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Preface

The purpose of this book is to present all the key aspects of logic design as a first
course for undergraduate Electrical Engineering and Computer Science students.
The material has been developed specifically for one semester or course module.

Chapter 1 introduces the concept of a digital system and its application areas. The
concept of a logic signal, which has one of two values, is introduced. All digital
systems use logic signals that take one of two values, 0 and 1, both for control opera-
tions and for numbers (binary numbers). The binary number representation and
binary arithmetic are outlined, in so far as it applies in the design of a digital system.
Being an “essence” book, excessive details on binary numbers such as how to convert
numbers to and from different number representations is given only a passing
mention. References are given throughout to texts that extend the presentation in the
book.

The underlying mathematical basis for a digital system is Boolean algebra, an
algebra which, in this context, defines operations on two-valued variables. Boolean
operations are implemented with logic gates, making the logic gate the fundamental
component of a digital system. Logic gates are described in Chapter 2 with the
relevant Boolean algebra underpinning. At the end of the chapter, quite simple elec-
tronic circuit details of some logic gates are outlined. This section will be of most
interest to electrical engineers. Computer science students could omit the section
without loss of continuity.

Logic gates are called combinational logic circuits because their outputs depend
upon a combination of input values. Chapter 3 explores how to design more complex
“combinational logic” digital systems using logic gates. One of the key aspects in the
design of digital systems is the number and types of gates used. Often a minimum
number of gates is desired. Techniques that lead to a reduced number of gates is
described, notably the Karnaugh map minimization technique. Minimization of very
complex logic circuits is often done by a computer program. Techniques more appli-
cable to computer programs can be found in the list of further reading.

Most digital systems contain memory that can store information about past events.
The response of such digital systems can then depend upon the past events. The basic
logic components having memory are flip-flops which are described in Chapter 4.
Flip-flops form the basis of more complex “sequential logic” circuits which can
create sequences of output values. One very common sequential logic circuit is the
counter whose outputs follow numeric sequences such as binary increasing



sequences. The design of counters is also described in Chapter 4. Knowledge of the
internal design of flip-flops can be found in the list of further reading, though this
detail is often unnecessary since most designs use prefabricated flip-flops or standard
designs.

Chapter 5 continues the design of sequential circuits. The method of producing a
design starting with a state diagram is described through the use of examples. All the
designs considered are so-called synchronous sequential logic circuits, those which
are controlled by an external clock signal. Synchronous sequential logic circuits
form the vast majority of designs because of the simplicity of timing operations with
a clock signal. The design of asynchronous sequential logic circuits, which do not
use a synchronizing clock signal, is described in the list of further reading.

Chapter 6 is devoted to one logic device family, the programmable logic device
(PLD). PLDs are logic components that have alterable internal connections which
enable various logic designs to be implemented totally within the device. PLDs are
widely used to reduce the number of components and the cost. PLDs have to be “pro-
grammed” to obtain the desired internal connections. This programming is specified
using a PLD programming language as described in Chapter 6. Sufficient details of
a PLD language are given to enable designs to programmed. Complete details of
PLD languages can be found in the further reading.

The final chapter, Chapter 7, introduces the area of logic circuit testing to detect
faults that might have occurred during manufacture or subsequently. Testing is
extremely important but has been omitted from many previous texts on logic design.
Proper consideration should be given to manufacturing a working system as well as
obtaining a logically correct design, and testing should be part of the design process.
Chapter 7 is intended as a overview of the important techniques. More details of
testing can be found in specialized texts listed in the further reading section.

As can be seen from the description of the chapters, there are several pointers to
where the material can be developed. A solutions manual is also available to instruc-
tors.

I wish to record my continued appreciation to Christopher Glennie of Prentice
Hall for his guidance throughout the preparation of this book, and his work in
obtaining constructive reviews of the manuscript. I also wish to thank Jacqueline
Harbor for handling the manuscript in its final stages and all of the Prentice Hall
production staff for their professionalism. Finally, I thank the anonymous reviewers
for their efforts and helpful comments. I would greatly appreciate any further
suggestions or corrections to be send to me at abw@uncc.edu so that they can be
incorporated into subsequent printings of this text.

Barry Wilkinson
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CHAPTER 1

Digital systems and the representation
of information’

Aims and objectives?

The purpose of this chapter is to establish the elements of a digital system and its
application areas. The main part of this chapter concentrates upon how information
is represented inside a digital system. The concept of a logic signal having two values
is introduced and it is shown how such two-valued signals can be used to represent
both control actions and numbers-.

