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PREFACETO THE
FOURTH EDITION

The tremendous power and usefulness of digital techniques and systems can be seen from the wide variety
of industrial machinery, computers, microprocessors, household appliances (e.g., washing machines,
refrigerators, digital TVs), medical equipment, internet, e-banking, e-business, e-governance, etc. which
are based on the principles of digital electronics. The areas of applications of digital electronics have been
increasing day by day, resulting in an unprecedented interest in the subject. In fact, digital systems have
invaded all walks of life creating a digital revolution.

One of the important reasons for the unprecedented growth of digital electronics is the advent of integrated
circuits (ICs). Developments in the IC technology have made it possible to fabricate complex digital circuits,
such as microprocessors, memories, complex programmable logic devices (CPLDs) and field programmable
gate arrays (FPGAs).

The wonderchip microprocessor has been the most fantastic development of the recent years. No other
single development has affected our lives as much as the microprocessor in such a short time. Its ever-
increasing applications have resulted in developments which were simply unheard of till a few years ago.
The emergence of various programmable logic devices have resulted in significant changes in the design
methodologies of digital systems. The designers of modern digital systems in industry rarely use conventional
manual techniques. Instead, computer aided design (CAD) tools are used. But this has not made the basic
concepts and the manual techiques of digital theory and practice obsolete. Rather, the manual techniques
are the foundation of CAD tools and they provide a clear insight into the CAD tools. Therefore, it is very
essential to have a strong foundation of the basic digital techniques for making effective use of automation
in design.

This has made it imperative for all those who aspire to design, develop, test, and maintain various electronic
systems to learn the principles of modern digital devices and systems.

The rate of developments in this field has been extremely high leading to the fast obsolescence of devices
and systems. It has always been impossible to keep pace with the latest developments in any textbook.
However, a sincere effort has been made to cover the developments in this field, in the last twenty five years,
through the three editions of this book which have been highly successful. The fourth edition is another step
in this direction. Some of the topics covered in this edition have appeared for the first time in any textbook.
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The developments in the CMOS technology, in the last few years, have led to a number of new IC devices
which are smaller, faster, low-power consuming, low-voltage, very high number of components on a chip, and
perform highly complex functions requiring microprocessors, peripherals, digital signal processors (DSPs),
etc. Now, a single chip containing tens of millions of transistors can be programmed to create a system-on-a-
chip. The emergence of these devices have made significant changes in the design and development of digital
systems for performing various functions.

The availability of serial and parallel EEPROMs, first-in, first-out (FIFO) and bidirectional FIFO (BiFIFO)
memories, FPGAs with built-in hard-core logic devices (Intellectual property) such as microprocessors,
peripherals, DSPs are extremely useful for designing system-on-a-chip. The serial and parallel flash memories
are being used as non-volatile RAMs (NVRAMs) and are expected to replace hard-disks in future. The in-
system programmability feature has made it possible to make fast modifications in the system easily. On-
chip design security eliminates any visual or electrical detection of configuration pattern which prevents
any theft of circuits via readback or any accidental overwriting. To make the best advantage of these and
other developments, the digital designers are expected to have good knowledge of these devices and their
programming mechanisms using CAD tools.

The fourth edition of the book deals with the subject of digital techniques and systems from the basic
circuits (gates) to small scale integrated circuits (SSI), medium scale integrated circuits (MSI), large scale
integrated circuits (LSI), and very large scale integrated circuits (VLSI). Computer aided design concepts,
CAD tools and hardware description language VHDL have been introduced to familiarise the readers with
the CAD techniques.

This book is self contained and is suitable for a course in digital electronics and logic design for electrical,
electronics, computer and other engineering disciplines and computer science programmes. Students of
physics specialising in electronics will also find the book useful. For experimental work using SSI and
MSI devices, the reader is advised to refer to Jain and Anand, Digital Electronics Practice Using Integrated
Circuits, Tata McGraw Hill, 1983.

The book has been systematically organised and the presentation has been kept at a level suitable for a
student with the basic knowledge of circuit theory and electronics.

Salient Features of the Fourth Edition

* Improved and enhanced coverage of VHDL.
* Design of a large number of various combinational and sequential circuits using VHDL included.
» Expanded and improved coverage of CMOS logic.
* Expanded and improved coverage of SPLDs, CPLDs, and FPGAs.
* Low-voltage CMOS, and BiCMOS logic families included.
* Coverage of TTL logic family improved, updated, and 74F (Fast TTL) family included.
» Expanded and reorganised coverage of semiconductor memories. Various memories covered are:
« Asynchronous SRAM, synchronous SRAMs (Late Write, No Wait State, Double Data Rate (DDR),
Quad, and Dual Port)
« FPM, EDO, and BEDO Asynchronous DRAMs and synchronous DRAM (SDRAM), and
DDRSDRAM
« Serial and parallel EEPROMs
« Serial and parallel flash Memories
« Asynchronous and synchronous first-in, first-out (FIFO), Bidirectional FIFO (BiFIFO) Memories

» Improved coverage of error detecting and correcting codes.
» Hazards in combinational and sequential circuits and design of hazard free circuits included.
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» Added a large number of Solved Examples, Review Questions with Answers, and Problems to help
students understand and apply the topics discussed successfully.

Chapter 1 introduces the fundamental concepts of digital electronics, advantages of digital systems,
and the basic digital circuits. Various number systems and commonly used codes in digitial systems and
microprocessors have been discussed in Chapter 2. Error-detecting and error-correcting codes have also been
discussed in detail. Chapter 3 reviews semiconductor devices from the point of view of their applications
in digital circuits. Based on these devices, various digital circuits, referred to as logic families, have been
discussed in Chapter 4.

CMOS logic has now almost replaced the earlier most commonly used TTL logic. However, because
of its higher speed of operation and driving capabilities TTL logic is still preferred in many designs. Even
a number of CMOS devices are available which are TTL compatible. The latest 74F (Fast TTL) series has
also been included in this chapter. The CMOS logic has been discussed in detail and the advanced high
speed CMOS logic family series 74AHC/74AHCT/74FCT, and low-voltage CMOS (LVCMOS) logic have
also been included in this edition. The logic family using bipolar and unipolar logic BiICMOS has also been
introduced in this edition. This chapter also deals in detail the interfacing problems between ICs of the same
logic family and between those of different logic families to obtain maximum benefits in the design of digital
systems.

Chapter 5 deals with the conventional methods of combinational circuits design such as algebraic method,
K-map simplification and Quine-Mcluskey method. Hazards in combinational digital circuits and design of
hazard-free circuits have also been included in this edition.

Combinational logic design using MSI circuits is covered in Chapter 6, which is important for the design
of digital systems considering the simplicity in design, cost, space, power requirement, speed and other
factors.

Chapter 7 introduces the basic building block of a sequential circuit—the FLIP-FLOP. All types of
FLIP-FLOPs with their excitation tables and triggering methods have been discussed in detail. Sequential
logic design has been discussed in Chapter 8. Here again, both the approaches, namely conventional design
using FLIP-FLOPs and the modern approach using available MSI circuits, have been discussed. Design of
synchronous sequential as well as asynchronous sequential circuits have been discussed in detail. Synchronous
counters design using D-type FLIP-FLOPs have been added since D-type FLIP-FLOPs are most commonly
used in modern programmable logic devices. Hazards in sequential circuits have also been dealt with in this
chapter.

Chapter 9 deals with timing circuits and their applications which are essential to a digital system.

The analog-to-digital (A/D) and digital-to-analog (D/A) converters form an important part of many digital
systems and the commonly used techniques for such conversions have been discussed in Chapter 10.

Chapter 11 deals with semiconductor memories which have assumed an important role in present-day
digital systems. This chapter has thoroughly been revised to include various semiconductor memory devices
which are being used currently. Serial and parallel EEPROMs, serial and parallel flash memories, first-in,
first-out (FIFO) memories, bidirectional FIFO (BiFIFO) memory, asynchronous and synchronous SRAMs,
asynchronous and synchronous DRAMs have been discussed in detail.

Programming techniques used for programmable ROMs and erasing techniques used for erasable
programmable ROMs have also been discussed.

Chapter 12 presents various programmable logic devices (PLDs), such as programmable logic array
(PLA), programmable array logic (PAL), electrically erasable PLD (EEPLD), generic array logic (GAL),
complex programmable logic devices (CPLDs), and field programmable gate array (FPGA) devices. Xilinx
Cool Runner-II CPLD family, Virtex FPGA family, and Altera Stratix FPGA family devices have been
discussed in detail.
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The microprocessors have been introduced in Chapter 13. The fundamentals of microprocessors have
been presented in a manner that even a novice would understand this highly sophisticated device. The most
widely used Intel’s 8085A 8-bit microprocessor has been chosen for discussion. Its organisation, operation
and programming have been discussed in detail, which will help the students learn the use of microprocessors.
The Intel’s 16-bit microprocessor 8086 has also been introduced briefly.

Chapter 14 introduces computer aided design (CAD) approach to digital system design. CAD tools needed
for this purpose have been discussed. The VHDL, a hardware description language has been introduced,
which is the basic requirement of designing using CAD tools.

Combinational logic circuits: truth table, arithmetic circuits, decoders, multiplexers, priority encoder,
digital comparators, BCD-to-7-segment decoder, tristate buffer, and Sequential logic circuits: FLIP-FLOPs,
latches, shift registers, registers, and counters have been described using VHDL.

Glossary of the important terms used in the book and Review Questions with answers for each chapter
have been included to enhance the understanding of the users.

Online Learning Centre

This book is accompanied by an exhaustive online learning centre http://www.mhhe.com/jain/mde4e which
provides useful resources for students and instructors. Students can access simulation software, sample
chapters, additional MCQs, web links and university questions along with answers. Instructors can avail
PowerPoint Slides (chapter-wise), solution manual, university questions along with answers and class tests.
Suggestions for further improvement of the book can be sent at the following email id—tmbh.cse feedback@
gmail.com (kindly mention the title and author name in the subject line).

R P Jain
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FIRST EDITION

The tremendous power and usefulness of digital electronics can be seen from the wide variety of industrial and
consumer products, such as automated industrial machinery, computers, microprocessors, pocket calculators,
TV games, digital watches and clocks which are based on the principles of digital electronics. The areas of
applications of digital electronics have been increasing every day. In fact, digital systems have invaded all
walks of life.

One of the most important reasons for the unprecedented growth of digital electronics is the advent of
integrated circuits (ICs). Developments in IC technology have made it possible to fabricate complex digital
circuits, such as microprocessors and memory units on tiny chips of silicon.

The wonderchip—the microprocessor has been the most fantastic development of recent years. No other
single development has affected our lives as much as the microprocessor in such a short time. Its ever-
increasing applications have resulted in developments which were simply unheard of till a few years ago.

This has made it imperative for all those who will be required to design, develop, test, and maintain
various electronic systems to learn the principles of modern digital devices and systems.

Availability of complex digital functions in ICs has created the need for a change in the teaching philosophy
of digital electronics from the conventional style using discrete devices to a new style using modern digital
ICs. For example, now it is no more important to minimise the number of gates for the design of a digital
circuit, since a number of similar gates are available in a single IC chip; rather, it has become necessary to
minimise the number of IC packages. Thus, the present-day designer of digital systems has to be thoroughly
familiar with the principles of operation and flexibilities available in various ICs in order to optimise the
design of systems from the point of view of cost, space, power requirement, speed of operation, etc.

With this in view, an attempt has been made to introduce the concepts of modern digital techniques and
ICs (available) for the realisation of various functions. This book is self-contained and is suitable for a course
in digital systems for engineering and computer science programmes. Students of physics specialising in
electronics will also find the book useful. For experimental work, the reader is advised to refer to Jain and
Anand, Digital Electronics Practice Using Integrated Circuits, Tata McGraw Hill, 1983.

The book has been systematically organised and the presentation has been kept at a level suitable for a
student with a basic knowledge of circuit theory and electronics.
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Chapter 1 introduces the fundamental concepts of digital electronics, advantages of digital systems and
basic digital circuits. Chapter 2 reviews semiconductor devices from the point of view of their applications
in digital circuits. Based on these devices, various digital circuits, referred to as logic families, have been
discussed in Chapter 3. This also deals with the interfacing problems between ICs of same logic families and
between those of different logic families. Necessary number systems and commonly used codes in digital
systems and microprocessors have been discussed in Chapter 4.

Chapter 5 deals with the conventional methods of combinational system design. The importance of the
methods, such as the Karnaugh map technique, has gone down because of simpler methods required to
design the same systems using other functions such as multiplexers, demultiplexers and PLAs which are
easily available in ICs. Combinational logic design using MSI circuits is covered in Chapter 6 which assumes
greater importance for the design of digital systems due to considerations of simplicity in design, cost, space,
power requirement, speed, etc.

Chapter 7 introduces the basic building block of a sequential circuit—the FLIP-FLOP. All types of FLIP-
FLOPs with their excitation tables and triggering methods have been discussed in detail. Sequential logic
design has been discussed in Chapter 8. Here again, both the approaches, namely conventional design using
FLIP-FLOPs and the modern method using available MSI circuits, have been discussed.

Chapter 9 deals with timing circuits which are an essential part of a digital system. Timing circuits using
various ICs, such as gates, OP AMP, Schmitt trigger, monostable multivibrator, and 555 Timer, have been
discussed.

The analog-to-digital (A/D) and digital-to-analog (D/A) converters form an important part of many digital
systems and the commonly used techniques have been discussed in Chapter 10.

Chapter 11 deals with semiconductor memories which have assumed an important role in present-day
digital systems. Various semiconductor memories, such as static and dynamic shift register memories,
static and dynamic RAMs, ROM, PROM, EPROM, EAROM, CAM, and CCD, have been discussed in
detail. Programming techniques used for programmable ROMs and erasing techniques used for erasable
programmable ROMs have also been discussed thoroughly. The LSI device PLA which is very useful for
digital system design has been introduced in a very simple and systematic way which will help the reader to
understand the operation and usefulness of this device for digital system design.

The microprocessor has been introduced in Chapter 12. The fundamentals of microprocessors have been
presented in a manner which will help a novice understand this highly sophisticated device. The most widely
used Intel’s 8085A 8-bit microprocessor has been chosen for discussion. Its organisation, operation and
programming have been discussed in detail, which will help the reader learn the use of microprocessors.

R P Jain
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VISUAL
WALKTHROUGH

12.1 INTRODUCTION

The combinational and sequential digital circuits have been discussed in earlier
for performing basic digital operations and other functions, such as multiplexers,
comparators, code converters, shift registers and counters, etc. have also been dit
referred to as fixed-function 1Cs, i.e. each one of them performs a specific , fixed func
designed by their manufacturers and are manufactured in large quantities to meet the
of applications and are readily available.

To design a circuit, a designer can select from the available ICs most appropriate
working from a block diagram design concept. The design may have to be modif
requirements of these devices. The advantages of this method are:

1. Low development cost,
2. Fast turn around of designs, and
3. Relatively easy to test the circuits

Some of the disadvantages of this method are:

. Large board space requirements,
. Large power requirements,
Lack of security, i.¢. the circuits can be copied by others, and

. Additional cost, space, power requirements, etc. required to modify the desig
features.

AW

To overcome the disadvantages of designs using fixed-function ICs, application spe
(ASICs) have been developed. The ASICs are designed by the users to meet the spe
circuit and are produced by an IC manufacturer (foundry) as per the specification
Usually, the designs are too complex to be implemented using fixed-function ICs.
The advantages of this method are:

1. Reduced space requirement,
2. Reduced power requirement,

SECTIONS & SUB-SECTION

Each chapter has been divided
into Sections and Sub-sections
to present the chapter’s subject
matter in a logical progression of
ideas and concepts. N

INTRODUCTION

Each chapter begins with an
Introduction that introduces the
topic giving its brief background,
importance and contents of the
chapter.

416 LOW-VOLTAGE CMOS LOGIC

Dynamic power dissipation in CMOS logic circuits decreases with the decrease in
The reduced power supply voltage helps in making transistors with thinner oxide ins
CMOS transistor’s gate and its source and drain. This results in smaller transistor geon
increases the packing density, i.e., more number of components are placed in a g
I of also results in d speed of ion. Because of the
from lower voltages, the IC manufacturers have produced a number of low-voltag
which are commercially available.
The Joint Electronic Device Engineering Council (JEDEC), an IC industry stanc
the following standard logic power-supply voltages:

33V£03V,25V+02V,1.8V£015V,1.5£01V, and 1.

The JEDEC standards also specify the input and output logic voltage levels for
hese power-supply voltages

4.16.1 5-V Tolerant Inputs

5-V TTL devices and CMOS devices have been discussed in earlier sections. Bec
popularity the 74TTL logic gained, 74 HCT/ACT/AHCT/FCT CMOS logic devices hi
by the manufacturers which enabled the designers to make use of the advantages o
devices by mixing them in systems.

With the lowering of supply-voltage in CMOS logic to 3.3 V and below, the problem «
voltage devices with the earlier 5-V devices of TTL and CMOS has become more seric
to a CMOS gate greater than V. is not tolerated. When two different logic voltage rar
the voltage appearing at the input of a low-voltage CMOS device may exceed its power
damaging the low-voltage CMOS device. For example, 5-V CMOS device may prod
4.0 volts which the 3.3 V devices will not be able to tolerate. To overcome this problem
devices are nroduced which can tolerate 5 V innuts. These devices are referred to as [V




Read To Output Active Time (t,

RDX)

This is the minimum time delay between the beginning of the read pulse and the
active state (from the high-impedance state).

TECHNICAL TERMS

Chip-Select To Output Valid Time (t

This is the maximum time delay between the beginning of the chip-select pulse and
at the data outputs.

CD)
Important Technical Terms have
been clearly defined for better
understanding of the concepts |

Chip-Select To Output Active Time (t,

This is the minimum time delay between the beginning of the chip-select pulse and t
to active state.

cx)

involved.

Output Tristate From Read (t,

This is the maximum time delay between the end of the read pulse and the outpi
impedance state.

om)

Data Hold Time (t,

Oll.'\)
This is the minimum time for which the valid data is available at the data outputs a
The write- and read-cycle timings of a typical memory chip are given in Table 1

Memory

ILLUSTRATIONS

A large number of Illustrations,
totalling to 551, are provided at
suitable locations to illustrate
the concepts clearly for bett

er
understanding of the topic. _||

1/0 Ports

Output
device

#2

Fig. 13.7

Execution Sequence of the Sample Program

Example 11.3
Obtain a 16 x 8 memory using 16 % 4 memory ICs.

Solution

Since the word size required is # = 8 and the word size of the available IC is N = 4, the
required to obtain the desired memory.

Since each chip can store 16 4-bit words and we want to store 16 8-bit words, cach chip i
cach word. Figure 11.6 shows the relevant connections of the two chips. Here, we have ass
output (1/0) lines which is common in available memory chips. In this 16 x 8 memory, the hig
D,.D,) of cach 8-bit word are located in memory M, and the lower order four bits (D, 1
memory M,.

SOLVED EXAMPLES

D7

Solved Examples, numbering
223, spread suitably through
each chapter, are provided at
appropriate locations, to aid in

1105 1105 110, 110, 10 1/01 110, 110, .

e T s clear understanding of the text

A, — 4 .

£ T B material. |
Ay WR 4o WR |




AVAILABLE ICs

Commercially Available ICs
for each digital function is pro-
vided to help understand their
functions and options available
and allow a proper selection for

design. J

GLOSSARY

Asynchronous sequential circuit A sequential circuit whose behaviour depen

which the input signals change. It is event driven and does not require clock pulses
Bit time Amount of time to transmit a single bit.

Bouncing Moving back and forth between two states before reaching a final statc
Bounce-elimination circuit A circuit that eliminates the effect of switch bouncin
Characteristic table A table describing operation of a FLIP-FLOP.

Chatterless switch A switch in which the bouncing effect has been eliminated.
Clear Setting the contents of a FLIP-FLOP or a circuit containing FLIP-FLOE
Clear input  The input used for clearing a digital circuit.

Clock A train of pulses of usually constant frequency that synchronize the oper,
sequential circuit including a microprocessor based system.

Clock cyele The interval between successive positive or negative transitions in a
Clocked FLIP-FLOP A FLIP-FLOP that responds to the data inputs only ¢
appropriate clock signal.

Clock frequency  The number of clock cycles per second.

Clocked sequential circuit The sequential circuits whose operation is synchroniz:
clock pulses, between which no changes of state oceur.

Counter A digital circuit that can count the number of pulses.

Data Information in digital (binary) form.

Debouncing switch Same as chatterless switch.

D-type FLIP-FLOP A FLIP-FLOP whose output follows the input when trigge
Edge-triggered FLIP-FLOP A FLIP-FLOP whose state changes on the ris
(negative) edge of a clock pulse.

REVIEW QUESTIONS

Short answer Review Questions
are provided at the end of each
chapter in sufficient number,
totalling to 293, for testing the
understanding of the concepts
introduced in the chapter.
Their answers are available in

Appendix-C. |

745288 TTL PROM

The 748288 is a 256 bit Schottky TTL PROM organised as 32 x 8 bits. Its I
Fig. 11.14. Itis available in 16-pin DIP and has one enable (&) input terminal whic
When the device is enabled (G LOW), the outputs (O, — O,) represent the conter
the address input. When disabled (G HIGH), the outputs go to the OFF (high-im
available with LOWs in all locations. A HIGH may be programmed into any select
the titanium-tungsten fuse which requires 10.5 V for programming.

745288
AyA; Address bus 32x8 Databus_ » Output dat:

PROM
Enable G ——=Q)

Fig. 11.14  Logic Diagram of 745288 32 x 8 Schottky TTL P1

27C010 OTP EPROM

Figure 11.15 shows the logic diagram of 27C010-1 Megabit OTP EPROM. It is
CMOS read-only memory (OTP EPROM) organised as 128 K x 8 bits. It has
Enable (CE), Output Enable (OE), and Program Store (PGM).

GLOSSARY

At the close of each chapter,
Glossary of important terms,
otalling to 542, is provided. It
gives a list of key terms involved
alongwith their definitions. |

REVIEW QUESTIONS

1.1 Ordinary electrical switch is device. (analog/digital)
1.2 A train of pulses is signal. (analog/digital)
1.3 The output of an AND gate is high if and only if all its inputs are
1.4 If one of the inputs to an OR gate is high its output will be
1.5 An AND gate output will always differ from an OR gate output for the same inpt
1.6 An OR gate is DISABLED by connecting one of its inputs to logic level
1.7 To ENABLE an OR gate, one of its inputs is connected to logic level
1.8  To INHIBIT (or DISABLE) an AND gate one of its inputs is connected to logis
/1)
1.9 To ENABLE an AND gate one of its inputs is connected to logic level
1.10 An AND gate is ENABLED by connecting one of its inputs to logic level
1.11 ToDISABLE a NOR gate one of its inputs needs to be connected to logic leve
One of the inputs of an AND gate is labelled as ENABLE. This control inf
(active-low/active-high)
One of the inputs of a NOR gate is labelled as ENABLE. This control inj
(active-low/active-high)
The universal gates cannot be used as inverters. (True/False)
EXCLUSIVE-OR and EXCLUSIVE-NOR gates can be used as inverters. (Ti
An EX-OR gate can be used to compare digital signals. (True/False)
If one of the inputs of an EX-OR gate is high, its output will be
input/inverse of other input)
The number of rows in a truth table of 4 variables is 3
A 3-input NOR gate is required to detect the simultaneous occurrence of a
state. Its output is . (active-low/active-high)
The number of 3-input NAND gates in a 14-pin IC is -
The minimum member of bits required to distinguish 108 distinct objects is




PROBLEMS

PRACTICE PROBLEMS

2.1 Determine the decimal numbers represented by the following binary numbe

(e) 1101.0011

(a) 111001
(b) 101001

(c) 11111110 @
(d) 1100100

() 1010.1010

Each chapter contains a set of
Practice Problems, totalling to
315, which require application
of ideas and concepts discussed
in the book. Answers for some
of the selected Problems are
provided in Appendix-D. J

Determine the binary numbers represented by the following decimal numbe

(a) 37 (©) 15 (e) 11.75
(b) 255 (d) 2625 0.1

Add the following groups of binary numbers:
L1l 1010.1101
@ L1101 ®) 119101

Perform the foll method:

(a) 01000 — 01001

using 2's

(b) 01100 — 00011

(c) 0011.1001 —0001.1110

Convert the following numbers from decimal to octal and then to binary. Col
obtained with the binary numbers obtained directly from the decimal numb

(a) 375 (b) 249 (c) 27.125

Convert the following binary numbers to octal and then to decimal. Comy
obtained with the decimal numbers obtained directly from the binary numb:

(a) 11011100.101010 (b) 01010011.010101

(¢) 10110011
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CHAPTER 1

FUNDAMENTAL
CONCEPTS

1.1 INTRODUCTION

All of us are familiar with the impact of modern digital computers, communication systems, digital display
systems, internet, email etc. on society. One of the main causes of this revolution is the advent of integrated
circuits (ICs), which became possible because of the tremendous progress in semiconductor technology in
recent years. Most of us may not be familiar with the principles of working of computers, communication
systems, internet, email, etc. even though these have become an important part of our daily life. The operation
of these systems, and many other systems, is based on the principles of digital techniques and these systems
are referred to as digital systems.

Some of us are familiar with electronic amplifiers. These are used to amplify electrical signals. This type
of signals are continuous signals and can have any value in a limited range and are known as analog signals.
The electronic circuits used to process (amplify) these signals are known as analog circuits and the systems
built around this kind of operation are known as analog systems.

On the other hand, in an electronic calculator, the input is given with the help of switches. This is converted
into electrical signals which have two discrete values or levels. One of these may be called as LOW level
and the other one as HIGH level. The signal will always be of one of the two levels. Here, the actual value of
the signal is immaterial as long as it is within the specified range of LOW or HIGH level. This type of signal
is known as a digital signal and the circuits inside the calculator used to process these signals are known as
digital circuits. A calculator is an example of a digital system.

There has been an unprecedented growth in digital techniques since Claude Shannon systematised and
adapted George Boole’s theoretical work in 1938. Developments in semiconductor technology, together with
the progress in digital techniques, brought about a revolution in digital electronics when a single chip device
known as microprocessor was introduced by Intel Corporation of America in 1971.

Since the introduction of microprocessors, the digital systems have gained tremendous power and
importance. There is no field of knowledge which has affected our lives as much as the digital theory and
applications, in such a short span of time. It has, infact, created a culture which nobody could have imagined
till a few years ago. The rate of growth in this field has been unprecedented and the digital technology has
become the most powerful technology for all future innovations in every walk of human endeavour whether it
is computers, communication systems, information systems, entertainment and consumer products, business,
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banking and finance, office machines, homes, cars, education, industrial control systems, scientific and
medical instruments, and defence equipment, etc.
Some of the principal reasons for the widespread use of digital techniques and systems are:

« The devices used in digital circuits generally operate in one of the two states, known as ON and OFF
resulting in a very simple operation.

* There are only a few basic operations in digital circuits which are very easy to understand.

« Digital techniques require Boolean algebra which is very simple and can easily be learnt even in schools.

« Digital circuits require basic concepts of electric network analysis which can easily be learnt at the
junior level in colleges. The principal electrical characteristics required are switching speed and loading
considerations. On the other hand, analog circuits and systems involve frequency and time domain
concepts, complicated circuit analysis techniques, etc. which make the understanding of these circuits
much more difficult than the digital circuits.

* A large number of ICs are available for performing various operations. These are highly reliable, accurate,
small in size and the speed of operation is very high. A number of programmable ICs are also available.

