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FOREWORD

This instructional material is designed to support second-year Sciences and
Technologies (ST) Common-Core engineering students in their introductory digital electronics
curriculum. The content is organized into eight sequenced chapters, progressing from
theoretical fundamentals (number systems, Boolean algebra) to the analysis and application of
standard combinational and sequential logic devices. The primary objective is to furnish
students with a compact, operational knowledge of core concepts—from multiplexers and
comparators to flip-flops and registers—enabling them to competently interface with, construct,
and diagnose basic digital circuits in a laboratory setting. Mastery of these principles provides
the critical groundwork for interpreting technical documentation, modeling circuit timing, and

conducting systematic debugging procedures.



Semestre: 3
Unité d’enseignement: UEF 3.2
Matieére 1: Logique combinatoire et séquentielle
VHS: 67h30 (Cours: 1h30, TD: 1h30, TP :1h30)
Crédits: 5
Coefficient: 3

Obijectifs de 'enseignement:

Connaitre les circuits combinatoires usuels. Savoir concevoir quelques applications des circuits
combinatoires en utilisant les outils standards que sont les tables de vérité, les tables de
Karnaugh. Introduire les circuits séquentiels a travers les circuits bascules, les compteurs et les
registres.

Connaissances préalables recommandées
Aucune.

Contenu de la matiére :

Chapitre 1: Algebre de Boole et Simplification des fonctions logiques 2 semaines
Variables et fonctions logiques (OR, AND, NOR, NAND, XOR). Lois de l'algébre de Boole.
Théoreme de De Morgan. Fonctions logiques completes et incompletes. Représentation des
fonctions logiques: tables de vérité, tables de Karnaugh. Simplification des fonctions logiques :
Méthode algébrique, méthode de Karnaugh.

Chapitre 2 : Systemes de numération et Codage de I'information 2 semaines
Représentation d'un nombre par les codes (binaire, hexadécimal, DCB, binaire signé et non
signé, ..) changement de base ou conversion, codes non pondérés (code de Gray, codes
détecteurs et correcteurs d'erreurs, code ascii, ...), opérations arithmétiques dans le code
binaire.

Chapitre 3 : Circuits combinatoires transcodeurs 2 semaines
Définitions, les décodeurs, les encodeurs de priorité, les transcodeurs, Mise en cascade,
Applications, Analyse de la fiche technique d’un circuit intégré décodeur, Liste des circuits
intégrés de décodage.

Chapitre 4 : Circuits combinatoires aiguilleurs 2 semaines
Définitions, les multiplexeurs, les démultiplexeurs, Mise en cascade, Applications, Analyse de la
fiche technique d’un circuit intégré d’aiguillage, Liste des circuits intégrés.

Chapitre 5 : Circuits combinatoires de comparaison 2 semaines
Définitions, circuit de comparaison a 1 bit, 2 bits et 4 bits, Mise en cascade, Applications, Analyse
de la fiche technique d'un circuit intégré de comparaison, Liste des circuits intégrés.

Chapitre 6 : Les bascules 2 semaines
Introduction aux circuits séquentiels. La bascule RS, La bascule RST, La bascule D, La bascule
Maitre-esclave, La bascule T, La bascule JK. Exemples d’applications avec les bascules : Diviseur
de fréquence par n, Générateur d’'un train d'impulsions, ...

Il est conseillé de présenter pour chaque bascule la table de vérité, des exemples de
chronogrammes ainsi que les limites et imperfections.

Chapitre 7 : Les compteurs 2 semaines
Définition, Classification des compteurs (synchrone, réguliers, irréguliers, asynchrone, cycles
complets et incomplets). Réalisation de compteurs binaires synchrones complets et incomplets,




Tables d’excitation des bascules JK, D et RS, Réalisation de compteurs binaires asynchrones
modulo (n): complets, incomplets, réguliers et irréguliers. Compteurs programmables
(démarrage a partir d’'un état quelconque).

Chapitre 8. Les Registres 1 Semaine
Introduction, les registres classiques, les registres a décalage, chargement et récupération des
données dans un registre (PIPO, PISO, SIPO, SISO), décalage des données dans un registre, un
registre universel, le 74LS194A, les circuits intégrés disponibles, Applications: registres
classiques, compteurs particuliers, files d'attente.

TP1 : Technologie des circuits intégrés TTL et CMOS.
Appréhender et tester les différentes portes logiques

TP2 : Simplification des équations logiques par la pratique
Découvrir les regles de simplification des équations dans 'algébre de Boole par la pratique

TP3 : Etude et réalisation de fonctions logiques combinatoires usuelles
Exemple : les circuits d’aiguillage (MUX, DMUX), les circuits de codage et de décodage, ...

TP4 : Etude et réalisation d’un circuit combinatoire arithmétique
Réalisation d’un circuit additionneur et /ou soustracteur de 2 nombres binaires a 4 bits.

TP5 : Etude et réalisation d’un circuit combinatoire logique

Réalisation d’une fonction logique a l'aide de portes logiques. Exemple un afficheur a 7
segments et/ou un générateur du complément a 2 d’'un nombre a 4 bits et/ou générateur du
code de Gray a 4 bits, ...

TP6 : Etude et réalisation d’un circuit combinatoire logique
Etude compléte (Table de vérité, Simplification, Logigramme, Montage pratique et Essais)
d’un circuit combinatoire a partir d’'un cahier de charge.

TP7 : Etude et réalisation de circuits compteurs
Circuits compteurs asynchrones incomplets a laide de bascules, Circuits compteurs
synchrones a cycle irrégulier a I'aide de bascules

TP8 : Etude et réalisation de registres

Mode d’évaluation :
Controle continu : 40 % ; Examen final : 60 %.
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Chapter 1 Number systems

1.1 Introduction

Digital systems are used to process data and to perform calculations in most
instrumentation, monitoring and communication devices. As physical quantities and signals can
only take discrete values in a digital system, the interpretation of real-world information
requires the use of interface circuits such as data converters.

In general, numbers may be represented in different numeration systems. The decimal
system is commonly used in routine transactions while the binary system is the basis for digital
electronics. Every number (or numeration) system is defined by a base (or radix), which is a
collection of distinct symbols. The representation of a number in a numeration system may be
considered as a change in base. In a positional number system, a value of a number depends on
the place occupied by each of its digits in the representation.

1.2. Decimal numbers
The decimal number system uses the following 10 numbers or symbols: 0, 1, 2, 3,
4,5,6,7,8,9. The radix is thus 10.
EXAMPLE 1.1 — Decompose the numbers 734 and 123 into powers of 10.
The decomposition of the number 734 takes the form:
734 =(7 X 10%) + (3 X 10% + (4 X 10°
= 73410
For the number 12345, we have:
123 =(1 X 10%) + (2 X 10Y) + (3 X 109
= (123)10
Depending on its position, each number is multiplied by the appropriate power of 10. The right-

most digit represents the unit digit.

1.3. Binary numbers

Binary number system is based on two-level logic, conventionally noted as O (low level)
and 1 (high level). It is a system with a radix of two.
Bit: is an abbreviation of the term ‘binary digit’ and is the smallest unit of information. It is
either ‘0’ or ‘1°.
A byte: is astring of eight bits. The byte is the basic unit of data operated upon as a single unit

in computers. A computer word is again a string of bits whose size, called the ‘word length’ or
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Chapter 1 Number systems

‘word size’, is fixed for a specified computer, although it may vary from computer to computer.
The word length may equal one byte, two bytes, and four bytes or be even larger.

The binary code that is then obtained for a positive number is called a natural binary code.
The right-most bit is called the Least Significant Bit (LSB), while the left-most bit is called the
Most Significant Bit (MSB).

EXAMPLE 1.2. — Convert the decimal numbers 13 and 125 into binary numbers.
The decomposition of the number 13 in powers of 2 is written as:
1310=(1 X 29)+ (1 X 29+ (0 X 2Y + (1 X 29

= (1101)2

1.4. Octal numbers
The octal number system or a representation with radix eight consists of the following symbols:
0,1,23,4,5/6,7.
EXAMPLE 1.3. Convert the decimal numbers 250 and 777 to octal numbers.
In radix 8 representation, the number 250 takes the form:
25010 = (3 X 82) + (7 X 81) + (2 X 89)
=372
In the case of the number 777, we have:
T7710=(1 X 8)+ (4 X 8+ (1 X 8)+ (1 X 89
=1411g
The right-most digit is called the least significant digit (LSD), while the left-most digit is called
the most significant digit (MSD).

1.5. Hexadecimal numbers

The hexadecimal number system or a representation with a radix 16 consists of the
following symbols: 0, 1, 2, 3,4,5,6,7,8,9,A,B,C,D, E, F.
EXAMPLE 1.5.— Convert the decimal numbers 291 and 1000 to hexadecimal.
The number 291 is represented in radix 16 by:
29110 = (1 X 16%) + (2 X 16%) + (3 X 169
= 12316

For the number 1000, we obtain:
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Chapter 1 | Number systems

100010 = (3 X 162) + (14 X 16%) + (8 X 169
= 3E81s

1.6. Representation in a radix B

In general, in radix B representation, a decimal number N may be decomposed as

follows:

Nio=bn1B" 1+ - .+ bB? + b1B! + boB° [1.1]

= Z?:O bl'Bl

Where B > 2. Thus, the decimal number N is represented in radix B with n digits bn-1- - - b2b1bo.
Using n digits in a radix B numeration, we can code the decimal numbers from 0 to B" 1.

1.7. Transcoding

A) From decimal to any number system

In practice, the conversion of a decimal number to any number system can be carried out by
reading, from last to first, the remainders of a series of integer divisions as illustrated by Figures
11.to1.2.

13 |2
LSE lf’li
\03|i
1 e
MSE 1
o

Figure 1.1. Decimal-binary conversion using successive division methods

250 |8 777| 8
LSD 2 LSD 1
31|8 97 |8
\ ri 1
3|8 12| 8
MSD 3 4
0 1 |8
MSD 1

Figure 1.2. Decimal-octal conversion using successive division methods
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Chapter 1 | Number systems

291 | 16 1000| 16

LsD 3 IS\E L5D EGZ\E
N | 16 N 3 16
MSD 1 0 MSD 3 0

Figure 1.3. Decimal-hexadecimal conversion using successive division methods

B) Binary—Octal and Octal-Binary Conversions

Octal numeration may be deduced from binary numeration by grouping, beginning from
the right, consecutive bits in triplets or, conversely, by replacing each octal number by its three
corresponding bits. The Os can be added to complete the outside groups if needed.

We take the three-bit equivalent because the base of the octal number system is 8 and it
is the third power of the base of the binary number system.
We have : 23=8
Example :

Find the octal equivalent of the binary numbers (1010101), and (10000001);
1010101 = 001 010 101 = 125¢
B

1 2 5
10000001, = 010 % 001 = 201g
2 3] 1

Find the binary equivalent of the octal numbers (123)s and (456)s.
(123)s = 1 2 3  =001010011,

A
[

001 010 ‘o011
456)s = 4 5 6  =100101110;
100 ‘101 110

C) Hex-Binary and Binary—Hex Conversions:
Binary to hexadecimal conversion is done by grouping the bits representing the binary four by
four and beginning from the right, conversely, replacing each hexadecimal digit by its four
corresponding bits.
EXAMPLE

A) Convert the decimal numbers 31 and 2988 into binary and hexadecimal.

111115 = 0001 1111 = 1Fis = 314

1 15=F
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Chapter 1 Number systems

2 9885 = 1011101011005 = 1011 1010 1100 = BAC14

11=F 10=4 12=C

B) Find the binary equivalent of the hex numbers (123)1s and (456)1s.

(1235 = 1 2 3  =00010010001L,
0001 0010 0011

@456)5 = 4 5 6  =010001010110;
01000101 0110

1.8. Representation of the fractional part of a number

A number is usually made up of an integer part and a fractional part, whose value is
lower than 1. The fractional part of a number may be expressed as the sum of the negative
powers of the radix of the numeration system.

The fractional number 0.59375 is written in decimal representation as follows:

0.5937510 = (5 x 101)+(9%102)+(3%10%)+(7x10)+(5%x107).

=0.10011>

The practical method to convert the fractional part of a number consists of carrying out
a series of multiplications while extracting the integer part each time.
A) Conversion of fractional decimal number to binary:
Successively multiplying byradix 2 and retaining the integer part of the result each time.
Example Convert the decimal number 0.59375 to binary:

0.59375 x2=1.1875 Integer part 1 (Most Significant Bit : MSB)

0.1875 x 2=0.375 Integer part0

0.375 x2=0.75 Integer part0

0.75 x2=15 Integer part 1

0.5 x2=1.0 Integer part 1 (Least Significant Bit: LSB)

0.5937510 = 0.100112
B) Conversion of fractional binary number to decimal:
0.100112= (1 x 271)+(0 x 22)+(0 x 23)+(1 x 27H)+(1 x 2°°).
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Chapter 1 | Number systems

(1 x 0.5)+(0x0,25)+(0x0,125)+(1x0,0625)+(1x0,03125).
0,5937510
C) Conversion of fractional decimal number to octal:

Successively multiplying by radix 8 and retaining the integer part of the result each time.
Example Convert the decimal number 0.59375 to octal:

0.59375 x8=4.75 Integer part 4 (Most Significant Digit: MSD)

0.75 x8=6.0 Integer part 6 (Least Significant Digit: LSD)

0.5937510 =0.46s
D) Conversion to hexadecimal: Successively multiplying by radix 16 and retaining the
integer part of the result each time.
Example Convert the decimal number 0.59375 to hex:

0.59375 x 16 = 9.5 Integer part 9 (MSD)

0.50  x 16 =8.0 Integer part 8 (LSD)

0.5937510=0.9816
Example

Convert the decimal number 0.45 to binary.

0.45 x 2=0.9 Integer part 0 (MSB) 0.8 x 2=1.6 Integer part 1
0.9 x 2=1.8 Integer part 1 0.6 x 2=1.2 Integer part 1
0.8 x 2=1.6 Integer part 1 0.2 % 2=0.4 Integer part 0
0.6 x 2=1.2 Integer part 1 0.4 x 2=0.8 Integer part 0 (LSB)

0.2 x 2=0.4 Integer part 0

1.9. Binary Coded Decimal numbers (BCD)
Binary Coded Decimal number (BCD) means that each decimal digit, O through 9 must
be replaced by its equivalent 4-bit binary.
EXAMPLE 1.8.— Give the BCD representation for the decimal numbers 90 and 873.
The BCD representation of the number 90 is written as follows:
9010 = 1001 0000scD
For the number 873, we have:
87310 = 1000 0111 0011gcp
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Number systems

Table 1.1 gives the hexadecimal, octal, binary and BCD representations of numbers from 0 to

15.
Table 1.1. Conversion tables for 0 numbers to 15

Decimal Representation

number | Hexadecimal | Octal | Binary BCD
0 0 0 0000 0000
1 1 1 0001 0001
2 2 2 0010 0010
3 3 3 0011 0011
4 4 4 0100 0100
5 5 5 0101 0101
6 6 6 0110 0110
7 7 7 0111 0111
8 8 10 1000 1000
9 9 11 1001 1001
10 A 12 1010 0001 0000
11 B 13 1011 0001 0001
12 C 14 1100 0001 0010
13 D 15 1101 0001 0011
14 E 16 1110 0001 0100
15 F 17 1111 0001 0101

1.10. Representations of signed integers

Several approaches may be adopted to represent signed integers in digital systems:

the Sign-Magnitude (SM) representation, two’s complement (2°C) representation, and excess-

E (XSE) representation. Each of these approaches assumes the use of a format (or number of

bits) fixed beforehand.

