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Preface

Developments in the technology of integrated circuits during the last decade have
caused major changes to be made in the field of digital electronics and micro-
computing. These advances have led to the widespread use of electronic calcula-
tors, digital watches, and electronic games in the social and domestic field, and to
digital multimeters (DMMs), digital frequency counters, digital panel meters
(DPMs), direct digital control of industrial processes, programmable logic control
(PLC), and the microcomputer—enabling industrial control apglications to be
solved at costs which can no longer be ignored.

This text is written to meet all of the objectives of the TEC Units: Digital
Techniques 2, Digital Techniques 3A; and Digital Techniques 3B. In addition to
the TEC requirements, the tex: is useful for a wide range of technicians and
engineers who are interested in gaining some expertise in the.use of digital
electronics.

In the field of Digital Techniques, and in Microcomputing, it is essential that
the non;mal learning process is complemented by ‘hands-on’ practical development.
This text is prepared so that the diagrams can be interpreted as ‘practical circuits’;
a Digital Trainer is, manufactured by Beal-Davis Electronics Ltd., 18A Friar
Street, Worcester. This equipment is demgned to provide all the necessary
power supplies, binary signals, pulse generators, and monitoring capability
required to satisfy all of the objectives in this text.

Many examples are included in the text, each chapter concluding with
exercises. Answers to numerical exercises are included in the Appendices.

I sincerely acknowledge my gratitude to all those who have contributed to
the realization of this book, in particular to my wife, for her patience and efforts
during the preparation and typing of the manuscript.

Barry G. Woollard
Longdon, Staffs.
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1 Binary arithmetic

1.1 Numbering systems

Many different numbering systems are in common use. These have evolved out
of the need to simplify the human operator’s task in reading and writing data
(information) and coded instructions to digital electronic control equipment
and to computer systems. A digital code is a system of symbols that represent
data values and make up a special ‘language’ that permits information to be
communicated, stored, and manipulated by digital circuits and computers.

The number of characters (digits, symbols) used in a system is known as its
base, or radix. Other numbers are ‘constructed’ by giving different ‘weights’ to
the position of the digit relative to the ‘decimal’ point. The ‘weights’ of the
different positicns are given by powers of the radix, which, in general is:

R* R* R* R' R - R* R?* R3 R

(a) Denary numbering system. Although the denary system is very widely
understood, it is helpful to examine it here to appreciate the ‘construction’
technique used, so that numbering systems which are unfamiliar can be
better understood.

The radix is 10, i.e., ten symbols are used to represent the quantities O
(zero) through 9 (nine). Positional weights are powers of 10:

104 100 10* 10 10° - 107! 107

EXAMPLE 1.1
23456310 = 2x10°+3x10°+4x 10" +5x10°+6 x 107 +3 x 1072
= 2x1000+3x100+4x10+5x1+6x0.1+3x0.01
= 2000 +300 +40+5+0.6 +0.03
= 234563,

(b) Binary numbering system. This system is very widely used in logic and
computing, and is the basis of machine code language used with computers.
The radix is 2, i.e., two symbols are used to represent the quantities 0

and 1. Positional weights are powers of 2:

2T 25 28 28 23 2% 2t 20 . 71 g% 973 oA



2 DIGITAL TECHNIQUES
EXAMPLE 1.2
11101011-101; = 1x27+1x25+1x25+1x2% +1x2'+1x2°
+1x27'+1x273
= 128+64+32+8+2+1+0.5+0.125
= 23562540
(¢) Octal numbering system. This system has been widely used in computer

systems, due to the ease with which it can be converted to binary and vice
versa. Octal was used in preference to binary, since a given number can be
represented by fewer digits than are required in binary.

