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Preface

Overview

Basic Electronics is a common course for all engineering disciplines. Students of all engineering 

disciplines, particularly non-electrical engineering disciplines, find it very difficult to understand the 

basic concepts of this subject. Most of the currently available textbooks provide high-end information, 

but fail to provide elaborate and detailed explanation on most topics. Also, there is no single book that 

covers the entire syllabus of any university and provides all the necessary information. 

Even for the students of electrical engineering disciplines, there is a need for catering to strong 

fundamentals, so that they can be more comfortable at higher semester levels. Most current titles have not 

given enough scope for the basics. Hence, a thorough attempt has been made to cover the entire syllabus 

in one book, with a lot of emphasis on basics. This text covers the Basic Electronics syllabi of more than 

12 different leading universities of India. Much effort has been made to present the information in a lucid 

and easily understandable way, so that it is effective for the students at the first/second semester levels. 

Also, the content is designed to help all classes of students at lower and even in higher semester levels.

Aim of the Book

This book mainly intends to be a text for a first course in electronics of all electronics and electrical 

sciences students. The text grows around the electronics first-course syllabi offered at various technical 

and science universities. The book aims to cater to the needs of mainly undergraduate students—

providing the internal behaviour of important electronic devices, the principles of operation and design 

concepts, and analysis of circuits/systems built using these devices.

Many available books on the first course on basics of electronic devices and principles of circuit theory

require significant improvements in pedagogy and content. This book is an attempt to cater to the 

changing curriculum and examination requirements—primarily to improve the manner in which the 

material is presented.

For More Books
www.electronic07.com



xii Preface

About the Book

I have given considerable thought to the pedagogy of presentation: the system of notations is consistently 

maintained, the circuit behaviour is explained with in-depth coverage, and the worked-out illustrative 

examples provide detailed insight to the subject. The diagrams present a thorough understanding of 

the concepts, and the tables are carefully prepared to illustrate the topics. The chapter summary helps 

the reader recall the concepts studied after each chapter. The multiple-choice questions are prepared 

with an intensive coverage, meant to create increasing confidence in the reader. The quiz offers short

answers to questions framed to increase readers’ knowledge on the concepts and subject. All these 

elements summarise the concepts taught and help in future review.

Salient Features

● Complete coverage of subject as per requirements of all technical universities and science colleges

● Elaborate coverage, lucid presentation and easy flow maintained

● Stress on the foundation principles of electronics

● Applications of fundamental principles interspersed within the content

● Important topics like LED Characteristics, MOSFET, Power Semiconductor Devices, Feedback 

Amplifiers and Oscillators, Shift Registers and Counters discussed in detail

● Goals and objectives at the beginning, and chapter-end Summary provided for each chapter

● Helpful guide for competitive examinations

● Numerous block diagrams and circuit diagrams to enhance understanding

● Pedagogy includes

 ■ 300 Diagrams

 ■ 320 Solved Examples

 ■ 450 Multiple-Choice Questions

 ■ 225 Review Questions

 ■ 185 Problems

 ■ 250 Short-Answer Questions

Chapter Organisation

The book is organised into 10 well-designed chapters, covering almost all the needs of a first course in 

electronics. The overview of each chapter is outlined below:

Chapter 1 covers the fundamentals of semiconductor physics, charge carriers in semiconductors 

and doping concepts. The PN-junction formation, its behaviour under different biasing conditions, 

characteristics and equivalent circuits are discussed. 

Chapter 2 deals with the fundamentals of a semiconductor PN-junction diode, its characteristics and 

load-line analysis. All important applications of junction diodes such as rectifiers, voltage multipliers, 

wave-shaping circuits and basic logic gates are covered with maximum care. The other sub-systems of 

power supply, such as filters and regulators, are also designed and analysed.



Preface xiii

Chapter 3 presents another very important semiconductor three-terminal device, the Bipolar Junction 

Transistor (BJT). The fundamentals of device construction, characteristics, and configurations of 

operation are covered. Different biasing methods and applications of BJT are covered to a large extent.

Chapter 4 introduces applications of BJT such as amplifiers, oscillators and feedback concepts. Amplifier 

classification, design analysis, feedback concepts, effect of feedback on the performance of BJT circuits 

is discussed. Oscillator classification and design analysis are also presented in this chapter. 

Chapter 5 explains fundamentals of communication, modulation/demodulation methods and their 

performance comparison. The chapter also discusses radio and television communication applications.

