.

Disadvantages of digital systems are few, and are becom-
ing less and less as our manufacturing processes and engi-
neering capabilities improve. The most significant are
induced distortion, which is an inherent effect of converting
an analog input signal into a digital output signal (A to D or
A/D conversion); and a comparatively long response time in
performing the opposite operation (D to A or D/A conver-
sion). Today’s technology has reduced that response time,
but it is still a considered factor in electronic circuit design.

DIGITAL TERMINOLOGY

Digital electronics uses a relatively new vocabulary. It is a
vocabulary filled with terms that are very logical. They also
provide you with a useful base of electronic terms, which is
helpful if you plan to study further those areas of electronics
that include microprocessors and circuits that are controlled
by microprocessors.

Some of these terms are AND gates, OR gates, NAND
gates, NOR gates, and NOT gates. The most important of
these are the AND, OR, and NOT gates. Almost all of today’s
digital computers operate on the concepts of these three sim-
ple digital electronic devices.

BINARY NUMBERS

Digital systems employ binary devices which function in
only two states. (Binary simply means two.) These two states
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are described in various ways:

¢ on/off or close/open for switching devices

¢ 1/0 for counting or computing devices

e true/false or yes/no for logic devices

¢ pulse/no pulse for trigger circuits

¢ high/low for practical circuits where voltage levels are
relative (i.e., a low signal is not necessarily zero)

All these pairs of terms mean the same thing, one state
or the other, with no intermediate state. This is the whole
basis of digital (binary) working.

Binary numbers are based on just two digits, 1 and 0.
Individual digits in a binary number then represent equiva-
lent powers of 2, instead of 10 as in the decimal system. A
particular advantage of the binary system is that there are no
multiplication tables as such, and any problem involving
addition, subtraction, multiplication, or division can be bro-
ken down into a series of individual binary operations, with
each switching element in the system being continuously
used (that is, either in the on or off state).

Compared with the decimal system, binary numbers are
tedious as a written language. For example, TABLE 1-1 shows
the binary equivalents of decimal numbers from 1 to 32.

Remembering that the binary system is based on powers
of 2, the simplest way to derive the binary equivalent of a
large decimal number is to subtract the highest power of 2
contained by the number, then subtract the highest power of
2 from the remainder, and so on until only a 1 or 0 is left as
the remainder. For example, to find the binary equivalent of
the decimal number 269, perform the following operation:

The highest power of 2 within 269 is 2¢ = 256.

This leaves 269-256 = 13.

The highest power of 2 within this remainder is 2° = 8.
This leaves 13-8 = 5.
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Table 1-1. Decimal-To-Binary Conversion

Binary Binary
Decimal Number Decimal Number

1(29 1 10001
2(2) 10 10010
3 11 10011
4 (23 100 10100
5 101 10101
110 10110
111 10111
1000 11000
1001 11001
1010 11010
1011 11011
1100 11100
1101 11101
1110 11110
111 11111
10000 100000
| andsoon

The highest power of 2 within this remainder is 2* = 4.
This leaves 5-4 = 1.

The corresponding number is thus 2°+2°+22 with a
remainder of 1. Another way to show it is:

Power Binary Decimal
28= 100000000 = 256 decimal
2= 1000 8 decimal
22 = 100 4 decimal
remainder = 1 1 decimal
100001101 = 269 decimal

This binary number is long, consisting of 9 digits (bits).
It counts in a system involving only 1 or 0 so it can readily be
handled by digital devices. The number of bits (binary digits)
to be handled in a calculation does not represent any practi-
cal limitation. The speed at which these devices can work is

Binary Numbers 5

extremely high. Here, for example, is the number of bits dif-
ferent types of digital circuit devices can handle per second:

MOS(metal-oxide-semiconductor): 3-4 million
CMOS(complementary-metal-oxide-semiconductor):
10-15 million
HTL(high-threshold-logic): 20 million
DTL(diode-transistor-logic): 35 million
RTL(resistor-transistor-logic): 80 million
TTL(transistor-transistor-logic): 170 million
ECL(emitter-coupled-logic): 250-1000 million

Binary Arithmetic
Adding and subtracting can be performed in binary just

as in decimal, but certain rules must be followed when using
binary digits or bits:

Addition Subtraction
0+0=0 0-0=0
0+1 =1 1-1=0
1+0=1 1-0=1
1+1 =10

1+1+1 = 11

As you can see, remembering these rules makes adding
and subtracting binary numbers quite simple. An example of
adding two binary numbers is shown below:

Binary Decimal Equivalent
1011 11
+100 +4
1111 15

Here is an example of binary subtraction:
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Binary Decimal Equivalent

11011 27
-1001 -8
10010 18

In digital electronic circuits, devices called half adders
and full adders perform binary addition and subtraction.
Additional information on these types of circuits may be
found in chapter 10.

Binary Coded Decimal

To simplify working with large numbers a hybrid system
known as a binary coded decimal (BCD) is normally used.
Here, separate groups of binary digits are used to express
units, tens, hundreds, etc. Since each binary group needs to
be able to accommodate a count of up to 9, it must consist of
four digits; that is, to accommodate 9 it must run 1001. (Refer
to TABLE 1-1.)

The number 269 (100001101 in the binary system) is, as
a binary coded decimal:

0010 0110 1001

equivalent to

in decimal numbers.

For the next number up, 270, the right-hand binary
group changes to 1010, representing 10, which is immedi-
ately carried forward into the next group. The binary coded
decimal would then read:

0010 0111 0000

equivalent to

Truth Tables 7

in decimal numbers.
Binary coded decimal systems are described further in
chapter 7.

TRUTH TABLES

Truth tables are an easily-understood way to represent the
way digital devices and circuits work. They are widely used
with Boolean Algebra (discussed in chapter 4) to solve cir-
cuit design problems. A truth table lays out the complete
range of signal states for a device in terms of 1 (signal on) or 0
(signal absent).

Starting with the simplest device, an inverter or NOT
gate, there is one signal input, A (which may have a state of 0
or 1) and one signal output, X. An inverter makes the state of
output X the inversion or opposite of input A. The truth table
then reads as shown in TABLE 1-2. This fully expresses all of
the possible working states (two in this case) of the inverter,
sometimes referred to as a NOT logic element or gate.

A
Table 1-2. NOT Truth Table 0
1

=Y

All other devices have more than one input. A basic rule
to follow here in compiling a truth table is that with series
logic, all the inputs must be 1 before the output can be 1, and
with parallel logic the output is always 1 if any of the inputs
is 1. This is equally well explained by mechanical thinking,
since parallel logic is the equivalent to a number of on-off
switches connected in parallel (any one switch which is on
will pass a signal) and series logic is equivalent to a number
of on-off switches connected in series where all of the
switches must be on before a signal can be passed. The basic
truth tables for such devices, written for two inputs, are
shown in TABLES 1-3 and 1-4.
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A B X A|B{C|D|X

0 0 0 0/0j0|01{0

1 Q 0 i ; P 1(0]0{0]1

0 1 0 Table 1-3. Series Logic : 0 a1l 1D 1 lox hiq

1 1 1 ] 010(1]0!}1

A 1 0|00 11
- ' 150 1 401011
11011104

A B X Table 1-6. Four-Input OR Gate 1lololi1la

1 jiteslmdimi (OF [

0 0 0 . 141011

1 0 1 Table 1-4. Parallel Logic 1lol1l1!1

0 I 1 | ol1]1{1(1

1 1 1 ‘, o/1]o0f1]1

(0B o B B B e B

OF [\OR & 1041 |11

An example of a truth table for an OR gate, sometimes UL PSR S

called an OR logic element, with two inputs is shown in
TABLE 1-5. It is, in fact, an example of a parallel logic device.
Expanded to cover more than two inputs, the same basic rule
applies. X equals 1 when any input equals 1. TABLE 1-6 illus-

trates the truth table for a four-input OR gate. There are, as |
you can see, sixteen different states possible with any four-
input gate. In the case of the OR device, fifteen of these give ‘
the output signal.

' Table 1-7. AND Truth Table

Table 1-5. OR Truth Table

- O =0 >
=00 W
R X=1 4

Table 1-8. Four-Input AND Gate

An example of series logic is the AND gate. Its basic
truth table for a two-input device is shown in TABLE 1-7.

TABLE 1-8 is an illustration of the AND gate written out
for four inputs. Again, there are sixteen possible different
states, but only one provides an output of X=1. With sixteen
switches connected in series (in mechanical terms) the path
through them from input to output remains broken until all
the switches are on.

2 OO0k 2 cd OO0 20O >
ek d OO =2 O0O=200=2000| 0O
ek ek A 020020000 | O
20000000000 OOOO] X

2O =2 202200-200—=00| D
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The immediate reaction to these two examples is proba-
bly a feeling that it is much simpler to work in terms of
switching equivalents than truth tables—and for very simple
problems in digital logic it is. However, most problems
require a combination of logic devices to provide the solu-
tion, which may involve both series and parallel logic. Draw-
ing out the switching circuits can then become a more
elaborate process than plotting truth tables and be more sus-
ceptible to mistakes.

Truth tables for other logic gates are given below. These
are written for two-input devices. They can be expanded to
present truth tables for more than two inputs by following
the same established pattern.

The truth table for a NOR logic gate with two inputs is
shown in TABLE 1-9. This can be identified as inverted series
logic. Note also that inversion has changed the parallel logic
of the OR gate to series logic in the case of the NOR {Not OR)
gate. The significance of this occurs frequently when work-
ing with Boolean Algebra.

Table 1-9. NOR Truth Table

- O=0| P
aao0co0o|lm
OO O—=| X

The truth table for a NAND gate with two inputs is
shown in TABLE 1-10. This can be identified as inverted paral-
lel logic. Inversion has changed the series logic of AND to
parallel logic in the case of NAND (Not AND).

A| B X
o({o0]O
1]0]1 Table 1-10. OR Truth Table
O Il I
USRI
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Combinations of Logic Gates

The state of combinations of logic gates can be expressed
in the same way as a truth table. Suppose, for example, the
design requirement is to provide for input signals A or B to
produce an output signal only in combination with a third
input signal C. (For example, A and B are trainee operators
who can only give a command signal to a machine when the
instructor (C) also adds his or her own signal.) FIGURE 1-1
shows how this can be implemented using OR and AND
logic.

X

g g

C AND Xo

A
B

Fig. 1-1. A typical combination of logic gates.

TABLES 1-10 through 1-12 show how the truth tables are
arranged beginning with the OR device or gate, proceeding
to the AND device, and finally culminating in the truth table
for the combination of both the OR and AND devices. Writ-
ing the truth table for the OR device first and calling the out-
put X, is shown in TABLE 1-10. X, is now one of the inputs to
the AND device. The truth table for this device is then shown
in TABLE 1-11. The combined truth table can then be written
as shown in TABLE 1-12. Note that the number of states is
equal to the number of devices multiplied by the number of

inputs to each device. In this example, 3x2=6 possible
states.

il %,

Table 1-11. AND Truth Table (1’ g g
ol1]o0

R EER
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A|B|CI[X
o(0(0;0

110[(0]0 P
Ol ek 4 b 144 Table 1-12. OR and AND Truth Table
1 N ONTO

il MRl ia=1

18 ORISR 1

Plotting Truth Tables

A truth table can be drawn up as a starting point in
design. For example, suppose the problem is concerned with
a control circuit to start and operate a machine under the fol-
lowing conditions:

A = signal from operator standing by machine

OR D = signal from a remote start

AND B = signal confirming guard is in place

AND C = signal from detector showing workpiece is in
place

The machine must not start under any other conditions.

There are four inputs to consider, which results in six-
teen possible combinations or states. This establishes the
basis for writing out a five-column, sixteen-line truth table.
On the output column, 1 must appear only when A=1 OR
D=1 AND B=1 AND C=1. All the other combinations of A,
B, C, and D must give X=0. This is shown in TABLE 1-13.

FIGURE 1-2 shows this truth table implemented with logic
devices and also with mechanical switches.