The radix is 8, i.e., eight symbols are used to represent the quantities
0 through 7. Positional weights are powers of 8:

g4 g% g g! g . g1 g2 g3

EXAMPLE 1.3
2345635 = 2x8+3x82+4x8 +5x8°+6x8 1 +3x872
= 2x512+3x64+4x8+5x1+6x0.125+3 x0.015625
= 1024 +192 +32+5+0.75 + 0.046875
= 1253.796875,,

(d) Hexadecimal (hex) numbering system. This system has become much more

widely used than octal, due to the advances made in the development of

o microcomputer systems, Hex has replaced the use of octal in most micro-
_computers, due to the reduced number of digits necessary to represent any

partlcular binary number.
The radix is 16, i.e., sixteen symbols are used to represent the quantities
0,1,2,3,4,5,6 7,8, 9 A,B,C,D,E,F:

Decimal Hexadecimal

QUOVWRNANDWR—=O
P OVONONNH W —=O

—



BINARY ARITHMETIC

11 B
12 C
13 D
14 E
15 F

In general:

164 163 162 16' 16° - 167! 167 1673

EXAMPLE 1.4
B6EF-4AH = Bx163+6x16*+Ex 16" +Fx16°+4x16™' + Ax 1672
= 11x4096 +6 x 256 +4x 16+ 15x 1 +4 x0.0625
+10 x 0.00390625
Hex
radix 16,, = 45056 + 1536 + 224 + 15 + 0.25 + 0.0390625

46831.2890625,,

(e) Binary coded decimal (BCD). The binary number system is the simplest
and best system for logic circuits and digital computers. However, the
denary number system is thc most familiar world-wide. Hence, for digital
logic circuits and computers to be able to work in the binary system we
must have a simple method of converting binary to denary and vice versa.
The conventional method using powers of 2 is awkward, and although
computers can be instructed to perform the conversions, human operators
find it timeconsuming to convert long sirings of binary digits into a denary
number,

The octal and hexadecimal systems are shorthand methods of writing
binaries—but they are not a great deal of help in converting them(to denary.

To overcome these problems, several binary codes have been devised
to translate each denary digit into an equivalent 4-bit binary code and vice
versa, some of which are shown in Fig. 1.1.

After a count of 9,,, the BCD weights change by a factor equivalent
to denary 10.

Denary Excess-3 (XS-3) 8421 BCD 2421 BCD 7421 BCD
0 Co11 0000 0000 0000
1 0100 0001 0001 0001
2 0101 0010 0010 0010
3 _ 0110 0011 0011 0011 .
4 0111 0100 0100 0100
5 1000 0101 0101 0101
6 1001 0110 0110 0110
7 1010 0111 0111 1000
8 1011 1000 1110 1001
9 1100 1001 1111 1010

Fig. 1.1 Binary coded decimal (BCD) systems.
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EXAMPLE 1.5

The denary number 79,, may be represented in 8421 BCD as follows:
0111 1001
that is, 80 40 20 10 8 4 2 1
0 1 1 1 1 0 0 1

1.2 Conversions between numbering systems

Digital electronic circuits, microprocessor-based systems, and computers work
in binary numbers and binary digits (bits). Information is often fed into the
above systems in several different forms—including binary, octal, hexadecimal,
BCD, alphanumeric, etc.—and it is therefore necessary to be able to convert
from one numbering system to another.

Many rules have been established for these conversions, but the following
simple procedures can easily be mastered with a little practice:

(a) Denary-to-binary conversion. The binary equivalent of a denary number
may be found simply by subtracting the value of the highest power of
2—the most significant digit, or bit (MSB)—from the denary number and
writing a 1 in that position. The procedure is repeated on the remainder,
progressively, until all binary digits have been formed.

EXAMPLE 1.6
Convert 157, to binary.
157 —
128 = highest power of 2 .. MSB = 1
29 — no 64, next significant bit = 0
no 32, next significant bit = 0
16 - 16, next significant bit = 1
13 —
8 8, next significant bit = 1
5
4 4, next significant bit = 1
1 2, next significant bit = 0
1 1, least significant bit = 1
0

The binary equivalent of 157, is therefore 10011101,

When large denary numbers are to be converted, the above method can lead to
errors, and an alternative is continuously to divide by 2 while noting the
remainder,
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EXAMPLE 1.7

Convert 157,, to binary.

) 78  remainder 1 (LSB)
2) 39  remainder O
2) 19  remainder 1
2) 9  remainder 1
2) 4 remainder 1
2) 2 remainder O

) 1 remainder 0
remainder 1 (MSB)

The binary equivalent of 157, is therefore 10011101,.