* Various ICs are available in a logic family with similar electrical characteristics which make the design
and development of digital systems very simple and also reduces interfacing problems. Also, a number of
logic families based on different technologies are available which help in optimising the system design
from the point of view of power requirement and speed of operation.

¢ The effect of fluctuations in the characteristics of the components, ageing of components, temperature,
and noise, etc. is very small in digital circuits.

« Digital circuits have capability of memory which makes these circuits highly suitable for computers,
calculators, watches, telephones, etc.

* The display of data and other information is very convenient, accurate and elegant using digital
techniques.

* Many students have an opportunity to learn programming of digital computers, hence they have a strong
motivation to study the way the digital hardware works.

« It is a very fascinating and challenging field of study because most of the latest electronic systems are
digital in nature.

1.2 DIGITAL SIGNALS

As mentioned above, a digital signal has two discrete levels or values. Two different representations of digital
signals are shown in Fig. 1.1. In each case there are two discrete levels. These levels can be represented
using the terms LOW and HIGH. In Fig. 1.1qa, lower of the two levels has been designated as LOW level
and the higher as HIGH level. In contrast to this, in Fig. 1.1b, higher of the two levels has been designated
as LOW level and the lower as HIGH level. Digital systems using the representation of signal shown in Fig.
1.1a are said to employ positive logic system and those using the other representation of the signal shown
in Fig. 1.1b are said to employ negative logic system. The genesis of the term logic is given later. In each of
the two signals we observe that the voltage corresponding to a given level is not fixed, rather voltages in a
limited range are designated as a level. As long as the voltage belongs to a level it will be taken as that level
and the exact value of the voltage is immaterial. For example, any voltage in the range of 3.5 to 5 V will be
considered as HIGH level in the positive logic system and LOW level in the negative logic system. Similarly,
any voltage in the range of 0 to 1 V will be considered as LOW level in the positive logic system and HIGH
level in the negative logic system. The actual voltage ranges corresponding to LOW and HIGH level are not
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same for all types of circuits and are different for different logic families (see Chapter 4). Unless otherwise
specified, we shall be dealing with positive logic system.

5V W/ 5V

Z 227 IR
% 77729 1V RN ngh§
_&M ov ov
(a) (®)
Fig. 1.1  Digital Signal Representation (a) Positive Logic (b) Negative Logic

The above discussion brings out one of the main advantages of digital systems, viz. they are less susceptible
to noise, fluctuations in the characteristics of components, etc.

The two discrete signal levels HIGH and LOW can also be represented by the binary digits 1 and 0
respectively. A binary digit (0 or 1) is referred to as a biz. Since a digital signal can have only one of the two
possible levels 1 or 0, the binary number system (see Chapter 2) can be used for the analysis and design of
digital systems. The two levels (or states) can also be designated as ON and OFF or TRUE and FALSE.
George Boole introduced the concept of binary number system in the studies of the mathematical theory
of LOGIC in the work entitled An Investigation of the Laws of Thought in 1854 and developed its algebra
known as Boolean algebra. These logic concepts have been adapted for the design of digital hardware since
1938 when Claude Shannon-organised and systematised Boole’s work in Symbolic Analysis of Relay and
Switching Circuits.

1.3 BASIC DIGITAL CIRCUITS

In a digital system there are only a few basic operations performed, irrespective of the complexities of the
system. These operations may be required to be performed a number of times in a large digital system like
digital computer or a digital control system, etc. The basic operations are AND, OR, NOT, and FLIP-FLOP.
The AND, OR, and NOT operations are discussed here and the FL.IP-FLOP, which is a basic memory element
used to store binary information (one bit is stored in one FL.IP-FLOP), will be introduced in Chapter 7.

do— 1.3.1 The AND Operation
. Y A circuit which performs an AND operation is shown in Fig. 1.2. It
N o——— has N inputs (N > 2) and one output. Digital signals are applied at the
Fig. 12  The Standard Symbol input terminals marked 4, B, ..., N, the other terminal being ground,
""" Jor an AND Gate which is not shown in the diagram. The output is obtained at the output

terminal marked Y (the other terminal being ground) and it is also a
digital signal. The AND operation is defined as: the output of an AND gate is 1 if and only if all the inputs
are 1. Mathematically, it is written as
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Y=AAND BAND C ... AND N
=4-B-C-.."N
=ABC...N (1.1)

where 4, B, C,... N are the input variables and Y is the output variable. The variables are binary, i.e. each
variable can assume only one of the two possible values, 0 or 1. The binary variables are also referred to as
logical variables.

Equation (1.1) is known as the Boolean equation or the logical equation of the AND gate. The term gate is
used because of the similarity between the operation of a digital circuit and a gate. For example, for an AND
operation the gate opens (¥ = 1) only when all the inputs are present, i.e. at logic 1 level.

Truth Table Since a logical variable can assume only two possible values (0 and 1), therefore, any
logical operation can also be defined in the form of a table containing all possible input combinations (2¥
combinations for N inputs) and their corresponding outputs. This is known as a truth table and it contains one
row for each one of the input combinations.

For an AND gate with two inputs 4, B and the output Y, the truth table is given in Table 1.1. Its logical
equation is Y = AB and is read as “Y equals 4 AND B”.

Table 1.1 Truth Table of a 2-Input AND Gate

Inputs Output
A B Y
0 0 0
0 1 0
1 0 0
1 1 1

Since, there are only two inputs, 4 and B, therefore, the possible number of input combinations is four.
It may be observed from the truth table that the input—output relationship for a digital circuit is completely
specified by this table in contrast to the input—output relationship for an analog circuit. The pattern in which
the inputs are entered in the truth table may also be observed carefully, which is in the ascending order of
binary numbers formed by the input variables. (See Chapter 2).

Logical Multiplication The AND operation is also referred to as logical multiplication and therefore,
it is symbolised algebraically by a multiplication dot (-) as illustrated in Eq. (1.1).

Example 1.1

You have rented a locker in a bank. Express the process of opening the locker in terms of a digital operation.

Solution

The locker door (Y) can be opened by using one key (4) which is with you and the other key (B) which is with the
bank executive. When both the keys are used, the locker door opens, i.e., the locker door can be opened (Y = 1) only
when both the keys are applied (4 = B = 1). Thus, this process can be expressed as an AND operation

Y=4-B
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Example 1.2

The voltage waveforms shown in Fig.1.3 are applied at the inputs of a 2-input AND gate. Determine the output
waveform.

1 T T T T
A | | | | |
| | | |
0 ] ] I | ] =t
IR
5| e L
0 | | | | | ¢
0 1 23 x4 5 6 7
Fig. 1.3
Solution
Using Table 1.1, we find
Fromt=0tot=1 Fromt=xtot=4
A=1,B=0 A=0,B=1
Therefore, Y=0 Therefore, Y=0
Fromt=1tot=2 Fromt=4tot=5
A=B=1 A=1,B=1
Therefore, Y= 1 Therefore, Y= 1
Fromt=2tot=3 Fromt=5tot=17
A=1,B=0 A=1,B=0
Therefore, Y=0 Therefore, Y= 0. It will be 0 for t>7
Fromt=3tot=x
A=0,B=0

Therefore, Y=0

The output waveform with reference to the input waveforms are shown in Fig. 1.4.

! | T T
A | | | |
o— | | . T
1 1 | | : 1o | | |
| e L
B ! N L
0 | | T : I : | ¢
| | | | |
| - | |
Y | . Lo
0 | - | | P
0 1 2 3 x 4 5 6 7
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4 1.3.2 The OR Operation
* Y . . .
N . Figure 1.5 shows an OR gate with N inputs (N >2) and one output.
The OR operation is defined as: the output of an OR gate is 1 if and
Fig. 1.5  The Standard Symbol for only if one or more inputs are 1. Its logical equation is given by
""" an OR Gate
Y =4AORBORC..ORN=A+B+C+...+N (1.2)

The truth table of a 2-input OR gate is given in Table 1.2. Its logic equation is Y =4 + B and is read as “Y
equals 4 OR B”.

Table 1.2 Truth Table of a 2-Input OR Gate

Inputs Output
A B Y
0 0 0
0 1 1
1 0 1
1 1 1

Example 1.3

In a chemical process an ALARM is required to be activated if either temperature or pressure or both exceed certain
limits. Is it possible to express this operation in terms of a digital operation? If yes, find the operation.

Solution

Let the temperature and pressure be converted into electrical signals and 7= 1 if temperature exceeds the specified
limit and P = 1 if pressure exceeds the specified limit. If 7= 1 or P = 1 or both 7 and P are 1 then the ALARM is
required to be activated, i.e., the signal applied to the ALARM Y = 1. This operation can be expressed as

Y=TORP
=T+P

Which is an OR operation.

Example 1.4
If the waveforms of Fig. 1.3 are applied at the inputs of a 2-input OR gate, determine the output waveform.

Solution

Using Table 1.2, we find

Fromt=0tot=1 Fromt=2tot=3
A=1,B=0 A=1,B=0
Therefore, Y= 1 Therefore, Y =1
Fromt=1tot=2 Fromt=3tot=x
A=1,B=1 A=0,B=0

Therefore, Y= 1 Therefore, Y= 0
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Fromt=xtot=4 Fromt=5tot=17
A=0,B=1 A=1,B=0
Therefore, ¥ =1 Therefore, Y= 1. It is 0 for > 7.

Fromt=4tot=5
A=1,B=1
Therefore, ¥ =1

The output waveform with reference to the input waveforms are shown in Fig. 1.6

—

e

1.3.3 The NOT Operation

Figure 1.7 shows a NOT gate, which is also known as an inverter. It has one input (4) and one output (Y). Its
logic equation is written as

Y=NOT 4
A (1.3)

(@) (b)
Fig. 1.7 The Standard Symbols for a NOT Gate

and is read as “Y equals NOT A” or “Y equals complement of 4”. The truth table of a NOT gate is given in
Table 1.3.

The NOT operation is also referred to as an inversion or complementation. The presence of a small circle,
known as the bubble, always denotes inversion in digital circuits.
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Table 1.3 Truth Table of a NOT Gate

Input Output
A Y
0 1
1 0

Example 1.5

If the waveform shown in Fig. 1.8 is applied at the input of an inverter, find its output waveform.

‘|
0 L =

o 1 2 3 4 5 6 17

Fig. 1.8
Solution
Using Table 1.3, we find
Fromt=0tot=2 Fromt=3tot=17
A=1 A=1
Therefore, Y=NOT A=NOT 1=0 Therefore, Y=NOT A=NOT 1=0

Fromi=2tot=3 Ywillbe 1 for¢>7

A=0
Therefore, Y=NOT A=NOT0=1

The output waveform with reference to the input waveform is shown in Fig. 1.9

1 I I I I

4 | .
0 — | | | | - =t

| | | |

' I

Y I T T
0 1 1 1 | t

0 1 2 3 4 5 6 7
Fig. 1.9

14 NAND AND NOR OPERATIONS

Any Boolean (or logic) expression can be realised by using the AND, OR and NOT gates discussed above.
From these three operations, two more operations have been derived: the NAND operation and NOR operation.
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These operations have become very popular and are widely used, the reason being the only one type of gates,
either NAND or NOR are sufficient for the realisation of any logical expression. Because of this reason, NAND
and NOR gates are known as universal gates.

1.4.1 The NAND Operation

The NOT-AND operation is known as the NAND operation. Figure 1.10a shows an N input (N > 2) AND gate
followed by a NOT gate. The operation of this circuit can be described in the following way:
The output of the AND gate (Y") can be written using Eq. (1.1)

Y =AB..N (1.4)

Now, the output of the NOT gate (Y) can be written using Eq. (1.3)

Y=Y =AB.. N (L.5)

The logical operation represented by Eq. (1.5) is known as the NAND operation. The standard symbol of
the NAND gate is shown in Fig. 1.105. Here, a bubble on the output side of the NAND gate represents NOT
operation, inversion or complementation.

The truth table of a 2-input NAND gate is given in Table 1.4. Its logic equation is ¥ = A- B and, is read as
“Y equals NOT (4 AND B)”.

Ao—ﬂ A4do— |
e e e
No_°® | Y No—=¢® |

(a)

(b)

Fig. 1.10  (a) NAND Operation as NOT-AND Operation,
""" (b) Standard Symbol for the NAND Gate

Table 1.4 Truth Table of a 2-Input NAND Gate

Inputs Output
A B Y
0 0 1
0 1 1
1 0 1
1 1 0

The three basic logic operations, AND, OR and NOT can be performed by using only NAND gates. These are
given in Fig. 1.11.
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y O_EDQ_Q -
(@
s et —
Y=A4B
B o———— 1B
(b)
A
] P
}—@ Y=A4+B
st )
B
©
Fig. 1.11  Realisation of Basic Logic Operations Using NAND Gates
""" (a) NOT (b) AND (c) OR
Example 1.6

Solution

The output waveform will be inverse of the output waveform Y of Fig. 1.4.

If the voltage waveforms of Fig. 1.3 are applied at the inputs of a 2-input NAND gate, find the output waveform.

Example 1.7
(a) logic 0 voltage
(b) logic 1 voltage

Solution

Ao—

00—

What will be the output of a 2-input NAND gate, if one of its inputs is permanently connected to

(a) Figure 1.12a shows a 2-input NAND gate with one of its inputs connected to logic 0 voltage.
In this circuit if 4 = 0, Y= 1. Similarly, if 4 = 1, then also the output Y= 1.
This shows that the output Y is 1, irrespective of the other input. In fact, a NAND gate is disabled or inhibited
if one of its inputs is connected to logic 0.

Do_w

(®)
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(b) Figure 1.125 shows a 2-input NAND gate with one of its inputs connected to logic 1 voltage
Here,ifA=1,Y=0,
andif4=0,Y=1
This means ¥ = A

This condition enables a NAND gate.

1.4.2 The NOR Operation
The NOT-OR operation is known as the NOR operation. Figure 1.13a shows an N input (N > 2) OR gate
followed by a NOT gate. The operation of this circuit can be described in the following way:
The output of the OR gate Y’ can be written using Eq. (1.2) as
Y=A+B+..+N (1.6)
and the output of the NOT gate (¥) can be written using Eq. (1.3)
Y=Y=A+B+..+N 1.7)
The logic operation represented by Eq. (1.7) is known as the NOR operation.

The standard symbol of the NOR gate is shown in Fig. 1.13b. Similar to the NAND gate, a bubble on the
output side of the NOR gate represents the NOT operation.

Sy

h<
=z W

Y 4
(a) (b)
Fig. 1.13  (a) NOR Operation as NOT-OR Operation
""" (b) Standard Symbol for the NOR Gate

Table 1.5 gives the truth table of a 2-input NOR gate. Its logic equation is ¥ = A + B and is read as “Y
equals NOT (4 OR B)”.

Table 1.5 Truth Table of a 2-Input NOR Gate

Inputs Output
A B Y
0 0 1
0 1 0
1 0 0
1 1 0

The three basic logic operations, AND, OR, and NOT can be performed by using only the NOR gates. These
are given in Fig. 1.14.
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A Y=4
(@)
A
Y=A+B
B A+B
(b)

©

Fig. 1.14  Realisation of Basic Logic Operations Using NOR Gates (a) NOT (b) OR (c) AND

Example 1.8
If the voltage waveforms of Fig. 1.3 are applied at the inputs of a 2-input NOR gate, determine the output waveform.

Solution

The output waveform will be inverse of the output waveform of Fig. 1.6.

Example 1.9

(a) If one of the inputs of a NOR gate is connected to logic 0 voltage, find the output voltage in terms of the other input.
(b) Repeat (a) if one of the inputs is connected to logic 1 voltage.

Solution

(a) From Table 1.5, we observe that if 4 = 0 then ¥ = B. This operation is used for enabling a NOR gate.
(b) Similarly from Table 1.5, we observe that if 4 = 1, then ¥ = 0. This operation inhibits or disables a NOR gate.
Here, the output is 0 irrespective of the B input.

1.5 EXCLUSIVE-OR AND EXCLUSIVE-NOR

4 OPERATIONS
Y
B 1.5.1 The EXCLUSIVE-OR Operation
Fig. 1.15  Standard Symbol for EX-OR  The EXCLUSIVE-OR (EX-OR) operation is widely used in
Gate digital circuits. It is not a basic operation and can be performed

using the basic gates—AND, OR and NOT or universal gates NAND
or NOR. Because of its importance, the standard symbol shown in Fig. 1.15 is used for this operation and it
is treated as basic logic element.
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The truth table of an EX-OR gate is given in Table 1.6 and its logic equation is written as

Y=AEX-ORB=A®B (1.8)
Table 1.6 Truth Table of EX-OR Gate
Inputs Output
A B Y
0 0 0
0 1 1
1 0 1
1 1 0

If we compare the truth table of an EX-OR gate with that of an OR gate given in Table 1.2, we find that
the first three rows are same in both. Only the fourth row is different. This circuit finds application where
two digital signals are to be compared. From the truth table we observe that when both the inputs are same
(0 or 1) the output is 0, whereas when the inputs are not same (one of them is 0 and the other one is 1) the
output is 1.

Example 1.10

The voltage waveforms, shown in Fig.1.3, are applied at the inputs of an EX-OR gate. Determine the output
waveform.

Solution

Using Table 1.6, we find

Fromt=0tot=1 Fromt=xtot=4

A=1,B=0 A=0,B=1
Therefore, ¥ =1 Therefore, Y= 1

Fromt=1tot=2
A=1,B=1
Therefore, Y= 0

Fromt=2tot=3
A=1,B=0
Therefore, Y= 1
Fromt=3tot=x

A=0,B=0
Therefore, Y= 0

The output waveform with reference to the input waveforms are shown in Fig. 1.16.

Fromt=4tot=5
A=1,B=1
Therefore, Y= 0

Fromt=5tot=17
A=1,B=0
Therefore, Y= 1

Fort>17
A=0,B=0
Therefore, Y= 0
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Example 1.11

Determine the relation between the output ¥ and one of its inputs, if its other input is connected to
(a) logic 0
(b) logic 1

Solution

(a) Letus connect input 4 to 0, from the first two rows of the Table 1.6, we observe that ¥ = B.
(b) Similarly if input 4 is connected to logic 1 voltage, from the last two rows of the truth table, we observe that

=B

1.5.2 The EXCLUSIVE-NOR Operation

4 Figure 1.17 shows the standard symbol of EXCLUSIVE-NOR

(EX-NOR) gate. Its truth table is given in Table 1.7.

B . L .
Its logic operation is specified as

Fig. 1.17  Standard Symbol for EX-NOR
------ Gate Y=AEX-NORB=AEX-ORB=A®B=A0B (1.9)

Similar to EX-OR gate, EX-NOR gate is not a basic operation and can be performed using the basic gates or
universal gates, but because of its importance, it has been given a standard symbol. The EX-NOR operation
is also referred to as the coincidence operation because it produces output of 1 when its inputs coincide in
value, both 0 or both 1.

Table 1.7 Truth Table of EX-NOR Gate

Inputs Output
A B Y
0 0 1
0 1 0
1 0 0
1 1 1
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Example 1.12

Repeat Examplel.10 for EX-NOR gate.

Solution

The output waveform will be inverse of the output waveform, as shown in Fig. 1.16.

Example 1.13

Repeat Examplel.11 for EX-NOR gate

Solution
(@ Y=28
®) y=5

1.6 BOOLEAN ALGEBRA

As discussed above, the digital signals are discrete in nature and can only assume one of the two values O or 1.
A number system based on these two digits is known as binary number system. In the middle of 19th century,
an English mathematician George Boole developed rules for manipulations of binary variables, known as
Boolean algebra. This is the basis of all digital systems like computers, calculators, etc.

Binary variables can be represented by a letter symbol such as 4, B, X, ¥, ... The variable can have only one
of the two possible values at any time, viz. 0 or 1. The Boolean algebraic theorems are given in Table 1.8.

From these theorems, we observe that the even numbered theorems can be obtained from their preceding
odd numbered theorems by () interchanging + and - signs, and (i7) interchanging 0 and 1.

Theorems which are related in this way are called duals.

Table 1.8 Boolean Algebraic Theorems

Theorem No. Theorem
1.1 A+0=4
1.2 A=
1.3 A+1=1
1.4 A-0=0
1.5 A+A=4
1.6 A-A=4
1.7 A+A=1
1.8 A-A=0
1.9 A (B+C)=4B+ AC
1.10 A+BC=A+B)(A+0O)
1.11 A+AB =4

(Continued)
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Table 1.8 (Continued)

Theorem No. Theorem
1.12 AA+B)=4
1.13 A+AB=(A+B)
1.14 A + B) = AB
1.15 AB+AB =4
1.16 (A4+B)- (A4+B)=4
1.17 AB+AC=(+C)(A+B)
1.18 (A+B)(A+C)=AC+ 4B
1.19 AB+ AC+BC=A4B+ AC
1.20 (A+B)(A+C)(B+C)=(4+B)(A+C)
1.21 AB-C-...=A+B+C+ ..
1.22 A+B+C+..=A-B-C..

Theorems 1.1 to 1.8 involve a single variable only. Each of these theorems can be proved by considering
every possible value of the variable. For example, in Theorem 1.1,

if4=0then0+0=0=4

andifA=1thenl+0=1=4

and hence the theorem is proved.

Theorems 1.9 to 1.20 involve more than one variable and can be proved by making a truth table. For
example, Theorem 1.10 can be proved by making the truth table given in Table 1.9.

Table 1.9 Truth Table to Prove Theorem 1.10

(A+B)+
A B BC A +BC A+B A+C (A+C)
0 0 0 0 0 0 0 0
0 0 1 0 0 0 1 0
0 1 0 0 0 1 0 0
0 1 1 1 1 1 1 1
1 0 0 0 1 1 1 1
1 0 1 0 1 1 1 1
1 1 0 0 1 1 1 1
1 1 1 1 1 1 1 1
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From the table we observe that there are 8 (= 2%) possible combinations of the three variables 4, B, and
C. For each combination, the value of 4 + BC is the same as that of (4 + B) (4 + C), which proves the
theorem. Theorems 1.21 and 1.22 are known as De Morgan’s theorems. These theorems can be proved by
first considering the two variable case and then extending this result. From the truth table given in Table 1.10
we get the relations

A-B=A+B (1.10)

and

A+B=A4B (1.11)

Table 1.10  Truth Table to Prove De Morgan’s Theorems

A B A B AB A+B A+B A-B
0 0 1 1 1 1 1 1
0 1 1 0 1 1 0 0
1 0 0 1 1 1 0 0
1 1 0 0 0 0 0 0

using Eq. (1.10) (1.12)
In a similar way, the NOR operation of three variables gives

A+B+C=(A+B)+C
=(A+B)-C
=A-B-C using Eq. (1.11) (1.13)

The above results can be easily extended to any number of variables.

A logic problem can be specified in terms of a set of statements. This set of statements can be represented
in terms of an equation called the logic equation or in terms of a truth table. A digital circuit using the gates
discussed above can be designed to realise a logic equation. In general, it is possible to simplify (minimise)
a logic equation. The minimised logic equation will probably need less number of gates and/or less number
of inputs for the gates. The techniques used to minimise logic equations will be discussed in Chapter 5. An
example of the realisation of a circuit for a given logic equation is given below:



18 Modern Digital Electronics

Example 1.14

Realise (design) a digital circuit for the logic equation

Y=A-B+A-B (1.14)

Solution

This equation consists of two input variables A4 and B and one output variable Y. The variable 4 appears as A in the
term A - B and as A4 in the term A - B. Similarly the variable B appears as B in the term A - B and as B in the term
A-B. The two terms A - B and A - B are obtained by AND operations and the output Y is the result of OR operation
performed on A - B and A - B terms. The realisation of this equation is obtained using NOT, AND and OR gates as
shown in Fig. 1.18.

A o——————[>X}————

Bo——

Ao———

BO—|>O—

Fig. 1.18  Realisation of Eq. (1.14)

} Y
}

1.7 EXAMPLES OF IC GATES

All the logic functions introduced in this chapter are commercially available in integrated circuit (IC)
form. For example, 7400 IC chip is a quadruple 2-input NAND gate available in 14-pin DIP. It has four
identical, independent 2-input NAND gates arranged as shown in Fig. 1.19. It requires a +5 V d.c. supply
(to be connected between V. and GND pins) for the operation of the gates. Table 1.11 gives some of the
available gate ICs. The details of their pin connexions, electrical characteristics, etc. can be obtained from the
manufacturers’ data catalogues.

Some of the manufacturers are:

« Texas Instruments (wWww.ti.com)
* Philips (www.philips.com)
¢ Fairchild semiconductor (www.fairchildsemi.com)

14 13 12 11 10 9

1 | | 1

— 00

T T T T T

1 2 3 4 5 6 7
Fig. 1.19  Block Diagram of 7400 IC
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Table 1.11  Some of the Available IC Gates

IC No. Description
7400 Quad 2-input NAND gates
7402 Quad 2-input NOR gates
7404 Hex inverters
7408 Quad 2-input AND gates
7410 Triple 3-input NAND gates
7411 Triple 3-input AND gates
7420 Dual 4-input NAND gates
7421 Dual 4-input AND gates
7427 Triple 3-input NOR gates
7430 8-input NAND gate
7432 Quad 2-input OR gates

7486, 74386 Quad EX-OR gates

74133 13-input NAND gate
74135 Quad EX-OR/NOR gates
74260 Dual 5-input NOR gates

SUMMARY

In this chapter, the basic concepts of the digital systems have been discussed. The basic features and
advantages of these systems have been given briefly. The level of the treatment has been kept low to
avoid any confusion. Table 1.12 summarises the operation of all the gates introduced in this chapter. For
convenience, two input gates have been taken and the different symbols used for various operations are
also given. A brief exposure to Boolean algebra has also been given. The techniques for the simplification
of logic equations will be discussed in Chapter 5.

Table 1.12  Summary of Logic Gates

Gate Logic diagram Function Truth table

AND Y=AANDB Inputs Output

=4-B 4 B i

A o— =ANB 0 0 0

i

B o— =4AAB 0 1 0

=48 1 0 0

1 1 1

(Continued)
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Table 1.12  (Continued)
Gate Logic diagram Function Truth table
OR Y=AO0RB Inputs Output
b =A+B A B Y
y =4vB 0 0 0
B =AVB 0 1 1
1 0 il
1 1 Il
NOT
Input (0] t
(inverter) Y=NOT 4 ni . ut;)u
A o o Y =A
{>O 0 1
1 0
NAND Y=ANOT ANDB Inputs Output
A NAND B
‘— e S
¥ -1~B
Bo— | i 0 1 1
=AAB
—A1B 1 0 1
.y 1 1 0
NOR Y=ANOT OR B lnputs Output
4 =A NORB Y B y
| 43 0 0 1
=AY 5 1 0 0
=A|B
l 1 1 0
EX-OR Inputs Output
A Y=4 EX-ORB A B Y
Yy =4 @B 0 0 0
B = AB + AB 0 1 1
1 0 1
1 1 0
EX-NOR
Y=AEX-ORB Inputs Output
= A EX-NOR B A B i
=AOB 0 0 1
= AB + AB 0 1 0
= AB + AB 1 0 0
1 1 1
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GLOSSARY

Active-high input The input terminal is active (or enabled) when held at HIGH logic level.
Active-high output The output terminal is at HIGH logic level when active (or enabled).
Active-low input The input terminal is active (or enabled) when held at LOW logic level.
Active-low output The output terminal is at low logic level when active (or enabled).
Analog circuit An electronic circuit that processes analog signals.

Analog signal A continuous signal that can have any value in a given range. It is also known as continuous
signal.