Truth Tables 13

Table 1-13. Truth Table Used for Design

dadadadadaaa0o000000]! »
A4 daa 0000 aa0000|
=2 O00=2=00=200=2=200|0
4040 =0Oa0=2a0=0~0|0
= =2=000000=000000]| X

A . -
3—0/0—0/0——1
D

Power : Machine

B 18 1-2. Logic solution (top) and implementation with mechanical
switches (bottom).
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Symbols and Switches

bols representing the various logic elements or gates

is that the original (and literally logical) way of des-
ignating them in the form of annotated blocks has largely
been abandoned in favor of representative symbols, the sig-
nificance of which is not apparent until you are familiar with
them. Even then, misunderstandings can easily arise, since
over the years different symbols have been used to illustrate
the same function(s). Various attempts have been made to
standardize symbols; US MIL standard recommendations are

O NE of the most confusing things about the use of sym-

used in American literature while CETOP standards are

widely used in Europe.

Another source of confusion is that different letter sym-
bols are used to designate inputs and outputs, particularly
for basic devices. These include A, B, C...N for inputs and
W, X, Y, Z for outputs. This is not particularly important if
the application is clear, but can cause confusion with more
complex devices where specific symbols (and sometimes dif-
ferent symbols) are used to designate specific integrated cir-
cuit (IC) terminals. Examples are Ck for clock input and D for
data input.

Digital Logic Gates 15

DIGITAL LOGIC GATES

The simple block method of symbolizing logic elements is
obvious, readily readable, and needs no extensive descrip-
tion. All symbols are in the form of a rectangular block with
the function written inside. Input lines are added to the left
side of the block and an output line to the right. FIGURE 2-1
shows a number of representative logic elements with two or
more inputs and one output each. (The NOT gate has only
one input.) For the sake of consistency, separate inputs are
designated A, B, C, etc. The output line is designated X. The
value 1 is used to designate a signal present, and a 0 repre-
sents no signal at that line.

A — X A—
_X_ B AND |— B — OR
N=7 N =~
Fig. 2-1. Examples of block logic symbols and annotation.

A NOT

Such block symbols are rarely used now, except in ele-
mentary textbooks, so you need to know the alternate forms
of other basic symbols. Each function is dealt with separately
and is illustrated with its corresponding mechanical switch-
ing function. (Devices are restricted to two inputs for sim-
plicity.) The switching function is shown as 1 in the operated
position and 0 in the off position. As you can see in the fol-
lowing drawings, both the standard gate symbol and, where
appropriate, its mechanical switch equivalent are repre-
sented.

The YES Gate

The YES gate is a 1-input, 1-output device with input
and output always the same; that is, A=0, X=0; or A=1,
X =1, where A is the input signal and X is the output signal.
The YES gate is also referred to as a buffer. The symbol for a
YES gate is shown in FIG. 2-2.
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Fig. 2-2. YES logic symbols.

The NOT Gate (Inverter)

The NOT gate, a 1-input, 1-output device, works the
other way round to the YES gate. If there is an input to A,
there is no output at X and vice versa (that is, A=1, X=0; or
A =0, X=1). The symbols in FIG. 2-3 show this inverted mode
of working by means of a circle on the output side.

1

Fig. 2-3. NOT logic symbols.

The AND Gate

The AND gate produces a logic level 1 at its output only
when both inputs, A and B, are at logic level 1. (See FIG. 2-4.)
In mechanical form, it is two switches in series.

(0] 10 :
- - —_—
- O 3 ~ _6
}
1 1

Fig. 2-4. AND logic symbols.

The NAND Gate

The NAND gate is an inverted form of the AND gate
where there is a logic level 1 output for all input states except
when both A=1 and B=1; in that case, X=0. (See FIG. 2-5.)

1 1

—t—y
ERm—

e ==-6
0 0

Fig. 2-5. NAND logic symbols.

¥

Digital Logic Gates 17

The OR Gate

The OR gate is the equivalent of a parallel switching cir-
cuit. When either switch is closed, or both switches are
closed, there is an output. (See FIG. 2-6.)

2
- = 1
gl
Fig. 2-6. OR logic symbols.

The NOR Gate

The NOR gate is the inverted form of the OR gate, so
once again the symbols have the inversion mark (a circle on
the output side) added, as shown in FIG. 2-7. Note that the
switches are normally closed and there is an output (X=1)
only when both A=0 and B=0.

— o
e b R

Fig. 2-7. NOR logic symbols.

The Exclusive OR (XOR) Gate

The exclusive OR gate is a special form of AND logic
providing an output only when one particular input is equal
to 1. If a 1 appears at the other input, it is inhibited or
inverted to 0. Basically, in fact, this is an AND gate with one
input inverted. FIGURE 2-8 shows the symbol for the exclusive
OR (XOR) gate.
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— Fig. 2-8. Exclusive OR (Ex-OR) gate
S logic symbol.

MEMORY

Memory function is performed by a flip-flop (FF) which per-
forms a store rather than a switching function. The output
state depends on the last input applied and is maintained
when the inputs are resumed.

In practice, there are different types of flip-flops, each of
which is given its specific symbol and inputs and designated
accordingly; that is R and S for an RS flip-flop, ] and K for a
JK flip-flop, D for a D type flip-flop, and T for a T type flip-
flop. Outputs are then designated Q and Q. In addition, the
flip-flop may have a clock signal input (designated C, or Ck);
a clear signal input (C); and a preset input (P) depending on
type. These symbols are illustrated in FIG. 2-9. For more
detailed information on flip-flops, see chapter 6.

SIMPLE SWITCHING FUNCTIONS

As an example of the application of logic to the design of
switching circuits using digital devices, take the problem of
designing a circuit for switching a single light on and off
from two separate points. This is a common arrangement in
the hallway or stairway of a house.

The basic requirements are two possible inputs
(switches)—call them A and B—which may be either on or
off. When either A or B is on, there is an output (that is, a
circuit completed to light the bulb). A and B cannot be on at
the same time. If one is on, operating the other switch
switches the light off.

This can be written in the form of a truth table (TABLE 2-
1). A 1 under columns A or B represents a switch on and a 1
under column L represents the light on. This can also be
expressed in the form of this equation:

L=AB+AB

Simple Switching Functions 19

J

1 Ck

Q K

Q
Cr

RS flip-flop JK flip-flop

Pr

Q

Ql

Cr

D-Type flip-flop TType !lipﬂop
Fig. 2-9. Symbols for different types of flip-flops.

Table 2-1. 1=sw. on, 1=light on

This states L=A on AND B off OR A off AND B on. More
about equations in the next chapter, but for now a further
equation can be written expressing the combinations that do
not produce an output; that is, do not switch the light on.
This output can be represented by the letter D for dark and
fOllOWs:

D=L=AB+AB
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The validity of the first equation can be proved using
this second equation. Applying deMorgan’s theorem (to be
discussed in detail in the next chapter) this second statement
becomes:

L=(AB+K§)
=(A+B) (A+B)
=AA+AB+AB+BB
=AB+AB

This restates, and proves the validity of, the first for-
mula. However, it also provides a second equation for imple-
menting the requirements specifically in binary (on-off)
elements to produce the desired switching circuit.

The first equation L= AB+ AB (FIG. 2-10) is implemented
in terms of mechanical switches (or relay contacts) and also
in terms of logic gates.

FIGURE 2-11 shows the second equation, L=(A+B)
*(A+B), implemented in terms of mechanical switches (or
relays) and also in terms of logic gates.

FIGURE 2-10 is obviously the best practical solution, since
it involves only half the contacts (series logic as opposed to

A B

o

B

A
A - 1
B

Fig. 2-10. First solution to switching problem.

Simple Switching Functions 21

e

Fig. 2-11. Alternate solution to switching problem.

>

®

o} >|

parallel logic). In the case of the gate solutions, the choice is
not so obvious. It largely depends on the type gates most
readily available. FIGURE 2-10 requires two AND gates and one
OR gate. FIGURE 2-11 requires two OR gates and one AND gate.

These solutions may seem overcomplicated for the prob-
lem involved. Basically, they are presented to show the prin-
ciple of digital switching circuit design with a simple,
easily-understood example. Suppose we take it one step fur-
ther to derive suitable circuitry for switching a light on from
any of three different switch points.

The starting point is to draw up the truth table as shown
in TABLE 2-2. This establishes all the possible input condi-
tions, but does not give any immediate clue as to possible cir-
cuit design without drawing out each combination in detail.

Table 2-2. All Possible Combinations

~aaa0000| >
w—a0O0O=2-200O|®
~0-20a0=00
—-OO0=20au0ofr
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You can derive a formula from the truth table (or original
logic requirements):

L=ABC+ABC+ABC+ABC
This factors as follows:
L=C(AB+AB) +C(AB+AB)

It is now possible to simplify to some extent by calling

AB+AB=X. Then, since AB+AB=AB+AB:

L=CX+CX

Solutions to this equation implemented in the form of both
mechanical switches and exclusive OR logic gates are shown
in FIG. 2-12.

Fig. 2-12. Three-position light switching solution.
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SERIES AND PARALLEL WORKING

The difference between digital devices operating in series or
parallel modes is easy to explain diagramatically. In series
operation, binary digits are expressed by voltage levels in a
single output wire displaced in time. Thus a complete signal
representing the binary number, say, 100101 is as shown in
FIG. 2-13. (This is for positive working; it could equally well
be given by negative working. In this case, the 0 level could

]n_ Word Time—*————-»'

Fig. 2-13. Series working with positive logic (1 = +V).

be +V, with each pulse appearing as a 0 value; alternately,
the 0 level could be a 0 value and each pulse level being -V.)

In parallel operation, each digit is allocated a separate
line. Outputs then appear simultaneously on each line as
shown in FIG. 2-14. Again, a negative instead of a positive
voltage value could represent a 1. In many practical circuits,
too, the change in voltage or signal swing may be from some
nominal voltage representing condition 0 to some more posi-
tive (or more negative) voltage representing a 1. In such cases
the description HIGH or H is commonly used to designate a 1
signal, and LOW or L represents a 0 signal. In other words,
HIGH (or H) is used instead of 1; and LOW (or L) instead of 0.

Series working may appear the logical choice since it
needs only one digital device or output wire to handle any
number of digits. Parallel working has the disadvantage of
requiring n devices or output wires to handle n digits, or n
times as much circuit hardware to handle the same informa-
tion. However, it has the advantage of being n times as fast as
series working. In practical circuits, however, both the num-
ber of components used and operating time may be modified
by other factors.
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+V

+V

+V

| [<—Word Time

Fig. 2-14. Parallel working with positive logic (1 = + V).

SIMPLE ELECTRONIC SWITCHES

A bipolar junction transistor can readily work as a switch
although its characteristics are not ideal for this purpose.
The most usual way of working is in the saturation mode,
when the transistor has two stable states, one passing no cur-
rent (except for leakage current) corresponding to off, and the
other in the saturated state passing maximum current and
corresponding to on. (See FIG. 2-15.)

In the off condition, the collector voltage approaches
V. In the on condition, the collector voltage is V., which is
typically on the order of 0.15 to 0.6 volts. However, the tran-
sistor is now capable of passing a (relatively) large voltage.
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Vee

Collector
Current

Off

Collector Voltage Vee
Fig. 2-15. Switching characteristics of a bipolar transistor.

Simplified design parameters for such a switching cir-
cuit are:

Base current
Collector current

Bias resistor
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where h,, is the current gain of the transistor in the saturated
mode. R; is the load resistance in the collector line.

These formulas are all approximate. In practice, it is
usually necessary to make the value of R, about /4 the theo-
retical value to allow for tolerances and ensure that the tran-
sistor remains saturated over a range of input voltages.

FETs can also be used in a similar manner as switches.
They do not suffer from the same propagation delay present
with bipolar transistors, but still have turn-on and turn-off
delays due to interelectrode capacitance. These are of a simi-
lar order to, or higher than, the delay times characteristic of
bipolar junction transistors. A great deal of information on
solid state devices may be found in the book Solid State Elec-
tronics Theory with Experiments by M. J. Sanfilippo, pub-
lished by TAB Books, Inc.