1.10.1. Sign-magnitude representation

The simplest approach allowing for the representation of a signed integer consists of

reserving the MSB for the number sign and the remaining bits for the number magnitude. If the

sign bit is set to 0, the number is positive, and if the sign bit is set to 1, the number is negative.

EXAMPLE 1.9.—- Using 8 bits, determine the sign-magnitude representation for each of the

decimal numbers =+55, —60, and 0.

We have:

(+55)10 = 001101115 and (+55)10 = 0011011 1sm

(+60)10 = 00111100, and (- 60)10 = 10111100swm

In the case of 0, two representations are possible:
(+0)10 = 00000000sm and (— 0)10 = 10000000sm

However, the sign-magnitude representation presents two problems. The first is linked

to the two representations, +0 and —0, of the number 0. The second problem arises from the fact
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Chapter 1 Number systems

that this representation is not appropriate for addition operations, especially when one of the
numbers is negative. The two’s complement representation allows us to remedy these two
problems.
1.10.2 One’s Complement (1’s complement):

In the 1’s complement format, the positive numbers remain unchanged. The negative
numbers are obtained by taking the 1’s complement of the positive counterparts.
Example: +9 will be represented as 00001001 in eight-bit notation.

—9 will be represented as 11110110, which is the 1’s complement of 00001001.

Again, n-bit notation can be used to represent numbers in the range from —(2"1-1) to +(2"*-1)
using the 1’s complement format. The eight-bit representation of the 1’s complement format

can be used to represent decimal numbers in the range from —127 to +127.

1.10.3. Two’s complement representation (2°C)

The two’s complement representation of a number may be obtained by taking the one’s
complement and then adding 1 (ignoring the overflow), because the sum of a number and its
one’s complement is equal to a number having all bits at 1 (or high logic level).

EXAMPLE 1.11.
Determine the two’s complement of the decimal number —120 using 8 bits:
01111000 Binary representation of the decimal number 120
10000111 One’s complement obtained by inverting each bit
+ 1 Addition of 1
10001000 Two’s complement (result)
and

(—120)10 = (10001000)2¢c
NOTE:

To obtain two’s complement representation from the binary representation of the
corresponding positive number, we must:

— identify the first 1 bit beginning from the right;

— take the one’s complement for each bit located before the identified bit.

Let us determine the 8-bit two’s complement representation for each of the numbers 1010 and
11910.
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Take the
one’s complement
b b[— Right—most 1
Binary representation of 10 : 00001010
Two’s complement representation : 11110110
(a)
Take the
one’s complement
‘f.;\ b{— Right—-most 1
Binary representation of 119 : 01110111
Two’s complement representation : 10001001
(b)

Figure 1.5. Obtaining a two’s complement from the binary representation:
a) 1010 and b) 11919

1.11. Arithmetic operations on binary numbers

Arithmetic operations on binary numbers may be executed in the same way as for

decimal numbers.

The addition is the most executed arithmetic operation in digital systems. The

subtraction operation is essentially a variant of the addition operation, while multiplication and

division operations may be carried out by combining logical functions (AND, OR, shift, etc.)

and addition.
1.11.1. Addition

In binary representation, we begin by adding bits of lower weight, and the carry that

may be obtained when the sum of bits of the same weight exceeds the highest value that can be

represented with one bit, that is 1, is transferred, each time, to the next MSB.

In binary representation, addition is carried out according to the following rules:

0+0 =0 0+1=1+0=1

1+1=0Carry 1

1+1+1 =1 Carry 1

EXAMPLE 1.14.— Add the numbers 1010 and 1011.
Carrying out the addition operation in binary and decimal, we have:
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1011 11
+ 0011 + 3
1110 14

Table 3.1 Binary addition of three bits.

A B Carry- Sum Curry- A B Carry- Sum Cuarmry-
in () out () in(C_) out {(C)]

0 0 o 0 o 1 0 o | o

0 0 1 | o 1 0 1 0 1

0 | o | o 1 1 [ 0 1

0 | 1 0 1 1 1 1 | 1

1.11.2. Subtraction
The rules governing binary subtraction are:

0-0=0 0-1=1-0 =1 borrow 1 1-0=1 1-1=0
EXAMPLE 1.15.— Subtract the number 101 from the number 1010.

1010 10 Minuend
— 0101 - 5 Subtrahend
0101 5 Difference
Inpuls Outputs

MMinuend Subtrahcnd Bormow-in Difference Bormow-oul
(A) (B) (B_) (D) (B.)
o L ] (8] i ] (1]
o L ] 1 1 1
o 1 (8] 1 1
o 1 1 i ] 1
1 L ] (8] 1 L1 ]
1 L1 ] 1 i ] L1 ]
1 1 (8] i ] (1]
1 1 1 1 1

In practice, subtraction may be carried out like addition by using 2C representation,

which allows for the coding of positive and negative numbers.

1.11.3. Multiplication

The rules governing binary multiplication are:
0x0=0 0x1=0 1x0=0 1x1=1
EXAMPLE 1.16.— Multiply the number 1101 by 1001.
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1101 Multiplicand
X 1001 Multiplier
"~ 1101 First partial product
0000 Second partial product
0000 Third partial product
+ 1101 Fourth partial product
1110101 Product

We note that Multiplication may be carried out like a succession of addition and shift

operations.

1.11.4. Binary Division

While binary multiplication is the process of repeated addition, binary division is the process

of repeated subtraction. Binary division can be performed by using either the ‘repeated right

shift or subtract’ or the ‘repeated subtract and left-shift’ algorithm. These are briefly described

and suitably illustrated in the following sections.

Dividend 100001001101 Divisor
— 1101 1010 Quotient
0111
01110
— 1101
Remainder 010
Quotient
First step 1] loo110 Dividend
-1 100 Divisor
Second step 1 lool 1 First five MSBs of dividend
-1100 Divisor shifted to right
o111 First subtraction remainder
Third step 1 ol110 Next M5B appended
-1 100 Divisor right shifted
onl1o Second subtraction remainder

Figure 1.6 Binary division using the repeated right-shift and subtract algorithm.
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Quotient 1001 1o
—1 100

1] 1101 Bormow exists
+1 100

1001 Fimal camry ignored

1loo1l 1 MNext MSB appended
—1 100

1 o111 No bormmow
o111l o0 Next MSB appended
—1 100

1 ooOol o No bormmow

Figure 1.7 Binary division using the repeated Left-shift and subtract algorithm.

1.12. Data representation
As the arithmetic unit of a digital system recognizes only the binary states 0 and 1, a code is
necessary to manipulate and transfer alphanumeric data (numbers, letters and special
characters) between a digital system and its peripheral devices. For that different code are used.
1.12.1. Gray code
Gray code (or reflected binary code) is a non-weighted code, as it does not ascribe a specific
weight to each bit position. It is not used for arithmetic calculations.
Gray code is used in Karnaugh maps and in the design of logic circuits. They also find
application in rotary encoders, where the predisposition to errors increases with the number of
bits that change logical states between two consecutive positions.
An interesting feature presented by Gray code representation is related to the fact that only a
single bit changes value during the transition from one code to the next.
Table 1.6 gives the binary and Gray code representation of decimal numbers from 0 to 15.

A) Binary number to Gray code
The conversion of a binary number to Gray code is carried out by making use of the following
observations:
— The most significant Gray code bit, situated to the extreme left, is the same as the
corresponding MSB for the binary number;
— starting from the left, add, without taking into account the carry-out bit, each pair of adjacent
bits to obtain the next bit in Gray code.
EXAMPLE 1.22.— Convert the binary number 110012 to Gray code.
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Binary number 1 +1+0 +0 +1
{T\ _\:\, ' Yle‘r"\ \Q\f\ \.\"
Gray code I 0 1 0 |1

B) Gray code to a binary number
To convert Gray code to a binary number:
— The MSB of the binary number, located at the extreme left, is identical to the corresponding
Gray code bit;
— Starting from the left, add each new bit of the binary code to the next bit of the Gray code,
without taking into account any carry-out bit, to obtain the next bit of the binary code.
EXAMPLE 1.23.— Convert the Gray code 10111 to a binary number.

Gray code I 0 1 1 1
g+t )+
Binary number 17170 170

1.12.2. ASCII code

ASCII code (or American standard code for information interchange) has seven bits
allowing for the representation of 2’ = 128 symbols.
Table 1.8 gives the correspondence between certain characters and the decimal and
hexadecimal numbers of the ASCII code. The letter N, for example, is represented in ASCII
code by the number 78 in decimal and by 4E in hexadecimal. The ASCII code contains 34
characters used to define the format of information and the space between data and to control

the transmission and reception of symbols.
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Table 2. ASCII code

e Hex Chor e Hex Chor e Hex A har Dec Hex Char
L] [} MO x2 20 =P -l 40 = oy L3 1] -
1 ] S0 E3 21 L 65 41 Y Ly al =
2 zx 5T x4 2F - 5 4z B SE a2 h
3 k2 ETX E5 23 & 67 4= [ S a3 =
4 4 ECT i 24 % BE A4z > ICHR #id <
5 5 EMNC E=7 25 R i 45 E [{a} a5 =
i 5 ST EB 25 E.H 70 445 E 1z i L ]
7 ra BEL o 27 ) T 47 L] 3 a7 =
B = BS LI 2= ] Tz 45 H g Gl h
@ = TAB L1 L ] 73 49 [ Ias il [
10 Y LF £2 2 - T4 445 L] ICH a.A i
1 B W £3 e + 7= LB K [ LES ] k
1z [ ] = =4 C . TG L s i ]
13 -] TR L5 2> - T ] 5 | BCHE alr m
14 E S L IE . T= E 2 UL i = m
1= E 51 £7 ZF £ 7= ¥ -] i1l (=15 <3
14 Lo DLE L8 30 L] BO P 1z T »
17 Ly =l L 3 1 L3 ] -] 13 71 <
1= 1z Dz S . 2 BT | LR T2 C
1= 13 D= 51 iz 3 B3 53 = 115 T3 5

Z0 14 j I Lt 52 31 4 Bl 5L T R T4 L

e | 1= AR 53 s 5 BE 55 r Ll B TS w

Zx LG Bl 54 36 i} HG 54 A 11s T »

23 LT ETE 55 aT 7 BT =7 W 1w T -

4 1= L B S 3= B HE 58 Y 124k TH k.4

Z= (=] ERT 57 L @ Ho 53 A [ ey T b

G 1% SUB 58 Y 90 A * 122 TA Fa

2T B E=C 5o aB : ] B | 123 TE [

= [ L m Fs L1 ] . sy a9 i L 124 T ]

el 1> O= al D = g3 i ] 1 125 TLx 1

E0 1E j o] a2 AE = 91 S5E -~ 126 TE ==

Y | 1E U= a3 o ? a5 5F — 127 TF IDEL.

NI Mull DLE [Data link escape

S0H Start of heading -y § [evice control L

STX Start oof Llext T2 [evice condrol X

ETX En«d of texi [»C3 [Device control 3

ELCFT En«l of tramsmission >4 [evice control 4
EMC) Enguiry MNAK MNepative acknowledse
AR Acknowledee SN Synchromows idle
BEL Bell ETE End of transmission block
BS Backspace CAN Cancel

HT Horizonial tab EM End of mediume

LF Lime Fzed SUEB SubszlElute

¥ Wertical tab ESC Escape

FF Form feed F5 File separator

CE Carriage relarm 05 Cmoup separador

S0 Shil oual RS Fecord separator

sI Shif in s LI'nit sepamtor

= o Space [EL [=lete
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Chapter 2 Logic functions and Boolean Algebra

2. Simplification of Logic functions and Boolean Algebra

This chapter is devoted to practically apply the concept of binary digits to circuits. A logic
gate is a special type of circuit designed to accept (inputs) and generate (outputs) voltages
signals corresponding to binary digits (1 and 0).
2.1 Definition
2.1.1 Boolean algebra

The Boolean algebra can be used to simplify many a complex Boolean expression and
also to transform the given expression into a more useful and meaningful equivalent expression.
It was invented by the British mathematician George Boole (1815-1864). Today, Boolean
algebra finds many applications in computer science and in the design of electronic circuits.

a) Logical variables
A logical variable is a variable that can only take two values conventionally identified

by 0 and 1. It is also called a binary variable. Each of these two values is associated with a
physical quantity, for example the collector voltage of a transistor, which makes it possible to
make the link between a theoretical study using Boolean algebra and an electronic circuit. There

are two cases:

Value Positive logic Negative logic
0 Minimum algebraic value Maximum algebraic value
1 Maximum algebraic value Minimum algebraic value

In this course we will always place ourselves in the case of positive logic so that:
* Variable 0 will be associated with a low level voltage (typically a zero voltage).
« Variable 1 will be associated with a high level voltage (a positive voltage of 5 V for example

in the case of electronic circuits made in TTL technology.

2.1.2 Logic gate
2.1.2.1 Basic Logic gate

The logic gate is the most basic building block of any digital system, including
computers. Each one of the basic logic gates is a piece of hardware or an electronic circuit that
can be used to implement some basic logic expression. While laws of Boolean algebra could be
used to do manipulation with binary variables and simplify logic expressions, these are actually
implemented in a digital system with the help of electronic circuits called logic gates. The three

basic logic gates are the AND gate, the OR gate and the NOT gate.
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2.1.2.2 Truth Table
A truth table lists all possible combinations of input binary variables and the

corresponding outputs of a logic system. The logic system output can be found from the logic
expression, often referred to as the Boolean expression that relates the output with the inputs of

that very logic system.

A Logic
System

B ]

— =1
== O == O m
—— ok omk ] -

Figure 2.1: Two input logic system and its truth table.

2.2 Different Logic gate:

2.2.1 AND Logic Gate
An AND gate is a logic circuit having two or more inputs and one output. The output of

an AND gate is HIGH only when all of its inputs are in the HIGH state. In all other cases, the
output is LOW.