Analog system An electronic system that consists of analog circuits and/or devices.
AND gate A logic circuit whose output is 1 if and only if all its inputs are 1.
Binary Having two states.

Binary number system A number system with base (or radix) 2, i.e. only two symbols 0 and 1 are used to
represent any number.

Binary variable A variable that can have only two values 0 and 1.
Bit A binary digit 0 and 1.
Boolean algebra The algebra of binary variables.

Boolean function A well defined relationship between binary variables specified by either a Boolean
equation or a truth table.

Boolean variable Same as the binary variable.

Bubble A small circle indicating inversion operation or active-low condition.

Chip A piece of silicon (or any semiconductor material) on which an integrated circuit is fabricated.
Computer An electronic digital system that processes data. See also digital computer.

Digital circuit An electronic circuit that processes digital signals.

Digital computer A programmable digital system capable of performing various arithmetic and logical
operations.

Digital electronics Branch of electronics which deals with the digital devices, circuits and systems.

Digital signal A signal with only two discrete values. These are usually represented by LOW and HIGH
or 0 and 1.

Digital system An electronic system consisting of digital circuits and/or devices.

DIP (Dual-in-line package) A semiconductor chip package having two rows of pins perpendicular to the
edges of the package.

Disable Prohibits an activity from proceeding or output(s) to be produced in a digital circuit. Also known
as INHIBIT.

Dual Two boolean functions are said to be dual of each other if any one of these is obtained from the other
one by (i) interchanging + and - signs, and (ii) interchanging 0 and 1.

Enable Allows activity to proceed or output(s) to be produced in a digital circuit.

EX-NOR (Exclusive-NOR) gate A two input gate that produces a high output only when both the
inputs are same.



22 Modern Digital Electronics

EX-OR (Exclusive-OR) gate A two input gate whose output is logic 0 when both the inputs are equal
and logic 1 when they are unequal.

False One of the states of a logic circuit, the other state is true.

FILP-FLOP Itis a basic memory element in digital systems. It is same as bistable multivibrator.
Gate A logic circuit in which the output depends upon the inputs according to some logic rules.
High-level The voltage corresponding to logic 1.

IC package An integrated circuit chip packaged as a single multilead component. For example DIP.
Inhibit Same as disable.

Integrated circuit (IC) A small semiconductor chip containing several electronic circuits.
Inversion The process of complementing a logic signal.

Inversion circle Same as bubble.

Inverter Alogic gate whose output is the complement of its input.

Logic circuit An electronic circuit that operates on digital signals in accordance with a logic function.

Logic family A group of logic circuits built around a standardised integrated circuit technology. For
example, transistor-transistor logic (TTL), complementary metal-oxide-semiconductor logic (CMOS) etc.

Logical variable Same as binary variable.

Logic gate Same as gate.

LOW-level The voltage corresponding to logic 0.

Memory A device that stores binary information.

Microprocessor A semiconductor IC chip with the capabilities of CPU of a computer.
NAND gate A logic gate whose output is logic 0 if and only if all of its inputs are logic 1.

Negative logic system Logic system in which the lower of the two levels is represented by 1 and the higher
level is represented by 0.

Noise Unwanted electrical signals which are random in nature.

NOR gate A logic gate whose output is logic 1 if and only if all of its inputs are logic 0.
NOT gate Same as inverter.

OFF One of the states of a logic circuit, the other state is ON.

ON One of the states of a logic circuit, the other state is OFF.

ORgate A logic gate whose output is logic 0 if and only if all its inputs are logic 0.

Positive logic system Logic system in which the higher of the two levels is represented by 1 and the lower
level is represented by 0.

Programmable ICs 1Cs which can be programmed for desired purpose by a user.

Switching speed Speed with which an electronic switch can change from ON to OFF and vice-versa. It is
usually expressed in terms of the propagation delay time.

True One of the states of a logic circuit, the other state is False.
Truth table A table that gives outputs for all possible combinations of inputs to a logic circuit.
Universal gate A gate that can perform all the basic logical operations, such as NAND, and NOR .



Fundamental Concepts 23

REVIEW QUESTIONS

1.1
1.2
1.3
14
1.5
1.6
1.7
1.8

Ordinary electrical switch is device. (analog/digital)

A train of pulses is signal. (analog/digital)

The output of an AND gate is Aigh if and only if all its inputs are . (high/low)

If one of the inputs to an OR gate is high its output will be . (high/low)

An AND gate output will always differ from an OR gate output for the same input conditions. (True/False)
An OR gate is DISABLED by connecting one of its inputs to logic level .(0/1)

To ENABLE an OR gate, one of its inputs is connected to logic level . (0/1)

To INHIBIT (or DISABLE) an AND gate one of its inputs is connected to logic level

0/1)

1.9 To ENABLE an AND gate one of its inputs is connected to logic level .(0/1)
1.10 An AND gate is ENABLED by connecting one of its inputs to logic level .(0/1)
1.11 ToDISABLEa NOR gate one of its inputs needs to be connected to logic level .(0/1)
1.12  One of the inputs of an AND gate is labelled as ENABLE. This control input is
(active-low/active-high)
1.13  One of the inputs of a NOR gate is labelled as ENABLE. This control input is
(active-low/active-high)
1.14 The universal gates cannot be used as inverters. (True/False)
1.15 EXCLUSIVE-OR and EXCLUSIVE-NOR gates can be used as inverters. (True/False)
1.16 An EX-OR gate can be used to compare digital signals. (True/False)
1.17 If one of the inputs of an EX-OR gate is high, its output will be . (same as other
input/inverse of other input)
1.18 The number of rows in a truth table of 4 variables is
1.19 A 3-input NOR gate is required to detect the simultaneous occurrence of all the inputs in the LOW
state. Its output is . (active-low/active-high)
1.20 The number of 3-input NAND gates in a 14-pin IC is
1.21 The minimum member of bits required to distinguish 108 distinct objects is
PROBLEMS
1.1 Which of the following systems are analog and which are digital? Why?
(a) Pressure gauge
(b) An electronic counter used to count persons entering an exhibition
(¢) Clinical thermometre
(d) Electronic calculator
(e) Transistor radio receiver
(f) Ordinary electric switch.
(g) Electronic Voting Machine (EVM)
1.2 In the circuits of Fig. 1.20 the switches may be ON (1) or OFF (0) and will cause the bulb to be ON

(1) or OFF (0).

(a) Determine all possible conditions of the switches for the bulb to be ON (1)/OFF (0) in each of the
circuits.

(b) Represent the information obtained in part (@) in the form of truth table.

(c) Name the operation performed by each circuit (refer to Table 1.12).
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Bulb

(iii) (iv)

Fig. 1.20  Circuits for Problem 1.2

1.3 The voltage waveforms shown in Fig. 1.21 are applied at the inputs of 2-input AND, OR, NAND, NOR,
EX-NOR, and EX-OR gates. Determine the output waveform in each case.

0 1 2 3 4 5 t (ms)

0 1 2 3 4 5 t (ms)
Fig. 1.21  Waveforms for Problem 1.3

1.4 Find the relationship between the inputs and output for each of the gates shown in Fig. 1.22. Name the
operation performed in each case (refer to Table 1.12).

A :l : v y
B Y
B
(@ )
A
A Y ‘ b LY
B B
© @
Fig. 1.22  Circuits for Problem 1.4
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1.9

1.10
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1.13

1.14

1.15
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Make the truth tables for each of the circuits of Figs. 1.11 and 1.14 and verify the operation
performed.

For each of the following statements indicate the logic gate(s) AND, OR, NAND, NOR for which it is
true.

(a) All LOW inputs produce a HIGH output.

(b) Output is HIGH if and only if all inputs are HIGH.

(c) Output is LOW if and only if all inputs are HIGH.

(d) Output is LOW if and only if all inputs are LOW.

For the logic expression,

Y= AB + AB

(a) Obtain the truth table.

(b) Name the operation performed.

(c) Realise this operation using AND, OR, NOT gates.

(d) Realise this operation using only NAND gates.

Prove the following:

(a) A positive logic AND operation is equivalent to a negative logic OR operation and vice-versa.

(b) A positive logic NAND operation is equivalent to a negative logic

NOR operation and vice-versa.

Prove the following using the Boolean algebraic theorems:

(@ A+tA-B+A-B=A+B

(b) AB+A-B+A-B=A+8B

(c) ABC + ABC + ABC + ABC = AB + BC + CA

Prove the logic equations of Problem 1.9 using the truth table approach.

Realise the left hand side and the right hand side of the logic equations of problem 1.9 using AND, OR,
and NOT gates and find the saving in hardware in each case (number of gates and the number of inputs
for the gates).

Prove the following using De Morgan’s theorems:

(a) AB+ CD = AB-CD

(®) (A+B)(C+D)=(A+B)+(C+D)
And hence, prove the following statements:

(i) An AND-OR configuration is equivalent to a NAND-NAND configuration.
(i1) An OR-AND configuration is equivalent to a NOR-NOR configuration.
(a) Realise the logic equation (a) of Problem 1.12 using

(i) AND and OR gates.
(ii) only NAND gates.
(b) Realise the logic equation (b) of Problem 1.12 using
(i) OR and AND gates.
(ii) only NOR gates.
Verify that the following operations are commutative and associative

(a) AND (b) OR (c) EX-OR
Verify that the following operations are commutative but not associative.
(a) NAND  (b) NOR
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1.16 Realise the logic expression

Y=A®B®C®D

using EX-OR gates.
1.17 Consider the expression: Z=A®B®C®D® ... Show that Z =1 if an odd number of variables are 1
and that Z = 0 if an even number of variables are 1.
1.18 For a gate with N inputs, how many combinations of inputs are possible? State the general rule to
obtain the possible combinations.
1.19 Determine the number of pins in the following ICs.
(a) 7402 (d) 7410 (g) 7427
(b) 7404 (e) 7411 (h) 7432
(c) 7408 ) 7420 (i) 7486
1.20 Determine the IC chips required for the implementation of each of the circuits of Problem 1.13.
1.21 The logic levels for two typical logic circuits 4 and B are given below:
A4: 04Vand2V
B: —075Vand-1.55V
Express these levels in binary form assuming positive logic system.
1.22 Make truth table for a 3-input
(a) AND gate (b) OR gate (c) NAND gate (d) NOR gate
1.23 Is it possible to use a 3-input gate as a 2-input gate for the following gates? If yes, how?
(a) AND (b) OR (c) NAND (d) NOR
1.24 Is it possible to INHIBIT (or DISABLE) AND, OR, NAND, NOR gates? If yes, how?
1.25 One of the inputs of a gate is used to control the operation of the gate and is labelled as ENABLE. Is
it active-high or active-low if the gate is
(a) AND?
(b) OR?
(c) NAND?
(d) NOR?
1.26 Is the INHIBIT input active-high or active-low in Prob. 1.24.
1.27 Realise a 3-input gate using 2-input gates for the following gates:
(a) AND (b) OR (c) NAND (d) NOR
1.28 Prove the following:
(a) AGB=A®B
(b) AGB=A®B=A®B
(©) B&(B®A-C)=A-C
1.29 Is it possible to use the following gates as inverters? If yes, how?
(a) NAND
(b) NOR
(c) EX-OR
(d) EX-NOR
(e) AND
(® or
1.30 For the logic circuit shown in Fig. 1.23, find out the logic function performed using
(a) Boolean algebraic theorems
(b) truth table
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Fig. 1.23  Circuit for Problem 1.30



CHAPTER 2

NUMBERSYSTEMS
AND CODES

2.1 INTRODUCTION

We all are familiar with the number system in which an ordered set of ten symbols—0, 1, 2, 3, 4, 5, 6, 7,
8, and 9, known as digits—are used to specify any number. This number system is popularly known as the
decimal number system. The radix or base of this number system is 10 (number of distinct digits). Any
number is a collection of these digits. For example, 1982.365 signifies a number with an integer part equal to
1982 and a fractional part equal to 0.365, separated from the integer part with a radix point (.) also known as
decimal point. There are some other systems also, used to represent numbers. Some of the other commonly
used number systems are: binary, octal and hexadecimal number systems. These number systems are widely
used in digital systems like microprocessors, logic circuits, computers, etc. and therefore, the knowledge of
these number systems is very essential for understanding, analysing and designing digital systems.

As discussed in Chapter 1, computers and other digital circuits use binary signals but are required to
handle data which may be numeric, alphabets or special characters. Therefore, the information available
in any other form is required to be converted into suitable binary form before it can be processed by digital
circuits. This means that the information available in the form of numerals, alphabets and special characters
or in any combination of these must be converted into binary format. To achieve this, a process of coding is
employed whereby each numeral, alphabet or special character is coded in a unique combination of Os and 1s
using a coding scheme, known as a code. The process of coding is known as encoding.

There can be a variety of coding schemes (codes) to serve different purposes, such as arithmetic operations,
data entry, error detection and correction, etc. In digital systems, a large number of codes are in use. Selection
of a particular code depends on its suitability for the purpose. In one digital system, different codes may be
used for different operations and it may be necessary to convert data from one code to another code. For this
purpose, code converter circuits are required which will be discussed later.

2.2 NUMBER SYSTEMS

In general, in any number system there is an ordered set of symbols known as digits with rules defined
for performing arithmetic operations like addition, multiplication, etc. A collection of these digits makes a
number which in general has two parts—integer and fractional, set apart by a radix point (.), that is
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dn_1dn_2...d;...d, dg . d—ld—Z...d_f...d_ml

. T . .
Integer portion  Radix Fractional portion
point

(N)y =

where N = a number
b =radix or base of the number system
n = number of digits in integer portion
m = number of digits in fractional portion
d,_, = most significant digit (msd)
d__ = least significant digit (1sd)

—-m

and

OS(diord_/)sb—l

The digits in a number are placed side by side and each position in the number is assigned a weight
or index of importance by some predesigned rule. Table 2.1 gives the details of commonly used number
systems.

Table 2.1 Characteristics of Commonly Used Number Systems

Weight assigned
Base or Symbols used to position

Number system radix (b) @, or d,/-) i - Example
Binary 2 0,1 2 27 1011.11
Octal 8 0,1,2,3,4,5,6,7 8 Ll 3567.25
Decimal 10 0,1,2,3,4,5,6,7, 10° 107 3974.57

8,9
Hexadecimal 16 0,1,2,3,4,5,6,7,

8,9,4,B,C,D,E, F 16 167 3FA9.56

2.3 BINARY NUMBER SYSTEM

The number system with base (or radix) two is known as the birnary number system. Only two symbols are
used to represent numbers in this system and these are 0 and 1. These are known as bits. This system has
the minimum base (0 is not possible and 1 is not useful). It is a positional system, that is every position is
assigned a specific weight.

Table 2.2 illustrates counting in binary number system. The corresponding decimal numbers are given in
the right-hand column. Similar to decimal number system, the left-most bit is known as the most significant
bit (MSB) and the right-most bit is known as the least significant bit (LSB). Any number of Os can be added
to the left of the number without changing the value of the number. In the binary number system, a group of
four bits is known as a nibble, and a group of eight bits is known as a byte.
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Table 2.2 4-bit Binary Numbers and Their Corresponding Decimal Numbers

Binary number Decimal number
B, B, B, B, D, D,
0 0 0 0 0 0
0 0 0 1 0 1
0 0 1 0 0 2
0 0 1 1 0 3
0 1 0 0 0 4
0 1 0 1 0 5
0 1 1 0 0 6
0 1 1 1 0 7
1 0 0 0 0 8
1 0 0 1 0 9
1 0 1 0 1 0
1 0 1 1 1 1
1 1 0 0 1 2
1 1 0 1 1 3
1 1 1 0 1 4
1 1 1 1 1 5

2.3.1 Binary-to-Decimal Conversion

Any binary number can be converted into its equivalent decimal number using the weights assigned to each
bit position as given in Table 2.1.

Example 2.1

Find the decimal equivalent of the binary number (1 1 1 1 1),.

Solution

The equivalent decimal number is
=[x 2% 10 D3R 0D 2 ExD L D0
=16+8+4+2+1
=3,

To differentiate between numbers represented in different number systems, either the corresponding
number system may be specified along with the number or a small subscript at the end of the number may
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be added signifying the number system. For example, (1000), represents a binary number and is not one
thousand.

Example 2.2

Determine the decimal numbers represented by the following binary numbers:

(a) 110101 (b) 101101 (c) 11111111 (d) 00000000

Solution

(a) (110101)2= 1X254+1x244+0x234+1x24+0x214+1x2°
=32+16+0+4+0+1
-63),
(b) (101101),=32+0+8+4+0+1
-@9),
(© (I1111111),= 128 +64+32+ 16 +8+4+2+1
=(255),,
(d) (00000000), = (0),,

Example 2.3

Determine the decimal numbers represented by the following binary numbers:

(a) 101101.10101 (b) 1100.1011 (c) 1001.0101 (d) 0.10101

Solution
(@) (101101.10101), = 1 X 25+ 0 X 2+ 1 X 23+ 1 X 2+ 0 X 21+ 1 X 20+ 1 x 271+ 0 X 22+ 1 X 23 +0 x 2+ x 275
=32+0+8+4+0+1+%+0+l+0+L

8 32
= (45.65625),,

(b) (1100.1011),=8 +4+0+0+0.5 + 0 +0.125 + 0.0625
=(12.6875),,

(¢) (1001.0101), =8 +0+0+ 1 +0+0.25+0+0.0625
=(9.3125),

(d) (0.10101),= 0.5 +0 +0.125 + 0 +0.03125

=(0.65625),,

2.3.2 Decimal-to-Binary Conversion

Any decimal number can be converted into its equivalent binary number. For integers, the conversion is
obtained by continuous division by 2 and keeping track of the remainders, while for fractional parts, the
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conversion is affected by continuous multiplication by 2 and keeping track of the integers generated. The
conversion process is illustrated by the following examples.

Example 2.4

Convert (13),,to an equivalent base-2 number.

Solution
Quotient Remainder

E 6 1

2 /

6 3 0

2 /

1 1 1

2

1 0 1

2 } Y

1 1 0 1

Thus, (13),, = (1101),

Example 2.5

Convert (0.65625), to an equivalent base-2 number.

Solution

0.65625 / 0. 31250 / 0. 62500 /> 0. 25000 /> 0. 50000
1. 31250 0. 62500 1 25000 0. 50000 1 00000

Thus, (0.65625),, = (0.10101),
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Example 2.6

Express the following decimal numbers in the binary form:
(a) 25.5 (b) 10.625 (c) 0.6875

Solution

(a) Integer part Quotient Remainder

—
N

1

=)
(=}

—
—

A

N[= Nw NN

;

Therefore, (25),,= (11001),

Fractional part
0.5
X 2
1.0
1
ie., (0.5),,=(0.1),
Therefore, (25.5),,= (11001.1),
(b) Integer part (10),,= (1010),
Fractional part

x
V]

0.625 0.250 0.500
1.250 0.500 0

— -——  —

ie., (0.625),,= (0.101),
Therefore, (10.625),, = (1010.101),
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(©) 0. 6875 /> 0. 3750 /' 0. 7500 /7 0. 5000
1.3750 0.7500 1 5000 1.0000
1 1

Therefore, (0.6875),,= (0.1011),

2.4 SIGNED BINARY NUMBERS
241 Sign-Magnitude Representation

In the decimal number system a plus (+) sign is used to denote a positive number and a minus (—) sign for
denoting a negative number. The plus sign is usually dropped, and the absence of any sign means that the
number has positive value. This representation of numbers is known as signed number. As is well known,
digital circuits can understand only two symbols, 0 and 1; therefore, we must use the same symbols to
indicate the sign of the number also. Normally, an additional bit is used as the sign bif and it is placed as
the most significant bit. A 0 is used to represent a positive number and a 1 to represent a negative number.
For example, an 8-bit signed number 01000100 represents a positive number and its value (magnitude) is
(1000100), = (68),,. The left most 0 (MSB) indicates that the number is positive. On the other hand, in the
signed binary form, 11000100 represents a negative number with magnitude (1000100), = (68) . The 1 in the
left most position (MSB) indicates that the number is negative and the other seven bits give its magnitude.
This kind of representation for signed numbers is known as sign-magnitude representation. The user must
take care to see the representation used while dealing with the binary numbers.

Example 2.7

Find the decimal equivalent of the following binary numbers assuming sign-magnitude representation of the binary
numbers.

(a) 101100 (b) 001000 (c) 0111 (d) 1111
Solution
(a) Sign bit is 1, which means the number is negative.

Magnitude = 01100 = (12),
(101100), = (-12),,

(b) Sign bit is 0, which means the number is positive.

Magnitude = 01000 = 8
(001000),= (+8),,

(©) (0111), = (+7),
(d) (1111),= (=7),
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24.2 One’s Complement Representation

In a binary number, if each 1 is replaced by 0 and each 0 by 1, the resulting number is known as the one’s
complement of the first number. In fact, both the numbers are complement of each other. If one of these
numbers is positive, then the other number will be negative with the same magnitude and vice-versa. For
example, (0101), represents (+5), , whereas (1010), represents (—5),, in this representation. This method is
widely used for representing signed numbers. In this representation also, MSB is 0 for positive numbers and
1 for negative numbers.

Example 2.8

Find the one’s complement of the following binary numbers.
(a) 0100111001 (b) 11011010

Solution

() 1011000110 (b) 00100101

Example 2.9

Represent the following numbers in one’s complement form.
(a) +7and -7 (b) +8 and -8 (c¢) +15 and —15

Solution

In one’s complement representation,

@) (+7),,=(0111), and (=7), = (1000),

(b) (+8),,=(01000), and (-8),,=(10111),
(c) (+15),,=(01111), and (=15) = (10000),

From the above examples, it can be observed that for an n-bit number, the maximum positive number
which can be represented in 1’s complement representation is (2! — 1) and the maximum negative number
is—(@2"'-1).

24.3 Two’s Complement Representation

If 1 is added to 1’s complement of a binary number, the resulting number is known as the two s complement
of the binary number. For example, 2°s complement of 0101 is 1011. Since 0101 represents (+5),, therefore,
1011 represents (—5) , in 2’s complement representation. In this representation also, if the MSB is 0 the
number is positive, whereas if the MSB is 1 the number is negative. For an #-bit number, the maximum
positive number which can be represented in 2’s complement form is (2"~! — 1) and the maximum negative
number is —2""!. Table 2.3 gives sign-magnitude, 1’s and 2’s complement numbers represented by 4-bit
binary numbers. From the table, it is observed that the maximum positive number is 0111 = + 7, whereas the
maximum negative number is 1000 = — 8 using four bits in 2’s complement format.
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It is also observed that the 2’s complement of the 2’s complement of a number is the number itself.

Table 2.3 Sign-Magnitude, 1’s and 2’s Complement Representation Using Four Bits

Solution

(i) Number
1’s complement
Add 1

(ii)) Number
1’s complement
Add 1

Find the 2’s complement of the numbers:

(i) 01001110 (i) 00110101

010011160
10110001

1
10110010

00110101
11001010

1
11001011

Binary number
Decimal number Sign-magnitude One’s complement Two’s complement
0 0000 0000 0000
1 0001 0001 0001
2 0010 0010 0010
3 0011 0011 0011
4 0100 0100 0100
5 0101 0101 0101
6 0110 0110 0110
7 0111 0111 0111
-8 — — 1000
=7 1111 1000 1001
-6 1110 1001 1010
=5 1101 1010 1011
—4 1100 1011 1100
-3 1011 1100 1101
-2 1010 1101 1110
-1 1001 1110 1111
-0 1000 1111 —
Example 2.10
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From the above example, we observe the following:

1. If the LSB of the number is 1, its 2°s complement is obtained by changing each 0 to 1 and 1 to 0 except
the least-significant bit.

2. If the LSB of the number is 0, its 2’s complement is obtained by scanning the number from the LSB to
MSB bit by bit and retaining the bits as they are up to and including the occurrence of the first 1 and
complement all other bits.

Example 2.11

Find two’s complement of the numbers:

(i) 01100100 (i) 11011000
(i) 10010010  (iv) 01100111

Solution

Using the rules of conversion given above, we obtain

"

(i) Number 01100100
2’s Complement 10011100
(i) Number 10010010
2’s Complement 0110 i i i(*)
(iii) Number 11011000
2’s Complement 00101000
(iv) Number 01100111
2’s Complement 10011001

Example 2.12
Represent (=17),, in
(i) Sign-magnitude,
(ii) one’s complement,
(iii) two’s complement representation.

Solution

The minimum number of bits required to represent (+17),  in signed number format is six.
- (+17),, = (010001),
Therefore, (=17),, is represented by

(i) 110001 in sign-magnitude representation.
(i) 101110 in 1’s complement representation.
(i) 101111 in 2°s complement representation.
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We all are familiar with the arithmetic operations such as addition, subtraction, multiplication, and division of
decimal numbers. Similar operations can be performed on binary numbers; infact, binary arithmetic is much
simpler than decimal arithmetic because here only two digits, 0 and 1 are involved.

2.5.1 Binary Addition

The rules of binary addition are given in Table 2.4.

Table 2.4 Rules of Binary Addition
Augend Addend Sum Carry Result
0 0 0 0 0
0 1 1 0 1
1 0 1 0 1
1 1 0 1 10

In the first three rows above, there is no carry, that is, carry = 0, whereas in the fourth row a carry is
produced (since the largest digit possible is 1), that is, carry = 1, and similar to decimal addition it is added

to the next higher binary position.

Example 2.13

Solution

(i) 1
(+) 1

Add the binary numbers:
(i) 1011 and 1100

(i) 0101 and 1111

carry

@» @
(ii) 0 1
* 1 1

(1) « carry
0 1
1 1

1 0 1

carry

0 0

Example 2.14

01101010
00001000
10000001
11111111

Add the binary numbers:
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Solution
Two pair of 1’s in the previous
column
@ @O (@ 1 (1) (1) (1) <« one pairof 1’s in the previous
0 1 1 0 1 0 1 0 column
0 0 0 0 1 0 0 0
1 0 0 0 0 0 0 1
1 1 1 1 1 1 1 1
1 1 1 1 1 0 0 1 0
Carry 1 i T Even number of 1’s in column
1 1 1 1 1 odd number of 1’s in column
Thesum=111110010

From the above example, we observe the following:

(i) if the number of 1’s to be added in a column is even then the sum bit is 0, and if the number of 1’s to be
added in a column is odd then the sum bit is 1.
(i) Every pair of 1’s in a column produces a carry (1) to be added to the next higher bit column.

2.5.2 Binary Subtraction

The rules of binary subtraction are given in Table 2.5.

Table 2.5 Rules of Binary Subtraction

Minuend Subtrahend Difference Borrow
0 0 0 0
0 1 1 1
1 0 1 0
1 1 0 0

Except in the second row above, the borrow = 0. When the borrow = 1, as in the second row, this is to be
subtracted from the next higher binary bit as it is done in decimal subtraction.
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Example 2.15

Perform the following subtraction:

1011
—0110

Solution

)

OO0 - -
—_— O -

this result obtained subtract the borrow bit.

Column 4
3
2
b 1
1 1 Minuend
1 0 Subtrahend
0 1 Difference

Here, in columns 1 and 2, borrow = 0 and in column 3 it is 1. Therefore, in column 4 first subtract 0 from 1 and from

2.5.3 Binary Multiplication

Binary multiplication is similar to decimal multiplication. In binary, each partial product is either zero
(multiplication by 0) or exactly same as the multiplicand (multiplication by 1). An example of binary

multiplication is given below:

Example 2.16
Multiply 1001 by 1101.