IMPROVING TRANSISTOR SWITCH-OFF TIMES

A direct method of reducing the switch-off time of a transis-
tor is to reverse bias the base, but any such bias must not be
allowed to exceed the reverse voltage limit of the transistor, or
it will be damaged. An alternative method is to clamp the
base voltage to prevent the transistor from becoming satu-
rated during the switch-on period. This, too, has its limita-
tions so when fast switching times are required from bipolar
transistors, current switching circuits are normally employed
in which the transistor neither becomes saturated nor is cut

off.

DIODE SWITCHING

Diode switching characteristics are illustrated in simplified
form in FIG. 2-16. When reverse biased there is only a very
small leakage current. Application of forward voltage results
in an immediate step to +V (forward conduction). The next
application of reversed (- V) voltage, however, produces a
transient due to stored charge effect, which then decays to
the leakage current value. The peak transient reverse current
can approach - V/R as a maximum, where R is the resistance
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Leakage
Current
Current 0
Transitory
Reverse
Current

——’l ,<— Storage Time

Fig. 2-16. Switching characteristics of a diode.

in the circuit. The time to reverse this charge, or storage time,
varies with the type of diode and construction. In the case of
ordinary diodes it can be a matter of milliseconds, reducing
to nanoseconds in the case of high-speed switching diodes.

SCHOTTKY DIODES

The Schottky diode differs from conventional diodes in hav-
ing a metal-to-semiconductor function at which rectification
occurs. It has specific advantages over conventional junction
diodes in that it does not exhibit carrier charge storage
effects, thus enabling much faster switching speeds to be
achieved. The voltage drop of the Schottky diode is also
much less than that of an ordinary diode for the same for-
ward current.

Diodes are commonly used as a clamp between the base
and emitter of a transistor to prevent the transistor from enter-
ing saturation and to minimize propagation-delay time. It is
readily possible to combine a Schottky clamping diode with
a transistor as an integral device. Such a combination is
called a Schottky transistor.

UNIJUNCTION TRANSISTORS

Unijunction transistors have two base contacts and an emit-
ter. They become conductive (switch on) at a particular firing
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voltage, which typically ranges from 0.5 to 0.85 of the sup-
ply voltage. A particular application of the unijunction tran-
sistor as a switching device is to generate short pulses when
supplied with a varied supply voltage, with pulse rates of up
to 1 MHz readily obtainable.

THYRISTORS

An SCR is basically a silicon diode with an additional cath-
ode electrode known as a gate. If the gate is biased to the
same potential as the cathode, it does not conduct in either
direction (except for a small leakage current). However, if the
gate is biased to be more positive than the cathode, the SCR
behaves as a normal diode; that is, it works as a switching
element triggered by the application of a positive pulse to the
gate.

The triac is similar in construction, except that it has
both a cathode and anode gate; hence, it can be triggered by
both positive and negative pulses.

SCRs and triacs are also known as thyristors. They are
essentially alternating current switches, an SCR being trig-
gered by the positive half of an ac voltage and a triac by both
positive and negative halves of an ac voltage. Typical basic
switching circuits are shown in FIiG. 2-17.

fdit

Load
Load
} !
\\ = c¥
SCR Switching Circuit Triac Switching Circuit

Fig. 2-17. SCR and triac AC switches.
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BOUNCE-FREE SWITCHES

Mechanical switches commonly suffer from contact bounce
when closed, which can give a spurious signal (especially
when switching at rapid rates). This can be avoided by
employing a bounce-free (or no bounce) switch. An example
is shown in FIG. 2-18, employing an RS flip-flop as a follower
for a mechanical switch. The effect of any contact bounce is
now to raise both inputs to the flip-flop to logic 1, leaving the
outputs unaffected.

QO

ol {.‘»

Fig. 2-18. Bounce-free switch.
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Mathematical Logic
(Boolean Algebra)

AB=X
ﬂx
AB=X
B

tables, or mathematically. The latter is known as

x
LOGIC functions can be expressed by symbols, truth L
Boolean algebra, named after George Boole, who 0
devised the system of representing logic through a series of - 1<
algebraic equations as long ago as the middle of the last cen- N
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(in 1938) Boolean algebra was regarded as an academic ! 2 ﬂl.
mathematical exercise. Today it is a tool used by designers of < o = ]
logic circuits. x E | !
The basic symbols used in Boolean algebra are: 2 | 1;!
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* meaning a series condition or AND logic ) b g '
+ meaning a parallel condition or OR logic ey . , !
- meaning negation or opposite condition or NOT logic l e i< 2 | "
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At this stage it is best to forget conventional arithmetic | < < @ E | !l ﬁ
where ¢ means multiply and + means add; otherwise, < s bl
Boolean algebra may be confusing at first. Multiplication and ' : ‘ |
addition do enter into working with Boolean equations, as x {.3. \E

explained later. < g
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Basic logic symbols are shown again in FIG. 3-1 with equiva- | < < ) |

lent equations in Boolean algebra. J < &« @ &
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YES logic represents a simple continuous condition;
that is, the output (X) is the same as the input (A). The cor-
responding mathematical equation is obviously A =X.

NOT logic represents a negation or opposite condition
between input and output. Here the negation sign used in
the mathematical equation becomes A=X (or A=X).

AND logic requires that input A and B are both present
before there is any output (a series condition), so the mathe-
matical equation becomes AeB=X.

NAND logic is the negation of AND, so here the equation
becomes A®B=X. Alternatively, this equation can take the
form AeB=X, which implies the same logic.

OR logic represents a parallel condition in that an input
must be present at either A or B before there is an output. In
this case, the + sign applies, and the mathematical equation
becomes A +B=X.

NOR logic is the negation of OR, so the negation sign is
added to give A+ B=X.

The above basic equations are given for just two inputs.
Exactly the same forms apply where there are more inputs.

For example, the equation for an AND gate with five inputs
is:

AeBeCeDeE=X

With the exception of NOT (which has only a single
input and can only invert signals), each of the expressions for
a logic function can be rearranged to obtain the others. This
is a useful tool when designing logic circuits, for it enables
the required functions to be rendered in the same logic
dependent on the availability, or preferences for particular
components, that is all in OR logic, all in AND logic, or all in
NAND logic. This is done largely by using a NOT function
(or single input NOR gate) as an inverter where necessary,
and using the principle established by deMorgan’s theorem
which states that inversion changes the state of the logic each
time it is applied; that is, from ® to + or + to e.

Basic Logic 33

For example, starting with the AND function:
AeB=X
Inversion changes the AND (®) to OR (+) logic:

=X

>
|

+

Inverting again gives a positive output:

+B=X

>

which is the same as:
A+B=X

In other words, double inversion has changed the func-
tion of an AND gate into OR logic working. All of these steps
are shown in FIG. 3-2. At this stage, the basic rule to remem‘ber
is that inversion changes the sign of the equation_ [e>§cept ina
NOT gate) as well as changing the input. This is shown
below:

Equation For With
Logic Positive Qutput  Inversion
OR A+B=X AeB=X
NOR AeB=X A+B=X
AND AeB=X A+B=X
NAND A+B=X AeB=X

OR Logic

Working with OR logic throughout, equations must use
only the + sign, with inversion signals w1§ere necessary; that
is, to change a ® sign to a + sign producing the same fupc-
tion, and where necessary to give a positive output. The first
example worked above shows how this is done with an AND
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A+B=X

A
B

X

AeB

Fig. 3-2. AND function from NOT and OR devices.
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gate. NAND and NOR functions can be obtained in a similar

way.

The NAND function is already in OR logic:
A+B=X

Employing an OR gate to yield a NAND function theory
requires inversion of both inputs as shown in FIG. 3-3.
The NOR function is in AND logic:

eB=X

B

Fig. 3-3. NAND function performed by two NOT and one OR device.

Inversion on inversion puts the equation back to its origi-
nal state, so this expression simplifies to:

A+B=X

Thus the NOR function is performed in OR logic by an
OR gate followed by a NOT gate for inversion. (See FIG. 3-4.)

D

AeB=X
Fig. 3-4. NOR function is performed by OR and NOT devices.
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AND Logic

Here the aim is to express all equations with the ® (AND)
sign. Obviously, an AND gate already does this; AeB=X
and is shown in FIG. 3-5. Other logic functions can be deter-
mined from an AND gate as follows:

The OR function can be provided by inversion A+B=X
Check by inverting again A+B=X
Which is the same as A+B=X

The NOR function is already in AND logic (A®B=X). The
NAND function is devised simply by inversion of the output
of an AND gate AeB=X.

A

: L)—
X
B—.,-—-

A®B=X
AND

-

B OR

>
._{>>J A+B=X

A+B=X A+_B_=7
B NOR A+B=X
NAND

IFig: 3-5. AND, OR, NOR, and NAND functions devised from AND
ogic.
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NAND Logic

Here, the requirement is to express all equations in the
form (inverted AND).

To derive the OR function A+B=X
then invert AeB=X
invert again A+B=X
which is the same as A+B=X

To derive the NOR function ~ AeB=X
invert A+B=X
invert for positive output AeB=X
which is the same as AeB=X

To derive the AND function AeB=X
invert A+B=X
invert for positive output AeB=X

which is the same as AeB=X

Derivations of the OR, NOR, and AND functions are shown
in FIG. 3-6.

Exclusive OR

The OR gate, described previously, provides an output if
one or more inputs has a value of 1. More specifically, it can
be described as inclusive OR. There is a possible variation
with a two-input OR gate where there is an output if one and
only one of the inputs has a value of 1. This is known as the
exclusive OR (it is also written XOR, sometimes described as
non-equivalence) shown in FIG. 3-7. It has the truth table of
TABLE 3-1. In other words, there is an output if A=1or B=1,
but not if the values A=1, B=1 occur simultaneously. The
corresponding Boolean equation is:

(A+B)(AB)=X
or AB+AB=X
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< & ,§ A particular application of an exclusive OR is as a com- A
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< difference. Conversely, if the two input signals are identical, ‘
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& T o absence of output indicates an equality of inputs. H
I8 |
o Enable “.
2 Enable is an inhibit, such as provided by a NOT applied l'
o to one input of an AND gate as shown in FIG. 3-8 for a two- |
i L 2 input AND gate with inhibit. The third input is called the !

strobe (S) or enable input, giving the truth table of TABLE 3-2 i
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e -~
—

A ‘
el el

Fig. 3-8. ENABLE has an inhibit function on the S input.

Input Output
A (B |S Q
0] 0 0 0
01110 0
1 00 0
1 1 0 1 Table 3-2. ENABLE Truth Table
o|l0} 1 0
01 1 0
1 0|1 0
1 1 1 0

where the output is designated as Q. When a high is placed
on the strobe input, a low is applied to the AND gate. This
causes the AND gate to produce a low at its output. No matter

what the other input sees, the output of the AND gate is
always low.

As you can see from TABLE 3-2, there is an output, 1, only
when A=1 and B=1, and S=0. The presence of an inhibit
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signal (S=1) holds the output at 0 irrespective of any possi-
ble combinations of A and B, even when A=1, B=1. The cor-
responding Boolean equation is:

ABS=Q

SOLVING PROBLEMS

The basic process of designing logic circuits to meet particu-

lar requirements is to break down the problem into elemen- -

tary yes-or-no or stop-go steps involving formal logic, and
co-relating these steps as necessary. This means dealing with
original truths (the facts of the question) called propositions
and putting these together to arrive at an answer, or syllo-
gism, based on the presence of these truths. Specifically, for
example, if a single truth can be dealt with by NOT logic, the
output responding to an input is either NOT (not true) or
NOT NOT (true). Normally, however, more than one input is
involved and there is some interrelationship between inputs,
calling for the use of connections expressing the relation-
ships. The most important of these are the AND and OR
functions.

The following is a problem involving several proposi-
tions and connections, representing the prerequisites neces-
sary to qualify for an executive position:

A. College Degree

OR B. Technical college with relevant certificates

C. At least 5 years of experience in a certain profession

D. Over twenty-five years of age

E. Not married

In plain language the basic relationship is:
AORBANDCANDD ANDNOTE

The corresponding Boolean equation is:

(A+B)CDE=X
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An immediate solution employing AND, OR, and NOT
logic gates is shown in FiG. 3-9. This also follows directly
from the Boolean equation. Suppose, however, that only
AND and NOT devices are available. This means that the
problem must be solved in AND logic only. This can be
started by inverting the original equation thus:

(AB)+C+D+E=X

T

m O O >

Fig. 3-9. Problem solution using AND, OR, and NOT gates.