1.1 The realm of digital systems?
A digital system is often designed to satisfy two closely interrelated tasks®:

1. To control apparatus®
2. To perform calculations’.

A digital system might perform some calculation and, on the basis of the result, take
certain control actions® Examples of such digital “control” systems would be a
system to control (a) industrial equipment and (b) an automobile®.

1.1.1 Control applications

Let us start with a simple industrial control application of controlling the amount of
material held in a hopper, as shown in Figure 1.1. The task here is to maintain
material in the hopper between level L1 and level L2. The material is taken from the
hopper at intervals. The digital control system controls a flow valve supplying
material to the hopper. Two sensors are provided, one to detect when the level L1 is
reached by the material in the hopper, and one to detect when level L2 is reached by
the material. Each sensor generates a signal when the material has passed the level
set by the sensor. This signal would typically be a voltage, say 5 volts, to indicate that
the material has passed the sensor"and perhaps 0 volts to indicate that the material
has not passed the sensor. Hence the input signals have two values, one to indicate
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Figure 1.1  Controlling flow of material into a hopper !

the presencezof material and one to indicate the absence’of material. The flow control
valve will also be controlled by a two-state signal} ON and OFF in this case. For
example, a 50 volts signal might turn the valve on and O volts might turn it off. The
flow valve is to be turned on when the material is below L1 and kept on until L2 is
reached when the valve is turned off. Again the valve is kept off until the material
drops to L1 The digital system must generate a signal which implements this “algo-
rithm®”. The signal has two values, one for ON and one for OFF.

Two levels are sensed in the system so that material can be allowed into the hopper
for a reasonable period. Maintaining a single level by turning the valve on when
below the level and turning the valve off when above the level would create a
situation where the valve would be continually turned on and off.

Logic signals and functions®

In subsequent chapters, we will study how to design a digital system such as that
shown in Figure 1.1. The important point to observe here is that the input and output
signals have two values, and two voltages will be used, one for each value. The
digital system itself might use 5 volts and 0 volts to represent the two values. Rather
than refer to specific voltages, we will refer to two-valued logic signals? The digital
system will be designed with components that can accept two-valued logic signals
and generate two-valued logic signals'."'l’he two values in our example correspond to'
ON and OFF. Sometimes the terms TRUE and FALSE are used, e.g. the signal from
sensor 1 is TRUE when the material level is above level 1, and FALSE that the
material level is below level 1. TRUE corresponds to ON and FALSE corresponds to
OFF. The numerical values 1 and 0 are usually used in place on TRUE and FALSE
in logic design; 1 corresponds to TRUE and 0 corresponds to FALSE. Table 1.1
relates the situation here and the corresponding “logic” signals.
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Table 1.1  Logic signals

Control situation  Logic voltage Switch  Logic value
Below level oV OFF FALSE O
Above level 5V ON TRUE 1

Positive and negative logic representation’

The actual voltages used in a system are typically 0 volts and 5 volts, but can be lower
notably for the internal gates of complex components such as microprocessors?
Given two voltages, say 0 volts and 5 volts, we must decide which voltage will be
used to represent which logic value. For example, we could use 0 volts to represent
alogic 1 and 5 volts to represent a logic 0. Whatever decision is made concerning the
voltages, the same voltages are used throughout the system. Usually the higher
voltage is chosen to represent a logic 1 and the lower voltage used to represent a logic
0 (e.g. 5 volts = 1 and 0 volts = 0). This is known as positive logic representation. An
alternative is to use the higher voltage to represent a logic 0 and the lower voltage to
represent a logic 1 which is known as negative logic representation. It is possible to
use both positive and negative logic representations in a single logic system®(while
still using only two voltages). Using both representations in the same system is know
as mixed logic representation? Then a special notation is needed for naming logic
signals (see Fletcher, 1980 or Tinder, 1991).

Logic functions

To be able to develop the “algorithm” or logic function for a digital system, logic
signals must be represented by names just as in algebra’ For example, the two inputs
in Figure 1.1 might be called S; and S, (for sensor 1 and sensor 2 respectively). The
output might be called Z. In Figure 1.1, a second output signal is shown, a signal indi-
cating that an error has occurred. An example of an error condition would be sensor
1 showing the material below level L1 and sensor 2 showing the material above level
L2, which is of course impossible if all the components are working. Let the error
output be E. The “algorithm” for the error signal is:

E=1ifS§;=0and §;=1
This logic function can be written in a two-valued algebra called Boolean algebra®:
=55,

In this notation, S; will be a0 when S; is a 1 and §; will be a 1 when S, is a 0. The
dot (-) corresponds to “and”.