Solution

1001

1001
0000
1001
1001

the final product.

x1101

1110101

In a digital circuit, the multiplication operation is performed by repeated additions of all partial products to obtain

Multiplicand
Multiplier

Partial Products

Final Product
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2.5.4 Binary Division

Binary division is obtained using the same procedure as decimal division. An example of binary division is
given below:

Example 2.17
Divide 1110101by100 1.

Solution
1101 «— Quotient

Divisor — 1001 ) 1110101 «— Dividend

1001
1011
1001
001001

1001
0000
Ans: 1101

2.6 2'S COMPLEMENT ARITHMETIC

Digital circuits are used for performing binary arithmetic operations. It is possible to use the circuits designed
for binary addition to perform the binary subtraction also if we can change the problem of subtraction to
that of an addition. This concept eliminates the need of additional circuits for subtraction, rather the same
adder circuits are used for both the operations. This makes design of arithmetic circuits very convenient and
cheaper. For this purpose, 2’s complement representation discussed in Section 2.4.3 is used.

2.6.1 Subtraction Using 2’s Complement

Binary subtraction can be performed by adding the 2’s complement of the subtrahend to the minuend. If a
final carry is generated, discard the carry and the answer is given by the remaining bits which is positive (the
minuend is greater than the subtrahend). If the final carry is 0, the answer is negative (the minuend is smaller
than the subtrahend) and is in 2°s complement form.

Example 2.18
Perform binary subtraction using 2’s complement representation of negative numbers.
Solution
1) f 0111 Minuend

5 "> (91011  2scomplement of subtrahend

+2 10010

fi
Discard final carry

The answer is 0 0 1 0 equivalent to (+2), .
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(i) 5 0101 Minuend
=1 |i> + 1001 2’s complement of subtrahend

= 11160

The final carry = 0. Therefore, the answer is negative and is in 2°s complement form. 2’s complement of
1110=0010
Therefore, the answer is (=2), .

2.6.2 Addition/Subtraction in 2’s Complement Representation

The addition/subtraction of signed binary numbers can most conveniently be performed using 2’s complement
representation of both the operands. This is the method most commonly used when these operations are
performed using digital circuits and microprocessors.

Example 2.19
Perform the following operations using 2’s complement method:
() 48-23 (i) 2348 (iii) 48 —(-23) (iv) —48—23

Use 8-bit representation of numbers.

Solution

(i) 2’s complement representation of +48 = 00110000
2’s complement representation of —23 = 11101001

48 + (-23)
48 00110000
> +(@23) > ®H 11101001
+25 1 00011001 =425
1
Discard Carry

(i) 2’s complement representation of +23=00010111
2’s complement representation of —48=11010000
23 — 48 =23 + (-48)

23 00010111

> +48) > © 11010000
25 11100111¢>—2s

(iii) 48— (-23)=48+23

48 00110000

C—=>  +@3) T—> (00010111

+71 01000111©+71
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(iv) —48—23 = (- 48) + (- 23)
—48 11010000

|:> +(=23) |:> 11101001
~71 110111001§>—71

i)
Carry be ignored

From the above example, we observe the following:

(a) If the two operands are of the opposite sign, the result is to be obtained by the rule of subtraction using
2’s complement (Sec. 2.6.1)

(b) If the two operands are of the same sign, the sign bit of the result (MSB) is to be compared with the sign
bit of the operands. In case the sign bits are same, the result is correct and is in 2’s complement form. If
the sign bits are not same there is a problem of overflow, i.e. the result can not be accommodated using
eight bits and the result is to be interpreted suitably. The result in this case will consist of nine bits, i.e.
carry and eight bits, and the carry bit will give the sign of the number.

2.7 OCTAL NUMBER SYSTEM

The number system with base (or radix) eight is known as the octal number system. In this system, eight
symbols, 0, 1,2, 3,4, 5, 6,and 7 are used to represent numbers. Similar to decimal and binary number systems,
it is also a positional system and has, in general, two parts: integer and fractional, set apart by a radix (octal)
point (.). Any number can be expressed in the form of Eq. (2.1) with » =8 and 0 <(d, or d_/) < 7.The weights
assigned to the various positions are given in Table 2.1. For example, (6327.4051), is an octal number.

2.7.1 Octal-to-Decimal Conversion

Any octal number can be converted into its equivalent decimal number using the weights assigned to each
octal digit position as given in Table 2.1.

Example 2.20

Convert (6327.4051), into its equivalent decimal number.

Solution

Using the weights given in Table 2.1, we obtain

(6327.4051),=6 x 8 +3 x 82+ 2 x 81 +7 x 80+ 4 x 81
+0/x82+5 %83 +1x8+*
_ E el
=3072 8102 K06 + 0 H0E oot
=(3287.5100098),

Thus, (6327.4051), = (3287.5100098)
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2.7.2 Decimal-to-Octal Conversion

The conversion from decimal to octal (base-10 to base-8) is similar to the conversion procedure for base-10
to base-2 conversion. The only difference is that number 8 is used in place of 2 for division in the case of
integers and for multiplication in the case of fractional numbers.

Example 2.21

(a) Convert (247),, into octal
(b) Convert (0.6875),, into octal
(c) Convert (3287.5100098),  into octal

Solution
(a) Quotient Remainder
247 30 7
8 /
30 3 6
8 /
3
2 0 3
8 ‘
3 6 7
Thus, (247),, = (367),
(®) 0.6875 0.5000
X 8 X 8
5.5000 4.0000
i i)
5 4
Thus, (0.6875),, = (0.54),
(c) Integer part: Quotient Remainder
3287/8 / 410
410/8 - — 51 2
51/8 / 6 3
6/8 0 6 —*
6 3 2 7

Thus, (3287),, = (6327),

Fractional part: (5100098 0.0800784 0.6406272 0.1250176
x8 f x8 /’ x8
4.0800784 0.6406272 1250176 10001408
1 ) )
4 0 1

N

Thus (0.5100098),, = (0.4051),
Therefore, (3287.5100098),, = (6327.4051),
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From the above examples we observe that the conversion for fractional numbers may not be exact. In
general, an approximate equivalent can be determined by terminating the process of multiplication by eight
at the desired point.

2.7.3 Octal-to-Binary Conversion
Octal numbers can be converted into equivalent binary numbers by replacing each octal digit by its 3-bit
equivalent binary. Table 2.6 gives octal numbers and their binary equivalents for decimal numbers 0 to 15.

Table 2.6 Binary and Decimal Equivalents of Octal Numbers

Octal Decimal Binary
0 0 000
1 1 001
2 2 010
3 3 011
4 4 100
5 35 101
6 6 110
7 7 111
10 8 001000
11 9 001001
12 10 001010
13 11 001011
14 12 001100
15 13 001101
16 14 001110
17 15 001111
Example 2.22
Convert (736), into an equivalent binary number.
Solution
From Table 2.6, we observe the binary equivalents of 7, 3 and 6 as 111, 011, and 110, respectively. Therefore,
(736), = (111 011 110),.

2.7.4 Binary-to-Octal Conversion

Binary numbers can be converted into equivalent octal numbers by making groups of three bits starting from
LSB and moving towards MSB for integer part of the number and then replacing each group of three bits
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by its octal representation. For fractional part, the groupings of three bits are made starting from the binary
point.

Example 2.23

Convert (1001110), to its octal equivalent.

Solution
(1001110), = (001 001 110),
=(116),
= (116),
Example 2.24

Convert (0.10100110), to its equivalent octal number.

Solution
(0.10100110), = (0.101 001 100),
=(0.514),
=(0.514),
Example 2.25

Convert the following binary numbers to octal numbers

(a) 11001110001.000101111001
(b) 1011011110.11001010011
(c) 111110001.10011001101

Solution

(a) 011001 110 001.000 101 111 001 = (3161.0571),
(b) 001011 011 110.110 010 100 110 = (1336.6246),
(c) 111 110 001.100 110011 010 = (761.4632),

From the above examples we observe that in forming the 3-bit groupings, 0’s may be required to complete
the first (most significant digit) group in the integer part and the last (least significant digit) group in the
fractional part.

2.7.5 Octal Arithmetic

Octal arithmetic rules are similar to the decimal or binary arithmetic. Normally, we are not interested in
performing octal arithmetic operations using octal representation of numbers. This number system is normally
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used to enter long strings of binary data into a digital system like a microcomputer. This makes the task of
entering binary data in a microcomputer easier. Arithmetic operations can be performed by converting the
octal numbers to binary numbers and then using the rules of binary arithmetic.

Example 2.26
Add (23), and (67),.

Solution

23= 010011
(+)67= 110111

(112)s= 1001 010

Example 2.27

Subtract (a) (37), from (53),
(b) (75), from (26),

Solution

Using 8-bit representation,

(a) (53), 00101011
—(37)s (+) 11100001 Two’s complement of (37),

(14), = 100001100
Discard carry i

(b) (26); = 00010110
—(75), (+) 11000011 Two’s complement of (75),

—(47)g 11011001 Two’s complement of result

Two’s complement of 11011001 = 00 100 111 = (47),

Multiplication and division can also be performed using the binary representation of octal numbers and
then making use of multiplication and division rules of binary numbers.

2.7.6 Applications of Octal Number System

In digital systems, binary numbers are required to be entered and certain results or status signals are required
to be displayed. It is highly inconvenient to handle long strings of binary numbers. It may cause errors also.
Therefore, octal numbers are used for entering the binary data and displaying certain informations. Therefore,
the knowledge of octal number system is very important for the efficient use of microprocessors and other
digital circuits. For example, the binary number 011111110 can easily be remembered as 376 and can be
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entered as 376 using keys. Since digital circuits can process only zeros and ones, the octal numbers have to be
converted into binary form using special circuits known as octal-to-binary converters before being processed
by the digital circuits.

2.8 HEXADECIMAL NUMBER SYSTEM

Hexadecimal number system is very popular in computer uses. The base for hexadecimal number system
is 16 which requires 16 distinct symbols to represent the numbers. These are numerals 0 through 9 and
alphabets A through F. Since numeric digits and alphabets both are used to represent the digits in the
hexadecimal number system, therefore, this is an alphanumeric number system. Table 2.7 gives hexadecimal
numbers with their binary equivalents for decimal numbers 0 through 15. From the table, it is observed that
there are 16 combinations of 4-bit binary numbers and sets of 4-bit binary numbers can be entered in the
computer in the form of hexadecimal (hex.) digits. These numbers are required to be converted into binary
representation, using hexadecimal-to-binary converter circuits before these can be processed by the digital
circuits.

Table 2.7  Binary and Decimal Equivalents of Hexadecimal Numbers

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

2.8.1 Hexadecimal-to-Decimal Conversion

Using Eq. (2.1), hexadecimal numbers can be converted to their equivalent decimal numbers.
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Example 2.28

Obtain decimal equivalent of hexadecimal number (3A.2F)

Solution

Using Eq. (2.1),
(BAZE) = 3 X161 -H10016% £ 2 XU 63150 x 165
_ 2, 05
=48 + 10+ e i

= (58.1836),,

The fractional part may not be an exact equivalent and therefore, may give a small error.

2.8.2 Decimal-to-Hexadecimal Conversion

For conversion from decimal to hexadecimal, the procedure used in binary as well as octal systems is

applicable, using 16 as the dividing (for integer part) and multiplying (for fractional part) factor.

Example 2.29

Convert the following decimal numbers into hexadecimal numbers.

(a) 95.5 (b) 675.625

Solution
(a) Integer part
Quotient Remainder
95/16/ 5 15
5/16 0 5 —v
5 F
Thus, (95),, = (5F),,
Fractional part
0.5
x 16
8.0
!
8

Thus, (0.5),, = (0.8),,
Therefore, (95.5),, = (5F.8),,
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(b) Integer part
Quotient Remainder
675/16 / 42 3
42/16 / 2 10
2/16 0 2 —* l

Thus, (675),, = (243),,

Fractional part
0.625
x16
10.000

Thus, (0.625) ,= (0.4),,
Therefore, (675.625),, = (243.4),,

2.8.3 Hexadecimal-to-Binary Conversion

Hexadecimal numbers can be converted into equivalent binary numbers by replacing each hex digit by its
equivalent 4-bit binary number.

Example 2.30

Convert (2F94), to equivalent binary number.
Solution
Using Table 2.7, find the binary equivalent of each hex digit.

(2F94),, = (0010 1111 1001 1010),
=(0010111110011010),

2.8.4 Binary-to-Hexadecimal Conversion

Binary numbers can be converted into the equivalent hexadecimal numbers by making groups of four bits
starting from LSB and moving towards MSB for integer part and then replacing each group of four bits by
its hexadecimal representation.
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For the fractional part, the above procedure is repeated starting from the bit next to the binary point and
moving towards the right.

Example 2.31
Convert the following binary numbers to their equivalent hex numbers.

(a) 10100110101111
(b) 0.00011110101101

Solution

(a) (10100110101111), = 0010 1001 1010 1111
e

=

ety
2 9 4 F
(10100110101111), = (294F),,

(b) (0.00011110101101), =0.0001 1110 1011 0100
— )
1 E B 3
~(0.00011110101101), = (0.1EB4),,

Example 2.32

Convert the binary numbers of Example 2.25 to hexadecimal numbers.

Solution

(a) 110 0111 0001.0001 0111 1001 = (671.179),,
(b) 10 1101 1110.1100 1010 011 = (2DE.CA6)
(c) 11111 0001.1001 1001 101 = (1F1.994),,

From the above examples, we observe that in forming the 4-bit groupings 0’s may be required to complete
the first (most significant digit) group in the integer part and the last (least significant digit) group in the
fractional part.

2.8.5 Conversion from Hex-to-Octal and Vice-Versa

Hexadecimal numbers can be converted to equivalent octal numbers and octal numbers can be converted
to equivalent hex numbers by converting the hex/octal number to equivalent binary and then to octal/hex,
respectively.
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Example 2.33

Convert the following hex numbers to octal numbers.

(a) AT2E (b) 0.BFS85

Solution

(@)  (472E),, = (10100111 0010 1110),
=001 010 011 100 101 110

e o S s
= (123456),

(b) (0.BF85),, =(0.1011 1111 1000 0101),
= 0.101 111 111 000 010 100

{ S G W S o W)

=(0.577024),

Example 2.34

Convert (247.36), to equivalent hex number.

Solution

(247.36),= (010 100 111.011 110),
=(0 1010 0111 - 0111 1000),
—_—— —

—_—

=(A7.78)y5

2.8.6 Hexadecimal Arithmetic

The rules for arithmetic operations with hexadecimal numbers are similar to the rules for decimal, octal, and
binary systems. The information can be handled only in binary form in a digital circuit and it is easier to enter
the information using hexadecimal number system. Since arithmetic operations are performed by the digital
circuits on binary numbers, therefore hexadecimal numbers are to be first converted into binary numbers.
Arithmetic operations will become clear from the following examples.

Example 2.35
Add (7F),, and (BA)
Solution

7F= 01111111
(H)BA= 10111010
(139),,= 100111001
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Example 2.36

Subtract (a) (5C),, from (3F),
(b) (74),, from (C0),,

Solution

(a) 3F= 00111111
—-5C= (+)10100100  Two’s complement of (5C),,
-1D = 11100011  Two’s complement of result

Two’s complement of 11100011 = 0001 1101 = (1D)

(b) o= 11000000
—74 = (+) 10000110 Two’s complement of (74),,

46= 101000110

Discard carry

Multiplication and division can also be performed using the binary representation of hexadecimal numbers
and then making use of multiplication and division rules of binary numbers.

29 CODES

Computers and other digital circuits process data in the binary format. Various binary codes are used to
represent data which may be numeric, alphabets or special characters. Although, in every code used the
information is represented in binary form, the interpretation of this binary information is possible only if the
code in which this information is available is known. For example, the binary number 1000001 represents 65
(decimal) in straight binary, 41 (decimal) in BCD and alphabet 4 in ASCII code. A user must be very careful
about the code being used while interpreting information available in the binary format. Codes are also used
for error detection and error correction in digital systems.
Some of the commonly used codes are given below.

29.1 Straight Binary Code

This is used to represent numbers using natural (or straight) binary form as discussed in Section 2.3. Various
arithmetic operations can be performed in this form. Binary codes for decimal numbers 0 to 15 are given in
Table 2.8. It is a weighted code since a weight is assigned to every position.

2.9.2 Natural BCD Code

In this code, decimal digits 0 through 9 are represented (coded) by their natural binary equivalents using four
bits and each decimal digit of a decimal number is represented by this four bit code individually. For example,
(23),, is represented by 0010 0011 using BCD code, rather than (10111),. From this it is observed that it
requires more number of bits to code a decimal number using BCD code than using the straight binary code.
However, inspite of this disadvantage it is very convenient and useful code for input and output operations
in digital systems.

This code is also known as 8-4-2-1 code or simply BCD code. 8, 4, 2, and 1 are the weights of the four
bits of the binary code of each decimal digit similar to straight binary number system. Therefore, this is
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a weighted code and arithmetic operations can be performed using this code, which will be discussed in
Chapter 6. BCD codes for decimal digits 0 through 9 are given in Table 2.8.

Table 2.8 Various Binary Codes

Decimal Binary BCD Excess-3 Gray
Number B, B, B, B, D C B A E, E, E E, G, G, G G,
0 0O 0 0 O o 0 0 O 0o 0 1 1 o 0 0 o0
1 0 0 0 1 0o 0 o0 1 o 1 0 o0 0o 0 0 1
2 0O 0 1 0 0 0 1 0 0o 1 0 1 0o o0 1 1
3 0o 0 1 1 0 0 1 1 0 I 1 0 0o 0 1 0
4 0O 1 0 O 0 1 0 0 0 1 1 1 0o 1 1 0
5 0 1 0 1 0 1 0 1 1 0 0 0 0o 1 1 1
6 0o 1 1 o0 0 1 1 0 1 0 0 1 0o 1 0 1
7 0o 1 1 1 0 1 1 1 1 0 1 0 0o 1 0 o0
8 1 0 0 O 1 0 0 O 1 0 1 1 1 1 0 0
9 1 0 0 1 1 0 0 1 1 1 0 0 1 1 0 1
10 1 0 1 0 1 1 1 1
11 1 0 1 1 1 1 1 0
12 1 1 0 O 1 0 1 0
13 1 1 0 1 1 0 1 1
14 1 1 1 0 1 0 0 1
15 1 1 1 1 1 0 0 0

2.9.3 Excess-3 Code

This is another form of BCD code, in which each decimal digit is coded into a 4-bit binary code. The
code for each decimal digit is obtained by adding decimal 3 to the natural BCD code of the digit. For
example, decimal 2 is coded as 0010 + 0011 = 0101 in Excess-3 code. It is not a weighted code. This code
is a self-complementing code, which means 1’s complement of the coded number yields 9’s complement of
the number itself. For example, Excess-3 code of decimal 2 is 0101, its 1’s complement is 1010 which is
Excess-3 code for decimal 7, which is 9°s complement of 2. The self complementing property of this code
helps considerably in performing subtraction operation in digital systems. Excess-3 codes for decimal digits
0 through 9 are given in Table 2.8.

294 Gray code

It is a very useful code in which a decimal number is represented in binary form in such a way so that each
Gray-code number differs from the preceding and the succeeding number by a single bit. For example, the
Gray code for decimal number 5 is 0111 and for 6 is 0101. These two codes differ by only one bit position
(third from the left). This code is used extensively for shaft encoders because of this property. It is not a
weighted code. The Gray code is a reflected code and can be constructed using this property as given below.
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(i) A 1-bit Gray code has two code words 0 and 1 representing decimal numbers 0 and 1 respectively
(i) An n-bit (n > 2) Gray code will have first 2" Gray codes of (n — 1)-bits written in order with a leading
0 appended.
(iii) The last 2! Gray codes will be equal to the Gray code words of an (» — 1)- bit Gray code, written in
reverse order (assuming a mirror placed between first 27! and last 27! Gray codes) with a leading 1
appended.

Example 2.37

Determine (a) 1-bit (b) 2-bit (c) 3-bit Gray codes and tabulate along with their equivalent decimal numbers.

Solution

(a) 1-bit Gray code is constructed using (i) above.

Decimal number Gray code
0 0
1 1

(b) 2-bit Gray code is constructed using (ii) and (iii) above and Gray code of 1-bit

Decimal number Gray code
0 00
1 01
2 11
3 10

(c) 3-bit Gray code is constructed using 2-bit Gray code.

Decimal number Gray code
0 000
1 001
2 011
3 010
4 110
5 111
6 101
7 100

4-bit Gray code is given in Table 2.8.

2.9.5 Octal Code

It is a 3-bit binary code, in which each of the octal digits 0 through 7 is coded into 3-bit straight binary
number. For example, code for octal digit 4 is 100. Using this code, octal numbers can be coded into straight
binary form or the binary numbers can be represented by octal numbers as discussed in Section 2.7.

This code is used for binary inputs in digital computers, microprocessors, etc.
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2.9.6 Hexadecimal Code

It is a 4-bit binary code (Section 2.8) used for input/output in digital computers, microprocessors, etc.

Example 2.38

Represent the decimal number 27 in binary form using

(i) Binary Code (iv) Gray code
(ii) BCD code (v) Octal code
(iii) Excess-3 code (vi) Hexadecimal code

Solution

(i) The decimal number is converted into straight binary form. Its value is 11011
(i) Each digit of the decimal number is coded using 4-bit BCD code as given below

0010 0111
(iii) Each digit of the decimal number is coded using 4-bit Excess-3 code as given below
0101 1010

(iv) 5 bits are required to represent 27, therefore, 5-bit Gray code is constructed and 27 is represented as 10110.
() (27),,=(33),=011011
(vi) (27),,=(1B),,= 0001 1011

Example 2.39
Represent the decimal numbers (a) 396 and (b) 4096 in binary form in

(i) Binary code (straight binary) (iv) Octal code
(i) BCD code (v) Hex code
(iii) Excess-3 code

Solution

(@ (i) 396=110001100
(i) 396=001110010110
(iii) 396 =011011001001
(iv) 396=(614),= 110001100
(v) 396=(18C),, = 000110001100

(b) (i) 4096 = 1000000000000
(ii) 4096 =0100000010010110
(iii) 4096 =01110011 11001001
(iv) 4096 = (10000), = 001 000 000 000 000
(v) 4096 = (1000),,= 0001 0000 0000 0000
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29.7 Alphanumeric Codes

In many situations, digital systems are required to handle data that may consist of numerals, letters, and
special symbols. For example, an university with thousands of students may use a digital computer to
process the examination results. In this the names of the students, subjects, etc. are to be represented in the
binary form. Therefore, it is necessary to have a binary code for alphabets also. If we use an »n-bit binary
code, we can represent 2” elements using this code. Therefore, to represent 10 digits 0 through 9 and 26
alphabets A4 through Z, we need a minimum of 6 bits (2° = 64, but 2° = 32 is not sufficient). One possible 6-bit
alphanumeric code is given in Table 2.9. It is used in many computers to represent alphanumeric characters
and symbols internally and therefore can be called internal code. Frequently, there is a need to represent
more than 64 characters including the lower case letters and special control characters for the transmission of
digital information. For this reason the following two codes are normally used:

1. Extended BCD Interchange Code (EBCDIC)
2. American Standard Code for Information Interchange (ASCII)

These are given in Tables 2.9 and 2.10 respectively.

Table 2.9 Some Alphanumeric Codes

6-bit 8-bit
Character Internal code EBCDIC code
A 010001 11000001
B 010010 11000010
C 010011 11000011
D 010100 11000100
E 010101 11000101
F 010110 11000110
G 010111 11000111
H 011000 11001000
1 011001 11001001
J 100001 11010001
K 100010 11010010
L 100011 11010011
M 100100 11010100
N 100101 11010101
o 100110 11010110
P 100111 11010111
(0] 101000 11011000
R 101001 11011001

(Continued)
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Table 2.9  (Continued)

6-bit 8-bit
Character Internal code EBCDIC code

S 110010 11100010
T 110011 11100011
U 110100 11100100
V 110101 11100101
/4 110110 11100110
X 110111 11100111
Y 111000 11101000
VA 111001 11101001
0 000000 11110000
1 000001 11110001
2 000010 11110010
3 000011 11110011
4 000100 11110100
5 000101 11110101
6 000110 11110110
Z 000111 11110111
8 001000 11111000
9 001001 11111001
blank 110000 01000000
011011 01001011

( 111100 01001101
+ 010000 01001110
$ 101011 01011011
* 101100 01011100
) 011100 01011101
— 100000 01100000
/ 110001 01100001
s 111011 01101011
= 001011 01111110
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Table 2.10 The ASCII Code

b, 0 0 0 0 1 1 1 1
b, 0 0 1 1 0 0 1 1
b, 0 1 0 1 0 1 0 1
b, b, b, b, 0 1 2 3 4 5 6 7
0 0 0 0 0 NUL DLE SP 0 @ P ! p
0 0 0 1 1 SOH DC1 ! 1 A Q a q
0 0 1 0 2 STX DC2 & 2 B R b r
0 0 1 1 3 ETX DC3 # 3 C S c s
0 1 0 0 4 EOT DC4 $ 4 D T d t
0 1 0 1 5 ENQ NAK % 5 E U (5 u
0 1 1 0 6 ACK  SYN & 6 F \Y% f v
0 1 1 1 7 BEL ETB ? 7 G W g w
1 0 0 0 8 BS CAN ( 8 H X h X
1 0 0 1 9 HT EM ) 9 I Y i y
1 0 1 0 A LF SUB & J V4 j z
1 0 1 1 B VT ESC i ; K [ k {
1 1 0 0 C FF FS ’ < L \ \
1 1 0 1 D CR GS = = M ] m }
1 1 1 0 E SO RS > N A n -

1 1 1 1 F SI [N} / ? O - 0 DEL

The code is read from this table as:
b6 bS b4 b3 1 bO
H=1 0 0 0 0=(48),,
n=1 0 1 0=(6E),,
Example 2.40

Encode the following in ASCII Code:

(a) My dear Rajendra,
(b) I am 20 years old.

Solution

Each of the alphabet, numeral, and the special character is represented by 7-bit ASCII code given in Table 2.10.
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(a) 1001101 1111001 ] 1100100 1100101 1100001 1110010 ]
T e T Sy
y e a r

1010010 1100001 1101010 1100101 1101110 1100100 .
e e —— ——— e ——————

R a J e n
1110010 1100001 0101100
_ ) Y
r a 5
(b) 1001001 D 1100001 1101101 D 0110010 0110000 D
i a m

1111001 1100101 1100001 1110010 1110011 []
— e e i =

y e a r s

1101111 1101100 1100100 0101110
o

The code for SPACE has not been added above, which is 0100000

210 ERROR DETECTING AND CORRECTING CODES

Digital signals are processed for performing various operations and are transmitted from one circuit or system
to another circuit or system. When these binary signals are transmitted from one location (transmitter) to
another location (receiver), transmission errors may occur because of electrical noise in the transmission
channel. Due to transmission error a signal transmitted as a 0 may be received as a 1 or vice-versa. In
complex digital systems, millions of bits per second are manipulated and it is desired to have high data
integrity, or at least a violation of data integrity must be detectable.

A digital data in the form of a code word such as BCD, ASCII etc. is transmitted and there is always a finite
probability of occurrence of an error in a single bit position. The probability of occurrence of error in two or
more bit positions simultaneously is substantially smaller. It is desired to detect the error in the received data
word, locate its bit position and correct it. Various codes are used for the detection and correction of error. Since
the probability of simultaneous occurrence of error in two or more bit positions is negligibly small, therefore,
we restrict our discussion to the detection and correction of single error, i.e. error in one bit position.