Now invert again:

(AB)CDE

>l

Note here that by containing (AB) as one term in a
bracket it does not change its state on inversion. Now remove
double inversions as they merely mean using pairs of NOT
devices to get back to the original output:

(AB)CDE=X

The bracketed term (AB) remains something of a prob-
lem as it still contains double inversion. However, since we
are restricted to NOT and AND devices this is really no prob-
lem at all, as it can be accommodated by a NOT device in
each input to an AND, and a further NOT in the output. The
final circuit in AND logic is shown in FiG. 3-10.

Given no restrictions on availability of components, fur-
ther solutions can be worked in Boolean algebra to see if any

Solving Problems

Fig. 3-10. Problem-solving using AND and NOT devices.

43
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simpler circuit can be derived. There is, in fact, using NOR

logic (+):
Starting with (A+BICDE=X

and inverting C+D+E=X

inverting again as a whole (A+B)+C+D+E=X

and removing double inversions (A+B)+GC+D+E=X

Remembering that bracketed inputs, (A+B) in this
example, must be directed to one separate (NOR) device, the
final circuit then works out as in FIG. 3-11. This saves two
components compared with the AND logic circuit of FIG. 3-
10.

= ! X

Fig. 3-11. Simpler solution to problem solving using OR and NOT
devices.

Whether solution by Boolean algebra is quicker or sim-
pler than design by digital logic diagrams is debatable. For
some people it is, for others it is not. Where it does have a
definite advantage is in positive elimination of unnecessary
components by making it simple to spot and remove double
inversions.
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BOOLEAN ALGEBRAIC THEOREMS

Most problems can be solved by applying the appropriate
Boolean algebra theorems, the basic rules under which Bool-
ean algebra works. Only one has been mentioned so far,
deMorgan’s theorem, which is:

ABC=A+B +C
or A+B+C=ABC
There are numerous others, some obvious, others rather

more difficult to understand at first. Those which may be of
particular significance are:

e A=A or B=B, etc. Double inversion returns the
function to its original form.

* AA=A. This means that with an AND device, appli-
cation of the same signal to both inputs will result in
the same output.

® A+A=A. The same as above, but in this case relat-
ing to an OR device.

® AA=0 or AB=0. With one input inverted, there is
no output from an AND device.

°* A+A=1o0r A+B=1. With one input inverted, pro-
vided one has a value of 1, there is always an output
from an OR device.

A number 1 appearing in a Boolean equation means that
one signal is always applied, while a 0 means that there is no
signal at that particular input. (The numbers 1 or 0 in this
case replace A or B, etc., on a particular input diagram.)
Therefore the next equations can be stated as follows:

® A0=0 (the AND function can never be completed
with one input always at 0).

¢ A1=A (the AND function is completed with a single
input A when the second input is 1; the output is gov-
erned by the value of A).
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® A+0=0 (the OR function is complete with one input
signal if the other input signal is 0).

®* A+1=1 (the OR function is complete with a single
input when the second input is 1. Compare this with
the AND equivalent).

Functions enclosed by a bracket are subject to normal
algebraic treatment when expanded, as shown next:

* A(B+C) or A AND (B OR C) becomes AB+AC(A AND
B OR A AND Q)

* (A+B) (C+D) OR (A OR B) AND (C OR D) becomes
AC+AD+BC+BD (A ANDCOR A AND DOR B AND
COR B AND D)

Checking by writing out in words and comparing with
the original expression verifies if the original expansion is
correct or not; i.e., A+(AB)=A. This is self explanatory on
spelling it out; A OR A AND B. It is an OR function satisfied
if only A is present.

In the example A +(AB)=A +B, this is an OR function,
so it is satisfied if A OR B is present. This can be shown with
the following equation:

AORNOTAANDB=AORB

4

Logic Circuit Devices

ASICALLY all the functions of a logic switching system

can be provided by NAND/NOR gates, or by either an

AND or OR gate(s) and inverters. The former is the
preferred method since AND/OR circuitry has a number of
practical limitations. If AND/OR elements are cascaded, for
example, each produces some attenuation of the signal
which may require additional amplification at certain stages,
thereby complicating circuit design. With NAND/NOR cir-
cuit design, this is not necessary since the main requirement
here is in observing the maximum number of inputs (fan-in)
and outputs (fan-out) provided by each element.

Initially, all electronic logic circuits were constructed
from discrete components such as transistors and diodes for
active elements and resistors and capacitors for passive ele-
ments. Typically, these yielded printed circuit modules
about 1 inch to 2 inch by 1 inch for assembly into complete
circuits. These have now been almost entirely replaced by
integrated circuits (ICs) offering the performance capabilities
of numerous interconnected modules in a single miniatur-
ized package. Besides offering very great reductions in
weight and size, as mentioned in chapter 1, integrated logic
circuits also have the advantages of greater reliability and
greater speed of operation. They are now generally cheaper
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than all the components needed to construct discrete mod-
ules.covering the same functions.

Some integrated circuits have the disadvantage of lower
signal levels in the order of 0.8 to 2 volts as compared with 6
to 12 volts (or even 24 volts) normally employed with discrete
modules. This renders the IC more susceptible to noise and
can place a premium on component location, lead length,
and grounding requirements. However, the widely used
CMOS ICs can be used over a wider voltage range and have
very high noise immunity.

As with discrete component modules, IC logic circuits
are based on the same components of transistors, diodes,
etc., although in very much miniaturized form. Schemati-

-cally, therefore, the two forms of circuits are identical,
although for the purpose of use only the external connection
points of the IC normally need to be identified.

The diode-resistor network shown in FiG. 41 provides
positive AND logic. With all inputs A, B, C...N positive
(logic 1), all the diodes are reverse biased and do not con-
duct, giving an output of +V (logic 1). In the absence of any

+V
Bias Voltage

Bias
Resistor

A G-
B o——i¢— X=A eBeC.eN
Co—i¢—
N O— . '

Fig. 4-1. A diode-resistor logic network using positive AND logic
and negative OR logic.
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one input, that diode conducts, causing the output to fall to
3 The same circuit with negative logic (- V corresponding
to logic 1) works as an OR gate giving a 1 output in the pres-
ence of any input. Equally, if the bias voltage is made. more
positive than logic 1, all diodes conduct when a.ll the inputs
are present together, clamping the output to logic level 1.
The network shown in FIG. 4-2 has the diodes connected
in the opposite manner to those of FIG. 4-1. This time, w@th
positive logic (+ V as input) it works as an OR gate and w1$h
negative logic (- V as input) it works as an AND gate. Again
there is the possibility of clamping the output if required.

+V
Bias Voltage

Bias

Re Resistor

A O— ol
B O ] X=A+B+C..+N
co -
|
N O » :

Fig. 4-2. A diode-resistor logic network using positive OR logic and
negative AND logic.

The disadvantage of these networks is that if the circuits
are cascaded, the input current to any one circuit must be
provided by the circuit preceding it. This means that rela-
tively low values of bias resistors must be used in order to
maintain the required drive currents. In practice this may not
be possible and buffer amplifiers have to be inserted between
stages.
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DIODE-TRANSISTOR LOGIC (DTL)

Diode-transistor logic overcomes the limitation of cascading
by incorporating a transistor amplifier in the output circuit.
A typical positive logic NOR gate of this type is shown in FIG.
4-3. Here any input going positive (logic 1) causes the base of
the transistor to go positive with respect to the emitter and
cut off. The output is then logic 0 (no current flow through
the collector circuit). When all of the inputs are logic 0, the
base of the transistor is negative, yielding a collector output
approaching the emitter value or logic 1. Worked with nega-
tive logic (- V=logic 1), this circuit provides a NAND func-
tion.

Bias
Resistor

+V
Fig. 4-3. Diode-transistor logic (DTL).

DTL logic was originally widely produced in IC form
operating at speeds of 2-20 MHz with logic levels between
0.5 and 5 volts and for power supplies between 3 and 6 volts.
It has now been replaced by simpler and more efficient net-
works such as transistor-transistor logic (TTL) and more
exotic devices.
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RESISTOR-TRANSISTOR LOGIC (RTL)
Resistor-transistor logic is another network form which was

-widely used for discrete modules, but found less suitable in

IC form because of its low logic levels (about 1 volt) on 3-4
volt supplies. It also has poor fan-out (limited number of out-
puts) and noise immunity. It is still of interest for discrete
module construction since it is a simple and straightforward
circuit with a wide tolerance for variations in component
working values (FIG. 4-4).

A
B
c Bias
[ Resistor
N o———nnv—

Fig. 4-4. Resistor-transistor logic (RTL).

DIRECT-COUPLED-TRANSISTOR LOGIC (DCTL)

With DCTL logic, only transistors are used as the switching
elements with the advantage of requiring only one low volt-
age supply with low power consumption and fast switching
speeds. It is attractive for producing IC NAND and NOR gates
utilizing a minimum of components. (See FIG. 4-5.)

Disadvantages of this network are that each input
requires its own transistor, and these transistors must have
uniform characteristics, making DCTL an unattractive choice
for construction of discrete modules. These limitations are
not so significant in IC construction, but this type of IC cir-
cuit is still relatively susceptible to noise.
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Fig. 4-5. Direct-coupled-transistor logic (DCTL).

Transistor-Transistor Logic (TTL) 53

EMITTER-COUPLED-TRANSISTOR LOGIC (ECTL)

In the emitter-coupled-transistor logic the transistors are not
allowed to saturate fully and switch a constant current from
one transistor to another. For this reason it is sometimes
called Current-Mode Logic (CML). It is considerably less sus-
ceptible to noise than DCTL and has much higher switching
speeds.

FIGURE 4-6 shows the network for a NAND gate. Here the
bias voltage maintains a constant current through T, if all the
inputs are at a positive level (0V =logic 1). The output at X, is
then negative or logic 0 (ABC). It is therefore positive at X, or
logic 1 (ABC). If any input goes negative (- V or logic 0) its
transistor will conduct through R, causing T, to cut off. In
this case output 1 goes to ground (logic 1) and output 2 goes
to -V (logic 0). A feature of this circuit is that it provides a
NAND function at output 1 and an AND function at output 2.

TRANSISTOR-TRANSISTOR LOGIC (TTL)

In transistor-transistor logic transistors are connected in the
common-base mode; a typical circuit is shown in FIG. 4-7. All
NOR inputs have to be negative (logic 0) for the output to go
positive (logic 1). Any input going positive causes its transis-
tor to conduct and transistor T, to cut off. Hence, the output
is then 0. Rendered in IC form, a multiple-emitter transistor
is normally used with the corresponding circuit shown in
FiG. a-s.

Circuits of this type are fast switching (4 to 50 MHz)
with good noise immunity, and are relatively simple to pro-
duce. They are one of the main types used in digital ICs. A
typical TTL device can drive up to ten TTL inputs (has a fan-
out of ten), but should not be connected with outputs of dif-
ferent families in parallel unless having a modified output
stage.

Most of the range of IC devices in TTL are also produced
in low-power Schottky logic based on Schottky diodes and
Schottky transistors. These have the advantage of faster
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Bias
é & Resistors

ABC

Fig. 4-8. TTL NAND logic.

switching speeds and lower current consumption (only

about 25 percent of the operating level of typical TTL
devices).

MOSFETS

The metal-oxide-semiconductor field effect transistor (MOS-
FET) is basically a special form of FET often just called MOS.
It has the attraction of being particularly suitable for extreme
miniaturization allowing large and very large scale integra-
tion (LSI and VLSI). MOS devices are thus widely used in
digital electronics as logic gates, registers, and memory
arrays. MOSFET circuits consist entirely of FETs (except for
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parasitic capacitors in certain dynamic applications), but
can be made with a zener diode between the gate and sub-
strate of each, or selected, FET(s). The object of this is to pro-
tect the gate from excessive voltages. Under normal
operation, the zener diode remains open with no effect in the
circuit, but the maximum gate voltage that can arise is lim-
ited to the maximum value of the zener voltage. Examples of
MOSFET gate circuits are shown in FIG. 4-9 together with
standard circuit symbols for a MOSFET. Variations on the
symbols used for MOSFETs are shown in FIG. 4-10.