I}_L
o 5,','
|
b
4
ol o »
ol W
o o o <

Figure 2.2: Two-input AND gate: a) Logic symbol. b) Electrical circuit
c.)Truth table.

Exercise 2.1:
Draw the truth table of a three inputs AND gate.

Exercise 2.2:
Complete the chronogram of the output Q of a two inputs AND gate.
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a

Solution: A
q1
¢ ——
B ' t
LN
o 1 1 —
a g Do z 5 bt
4 i r : i ’ :
o L L : .

t

2.2.2 OR Logic Gate
An OR gate performs an ORing operation on two or more than two logic variables. The

output of an OR gate is LOW only when all of its inputs are LOW. For all other possible input

combinations, the output is HIGH.

ol o »
o
o

(a) (b) ()

Figure 2.3: Two-input OR gate: a) Logic symbol. b) Electrical circuit
c.)Truth table.

Page 3



Chapter 2 Logic functions and Boolean Algebra

Exercise 2.4:

Draw the truth table of a three inputs OR gate.

Exercise 2.5:

Complete the chronogram of the output Q of s p

a two inputs OR gate.

Exercise 2.6:

Let us consider the following digital circuit:
a. Give the expression of the output X.

b. Draw the truth table of the digital circuit.

e

8 )
L

— D>

Draw the truth table of the digital circuit described by the following equation:

Exercise 2.7:

X=AB +ABC + AC

Exercise 2.8:

Let us consider the following digital circuit:

D

Co—r

EV—

a. Give the expression of the output X.
b. Draw the truth table of the circuit.

c. Answer the two previous questions considering the following digital circuit:
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:'—I_
c L}

g

—— D

Example 2.10
How would you hardware-implement a four-input OR gate using two-input OR gates only?

2.2.3 NOT Logic Gate
A NOT gate is a one-input, one-output logic circuit whose output is always the
complement of the input. That is, a LOW input produces a HIGH output, and vice versa.

A Q
.\ o=E 1 0
0 1

(a) (b) (©

Figure 2.4: One input NOT gate: a) Logic symbol. b) Electrical circuit
c.)Truth table.

2.2.4 NAND Logic Gate
NAND stands for NOT AND. An AND gate followed by a NOT circuit makes it a

NAND gate
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B— ] [ 5| 0 0 1
0 1 1
Q= AandB: 1 0 1
1 1 0
(a) (b) (c)

Figure 2.5: Two-input NAND: a) implemented using an AND and NOT gates (b) the
circuit symbol (c) the truth table.
Exercise 2.9:

Let us consider the following digital circuit:

. =
. 1

a. Give the expression of the output X.
b. Draw the truth table of the circuit.

2.2.5 NOR Logic Gate
NOR stands for NOT OR. An OR gate followed by a NOT circuit makes it a NOR gate

A B Q
A A
Q :D 0-ict 0 |0 1
B B 0 1 0
1 0 0
1 1 0
(a). (b). (©).

Figure 2.6: Two-input NOR: a) implemented using an OR and NOT gates (b) The circuit
symbol (c) Truth table.
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2.2.6 Exclusive-Or Logic Gate (EX-OR Gate)

The EXCLUSIVE-OR gate, commonly written as EX-OR gate, is a two-input, one-
output gate. The output of an EX-OR gate is a logic ‘1’ when the inputs are unlike and a logic
‘0’ when the inputs are like. Although EX-OR gates are available in integrated circuit form only
as two-input gates, unlike other gates which are available in multiple inputs also, multiple-input
EX-OR logic functions can be implemented using more than one two-input gates. The truth

table of EX-OR function can be expressed as follows.

A B Q
AjD_ 2 0 0 0
Q=A®@B
B 0 1 1
1 0 1
1 1 0
Q= A@B= A B+AB
(a). (b). (©).

Figure 2.7: Two-input EX-OR gate: a) The circuit symbol (b) electrical circuit
(c) Truth table.

Exercise 2.10:

Let us consider following gate circuit:

P>
T

.

MR

a. Determine the expression of the output.

L
|

b. Deduce the truth table.

¢. Conclude.
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Example 4.5

How do you implement three-input and four-input EX-OR logic functions with the help of two-

input EX-OR gates?
C 1
(a)
A Y1
B Y2
c 4 Dv

D

Solution

(b)
Figure 2.8: (a) Three-input EX-OR gate and (b) a four-input EX-OR gate.
Example 4.6
How can you implement a NOT circuit using a two-input EX-OR gate?

Solution

Refer to the truth table of a two-input EX-OR gate reproduced in Fig. 4.14(a). It is clear
from the truth table that, if one of the inputs of the gate is permanently tied to logic ‘1’ level,
then the other input and output perform the function of a NOT circuit. Figure 4.14(b) shows the

A Cutput
Input

Figure 2.9: Implementation of a NOT circuit using an EX-OR gate.

implementation.

2.2.7 Tristate Logic Gates

Tristate logic gates have three possible output states, i.e. the logic ‘1’ state, the logic ‘0’
state and a high-impedance state. The high-impedance state is controlled by an external
ENABLE input. The ENABLE input decides whether the gate is active or in the high-
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impedance state. When active, it can be ‘0’ or ‘1’ depending upon input conditions. One of the
main advantages of these gates is that their inputs and outputs can be connected in parallel to a
common bus line. Figure 4.27(a) shows the circuit symbol of a tristate NAND gate with active
HIGH ENABLE input, along with its truth table. The one shown in Fig. 4.27(b) has active LOW
ENABLE input. When tristate devices are paralleled, only one of them is enabled at a time.

Figure 4.28 shows paralleling of tristate inverters having active HIGH ENABLE inputs.

A A
7_\(. Y
B B
E E
A B E Y A B E Y
0 0 0 Zz 0 0 0 1
0 0 1 1 0 0 1 z
0 1 0 Zz 0 1 0 1
0 1 1 1 0 1 1 z
1 0 0 z 1 0 ] 1
1 0 1 1 1 0 1 Z
1 1 0 Zz 1 1 0 0
1 1 1 0 1 1 1 z
Z=High Impedance state Z= High Impedance state

(@) (b)

Figure 2.10: Tristate devices.

2.3 Fan-Out of Logic Gates

It is a common occurrence in logic circuits that the output of one logic gate feeds the
inputs of several others. It is not practical to drive the inputs of an unlimited number of logic
gates from the output of a single logic gate. This is limited by the current-sourcing capability
of the output when the output of the logic gate is HIGH and by the current-sinking capability
of the output when it is LOW, and also by the requirement of the inputs of the logic gates being
fed in the two states.

To illustrate the point further, let us say that the current-sourcing capability of a certain
NAND gate is IOH when its output is in the logic HIGH state and that each of the inputs of the
logic gate that it is driving requires an input current Ii4 , as shown in Fig. 4.38(a). In this case,
the output of the logic gate will be able to drive a maximum of lon /L1 inputs when it is in the
logic HIGH state. When the output of the driving logic gate is in the logic LOW state, let us
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say that it has a maximum current-sinking capability lo., and that each of the inputs of the
driven logic gates requires a sinking current I, as shown in Fig. 4.38(b). In this case the output
of the logic gate will be able to drive a maximum of lo./liL inputs when it is in the logic LOW
state. Thus, the number of logic gate inputs that can be driven from the output of a single logic
gate will be lon /liy in the logic HIGH state and loi/IiL in the logic LOW state. The number of
logic gate inputs that can be driven from the output of a single logic gate without causing any
false output is called fan-out. It is the characteristic of the logic family to which the device
belongs. If in a certain case the two values lon /i and loi /11 are different, the fan-out is taken
as the smaller of the two. Figure 4.39 shows the actual circuit diagram where the output

of a single NAND gate belonging to a standard TTL logic family feeds the inputs of multiple
NAND gates belonging to the same family when the output of the feeding gate is in the logic
HIGH state [Fig. 4.39(a)] and the logic LOW state [Fig. 4.39(b)]. We will learn in Chapter 5
on logic families that the maximum HIGH-state output sourcing current (lon max and maximum
HIGH-state input current (Ii+ max specifications of standard TTL family devices are 400 A and
40 A respectively. Also, the maximum LOW-state output sinking current (lo. max and
maximum LOW-state input current (I, max specifications are 16 mA and 1.6 mA respectively.
Considering both the sourcing and sinking capability of standard TTL family devices, we obtain
a fan-out figure of 10 both for HIGH and for LOW logic states. If the maximum sourcing and
sinking current specifications are exceeded, the output voltage levels in the logic HIGH and

LOW states will go out of the specified ranges.

_D;|OH IH —DLDL L

IH

S[vle
o[s[w

Figure 2.11: Fan-out of logic gates.
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i

(a) (b)

Figure 2.12: Fan-out of the standard TTL logic family

Example 4.14

A certain logic family has the following input and output current specifications:
1. The maximum output HIGH-state current = 1 mA.

2. The maximum output LOW-state current = 20 mA.

3. The maximum input HIGH-state current = 50 pA.

4. The maximum input LOW-state current = 2 mA.

The output of an inverter belonging to this family feeds the clock inputs of various flip-
flops belonging to the same family. How many flip-flops can be driven by the output of this
inverter providing the clock signal? Incidentally, the data given above are taken from the data
sheet of a Schottky TTL family.

Solution

 The HIGH-state fan-out = (1/0.05) = 20 and the LOW-state fan-out = (20/2) =10.

» Since the lower of the two fan-out values is 10, the inverter output can drive a maximum of
10 flip-flops.

2.4 Theorems of Boolean algebra:
Boolean algebra is applied to operations and functions on logic variables.
Let X and Y be logic (or Boolean) functions, whose values can only be 0 or 1.
The following properties are verified:
a) Commutativity Law:
A*B=B*A
A+B=B+A
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b) Associativity Law:
(A*B)*C=A*(B*C)
(A+B)+C=A+(B+C)
c) Distribution Law:
A+(B*C)=(A+B)*(A+C)
A*(B+C)=(A*B)+(A*C)
Table 1 : Distributive law proof using OR, AND gates.

NP
tw
O
@
&
&
&

AB+C)| AB+AC

—-———O00 O
-_—ae Qe Q- D
— e g ] e = e
- -0 o000
=-o=00000
---o00000
--- o ee e

d) Law of Impotence:

A*A=A I Ve
A+A=A \ I l
L N

Figure 2.13: Law of impotence electrical circuit representation.

e) Complementarity Law:
The result of an operation * of complementarity between a variable A is equal to 0.

A*ZZO Ve

A+A =1

Figure 2.14: Law of complementarity electrical circuit representation.
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f) Involution Law:
The complement of the complement of an expression leaves the expression
unchanged. Also, the dual of the dual of an expression is the original expression.

||

= A

g) The neutral element: I
A*1=A 1 is the neutral element of AND i AN

A+0=A 0 is the neutral element of OR

Figure 2.15: Neutral element electrical circuit representation.

h) Absorption law:

AFO=0. I !_‘I:
A+1=1, ™ Y

Figure 2.16: Neutral element electrical circuit representation.
i) Duality:

Two expressions are equivalent by duality if one is obtained by changing in the other,
the "AND" by "OR", the "OR" by "AND", the "1" by "0" and the "0" by "1".

Example:
A*(A+B) by the dual expression A+ (A*B) = A.
A+0=A by the dual expression A* 1 =A.

j) DeMorgan’s theorem:

(DeMorgan’s theorem — NOR);

A+ B=A.

B
A . B =A+B (DeMorgan’s theorem — NAND).

2.5. Logic function

There are two methods to express a logical function: either give its logical equation directly,
or use a truth table. There are two type of logical functions:
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A- Logical function completely defined: for all combinations of input variables, the
function value is defined. The number of these combinations is 2" for n variables (Fig.
1.4.3).

B- Logical function partially defined: when there is at least one combination of input
variables for which the logic level is unknown or undetermined X or @ value (Fig.
1.4.b). For undetermined cases, a value of 0 or 1 can be imposed on this function, in

order to facilitate its synthesis.

0 0 0 i] o a 0 o
0 0o | 1] 1 oo [ 1]
o | i 0 1 a 1 0 1
Q 1 1 ] a | 1 1 X
1 o] 0 1 1 0 0 X
i | O 1 0 1 0 1 0
1 | 1 0 0 1 1 0 x
i | 1 1 0 1 | 1 1 *
(a). (b).

Figure 2.17: Logic function 1.4. a) Completely defined b) Partially defined.

2.5.1. Canonical forms of logical functions and their simplifications

A logical function can be written in two canonical forms:
- The first canonical form: sum of products: F = .(I]) = Y (minterms)
- The second canonical form: products of sums: F = [[(})=[[(maxterme)

a) Sum of products: The first canonical form is obtained by combining by OR functions all

the product terms, or minterms, for which the function is equal to 1.

b) Products of sums: The second canonical form is obtained by joining together by AND

functions all the sum terms, or maxterms, for which the function is 0.
Consider f a Boolean function f(A, B, C) =%(0, 1, 4, 7)

f(A, B, C) =T1(2, 3,5, 6)
and f’(A,B,C)=%(2,3,5,6)=T1(0, 1,4, 7).

Optional combinations can also be incorporated into T and IT using suitable identifiers ‘¢’ or

‘d’ or ‘x” are used as identifiers.
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Example :

f(A, B, C)=2(0,1,4,7)

f(A,B,C)=AB.C+ABC+AB.Cand A.B.C,A.B.C Areoptional combinations.
f(A, B, C) =2(0, 4,5) + X,43,7 =2(0,4,5) + %4 3,7

We can write so: f (A, B, C) =TI(1, 2, 6) + [[,3,7 =I1(1, 2, 6) + [[4 3,7

Example: let consider the truth table in Fig 1.18:

e
ot

el End G d L= 1 L= =20 =] =}

R R o - R
Ll =1 e (=1 =] g f=] [
D0 0| =k | | =k | =k YTy

—

Figure 2.18: Truth table.

From the truth table (Fig. 1.18.):

The first canonical form is obtained by joining by OR functions the minterms for which F = 1:
F=a-b-cta-b-t+a-b-F

We canwrite:  F=)(1,2,4)

Thus, from the truth table (Fig. 1.4) we derive a second logical equation giving F for which the

function is equal to O:
The second canonical form is obtained by combining by AND functions the maxterms for which

F=0:

F=(a+h+c)-la+h+0)-(a+b+0)-la+b+c)-@+b+0)

Example:

1. Write the truth table of a logical function F of three variables a, b and c, such that this function

is equal to 1 if an even or zero number of variables are at level 1.
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Chapter 2 Logic functions and Boolean Algebra

2. Draw from this truth table the two canonical forms of this function.
Solution:

1. The truth table is obtained immediately:

Y e = 1= 1=
ool oo
—o=«lol<o-a
o|=(=ol=oo|=

Figure 2.19: Truth table.