2.10.1 Error-detecting Codes

When a digital information is transmitted, it may not be received correctly by the receiver. At the receiving
end it may or may not be possible to detect whether the information has been received correctly or not. Let
us consider BCD code given in Table 2.8 is transmitted and the code corresponding to decimal 9, i.e. 1001
is transmitted and is received as 1011. Since 1011 is an invalid BCD code, therefore, it may be detected by
the receiver. On the other hand if it is received as 0001 which is a valid BCD code for decimal 1, the receiver
will intrepret it as decimal 1 and the error is not detected. In general, the erroneous word received may or
may not be a valid code.

To ensure that the occurrence of a single error always results in an invalid code, so as to avoid its
incorrect interpretation by the receiver, the code must possess the property that the occurrence of any single
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error transforms a valid code word into an invalid code word. Since for an n-bit code there are 2” possible
combinations, therefore, if it is desired to make this code an error-detecting code, only half of the possible
2" combinations should be included to form the code. This means, if an extra bit is attached to the »-bit
code word to make the number of bits #» + 1 in such a way so as to make the number of ones in the resulting
(n + 1)-bit code even or odd, it will certainly be an error-detecting code.

The criterion of minimum distance of a code can also be used as a useful property of an error-detecting
code. The minimum distance of a code is the smallest number of bits in which any two code words differ. A
code is an error-detecting code if and only if its minimum distance is two or more.

For detection of error an extra bit known as parity bit is attached to each code word to make the number
of ones in the code even (even parity) or odd (odd parity).

Table 2.11 shows BCD code with parity bit attached making it even parity code or odd parity code.

Table 2.11  BCD Code with Parity Bit

BCD code BCD code with even parity BCD code with odd parity
D € B A P D C B A P D C B A
0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 1 1 0 0 0 1 0 0 0 0 1
0 0 1 0 1 0 0 1 0 0 0 0 1 0
0 0 1 1 0 0 0 1 1 1 0 0 1 1
0 1 0 0 1 0 1 0 0 0 0 1 0 0
0 1 0 1 0 0 1 0 1 1 0 1 0 1
0 1 1 0 0 0 1 1 0 1 0 1 1 0
0 1 1 1 1 0 1 1 1 0 0 1 1 1
1 0 0 0 1 1 0 0 0 0 1 0 0 0
1 0 0 1 0 1 0 0 1 1 1 0 0 1

From Table 2.11 we observe that a parity bit (P) 0 or 1 is attached to every code word so as to make the
number of ones even or odd for even and odd parity respectively. It can be easily verified that the minimum
distance between any two code words with parity bit attached is two. The parity bit 1 or 0 is attached to the
code to be transmitted at the transmitter end and the parity of the received (n + 1)- bit word is checked at the
receiving end. If there is only one error, the erroneous code is detected at the receiving end by parity check. If
odd number of bits are transmitted erroneously, then also the parity check will detect the incorrect code but if
there are even number of bits received incorrectly, this method will not detect error. The parity check method
can only detect error in the transmitted word at the receiving end. It can not locate the bit which has changed
and, therefore, the question of correction does not arise.

The parity generator and parity checker circuits have been discussed in Chapter 6.

Example 2.41

Formulate 8-bit ASCII code for Example 2.40 and represent it in hexadecimal code with

(i) even parity
(i) odd parity
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Solution

(i) For Example 2.40(a):
The 7-bit ASCII code for M is 1001101, It contains four ones. To make an 8-bit even parity code corresponding
to this, one 0 is attached to it as the most-significant bit. Therefore, the 8-bit code will be 01001101. Its
hexadecimal representation is 4D. Similarly ASCII code for y is 1111001, which contains five 1s and therefore,
a 1 as MSB is attached to it for obtaining its 8-bit even parity code, i.e. 11111001. Its hex representation is F9.
In the same way each character is formulated. The complete sentence (including the spaces) in hexadecimal
code is

4DF9A0EA65E172A0D2E16A65EEEAT2E1AC

For Example 2.40 (b):
Using the above procedure, we get,

C940E1EDA0B23040F965E172F3406F6CE42E

(ii) For Example 2.40(a):
The 7-bit ASCII code for Mis 1001101, when a 1 is attached to this as MSB, it becomes the 8-bit code for M.
In hexadecimal code it is CD. Similarly, a 0 is attached as MSB to the 7-bit ASCII code of y to make it 8-bit
with odd parity. In the same way each character is formulated. The complete sentence (including the spaces) in
hexadecimal code is

CD792064E561F2205261EAES6E64F2612C

For Example 2.40 (b):
Using the above procedure, we get,

4920616D2032B02079E561F27320EFEC644AE

Example 2.42

Find out the minimum distance of

(a) ASCII code.
(b) 8-bit ASCII code with even parity.
(c) 8-bit ASCII code with odd parity.

Solution

From the Table 2.10, examine the ASCII codes of various alphabets, numerals, special characters, etc. and find out
the distance between any two code words. For example, ASCII code for alphabet a is 1100001 and for alphabet ¢
is 1100011. These two code words differ in only one bit position (b,), which shows that the minimum distance of
ASCII code is 1.
(b) ASCII code with even parity for
ais 11100001 and for
¢is 01100011
These two code words differ in two bit positions (b, and b,). Similarly, it can be verified for any two code words
that the distance is 2 or more. Therefore, the minimum distance of ASCII code with even parity is two.
(c) Similar to part—(b) it can be verified that the minimum distance of 8-bit ASCII code with odd parity is two.
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2.10.2 Error-correcting Codes

As discussed above, by adding a single parity bit alongwith the information, or message being transmitted, an
error in single bit position can be detected. The parity check gives only information that the received message is
incorrect. It can not locate the bit position in which error has occurred and, therefore, can not correct the error.

Let us consider a 4-bit binary word 0101 is transmitted alongwith an even parity bit. Due to transmission
error in one bit position, the erroneous word received may be 00100, 00111, 00001, or 01101 depending on
the error in bit position b, b,, b,, and b, respectively.

Let us examine whether these erroneous words are possible with any other message being transmitted.
If the word 01100 is transmitted, it results in 00100 at the receiving end due to an error in bit position b,.
Similarly, the other erroneous words are received due to the transmission error in some other words being
transmitted. This indicates that a minimum distance of two can not locate the bit position in the incorrectly
received word. Therefore, for a code to be error correcting, its minimum distance must be more than two.

If the minimum distance is three, every error in single bit results in an invalid code word which is at
a distance of one from the original code word and at a distance of two from any other valid code word.
Therefore, a single bit error can be detected and located using this code. Once the error bit is located it can be
inverted to correct the erroneously received message.

In general, a code is said to be error-correcting code if the correct code word can be deduced from the erroneous
word. The capability of a code to be error detecting and/or error-correcting can be determined from its minimum
distance. If a code’s minimum distance is 2¢ + d + 1, it can correct errors in upto ¢ bits and detect errors in upto d
additional bits. Table 2.12 gives possible values of ¢ and d for various values of minimum distance of a code.

Table 2.12

Minimum distance of a code

w
= (==l el Sl )| [ e
— W o N~ o

From Table 2.12, we observe that if the minimum distance of a code is 4, it can correct upto one bit
(¢ =1) and detect errors in upto two (¢ + d =1 + 1) bits. The same code can also be used for detecting errors
in upto 3 bits but correct no errors (c = 0).

Example 2.43
Four messages are encoded in the following code words:
Message Code
M, 01101
M, 10011
M, 00110
M 11000

Determine the minimum distance of this code.
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Solution

To determine the minimum distance, we find out the number of locations in which any code word differs from any
other code word. These are given below:
Distance between the codes

M, and M,
M, and M,
M, and M,
M, and M,
M, and M,
M, and M,

HW W W W ks

Therefore, the minimum distance of this code is three.

Example 2.44

Consider the following four codes:

Code A Code B Code C Code D
0001 000 01011 000000
0010 001 01100 001111
0100 011 10010 110011
1000 010 10101

110
111
101
100

Which of the following properties is satisfied by each of the above codes?

(a) Detects single error

(b) Detects double errors

(c) Detects triple errors

(d) Corrects single error

(e) Corrects double errors

(f) Corrects single error and detects double errors

Solution

(a) Code 4 has a minimum distance of 2

(b) The minimum distance of code C is 3, therefore, it can detect double errors.
(c) Code D has a minimum distance of 4, therefore, it can detect triple errors.
(d) Code Cand code D

(e¢) None

(f) Code D
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Hamming Code Hamming code is an error-correcting code. It is constructed by adding a number of
parity bits to each group of n-bit information, or message in such a way so as to be able to locate the bit
position in which error occurs. Let us assume that & parity bits p , p, . . ., p, are added to the n-bit message to
form an (n + k)-bit code. The value of £ must be chosen in such a way so as to be able to describe the location
of any of the n + k possible error bit locations and also ‘no error’ condition. Consequently, £ must satisfy the
inequality

2>n+k+1. 2.2)

The location of each of the » + & bits within a code word is assigned a decimal number, starting from 1
to the MSB and n + k to the LSB. k parity checks are performed on selected bits of each code word. Each
parity check includes one of the parity bits. The result of each parity check is recorded as 1 if error has
been detected and as 0 if no error has been detected. Let the results of the parity checks involving the
parity bits p,, p, |, ...arec,c,, ...respectively. Bit ¢ is 1 if an error is detected and 0 if there is no error.
Similarly c,, c,, . . ., etc. The decimal value of the binary word formed c, c, . . ., ¢, gives the decimal
value assigned to the location of the erroneous bit. If there is no error, then the decimal value will be 0.
This decimal number is the position or location number. The parity bits p , p,, . . . are placed in locations
1,2,4,...,2.

Example 2.45

Find out the value of & for converting BCD code into Hamming code and the bit positions of the resulting Hamming
code.

Solution

The value of k must be chosen to satisfy the eqn. (2.2) since n = 4, therefore,
25> et S

The minimum value of k for which it is satisfied is 3. Therefore, three parity bits are attached to each of the BCD
code for constructing the Hamming code. It will be a 7-bit code with bit positions

Values (0 or 1) are assigned to the parity bits so as to make the Hamming code have either even parity or
odd parity and when an error occurs, the position number will take on the value assigned to the location of
the erroneous bit.

In the case of BCD code with three parity bits there are seven error positions. Table 2.13 gives these error
positions and the corresponding values of the position number.
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Position number

Error position

0
o

o
o

w

0 (no error)
1

e = = T = T T ]
—_ -0 O = = o O
L =) = e e e e =)

2
3
4
5
6
7

From Table 2.13 we observe, that if an error occurs in positions

1,3,5,7 thenc, =1
2,3,6,7 thenc, =1
4,5,6,7 thenc =1

Therefore, p, is selected so as to establish even (or odd) parity in positions 1, 3, 5,
D, is selected so as to establish even (or odd) parity in positions 2, 3, 6,
D, is selected so as to establish even (or odd) parity in positions 4, 5, 6,

SIS I

Example 2.46

Construct Hamming code for BCD 0110. Use even parity.

Solution

For 4-bit code three parity bits p,, p,, and p, are appended in locations 1, 2, and 4 respectively as shown below:

Position 1 2 3 4 5 6 17
PD, P T T
Original BCD 0 1 1 0
Even parity in positions
1,3,5, 7 requires p, = 1 1 0 1 1 0
Even parity in positions
2,3, 6,7 requires p, = 1 1 1 O 1 1 0
Even parity in positions
4,5,6, 7 requires p, = 0 1 1.0 0 1 1 O

Therefore, Hamming code for BCD digit 0110 with even parity is 1100110.
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Example 2.47

If the Hamming code sequence 1100110 is transmitted and due to error in one position, is received as 1110110,
locate the position of the error bit using parity checks and give the method for obtaining the correct sequence.

Solution

Parity check on 4, 5, 6, 7 (0110) positions gives ¢, = 0 (even parity)
Parity check on 2, 3, 6, 7 (1110) positions gives ¢, = 1 (odd parity)
Parity check on 1, 3, 5, 7 (1110) positions gives ¢, = 1 (odd parity)

Therefore, the position number formed is ¢, ¢, ¢, = 011, which means that the location of the error is in position 3.
To correct the error the bit received in location 3 is complemented and the correct message 1100110 is received.

Example 2.48

(a) Find the distance between the BCD digits 0110 and 0111.
(b) Determine Hamming codes for 0110 and 0111 and find the distance between them. Use even parity.

Solution

(a) The distance between the BCD numbers 0110 and 0111 is 1 since only the LSB is different.
(b) The Hamming codes for these are given below

Hamming code

BCD code p, P, B p3s N ny ony
D C B A 1 2 3 4 5 6 7
0 1 1 0 1 1 0 0 1 1 o0
0 1 1 1 0 0 0 1 1 1 1

These Hamming codes differ in positions 1, 2, 4, and 7, thus the distance between them is four.

Example 2.49

Some 8-4-2-1 code words are transmitted in Hamming code with even parity checking. The following words are
received.

(a) 0101000 (e) 1110011
(b) 0011101 (f) 1111001
(c) 1100100 (g) 1101001
(d) 1100110 (h) 1000010

(i) Find out the correctly received words, if any.
(i) Determine the words that have single error and specify the correct decimal digit.
(iii) Find out the words received with double error, if any.
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Solution

(a) 0101000

Parity check in positions 4, 5, 6, 7 1000 odd ¢ =1
Parity check in positions 2, 3, 6, 7 1000 odd c,=1
Parity check in positions 1, 3, 5, 7 0000 even ¢,=0

The error position is ¢, ¢, ¢, = 110 = (6),,.
Therefore, the correct message is 0101010 which is decimal 2.

(b) By performing the parity checks, we obtain ¢, ¢, ¢, =101 =35
Therefore, the correct message is 0011001 which corresponds to decimal 9.

(c) Here,c, c,c,=110=6.

Therefore, the correct message is 1100110 which corresponds to decimal 6.

(d) Here, ¢, ¢, ¢, = 000 which means there is no error. This code corresponds to decimal 6.

(e) The parity checks give ¢, ¢, ¢, = 001 = (1),,, which means the correct message is 0110011. This corresponds to
4-bit message 1011 which is not a valid BCD digit. This shows that there is one more error in this, which can
not be corrected i.e. its location can not be determined.

(f) Here, ¢, c,c,=011=(3),,.

The correct message is 1101001 which corresponds to BCD 1.
(g) Here, c, ¢, ¢,=000, which means there is no error. The BCD word is 1.
(h) The parity checks give ¢, ¢, ¢, = 111 = (7), . The correct message is 1000011 corresponding to BCD 3.

Example 2.50
For ASCII code

(a) determine the number of parity bits which must be appended to the code to make it an error-correcting code i.e.
Hamming code.
(b) determine the locations of the parity bits.

Solution

(a) Since n =", therefore using Eq. (2.2), we obtain
26>7+k+1

where, k is the number of parity bits to be attached. Thus gives k = 4.
(b) To determine the locations in which the parity bits are to be attached, we construct Table 2.14 which gives the
error positions and the corresponding values of the position numbers.
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Table 2.14
Position number
Error position ¢ e, ¢, (&)
0 0 0 0 0
1 0 0 0 1
2 0 0 1 0
3 0 0 1 1
4 0 1 0 0
5 0 1 0 1
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1 0 0 1
10 1 0 1 0
11 1 0 1 1
From Table 2.14 we observe, that if an error occurs in positions
1,3,5,7,9,11 thenc, =1
2,3,6,7,10, 11 thenc, = 1
4,5,6,7 then ¢, = 1
8,9, 10, 11 then ¢, =1
Therefore,
p, is selected so as to establish even parity in positions 1,3,5,7,9, 11
b, is selected so as to establish even parity in positions 2,3,6,7,10,11
P, is selected so as to establish even parity in positions 4,5,6,7
p, is selected so as to establish even parity in positions 8,9,10, 11

Since one parity bit must be involved in each value of ¢, therefore, we observe that the parity bits must be located
in positions 1, 2, 4 and 8.
Thus the Hamming code will be

P, P, g Ps 7, a; iy P, 7 e &

1 2 3 4 5 6 7 8 9) 10 11

SUMMARY

Various number systems that are widely used in digital circuits, microprocessors, computers, etc. have
been presented. The rules of arithmetic operations like addition, subtraction, multiplication, division, etc.
are given.
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Different codes are in use in digital systems for representing numerals, alphabets and special symbols
and some of the more commonly used codes have been introduced. The ASCII is the most commonly
used code in computers. Any programme and data are entered into the memory of the computer using
key-board. When any key is pressed, its ASCII code is generated which gets stored in the memory.

The knowledge of these number systems and codes is very essential for the effective understanding
of various digital systems including microprocessors.

When digital data is transmitted from one location to another location error may occur in transmission
due to the presence of electrical noise. To detect and correct the error, error-detection and error-correction
codes are used. These codes are based on the principle of parity checking. The concepts of error-
detection, error-correction together with the codes used have been discussed.

GLOSSARY

Alphanumeric codes Codes that represent numerals, alphabets (letters) and other usual symbols, for
example, ASCII code.

ASCII Code (American Standard Code for Information Interchange) A 7-bit code widely used in
computers and related areas for representation of alphanumeric characters and special symbols.

Base (or Radix) of a number system The number of distinct symbols (digits) used in a number system.

BCD (Binary-coded decimal) A code for representing decimal numbers is which each decimal digit is
represented by its 4-bit binary code. See also Natural BCD.

Byte A group of eight bits.

Code A system of representation of numeric, alphabets or special characters in a binary form for processing
and transmission using digital techniques.

Complement Inversion of the value of a binary number, variable, or expression.

Complementation The process of determining complement of a binary number, variable, or expression.
Decimal number system A number system with base (or radix) 10. The ten digits used to represent any
number are: 0, 1,2,3,4,5,6,7,8,and 9.

Encoding The process of coding alphabets, numerals and symbols in binary format.

Even parity A digital word (string of Os and 1s) having an even number of ones.

Error correcting code A code used for correction of error in the transmission of digital signals.

Error detecting code A code used for detection of error in the transmission of digital signals.

Excess-3 code A BCD code formed by adding 3(0011) to the binary equivalent of the decimal number.
Gray code A code in which only one bit changes between successive numbers.

Hamming code An error correcting code.

HEX Abbreviation for hexadecimal.

Hexadecimal code A method of representing binary numbers in which each group of 4 bits (starting from
the right most bit) is represented by its hex digit.

Hexadecimal number system A number system that uses digits 0 through 9 and the alphabets A through F.
Its base (or radix) is 16.
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Least significant bit (LSB) The right-most bit of a binary number. It has the least weight.
Least significant digit (LSD) The right most digit of a number.

Most significant bit (MSB) The left-most bit of a binary number.

Most significant digit (MSD) The left-most digit of a number.

Natural BCD BCD representation that uses natural binary numbers.

Nibble A group of four bits.

Nine’s complement Nine’s complement of an N-digit-decimal number is the number obtained by subtracting
it from an N-digit number consisting of all 9’s.

Octal code A code in which each group of three bits starting from LSB is represented by its equivalent
octal digit.

Octal number system A number system with base (or radix) 8 that uses digits 0, 1,2, 3,4, 5, 6, and 7.
Odd parity A digital word having an odd number of ones.
One’s complement The number obtained by complementing each bit of a binary number.

One’s complement representation A binary representation used for representing positive as well as negative
numbers (signed numbers).

Parity A term used to specify the number of ones in a digital word as odd or even.
Parity bit An extra bit attached to a binary word to make the parity of the resultant word even or odd.
Parity checker A logic circuit that checks the parity of a binary word.

Parity generator A logic circuit that generates an additional bit which when appended to a digital word
makes its parity as desired (odd or even).

Positional number system A number system in which value of a digit depends upon its position in the
number.

Radix Same as the base.

Sign bit The MSB of a signed binary number. If 0, the number is positive, when it is 1, the number is
negative.

Signed binary number A binary number that is either positive or negative.

Sign-magnitude representation A representation system for signed binary numbers in which the MSB
represents the sign and the remaining bits represent the magnitude of the number.

Two’s complement Binary number obtained by adding one to the one’s complement of a binary number.

Two’s complement representation A method of representation of binary number in which negative numbers
are represented by two’s complement of their positive equivalents.

Weighted code A binary code in which weight is assigned to each position in the number.
Word A group of bits.

REVIEW QUESTIONS
2.1 The radix of a binary number system is and the digits used are
22 In number system, 16 distinct symbols are used to specify any number.

2.3 A byte contains bits.
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2.4 The weights assigned in an 8-bit binary number to LSB and MSB are
and respectively.
2.5 The MSB of a signed-binary number indicates its
2.6 2’s complement of a 2’s complement is .
2.7 The number of bits required to represent 25 in BCD is
2.8 The Excess-3 code for decimal number 8 is
2.9 The number of bits in ASCII code is
2.10 The number of characters represented by ASCII code is
2.11 The parity of 01110010 is
2.12 The minimum distance required for a code to be error detecting code is

2.13 A minimum distance of is required for a code to be error correcting code
2.14 The process of subtraction gets converted into that of addition by using
2.15 Graycodeisa . (weighted/non-weighted)

2.16 The distance between the code words 10010 and 10101 is

2.17 A single parity bit attached to 8421 code makes its minimum distance

2.18 A minimum of parity bits are required for generating Hamming code for 8421 code.

2.19 The number of parity bits required for generating Hamming code for ASCII code is

2.20 In 7-bit Hamming code for BCD, the parity bits are at locations.

2.21 The minimum distance of ASCII code changes from to in its
Hamming code.

PROBLEMS

2.1 Determine the decimal numbers represented by the following binary numbers:
(a) 111001 (c) 11111110 (e) 1101.0011 (g) 0.11100
(b) 101001 (d) 1100100 () 1010.1010

2.2 Determine the binary numbers represented by the following decimal numbers:
(a) 37 (c) 15 (e) 11.75
(b) 255 (d) 26.25 ® 0.1

2.3 Add the following groups of binary numbers:

1011 1010.1101

(a)+1101 (b) +101.01

2.4 Perform the following subtractions using 2’s complement method:
(a) 01000 - 01001 (b) 01100 — 00011 (c) 0011.1001 — 0001.1110

2.5 Convert the following numbers from decimal to octal and then to binary. Compare the binary numbers
obtained with the binary numbers obtained directly from the decimal numbers.

(a) 375 (b) 249 (c) 27.125

2.6 Convert the following binary numbers to octal and then to decimal. Compare the decimal numbers
obtained with the decimal numbers obtained directly from the binary numbers.

() 11011100.101010 (b) 01010011.010101 (c) 10110011
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Convert the decimal numbers in Problem 2.5 to hexadecimal and then to binary. Compare the binary
numbers obtained with the binary numbers obtained directly from the decimal numbers.

Convert the binary numbers in Problem 2.6 to hexadecimal and then to decimal. Compare the decimal
numbers obtained with the decimal numbers obtained directly from the binary numbers.

Encode the following decimal numbers in BCD code:

(a) 46 (b) 327.89 (c) 20.305

Encode the decimal numbers in Problem 2.9 to Excess-3 code.
Encode the decimal number 46 to Gray code.
Use the 6-bit internal code to represent the statement.

P=3*Q
Write your full name in
(a) ASCII code (b) EBCDIC code (c) 6-bit internal code

Include blanks wherever necessary.
Attach an even parity bit as MSB for

(a) ASCII code (b) EBCDIC code

Repeat Problem 2.14 for odd parity.
Find the number of bits required to encode:

(a) 56 elements of information (b) 130 elements of information

Write 8-bit ASCII code (parity and 7-bit code) obtained in Problems 2.14 and 2.15 in hexadecimal
format.

Develop the binary subtraction rules using one’s complement representation for negative numbers.
How many bits of memory are required for storing 100 names of a group of people, assuming that no
name occupies more than 20 characters (including spaces)? Assume 7-bit ASCII code with parity bit.
A line printer is capable of printing 132 characters in a single line and each character is represented by
ASCII code. How many bits are required to print each line?

How many words can be added to code 4, in Example 2.44, without changing its error-detection and
correction capabilities? Give a possible set of such words. Is this set unique?

Find the number and positions of parity bits to be added to construct Hamming code for an 8-bit data
word.

Determine Hamming code sequence with odd parity for natural BCD for making it an error correcting
code.

For ASCII code words 1010010 and 1010000

(a) determine the distance between them.
(b) Determine Hamming code words and distance between them.

Construct Hamming codes for the following 8-bits words
(a) 10101010 (b) 00000000 (c) 11111111

For some 8-bit data words, the following Hamming code words are received. Determine the correct
data words. Assume even parity check.

(a) 000011101010  (b) 101110000110  (c) 101111110100



CHAPTER 3

SEMICONDUCTOR
DEVICES—SWITCHING
MODE OPERATION

3.1 INTRODUCTION

The basic functional blocks of digital systems have been discussed in Chapter 1. It was also shown there
that these functions can be realised using switches. If we make a digital system requiring hundreds of gates
using mechanical switches, perhaps we may not be able to operate the switches as desired. Even if a system
with a few gates using mechanical switches is used, the operation will be quite complex and slow. The speed
of switching can be increased if we use relays. Relays are bulky and generate a lot of electrical noise and
hence are not very convenient except for large power handling systems. These difficulties can be overcome
if semiconductor devices such as p-n junction diode, bipolar junction transistor (BJT) or unipolar transistor
like metal-oxide-semiconductor field-effect transistor (MOSFET) are used as switches. These devices are
much faster than relays and mechanical switches, and are best suited for digital circuits. Earlier digital
systems, including the complex digital computers, used vacuum tubes as switches which were later replaced
by semiconductor devices. This resulted in considerable savings in terms of cost, size, weight, and power
requirements. These circuits were also faster in comparison to vacuum tube circuits.

Because of the tremendous progress in semiconductor technology, it became possible to fabricate thousands
of components like diodes, transistors, resistors, and capacitors on tiny chips of silicon. This made possible
integration, that is the fabrication of complete circuits on a small silicon chip. The resulting devices are
popularly known as ICs (integrated circuits). ICs have significant advantages over discrete circuits as far as
size, weight, power consumption, cost, speed of operation, and reliability are concerned. A large number of
circuits can be fabricated on a single chip, requiring processes that are essentially similar to those for discrete
transistors resulting in a considerable savings in size and cost. With the developments in semiconductor
technology there has been a steady improvement in reliability, production yields, packaging density, and
speed of operation. In fact, the number of components per chip has doubled every year since 1959, when the
planar technology for the manufacture of transistors was introduced. These developments have made possible
electronic calculators, wrist watches, microcomputers, etc. on single chips of a few millimetre square size.
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Intel’s 8086 a 16-bit microprocessor introduced in 1978 contains about 29,000 transistors on a chip of about
6 x 6 mm? size and the Pentium II introduced in May 1997 consists of about 7.5 million transistors. Currently
ICs in 0.13 micron (micro metre) technology are being manufactured making it possible to fabricate about 16
million transistors per cm? of silicon chip. This number is expected to become about 100 million transistors
by the year 201211,

Since digital logic circuits consist of switches and the switches are implemented (or built) using
semiconductor devices, therefore, for understanding, analysing, designing, and practical applications of
digital circuits and systems, it is essential to learn the physical principles of working of various semiconductor
devices and the circuits constructed using these devices. A clear understanding of the functioning of these
devices will help a user to make effective use of these electronic devices and the circuits implemented using
these devices in various technologies, such as, biploar technology and MOS technology. The principles of
working of biploar and MOS devices have been discussed in this chapter and the technologies have been
discussed in Chapter 4.

3.2 SEMICONDUCTORS

The flow of current in a material is due to the flow of electrons and the conductivity of the material is
proportional to the concentration (# electrons/m?) of free charge carriers. For a good conductor (copper,
silver, etc.), n is very large (~10%) whereas for an insulator (wood, plastic, etc.) # is very small (~107). There
is another class of materials, semiconductors, for which the conductivity lies in between the conductivities of
conductors and insulators. Silicon and germanium, which are tetravalent elements, are the two most important
semiconductors used in electronic devices. These are briefly discussed here.