NOT NAND NOR
Fig. 4-9. Typical MOSFET gate circuits.

MOSFET gates are, in fact, examples of direct-coupled-
transistor logic (DCTL). The only basic difference is that
because of the high density of components on the same chip
it becomes necessary to minimize power consumption in
large scale integration, although their efficiency, in terms of
power performance, is superior to that of ordinary bipolar
DCTL gates.

There are subtle differences between the characteristics
of MOSFETSs and FETs. The drain resistance of a MOSFET is
lower than that of an FET, while the resistance between gate
and drain or gate and source is higher. In all cases, however,
these resistances are extremely high and virtually equivalent
to open circuits when shunted by external circuit resistors.
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Drain D

[

Gate G

Source S

D
D

G GD—@

s S

Fig. 4-10. Alternate symbols for MOSFETs. From 1 i

_ : eft to right: N-
channel depletion mode, P-channel depletion mode, N—c%lannel
enhancement mode, and P-channel enhancement mode.

COMPLEMENTARY MOS (CMOS)

Complementary MOS or CMOS employs P-channel and N-
channel devices on the same chip. This makes it possible to
reduce power dissipation to very low levels as small as 50
nanowatts. Like MOSFETSs, the basic CMOS device is an
Inverter. Combinations of these devices can be used to pro-
vide CMOS NAND and NOR gates. About the only disadvan-
tages shown by MOSFET and CMOS devices are their slower
speec‘l of working as compared to some other devices, and
certain high frequency limitations inherent with field effect
transistors due to internal capacitance effects.

MOS LOGIC

MQOS logic elements are now widely used and have largely
ta_ken over from TTL for integrated circuits. The extremely
h.lgh component density possible means that large memo-
ries, shift registers, and circuits of this type, can be produced

e ————
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in very compact packages. While functions performed are
basically similar to those of other logic devices, the behavior
and specific characteristics of MOS and related devices do
differ appreciably and need to be appreciated.

The working mode of asynchronous MOS circuits is
similar to that of other transistor gates using FETs. This dif-
fers from bipolar junction transistors in that MOS devices are
unipolar, have a high input resistance, and are generally less
noisy than bipolar transistors. Their main disadvantage is the
lower gain and the susceptibility of the thin silicon layer of
the gate to damage by excessive voltage. MOSFETs are also
slower than bipolar transistors.

The majority of such circuits use P-channel enhance-
ment mode MOS devices, where the drain supply is a nega-
tive potential and thus they work with negative logic. In
other words, a high negative voltage represents a logic 1. The
supply voltage for such devices commonly ranges from -10
volts to — 20 volts, with logic 1 having a value on the order of
-10 volts. With higher voltages, logic 0 normally lies at a
level of -2.5 to -5 volts.

P-channel and N-channel MOSFETs can also be used in
complementary configuration to operate with positive logic.
The particular advantage of this is that N-channel devices are
faster, and so such circuits can have faster switching times
than P-channel devices. Two basic complementary MOS
gates are shown in FIG. 4-11. Other types of MOS devices
include low threshold PMOS, VMOS, DMOS, and HMOS.

PMOS devices incorporate silicon gates in place of input
and output FETs to allow easier interfacing to TTL and to
increase switching speed of the device. Additionally, switch-
ing speeds of three times that of NMOS or PMQOS (N-channel
or P-channel, respectively) devices is achieved in VMOS
devices by reduced gate resistance, a result of a V shape cut
in the gate region. DMOS, or double-diffused doping MOS
devices, dissipate only about one half the power of standard
MOS but at the sacrifice of switching speed. In HMOS, or
high-performance MOS devices, switching speed is
extremely fast and power consumption is minimal, but this
type of device has been prohibitive due to excessive cost.
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+V

P-channel

.y

A N-channel

NOR gate

NAND gate

Fig. 4-11. Two basic CMOS gates.
CLOCKED MOS CIRCUITS

MOS circuits are particularly suitable for synchronous, or
clocked, systems. These are generally referred to as dynamic
MOS circuits. The advantage here is that average power con-
sumed by the system is reduced. However, where gates are
cascaded it is necessary to have more than one pulsed supply
to allow for the time it takes the output voltage to reach a
steady state. These pulsed voltages are then applied sequen-
tially to the system, giving two-—hase systems, three-phase
systems, four-phase systems, and so on.

DYNAMIC MOS INVERTERS

A basic circuit for a dynamic MOS inverter is shown in FIG. 4-
12, operating as mentioned before with negative logic. This
requires a train of pulses to operate. At logic state 0 (no pulse)
both transistors are switched off and there is minimal power
consumed. With the appearance of a negative pulse, both
transistors are switched on and conduct with output being
the inversion of the input. If A=1 then Q=0, or if A=0 then
Q=1. The output is held on for the duration of the pulse by
the charge on the output capacitor C.

A particularly important feature of a dynamic MOS cir-
cuit is that the parasitic capacitance between gate and sub-

e —
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Voo Clock

>|
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Fig. 4-12. Dynamic MOS inverter.

strate inherent in a MOSFET is used to provide temporary
memory or storage capacity with a time constant on the order
of milliseconds. This storage can be refreshed and made per-
manent by the application of a clock waveform of suitable fre-
quency, such as giving pulse times substantially longer than
the time constant of delay. A typical refresher frequency is
normally 1 kHz or longer.

DYNAMIC MOS NAND GATES

A basic circuit for a dynamic MOS NAND gate is shown in
FIG. 4-13. This is similar to the static NAND gate of FIG. 49
except for the additional FET which works as a switching
element controlled (switched on and off, respectively) by the
clock pulse. Again, in the off condition all transistors are off
and power dissipation is minimal.

The dynamic MOS NOR gate is similar to a static NOR
gate with an additional FET acting as a switch for the clock
pulse, shown in FIG. 4-14.

HANDLING MOS DEVICES

MOS integrated circuits are more readily damaged than other
devices and thus need handling and mounting with care.

’
l
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Fig. 4-13. Dynamic MOS NAND gate.

-V Clock

Fig. 4-14. Dynamic MOS NOR gate.

They are easily damaged by static charges or transient high
voltages. Ideally, they should be handled on a conductive
surface such as a metal tabletop, to which the person han-
dling the device is also connected by a metal bracelet, or con-
ductive cord or chain.

Similar recommendations apply when mounting MOS
devices on a printed circuit board. If it is impractical to
ground the printed circuit board, then the person mounting
the circuits should touch the board first to discharge any
static before the MOS device is brought into contact with the
board. In practice, the most modern CMOS ICs are difficult
to damage and the only precaution necessary is to store the
chips in conductive plastic carriers, so that all pins are
shorted together.

e

e
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INTEGRATED CIRCUITS AND MINIMIZATION

The ready availability of complex circuitry in integrated cir-
cuit chips has considerably changed attitudes towards circuit
design and construction. Medium scale integration (MSI)
can offer dozens of gates in a single package; large scale inte-
gration (LSI) hundreds of gates in a single chip; very large
scale integration (VLSI) thousands of gates in a single chip.
These chips are used to build other, more complex digital
logic circuits. The question of minimization or the elimina-
tion of redundant gates then becomes relatively unimportant.
A standard IC package for a computer, decoder, shift register,
read-only-memory, etc., may provide more internal circuits
than are actually required, but still offers the most straight-
forward, and cheapest, solution even if all of the pins are not
used.

This has influenced design technique too. Instead of
designing a specific, individual circuit as in the days of mod-
ule construction with discrete components, the circuit
designer is more and more having to accept what is prede-
signed in an IC package and use the facilities it provides
accordingly. This means the designer has to work with sub-
systems, rather than specific gates or other binary units. This
has resulted in new design techniques being developed for
implementing circuit performance requirements with IC
subsystems.

STANDARD IC GATES

Integrated circuits are produced in a variety of packages. The
most common are the TO5 (Transistor Outline) style can,
similar in size and appearance to a transistor, but with as
many as 12 leads emerging from the bottom; and the flat
package. The latter is of rectangular wafer form or in a dual-
in-line package (DIP) with connections brought out at right
angles from both sides (FIG. 4-15). The DIP IC is larger, much
easier to mount on printed circuit boards, and also cheaper
to produce.

Common forms of digital IC gates are quadruple two-
input NAND, triple three-input NAND, dual four-input
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Fig. 4-15. Dual-in-line and flat IC packages.

NAND, single eight-input NAND, quadruple two-input
NOR, quadruple two-input AND, inverters, and buffers, but
there are many more. Such gate circuits are available in most
logic families, particularly DTL, TTL, DCTL, and ECTL. The
limitation on the number of gates per chip is normally set by
the number of pins available. As an example, common num-
bers for a flat package are 14, 16, 24, 28, and 40 leads.

Where two different families of ICs may be involved in a
complete circuit (such as TTL and MOSFET) the question of
compatibility can arise because of the difference in operating
voltage levels. Such differences can be accommodated by
buffer circuits dropping a higher level voltage to a lower level
voltage where required. These types of ICs are referred to as
level translators.

MULITPLE GATE ICS

Integrated circuits commonly contain multiple circuits or
complete subsystems in a single package such as dual, triple,
and quadruple gates; hex buffers and inverters; flip-flops and
latches; shift registers; counters; multiplexers; mnemonics;
display drivers; and arithmetical circuits. All such packages
may appear similar except for the number of leads. The des-
ignation of the leads is therefore of primary importance.

Pin numbering reads around the IC left to right then
right to left, as shown in FIG. 4-16. Note also that some ICs do
not have a notch marking the pin 1 position, but a dot mark
instead. For example, FIG. 4-17 shows a family of NOR gates
with the internal devices shown in symbolic form together

Multiple Gate ICs 65

HEF 45348

? ZB,.% 25, § 25, § 25, 1C
SALST N |

CP. M, Mg

Fig. 4-16. Conventional method of lead or pin-out numbering. This
IC is a real time S-decoder counter.

— |
I J+A+B+C
4000A 4001A 4025A

Fig. 4-17. Family of IC NOR gates.

with their connection to external leads. Externally there is no
difference in the appearance of these packages, although
they have quite different functions and external connections.
The 400A is a dual three-input NOR gate (two gates plus
inverter). The 4001A is a quad two-input NOR gate (four
gates). The 4002A is a dual four-input NOR gate (two gates).
The 4025A is a triple three-input NOR gate (three gates). A,
B, C, D, etc. are inputs to the gates while ], K, L, etc. are gate
outputs. Additionally, V,, and Vg are the supply voltages,
with V being the most negative power supply to the device.
Finally, N.C. simply means no connection. This provides all
of the information necessary to connect the chosen IC into a
given circuit.

If the circuit is to be designed around the IC, then the
electrical characteristics as specified by the manufacturer
need to be known as well. A logic diagram of the IC can also
be helpful. FIGURE 4-18, for example, is a logic diagram for an
8-input NOR gate IC (HEF 4078B).
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Fig. 4-18. Logic diagram for an 8-input IC NOR gate.

IC BUFFERS

Individual buffer circuits are produced in IC form, the usual
number being six contained in a standard 16-pin package.
These may be inverting buffers or non-inverting buffers,
described as hex inverting buffers or hex non-inverting
buffers as shown in FIGS. 4-19 and 4-20.

Where buffers are provided with input protection as
shown in FIG. 4-21, input voltages in excess of the noted sup-
ply voltage for the buffers can be accepted. Such buffers can
also be used to convert logic levels of up to 15 volts to stan-
dard TTL levels.

Hex buffers are also produced with three-state outputs as
illustrated in FIG. 4-22. Here the three-state outputs are con-
trolled by two enable inputs. A predetermined number of
buffers can then be made to assume an off state via the appro-
priate enable signal regardless of the input conditions.

SCHMITT TRIGGER

The Schmitt trigger is another hex (six gate) IC form, this
time in 14-pin packages. These trigger circuits are available
in inverting and non-inverting forms as shown in FIG. 4-23.
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Fig. 4-19. Hex inverting buffer IC.

Fig. 4-20. Hex non-inverting buffer IC.
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Fig. 4-21. Input protection for buffer circuits.