The first canonical form (sum of product) is obtained by joining by OR functions the minterms
for which F =1:

F=a-b-c+a-b-c+a-b-c+a-b-t
F=3(03,5,6)

The second canonical form (product of sum) is obtained by combining by AND functions the

maxterms for which F = 0:
F=(a+b+0)-la+b+c)-@+b+c)- @+5+7)
2.5.2. Principles of a Logic Function Minimization (simplification)

Minimization consists of simplifying the expression of a logic function in order to
optimize the number of components, or gates, necessary for its realization. The expression

obtained is the minimal form.

Two methods are used to simplify a function:
A) The analytical simplification.

b) Simplification using Karnaugh maps.

A) Analytical simplification
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Chapter 2 Logic functions and Boolean Algebra

First, the canonical form with the least number of terms must be drawn from the truth
table. To carry out an analytical simplification, the properties of logical functions are used (see
sheet 1).

Example: Let consider the example below:

e e et B L= L= L= R0 =]

== 00 = =0 O
=D = D = D= D
_L_n._u:::_uﬂﬂﬂ"._

The equation from the truth table is written as:

S:H-ﬁ'-:'—-_.‘-|'_J-:'+:r-|"i'-1_+u -

a-bh-c=a-b-ct+a-b-c+a-b-c,

We have
S=@-b-c+a-b-cY+ia-b-c+a-b-c)+(a-b-t4+a-b-c)

After grouping the terms and factoring, we obtain:

S=b-c-(@at+a)+a-c-(b+B+a-b-({c+c)

Or.d+a=1.b+b=1 et + o= 1.

Finely: S=b-c+a-c+a-b

B) Karnaugh maps

A semi-graphical method, which is based on the use of Karnaugh maps. Karnaugh maps is

more appropriate for the simplification of more complex Boolean expressions.

A Karnaugh map, like a truth table, provides a representation of logic functions. It is
composed of a certain number of squares or cells, each of which is reserved for a term (minterm

or maxterm) of a logic function.
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Chapter 2 Logic functions and Boolean Algebra

The variables can be represented in two ways. On each map, the combination of the variables
are placed in accordance with the order of Gray’s encoding such that adjacent terms are in the

neighboring cells or in the cells at map ends.
Karnaugh maps become difficult to manipulate when the number of variables exceeds six.
A.1) Karnaugh maps simplification rules
Step 1: Write the function F in its first canonical form.
Step 2: Put 1s in the boxes corresponding to the present minterms.

Step 3: Group the adjacent boxes containing the value 1 into the largest possible loops
(groupings). These loops will be created by associating the adjacent boxes into powers of
2 (starting with the largest possible loops: groups of 8 boxes, then 4 boxes and 2 boxes,

otherwise a single isolated box).

NB: you must try to minimize the number of loops and try to create the largest possible
groupings because the larger the grouping, the fewer variables the corresponding term

contains.
Step 4: Eliminate variables that appear with their complement in a loop.

Step 5: Logically add the result of each loop. Finally, you obtain the simplified expression in

the form of a sum of products.

AB A BC B
C 0] (1] 11 10 A [A0i] ol 11 10

(a) b}

Figure 2.19. Two methods of Three-variable Karnaugh map
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Chapter 2 Logic functions and Boolean Algebra

AB A CD C
cp™_ 00 01 1110 AR 00 0L 11 10
00 00
0 4 12 B o 1 3 2
0l 0l
1 5 13 9 4 -1 T L
D B
1 1 7 15 11 H 12 13 15 14
C ' ' A .
10 10
2 6 14 10 B 9 11 LU |
(a) B (b) D

Figure 2.20: Two methods of four-variable Karnaugh map

Example
AB A AB A AB A
e 00 01 1110 C 00011110 c ™00 0l 1l 10
ol o |G [ Do of o m o | o of D] oo Q]
clifo|lo | oo cli| o lLJ o | 0 clifo o |o]o0
B B B
X=A-B-CT+A-B-T=B-C X=A-B-C+A-B-C=A-B X=A-B-T+A-B-C=F-T
AD —h AB A
(S N R S — c 00011110
0 J‘l 0| o fl ol o Lol ol o
¢ l-—J 010 L cl1] (1 I I 1)
8 B
X=4-B-C+A-B-C+A-B-.C+A-B-C=B X=A-B-.C+A-B-C+A-B-C+A-B-C =C
AB A
AB A cp>~_M 01 1110
C o0 0l 11 10 ool o |1 Nl e

X=A-B-C+A-B-C+A-B-C+A-B-C=4

Figure 2.21: Minimization example of Karnaugh map
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Chapter 2 Logic functions and Boolean Algebra

Using a Karnaugh map, the simplification of a logic function is carried out by grouping
the adjacent cells that contain 1s. The number of cells in a group must be a power of 2, or of
the form 2" (n =1, 2, 3,...):

Only variables that hold the same logic state in all the cells of a group appear in the

simplified expression.

EXAMPLE 2.4

Simplify the logic function F in the two following cases:
a) F(A,B.C)=%m(1,3,4,7);
by FIA.B.C) = Y m(1,3.4.7) + z(2.5).
Where the don’t care terms are represented by Xx.

Solution:

The minimal expressions of the function F may be obtained from the Karnaugh maps

represented in Figures 2.31 and 2.32.

A)
AB A
C 00 1] 11 10
ofejel e W a) F(A,B.C)=Y"m(1,3,4,7);
cli]f ED 0 ) . -
- F=A-B-C+A-C+B-C
B)

b) F(A,B.C) = Y. m(1,3.4.7) + =(2,5),

AR A
cN_ 00 ol 1110
of o | x| o |[1) FeA-B+C
cl [I o | L J
B
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Chapter 2 Logic functions and Boolean Algebra

It should be noted that a don’t care term is taken into account only if it can contribute to

the simplification of the logic function.
EXAMPLE 2:

Propose a circuit that implements the following circuit:
F{A B, D)= Z m(0,2,3,4,6,7,10,11)
G(A.B,C.D) =" m(0.4,8.9,10,11.12,13)

Solution

3 F(4,B,C,D)=Y m(0,2,34,67,10,11)

From the Karnaugh maps shown in Figures 2.33 we can obtain the circuit in Figure 2.35 that

consists of six logic gates with a total of 16 inputs.

cp™_ 0001 11D

ool )] o | o i g—\'
L/

ol 0 ] 0 o

D
[ D » .
RS m D d % "
el H |

wlin | |_,I 0 u

F—A-C4+A-B-C+A-C-D

G(A,B.C.D) =) m(0,4,8,9,10,11,12,13)

AB A
D 00 ol 11 10

oo | (1 DR N

o1 o o |

F=A-C+A-B-OC+A-C-D

({1} i} o i}

Figure 2.23: Two methods of four-variable Karnaugh map
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2.6 Timing diagram for a logic circuit
A timing diagram is a graphical representation of the temporal evolution of a logic
signal.
Let us consider the logic circuit in Figure 2.56(a). The logic equation for the output
signal is of the following form:
F=A-C+B-C
The timing diagram in an ideal case is illustrated in Figure 2.56(b). However, it may

be affected by propagation delays that depend on the response times of the different logic

gates.
A A
B B
A c _l C _l
£ . € I_ ¢ *TIL_
° AC i_ AC —a-i 21 |——_
F F mll

(@ () (c)

Figure 2.24: a) Logic circuit; b) timing diagram in an ideal case; c) timing diagram
illustrating the effect of a static hazard

In general, a circuit that is sensitive to parasitic phenomena due to signal propagation
along several paths may be affected by a hazard. There is a distinction made between static and

dynamic hazards.

A) Static hazard
A static hazard is produced when a change in the level of an input variable, which should

normally not bring about a modification of the output, translates into the generation of a
transient signal with an erroneous logic level.

The logic circuit shown in Figure 2.56(a) contains two concurrent paths with different
propagation delays. Thus, when the input signal C changes its logic level, the inputs C” and B
of one of the AND gates do not change simultaneously. This translates into a static hazard that

can be seen in the timing diagram shown in Figure 2.56(c).
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To suppress the effect of the static hazard on the operation of the two-level circuit
represented in Figure 2.57(a), a product of terms must be introduced between the states A B C
=111and ABC’ =110 (see Figure 2.57(b)). This helps to prevent the transition of the input

F toward 0, as shown in Figure 2.57(c).

: “‘ 53 —
[ *.IT!e_
; L} AT =

(a) (b (c)

4

Figure 2.25: a) Circuit with static hazard; b) logic circuit functioning without static

hazard; c) timing diagram

The minimal form of the logic equation for the output F is represented by the Karnaugh
map in Figure 2.58, and the redundant term that must be added to eliminate the static hazard
appears on the Karnaugh map in Figure 2.59.

AB A
C 00 01 11 10

oo | o |0V poa.@sB.C
clifo (L] 1)] o

B

Figure 2.26: Circuit with hazard.

AB A
C 00 01 11 10

ol o o |(1 )
cl1] o | []1 0 Fz»l?-l-B('-l-»lB

B

Figure 2.26: Circuit without hazard.
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Appendix

o . —
A =1 —— "
B B

- I
B B—

Figure 4.43 IEEE / ANSI symbols.
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Chapter 3 Combinational circuits: coder and Transcoder

3. A combinational circuit

A combinational circuit is one where the output at any time depends only on the present

combination of inputs at that point of time with total disregard to the past state of the inputs.
In other words:

- The output depends only on the inputs.
- For each combination of input variables, we will have a fixed output.
- This type of circuit has no memory (the notion of time does not intervene).

- This type of circuit can perform one or more logic functions at a given time.

Bo———» . . ——» 5
e, ——» Cn::m‘lt:malhnnal > s,
5 Circuit
€ ——> o

Figure 3.1: Combinational circuit

3.1 Arithmetic Circuits
3.1.1 Adder

It is a combinational circuit that can perform the addition of two n-bit numbers. This
operation generates two outputs: the sum S and the carry R.

A. Half-adder:
a b S T
ia o 4 r
0 0 00 o HO—
0 1 1 0
1 0 1 0
1 1 0 1 :)D s

We can obtain
S=AXORB
R=A.B

Figure 3.2: Half adder circuit
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B. 1-bit Full Adder
This operation depends on A, Bi and the result of the last sum (Ri.1).
The input Ri.1 is the carry-in and the output R is the carry-out.

The operation is shown in the table below, according to the equation: S = Ai + Bi + Ri1

For Sum (S)

a; by ri—l 5 T; BC,,
A 00 01 11 10
000 0 0 o] o |(1) 0 (1)
ol ~—1 3 N>
00l Lo 1| (1) o |(1) 0
i | ) 7 6
010 L0 S = A'B'C_ + A'BC' +AB'C'_+ABC,,
o1 1 o 1 .
For Output Carry (C_)
BC,,
AL L o A 00 01 11 10
I O 1 o 1 0 0 0 1 0
0 1 3 2
I 1 0O (| 1 0 | 1 1
4 S esenate | O
I 1 1 | | C AB + AC BC

Logical Expression for

SUM:=A’B’C-IN+ A’ BC-IN’+ A B’ C-IN’+ A B C-IN

=C-IN(A'B’ +AB)+CIN' (A’ B+ AB) Wi A
We have: (AB’+A’B)” =((A’B)’ . (AB’)’)’ -«——D AOB

-(a+B). asB)y =D

C.
= C-IN XOR (A XOR B) ——D AB

=(1,2,4,7)
Logical Expression for
C-OUT:=A’BC-IN+AB’C-IN+ ABC-IN"+ABC-IN

=AB+BC-IN+AC-IN , AB
! \ :
Carry=B-C+A-C+AB Half _D—Lc
Adder | AGB
=(3,5,6,7) B—— Half
c Adder g

Figure 3.3: One bit Full Adder circuit
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We can generalize to obtain the N- bit full adder as represented in the figure

b, a, b g by ap
¢ Voo
Addr n Addrl Addr0 [ ¢
! |
I'n Sp S

S

Figure 3.4: N bit Full Adder circuit

In practice, we encounter an Integrated Circuit 1C-7483 which performs the operation

of adding two 4-bit binary numbers (see figure below)

A0 BO AT B1 A2 B2

L]

B3

A5
A0 BO A1 B1 A2 B2 A3

T453

S0 51 52 53

ca

B3

Figure 3.5: Four Bits Full Adder IC

L=B —=0 51 52 53

A0 BO AT B1 A2 B2 A3 B3

L]

A4 B4 A5 BS AB BE A7 BY

[T

ADBD Al Bl A2 B2 A3 B3 AD BO A1 B1 A2 B2 A3 B3
"a" OT ?4}83 T4dE3 —*
=0 5152 53 =0 s152 53
WMSE
L=B —50 51 52 53 54 55 56 57

Result

Figure 3.6: 8 bit Full Adder circuit

Page 3



Chapter 3 Combinational circuits: coder and Transcoder

3.1.2. Subtractor
The subtractor is a combinational circuit that can perform the subtraction of two n-bit
numbers. This operation generates two outputs: the difference d and the borrow e.
A. Half-subtractor:
A half subtractor is a combinational logic circuit that performs the subtraction of two bits. It is

a fundamental building block of a full subtractor and is used in various digital circuits.

NS
BN
/] — D
. 77 __..«’/
™
—\i[— °

Figure 3.7: One bit subtractor circuit

The truth table of a half subtractor is as follows:

A
E Difference (D) | Borrow (B) B
0 0 0 0

0 1 1 1
1 0 1 0
1 1 0 0

The difference (D) is calculated as follows:
D=AXORB
The borrow (B) is calculated as follows: B = A’ AND B
B. Full Subtractor
A full subtractor is a combinational logic circuit that performs subtraction of two bits. It takes
three inputs: the minuend (A), the subtrahend (B), and the borrow-in (Bin) from the previous

stage. It produces two outputs: the difference (D) and the borrow-out (Bout).

LA B B | D | Bou
0 0

0 0 0
0 0 1 1 1
0 1 0 1 1 { D =a ®b ®B
0 11 1 o} 1 B,=B,,(a, ®b,)+ab,
1 0 0 1 0
1 0 1 0 0
1 1 0 0 0
1 1 1 1 1
& —y—
b ® ) ‘_)D D,

Figure 3.8: Full subtractor circuit
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3.2. A binary decoder
A. Definition: A binary decoder is a device that, when activated, selects one of several output

lines, based on a coded input signal. Most commonly, the input is an n-bit binary number, and

there are up to 2" output lines. The decoder behaves exactly like a DEMUX with its input always

atl
a b 0 1 2 3
0 0 1 0 0 0
0 1 0 1 0 0
1 0 0 0 | 0
1 1 0 0 0 1

a b

|V

Figure 3.9: Binary decoder circuit

Most decoders also have one or more enable inputs. When such an input is active, the

decoder behaves as described. When it is inactive, all of the outputs of the decoder are inactive.