Silicon and germanium have four valence electrons, which are not free to move about as they are in a
conductor. Instead, they combine with the valence electrons of neighbouring atoms and form electron-pairs,
known as covalent bonds. Due to these bonds, the valence electrons are not free to move but are tightly bound
to their nucleus. The outer most orbit of each atom of silicon in the crystal structure has eight electrons, which
means it is completely filled. At 0 K, all covalent bonds are intact and the conductivity of the material is zero.
If energy in the form of heat or light is supplied to this sample, some of the covalent bonds break away and
free electrons and holes are generated. The absence of the electron in the covalent bond is referred to as a hole.
Holes can be considered as mobile physical entities, the movement of which constitutes a flow of current.
It behaves as a free positive charge of value equal to that of an electron. Because of the generation of free
electrons and holes, it has conductivity which is very low at room temperature. The energy required to break a
covalent bond is about 1.1 eV for silicon and 0.72 eV for germanium at room temperature. The concentration
of electrons (#) is same as the concentration of holes (p) in this pure (or intrinsic) semiconductor and is very
small at room temperature.

The conductivity of silicon is increased by adding a small amount of pentavalent (antimony,
phosphorous, or arsenic) or trivalent (boron, gallium or indium) atoms (~1 part in 10%). This process is
known as doping and the resulting semiconductor is known as doped or extrinsic semiconductor. The
impurity atoms are approximately of the same size as the atoms of silicon and will displace some of the
silicon atoms in the crystal lattice, resulting in each impurity atom being surrounded by silicon atoms,
because of the small amount of impurity. In the case of the pentavalent impurity, four of the five valence

tSemiconductor Industry Association, “National Technology Roadmap for Semiconductors,” http://www.semichips
.org/
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electrons will form covalent bonds with the neighbouring silicon atoms and the fifth will be loosely
attached to its nucleus. The energy required to detach the fifth electron from the atom is of the order of
only 0.05 eV for silicon and 0.01 eV for germanium. This increases the concentration of electrons (one
electron/impurity atom) and decreases the concentration of holes because of the increase in the rate of
recombination (when an electron combines with a hole, both get vanished). The resulting semiconductor,
which has a very large concentration of electrons and a very small concentration of holes, is referred to
as an n-type semiconductor. Since the impurity atoms donate excess electrons, it is referred to as donor,
or n-type of impurity.

In the case of the trivalent impurity, three valence electrons form covalent bonds with the neighbouring
silicon atoms, causing a vacancy (hole) in the fourth covalent bond. This increases the concentration of
holes (one hole/impurity atom) and decreases the concentration of electrons because of increase in the
recombination rate. The resulting semiconductor, which has a very large concentration of holes and a very
small concentration of electrons is referred to as a p-type semiconductor. Since the impurity atoms accept
electrons, it is referred to as acceptor or p-type impurity.

From the above discussion we conclude that there are two types of extrinsic semiconductors, namely,
n-type and p-type. In an n-type of semiconductor, the electrons are the majority charge carriers and the
holes are the minority charge carriers, whereas in a p-type of semiconductor the holes are the majority
charge carriers and the electrons are the minority charge carriers. Semiconductor devices are fabricated using
extrinsic semiconductors.

3.3 p-n JUNCTION DIODE

A p-n junction diode is formed by introducing n-type of impurity into one side and p-type impurity into
the other side of a single crystal of a semiconductor, as shown in Fig. 3.1. The concentration of charged
particles on the two sides of the junction are given

Junction in Table 3.1.

Because of the concentration gradient across
: ; the junction, the holes from the p-side diffuse to
@+ @+ @+ @+ : O|® :@_ @’ @; @_ the n-side, and the electrons from the n-side to
o+ e o e the p-side. This process results in recombination
CHESECES : O|® :@ @+ ® O of electrons and holes near the junction on both
At AT A~ I ~— ~ N N sides and the region near the junction becomes
@1 ®+ ®+ @J ©|® i®_ ®t ®_ ®_ devoid of charge carriers. This region which is
OO0l 6 ®O6 depleted of mobile charge carriers is referred
' . to as the depletion, space charge, or tranmsition
p-side = n-side —=  region. At the junction, the space-charge density
Depletion = is zero, being negative on the p-side and positive

region

on the n-side. This gives rise to an electric field

Fig.3.1 A p-n Junction Diode intensity and consequent electrostatic potential,

""" which vary with the diffusion of charge carriers

across the junction. This constitutes a potential-

energy barrier against the further diffusion of charge carriers across the junction and thermal equilibrium is

established. Metallic contacts are made with the p-type and n-type semiconductors for applying a voltage
across the junction.
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Table 3.1 Concentration of Charged Particles in a p-n Junction Diode

Charged Particles Represented by p-side n-side Remarks
Electrons = Negligibly small Plentiful Mobile charge
carriers
Holes = Plentiful Negligibly small -do-
Negative ions o Equal to acceptor Nil Immobile
impurity atoms
Positive ions ® Nil Equal to donor impu- -do-
rity atoms

The symbol used for a p-n junction diode is shown in Fig. 3.2a. Figures 3.2b and 3.2¢ show a diode with
a battery connected across it.

I Ip ——
™~ N
— 1 L L1
p [e; I I o n
| | I
+ V- i — I+
V vV
(a) (b) (©)
Fig. 3.2 (a) Symbol of p-n Junction Diode
""" (b) A Forward-Biased Diode

(c) A Reverse-Biased Diode

3.3.1 Forward Bias

In Fig. 3.2b, the positive terminal of the battery is connected to the p-side and the negative terminal to the
n-side of the junction. This is referred to as the forward-biased junction. This causes both the holes in the
p-side and the electrons in the n-side to move closer to the junction. Consequently, the width of the depletion
region decreases, the height of the potential-energy barrier at the junction decreases and the equilibrium
initially established is disturbed. Hence, the holes cross the junction from the p-side into the »n-side, where
they are referred to as injected minority carriers. Similarly, the electrons cross the junction in the reverse
direction and are injected minority carriers in the p-side. The resulting current is /. in the direction from
p-side to n-side as indicated in Fig. 3.25.

The minority-carrier distribution as a function of the distance x from the junction is illustrated in Fig.
3.3a. np(pn) is the electron (hole) concentration in the p(n) side, n, and p  are the corresponding values
under thermal equilibrium. The excess minority carrier concentrations are p’ and ”;: on the n-side and p-side
of the junction respectively, which decrease with the distance x, due to recombination and reduce to zero at
distances far away from the junction. The minority-carrier concentrations at the junction are maximum and
decrease approximately exponentially with the distance x from the junction.
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Concentration
Concentration

Pn(0)
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Fig. 3.3 Minority-carrier Concentration in a p-n Junction Diode (a) Forward-biased (b) Reverse-biased

3.3.2 Reverse Bias

In Fig. 3.2¢, the polarity of the battery is opposite to that in Fig. 3.2 and is referred to as the reverse-biased
junction. This causes both, holes in the p-side and electrons in the n-side, to move away from the junction.
Consequently, the depletion layer width increases which prevents the holes from the p-side to cross over to
the n-side and electrons from n-side to p-side. However, the minority charge carriers, the electrons from the
p-side and the holes from the #-side, can easily cross the junction and constitute a reverse current /, in the
direction indicated in Fig. 3.2¢. This current is very small, of the order of a few microamperes for germanium
diodes and a few nanoamperes for silicon diodes, and is dependent on the temperature (approximately doubles
for every 10 °C rise in temperature).

The minority carriers near the junction cross over to the other side, recombine, and the concentration
diminishes to zero at the junction. Far away from the junction, the minority carrier concentrations are equal
to their thermal equilibrium values. This is shown in Fig. 3.35.

3.3.3 The Volt-Ampere Characteristic
The volt—ampere (V—I) characteristic of a semiconductor diode is given by
I=1(e " -1) 3.1
The symbol V' is the volt equivalent of the temperature and is given by
V,=kTlq 3.2)

Where k= Boltzmann constant = 1.381 x 1072 J/K
q = electronic charge = 1.602 x 107° C



Semiconductor Devices—Switching Mode Operation 79

T = absolute temperature in kelvin. At room temperature (7= 300 K),
V,=26mV.

The value of # is unity for germanium and is approximately two for silicon. /, is known as the reverse
saturation current which is very small.

As indicated in Fig. 3.2q, the current [ is positive when it flows in the direction of the arrow, i.e. from p
side to » side of the diode. The voltage V is the voltage of p side with respect to » side. The form of the V-1
characteristic described by Eq. (3.1) is illustrated in Fig. 3.4. From the characteristic, we note that when
the junction is forward biased, the current /, is negligibly small up to the voltage V. which is referred to as
the cut-in, break-point or threshold voltage and beyond v, the current rises very rapidly. The value of v, is
approximately 0.2 V and 0.6 V for germanium and silicon diodes, respectively.

Thus, we see that the diode is a unidirectional

I device, i.e. it allows the current to flow in the

forward direction (conducting) and does not

allow the current to flow in the reverse direction
(non-conducting) and hence acts as a switch.

3.3.4 Zener Diode

Fromthe V-1 characteristic of Fig. 3.4, we observe
that a large current flows in the reverse direction
as the reverse voltage across a diode is increased

4 beyond a voltage known as the Zener breakdown
I; —
O
+
Fig.3.4  V—I Characteristic of a Semiconductor Diode
Vz

voltage. When the diode is operating in the breakdown mode,
the voltage across the diode is almost constant, V,, and the -
current in the diode is controlled by an external resistor. These °
diodes are used as voltage reference or constant-voltage sources.
Its symbol is given in Fig. 3.5.

Fig.3.5  Symbol for a Zener Diode

3.3.5 Transition Capacitance of a p-n Junction Diode

When a p-n junction diode is reverse-biased, there exists a capacitance across it due to the presence of the
immobile charges on the two sides of the junction. This is referred to as the barrier or transition capacitance
C,. It decreases with increasing reverse voltage and is approximately given by
- _ G (3.3)
T+
where V, is the reverse bias voltage
C, is the capacitance of the open-circuited junction.

nis % for an abrupt junction, and % for a linearly

graded junction.
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This capacitance effectively appears across the very high reverse resistance of the diode.

There is another capacitance which is much larger than the transition capacitance C, and is effective when
the junction is forward biased. This appears across the very small, forward resistance of the diode. This
capacitance is referred to as diffusion, or storage capacitance C, and is proportional to the forward current.

3.3.6 Switching Characteristics of a Semiconductor Diode

When a p-n junction diode is forward biased, the voltage across the diode is a few tens of millivolts above
the cut-in voltage and is almost constant. The current flowing in the diode, /. , is limited by an external
resistor in series with the diode. The minority-carrier concentrations on both sides of the junction are large
as shown in Fig. 3.3a. This corresponds to the diode switch in the ON position. On the other hand, when it is
reverse-biased the current flowing through the diode (/, = —1) is negligibly small and is almost constant. The
minority-carrier concentrations on both sides of the junction are negligibly small, as shown in Fig. 3.35. This
corresponds to the switch in the OFF position.

When the voltage in a diode circuit changes suddenly from the reverse-biased to the forward- biased,
then the steady-state condition will be reached when the minority-carrier concentration changes from the
one shown in Fig. 3.3b to that shown in Fig. 3.3a. Similarly, when the voltage changes suddenly from
forward to reverse bias, then the minority carrier concentration has to change accordingly. This change of
minority-carrier concentration requires a finite time, which is negligibly small when the bias voltage changes
from reverse to forward condition, but is significant when the voltage changes from forward to reverse bias
condition. This is due to accumulation of excess minority-charge carriers on the two sides of the junction
under forward-bias condition, which must be removed before the diode comes to steady-state in the reverse-
bias condition. As soon as the voltage changes sign to reverse bias the diode, a large current will flow in the
reverse direction, due to the excess charge carriers stored, till all the excess charge has been removed. The
time required for the removal of the excess charge is referred to as the storage time (t). Beyond that, the
current changes exponentially and comes to a steady-state value. The time required to reach the steady-state
in the reverse bias condition is referred to as the transition time (t). The sum of storage and transition times
is the total time delay and is referred to as the switching time. The switching time determines the maximum
frequency at which the diode can switch from ON to OFF and from OFF to ON. The concept of minority-
carrier storage and its removal is vital in switching mode operation of semiconductor devices and therefore
must be understood thoroughly.

Example 3.1

The voltage waveform shown in Fig. 3.6a is applied to the diode network of Fig. 3.65. Sketch the waveforms of
(a) excess minority charge concentration at the junction, (b) the diode current, and (c) the diode voltage.

Vi +,I:Id —
v, = -
+ >
0 T ‘ _<> " £k
-V, L

(@) (b)
Fig. 3.6 = The Waveform in (a) is applied to the Diode Network in (b)
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Solution

The required waveforms are given in Fig. 3.7.

Excess charge concentration
at the junction

Fig.3.7  Waveforms of Ex. 3.1

Upto time T the diode is forward-biased and the current I, = V/R. At t = T, the input voltage changes from ¥, to
—V,, consequently the current flows in the reverse direction (/,= — I, = —V,/R) which removes the excess minority
charge. When the excess charge stored is completely removed, the current 7, and the voltage ¥, change exponentially
and come to their steady-state values —/ and -V, respectively. The storage time #, and the transition time ¢ are
indicated in Fig. 3.7.

The storage time increases with increase in I, and decreases with the increasing magnitude of the reverse
current ..
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Example 3.2
In the diode circuit of Fig 3.8, the inputs applied are 0 V and 5 V corresponding to LOW and HIGH respectively.

(a) Determine output Y for all the possible combination of inputs.
(b) Does it perform any logic function? If yes, name the logic function.

§V=5V

D, R
Ao K oY
Inputs D,
Bo K3

Fig. 3.8  Circuit for Example 3.2

Solution

(a) (i) Letinputs be 4 = B =0 V. The corresponding circuit is shown in Fig. 3.9a.

%V=5V £V=5V
R R
L e it
N
D, ( B D,
Bl IIQ [1 i g,
x5 ?Iz Izlsv
= (@) (b)
Fig.3.9

In this circuit the diodes D, and D, are forward biased and currents /, and 7, flow as shown in the figure.
The voltage across D, and D, will make voltage at Y equal to one diode drop which is about 0.6 V for Si
diode.

(ii) Let4=0V, B =5 V. The corresponding circuit is shown in Fig. 3.95. In this circuit, the diode D, is forward
biased and D, is reverse biased. Therefore, voltage across D, equals one diode drop and current 7, = 0.
Therefore, voltage at Y will be same as the voltage across D, which is about 0.6 V.

(iii) Let4=5V,B=0V.
The operation will be similar to the circuit of Fig. 3.95. In this the diode D, will be OFF and D, will be
ON and the voltage at Y will be equal to the voltage across diode D, which is about 0.6 V.
(iv) LetA=B=5V.
When both the inputs are 5 V, both the diodes D, and D, are reverse biased and therefore, the currents 7,
and I, will be 0. Therefore, the voltage at Y will be same as the supply voltage which is 5 V.
(b) We can see from the part (a) above that the output voltage is either LOW (= 0.6 V) or HIGH (5 V). Table 3.2
gives output Y for various values of 4 and B. This shows that this circuit performs AND operation.
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Table 3.2
A B Y
LOW LOW LOW
LOW HIGH LOW
HIGH LOW LOW
HIGH HIGH HIGH

34 SCHOTTKY DIODE

The speed of operation of a semiconductor diode is reduced due to storage of minority carriers as discussed
above. The storage time can be reduced significantly by using the junction formed by a semiconductor and
a metal. For example, the junction between an aluminium and

o [ F| o n-type semiconductor constitutes a diode, known as Schottky

L1 diode and is represented by the symbol shown in Fig. 3.10. The

Fig.3.10  Symbol of a Schottky Diode V-I characteristics of Schottky diodes are similar to those of
------ semiconductor diodes, except for the cut-in voltage, which is

in the range of 0.2 to 0.5 V, depending on the metal used. The
aluminium »-type Schottky diode has a cut-in voltage of about 0.35 V.

When a Schottky diode is forward-biased, that is the positive terminal of the battery is connected to the
metal and the negative terminal to the semiconductor, current flows across the junction due to the flow of
electrons from the semiconductor to the metal. Electrons thus entering the metal cannot be distinguished
from the plentiful electrons already present in the metal and hence these do not constitute minority-carriers.
Therefore, when the junction voltage is reversed the problem of removal of the excess minority charge does
not exist. Hence, Schottky diodes exhibit a negligible storage time.

3.5 BIPOLAR JUNCTION TRANSISTOR

A bipolar junction transistor (BJT) consists of a silicon (or germanium) crystal in which either a thin layer
of p-type silicon is sandwiched between two layers of n-type silicon or a layer of n-type is sandwiched
between two layers of p-type silicon. The former is referred to as an n-p-n transistor, and the latter as a p-n-p
transistor. The two types of transistors, along with their circuit symbols are given in Fig. 3.11. This is a three
terminal device and its terminals are designated as the emitter (E), base (B), and collector (C). The arrow on
the emitter lead indicates the direction of current flow when the emitter-base junction is forward-biased. The
emitter, base, and collector currents, /,, /,, and I , respectively are assumed as positive when the currents flow
into the device, as shown in Fig. 3.11.

The operation of the n-p-n transistor is explained below and the operation of the p-n-p is identical to
that of the n-p-n. Consider the transistor circuit of Fig. 3.12 in which the emitter—base (E-B) junction is
forward-biased and the collector—base (C—B) junction is reverse biased, the forward-bias voltage being much
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E o— n p n —-o C
B
E o T Te o C
Ig

B
(a) (b)
Fig. 3.11 A BJT and its Circuit Symbol (a) n-p-n (b) p-n-p

smaller than the reverse-bias voltage. Since E-B junction is forward-biased, electrons from emitter (r-type)
will diffuse into the base (p-type) and similarly the

I Io—— holes from the base will diffuse into the emitter

+ + region. This gives rise to an emitter current which

\L 4/ is negative (it flows in the direction opposite to

Ve — Vis Ver = Vee the positive direction). Since the collector—base
[ Ig junction is reverse-biased, most of the electrons

- - which have been injected into the base region and

Fig.3.12 A Biased n-p-n Transistor behave as minority carriers there will be swept
------ over to the collector region. The collector current
is slightly less than the emitter current, because of
recombination in the base region which results in a small base current.
The currents /,, I , and I, are related by

I,=—(.+1) G4

The common-base output characteristics are shown in Fig. 3.13.

The operation of a BJT depends upon the biasing of the two junctions. The range of its operation is
divided into three regions: the cut-off, the active, and the saturation regions. When both the junctions are
reverse-biased, very small reverse saturation currents will flow across the junctions. This is referred to as
the cut-off region and corresponds to an open (non-conducting) switch. This region is below the curve for
I.=0in Fig. 3.13.

When the emitter—base junction is forward-biased and the collector—base junction is reverse-biased, the
output (collector) current is almost linearly dependent on the input (emitter) current. This is referred to as the
active region and is of very little interest when transistor is to be used as a switch. This region is indicated
in Fig. 3.13.

The saturation region is of great importance in the transistor switch. In this region both the junctions are
forward biased. This corresponds to a closed (ON) switch and is indicated in Fig. 3.13.
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I, mA
l Active region
: -25 mA
i 25
= : -20 mA
2 I 20
g
= —-15 mA
§ j 15
g |
§ 10 —-10 mA
> |
' I.=-5mA
E
i 5
| Ico
| 1 1 1 1 * 1 1
-0.8 0 1 2 3 4 T 5 6 Ve V

Fig.3.13  CB Output Characteristics of an n-p-n Transistor

3.5.1 Transistor Configurations

A transistor can be used in any one of the three configurations: the common-base (CB), the common-emitter
(CE), and the common-collector (CC) configurations. These are illustrated in Fig. 3.14.

O &l O
O t O t
Input Output uipu uipu
Input Input
(og O O O o, O
(® ©

(@)
Fig.3.14  The Transistor Configurations (a) CB (b) CE (¢) CC

Consider CB configuration with E-B junction open-circuited (/, = 0) and C-B junction reverse-biased as
shown in Fig. 3.15a. In this circuit, the reverse saturation current /., flows in the output circuit. When the

= VCC

B+DIco=

Ig T Iceo

(a) (®)
Fig.3.15  The Transistor Circuits with Input Open-Circuited (a) CB (b) CE
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E-B junction is forward biased, currents /,, I , and /, flow, which are constrained by Eq. (3.4). A parameter
a, referred to as d. c. or large signal current gain of a CB transistor configuration is defined as

I.—1
a=—-"C "¢ (3.5)

E

a is always positive and lies in the range 0.9 to 0.998.
Usually /., <<, therefore,

=l 1, (3.6)

which shows that the output current /.. is almost equal to the input current /,, and 7, is negligibly small.
Similarly in CE configuration, if the input terminals are open-circuited (Fig. 3.15b), the collector current
I can be found using Eqs (3.4) and (3.5) and is given by

1

o
IC:HIB-'_ l_a‘ICO (3.7)
or
I.=BL,+(B+ 1), (3.8)
where B =% 3.9)
l-a

B is known as the large-signal current gain of CE configuration. It is also represented by 4. Since a is
close to unity, therefore, £ is a large number, for example, for o = 0.98, = 0.98/(1— 0.98) = 49.
From Eq. (3.8) we see that

I.=pI, (3.10)

which means that the collector current is proportional to the base current.
The large signal current gain of a common-collector configuration can be found using Eqgs (3.4) and (3.8)
and is equal to f + 1.

3.5.2 Transistor as a Switch

When a transistor is employed as a switch, it connects and disconnects the load R, from the source V. It is an
electrically operated switch with the controlling quantities being applied at the input terminals and the load
in series with the source are connected at the output terminals as shown in Fig. 3.16a.

Ideally, the transistor must not allow any current to flow through the load R, corresponding to the switch
in the open position, i.e. the transistor must be biased to cut-off (OFF). The corresponding equivalent circuit
is shown in Fig. 3.16b. On the other hand, whole of the voltage ¥ must get connected across the load R,
corresponding to the switch in the closed position, i.e. the transistor must be driven into saturation (ON). Its
corresponding equivalent circuit is shown in Fig. 3.16c¢. For a practical transistor switch, the current through
the load R, is negligibly small in the OFF state and the voltage across the load R, is slightly less than V'
because of the very small voltage appearing across the switch.

Let us examine the three configurations from the point of view of using a transistor as a switch. If it is used
in CB configuration, the input emitter current required to operate the switch is nearly as large as the collector
current being switched, while in CC configuration, the input voltage required to operate the switch is nearly
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as large as the supply voltage. In CE configuration, the input switching signal (current or voltage) is very
small in comparison with the current or voltage being switched. Hence, the common-emitter configuration is
the most useful and therefore most commonly used configuration for a transistor switch.

oy R Ry SR
Vs () Input Transistor Output j

— -V V TV

(@) (b) (©
Fig. 3.16  (a) A Transistor Switch (b) Switch in the Open (OFF) Position (c) Switch in the Closed (ON) Position

3.5.3 CE Transistor Switch

A transistor in the common-emitter configuration being used as a switch is shown in Fig. 3.17a. In this
circuit, the voltage ¥, controls the operation of the switch. If the voltage ¥, is less than the cut-in voltage of
the transistor, the base current /, = 0 and hence the collector current /. =1 ., = 0. I, is the current in the
collector-emitter circuit when /, = 0. This corresponds to the switch in the OFF (open) position (Fig. 3.175).
As the voltage V; is increased, the base current 7, increases which causes an increase in the collector current

I, since I « I,. The collector current can rise up to a maximum possible value of / Camax given by

I — VCC B VCE,sat

C,max
RC

where, V. . is the value of V' corresponding to transistor in saturation. It is negligibly small, and therefore,

I ax = Vo /R Any increase in I, beyond this does not increase /.. While the collector current /.. is increasing,
the voltage V.. decreases and ultimately goes below the voltage V,,, which makes the collector-base junction
forward-biased.

Hence, both the junctions are forward-biased and consequently the transistor is driven into saturation. This
corresponds to the switch in the ON (closed) position (Fig. 3.17c) and the voltage V', will be in the range

'E sat
0.1 t0 0.2 V for a silicon transistor, giving a voltage across R_.nearly equal to V...

¢ Ic L IC =0 ]C‘sat = L
RB RC o C RC e C VCC/RC RC
+ \
V; Ip & Voo E Vee -{ b E Ve =
°
(a) (b) (©)

Fig.3.17  (a) A CE Transistor Switch (b) The Switch in the OFF Position (c) The Switch in the ON Position
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The collector current corresponding to the saturation is /. and the base current required for driving the
transistor to saturation is /. /h,.. I . mainly depends upon values of V' and R . and is not fixed for a given
transistor. However, the values of V.. and R must be chosen in such a way so that the . = V. /R .does not

"sat
exceed the maximum collector current rating of the transistor.

3.54 Switching Speed of BJT

When the transistor in Fig. 3.17a is cut-off the
minority-carrier concentration in the base region is
very small. In the active region, and in the saturation
region, the minority-carrier concentration in the
base region builds up as illustrated in Fig. 3.18. The
slope of the excess minority-carrier concentration at
the two edges of the base determine the steady-state
emitter and collector currents while the base current
is proportional to the total stored excess minority
carriers. In Fig. 3.18a, the slope of the minority-
carrier concentration curve increases as the charge

E B C builds up in the base region signifying an increase in
the emitter and collector currents.
¢ The area of the shaded region corresponds to

the excess minority base charge under steady-state
condition. Once the transistor enters saturation, the
slope of the minority concentration curve does not
A A’ increase. For the transistor in saturation, the charge
build up in the base region is shown in Fig. 3.185.
The shaded area corresponds to the excess charge
RL______> R stored up to the edge of saturation (shown under
steady-state condition in saturation region), beyond

®) which it moves in the upward direction. The total
Fig.3.18  Minority Charge Build up in the Base excess minority base charge is the sum of the shaded
""" Region for a Transistor (a) In Active area and the area enclosed by the lines 44’ and RR".

Region (b) In Saturation Region When a transistor is to be switched from OFF to

ON, the charge build up requires time to reach the
steady-state condition. Similarly, when it is switched from ON to OFF, the excess charge stored must be
removed which again requires some time. Due to these reasons delay is introduced in the operation of the
transistor as a switch. The delay times are explained further with the help of the following example.

Example 3.3
Determine the response of the transistor inverter circuit of Fig. 3.195 to the voltage waveform shown in Fig. 3.19a4.
Solution

The base—emitter junction is reverse-biased before the input voltage changes from —10 V to 10 V at = 0. Therefore,
the transistor is cut-off for /< 0 and consequently /,=0,/,= 0, V,,= V _ , and the transition capacitance C, is charged
to—10V.
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V; hpp=30 Vee=+10 vV
V2 L VBE,sat ~0.7V
1o0v) Vegsat = 0.1V Rc =2kQ
0
0 it

7y
-10V)

@) (b)

Fig.3.19  Transistor Inverter

When the input makes the transition at ¢ = 0, the voltage at the base can not change instantaneously because
of the presence of transistor input capacitance C,,. It changes from —10 V exponentially with the time constant
(=R, C,,) to the steady-state value of +10 V, but as soon as ¥, reaches the cut-in voltage of the transistor, it
comes to conduction. Further increase in the voltage at the base causes a corresponding increase in the base
current and ultimately the transistor is driven into saturation and consequently the base current is

g Ve _10-07

mA = 1.86 mA

B1 R 5

the collector current is

The base current required for the transistor to be in saturation is

1 =@=imA=0167mA
B,sat h 30 :

FE

Since [ 5 >> I 5.« (€ transistor is well inside the saturation region.