The above examples show how whole numbers (integers) may be con-
verted. When the number to be converted is a compound number, i.e.,
fractional part as well as an integer part, the conversion must be performed in
two stages. The integer part is converted separately, as above. Then the frac-
tional part is converted by continuously multiplying the fractional part by 2,
the radix of the binary system; the integer part of each multiplication gives the

binary digits of the solution.

EXAMPLE 1.8

Converting 25.875 to binary.
Dealing with integer part (25;,) first:

2)25

2)12 remainder 1 (LSB)

2) 6 remainder 0

2) 3 remainder 0

2) 1 remainder 1
remainder 1 (MSB)

" 2550 = 11001,
Secondly, deal with the fractional part (0.875,4)
1.750 - 1 50
1 (MSB) 1

» 0.875;0 =0.111,
Thus, 25.875;0 = 11001.111,.
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EXAMPLE 1.9

Convert 158.85;4 to binary.
Considering the integer part (158;,) first:

2) 79 remainder0 = LSB

2) 39  remainder ]

2) 19 remainder 1

2 L remainder 1

2 remainder 1

2) remainder 0

2 1 remainder 0
remainder 1 = MSB

~. the binary equivalent of 158, = 10011110,.

Secondly, dealing with the fractional part:

0.85 x 0.7 x X 0.8 x 0 6 x

2 / 2 / /

1.70 14 1.2
1 1

.. the binary equivalent of 0.85,4 is 0.11011, to five binary places.

Thus, the binary equivalent of 158.85;, is 10011110.11011,, which is
accurate to five binary places.

1 (MSB) 0 1 (LSB)

An error is obviously produced in this conversion. This is, of course,
always possible and in this case a true conversion cannot be achieved. Greater
accuracy can be obtained by extending the number of binary places.

(b) Binary-to-denary conversion. The denary equivalent of a binarv number is
most easily determined by adding the equivalent values (or weights) of
those digits where a 1 exists:

27 28 25 2% 23 2% g1 20 . ™) p—2 P—3 -4 28
128 64 3216 8 4 2 1 05 025 0.125 0.0625 0.03125

EXAMPLE 1.10
Convert 10011101, to denary.
10011101, = 128+16+8+4+1
= 1570 ' “Check with Example 1.7.
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EXAMPLE 1.11

Convert 11001.111, to denary.
11001.111, 16+8+1+0.5+0.25+0.125

25.875;0 Check with Examplg, 1.8.

EXAMPLE 1.12

Convert 10011110.11011, to denary
10011110.11011, 128+16+8 +4; +2+0.5+0.25+0.0625+0.03125

158.84375,,

Note: If this is checked with Exaniple 1.9 it is possible to determine the error
in the denary-to-binary conversion.

(c) Denary-to-octal conversion. Similar techniques to denary-to-binary conver-
sion can be applied here. For this conversion, however, we must contin-
uously divide by 8 and note the remainder.

.. f- EXAMPLE 1.13

Convert 157, to octal.

, 8 )157
8) 19  remainder 5 = LSD
8) 2 remainder3.
0  remainder 2 =-MSD

.. the octal equivalent of 1574 is 2354.

EXAMPLE 1.14

Convert 25.875,¢ to octal. ;
Converting the whole number (integer) part first:

8 )25
8) 3 remainder 1 LSD
0 remainder 3 MSD

.. the octal equivalent of 25 10 is 31g.
Converting the fractional part secondly:

0.875 x
8

7.000  no further remainder

MSD
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~. the octal equivalent of 0.875,4 is 0.7g and the octal equivalent of 25.875;¢
is 31 .73 .
EXAMPLE 1.15

Convert 158.85,4 to octal.

Converting the integer part first:

8)158

8) 19  remainder 6 = LSD
8) 2  remainder3
0  remainder 2 = MSD

.. the octal equivalent of 158, is 2364.

Considering the fraction part:

OSSX/ /04x/02x/706x 08x

6.80 l

6 (MSD) 6 3 1 4 6 (LSD)

Therefore, the octal equivalent of 0.85,, is 0.6631464 to six octal places.
Note again that a true conversion cannot be achieved. Thus, the octal equiva-
lent of 158.85,, is 236.66314634 to six octal places.