Inputs Outputs
EN’ |E1|EO0|S3|S2 |S1]|S0O
1 X | X |0 |0 [0 |0
0 0 |0 |1 |0 |0 |O
0 0O |1 |0 |1 [0 |O
0 1 |0 [0 |0 |1 |0
0 1 |1 |0 |0 |0 |1

3.3 The Encoder:

A binary encoder is the inverse of a binary decoder. The encoder is a combinational

E K
BvdEvs —
{ { s,
} 1 { . :Eﬂ_' = S I
1= ll S E,— —§2
I ] 3} 5, —S3
| [ _—
H} S_:

Figure 3.10: binary decoder circuit with enable

S=E1.E0 N
So=E1.E0 'EN

system whose function is to return the activation index of one of 2" inputs. The activation index

is given on n address lines. When several inputs are activated, the encoder gives priority to the

input whose index is higher. The usual notation of the encoder is: encoder 2" to n.
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For example, an encoder 8 to 3 will have 8 inputs and 3 address lines at the output. (It provides

the number of the active input on n bit at the output)

Inputs Outputs
(1 from 2" Coding) | (n Bits)
A3 |A2 | A1|A0 |S1 ]SO
0 0 [0 |1 0 |0
0 0 |1 |0 0 |1
0 1 |0 |0 1 |0
1 0 |0 |O 1 |1
S1=A2 + A3.
S0=Al + AS.

A) Priority encoder :

A3 A2 Al AD

30

| >
D—Sl

Figure 3.11: binary Encoder

If more than one input can occur at the same time, then some priority must be

established. The output would then indicate the number of the highest priority device with an

active input. The priorities are normally arranged in descending (or ascending) order with the

highest priority given to the largest (smallest) input number.

A4, A

MM XX XD
S XXX XS

A,

[=N=N 1 4 b g i =]

oo~ XXX XoS

A,

A,

Cooco=XX XS

o

cocooREX Xe

A, A, | Z z 7z NR
] 0 * * * 1
x 1 1 1 1 0
1 0 1 1 0 0
1] 0 1 ] 1 0
] 0 1 ] 0 0
0 0 0 1 1 0
] 0 0 1 ] 0
0 (1] (1] 0 1 0
0 0 0 0 0 0

The output NR indicates that there are no requests. In that case, we don’t care what the

other outputs are. If device 7 has an active signal (that is, a 1), then the output is the binary for

7, regardless of what the other inputs are (as shown on the second line of the table). Only when

A7 =0 is any other input recognized. The equations describing this device are:

NR = A A ALALA ALALA,

Zo=A+ A+ A+ A

Z = A+ A+ (A, + AJA, AL
Zy= A, + A AL + AJA AL + A ALALAG
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Example: Octal-Binary priority encoder

Inputs Octal Outputs

%
E

4

Ag | Az

P
=
i
=
i
[F)
wn
Just
w
=

= ol o o o o o o

Ml = o o o o o o

Mo = o o o o o

Ml M| M K M = of of F
e ] B ] B - B
e I I ] B ] B
Ll e I T e Bl Il I (R e
= o = o = o = o

0
0
0
1
X
X
X
X

Ml M o~ o o o @

3.4 Transcoders

The transcoder is a combinational circuit that allows the passage from a given code to

another code.

Example: 3-bit Gray-binary transcoder.

Table I11.1. Gray to binary

g2 23 o bo by bg
0 0 0 0 0
0 0 1 0 o 1
0 1 1 0 l 0
0 1 0 0 | 1
1 1 0 | 0 0
1 1 1 | o 1
1 0 1 | | 0
1 0 0 | | 1

After simplification by karnaugh maps

b, =g,

b=g,®g,

The general formula is
IJI'?In' = '-{"'h'
IJI:'Ir' = IE.II El-} t{:

n-|

l!r'? =|E:I:_]_}-\.E|@gn

.. 8¢

2 o Do
g @ ) > * b
9 @ D_. bo

Figure 3.12: Gray to Bin transcoder
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Example: Four bits binary to gray code converter.

Decimal Binary code Gray code B;B, Bs B;B, Bs
Number B3 B2 B Bo G T2 G Go BB, 00 2 1 fl_(i BiBg 00 0 11 10
0 0 0 0 0 0 0 0 0 00 1 1 00 | 1 1|

1 0 0 0 1 0 0 0 1
2 0 0 1 0 0 0 1 1 ot ! ! o l ! 1J
By 1 Bg
3 0 0 1 1 0 0 1 0 u . . u 1‘] (1
4 0 1 0 0 0 1 1 0 B, B,
5 0 1 0 1 0 1 1 1 10 1 1 10 _1J h
St oy 4 L
6 0 1 1 0 0 1 0 1
B2 BZ
7 0 1 1 1 0 1 0 0
8 1 0 0 0 1 1 0 0 BB, B,
9 1 0 0 1 1 1 0 1 BB\ 00 01 1110
10 1 0 1 0 1 1 1 1 0
11 1 0 1 1 1 1 1 0
12 1 1 0 0 1 0 1 0 onf(1 [ 1 1] 1)
13 1 1 0 1 1 0 1 1 By
14 1 1 1 0 1 0 0 1 . u
1
15 1 1 1 1 1 0 0 0 ol HED
The obtained equations are : ~ 8,

G2:B:i~B_2+E‘BZZBEi$Bz
Gi=B:-Bi+B:-Bi=5B.& B
G:JZBl'E[]-I-E'B[]:Bl@BU
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3.5 Integrated circuit SN54HC148, SN74HC148 encoder

The *74HC148 feature priority decoding of the inputs to w,
ensure that only the highest-order data line is encoded. 4 [ 1 16 ] vCC
These devices encode eight data lines to 3-line (4-2-1) 5 [ 2 15 ] EO
binary (octal). Cascading circuitry (enable input EI and 6 [ 3 14 ] GS
enable output EO) has been provided to allow octal ! [ 4 13 ] 3
o . El[]5 12]] 2
expansion without the need for external circuitry. Data AD [ 6 "y ] 1
inputs and outputs are active at the low logic level.
C d ti ftwo IC 74148 Al [ ! 10 ] 0
ascade connection of two
GND [] 8 9f] A0
INPUTS OUTPUTS
El 0 1 2 3 4 5 6 7 A2 A1 A0 | GS EO
H X X X X X X X X H H H H H
L H H H H H H H H H H H H L
L X X X X X X X L L L L L H
L X X X X X X L H L L H L H
L X X X X X L H H L H L L H
L X X X X L H X H L H X L H
L X X X L H H H H H L L L H
L X X L H H H H H H L H L H
L X L H H H H H H H H L L H
L L H H H H H H H H H H L H
Priority Encoder for 16 Bits
16-Line Data (active low)
o] 1 2 3 4 5 e 7T a8 8 9 10 11 12 13 14 15 Ena_ble
LbHLLLLLLL L LLLLL L L L L o Esvetew
o 1 2 3 4 5 e T EI (o] 1 2 3 e 5 e T EI
THC148 HC148
ECQ A0 A o GS EO A0 A v GS
| p— — i -7 - ]
| |
l HCoOos8 l
I I
—_ —— —— —— . . e e e e e e e e e e —_—
o 4 =2 3 Priority Flag

(active low)

Encoded Data (active low)

Figure 3.13: Priority Encoder for 16 Bits
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3. 6. List of some decoding ICs:

7441: BCD to decimal decoder

7442: BCD to decimal decoder

7443: 4-bit to decimal decoder incremented by 3 (3 to 12)

7444: 4-bit to decimal decoder incremented by 3 gray code

7445: BCD to decimal decoder with open collector output with 30 volt protection
7446: 7-segment BCD decoder with open collector output with 30 volt protection
7447 7-segment BCD decoder with open collector output with 15 volt protection
7448: 7-segment BCD decoder with open collector output with pull-up resistor
7449: 7-segment BCD decoder with open collector output

74184: BCD to binary converter

74185: Binary to BCD converter
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4.1 Multiplexer:

A multiplexer (MUX) is a logic circuit that allows for switching the data present at any
one of its inputs toward its single output (parallel to serial). Thus, it generally has 2" data inputs,
n select lines and one output.

Input Datal

Fﬂutput

Input Datal

—

T

—_—

select
Figure 4.1: Multiplexer with two inputs data entries, and a selection input

The input selection is performed by assigning a weight to the address inputs Ss... So.
For example, Sn can be associated with the most significant bit MSB and So with the least
significant bit LSB. The binary combination Sy...So thus obtained is called an address and the
multiplexer will direct the input D;i to the output F, the decimal index i of which will correspond
to the binary address i = (Sn....S0 )3 .

Multiplexers have many applications. For example, they can be used as:
* Data selector.
» Parallel-serial converter. The multiplexer recedes data in parallel that it can transmit one
after the other on its output.
* Logic function generator.

Let consider the simplest 2:1 multiplexer represented on the Figure 4.2. This is a logic
circuit with two entries, DO and D1, allowing to display on its output Y the data present on one
of the two entries. This is only achievable if it exists an additional S entry, called selection or
address entry, such as:

if S=0 wehave Y =Do

if S =1 wehave Y =D 0| D,

The logic equation of the 2:1 multiplexer is given by:

Y:§DD—|—5D1
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Do

D, —o

o =
v Y = Y[
D, —r =
S
D) — s |
s
(a) (b) ()

Figure 4.2: 2-to-1 multiplexer: a) logic circuit, (b) and (c) symbols.

Figure 4.3: Schematic diagram of the 2-to-1 multiplexer.

4.2 Multiplexers with Active- Low Enable:
Multiplexers offered by integrated circuit manufacturers most often have an active- low

enable input.
Figure 4.4 show the circuit and symbol for a 2-to-1 multiplexer with an active-low enable input.

EN S| Y Po E‘i,
1 x| O g B —1° =
Y = Yi—
0 0 D(} ! S
0 1 | Dy D, |
(a) 5 (b

Figure 4.4: 2-to-1 multiplexer with an active-low enable input.

The logic equation for the output is given by:
Y =EN(S-Dy+S-Dy)

Example
A 4-to-1 multiplexer can be implemented using logic gates as shown in figure 4.5. (a)

or using 2-to-1 multiplexer configured as shown in figure 4.5. (b).
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EN 5 5 Y
1 X X 0 —_ — — —_—
0 0 o | D, Y=EN(S1-So-Do+51-S-D1+851-5 - D2+ 81-5-Ds)
0 0 1 I
0 1 0 B -
2 v
0 1 1| Ds . S0
<1 4] 1
o | DoEN (DIEN
1 ID? EN|D3 EN

oy

- iy
. | D3

(@) . (©) .

EN

Sy

EN

EMN

Dy EMN
D,
—_— Y
-
D2
S 'S
(b) .

Figure 4.5: 4-to-1 multiplexer with an active-low enable input. (a) From logic gates

multiplexers. (b) From two-way multiplexers. (c) Logic symbol.

4.3 Multiplexers As Logic Function Generator:

A multiplexer with n address inputs (and therefore 2" data inputs) can perform all the

combinatorial logic functions of n+1 variables.
Example: Let consider the logic function
fla, b,c)=2ml(0, 1, 2, 5)
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()
o
o
—
o
o
[>]

0 0 0 1 .

0 0 1 1 [

0 1 0 1 ;: f
0 1 1 0 o —

1[0 |0 [0 N

10 1 1 °

1 [1 [0 [0

11 1 0

Figure 4.6: Multiplexer us logic function generator

Example 2

Realize the logic function F by using mux (2 address input).

F=xeye-i+xevye-+yer:
Solution

x
<

N

—

0O 0 O O
0 0 1 1 TeNe
0 1 0 1 X o
0 1 1 1 Xeoe—
1 0 O 0 VvCC

fes
1 0 1 1 - .
1 1 0 1
1 1 1 1

4.4 A Demultiplexer (Demux) :

A demux is the inverse of a mux. It routes a signal from one place to one of to one of
the 2" outputs.

The selection is made using “n” address lines and the outputs are mutually exclusive.
The usual notation of the DEMUX is: DEMUX 1 to 2". For example, a DEMUX 1 to 8 will
have 3 address lines. Figure 4.7 shows the general form of a1 to 2 DEMUX .
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Y1

sel

Figure 4.7: 1 to 2 Demultiplexer

Figure 4.8 shows one bit of a four-way demux, where a and b select which way the
signal *IN” is directed.

A 1-to-8 Demultiplexer can be implemented using logic gates as shown in figure 4.8 (a)
or using 1-to-4 multiplexers as illustrated in figure 4.8 (b). It can be represented by the symbol

given in figure 4.8 (c).

51 S| Ys Y2 1Y
0 0 0 0 0 D
0 1 0 0 D 0
1 0 0O D 0 0
1 1 D 0 0 0

The output logic equations can be written as:

%z-S_IE;D, },12-5—'1-50}31 Yg:S]_-E.-'D, andY3=SI'Sﬂ'D

Sa ‘ 5 oY,

XNNa

5, —

YUY
e
—
|
Xawa_
-

XNWa

2a)a

(8 51 So ®) ()
Figure 4.8: 1-to-4 Demultiplexer: implemented using a) logic gates or b) 1-to-2

Demultiplexer; ¢) symbol
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4.5 Commercialized I1Cs Mux:

The TTL 74LS151 is a high speed 8-input Digital Multiplexer. It provides, in one
package, the ability to select one bit of data from up to eight sources. The LS151 can be used
as a universal function generator to generate any logic function of four variables.

The 74153 contains two (dual) four-way multiplexers, A and B, each with its own active
low enable (ENA9 and ENB9). The inputs to the first are labeled A3 to A0 and its output is
YA; the inputs to the second are B3 to BO, with output YB. There are two select lines (labeled
S1 and S0). The same select signal is used for both multiplexers. This would provide 2 bits of
multiplexer for choosing among four input words.

The 74157 contains four (quad) two-way multiplexers, with a common active low
enable (EN9) and a single common select input (S). The multiplexers are labeled A, B, C, and
D, with inputs A0 and Al and output YA for the first multiplexer. This provides 4 bits of a two-
way selection system.
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5.1 Comparator

A comparator is a combinational logic circuit that compares the equality or magnitudes
of two binary quantities to determine which has the greater magnitude. In other words, a
comparator determines the relationship between two binary quantities.
5.2 Types of comparators:

There are two types of comparators.

Equality
Comparator

| Comparator |

Magnitude .

Comparator

Figure 5.1: Types of comparators.