COMPLEX ICS

Integrated circuits embodying complete subsystems may
have 14, 16, 24, or even 40 leads, each lead specifically des-
ignated. This may be in words and/or code letters. Abbrevia-
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Fig. 4-22. Three-state hex non-inverting buffer.

For 4715A

Vee
In6
Out 6
In5
Out5
In4

Out 4

For 4721A

In1
Out 1
In2
Out 2
In3
Out 3
GND

Fig. 4-23. Hex Schmitt trigger IC.

tions commonly used are:

® A0, Al, A2, etc., for inputs (especially address

inputs)
* 01, 02, 03, or QO0, Q1,
¢ D for data input
E for enable
El for latch enable

CE for clock enable
R for reset

Q2, etc., for outputs

C, Ck, Cp for clock (input)
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S0, S1, S2, etc., for select inputs
ST for strobe input

Cl or CL for clear

R/W for read/write input

DIGITAL FAMILIES COMPARED

DTL, originally used for the production of NAND gates, is
now largely regarded as obsolete for IC production. Its chief
limitations are that it has limited fan-out and a relatively
high propagation delay (typically 30 ns per gate). Only a low
voltage supply is necessary, however, and power dissipation
is low.

TTL has similar or slightly higher power dissipation,
but smaller propagation delay and very good noise immu-
nity. MOS and CMOS devices are slower than TTL and also
more sensitive to capacitance loading.

CMOS is particularly suited to LSI and VLSI because of
the very small device size possible and the higher potential
packing density. TTL elements are generally produced in SSI
and MSI complexity.

In terms of power dissipation, low power Schottky (LS-
TTL) and TTL are similar, with MOS lower and CMOS sub-
stantially lower. Some comparative data is summarized in
TABLE 4-1.
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S | HERE are a number of different types of logic devices,
% | or more appropriately, combinations of logic devices
P g % N - that perform the function of storing a binary digit
§ = E R iS22 e ge (bit). One of these is the flip-flop. It is made up of several
S % - - 1 gates so arranged that placing a 1 or 0 on its input can cause
g it to hold (memorize) that 1 or 0 even when the input is
8 ' removed. The flip-flop latches on to the input level and is
- 5 g therefore also called a latch. Dfferent kinds of flip-flops are
<+ - R ® i) used for various purposes; some are discussed in this chap-
2 02 o A R ter.
_Q - .
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RS FLIP-FLOPS
The RS flip-flop can be configured in different ways, always
- - with the same expected results, using digital logic gates. The
= g Z = l first of these is the RS NOR latch shown in FIG. 5-1. This latch
g{&% 8 < & & ’ uses two cross-coupled NOR gales to perform the latch func-
§ Sog 2o § E ' tion. Cross-coupled means that the output of NOR gate 1 acts
e g§ % %t N E 4 . as one of the inputs to NOR gate 2 while the output of NOR
§ 2 g.g % 293 'f‘é 323 2 S ! gate 2 acts as one of the inputs to NOR gate 1. The truth table
AL G x°5°2 £ | is listed in TABLE 5-1. Notice that the RS NOR latch has two
j outputs, Q and Q (not Q). Q will always be the opposite of Q.

If Q is 1 then Q is 0, and if Q is 0 then Q is 1.
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R
Q
s Q
Fig. 5-1. The RS NOR latch (flip-flop).
R s | a|a Mode
0 0 NC | NC Hold
0 1 1 0 Set Table 5-1. RS NOR
1 0 0 1 Reset Latch Truth Table
1 1 0 0 | Disallowed

The operation of the RS NOR latch is such that on power
up of the latch you must assume that one of the gates will
switch first and cause a condition of a 1 or 0 on the Q output.
This then determines the operation of the flip-flop. f Qis 1
(high) then Q is 0 (low). With a 1 on the S (set) input the Q
output stays high and is said to be set. The Q output remains
high even with both inputs removed. The only time Q goes
low (flip) is when there is a 1 on the reset input and a 0 on
the set input. To get Q to go high again (flop) the set input
must be high with the reset line low.

The RS NAND latch is illustrated in FIG. 5-2. It performs a
latch function also but because it uses NAND gates, the same

w!

Fig. 5-2. The RS NAND latch.
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input conditions produce opposite results. Its truth table is
listed in TABLE 5-2.

The clocked RS flip-flop of FiG. 5-3 has two additional
NAND gates that allow either the reset or set pulse to trigger
the flip-flop, but only when the clock input is positive. Its
truth table is listed in TABLE 5-3.

R B Q Q Mode
Table 5-2. RSNAND | O 0 (1) 1 Dis;llov:ed
. ese
Latch Truth Table ‘1’ a P L2 Fo
1 1 | NC | NC Hold
= ;
D |
Clock —————silli
= Q
R

Fig. 5-3. A clocked RS flip-flop.

Table 5-3. Clocked RS Flip-Flop Truth Table

CK| R S Q| @ Mode
0 X X | NC | NC | Disable
| o 0 | NC | NC Hold
o 1 110 Set
i i1 0 0 1 Reset
Ju 1 1 0 0 Disallowed
D FLIP-FLOPS

D flip-flops are also called data latches. As long as thfa clc?ck
input is high, Q follows the value of input D. If D. is high
when the clock (Ck) is high, then the output (Q) is high. If D
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goes low while the clock is still high, then Q goes low. In
other words, Q is at the same level as D as long as the clock is
high. However, once the clock input goes low, the output at
Q remains at whatever the last value of D was just prior to the
clock going low. The flip-flop latches to the last value of D
while the clock input was high. A D flip-flop is shown in FiG.
5-4. Its truth table is shown in TABLE 5-4.

D_.,__ﬁj_

Cl' =

X
i

Fig. 5-4. A D-type flip-flop can be constructed as shown on the top,
but comes in a single IC and uses the symbol on the bottom.

CK | D Q
0 X | Last
State
Table 5-4. D Latch Truth Table
1 0 0
1 1 1

To see how a D latch operates as a memory device, look
at FiG. 5-5. Here you see four D latches with their clock lines
tied together. This is the concept of temporary storage of a
word (4 bits) of memory. When the clock input goes high, the

Clock
Pulse

D Flip-Flops

Y0

Y1

Y2

2 o]
f S
S o o
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(@]
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o 6 o
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(@]
§—— ©
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Fig. 5-5. Four D latches acting as a four-bit storage device.
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input data is loaded into the flip-flops. The levels of this
input data are also seen at the output. As soon as the clock
goes low (it goes low on all the latches at the same time since
they’re tied together) the output retains this data. As an
example:

¥D, D,D,D,= 1011
Then QJ’ Qz: Qu Qo = 1011

As soon as Ck goes low, 1011 is the output data that is
retained. As long as Ck is low, D, to D, can change all day
long, but Q, to Q, always remains 1011. This is a good exam-
ple of what can be referred to as a basic memory circuit. Later

you will see all of these D latches incorporated into a single
IC package.

JK FLIP-FLOPS

The JK flip-flop can function as a clocked RS flip-flop or as a
toggle flip-flop. It can also serve in a number of specialized
functions. In addition, there are no forbidden (ambiguous)
conditions, meaning that all four possibilities in its truth
table are equally valid. A JK flip-flop is shown in FIG. 5-6. The
truth table for the JK flip-flop is shown in TABLE 5-5. This is a

J ]S Q ——Q

Ck——————9
K R

Fig. 5-6. Logic diagram for a JK flip-flop.

;.
!
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Table 5-5. JK Flip-Flop Truth Table

J K Q, (after Ck)
0 0 No Change

0 1 Resets

1 0 Sets

1 1 Toggles

positive edge triggered flip-flop meaning that clocking
occurs when the clock goes from low to high (from 0 to 1).

THE JK MASTER-SLAVE FLIP-FLOP

The JK master-slave flip-flop is actually the end product of
the previous flip-flops discussed so far. It eliminates timing
problems associated with the simpler latches including a
problem called racing. Racing occurs when a flip-flop tog-
gles more than once during a positive clock edge. A logic
diagram for the JK master-slave flip-flop is shown in FIG. 5-7.
Notice that the clock input is provided directly to the master
section and also to the slave section, but there, through an
inverter. This low level clock into the slave section locks out
any data input to that section.

With the arrival of a clock input to the master section,
either J or K is ready to cause this section to change state.
This ready state on the J or K input is a function of the out-
puts of the slave section. If the slave is in the reset state, the
master can set, and if the slave is in the set state then the mas-
ter can reset.

If it is assumed that the slave section is in the reset con-
dition, then the master can only respond to a set command
during the clock on-time period. Even if the master changes
state during this on-time, the slave remains as it is. When the
clock on-time ends, or goes from high to low, into the master,
the clock into the slave goes from low to high, due to the
inverter. At this time the master cannot accept data at either
of its inputs because its clock line is low, or off. The slave, in
effect, acts as a holding stage for data to be transferred to a
next flip-flop (as in a shift register chain) and gives all cir-
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Slave Section

Master Section

i)

Tt

J

Ck-

Fig. 5-7. Logic diagram for the JK master-slave flip-flop.
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cuitry in the chain sufficient time to settle in. In a sense, the
slave acts as a buffer for the data between the master and
other flip-flops in more complex circuitry. The truth table for
a JK master-slave flip-flop is shown in TABLE 5-6. Keep in
mind that all of these types of flip-flops discussed are known
as digital memory devices.

Table 5-6. JK Master-Slave Flip-Flop Truth Table

¢ck| J| K|a]|a Mode
0 X X | NC | NC | Disable
0 0 0 | NC [ NC Hold
0 1 0 1 0 Set
0 0 1 0 1 Reset
0 1 1 1/0 | 1/0 Toggle
SAMPLE-AND-HOLD

A sample-and-hold circuit is an analog memory. FIGURE 5-8
shows a basic circuit. A negative sampling pulse applied to
the gate closes the circuit allowing the capacitor to charge to
the instantaneous voltage of the input. In the absence of a
pulse, the gate circuit opens with the capacitor retaining its
charge. The output is thus a steady voltage level charging in
steps between the sampling pulse intervals.

Fig. 5-8. Sample-and-hold, or analog memory.

To work effectively, the time of the sampling pulses must
be short, the value of the capacitor low, and the output impe-
dance of the op amp high in order not to discharge the capac-
itor between the sampling pulses. Also, the capacitor must
be of a type which can hold its full charge between sampling
pulses. Finally, a field effect transistor (MOSFET) is prefera-
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ble to a bipolar transistor switch in most sam

oa ple-and-hold
applications, although the latter can be used., Today there are
sample-apd-hold ICs that contain the type of op amp applica-
ble for this type of analog memory function.

READ-ONLY-MEMORY (ROM)

Read-only-memory (ROM) is a circuit which accepts a bi
c9de (known as an address) at its input terminall)s antc)lu;)arg
vides another binary code or word at its output terminals for
each of the input combinations. Basically, therefore, it is a
code-conversion system, although essentially it consists of a
dgqoder applied to the input signals feeding an encoder pro-
viding the output signals. Since this encoder is essentially a
‘memory matrix, the information it is provided with is stored
a_nd can be read out as often as required—hence the descrip-
tion read-only-memory (Fig. 5-9).

Word Lines

Xy Qe
X, Q]

Encoder

Decoder

e e - s @ o - -

. Y. Yo=Y
Fig. 5-9, Read-only memory (ROM). ' "

Specifically, a ROM has a specified number of inputs
(Xos X,, X,, etc.) and a specified number of outputs (Y,, Y
}(2, etc.). These numbers are not necessarily the same. Thus?
.1f there are X inputs and Y outputs, the capacity of that ROM
is X yvords each of Y bits, or an X by Y bit memory. For exam-
ple, if there are 32 inputs with 8 outputs this particular ROM
has a capacity of 32 words each of 8 bits, or 32 x8=256-bit
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memory. ROMs from 256-bit up to 1024-bit are typical fig-
ures for MSI using CMOS in conjunction with TTL logic.
With LSI much larger memories can be achieved in a single
package. Alternately, ROMs can be cascaded to provide
larger memories. In the very near future you will probably
see ROM memory devices with capacities in the megabytes
(millions of bits of memory locations).