(d) Octal-to-denary conversion. The denary equivalent of an octal number is
most easily determined by multiplying each digit by its value of power of
8, and then adding:

8 8 8! g’- 87! 87?2 873 8¢ 8~*
512 64 8 1 0.125 0.015625 0.0019531 0.0002441 0.00003051

EXAMPLE 1.16
Convert 31.74 to denary.

317, = 3x8' +1x8°+7x8!
3x8+1x1+7x0.125
24 +1+0.875
25.875;0

(e) Octal-to-binary conversion. Since 8 (the octal radix) = 23 each single octal
digit can be represented by a 3-bit binary group. The conversion of an
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octal number to a binary number is achieved by writing the 3-bit binary
equivalent of each octal digit.

EXAMPLE 1.17
Convert 2354 to binary.
2 : 31 5y
00! o1} 101,
Thus, the binary equivalent of 2355 is 10011101,.

EXAMPLE 1.18

Convert 31.74 to binary. ‘
3 LI Ts

011 l 01| 111,

Thus, the binary equivalent of 31.7g is 11001.111,.

(f) Binary-to-octal conversion. The binary number is divided into 3 bit groups,
working from the binary point (either to the left or to the right).

EXAMPLE 1.19

Convert 10011101, to octal.
10 i o1t { 101,

2, 31 s
Thus, the octal equivalent of 10011101, is 235,.

EXAMPLE 1.20
Corivert 11001.111, to octal.
i) ooorl
3 1.
Thus, the octal equivalent of 11001.111; is 31.7.

(8) Denary-to-hex conversion. This is achieved by continuously dividing by 16
(the radix of the hexadecimal system) and noting the remainder.
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EXAMPLE 1.21

Convert 157,4 to hexadecimal.

16 )157
16) 9 remainderD = LSD

0 remainder 9 MSD

Thus, the hex equiva;leut of 157, is 9DH.

EXAMPLE 1.22

Convert 25.875@ to hexadecimal.
Converting the integer part first:

16 )25 o
16) 1  remainder 9
0 remainder 1

LSD b
MSD

The hex equivalent of 25,4 is 19H.
Converting the fractional part:

0.875 x
16

* 14,000 -no further digits

E (MSD)
The hex equivalent of 0.875,,, is 0.EH and the hex equivalent of 25.875,, is
19.EH.

(h) Hex-to-denary conversion. The denary equivalent of a hex number is most
easily determined by multlplymg each digit by its value of power of 16
" and then adding:

16' 16-1670 _16.".
16 1 00625 0.00390625
EXAMPLE 1.23
Convert 9DH to denary. :
9x 16" +D x 16°
9x16+13x.1

144 + 13
157,40

9DH
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EXAMPLE 1.24

Convert 19.EH to denary. e
19.BH= 1x16'+9x16° +E x 16!
= Ix16+9x1+14x0.0625
= 25.875,0
(i) Hex-to-binary conversion. Since 16 (the hex radix) = 2%, each single hex

digit can be represented by a 4-bit binary group. The conversion of a hex
number to a binary number is achieved by writing the 4-bit binary equiva-

lent of cach hex digit.
EXAMPLE 1.25
Convert 9DH to binary.
-] D H
1001] 1101, .

Thus, the binary equivalent of 9DH is 10011101, .

EXAMPLE 1.26
Convert 19.EH to binary,
il 9.1 E H
! |
- 0001 | 1001. 1110,
Thus, the binary equivalent of 19.EH is 11001.111,.

(j) Binary-to-hex conversion. The binary number is divided into 4-bit groups,
working from the binary point (either to the left or to the right).

EXAMPLE 1.27
Convert 10011101, to hex,

1001] 1101,
91 D H
Thus, the hex equivalent of 10011101, is 9DH.

« EXAMPLE 1.28
Convert 11001.111, to hex.
% -

0001} 1001 . 1110,
¥ 9 . E H
Thus, the hex equivalent of 11001.111, is 19.EH.