A) Identity Comparator

The Identity Comparator compares two inputs and gives output either “HIGH” or
“LOW?” depending on whether the inputs are equal or not. The Identity Comparator has only
“One” output. For example, if two inputs i.e. A & B are compared then Identity Comparator‘s

output is set to “HIGH” only when A=Bie. A=B=10r A=B =0. This s illustrated below:

A=B=0
} Output: HIGH
A=B=1
A<B
} Output: LOW
A>B

Figure 5.2: Logical functioning of Identical Comparator.

This comparator can be used for simple circuits like electronic lock and security systems

where binary password consisting of n bits compared with another preset code.
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A.1 1-bit Equality comparator
Table 1: Truth Table of a 2-bits Equality using EX-OR

A 0 0 O
Y 0 1 A<B
B 1 0 A>B
1 1 0

Figure 5.3: One bit Equality comparator.

A.2 Two-bit Equality comparator:

In two bit equality comparator as shown in figure 5.4, two bit binary numbers A and B
represented as A1AO and B1BO0 are compared. Here Al and B1 are the most significant bits,
and A0 and BO are the least significant bits of numbers A and B respectively. Al is compared
with B1 and AO is compared the BO. If Al is equal to B1 and AQ is equal to BO output of a two
bit comparator will be HIGH. If Al is not equal to B1 or A0 is not equal to BO output will be
LOW as shown in the table.

Table 2: Truth Table of a 2-bits Equality Comparator.

b
=
¥
=]
w
=
o
o]
g

Ao

Bo

Al

H|lm|e|lo|le|e|le|e|e]|e
ole|m|m|le|e|m|m|la]|e
Hle|m|o|m|e|H|e|m]|e
e|le|e|le|=|e|a|lea|le]|=

B1 Y=(Ao®Bo)e (A1®BI)

H|lE|lH|EH|2 (2| e|e|=EH|HF|E|H|2|2|2]|2

CRIE N P
H 2| @ =
H Q|| S|= 2
Wlelo|le|le|w

Figure 5.4: Two bits Equality comparator.
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B) Magnitude comparator

This comparator compares the magnitude of the two binary numbers and not the sign. It
can also be used to indicate the equality of the input numbers. In addition, the magnitude
comparators has two additional outputs to indicate whether input A is greater that input B and

whether input A is less than input B as shown in figure 5.5.

A — ) A=B=0
mmmm) A<B
° ) AL

Figure 5.5: Magnitude Comparator.

B.1 1-bit magnitude Comparator:
In 1-bit magnitude comparator, A, B are one bit number and there are three outputs

corresponding to A>B, A=B and A<B respectively as shown in figure 5.6.

Table 3 Truth Table of a 1-bit Digital Comparator

Inputs Outputs
B A A>B|A=B|A<B
0 0 0 1 0
0 1 1 0 0
1 0 0 0 1
1 1 0 1 0

A > }—0 X:IBﬁ A<B

:[>>—@ Y-AB+ AR = A=B
B > }—o Z:Aﬁﬁ A>B

Figure 5.6: One-bit Digital Comparator constructed using basic gates.
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B.1 2-bit magnitude comparator
A 2-bit comparator compares two binary numbers, each of two bits and produces their

relation such as one number is equal or greater than or less than the other.

Table 4 Truth Table of a 2-bits Magnitude Comparator.

Al | A0 | B1 | BO | A>B

d
®
.
3

A>B

2-bit |
Magnitude . A=B

g. Comparator

A<B

Figure 5.6: Two bits Magnitude Comparator.

o === ele e e
o == D2 | S === S|
(S IS I — T T O O I T I — T O O T A T O I T
=R |=| (=] R|S|=|S]|=]|
S === e|lo|==|a|le(e|l=|e | ||
o =T T T O — T — T I — TR T I T T — T I
S e|e|e (=] |E|kR | Q|| | =|=|S

A*®  AsB:=A1B1' + AOBO' Y1

Al
o %} ae A=B:=(A1’B1'+A1B1) (A0’BO’+AOBO)

= ¥1Y0

:}_ ae A<B: =A1'B1+A0'BO Y1

Figure 5.7: Logic diagram for 2-bit magnitude comparator
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A.3 A 4-bit magnitude comparator
The two 4-bit numbers A = A3 A2 A1 AO and B= B3 B2 B1 B0 are compared
using 4-bit magnitude comparator, where A3 and B3 are the most significant bits.

Table.5 Four-bits magnitude comparator truth table.

A3 B3 A2 B2 Al B1 A0 BO A>B | A A<B
A3 >B3 X X X 1 0 0
A3 <B3 X X X 0 0 1
A3=B3 A2>B2 X X 1 0 0
A3=B3 A2<B2 X X 0 0 1
A3=B3 A2=B2 Al1>B1 X 1 0 0
A3=B3 A2=B2 Al<B1 X 0 0 1
A3 =B3 A2=B2 Al=B1 A0>=B0 1 0 0
A3 =B3 A2=B2 Al=B1 A0<BO 0 0 1
A3 =B3 A2=B2 Al=B1 A0=B0 0 1 0

If A3 =1 and B3 =0, then A is greater than B (A>B), Or If A3 and B3 are equal,
and if A2=1and B2 =0, then A > B. Or If A3 and B3 are equal & A2 and B2 are equal,
and if A1 =1, and B1 = 0, then A>B. Or If A3 and B3 are equal, A2 and B2 are equal

and Al and B1 are equal, and if AO =1 and BO = 0, then A > B.

5.3 Cascading of comparators

A higher-order n-bit comparator can be constructed using a single-bit Digital

Comparator. In this way, whole binary numbers or words can be compared with each

other to produce an output to know if a binary number or word is equal, greater, or less

than the other.

When two comparators are to be cascaded, the outputs of the lower-order

comparator are connected to corresponding inputs of the higher-order comparator. The

comparator on the left is comparing lower 4 bits and right comparator compare higher

order nibble.
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AT — A3
s 1
HE ———— A
x;l _|| AO A=B
%3 _l' :i ¥] ———— B3
x2 I V6 s B2 7485 A<B
X1 Al Y5 _I. Bl
Xg —= A0 =B ¥4 — B0
A-B
Y3 » B3 _| A=BIn
vz — B2 7485 AB | ain
Y] — Bl IA*B'I‘I
Y e— B0 |
A8 I .......
] —— A=BIn
0 — L ABIn
0 _...{ A>B1n

Figure 5.8: Cascading of comparators.

Example: 8-bits word comparator
Figure 5.9 represent a larger 8-bits. Where the resulting outputs are directly

connected or wired to inputs of a higher-order 4-bit comparator.

Ay —>
Word (A) Ay —>
LSB Ay ——p
13 —>
B —> 4-bit

> Magnitude

Word (B) 71 =——» comparator
LSB By, —>

Bs—> A<B|l {4

A

y
S
VIl A
ToW

A=DB
A>B » A

A
A- 4-bit
Word (A) i : Magnitude
MSB '.l 6 Comparator
Word (B) B » A<Bl—> Comparison
MSB By >y A=B|l—» P
Output
B- A>Bl—>

Figure 5.9: Cascaded 8-bit word

comparator.
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5.4 Lists of some commercialized ICs comparator:

SN74LS85N, 4-Bit, Magnitude Comparator, Non-Inverting, 16-Pin PDIP.
SN74LS688N 8bit-Bit, Comparator.

SN74LS682N, 8-Bit, Magnitude Comparator, Push-Pull, Inverting, 20-Pin PDIP.
74FCT521ATSOG, 8bit-Bit, Comparator, TTL.
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6. Sequential circuit:

Digital circuits are classified into two major categories namely, combinational circuits
and sequential circuits. We have already discussed about combinational circuits in the earlier
chapters.

A sequential circuit is a type of digital logic circuit whose output depends on present
inputs as well as past operation of the circuit.

6. 1 Sequential Circuit

A sequential circuit is basically a combination of a combinational circuit and a memory
element. The combinational circuit performs the logical operations specified, while the memory
element records the history of operation of the circuit. This history is then used to perform
various logical operations in future.

In sequential circuits, a feedback path is provided between the output and the input that
transfers information from output end to the memory element and from memory element to the
input end.

The block diagram of a typical sequential circuit is shown in the following figure.6.1

o External
Exiernal Combinational Outputs
Inputs Circuit
Current Mext
State State
Memory
Infernal Hement Infernal
Cutput Inputs

Figure 6.1: Sequential circuits block diagram

6. 2 Types of sequential circuits:

There are two types of sequential circuits:
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A) Asynchronous Sequential Circuit :
B) These circuits do not use a clock signal but uses the pulses of the inputs. These circuits
are faster than synchronous sequential circuits because there is clock pulse and change

their state immediately when there is a change in the input signal.

Input
Levels

Output Pulses
or Levels

Figure 6.2: Asynchronous Sequential Circuit

C) Synchronous Sequential Circuit
These circuits uses clock signal and level inputs (or pulsed) (with restrictions on pulse
width and circuit propagation). The output pulse is the same duration as the clock pulse for the
clocked sequential circuits. Since they wait for the next clock pulse to arrive to perform the next
operation, so these circuits are bit slower compared to asynchronous. Level output changes

state at the start of an input pulse and remains in that until the next input or clock pulse.

Imput Qutput Pulses
Levels or Levels
Clock
Pulses

Figure 6.3: Synchronous Sequential Circuit

6. 3 Clock Signal and Triggering
6. 3.1 Clock signal

A clock signal is a periodic signal in which ON time and OFF time need not be the same.
When ON time and OFF time of the clock signal are the same, a square wave is used to represent
the clock signal. Below is a diagram which represents the clock signal:
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5V
ON | oFf
—>
ov
e SE——

Time Period

Figure 6.4: Square wave clock signal

A clock signal is considered as the square wave. Sometimes, the signal stays at logic,
either high 5V or low 0V, to an equal amount of time. It repeats with a certain time period,

which will be equal to twice the 'ON time' or 'OFF time'.

6. 3.2 Types of Triggering
There are two types of triggering in sequential circuits: Level triggering and edge triggering.
A) Level triggering

The logic High and logic Low are the two levels in the clock signal. In level triggering,
when the clock pulse is at a particular level, only then the circuit is activated. There are the
following types of level triggering:
A.1) Positive level triggering

In a positive level triggering, the signal with Logic High occurs. So, in this triggering,
the circuit is operated with such type of clock signal. Below is the diagram of positive level

triggering.

Juutuy

Figure 6.5: Positive level triggering
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A.2) Negative level triggering In negative level triggering, the signal with Logic Low occurs.
So, in this triggering, the circuit is operated with such type of clock signal. Below is the diagram

of Negative level triggering.

Figure 6.6: Negative level triggering

B) Edge triggering

In clock signal of edge triggering, two types of transitions occur, i.e., transition either
from Logic Low to Logic High or Logic High to Logic Low.

Based on the transitions of the clock signal, there are the following types of edge
triggering:
B.1) Positive edge triggering

The transition from Logic Low to Logic High occurs in the clock signal of positive edge
triggering. So, in positive edge triggering, the circuit is operated with such type of clock signal.

The diagram of positive edge triggering is given below.

Figure 6.7: Positive level triggering

B.2) Negative edge triggering
The transition from Logic High to Logic low occurs in the clock signal of negative edge
triggering. So, in negative edge triggering, the circuit is operated with such type of clock signal.

The diagram of negative edge triggering is given below.
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Figure 6.8: Negative level triggering.

6. 4 Latch and Flip Flop
Latches and flip-flops are the fundamental building blocks of most sequential circuits, but
they work differently:
A) Latch
A latch is an electronic circuit that instantly changes its output based on the input signal.
It can store either a 0 or a 1 at any given time. A latch has two inputs—SET and RESET—and
two complementary outputs. Like the flip-flop, a latch can store one bit of data. However, unlike

flip-flops, latches are not synchronous and do not operate based on clock edges.

Figure 6.9: Latch circuit.

A.1) SR latch
For the SR latch (S stands for set, and R for reset) represented in Figure 6.10,
Table 6.1. Truth table of the SR latch
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S R Q| Q"

0 0 0 0 g _

0 0 1] 1 — Q 1T
0O 1 0 0 —

0 1 | 0

1 0 0 1 2 — 4R QF
1 0 1 1

] 1 0 0 (a) (b)

! ! I 0 Figure 6.10: SR Latch circuit.

The characteristic equations of SR latch is as follow:

QT=R-S+R-Q=R-(S+Q)

QT=S-R+5-Q=5-(R+Q)

S changes first S changes first R changes first
11=01 =00 10— 00 = 01 10—=11 =01
SR S SR\ S
Q 00 01 11 10 Q 00 \\ 01 11 10
k)
ol o | o | 0| 1 of| o \\0 0 | 1
0 2 6( | 4 0 2 6 4
| =1 =
1 1 0 0 1 1 1 0 0 1
Q 1 3 7 5 Q 1 3 7 5
R R
R changes first
11=10 = 00
(@ (b)

mEm 1
Iy A
.

) I
|
-~
—_—— —

forbidden state

n

"

(o]

e

Figure 6.11: Timing diagram of an SR Latch.
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A.2) SR latch
An S R latch can be implemented using NAND gates, as shown in Figure 6.12.
Table 6.2. Truth table of the S R latch.

S RS o W
0 0 0] o0

0 0 1] 1 %

0 1 0] o0 _R_},_a 1z sk
0o 1 1] 0

1 0 0 1 (a) (b)

1 0 1 1 Figure 6.12: S R Latch

1 1 o0 1

11| 1

However, if the forbidden state (S = R = 1) is considered as a do not care state in the
two type SR, S R latch, the state table takes the form given in Table 1.5.
Table 6.2: Stat table of the SR latch.

S R Q| Q"
0o 0 0 0
0 0 1 |
o 1 0 0
0 I | 0
1 0 0 1
1 0 1 1
1 | 0 X
| 1 | X

B) Flip-Flop

A flip-flop (fig.6.13) is essentially a digital memory circuit capable of storing a single
bit of data. Flip-flops are also known as one-bit memories, binary elements, or bistable
multivibrators. Flip-flops change their state during active clock pulses, remaining stable when

the clock pulse is inactive.
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There are a four main types of flip-flops:
- JK Flip-Flop.
- SR (Set-Reset) Flip-Flop.
- Data or Delay (D) Flip-Flop.
- Toggle (T) Flip-Flop.

Figure 6.13: Flip-Flop

B.1) SR Flip Flop

The S-R flip flop is the most common flip flop used in the digital system. In SR flip
flop, when the set input "S™ is true, the output Y will be high, and Y" will be low. It is required
that the wiring of the circuit is maintained when the outputs are established. We maintain the
wiring until set or reset input goes high, or power is shutdown.

The SR flip flop can be implemented using two AND gates and an SR latch (fig.6.14)
or by two NAND gates and an S R latch (fig.6.15).