There could be more than one error condition, say E, E, and Ej, each of which
indicates an error. If E; isa 1 or E; is a 1 or E5 is a 1, we might want a general alarm’
to be sounded. The algorithm for this alarm is:

1 IEfUEEER
2 R Gl Y i R ol OV
FLSV AH A K26 57 A= 21 1 4n
FRCAL AR () PN e s 1 52 Bk
ERAIE S ITEE N

3 W &R4E, RVFIE U2 R
H.

& il 5.5 0 1T P2 8, F
O

5 @R

R BT R G ﬂi'J ""*T A
ol 4 PR R, 152 A e A
4R, X Jﬂ‘rﬁlﬂﬁ(fhﬂl
[l

6 Aji A

7 i



4 B Rl (BB IR)

LA ZRARE ) = R A IS 5T,
2 ek,

2 214 3% e 1 DR o 10 A o
(R 2R T f A8 hE 1) B st g
HMif45 .

3 PRA L % LA T 1 2 AR
{6, BT LA %t pR A Z 1 ik 5K
LA ARt

4 [y 22 e % DR A S A
'.?r”a"h!f?}d’F A I R A
ﬂ: 4524

5 5% I’I’J

6 ikt

73X T v ) O S 0 Bk e
.‘Eﬁffu,ﬂfifﬂ,{i AT E Ak
PRI BEL KA 1 AS P S i
ERISPI i

8 Vi KL

9 ffi 4z BhHLYE RE B Af i 4 i) 55
W H TR T A 48 4 ik L 1
HOREFEENN AL

10 °F [ 88

11 W42 F it

12 HLE

13 J155 S gL ik

14 K S8 5 V130 F ) o] 4 A 3
15 AFIAE ST MU fif 8 v 1)
FEIT

Alarm = 1ifE;=1orEy=1o0rE;=1.
The logic function for the alarm is written in Boolean Algebra as:
Alarm = E| + E; + E;

Here + corresponds to “or”. In fact, we have now introduced the three fundamental
operations of Boolean algebra, AND (:), OR (+) and NOT (—)f From these opera-
tions, we can create any logical function. The full range of this algebra will be
developed in Chapter 2. For the controller application, we need a logic circuit having
two inputs, S, and S, and a single output, £, which willbe a 1if §; =0and S, =1,
otherwise E = 0. This requires a so-called combinational logic circuit because the
output value will depend upon certain combinations of input values? The alarm
function is also implemented with a combinational logic circuit.

The function for the output, Z, is slightly more complex as it requires the circuit
to memorize logic values’ Z will change to a 1 when S, = 0 but does not change back
to a 0 when S, = 1 but only when S, = 1. This is a so-called sequential logic circuit,
because generally the outputs of such circuits will follow sequences? Designing such
logic circuits is addressed first in Chapter 4.

Calculations

More elaborate’control applications might use sensors which take measurements.
There might be a sensor which measures temperature. The material in our hopper
might need to be maintained at a specific temperature by the use of heating elements.
For example, the heater"might be turmed on when the temperature is below 40°C and
kept on until a temperature of 45°C is reached. The heater is then turned off until the
temperature has fallen to below 40°C. This is a very similar algorithm to that used to
control the hopper, except now we need to handle numbers rather than simply ON/
OFF values! In this and other applications, there might be many measurements and
complex calculations necessary based upon the measurements. For example, a
modern automobile cnginesis usually controlled internally by a digital system. Here
the control of actions within the engine for optimum performance are dependent
upon several variables including the current speed, the load, temperature, etc? Again,
we now must operate upon numbers, not just two-valued logic variables.

Digital computer

Performing calculations in a semi-automatic way has long been a desire to relieve the
burden of manual calculations!'A mechanical'¢alculator was devised by Babbage in
the 1850s, and electronic versions began to be developed during the second world
war, for example to calculate paths of projcctilcs'.JBabbagc conceived the idea of a
universal programmable calculator, ‘the electronic version we now call a “digital
computer”. The digital computer represents one of the most complex digital systems,
a system which manipulates numbers and calculates values from _these numbers
using a program of steps stored in the memory of the computer *Most complex