The way a ROM works is to decode the input into word
lines (W,, W,, etc.), which are the minterm (see Appendix B)
outputs of the decoder. These lines are then encoded again in
the memory matrix where they are held. The working rela-
tionship can be established by a truth table or Boolean equa-
tions, or both, as a guide to implementation. Taking a
four-input four-output ROM as a simple example, the truth
table for conversion from binary code to a Gray code would
look like TABLE 5-7. To accommodate different arithmetic
codes some IC ROMs are designed to be programmable after
manufacture (PROMs). Additionally, EPROMs and EEPROMs
(erasable and electrically erasable PROMs respectively) pro-
vide a way to change the memory contents of ROMs from
time to time as necessary.

RANDOM-ACCESS MEMORY (RAM)

A random-access memory (RAM) is a similar device to a
ROM except that the stored words can be addressed and writ-
ten directly as well as being read. RAM chips are sometimes
also known as read-and-write memory. The decoder in this
case employs latches (flip-flops) instead of diodes or transis-
tors, which are bistable devices. This means that while a
RAM provides stored memory, this is lost when the power
supply is removed. For this reason, a RAM is described as a
volatile device, with power dissipation necessary to main-
tain storage. In the case of certain types like a dynamic MOS
RAM, a refreshing charge is necessary at regular intervals
(every millisecond or so) to replace leakage of all capacitance
on which the memory depends.
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‘Table 5-7. Binary-To-Gray Code Conversion
of a Four-Input/Four-Output ROM

Binary Inputs Word Gray Code Outputs

b o
w

X2 X1

>
o

Y3 Y2 Y1

S

sed b 2w 00000000
= =E 22 0000t 00000
= 2002200220022 00
202020202020 =20-20
s emdddaaa000000000
OCOO0OO0O—_—daddaaaao0oo0oo0
CO—=2 a2 2000042 aap00O
O2 200400 —Ld OO 2D

W15
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and the corresponding Boolean equations would be:-

Y0 = W1 + W2 + W5 + W6 + W9 + W10 + W13 + W14
OY1 = W2 + W3 + Wd + W5 + W10 + W11 + W12 + W13
Y2 = W4 + W5 + W6 + W7 + WB + W9 + W10 + W11
Y3 = W8 + W9 + W10 + W11 + W12 + W13 + W14 + W15

Dynamic MOS RAM

In a dynamic MOS RAM information can be stored on
the parasitic gate-to-substrate capacitance, resulting in con-
siderable circuit simplification where only three devices are
needed to store four bits instead of the eight in a static MOS
RAM. In this case, however, refreshing of all bits is required.

Typical IC RAM

A typical IC RAM is shown in FiG. 5-10. This figure
shows the physical form (14 pin flat package) and block dia-
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gram for a 64-bit, 1-bit per word random access read/write
memory. The memory is strobed for reading or writing only
when the strobe input (ST}, chip enable inputs (CE, and CE,)
are high simultaneously. The output data is available at the
data output (Do) only when the memory is strobed, the
read/write input (R/W) is high, and after the read access time
has passed. Note that the output is initially disabled and
always goes to the low state before data is valid. The output is
disabled when the memory is not strobed or R/W is low. R/'W
may remain high during a read cycle or low during a write
cycle. The output data has the same polarity as the input
data. The function table is as follows:

ST, CE,,CE, R/'W Do Mode
low low floating disabled
high low floating enabled(write)
low high floating disabled

high high memory data enabled(read)

REGISTERS

Flip-flops are a binary device and thus have a memory capac-
ity of 1 bit of memory. It follows then that a combination of
flip-flops can store as many bits as there are flip-flops, mean-
ing, as an example, that 8 flip-flops can store an eight-bit
word. Such a combination of flip-flops or binary memory
devices is called a register. Normally, to allow the data word
to be fed in serially, flip-flops are connected serially, output
to input. The data is then progressively shifted along the line
of flip-flops to complete the word. In this case, the circuit is
referred to specifically as a shift register. These are described
in more detail in chapter 11.

6

Number Systems

HERE are a number of different methods used to count

in digital electronics. So far, you have been intro-

duced to binary numbers and their use in represent-
ing decimal numbers. Binary numbers have a base of two,
while decimal numbers have a base of 10. Knowing how to
convert from one system to another can be very helpful in
dealing with digital electronic circuits, but operations in
digital circuitry can also be expressed using other number
systems such as the octal number system and the hexadeci-
mal number system. This last number system is especially
important in understanding the operation of microprocessor
circuitry, a field of study that is essential in understanding
today’s microprocessor based electronic equipment.

BINARY CODED DECIMALS

While digital electronic devices think, count, or react in
terms of binary arithmetic (1 or 0, on or off), the human brain
finds it much easier to think and communicate in decimal
numbers. Some method of being able to render binary num-
bers in easily-readable decimal equivalents is therefore
highly desirable, like an in-between system representing
binary coded decimals.
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This can be done quite simply. To represent the ten deci-
mal numbers from 0 to 9, four binary digits or bits are
required as shown below:

Decimal Pure Binary

21 ) 2 )
0 0 0 0 0
1 0 0 0 1
2 0 0 1 0
3 0 0 1 1
4 0 1 0 0
5 0 1 0 1
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1. %o_ 0 1

You can easily write decimal equivalents of 0 to 9 in sep-
arate groups of four bits, using as many groups as necessary
to cover the number of digits in the decimal number. Taking
the decimal number 7,893 as an example, each digit is
treated separately as a number between 0 and 9:

decimal 7 8 9 3
binary coded decimal 0111 1000 1001 0011

This works equally as well the other way. To translate a
binary coded decimal into its decimal equivalent each group
is connected in turn:

binary coded decimal 0101 0011 1000 0111
decimal 5 3 8 7
or 5,387

This particular system is known as an 8421 binary coded
decimal, or 8421 BCD. The numbers here actually refer to the
assigned values or weights given to the respective groups.

g AL Sy——

T,
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Using four groups, as in the example, the weights are:
22=8 2°=4 2'=2 2°=1

A little further study shows that with this method of
grouping, the four bits actually provide 16 possible combina-
tions, only ten of which are used to cover the decimal num-
bers 0 to 9. In other words, six of the combinations are
redundant, or unnecessary. This is shown in TABLE 6-1. As
you can see, the decimal numbers 0 to 9 can be represented
using 4 bits. Notice that 1001 is the largest 4-bit group in this
8421 code. This code does not use the numbers 1010, 1011,
1100, 1101, 1110, 1111. If any of these numbers appears in a
digital machine using this code, an error has occurred.

Table 6-1. Decimal, 8421, and Binary Comparisons

Decimal 8421 Binary
0 0000 0000
1 0001 0001
2 0010 0010
3 0011 0011
4 0100 0100
5 0101 0101
6 0110 0110
7 0111 0111
8 1000 1000
9 1001 | 1001

10 0001 0000 1010
11 0001 0001 1011
12 0001 0010 1100
13 0001 0011 1101
14 0001 0100 1110
15 0001 0101 1111

As you can see, the 8421 code is the same as binary from
0 to 9. This is why it is called the 8421 code. However, with
numbers greater than 9, the 8421 code is quite different from
the pure binary number code. As an example, the binary
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number for 14 is 1110. But 0001 0100 is the 8421 code for the
number 14. In the 8421 code, therefore, every number above
9 is very much different than numbers above 9 in the binary
number code.

In a practical application, say using memory gates or
flip-flops, to locate decimal numbers when fed by the 8421
BCD code (or vice versa), each group of numbers would need
four flip-flops, and each set of four groups would have six
unnecessary (redundant) code combinations, These could be
eliminated by the use of a suitable alternative BCD.

TYPES OF CODES

There are many possible BCD code sequences, with the rela-
tive advantages of each depending on a variety of factors such
as simplicity of circuit construction, operating speed, and
ease of decoding for read-out purposes. Some are weighted
codes while others are not.

Basic requirements of a weighted code are that the
weights must be chosen so that their number is not greater
than 15 and not less than 9. Additionally, one of the weights
must be 1, and another either 1 or 2. For example, some pos-
sible combinations are 7421, 5421, 5211, 2421, and 8421

(already described). The respective group equivalents are
shown in TABLE 6-2.

Table 6-2. Group Equivalents of Binary Numbers

Decimal Pure Binary Binary Coded Decimal

(29 (29 (29 (29 7421 5421 5211 2421
0 0l 0f o] o 0000 | 0000 | 0000 T 0000
1 0Of 0| Oof 1 0001 | 0001 [ 0001 | 0001
2 0Of 0| 1f{ 0 0010 | 0010 [ 0100 | 0010
3 o[ of 1] 1 0011 | 0011 { 0110 | 0011
4 0| 11 0] o 0100 | 0100 [ 0111 | 0100
5 0.0 1l 0.} 1 0101 | 1000 ( 1000 | 0101
6 0] 1 11 0 0110 | 1001 | 1001 { 0110
7 0 1 1] 1 1000 [ 1010 | 1011 | 0111
8 110 0| o0 1001 | 1011 | 1110 | 1110
9 1 iJ 0} G | 1010 | 1100 | 1111 | 1111
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The 7421 BCD code has a particul.ar.advantage in prtfacitl-
cal applications in that it employs a minimum numt):tr onoi:
The figure 1 in a binary device .represex}ts an on s fe, 3
mally drawing current. Thus, this ;:iode is attractive for p

idi inimum current consumption.
wdu;%lznlun_]ﬁ) and 2421 BCD, or any other code wh,ere thti
sum of the weights is 9, yield the property thz}t the 9's ch;)
plement of the number (that is, 9 —'N, where.N is the nun} )
can be obtained simply by invert}ng the ‘bma'ry eqtl)nvz; ;;11.
For example, in 5211 BCD, decupal 6 is given by 6_3).
Inverting this gives 0110 or the decimal number 3. (9- e—s of
This again can be of particular advantage for certain typ
Clmu';‘ﬁee other codes are worth mentioning here. These fﬁe
the Excess Three Code, the Reflected or Gray Code, and te
Johnson Code. The Excess Three code is a self—complirpen -
ing code obtained by adding 3 to ea.ch group of the b}nary
code. It is very useful for performing decimal or : u:ilary
coded decimal arithmetic. The Reﬂecteq or Grfay code is 4 SO
widely used, particularly in digital. shift posmon encoders
as it incurs only one digit change in passing fr(?m alrg omi
combination to the next. The Johnson code is quite d erer;
as this is an unweighted code, particulfirly'adapted t((i) c01(1in(i
ing because of the simplicity with whu;h it can_be ect)hrz
into decimal. TABLE 6-3 shows the equivalents in the e
codes for decimals 0 to 9.

Table 6-3. Equivalent Numbers in Three Different Codes

i hnson
Pure Bin Excess | Gray | Jo
(23 r22) (;r)y (2°)| Three Code| Code | Code

0011 0000 | 00000
0100 0001 00001
0101 | 0011 | 00011
0110 0010 | 00111
0111 0110 01111
1000 0111 11111
1001 0101 11110
1010 0100 | 11100
1011 1100 ! 11000
1100 1101 10000

Decimal

- 200000000
OO 2= =2a20000
OO 200 =-=200
S OS2 O=0=-0=0

©CoONOOMPL,WN=O
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PARITY BITS

When the code used containg redundancies, the appearance
of a redundancy number indicates an error. For example, the
appearance of 1111 when using 8421 BCD indicates an error
since no such number exists in the code. Errors produced by
dropping or gaining a digit in the same code group, however,
are not apparent as they still show valid combinations. The
same is true of all codes used having no redundancies.

The simplest method of error detection is to add an extra
bit, called a parity bit, in each group, giving this a value of 0
or 1 to make the total number of 1s in each group either odd
or even. Should an error occur, this immediately shows up by
the fact that the number of digits in the group will no longer
be odd (or even).

The limitation of this is that only single errors show up.
Two errors occurring in the same group return the sum of the
digits to odd (or even) and show as correct. Three errors in
the same group again indicate an error, but not whether a sin-
gle or triple error occurred.