R—
C = c
_ —Hr -
— Q
S_

(a) (b)

Q|

Figure 6.14: SR flip flop implemented using two AND gates and an SR latch

D

C — C
L

(a) (b)

Figure 6.15: SR flip flop implemented using two NAND gates and an S R latch
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Table 6.3. Truth table of an S-R FLIP-FLOP.

C S R| QY Q+
0 x x| Q @ | Nochange
1 0o ol Q O
| 0 1 0 | Reset
| 1 0 | 0 Set
1 1 1 X X Forbidden state
Example 1:
5
I N !
! i | [] ! 1
R. l : ] I ] JI 1
EREERE ! |
C R | :
S P | o
Q i ! L
b b : L
Q ! |

fnrbfdden state

Figure 6.16: Timing diagram of the gated SR latch.
B.2) J-K Flip-Flop

The JK flip-flop (J as a set input, and K as a reset input) are introduced to overcome
the invalid or forbidden state corresponding to S=R=1 in the SR flip-flop, The forbidden state,
inherent to the SR latch, is eliminated by adding two feedback pathways. (Fig. 6.17).
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Table 6.4. Stat table of J-K Flip-Flop Table 6.5. Truth table of J-K Flip-Flop
cC J K Q|@QF cC J K|Qt QF
0 x x x|Q —
Lo oo olo 0 x x| Q 9 No change
1 0 0 1|1 1 0 0 Q Q
1 0 1 010 10 110 I | Reset
1 0 1 110 | | 0 1 0 Set
Lr0 0l I 1 1] Q@ Q| Togle
1 1 0 111
1 1 1 01
I 1 1 110

Table 6.6: Excitation table of J-K Flip-Flop

|—\|—\oo‘

0 0 X
1 X
0 1
1 0

X X = O

I— Q ]—:}S Q 4 o

CLK— C— -C
Q' g R 0 Jx gt
—=D 1L Q

(@) (b) (©

Figure 6.17: JK Flip-Flop a) based on gates circuit b) based AND gates and
SR latch c¢) Symbol.
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B.3) D Flip-Flop

A gated D latch (D stands for data) can be implemented from a gated SR latch, as shown
in Figure 6.18. Connecting an inverter between the S and R inputs prevents the forbidden state
from occurring.

In a D flip-flop, the output can only be changed at positive or negative clock transitions,

and when the inputs changed at other times, the output will remain unaffected.

Table 6.7. Truth table of D Flip-Flop Table 6.8. Excitation table of D Flip-Flop
c Dot o Q [Q+ D
A 0 0 0
0 No ch
X Q Q o change 0 1 1
1 0 0 | Reset 1 0 0
1 1 1 0 Set 1 1 1
5 o 8
Q Q 1P Q-
C — C —
Q Q
D )
R R
(©)
(a) (b)

Figure 6.18: D Flip-Flop a) based SR latch b) based S R latch ¢) Symbol.

B.4) T Flip-Flop

A T flip-flop (Toggle Flip-flop) is a simplified version of JK flip-flop. The T flip-flop
is obtained by connecting the J and K inputs together. The flip-flop has one input terminal and
clock input (fig.6.19).
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Table 6.9. Truth table of T Flip-Flop

C T|Q" ¢ i o} 1t o}
0 x| Q @ |Nochange C—¢ &

1 0] Q Q —K  Qf -c  Qf
| 1] Q Q| Toggle (@) (b)

Figure 6.19: T Flip-Flop a) Based JK I Flip-Flop ¢) Symbol.

The T flip-flop is obtained by connecting the 2:1 multiplexer with D Flip Flop Figure 6.20.

Clock

Figure 6.20: T Flip-Flop a) Based 2:1 Mux and D Flip-Flop

B.5) Master-slave flip-flop
A Master-slave type flip-flop is implemented by connecting two flip-flops, called master

and slave, whose clock signals are complementary

B.5.1) Master-slave D flip-flop
Master-slave D flip-flop are composed of two gated D latches.

Table 6.10. Truth table of Master-slave D flip-flop

D CK | Qf Q+  Master Slave _ |

x 0 Q Q D—D Q D QI

x 1 Q Q le Ql C Q _

o A |0 1 S F o F

S S T
Figure 6.21: Master-slave D flip-flop
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'CK_I I _I_
> LT

I
i
L
I
T
1 | I
i
I
I
T
I

S el

[
[
[
I
T
[
[
I
I
L
[

Figure 6.22: Timing diagram of the gated D Master-Slave.

B.5.2) Master-Slave J-K flip-flop
Master Slave JK Flip Flop is a combination of two JK flip flops which are connected in

the cascaded manner as shown in Figure 6.22

Master Slave
L Qx
DT D
S WL
[ Qy

CK [>o

Figure 6.23: Master-slave JK flip-flop

Normal operation 1°s Catching  0°s Catching
- LEIALL LA FECEEIALLb
T e B S ey BNy S o T 1
K . [ 1 | :| o 1 [Tle
e | .
oy | ™ B
o | i T
« i i —
Sfample Figure 6.24: Timing diagram of the gated JK Master-Slave. Application
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Frequency Divider: Divide-by-2 Counter

Feedback Loop
i}
Output Frequency
D Qpb— =2
Input Frequency
fom—T>

CLK

Q

S I 1 I i

I I
I | I
1 ——-! 1 1

| T Input
Frequency

Frequency = L
- -

Output
Fregquency

Figure 6.25: Timing diagram Frequency Divider.
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7.1 Binary counters:

Binary counters are a sequential circuit. They generate binary sequences that can be
associated with the number of clock signal pulses applied to the input.

A binary counter can counter from 0 to 2"-1, where n is the total number of bits in the
counter. The binary counters are built up of flip flops, where each flip flop represents one bit
of the binary number.

7.2 Classification of counters:
Two types of binary counters:
A) Asynchronous Counter (ripple counter).
B) Synchronous Counter.
7.3 Characterization of counter:
Counter can be characterized by:
1) The modulus of a counter: the number of states in its count sequence.
2) The direction of counting (up or down);
3) The operating mode (asynchronous or synchronous).
4) Regular or irregular sequences counting.
5) Complete or incomplete cycle: (Complete cycle: if a counter generates binary

sequences equal the numbers range from 0 to 2" — 1).

7.4 Counter Basics
When the edge clock pulse is applied and the inputs logic T= 1, the output state of FF
will toggle for every falling edge. It is known as binary or mod 2 counter or bit ripple counter.

It has 2 unique output states (0 and 1).

1 t Q 1 2 3 4 5 6
T e YUY YTY
Clock | : | : Im

CLK —c>

Q' '010101L

L

CLR‘—T Q=0 1 0 1 0 1

Figure 7.1: Counter basics timing diagram
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7.5 Asynchronous Counter (ripple counter)

Only the first flip flop receive the clock pulse and the others flip flop is triggered by the
output of the previous flip flop. The clock signal is subsequently transmitted, with a propagation
delay, from one flip-flop to another.

7.5.1 Design steps of asynchronous counter

- Find the number of flip flops using 2" > N, where N is the number of states and n is the
number of flip flops.

- Choose the type of flip flop.

- Draw the truth table for asynchronous counter.

- Use K-map to derive the flip flop reset input functions.

- Draw the logic circuit diagram.

7.5.2 Modulo 4 up counter (complete cycle):

Modulo 4 (or two-bit) counter has four different states (22 = 4). The implementation of
a modulo 4 counter requires at least two flip-flops that can be configured for asynchronous
operation. The output QO represents the least significant bit (LSB) and Q1 corresponds to the
most significant bit (MSB).

The logic equations for the inputs of each flip-flop are given by:
- flip-flop 1. J1=K1=1,
- flip-flop 2: J1=K1=1;

Table 7.1: Count sequence of asynchronous modulo 4 counter.

Clock Signal Decimal Q1 Qo

Impulse Value
1 0 0 0
2 1 0 1
3 2 1 0
4 3 1 1
5 0 0 0
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[=1:]
HECEE HEIGH
A [ I . =1 [=% 8
LK L=y I ks
o [ [ =1
S o
- B = = <3 =
cLk | I B D B
* S £
L=l o o o
* Lo ] F
o1 o | a

Figure 7.2: Modulo 4 UP counter circuit and timing diagram

7.5.3 Modulo 8 UP counter:

Modulo 8 (or FOUR-bit) counter has four different states (2° = 8). The implementation
of a modulo 8 counter requires at least THREE flip-flops that can be configured for
asynchronous operation The output QO represents the least significant bit (LSB) and Q2
corresponds to the most significant bit (MSB).

In this example we use JK type flip flop.

The logic equations for the inputs of each flip-flop are given by:
— flip-flop 0: JO = KO = 1,

- flip-flop 1: J1 = K1 =1;

- flip-flop 2: )2 = K2 = 1;

Table 7.2: Count sequence of asynchronous modulo 8 UP counter.

Clock Signal Decimal Q2| Q1| Qo
Impulse Value
1 0 0 (0 |0
2 1 0 0 1
3 2 0 1 0
4 3 0 1 1
5 4 1 0 0
6 5 1 0 1
7 6 1 1 0
8 7 1 1 1
9 0 0 0 0
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I QI Q I QrQ; 17 Qe Q;
CE —1= > >
LK QEK Q 1K ﬁ_
CLE CLE CLR
> o 7

Figure 7.3: Asynchronous modulo 8 UP counter circuit.

e [T LR LR

Q o] 1t o |1 [of1r[o]1]o

Q 0 0 1 1 0 0 1 1 0

Q 0 0 o0 of1 1 1 110

= e—

Figure 7.4: Timing diagram of Asynchronous modulo 8 UP counter.

7.5.4 Modulo 10 UP counter (Incomplete cycle)

The asynchronous modulo 10 counter (Figure 7.5) is implemented by reducing the
number of states of a four-bit asynchronous counter. It produces an ascending sequence going
from (0000) to 9 (1001), corresponding to BCD codes.

The logic equations for the inputs J and K are written as follows:

— flip-flop 0: J0 = K0 = 1;
—flip-flop 1: J1 =K1 =1,
—flip-flop 2: J2 = K2 = 1;
— flip-flop 3: J3 =K3=1.

Page 4



Chapter 7 Binary counters

Table 7.3: Count sequence an asynchronous modulo 10 UP counter.

Clock Signal Decimal Qs Q2 Qi1 Qo Outputof Rest

Impulse Value logic CLR’
1 0 0 0 0 0 1
2 1 0 0 0 1 1
3 2 0o 0 1 o0 1
4 3 0 0 1 1 1
5) 4 0 1 0 0 1
6 5 0 1 0 1 1
7 6 0 1 1 0 1
8 7 0 1 1 1 1
9 8 1 0 0 0 1
10 9 1 0 0 1 1
11 0 1 0 1 0 0

The counter must be reset at the 10th pulse of the clock signal. A NAND gate is used to
detect the state Q1 = 1 and Q3 = 1 corresponding to the count of (10)10 = (1010), in order to
reset the counter (0000).. This can result in unwanted transients during the state transition, as
shown in the timing diagram in figure 7.6.

T ' D=
I Q~|Qu J Qo +{7 Q — 1 Qs

CE—O>
L]

[ o |

CLR I ~. Transient
T signal
CK 1 2 3 4 s & 7 s 9 10
e o [ 1 1o JT1v lo 1t le 71 leoe J1le
Q, _o 0 1 1 0 0 1 1 0 o |]o
Q, O 0 o o | 1 1 1 1 | o s} o]
Q3 o 0 [} 0 0 o [s] 8] 1 1 [s]

Figure 7.6: Timing diagram of Asynchronous modulo 10 UP counter.
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7.5.5 Asynchronous down counter

A down counter generates, from a given initial state, a sequence of numbers in

decreasing order. The first flip flop receive the clock pulse and the others flip flop is triggered

by the complement Q output of the previous flip flop.

EXAMPLE:

The logic circuit of an asynchronous modulo 8 down counter is given in Figure 7.7. It

consists of JK flip-flops whose inputs are connected to High Logic Level.

Table 7.4: Count sequence an asynchronous modulo 8 down counter.

Clock Signal | Decimal | Q | Qi | Q | Q | Qi | Qo
Impulse Value
1 0 0 0 0 1 1 1
2 1 0 0 1 1 1 0
3 2 0 1 0 1 0 1
4 3 0 1 1 1 0 0
5 4 1 0 0 0 1 1
6 5 1 0 1 0 1 0
7 6 1 1 0 0 0 1
8 7 1 1 1 0 0 0
1 & 1 o 1 o
}»] qu_qD}_I pRQ—QILJ FRQ Q,
T o Th T o
CLE CLE CLE
? ? ?

Figure 7.7: Asynchronous modulo 8 down counter circuit.
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oo [ T TY L TR LT

M i® e i@ @ @ Mmoo M

Figure 7.8: Timing diagram of Asynchronous modulo 8 down counter.

7.5.6 Asynchronous UP/DOWN Counter

A reversible counter is also called a bidirectional counter or an up/down counter. It can
generate a sequence of numbers in increasing or decreasing order. In general, it is possible to
change the count direction from any state.

A control input is used for selecting up and down mode (control).

A combinational circuit is required between each pair of flip-flop to decide whether to

do up or do down counting.

Up/ Down control

Q »
Output of Combinational Y
Previous Flip Flop Q'» circuit

Figure 7.9: Up/Down counter selection mode.

For n = 3, we have 3 bit counter.
—Maximum count = 2" -1 and number of states are 2".

Steps involve in design are:

When Dir = 0, then Y= Q, therefore it will perform Up counting (As discussed above).
When Dir = 1, then Y= Q’ therefore it will perform Down counting (As discussed above).
So the all possible combinations are:

Y =Q Dir’ + Q’ Dir =Q xor Dir
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Table 7.5: Decision for Mode control input.

Control = Dir Q |Q Y=Up/Down
0 0 0 0
0 0 1 0
0 1 0 1
0 1 1 1
1 0
1 0
1 1
1 1
Dir
Dir
%
e Q, 3 —1J5 Q3 |—
Clock
K4 Qy 4 Ka Q3 —

Figure 7.10: Asynchronous modulo 8 Up/down counter circuit.
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7.6 Synchronous Counter:

In this type of counters, all the flip flops receive (triggered by) the same clock pulse at
the same time. Therefore, their outputs change simultaneously. This will result in the no
propagation delay between the flip flops.

7.6.1 Design steps of synchronous counter
The design steps of the synchronous counter are:
1- Find the number of flip flops using 2n > N, where N is the number of states and n is the
number of flip flops.
2- Choose the type of flip flop.
3- Draw the state diagram of the counter.
4- Draw the excitation table of the selected flip flop and determine the excitation table for
the counter.

5- Use K-map to derive the flip flop input functions.

7.6.2 Modulo 4 Up counter (Complete cycle)

Synchronous modulo 4 (or Two bits) counter has 4 different states (22 = 4).
Two JK flip-flops are required.