Chapter 6 covers fundamentals of important linear integrated circuits such as operational amplifier, timer 

and Phase-Locked Loops (PLLs). The internal architecture, characteristics and useful applications of 

these devices are discussed. The worked examples, multiple-choice questions and chapter-end summary 

aims to make the reader more confident in using these ICs in real-life applications.

Chapter 7 presents the fundamentals of switching theory and logic design, covering basics to real-world 

applications, both in combinational and sequential systems. Applications such as arithmetic circuits, 

latches, flip-flops, registers, counters, etc. are also discussed.

Chapter 8 deals with fundamentals of measuring and display instruments. Measuring instruments like 

voltmeters, ammeters, multimeters and display instruments like cathode ray oscilloscopes are discussed 

in this chapter. Measurements such as frequency and phase angle for signals are covered thoroughly.

Chapter 9 explains fundamentals of transducers. In real-world applications, transducers play a vital 

role and the chapter provides a very good introduction for readers.

Chapter 10 covers fundamentals of other very important semiconductor devices such as Field Effect 

Transistors (FETs), Metal Oxide Semiconductor FETs (MOSFETs), Unijunction Transistors (UJTs), etc. 

The fundamentals of device construction, characteristics, and configurations of operation are dealt with. 

Different biasing methods and applications of FETs are discussed to a large extent. Silicon Controlled 

Rectifier (SCR), another very important semiconductor device that finds strong applications in power 

electronics, is also presented in this chapter.

Considerable efforts have been put in to the layout of different chapters, preparation of the material 

and of presentation pedagogy. A large variety of exercise problems provided at the end of each chapter 

will certainly help the reader develop strong fundamental knowledge. I expect and hope that all readers 

would highly benefit from these pedagogical features during self-study. Budding engineers will find the 

text very useful in updating their knowledge base.

Online Learning Centre

The text is accompanied by an exhaustive Online Learning Centre which can be accessed at 

https://www.mhhe.com/aradhya/be1

This website contains the Solution Manual and PowerPoint Lecture slides.
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Important topics like 
LED Characteristics, 
MOSFET, Power Semi-
conductor Devices, 
Feedback Amplifiers 
and Oscillators, Shift 
Registers and Counters 
discussed in detail

1.13.4 Light-Emitting Diode

Unlike all other class and forms of diodes, there is one particular class of diode that is the light emit-

ting diode, popularly called LED which is very important in current-day applications. Semiconductor 

materials like Gallium Arsenide Phosphide (GaAsP) and Gallium Phosphide (GaP) are used in the 

manufacture of visible coloured LEDs such as red LED, green LED and orange LED. Recombination 

curve

10.3 MOSFETs

A field effect transistor can be constructed with the gate terminal insulated from the channel. A metal 

oxide semiconductor FET (MOSFET) or IGFET extension bits very high i/p impedance because of 

insulated gate terminal.

A MOSFET can be of two types:

(i) Depletion MOSFET

7.13 COUNTERS

A counter is a logic circuit that is used to count the sequence of operations. Normally, a T-FF is the ba-

sic building block of a counter. A counter is one of the most useful and versatile subsystems in a digital 

system. A counter driven by a clock can be used to count the number of external events. Since the clock 

pulses occur at known intervals of time, a counter can be used as an instrument for measuring time and, 

therefore, period or frequency. Based on the way the clock pulses are connected to individual T-FF, 

counters can be classified into two types: asynchronous or ripple counters and synchronous counters. A

basic

7.14 SHIFT REGISTERS

A register is a group of flip-flops arranged so that the binary numbers stored in the flip-flop are shifted 

from one flip-flop to the next for every clock pulse. Figure 7.51(a) shows a 4-bit shift register using JK

flip-flops working as D-FF. The flip-flops are arranged such that the output of FF-A is transferred into 

FF-B, the output of FF-B is transferred into FF-C and the output of FF-C is transferred into FF-D when 

a clock pulse is applied. There are a number of commercial shift registers available and IC-7495 is one 

Goals and Objectives

Upon completion of this chapter, the reader is expected to
➤ Recall all the basic concepts of bipolar junction transistors from Chapter 3
➤ Understand the basic need for BJT biasing and importance of Q-point
➤ Define the terms amplifier, gain and decibel and compute the gain of an amplifier
➤ Understand the basic principles and need of an amplifier
➤ Understand the parameters used for various classification of amplifiers
➤ Understand the applications of audio-frequency amplifiers and radio-frequency amplifiers
➤ Differentiate between single-stage and multistage amplifiers

4
BJT Amplifiers, 
Feedback and 
Oscillators

300 block diagrams 
and circuit diagrams 
to enhance under-
standing

Fig. 2.13 Full-wave rectifiers with C-filter

Fig. 3.3 Different forms of commercially available transistors

Fig. 4.6 Single-stage BJT amplifier



Chapter-end Summary 
provided for each 
chapter for quick 
recap of the concepts

Semiconductor Physics and PN Junction 41

Summary

After a detailed study of the complete concepts in this chapter, the following important inferences may 

be drawn:

➣ The conductivity of a semiconductor material lies in between that of a good conductor and an 

insulator.