Also V=V_ =01V

o CE sat

The time required for the collector current to rise to 10 per cent of I is referred to as the delay time (¢,) and the
time required for the current to rise through the active region from 10 to 90 per cent of /. is referred to as the rise
time (). The sum of the delay and rise times is referred to as the turn-on time, t, = t,+1t,

The input voltage returns to the initial value at # = 7. Due to the excess minority charge stored in the base, the
collector current does not respond immediately. The base current is

1 BE .
= = =T 4. mA
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I, = 1.86 mA

Iz, =-2.14mA

Vv

o

Vee=10V

VCEsz.l\é

(d) /
Fig.3.20  Waveforms of the Inverter Circuit of Fig. 3.19

Since this base current is negative, i.e. it is flowing in the opposite direction and thus helps in the removal of the
excess base charge (electrons) stored. The time interval which elapses between the transition of the input waveform
and the time when /__ has dropped to 90 per cent of I is referred to as the storage time (¢). The time required for I,
to fall from 90 to 10 per cent of [ Coat is known as the fall time (tj) The sum of the storage and the fall times is referred
to as the turn off time, t = t + t

The actual calculation of the time intervals ¢, ¢, ¢, and ¢ fis complex and is beyond the scope of this book. The various|
|waveforms are sketched in Fig. 3.20.
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The turn-on time can be reduced by increasing the voltage V, but this increases the storage time due to an
increase in the value of I, . The turn-off time can be reduced by making ¥, more negative, which causes an
increased base current to flow in the reverse direction on transition and hence reduces the time required for
the removal of the excess stored charge in the base region.

3.6 SCHOTTKY TRANSISTOR

The storage delay time can be reduced considerably by preventing the transistor from going into saturation.
One way of achieving this is to connect a Schottky diode between the base and collector of the transistor as
shown in Fig. 3.21. When the transistor is in the active region, diode D is reverse-biased. The diode conducts

when the base—collector junction voltage falls to
| D g about 0.4 V and does not allow the collector voltage
| L}/l to fall lower than 0.4 V below the base voltage.

Hence, the collector junction is not sufficiently
forward-biased and the transistor is thus prevented

’\‘ from entering into saturation.
@) (b) 3.7 FIELD-EFFECT TRANSISTOR
Fig.3.21  (a) A Schottky Diode Connected to Pre- The field-effect transistor is another three-terminal

vent Transistor Saturation (b) Symbol for

; semiconductor device which can be used as a fast
the Schottky Transistor

operating switch. The operation of this device
depends on the control of the flow of majority
charge carriers by an electric field. Since only one type of charge carriers contribute to the current flow, it
is an unipolar device, in contrast to the BJT in which both types of charge carriers contribute to the flow
of current. There are two types of field-effect transistors: the junction field-effect transistor (JFET) and the
metal-oxide-semiconductor field-effect transistor (MOSFET).

3.7.1 Junction Field-Effect Transistor

A junction field-effect transistor consists of a bar of n (or p) type of silicon with ohmic contacts at the two
ends. Current flows along the length of the bar when a voltage supply is connected between the ends. It is
referred to as an n-channel or p-channel device, depending upon the type of material used. In an »-channel
JFET, the current flow is due to the flow of electrons (majority carriers) whereas in a p-channel JFET, flow of
holes constitutes the current. The two ends of the channel are known as the source and the drain.

In an n-channel device, p-type impurity is diffused between source and drain which forms a p-» junction.
A metallic contact is made to the p-type material and this terminal is known as the gafe. An electric field is
applied to the channel through this p-» junction which controls the flow of current through the channel. The
structure of an n-channel field-effect transistor is shown in Fig. 3.22a. The symbols used for JFETs are shown
in Fig. 3.225b.

Letus assume that the gate-to-source voltage, V.= 0 and drain-to-source voltage, V, . is low. Corresponding
to this, the channel width is almost uniform between the source and drain (depletion region is very small)
and the device behaves like a resistor. With increasing drain-to-source voltage, the current in the channel
increases and results in the reverse biasing of the gate junction. The reverse biasing is not uniform, rather it
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Depletion region

G (Gate)

(€]
D D
o [}
Go—of Gt
o8 oS
n-Channel (b) p-Channel
Fig. 3.22  (a) An n-channel Junction Field-effect Transistor
""" (b) Circuit Symbols for JFETs

increases with the distance from the source end and is maximum at the drain end. Due to the reverse-biased
gate junction, the depletion region spreads and constricts the channel which is more pronounced at distances
farther from the source. This results in the increase of channel resistivity and the rate of increase of drain
current with drain-to-source voltage becomes smaller. Eventually, a voltage V. is reached at which the
channel “pinches-off” and the current begins to level off, i.e. there is hardly any increase in the drain current
with further increase in V.. The drain-to-source voltage at which the saturation of drain current begins when
Vs = 0 is referred to as the pinch-off voltage (V). It is not possible for the channel to close completely and
thereby reduce the drain current to zero because, in such a case, the ohmic drop along the channel required to
provide the necessary reverse-bias would be lacking.

If now a gate voltage V. is applied to reverse-bias the gate—source p-n junction, pinch off will occur for
smaller values of ¥ and the saturation drain current will be smaller. The pinch-off voltage V', for various
gate-to-source voltages is given by

Vo= Vit Vs (3.11)
From Eq. (3.11) we note that ¥, = 0 when V=~ V. At this gate voltage, the drain current will be zero and

the FET is cut-off. For ¥, <— ¥, also the device is cut-off. A typical drain—source volt-ampere characteristics
of an n-channel JFET is shown in Fig. 3.23.
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For the operation of JFET, the gate—channel p-» junction is reverse-biased and consequently, the gate current
is very small (~107° A). A slight gate bias (less than the cut-in voltage) may be allowed in the forward direction
since no appreciable gate current will flow. A plot

12 Hos T of V.= 0.5 Vis also given in Fig. 3.23.
VGs= 0V . .
10 —— 3.7.2 Metal-Oxide-Semiconductor
/ 05 Field-Effect Transistor
8 0 A field-effect transistor is made by growing

G

a semiconductor material. A metal such as

1
T

é / / 1 a very thin layer of SiO, (0.1 um thick) over
6
L

aluminium is deposited over the dielectric

\

4 20 |t layer of SiO,. This structure is known as metal-
2.5 oxide-semiconductor field-effect transistor

5 //// -B.0 (MOSFET). The metal gate is insulated from
B.5 the channel and therefore it is also referred to as
—4.0 an insulated gate FET (IGFET).

0 There are two types of MOSFETs:

0 5 10 15 20 25 30

Vps, V 1. Enhancement MOSFET, and

Fig. 3.23  Output Characteristics of an n-channel JFET 2. Depletion MOSFET

Similar to junction field-effect transistors, we
can have n-channel as well as p-channel MOSFETs. Since #-channel devices are more popular than p-channel
devices because of their higher speed, only n-channel devices are discussed here.

However, the physical principles of operation of p-channel MOSFETs are the same as #-channel devices.
p-channel MOS devices have almost become obsolete as independent devices but have become extremely
useful in Complementary-MOS (CMOS) devices which will be discussed later.

Enhancement MOSFET The basic structure of an n-channel enhancement mode MOSFET is shown
in Fig. 3.24a. Two n-type regions, known as the source and the drain, are diffused into a p-type substrate.

Metal
Source  Gate Drain S G D
Si02
layer
NN N\ NN\ \
nt nt nt E::::::] nt
Ves —
p-substrate p-substrate
(a) b =

Fig.3.24  (a) The Structure of an n-channel Enhancement MOSFET (b) The Channel is Induced When V>V,
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A thin layer of silicon dioxide is grown over this and by masking, etching, and metallization processes
metallic contacts are taken from the source and the drain and a metal gate is formed above the dielectric
layer.

In this device, no channel exists between the source and the drain unless a positive voltage greater than the
threshold voltage V. is applied at the gate (Fig. 3.24b). Due to this field from the gate, the electrons (minority
carriers) from the substrate are attracted towards the gate between the source and the drain regions, and will
change this region between the source and drain to #n-type thereby forming an #-channel. This channel makes
it possible for the electrons to flow from the source to the drain when a positive voltage is applied at the drain.
Since the application of a positive voltage at the gate enhances the channel width, this device is referred to
as an enhancement mode device or enhancement MOSFET. An increase in the drain voltage increases the
drain current, producing a resistor type operation for small voltages similar to JFET. Pinch-off occurs when
the drain-to-source voltage is sufficiently large, which reduces the field near the drain to zero and makes the
drain current relatively constant.

The drain characteristics and the transfer characteristic are shown in Fig. 3.25.

___ .| Ohmic or Constant
nonsatura- | current or saturation
tion region region
0 Vos 220V 0 Loy D
= [ E— =
GS DS (ON)
40 18— 40
T | 16
30 — 1 £30
<
NS
=) q
~ 20 | 12|~
Lt | 10
I .
10 | : 10
|
— : Voss=0]
0 = 0
0 10 20 30 40 50 0 4 8 12 16 20
Vps V Vr Vgs V
(@ (b)

Fig.3.25  n-channel Enhancement MOSFET (a) Drain Characteristics (b) Transfer Characteristic

Depletion MOSFET 1t is fabricated by diffusing n-type of impurity between the two n-type regions
which acts as a channel between the source and the drain. In this, current would flow between drain and source
even in the absence of a positive voltage at the gate. The drain current is controlled by the application of
negative voltage at the gate, which causes depletion of the channel and hence it is called depletion MOSFET.
Its operation is similar to a JFET which is also a depletion type of device.

The circuit symbols for an n-channel MOSFET are shown in Fig. 3.26. For a p-channel MOSFET the
direction of the arrow is reversed.
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o D oD oD
|
G o—| G o—| oSub. G o—— | o Sub.
s
oS & 8 68
(a) (b) ©

Fig. 3.26  Circuit Symbols for an n-channel MOSFET (a) and (b) Can be Either Enhancement or
""" Depletion Type, Whereas (c) Represents Specifically an Enhancement Device

3.7.3 FET Switches

The JFET and MOSFET devices can be used as switches. These devices are unipolar, i.e. the current flows due
to the majority charge carriers only, and are voltage controlled devices. A JFET switch uses JFET in common
source (CS) configuration with a resistor R in the drain circuit (See Example 3.4). Similarly, operation of a
MOSFET switch is given in Example 3.5. A MOSFET can be used as a resistor also (See Example 3.6) and
therefore, a switch can be made using two MOSFETs only. One of the MOSFETs in this acts as an active
element (driver) and the other one as a non-linear resistor.

FET devices do not have the problem of storage and removal of minority charge carriers when these devices
are switched from OFF to ON and ON to OFF. Therefore, the problem of redistribution of charges do not
arise in these devices which contributes to delay in bipolar devices. FET devices have significant capacitances
contributing to delay in these switches because of the charging and discharging of these capacitors through
the resistors in the drain circuit in switching operation. In general, the turn-on and turn-off delay times of
unipolar devices are significantly higher than those of bipolar devices but developments in the MOS devices
have made it possible for these devices to have speeds comparable to those of bipolar devices.

Example 3.4

For the circuit shown in Fig. 3.27, determine the output voltage V, for the input voltage ¥, of (a) =5 V (b) 0 V. The
output characteristics of the JFET are given in Fig. 3.23.

Solution

Load line for ¥, =20 V and R | = 5 kQ is drawn on the output characteristics of the JFET as shown in Fig. 3.28.
(a) When the input voltage ¥,= =5V, the JFET is operating at point 4, where
I.=0 and V,=V,,=20V

This corresponds to the switch in the OFF state.
(b) When V=0V, the JFET is operating at point B, where /, = 3.8 mAand V, =1V
This corresponds to the switch in the ON state.
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Fig.3.27  Circuit for Ex. 3.4 Fig. 3.28  Output Characteristics of JFET
Example 3.5

For the circuit shown in Fig. 3.29, determine ¥, for ¥(a) 0 V (b) 5 V. The output characteristics of the MOSFET
are given in Fig. 3.30.

Solution

The load line is shown in Fig. 3.30.

(a) When V, = 0, the transistor is cut-off because the voltage between the gate and source is below the threshold
voltage. Correspondingly, the output voltage ¥, = 5V (Point N).
(b) When V= 5V, the transistor is operating at point M and ¥, = 0 V. This corresponds to ON state.

Ip mA Load line
Vpp(+5V) 4 L Ves=5V
; Rp(2KQ) 3 - 4V
I M
————o 7V, 2 3V
'—
Vio— 1 2V
1v
0 i !
= 0 5 10 Vps, V

Fig.3.29  Circuit for Ex. 3.5 Fig. 3.30
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Example 3.6

Obtain the ¥ vs. I, characteristic for the enhancement MOSFET connected as shown in Fig. 3.31. The output
characteristics of the MOSFET are given in Fig. 3.30.

Solution
Here, V=V

On the output characteristics, the locus of all points (curve MN) with ¥, = V__is drawn as shown in Fig. 3.32.
Curve MN indicates that the transistor in this connection acts like a nonlinear resistor.

ID, mA
M
VDD(+5V) 4 VGSZSV
“““““ - 3 F 4V
D
Ip 2 - 3V
Vps

G 1 2V

S 1V

_________ L _ 0 | | | | 1

= 0 N 1 2 3 4 5 Vps V

Fig.3.31  Circuit for Ex. 3.6 Fig. 3.32

Example 3.7

In the circuit of Fig. 3.33, find ¥, for (a) ¥,=0, (b) ¥,=5 V. The transistors T, and 7, are identical and have the
characteristics shown in Fig. 3.30.

Solution
The transistor T, is connected as shown in Fig. 3.31 and therefore acts as a non-linear resistor as shown by curve
MN in Fig. 3.32.
Load curve can be drawn on the characteristics V', vs. I, corresponding to the curve MN using the following
relations.
Vos= Voo~ Vog
and
IDI = IDZ

The load curve thus drawn is indicated by the curve 4B in Fig. 3.34.
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Here,

Vpp (+5V) Ip mA
o Load curve
Ipy 4 RA Ves=5V
| (©
|| T(Load) Ml 4N
= |
2 =0 3V
——,
. 1 l 2V
Vio——— =—— T,(Driver | 1%
' e i€ ) 0 | | | D~
0 1 2 3 4 BS5 Vbsi, V
—Voy — —
— Vr
Fig. 3.33  Circuit for Ex. 3.7 Fig. 3.34

(a) When V= 0, the transistor 7, is operating at point B.

(b) When V.= 5V, the transistor 7| is operating at point C.

= Vg = V=

V, =V, =0V

3.74 Complementary MOSFET (CMOS)
A complementary MOSFET (CMOS) is obtained by connecting a p-channel and an n-channel MOSFET

+V,
e

| T»(p-channel)

Ip
oV,

'—
f=— T(n-channel)
l—

il

Fig. 3.35 A CMOS Switch

in series, with drains tied together and the output is taken
at the common drain point. Input is applied at the common
gate connection formed by connecting the two gates
together. A CMOS is shown in Fig. 3.35.

In this circuit, when ¥V, = V_, T, turns ON (V. > V) and
T, is OFF since V., = 0 V. Therefore, ¥, = 0 V and since
the transistors are connected in series the current 7, will be
the drain current of the OFF transistor 7, which is negligibly
small. On the other hand, when V, = 0 V, T, turns OFF
(Vo <V, and T, turns ON (|V | > |V]) giving an output
voltage V, = V., and I is again very small being the drain
current of the OFF transistor 7,. In either logic state, T, or
T, is OFF and therefore, the quiescent power dissipation,
which is the product of the OFF leakage current and V.. is
very small. Because of this advantage CMOS switches have

become very popular in logic circuits.
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SUMMARY

In this chapter, the principles of operation of semiconductor devices like p-n junction, BJT, FET, etc.
have been discussed briefly. Their operation in the switching mode has been clearly explained in terms
of the physical processes involved in the operation of these devices.

Semiconductor devices in the discrete form are no longer in use for complex digital systems but
their study is essential for understanding the operation of ICs. Interfacing between ICs of different logic
families usually requires discrete devices.

GLOSSARY

Cut-off State of a transistor when its collector (or drain) current is zero.

Packaging density 1t is a measure of components that can be fabricated on a chip.

Relay An electromechanical switch.

Saturation State of a transistor when its collector (or drain) current is maximum and V¥ or V.= 0.

Speed of operation 1t is a measure of the speed at which a digital circuit operates. It is specified as
propagation delay time.

Yield The percentage of acceptable ICs resulting from a manufacturing process.

REVIEW QUESTIONS
3.1 is added in intrinsic semiconductor for making semiconductor devices.
3.2 The principle cause of propagation delay in a p-» junction is removal of charge
carriers.
3.3 The speed of switching is in n-p-n devices than p-n-p devices.
3.4 configuration is the most commonly used configuration when a BJT is used as a
switch.
3.5 The time required for a voltage waveform to change from 10% to 90% of its final value is known
as .
3.6 ABIJT operating in saturation has charge stored in the base region.
3.7 A Schottky diode is connected between collector and base terminals of a BJT to prevent BJT from
entering into region.
3.8 Gate-to-source voltage must be than the threshold voltage for an enhancement mode
MOSFET to be cut-off.
3.9 Power dissipation is negligibly small in devices.
3.10 Themostcommonlyuseddevices for fabricating very large scale integrated circuits are
devices.
PROBLEMS
3.1 Give reasons for the following:
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(a) The temperature coefficient of resistance of a semiconductor is negative while that of a metal is
positive.

(b) A semiconductor behaves as an insulator at 0 K while it has some conductivity at room
temperature.

3.2 (a) Inasilicon p-n junction, calculate the increase in voltage across the diode if the forward current
is doubled. Assume V=26 mV.
(b) If the diode voltage in part (a) for the lower current is 700 mV, find the per cent change in diode
voltage.

3.3 The voltage across a silicon diode at room temperature (300 K) is 0.7 V when 2 mA current flows
through it. If the voltage increases to 0.75 V, calculate

(a) the diode current.
(b) per cent change in diode current.

3.4 If the current flowing through a p-» junction diode increases ten times, what is the increase in diode
voltage? Assume forward-biased silicon diode operating at room temperature.

3.5 The time rate of change of excess minority charge carriers in a volume of semiconductor is given by
Q9 9

ar vt =1

where Q is the excess minority charge
7 is the storage time constant
1 is the current flowing.

In the diode circuit of Fig. 3.6,

V=10V, V,=5V,R=10kQ,
V,=06V,t=1ps, T=20pus

(a) calculate the excess minority charge stored in diode at £ =20 ps.
(b) calculate the time at which the diode will be turned-off.
(c) assume a total capacitance (transition and external shunt capacitance) across the diode to be
10 pF. Draw the waveforms of diode voltage, current, and excess minority-charge.
3.6 Repeat Ex 3.2 for the circuit of Fig 3.36.

D,
Ao > oY
Input D,
Bo >
< R

Fig. 3.36  Circuit for Problem 3.6

3.7 (a) Find whether the transistor in Fig. 3.37 is conducting in the active region or in the saturation
region. What is the region of operation for V.= 6 V?
(b) Find the value of R .in Fig. 3.37 which will be just sufficient to drive the transistor into saturation.
What happens if the value of R . used is greater than the calculated value?
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(c) Find the value of R, which will be just sufficient to drive the transistor into saturation (R, = 3 k).
What happens if R, of value less than the calculated value is used in the circuit?

o Voc=10V
§RC=3 kQ
Ry =200 kQ
TW—E
hgg =100
Veg=5V Vg, s =08V
J_ Vg, s =01V

Fig. 3.37  Circuit for Problem 3.7

3.8 For the transistor of Fig. 3.38, find the range of V', for the transistor to be

(a) in the cut-off region
(b) in the active region
(c) in the saturation region.

oVec=5V
§ Re =2kQ
R = 100 kQ
T
hFE =100
Vb VBE, (Cutiny= 0.5V
VBE, sat — 08 \Y%
1 L Vep =01V

Fig. 3.38  Transistor Circuit for Problem 3.8

3.9 Find the minimum value of &, (h,y,) for the transistor of Fig. 3.39 to be in the saturation region.
3.10 For the circuit of Fig. 3.40, determine whether the transistor is in the active or saturation region.
Calculate the currents I, I, and I,.
3.11 Consider a transistor inverter circuit with a capacitor C connected across the resistor R,. This capacitor
helps in improving the switching speed of the transistor. Explain.
3.12 In the circuit of Fig. 3.41,

(a) determine, the minimum value of voltage ¥, required for the load transistors to be in saturation.
(b) calculate ¥, =V, assuming the load transistors to be in saturation.
(c) obtain the base current of Tand T';.
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VBE, sat =08V Q VCC =5V
VCE, sat =01V
$Rc=1kQ
Ry =200 kQ
T
I5\/

VCC (+5 V) VCC (+ 5 V)
|
I 2kQ
|
. VO :
1V 10 kQ
| AMA T’]
i —
:
:
| |mg=100 L
| VBE sat ~ 08V
’ V. +5V
| Verm =0V cc (3 V)
: 2kQ
|
|
|
| 1
|
|
|
|
|
|
|
|

Driver Load

Fig. 3.41  Circuit for Problem 3.12

3.13 In the circuit of Fig. 3.42, the outputs of the two inverters are connected together. Find the voltage at
Y when

(@) V,=V,=0V (T, and T, are cut-off)

(b) ¥,=V,=5V (T, and T, are in saturation)

(c) One of the transistors is cut-off and the other one is in saturation.

(d) Find the function performed by this circuit with V|, ¥, as inputs and Y as output.
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3.15

3.16

3.17

3.18
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Vee (+5V) Vee (+5V)
I Y 5 j
R R
¢y T ¥; ¢

Rg i ler leay Rp
" T T, Va
VCE, sat ~ 0
Fig. 3.42  Circuit for Problem 3.13
In the circuit shown in Fig. 3.43, find the state of the transistor, when
(a) S, and S, are open.
(b) S, is closed and S, is open.
(c) S, and S, are closed.
hpp=150
Vee (+5V)  MFE +5V
VBE sat = 0.8V
Vg, sa =0V a L 1
Vp=0.7V =
1 j kg y Py LS +5V
G K
100 kQ | I 4%0 ‘ L
’ S5 D,
° <

Fig. 3.43  Circuit for Problem 3.14

In the circuit of Fig. 3.41, will the load transistors be in saturation if the number of load transistors is

increased from 2 to 100?

In the circuit of Fig. 3.42, let Y, and Y, be not connected. The base current of each transistor is 10 uA

which is just sufficient to drive the transistor in saturation. Now, if ¥, and Y, are connected together

and T, is cut-off, will 7, be driven into saturation? If not, why?

In the circuit of Fig. 3.42, determine the time constant with which the voltage at ¥ will be pulled-up

when both the transistors are switched from saturation to cut-off. Assume C to be the capacitance at

the output.

(a) Obtain the ¥,  vs I characteristic for the depletion mode MOSFET connected as shown in Fig.
3.44a. The output characteristics of the transistor are shown in Fig. 3.445.

(b) Find the operation of the circuit shown in Fig. 3.45. Use the characteristics given in Fig. 3.30 and
Fig. 3.44b for T, and T, respectively.
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ID,mA
VDD=5V
7 Vas
| 4 =0V
5 " 3 - 1v
Vs 2 b 2V
_ _ 1 - -3V
= -4V
0 | | | | |
0 1 2 3 4 5 Vps V

(®)
Fig. 3.44  Circuit and Characteristics for Problem 3.18(a)

Q VDDZSV

T, (Depletion mode)

o Vo

T
Vio—— =— "1 (Enhancement mode)

Fig. 3.45  Circuit for Problem 3.18(b)



CHAPTER ll.

DIGITAL LOGIC FAMILIES

4.1 INTRODUCTION

The switching characteristics of semiconductor devices have been discussed in Chapter 3. Basically, there
are two types of semiconductor devices: bipolar and unipolar. Based on these devices, digital integrated
circuits have been made which are commercially available. Various digital functions are being fabricated in
a variety of forms using bipolar and unipolar technologies. A group of compatible ICs with the same logic
levels and supply voltages for performing various logic functions have been fabricated using a specific circuit
configuration which is referred to as a logic family.

4.1.1 Bipolar Logic Families

The main elements of a bipolar IC are resistors, diodes (which are also capacitors) and transistors. Basically,
there are two types of operations in bipolar ICs:

1. Saturated, and
2. Non-saturated.

In saturated logic, the transistors in the IC are driven to saturation, whereas in the case of non-saturated
logic, the transistors are not driven into saturation.
The saturated bipolar logic families are:

. Resistor—transistor logic (RTL),

. Direct—coupled transistor logic (DCTL),
. Integrated—injection logic (I’L),

. Diode—transistor logic (DTL),

. High—threshold logic (HTL), and

. Transistor—transistor logic (TTL).

A A WN -

The non-saturated bipolar logic families are:

. Schottky TTL, and
. Emitter-coupled logic (ECL).

N =

4.1.2 Unipolar Logic Families

MOS devices are unipolar devices and only MOSFETs are employed in MOS logic circuits.
The MOS logic families are:



106 Modern Digital Electronics

1. PMOS,
2. NMOS, and
3. CMOS (5-V and low-voltage CMOS)

While in PMOS only p-channel MOSFETs are used and in NMOS only #-channel MOSFETs are used,
in complementary MOS (CMOS), both p- and n-channel MOSFETs are employed and are fabricated on the
same silicon chip.

4.1.3 BiCMOS Logic Family

BiCMOS logic circuits use CMOS devices for input and logic operations and bipolar devices for output.

4.2 CHARACTERISTICS OF DIGITAL ICs

With the widespread use of ICs in digital systems and with the development of various technologies for the
fabrication of ICs, it has become necessary to be familiar with the characteristics of IC logic families and
their relative advantages and disadvantages. Digital ICs are classified either according to the complexity of
the circuit, as the relative number of individual basic gates (2-input NAND gates) it would require to build
the circuit to accomplish the same logic function or the number of components fabricated on the chip. The
classification of digital ICs is given in Table 4.1.

Table 4.1 Classification of Digital ICs

IC Classification Equivalent individual basic gates Number of components
Small-scale integration (SSI) Less than 12 Up to 99
Medium-scale integration (MSI) 12-99 100-999
Large-scale integration (LSI) 100-999 1,000-9,999
Very large-scale integration (VLSI) Above 1,000 Above 10,000

The various characteristics of digital ICs used to compare their performances are:

. Speed of operation,

. Power dissipation,

. Figure of merit,

. Fan-out,

. Current and voltage parameters,
. Noise immunity,

. Operating temperature range,

. Power supply requirements, and
. Flexibilities available.

O 000N N H WK -
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421 Speed of Operation

The speed of a digital circuitis specified in terms of the propagation delay time. The input and output waveforms
of a logic gate are shown in Fig. 4.1. The delay times are measured between the 50 per cent voltage levels of
input and output waveforms. There are two delay
times: 7, , when the output goes from the HIGH
state to the LOW state and ¢, ., corresponding to
the output making a transition from the LOW state
to the HIGH state. The propagation delay time of
the logic gate is taken as the average of these two
delay times.

Input

Output

Fig. 4.1  Input and Output Voltage Waveforms to

""" Define Propagation Delay Times 4.2.2 Power D1ss1pat10n

This is the amount of power dissipated in an IC. It is
determined by the current, I ., that it draws from the V. supply, and is given by V. x I ... I .. is the average
value of 7_(0) and /_(1). This power is specified in milliwatts It is known as static power dissipation, i.e.,

the power consumed by the circuit when input signals are not changing.