The state diagram of the counter is represented in figure7.11.

Figure 7.11: State diagram synchronous modulo 4 UP counter.

The excitation table for JK flip flop is given by table 7.6.

Table 7.6: The Excitation Table of the inputs.

Q0O+ | J | K
0(0 |0 |X
0|1 1 X
110 X 11
111 |X |0

The excitation table of the flip flop inputs is given by table 7.7.

Page 9


https://electrically4u.com/what-is-the-excitation-table/
https://electrically4u.com/what-is-the-excitation-table/

Chapter 7
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Table 7.7: The Excitation Table of the inputs.

Next State

Present
State

Decimal Flip Flop Inputs

Value

Q Q1
Q) Lo 1 O~ 0 1
ooty o, X1 K=o
1 X 1o 1/
Q 301 0 1
0 1
~ O/X | 1| koot
0]/1 I 0=
i { Jo=1 1[X|1/
1| X/ ——
(LSE) (MSE)
1 I 1
J{]. q) ) J1 Q]
>CLK >CLK

—1 Ko 60_ _'Kl 61_

e

Figure 7.12: Synchronous modulo 4 UP counter circuit.
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7.6.3 Mod 8 UP Counter
The state diagram of the counter are represented in fig

Figure 7.13: State diagram of modulo 8 Up Counter.

By using the excitation table of JK flip Flop (table 7.6), the excitation table of the flip flop
inputs is given by table 7.8:

Table 7.8: The Excitation Table of the inputs.

Decimal | Present State Next State Flip Flop Inputs

(&
>
A
>

Value

X| | X| | X| | X|
= X | X| | X| | X
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Binary counters

For J For K
QEQA. QEQA
Q. 0o o1 11 Q. o1 11 10
o| o o 1 o X X X
1| x X X 1 o 1 o
Jo= Q. K,.=0Q.Q,
For J For
3.0, " Q:Q, =
Q. oo o1 11 Q. o1 i1 0
o| © 1 X o X 1 o
1| o 1 X 1 X 1 o
Jd, =0Q, K=Q,
For J For K
QEQ.A. & QEQ:\ *
Q. oo o1 11 Q. o1 11 10
ol 1 X X o 1 1 X
1| 1 X X 1 1 1 X
J L=1 KA= 1
Figure 7.14: The K-maps of modulo 8 Up Counter.
HIGH
J_;‘ Q.a JE QB | J: Q: _
> FF-A > FF-B > FF-C
KA G.a KH G13 T K: G:
Clk

Figure 7.15: Logic diagram of modulo 8 Up Counter.

Page 12



Chapter 7

Binary counters

7.6.4 Modulo-6 UP counter (Incomplete cycle)

The counter have 6 states. Thus, N =6.
The number ‘n’ of flip-flops used in this counter:

n = N/2 = 6/2= 3 flip flops are required.

We use the JK- flip flop to design the Modulo 6 synchronous up counter.

The state diagram for the counter is represented in figure 7.16.

Figure 7.16: State diagram of modulo 6 Up Counter.

The excitation table for JK flip flop is given by table

Table 7.9: Excitation table for JK flip flop

X
X
1
0

= O O
_ O = O
X X = O
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Table 7.10: Excitation table for the flip flop inputs:

Decimal | Present State | Next State Flip Flop Inputs
Value
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Q20 Q2 Q1
Q{] oo o1 11 10 Q{] oo o1 11 10
0 0] 0 1 0 0 X X X X
1 X X X X 1 a 1 X X

J0=Q2 Q1 K0=Q1

Q20Q1 Q201
Q‘ﬂ o0 o1 11 10 Q{] o0 a1 11 10
0 0] 1 X X 0 X X 1 0
1 u] ] X X 1 X X X X

T=Ql Qo K1=Qa

Q2 Q1 Q201
Q{] ‘ oo o1 11 10 Q{] oo o1 11 10
a 1 X X 1 ‘ ] X 1 1 X
1 1 X X X ‘ 1 X 1 X X

Jy =1 Ky=1

Figure 7.17: The K-maps of synchronous modulo 6 Up Counter.

|> FF-2 ‘;} FF-1 > FF- 0

| J Q _D-J QJ—D_LJ Qr—
[‘_

Clk

Figure 7.18: Logic diagram of a synchronous modulo 6 Up Counter.
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7.6.5 Synchronous UP/DOWN Counter
Develop a synchronous 3-bit up/down counter. The counter should count up when a control
input is 1 and count down when the control input is O.

Figure 7.19: State diagram of a synchronous UP/DOWN Counter

Table 7.11: Truth table of a synchronous UP/DOWN Counter.

Control Present State Next State Input for Flip-flop
input M
QB+1

(&
(o}

R R R R R P R R O o o o o o o o
X| X| o] | X| X| o | X| X| | ol X| X| | o
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K- map_Simplification:

2.
M G 0 1 1 eQa 00 01 11 10
w1l [X [X |1 M
wlx 1 1 |
a1 X [X |1 T
S R nfx 1 1 |%
wlr |x [x |1 N SR R
Ja=1 Ki=1
Qu 00 01 11 10 BAR w w ou 1w
h M G
N wlx X [T [0
nF T 1= on[x |x [T |0
LT nfE [x |0 |1
W[l [0 [X |x% X x 0 4l
Je=MQs +MOQa Ke=MQa +MQa
QeQa Q=0
» 00 01 1110 o ol 1 10
Q2

oy | X i X X

=
e
o
it
i

a1 | o 0 1 0

HpE x5 g iy o o o
wlr [x o o

wix [x [x [x
JC=MQaQz +MQaQe KC=MQaQs +M Qa Qs

Figure 7.20: The K-maps of synchronous UP/DOWN Counter.
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Logic-1 Qa Qe Qo

Up/Down

K QAj K Qg K Q¢

I

Clock Pulse

Figure 7.21: Logic diagram of synchronous UP/DOWN Counter.

7.6.6 Irregular sequence counter
This counter count in irregular sequence
Design a counter that count: 0 -1 —3 —>7 — 6 — 4 — 0, using JK flip-flop.

Explanation — For given sequence, state transition diagram as following below:

S
. 00O}

P —— SN
100 | | oo1
S A A /
Fy T
I |
L ¥
-~ ~, e ™,

"'-l "'\.l
110 | o11 |
r r
o, ; S b -
R "‘- - -.x\‘- -
[ 111 M
N, 'l

Figure 7.22: State diagram of a synchronous Irregular sequence counter.

We use the excitation table of JK flip flops given by table 7.9
To obtain the excitation table of flip flop inputs we can use two method:
Method 1: Use only the selected cycle combination

Method 2: Use all possible combination from 0 to 2"-1 where the unused Next combination
are set to X.
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Table 7.12: Excitation table for the flip flop inputs using method 1:

Decimal | Present State Next State Flip Flop Inputs

Value | Q2 | Q1 | Qo | Q2 | Q1 Q% | J2 | K2 | Jl | K1 | JO | KO
0 0 0 0 0 0 1 10| X |0 | X |1 X
1 0 0 1 0 1 110 | X | 1| X | X 0
3 0 1 1 1 1 1 1 X | X |0 | X 0
7 1 1 1 1 1 0 X |10 X | 0| X 1
6 1 1 0 1 0 0 X |1 0| X 1 0 X
4 1 0 0 0 0 O | X |1 ]0 | X|O X

Table 7.13: Excitation table for the flip flop inputs using method 2:

Present State Next State Flip flop Inputs

e}

QU | W | QU | %, | W, | Q%,.|J Ko | I | Kg | J4 | Ky
0 0 0 0 0 1 0 x | o X 1 x
0 0 1 0 1 1 0 X 1 X X 0
0] 1 0] X X X X X X X X X
0 1 1 1 1 1 1 x | x 0 X 0
1 0 0 0 0 0 x 1 0 X 0 x
1 0 1 X X X X X X X X X
1 1 0 1 0 0 x | o x 1 0 x
1 1 1 1 1 0 x | o X 0 X 1
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GIQ'I] {}IQ'D
o (ala] o1 11 10 2 oo o1 11 10
o o o X 1 o X X X X
1 X X X X 1 1 X o o
Jz = Q] Kz =1
Q2 oo o1 11 10 Qﬂ oo o1 11 10
o o 1 X X o X X o X
1 o X X X 1 X X o 1
J1=Q Ki=Q1
ﬂlQu GIQQ
2 (aln] o1 11 10 2 oo o1 11 10
o 1 X X X o X o o X
1 o X X o 1 X X 1 X
Jp= Q2 Ky=Q2

Figure 7.23: The K-maps of a synchronous irregular sequence counter.

JA Q_,q_ JB Qs Jc Qc ]
> FF-A > FF-B D> FF-C
K, Q. K, Q K, Q.

Clk

Figure 7.24: Logic diagram of synchronous irregular sequence counter.
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8.1 Register

Flip-flop is a 1 bit memory cell which can be used for storing the digital data. To increase
the storage capacity in terms of number of bits, we have to use a group of flip-flop. Such a
group of flip-flop is known as a Register.

The n-bit register will consist of n number of flip-flop and it is capable of storing an n-
bit word. The binary data in a register can be moved within the register from one flip-flop to

another. The registers that allow such data transfers are called as shift registers.

8.2 Classification register: There are four types of shift registers:

A) Serial Input Serial Output.

B) Serial Input Parallel Output.

C) Parallel Input Serial Output.

D) Parallel Input Parallel output.

E) Bi-directional Shift Register.

F) Universal Shift Register.
8.3 Serial Input Serial Output shift register

A shift register is implemented by serially connecting D flip-flops activated by the same

clock signal.

The data are transferred in series from the left to right.

D. 1 r
— D: Q: ——+D: 0,-‘.—-0-. Q: |—sD: Q: —

Output
) FF-3 b FF-2 FF-1 b FF-0
CLK |7 |7 F |,

JUL

Figure 8.1: Serial Input Serial Output shift register.
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Figure 8.2: Timing diagram of Serial Input Serial Output shift register.

8.4 Serial Input Parallel Output

The data bits are fed into the first flip-flop in the register. On each clock pulse, the
data bit at the serial input is transferred to the first flip-flop and the existing data in the register
shifts by one position. Each flip-flop’s output (Q0, Q1, Q2, etc.) is connected to a separate

output line, enabling simultaneous access to the stored data bits. (figure 8.3).

Parallel Output
1 1

Serial Input = P T b o T D o T D o __f

Flip Flop 1 Flip Flop 2 Flip Flop 3 Flip Flop 4

—

Clock

Clear

Figure 8.3: Serial Input parallel Output shift register.

8.5 Parallel-in serial-out shift register

There are two modes in which this circuit can work namely load mode and shift mode according
to the enable signal as depicted in table 8.1.

If enable signal is O the Load mode is activated.

If enable signal is 1 the Shift mode is activated.

Table 3.1: Functional truth table
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Table 8.1: truth table.

Chapter 8

Load
Right shift

ef-q,

J%
D gqf-q, D

NS

Dy,
Dy,

D
QW

%

Inputs

‘_‘I ‘_\
_Dq:ﬁ#nqql

 d

Figure 8.4: Parallel-in serial-out shift register.

Figure 8.5: Timing diagram parallel-in serial-out shift register.
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8.6 Parallel in Parallel out Register (PIPO)
In this type of register, the inputs and the outputs come in a parallel way in the register.

the data will appear immediately at the output after a single clock pulse and there is no clock

delay.
D
I:'311 Dz'[l D1I:| ol
! 1 1 \
\ [ ! \
5 \ \ %
o " - S
‘_h_‘ﬂ ‘_h—\1 [ ‘_h—\a [ -——-__,_\'.
D Q3_|]. D (.:!2'_|l D Q1_i D QD_:
I I I I
CP cP cP cP
|-> | |*> : (> | T> :
I I 1 [
I I 1 I
I 1 1 I
| L | 1 : 1 I
1 I [ I
CLK L4 v v v
l:.]j Qz Q1 OE"

Figure 8.6: Parallel-in parallel out shift register.

8.7 Bidirectional shift register

A type of shift register that allows for shifting of data to both the left and right directions
is referred to as a bidirectional shift register

In the bidirectional shift register, the direction of shifting of the data is controlled by a
control signal and it depends on the desired operation. For this purpose, an additional control
circuit is provided within the register.

1_[};

Sh +

—
W
<8
A
Vv
e
=
+—
W
<8
A
— 1
v
o A
“ ol

CK —

Figure 8.6: Bidirectional shift register.
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Figure 8.2: Truth table working principal.

Inputs NS

CK sh | Q]

I o |pb, @ @ Q| Leftshift
b 1 ]Q @ @ Dyl Rightshift

0 X Qs Q. Q, Qs
Hold

3

e e | [

o

o

Figure 8.7: Bidirectional shift register.

8.8 Universal Shift Register
Universal shift register is a register that can store and or shifts the data towards the right
and left along with the parallel load capability
Universal shift register is design by combining the unidirectional shift registers and
bidirectional shift registers.
The universal shift registers can perform:
- Parallel load operation
- Shift left operation.
- Shift right operation
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&5 i 10
= = 5 -
M(SL) = kifzw__D L I 1= xf-492

M3 .__ o EEES: - ~_‘[ \Pﬂ = =
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Figure 8.8: Universal shift register.
Parallel Outputs
F4 F3 F2 F1
[} 0 Q Q
Clear
0 [‘ [} l‘ 0 I" 0
CLK e
SO — 4 . 4x) ——| 41 e 4
MUX ux MUX uUX
S1—i!2|0--—o)!l0-—0!!lo-—03210
L)
Serial nput for L L1 11 ] L
Shift-Right rial Input for
shift-Left
M4 M3 M2 M1
Parallel Inputs

Figure 8.9: 4 bits universal shift register using multiplexers.

Outpws
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Table 8.3: working mode of universal shift register.

SO S1 Operation Mode
0 0 NO CHANGE
0 1 Shift left

1 0 Shift Right

1 1 Parallel load

8.9 Application of register

The register can be used in different application such as special counter: ring counter

(fig 8.10), Jonson counter and linear feedback counter (LFSR).

o)
PR | Q,
D Q

> o} b a}
CLE CLE
( 7 ‘_ 0
CE — s

o o o
PR | Q, PR | Q, PR
D Q Q QI Q,
1 2 3
> Qf Qf
CLR CLR
Figure 8.10: Ring counter using shift register.
1 2 3 1 2 3

Tmitial state 3

Figure 8.11: Timing diagram illustrating two cycles of the ring counter.

8.11 Lists of some integrated circuit:

741s194: 4-Bit Bidirectional Universal Shift Register.

74HC?299D: 8 - bit universal shift register with 3 - state outputs.
The 74HC595: high speed CMOS device. 8 bit shift register
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