To check blocks of information the readout can be
arranged in the form of a matrix, Parity checks are then made
on the rows and columns, including the extra row formed by
the column parity check (which also needs it own parity bit).
An example of odd parity could be shown using the decimal
number 8732. The normal 8421 BCD would be:

1000 0111 0011 0010

Adding an odd parity bit means that the total number of
1s in each four-bit group becomes an odd total. The decimal
number 8732 with an odd parity bit added to the end of each
four-bit group then becomes:

10000 01110 00111 00100

TABLE 6-4 shows the number 8732 in a manner in which
the odd parity bit may be seen in a somewhat simpler man-
ner. TABLE 6-5 is an example of the 8421 code for decimal

Other Number Systems

Table 6-4. An Example of Odd Parity

Parity Total
Decimal BCD Bit Bits
8 =-1000 0 odd, OK
7 =-—0011 1 odd, OK
3 =-0011 1 odd, OK
2 =-0010 0 odd, OK

Table 6-5. Odd Parity for the 8421 Code

8421 Code

Added Bit

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

S OO L OO0 =

numbers 0 to 9 and the added bit that is necessary for odd

parity.

In actual digital circuitry the probabili.ty. of bit errors is
actually very small. If an error does oceur, it is most hkely a
one-bit error. However, because the possibility does exist,
other methods of detecting multiple bit errors are used. One

91

of these is the Diamond code. The Diamond code is designed

to detect multiple errors using the property of all numbers
which obey the formula 3n+2. The checl$ is made by' sub-
tracting 2 from the combination and dividing the r.ema-xmde.zr
by binary 3. If there is no remainder, the combination is

valid.

OTHER NUMBER SYSTEMS

‘ ') .
In most cases when you hear the word ‘‘number,”’ you imme-

diately think of decimal numbers. That is because you have
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learned to add, subtract, multiply, and divide in a number
system that has a base of 10. Of course, you are now becom-
ing more familiar with the binary number system but other
methods used to represent numbers do exist. They are rooted
in the binary number system but represent decimal numbers
differently than does the 8421 code or the binary code. Two
of these are discussed next.

Octal Numbers

The octal system is a numbering system with a base of 8.
This means it has eight digits, 0 to 7, relative to the decimal
system, although decimal 10 equals octal 8. The advantage of
octal numbers is that they can be written as groups of three
binary digits, called binary triplets. Thus, conversion from a
binary number to an octal number is direct and straightfor-
ward as shown below:

Octal Binary Triplet
000
001
010
011
100
101
110
111

NOU WM = O

To convert a binary number into its octal equivalent, the
binary number is broken down into groups of three, or trip-
lets. If necessary, zeros are added in front of the number to
complete a set of triplets. The corresponding octal number
then follows from the equivalent of the various triplets. An
example is shown here:

Binary 10110011
group in triplets 10 110 011
add zero to complete 010 110 011

corresponding octal numbers 2 6 3
Therefore the octal number equals 263,

T — -
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Notice that this is not the decimal number. To convert
the octal number 263, to its decimal equivalent, remember
that each digit in the octal system corresponds to a power of
8, just as in the binary system where each digit correspor.ld.s
to a power of 2. In octal numbers, the weights of the digit
positions are as follows:

8? g 8 8
(512 64 8 1 = decimal equivalents)

Therefore, to convert any octal number to a decimal
number, multiply each octal digit by its weight and add tpe
resulting products. In the case of the octal number 263,, its
decimal equivalent becomes:

2(87) + 6(8") + 3(8°) = 128 + 48 + 24 = 200,,

Therefore, the decimal equivalent of the octal number 263 is

200. J '

Octal numbers can be used to check computer arithmeti-
cal solutions by comparing the answers obtained by the tV\{O
numbering systems. A worked out example should make this

clear.

Binary Sum Octal Sum
110 6
+010 +2
1000 10
001 000

1 0 octal equivalent

The two octal numbers agree—the one derived directly
by octal number working and the other extracted as the octal
equivalent of the binary sum solution. Thus, the binary
arithmetic is correct.

Hexadecimal Numbers

Hexadecimal numbers are numbers with a base of 16.
After the number 9, letters A through F are used as shown in
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TABLE 6-6. After the letter F, 2-digit combinati

taking the second digit followed %y the fti)rzattili(gilts atll;:; :lelg
second digit followed by the second digit, and sc; on. This
means that the next number following F is 10, then 11. to 19
follov‘ved by 1A to 1F, then 20 to 29, then 2A to 2F, and so on

The importance of hexadecimal numbers cann:)t be over:
stated. In the study and understanding of Iicrocomputers,

hex numbers are essential in .
rogramm Ty
troubleshooting. prog ing, designing, and

Table 6-6. Hexadecimal Conversion Table

Decimal Binary Hexadecimal
0 0000 0
1 0001 1
2 0010 2
3 0011 3
4 0100 4
5 0101 5
6 0110 6
7 0111 7
8 1000 8
9 1001 9
10 1010 A
11 1011 B
12 1100 Cc
13 1101 D
14 1110 E
15 1111 F

To convert a hex number to a binary number, simply con-

vert each hex digit to its 4-bit equi exam
quivalent. As
convert 6BD to binary: v gl

6 = 0110
B = 1011
D = 1101

Therefore 6BD,, = 0110 1011 1101
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To convert a hex number to a decimal number you can
either convert the hex number to a binary number first, then
convert the binary number to the decimal number, or you can
go directly from hex to decimal if you know the weights of
the powers of 16. As an example, to convert C5F2 to decimal:

C5F2 C(16°) + 5(16%) + F(16') + 2(16%)
12(16°) + 5(16?) + 15(16") + 2(16%)
49,152 + 1,280 + 240 + 2
50,674

Most of today’s scientific calculators are capable of con-
verting from octal to binary, binary to decimal, and every
combination in between. However, scientific calculators are
not always readily available so it helps to know how to manu-
ally perform these conversion operations.

In the application of microcomputers, numbers made up
of eight bits each are located in certain areas of memory
known as addresses. If you want to retrieve a specific binary
number from memory, you need to know its address. For a
microcomputer that can store 65,536 eight-bit numbers, the
address locations in binary would be 0000 0000 0000 0000 to
1111 1111 1111 1111. These would be address locations for
the decimal numbers 0 through 65,535. But in hex, the
addresses are 0000 through FFFF. As you can see, a great
deal of time and energy can be saved using hex numbers.

HANDLING FRACTIONS

In the decimal system fractions are, of course, simply desig-
nated by a decimal point. Fractions are thus expressed in
negative base values, such as 10, 10, 107, etc. Exactly the
same principle applies with any other numbering system
although the resulting fractions will have quite different val-
ues. In the case of the binary system, for example, the nega-
tive base values are 2, 2, 27, etc., the corresponding
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fractions being 1/, 1/, 1 _
] » /4, Ha, etc. Here are some t L
parisons: . ypical com

Decimal
10° 10° 10° 107
(MYa)e oW1 voagee g
(V2% Wi S =50
(e R W6y e fglllil! g
()™ g, ez « g e,
(1) 1. o o o
Binary
20 2-1 2-2 2-3
0. o 0 0
0. | 1D I 0
0. 1 0 0
0. 1 il 0
Hon=S5(C, 0 0
Octal
8° gt g
(i) SIS g F 4
Gle) s o2t 5
[B78) A
(*/4) 0. 6 o
(1 1 0 0

One point which arises is that to express i
e>_(af:t.ly, the denominator of the fraction le)lust bae f;’;‘(‘;&g;
divisible by the base of the system. Thus the binary system
can accommodate all fractions whose denominator is divisi-
ble by 2. It cannot, for example, accommodate /5 as an exact
value—nor can the decimal system (1/3=0.3 recurring).

7

Digital
Clocks

HERE can be little doubt that timing circuits, called
I clocks, are an essential part of nearly all digital
circuits. Clock circuits perform a number of func-
tions. There is usually a master clock that is the source of
pulse trains used to determine the speed at which a system
operates, determines how long it takes to perform an opera-
tion such as addition, and ultimately controls all of the oper-
ations in the digital system. There are also subordinate clocks
that use the master clock pulses as an input and provide out-
put pulses that may be, depending upon their function,
phase shifted or of a different frequency from the master
clock. Clock circuits may also be referred to as strobe cir-
cuits. Basically, therefore, a clock as used in digital circuits
is an oscillator which generates square waves or pulses
(unlike a radio oscillator which generates sine waves). See
FIGS. 7-1 through 7-4.
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o o Seconds Minutes Hours
| 60 Hz aliE Counter M Counter mr Counter
In
o——1 -60 ~ -60 -60 - 12
‘ /\/ 1 Hz/sec. 1 Hz/min. 1 Hz/hr.
Fig. 7-3. Basic block diagram of frequency division for digital clock.
Push to:
Set Hours Set.Minutes Set Seconds
Input :
’ ‘ ~12 60 > -60 nY
v, 1Hz
a Decoder/ (ﬁeac'oder} Becoder?
Driver LDriver Driver
Output
Fig. 7-1. Basic Schmitt trigger circuit and in I i L,
acteristics, R1A2 io o Voltzzggie;i?ﬁ:rn ?:_d Input and output char- L I (I
(R1 + R2). 8iving a feedback factor of R2/ Hours Minutes Seconds
Fig. 7-4. Simplified block diagram of a digital clock.
AR .
' OPERATIONAL AMPLIFIER CLOCKS
Op amps combined with an integrator can readily perform
Logic 1 the clock function in some digital circuits as shown in FIG. 7-5.
In this circuit the output is either +V or —V. The op amp

Schmitt Trigge i
I o works as a comparator, comparing the input voltage V1 with

a standard reference voltage V;, V, being in the form of feed-
back from the voltage divider provided by R,, R,. If V, is more
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+VR°—-

Fig. 7-5. Simple square wave generator.

positive than V,, then Vi = +V. The capacitor C then
charges to +V, when after a period of time the comparator
output reverses and the capacitor charges to ~ V. The result is
a square wave output with a time interval determined by the
values of R, and C (the integrator part of the circuit). In prac-

ti.ce, fru:nximum pulse frequency obtainable from such a basic
circuit is of the order of 10 kHz.

IC OSCILLATORS

A CMOS version of a ring oscillator is shown in Fig. 7-s. This
cloc_k circuit uses 4069 CMOS inverters connected in a loop
or ring through R1 and R2. The frequency of this circuit is
determined by the following equation:

f= 1
2C(0.405R,, +0.693R,)

s
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Fig. 7-6. A 4069 IC configured as a CMOS ring oscillator.

Some IC waveform generators provide square, triangular,
and sine wave outputs simultaneously; one example is the
L8038. It can also be phase locked to a reference. A working
circuit for this IC is shown in FIG. 7-7. Square wave amplitude
is of the order of 0.9 volts. The frequency is set by R and C
and is calculated by:

0.15
x C

frequency =

An alternative IC which provides both square and trian-
gular waveform outputs is shown in FIG. 7-8. Here the fre-
quency is given by:

TR Y 2(+V - V)
e Ryx: Gy % Vs
MONOSTABLE MULTIVIBRATORS

Multivibrators are analog rather than digital devices, but
they are readily capable of working as pulse generators. A
monostable multivibrator has one stable state and one quasi-
stable state. Starting in its stable state, a triggering signal
transforms it into its quasi-stable state when, after a certain
period of time, the circuit returns to its stable state. Thus the
output is in the form of a pulse width equal to the circuit




102 Digital Clocks

+V

*ﬁjIj—*' —0 (10-12 Volts)

A
| I
™2 53

4 5 6 7

LB038
14 13 12 11 10 9 g

T

L JUL

Fig. 7-7. IC waveform generator providing sine, triangular, or
Square wave outputs.

delay time. A further triggering signal is necessary to gener-
ate another pulse, and so on, Because of this, it is known as a
one-shot multivibrator.

A practical circuit is shown in Fig, 7-9. This is a 555
timer connected as a monostable multivibrator. For each neg-
ative clock edge input, one positive output pulse is pro-
duced. R and C in this circuit determine the width of the
output pulse which may be calculated using the following
equation:

TH = 1.1RC

Monostable multivibrators (one-shots) are also available
in single function ICs. These are the 74121, 74122, and
74123. A circuit using two op amps and capable of generat-
ing both positive and Degative pulses is shown in FiG. 7-10,
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