4.2.3 Figure of Merit

The figure of merit of a digital IC is defined as the product of speed and power. The speed is specified in terms
of propagation delay time expressed in nanoseconds.

Figure of merit = propagation delay time (ns) x power (mW)

It is specified in pico joules (ns x mW = pJ)
A low value of speed-power product is desirable. In a digital circuit, if it is desired to have high speed, i.e.
low propagation delay, then there is a corresponding increase in the power dissipation and vice-versa.

4.2.4 Fan-Out

This is the number of similar gates which can be driven by a gate. High fan-out is advantageous because it
reduces the need for additional drivers to drive more gates.

4.2.5 Current and Voltage Parameters

The following currents and voltages are specified which are very useful in the design of digital systems.

High-level input voltage, V. This is the minimum input voltage which is recognised by the gate
as logic 1.

Low-level input voltage, V,: This is the maximum input voltage which is recognised by the gate
as logic 0.

High-level output voltage, V. This is the minimum voltage available at the output corresponding
to logic 1.

Low-level output voltage, V. This is the maximum voltage available at the output corresponding
to logic 0.

High-level input current, I,: This is the minimum current which must be supplied by a driving source
corresponding to 1 level voltage.
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Low-level input current, I : This is the minimum current which must be supplied by a driving source
corresponding to 0 level voltage.

High-level output current, I ,.: This is the maximum current which the gate can sink in 1 level.
Low-level output current, I, : This is the maximum current
— Iy Io, ——  which the gate can sink in 0 level.
o High-level supply current, 1 . (1): This is the supply current

— 1 loyg —
" o when the output of the gate is at logic 1.
Fig. 42 A Gate With Current Low-level supply current, 1. (0): This is the supply current
""" Directions Marked when the output of the gate is at logic (0).

The current directions are illustrated in Fig. 4.2.

4.2.6 Noise Immunity

The input and output voltage levels defined above are shown in Fig. 4.3. Stray electric and magnetic fields
may induce unwanted voltages, known as roise, on the connecting wires between logic circuits. This may
cause the voltage at the input to a logic circuit to

Voltages drop below ¥, or rise above ¥, and may produce
v undesired operation. The circuit’s ability to tolerate
OH =747~ noise signals is referred to as the noise immunity,
1 State noise margin - 1=Vop ~Viy a quantitative measure of which is called noise

Vig t——J1-- margin. Noise margins are illustrated in Fig. 4.3.
The noise margins defined above are referred
Vi .___l__ to as dc noise margins. Strictly speaking, the
0 State noise margin 0= Vyy — Vo noise is generally thought of as an a.c. signal with
amplitude and pulse width. For high speed ICs, a

Vo Y Ise width of a few mi ds is extremel
pulse width of a few microseconds is extremely
long in comparison to the propagation delay time
U of the circuit and therefore, may be treated as
Fig. 4.3  Voltage Levels and Noise Margins of ICs d.c. as far as the response of the logic circuit is

concerned. As the noise pulse width decreases and
approaches the propagation delay time of the circuit, the pulse duration is too short for the circuit to
respond. Under this condition, a large pulse amplitude would be required to produce a change in the circuit
output. This means that a logic circuit can effectively tolerate a large noise amplitude if the noise is of a
very short duration. This is referred to as ac noise margin and is substantially greater than the dc noise
margin. It is generally supplied by the manufacturers in the form of a curve between noise margin and
noise pulse width.

4.2.7 Operating Temperature

The temperature range in which an IC functions properly must be known. The accepted temperature ranges
are: 0 to + 70 °C for consumer and industrial applications and —55 °C to +125 °C for military purposes.
4.2.8 Power Supply Requirements

The supply voltage(s) and the amount of power required by an IC are important characteristics required to
choose the proper power supply.
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429 Flexibilities Available

Various flexibilities are available in different IC logic families and these must be considered while selecting
a logic family for a particular job. Some of the flexibilities available are:

1. The breadth of the series: Type of different logic functions available in the series.

2. Popularity of the series: The cost of manufacturing depends upon the number of ICs manufactured. When
a large number of ICs of one type are manufactured, the cost per function will be very small and it will be
easily available because of multiple sources.

3. Wired-logic capability: The outputs can be connected together to perform additional logic without any

extra hardware.

. Availability of complement outputs: This eliminates the need for additional inverters.

5. Dype of output: Passive pull-up, active pull-up, open-collector/drain, and tristate. These will be explained
in subsequent sections.

S

4.3 RESISTOR-TRANSISTOR LOGIC (RTL)

The resistor—transistor logic was the most popular form of logic in common use before the development
of ICs. RTL circuits consist of resistors and transistors and was the earliest logic family to be integrated.
Although RTL has become obsolete now, because of its simplicity and for historical reasons, it is proper
to devote some attention to it and introduce some of the important concepts, useful for all types of gates,
through this. The basic RTL gate is a NOR gate as shown in Fig. 4.4. For the sake of simplicity, a two-input
NOR gate driving N similar gates is shown in the figure, which can be extended to accommodate a larger
number of inputs. The number of input terminals is referred to as the fan-in.

Vee 3.6 V) Vee (3.6 V)

R (640 Q)
R (640 Q)
Output

Vo | Rp(450Q)

Gy

Vee 3.6V)
Rc (640 Q)

Ry (450 Q) Ry (450 Q)

Rp (450 Q)

A V B, le——— Load gates ———
Inputs
Fig. 44  A2-input RTL NOR Gate Driving N Similar Gates
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4.3.1 Logic Operation

Inputs representing the logic levels are applied at 4 and B terminals. The voltage corresponding to LOW
level should be low enough to drive the corresponding transistor to cut-off. Similarly, the input voltage
corresponding to HIGH level should be high enough to drive the corresponding transistor to saturation.

If both the inputs are LOW, transistors T, and T, are cut-off and the output is HIGH. A HIGH level on any
input will drive the corresponding transistor to saturation causing the output to go LOW. The LOW (0) level
output voltage isV,  of a transistor (~ 0.2 V) and the HIGH (1) level output voltage depends on the number
of gates connected to the output. This causes the output voltage to be variable and is a deciding factor for the

fan-out of the gate.

4.3.2 Loading Considerations

If all the inputs to the gate are LOW, the output is HIGH and if the gate is not driving any other gate, i.e. no

load is connected, the output voltage will be slightly less than ¥ (there is voltage drop across the common
collector resistor due to I, of T\ and T).

When N similar gates are being driven, the load

3.6V will be equivalent to a resistor of value 450/N ohms

in series with a voltage source of 0.8 V (being the

|
640 Q I voltage between base and emitter of a transistor
| oad in saturation). The relevant portion of the circuit is
1 Vo shown in Fig. 4.5.
/ I / : The base current for each load transistor is

Ico co |
| 450/NQ
|
|
: 08V ; _|36-08 |1 2.8
' BT 450 | ' N 640N 1450 (4.1
| I 6404+ 30| N 640N +450 4.1)
l =

Fig. 4.5 A Circuit Illustrating the Equivalent . .
Circuit at the Input of the Load Gates The collector current for the load transistor in

saturation is

3.6-02
I. =—=531mA 4.2
C, sat 640 ( )
The value of N must satisfy the following relation,
h-1.>1 (4.3)

FE B — " Cgat

For N=35,1,=0.767 mA. Therefore, /., must be greater than 7.

> "FE

4.3.3 Noise Margins

When the output is in 0 state ¥ = 0.2 V. If this voltage becomes about 0.5 V (cut-in voltage of transistor), the
load transistor comes to conduction which causes malfunction of the circuit. Hence, the logic 0 noise margin
A0=03V.
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The logic 1 noise margin depends upon the number of gates being driven. For N =5,

90 640

V,=———x(3.6)+———x(0.8) =1.14V (4.4)
90 + 640 90 + 640

For A, = 10, the total base current required for load transistors to be driven into saturation will be
5% [ST?)l]mA and the corresponding ¥V must be 1.04 V. Therefore, the noise margin for 1 level is
A1=114-1.04=0.1V.

4.3.4 Propagation Delay Time

The propagation delay time is also affected by the number of gates it drives. When the output of the gate is
in LOW state all the load transistors are cut-off and the base—emitter junction of each of these transistors
appears to be a capacitor, C. When the output has to change from LOW to HIGH level due to changes at the
input, it will do so with a time constant given by

[640 + %] NC = (640N +450) C (4.5)

The resistance in the collector circuit pulls up the output voltage from LOW to HIGH level and hence is
known as the pull-up resistor. It is passive pull-up in this case in contrast to an active pull-up which can be
used to decrease the propagation delay time. Active pull-up will be discussed later.

4.3.5 Current Source Logic

The gate supplies current to the load transistors when in 1 level, whereas the leakage-current (reverse-
saturation base current) of load transistors flow through 7' or T, in 0 level. Since the source current is much
greater than the sink current, it is known as current source logic.

4.3.6 Wired-Logic

If the outputs of the gates are connected together as shown in Fig. 4.6, the output Y is given by

=A+B-C+D
=A+B+C+D

This shows that fan-in can be increased by this connection which is referred to as wired- AND or implied-AND.
The effect of this connection on fan-out, power dissipation and speed of operation can be seen in Prob. 4.3.
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+Vee +Vee
g Re Y gec
%~ Y2

! I

Gate Q
Fig. 4.6 Wired-AND Connection of RTL Gates Driving Similar Gates

Y"YY

Load gates

The characteristics of RTL can be summarised as: Poor noise margin, poor fan-out capabilities, low speed,
and high power dissipation.

4.4 DIRECT-COUPLED TRANSISTOR LOGIC (DCTL)

In the RTL gate of Fig. 4.4, if the base resistors R, are omitted, we obtain what is known as the direct-coupled
transistor logic (DCTL) gate, in which the inputs are directly coupled to the bases. This circuit performs
positive NOR logic and the voltages corresponding to logic 1 and 0 levels are V. (~ 0.8 V) and V,
(~ 0.2 V) respectively. The separation between the logic 1 and 0 level voltages, which is referred to as the
logic swing, is very small (VBE‘sat Vg™ 0.6 V). Therefore, the noise margin of this circuit is very poor.

Although the DCTL is simpler than RTL, it never became popular because of the problem of current
hogging. The gate should be able to drive the transistors of the load gates to saturation corresponding to logic
level 1.

This does not pose any problem if all the transistors have same input characteristics but, unfortunately, the
input characteristics differ due to the manufacturing tolerances of different IC packages operating at different
temperatures. Owing to these differences, the saturation voltages of the load transistors may be different. Let
the base—emitter voltages of the transistors corresponding to saturation be 0.78, 0.79, and 0.80 V. The transistor
with the base—emitter voltage of 0.78 V, when it enters saturation, will not allow other transistors to enter

saturation and will take whole of the current supplied from the driver gate. This is known as current hogging.

4.5 INTEGRATED-INJECTION LOGIC (I’L)

As discussed above, the DCTL suffers from the difficulty of current hogging which makes it unsuitable.
However, based on DCTL a new logic referred to as the integrated—injection logic (I2L), has been developed.
I’L has the simplicity of DCTL, uses very small silicon chip area, consumes very little power, and requires
only four masks and two diffusions (compared to five masks and three diffusions for BJT) and hence, is
easier and cheaper to fabricate. Due to these advantages it is eminently suited for medium- and large-scale
integration. It is not used for small-scale integration and is the only saturated bipolar logic employed for
large-scale integration. Texas Instruments SBP 9900 is a 16-bit microprocessor using I2L technology.
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The genesis of I’L technology is the concept of merging the components, viz. one semiconductor region
is part of two or more devices. Because of this type of merging it is also referred to as the merged-transistor
logic (MTL). There is considerable saving in the silicon chip area in this process.

451 I’L Inverter

The basic operation of I’L is explained with the help of the inverter circuit shown in Fig. 4.7. If the input V}is at
LOW logic level (V,=0), T, is OFF so that I, = 0. The input source acts as a sink for the current /, . Therefore,
I, flows through the base of 7, driving it to saturation. When 7' is OFF and 7,is ON, V, ., =V = 0.8 V.

I I

IBl —

Fig. 4.7  An PL Inverter Directly Coupled to the Following Stage

On the other hand, if the input is at HIGH logic level (¥, = 0.8 V), the base current /,, will have two
components, one of them being /, and the other is due to the source V, and consequently T, saturates.
Therefore, V., =V, = 0.2 V, which drives 7, to cut-off and T, acts as a sink for 7, . This shows that the
logic level at V is complement to that of V,, viz. T, acts as an inverter. The logic swing is about 0.6 V.

4.5.2 I’L Configuration

Consider the DCTL gate structure shown in Fig. 4.8 in which there are two logical variables which are assumed
to be outputs of similar DCTL gates and we need to generate the functions 4 + B,4 + B,4 + B,and 4 + B.

We observe from the figure that the bases of transistors T, T,, and T, are connected together, also their
emitters are connected together (grounded). Therefore, the combination of T, T,, and T, can be replaced with
single transistor having one base, one emitter and three collectors. Similarly, other transistors with common-
bases are replaced with multiple-collector transistors. Using this concept, Fig. 4.8 is redrawn as shown in
Fig. 4.9.

As shown in Fig. 4.7, a mechanism for supplying base currents is required. To achieve this, the collector
resistors of driving gates (shown dotted in Fig. 4.8) are treated as the base resistors of multiple-collector
transistors (7! and T). Similarly, the collector resistors of 7| and T,  are treated as the base resistors of 7, and
T, respectively. Correspondingly, the supply voltages are indicated as V,,. The portion of the circuit shown
outside the dotted box is either a part of other gates driven by the outputs shown or is omitted altogether.
This means that an I°L circuit has open-collector outputs, which either feed another I’L circuit or are to be
connected to the supply voltage through resistors. Suitable values of supply voltage and resistor are to be used
for getting proper output voltage levels, for driving other gates such as TTL.
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Fig. 4.8 A DCTL Gate Structure for Generating Functions of Two Logical Variables

4.5.3 Fabrication of I’L

The resistor R, required to inject the base current would require a large silicon area if fabricated on the chip
and thus, would render the circuit useless for LSI applications. It can be eliminated by replacing it with a
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Fig.49  Figure 4.8 Redrawn with Multiple-Collector Transistors

current source. The grounded-base p-n-p transistor shown in Fig. 4.10 acts as a current source, which is
referred to as a current injector. The resistor R, is external to the

Vee chip and the current [ is given by
Ry (external)
V= Ve
1= R, (4.6)
T The collector of the current injector transistor 7 of Fig. 4.10

and the base of the multiple-collector transistor are merged, viz.
one p region serves both as collector of p-n-p-transistor and base
of n-p-n transistor. Similarly, the base of T is merged with the
emitter of the multiple-collector transistor. A simplified physical
structure of a portion of I°L circuit is shown in Fig. 4.11. This
shows the simplicity of I°L structure.

To base of multiple-
collector transistor

Fig.4.10 A Current Injector for FL

Injector Base (o) G, Cs

Lo ] |, ElEE S

Fig.4.11  The Simplified Physical Structure of a Portion of FL

The speed of operation of I’L depends upon the charging current. The propagation delay time is inversely
proportional to the charging current, also the power dissipation is proportional to the charging current,
therefore we have to trade-off between power dissipation and speed. The figure of merit is independent of 7,
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and it is in the range of 0.1 to 0.7 pJ. The silicon area required is very small and packing density in the range
120 to 200 gates per square millimetre have been realised.

4.6 DIODE-TRANSISTOR LOGIC (DTL)

The diode—transistor logic is somewhat more complex than RTL but because of its greater fan-out and
improved noise margins it has replaced RTL. Its main disadvantage is slower speed and because of this
it was modified and emerged as transistor—transistor logic (TTL) which is the most popular logic family
today, as far as small- and medium-scale ICs are concerned. Although TTL has completely replaced DTL,
for historical reasons as well as for better appreciation of TTL circuit, it is worthwhile discussing the details
of DTL.

DTL circuit using discrete components was made using input diodes and a transistor inverter (NOT),
which was modified for integrated circuit implementation as shown in Fig. 4.12.

Ay DyP Dy Dy

= Load gates ——

e
{

j Vee(5V) ;
N 7 i Vee (5 V)
|
A 0—'(}—-4 |
Dy !
I
B o—KH !
Dy :
I
!
[
[
|
|

Fig. 412 A 3-Input DTL NAND Gate Driving N Similar Gates

4.6.1 Operation of DTL NAND Gate

The basic DTL gate is a NAND gate. A 3-input NAND gate driving N similar gates is shown in Fig. 4.12. The
input diodes D, D,, and D . conduct through the resistor R, if the corresponding input is in the LOW state,
while corresponding to HIGH state the diode is nonconducting. Therefore, if at least one of the inputs is
LOW, the diode connected to this input conducts and the voltage ¥, at point P is one diode drop above the
low level voltage at the input. The voltage ¥, should be such as to keep 7 in cut-off. Therefore, the output
of T'is V.. On the other hand, if all the three inputs are in HIGH state, the input diodes are cut-off and
consequently current flowing from V.. through R should be sufficient to drive 7 in saturation. Therefore,
the output of T'is ¥

E,sat’

If we consider the voltages corresponding to logic 1 and 0 as V. and V. respectively, this circuit

performs NAND operation. The following example illustrates the loading (fan-out) considerations and the
noise-margins.
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Example 4.1

For the DTL NAND gate of Fig. 4.12 calculate (a) fan-out (b) noise-margins, and (c) average power, P, dissipated by
the gate. The diode and transistor parameters are:

Diode: Voltage across a conducting diode =0.7 V
Cut-in voltage V,=06V

Transistor:  Cut-in voltage V=05V
V,. =08V

BE,sat

Vgpea =02V

FE

Solution

(a) As discussed above, the logic levels are:

LOW level= V(0)=V.._ =02V

CE sat
HIGH level=(1)=V_ =5V
(i) Ifall the inputs are HIGH, the input diodes are reverse-biased. Assuming diodes D,, D, to be conducting and
T to be in saturation, the voltage V,=07+07+08=22V.
Writing Kirchhoff’s current law (KCL) equation at the base of T,

IB=II_12
where ptee= Ve 5222 (g0
v R 5
and
v,
BEsat _ 0.8
I =252 _ 20 _ 0.16 mA
2 R, 5

which gives a base current I, = 0.4 mA. The collector current (without load gates connected) is

Vee — VCE,sat 5-02

I, = = =2.182mA
c R, 22

Since A, x I, =30 x 0.4 =12 mA is greater than /, (2.182 mA), it is confirmed that the transistor is in
saturation and the output is in LOW state. Now, if N load gates are fed from this gate, the input diodes of the
driven gates will conduct through the output transistor 7, i.e. T acts as a sink for the current in the input to the
gates it drives. Assuming that all the other inputs to each of the load gates are HIGH except the one driven by

Vee " Vp _5-09 . .
s 0.82 mA | This current is referred to as standard load. The fan-out

isgivenby I.<h, I, o0r0.82 N+2.182 <12 mA or N < 12 since N must be an integer. A conservative choice
is N=10. The Maximum collector current rating of 7 must be about 12 mA.
(ii) If at least one of the inputs is LOW, the corresponding input diode conducts and ¥, =0.2 + 0.7=10.9 V. The
minimum voltage required for D, D,, and T to be conducting is 0.6 + 0.6 + 0.5 = 1.7 V, which confirms that
D,, D, are nonconducting and hence T is cut-off. Consequently, the output voltage is V. (5 V) if the load
gates are not connected.
If the load gates are connected, the input diodes of the load gates are nonconducting, which means the

reverse-saturation current of these diodes must be supplied through the collector resistor R, which will

T, the current I; =
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produce a voltage drop across R and consequently the output voltage corresponding to HIGH state will be
a little less than V. The maximum current which can be supplied by the gate will depend upon V. The
fan-out is determined on the basis of maximum current.

(b) (i) If all the inputs are HIGH, the output is LOW. Since V, = 2.2V, the input diodes are reverse-biased by

5—2.2=2.8V. Since the cut-in voltage of the diode is 0.6 V, a negative noise spike of at least 3.4 V present
at the input will cause malfunction of the circuit, i.e. the 0 level noise margin A 0=3.4 V.

(ii) If at least one input is LOW, the output is HIGH. Since ¥/, = 0.9 V and a voltage of at least 1.7 V [part a
(#i)] is required for D, D,, and T to conduct, therefore a positive noise spike of at least 0.8 V will cause
malfunction of the circuit, i.e. the 1 level noise margin A 1 = 0.8 V.

(c) The power P(0) when the output is LOW is given by P(0)=V..(I, +I])=5(0.56 +2.182) =13.71mW .
When the output is in the HIGH state at least one of the input diodes conduct. Therefore, /, = 0.82 mA and
I7=0 Hence P(1) = (0.82) (5) = 4.1 mW.

If we assume that the occurrence of LOW and HIGH is equally likely then the average power is

P,

av

_PO+PM) _1371+4.1 _ gg05mw
= 5 = e = 8.

4.6.2 Propagation Delays

Delays are associated with the turning-on (furn-on delay) and the turning-off (turn-off delay) of the output
transistor. While turning on, any capacitance shunting the output of the gate discharges rapidly through the
low impedance of the output transistor in saturation. On the other hand, at turn-off the shunt capacitor must
charge through the pull-up resistor R . in addition to the storage time delay. The turn-off delay is considerably
larger than the turn-on delay, often by a factor of 2 or 3. The propagation delay time of commercially available
DTL gates are of the order of 30 to 80 ns.

4.6.3 Current Sink Logic

This gate supplies the reverse-saturation current of input diodes of the load gates in 1 state and sinks the
current flowing through the forward-biased input diodes of the load gates in the output transistor of the gate
in O state. Since the sink current is much greater than the source current, this is known as current sink logic.

4.6.4 Wired-Logic

If the outputs of gates are connected together as shown in Fig. 4.13, additional logic is performed without
additional hardware. This type of connection is referred to as wired-logic, wired- AND, or implied-AND.

Vee Vee
Ao— Y
! Rc Rc
Bo——
Y:YI'YZ ° °
Y, l Y,
Coi T’ T”
Y: Yl‘ Yz
Do— "2 = =
(@ (b)

Fig. 4.13  The Wired-AND Connection of DTL Gates
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If Y, =Y,=1, then Y = 1, whereas if any one (¥, or Y,) or both are 0, then ¥ = 0. The output is
Y- Y Y,- (4B)- (CD) - AB+ CD .7
Let us consider the effect of wired-AND connection on power dissipation, speed, and fan-out. The
power dissipation in LOW output state P(0) increases because of reduction in effective collector resistor
(R, | R.=R_/2). Consequently, the speed of operation increases due to reduction in charging resistor (R /2).
There is an effective reduction in the fan-out of the gate in the wired-AND connection. If only one output
transistor (say 7’) is conducting, then this transistor must not only sink the current of the load gates and the
current due to its own pull-up resistor but must also sink the current in the pull-up resistor of the other output
transistor 7. This situation makes it necessary to reduce the allowable fan-out of each gate in the wired-AND
connection.

4.6.5 Modified Integrated DTL NAND Gate

From Ex. 4.1 we note that the fan-out may be increased by increasing the base current of the output transistor.
This can be done by replacing D, by a transistor T, as illustrated in Fig. 4.14.

The circuit can be analysed in a similar way as in Ex. 4.1 (Prob. 4.9). Its fan-out is considerably higher
than that of the circuit of Fig. 4.12.

|
TVCC(S V) I
| I Vee(5V)
gll I{Q i Ry (175 kQ)
| s
2R (175kQ) Re@2KQ) | | 1
J | L
< l
$R2kQ) llc1=hpglm y i 4 AJ R, (2kQ)
A o—FG— = o
DA : DA
: . VCC(S V)
B ]
°—1|)<119— A R, (1.75kQ)
|
C ot |
Dg |

iAN D, P
= =— Load gates—

Fig. 4.14 A Modified Integrated 3-Input DTL NAND Gate Driving N Similar Gates

4.7 HIGH-THRESHOLD LOGIC (HTL)

Due to the presence of electric motors, on—off control circuits, high voltage switches, etc. in an industrial
environment, the noise level is quite high and the logic families discussed so far do not perform the intended
functions. For this purpose, the DTL gate of Fig. 4.14 has been redesigned with a higher supply voltage
(15 V instead of 5 V). The diode D, has been replaced by a Zener diode with a Zener breakdown voltage of
6.9 V and the resistances have been modified so that approximately the same currents are obtained as in DTL.
A 3-input HTL NAND gate with a fan-out of N is shown in Fig. 4.15. The circuit can be analysed to determine
the noise-margins, fan-out and power dissipation (Prob. 4.10).
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Fig. 415 A 3-Input HTL NAND Gate Driving N Similar Gates

The propagation delay time is adversely affected due to large resistance values. It is as high as hundreds of
nano-seconds. The temperature sensitivity of the HTL gate is considerably less than that of DTL (Prob. 4.12).

4.8 TRANSISTOR-TRANSISTOR LOGIC (TTL)

The transistor—transistor logic (TTL) is the most successful bipolar logic which was evolved in the 1960s and
has survived for more than four decades. TTL families use transistors, both to perform logic functions and to
provide high output drive capability.

The NAND gate is the basic TTL logic circuit. Figure 4.16 shows a 3-input TTL NAND gate driving N
similar gates. It uses a multiple-emitter transistor 7. The number of inputs (fan-in) to the gate is same as the
number of emitters fabricated during its manufacturing.
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Fig. 416 A 3-Input TTL NAND Gate Driving N Similar Gates
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4.8.1 Operation of TTL NAND GATE

Let us assume that the load gates are not present and the voltages for logic 0 and 1 are V=~ 0.2 V and
V.-=5V respectively.
The following voltages are assumed for p-» junction (diode operation) and transistors.
p-njunction:  Voltage across a conducting diode = 0.7 V
Cut-in voltage V= 0.6 V
Transistor: Cut-in voltage V. = 0.5 V

Vi =08V
Vg =02V

Condition I At least one input is LOW. The emitter—base junction of T, corresponding to the input
in the LOW state is forward-biased making voltage at B, V,, = 0.2 + 0.7 = 0.9 V. For base—collector
junction of T, to be forward-biased, and for T, and T, to be conducting, V,, is required to be at least
0.6 +0.5+0.5=1.6 V. Hence, T, and T, are OFF.

Since T, is OFF, therefore Y=V (1) =V .

Figure 4.17a illustrates the circuit corresponding to this condition.

Vee(SV) Vee (5V)

Rp1 (4 kQ)

02V

(b) =
Fig. 4.17  Circuits Illustrating the Operation of TTL NAND Gate. (a) Atleast One of the Inputs is LOW
""" (b) All the Inputs are HIGH

|I|||

(2)

il

Condition II  All inputs are HIGH. The emitter—base junctions of T are reverse-biased. If we assume
that 7, and T, are ON, then V,, =V, = 0.8 + 0.8 = 1.6 V. Since B, is connected to V. (5 V) through
R, the collector-base junction of T is forward-biased. The transistor 7 is operating in the active inverse
mode, making /., flow in the reverse direction. This current flows into the base of 7, driving 7, and T, into
saturation. Therefore, Y= V(0) = 0.2 V.

Figure 4.17(b) Illustrates the circuit corresponding to this condition.

The above operation shows that the gate of Fig. 4.16 operates as a NAND gate. From conditions I and II, it
appears that T is acting as back-to-back diodes. The importance of 7| will become clear from condition III.

Condition IIT Let the circuit be operating under condition II when one of the inputs suddenly goes to
V(0). The corresponding emitter—base junction of T starts conducting and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>