➣ A covalent bond is a formed by the process of bonding of atoms through the electrons sharing

between the neighbouring atoms.

➣ Atomic number of a semiconductor decides the number of valence electrons in its outermost 

orbit.

➣ The number of free electrons in a semiconductor material and its conductivity can be signifi-

cantly increased by increasing the temperature.

➣ For a majority of semiconductor materials, the resistance decreases with an increase in tempera-

ture (negative temperature coefficient -a).

➣ An intrinsic material is a pure form of a semiconductor with zero or very low level of impurity. 

➣ An extrinsic material is an impure form of a semiconductor with an impurity added by a process 

called doping. 

➣ An N-type material is formed by adding a pentavalent impurity (donor atoms). In an N-type mate-

rial, electrons are the majority carriers and holes are the minority carriers.

➣ A P-type material is formed by adding a trivalent impurity (acceptor atoms). In a P-type material, 

holes are the majority carriers and electrons are the minority carriers.

➣ The region near the PN junction that has very few carriers is called the depletion region.

➣ In the forward-bias region, the diode current exponentially increases with increase in the bias 

voltage.

Goals and Objectives 
at the beginning of 
each chapter to 
introduce the topics

Goals and Objectives

Upon completion of this chapter, the reader of the book is expected to

➤ Understand the importance of electronics in everyday life

➤ Review the basics of atomic structure and energy levels of different materials

➤ Understand the general characteristics of important semiconductor materials 

like silicon, germanium, gallium arsenide, etc

➤ Understand the principle of electron and hole conduction

➤ Differentiate between N-type and P-type semiconductor materials

➤ Understand the characteristics of a PN junction under unbiased, forward-

biased and reverse-biased conditions

➤ Understand the importance and draw an equivalent circuit of a PN junction

➤ Understand the use of diode as a switch in electronic applications

➤ Understand the importance of diode capacitances: diffusion capacitance and 

transition capacitance

➤ Understand the use of diode capacitances in applications such as FM 

generation

➤ Understand the effect of reverse recovery time on performance of diode 

circuits

➤ Understand the working principle and characteristics of other semiconductor 

diodes

➤ Understand the concepts of Zener regulator, FM generation, LED display, etc.

➤ Understand the reading and interpretation of diode-specification sheets

➤ Do physical interpretation of concepts with a good number of examples 

provided 

➤ Feel confident in moving to the next chapter on diode applications

1
Semiconductor Physics 
and PN Junction

320 Solved Examples 
spread across the text 
to help students solve 
numerical problems 
related to the topics

Example 1.5

Find the current flowing through a PN junction when a potential of 0.2 V is applied across the junction 

at room temperature, given the junction current of 5 ¥ 10–7 A when a large reverse bias applied across 

the junction.

Solution Given IO = 5 ¥ 10–7 A, V = 0.2 V and T = 27°C 

We have Eq. (1.4); VT = T/11600 = 26 mV

We have diode current equation given by Eq. (1.2):

ID = IO (eV/h
VT – 1) A; h = 1 for germanium

= 5 ¥ 10–7(e0.2/1¥26 mV – 1) A = 5 ¥ 10–7(2191.426 – 1) A

D 1.095 mAI

In summary, the most important characteristic of a PN junction diode is its ability to offer very little 

resistance for the current flow in the forward direction and maximum resistance to current flow in the 

reverse direction. This property can be exploited in using the diode as an electronic switch. 

Example 4.2

A single-stage amplifier with an input of 250 mV produces an output of 1.5 V. What is the gain?

Solution Given vin = 250 mV and vo = 1.5 V

From Eq. 4.2(a), the voltage gain is

v
in

3

1.5
6

250 10

ov
A

v

-

=

= =
¥

Example 4.3

A single-stage amplifier offering a stage gain of 7.5 dB produces an output of 0.5 V. What is the input 

voltage needed?

Solution Given AV = 7.5 dB and vo = 500 mV

From Eq. (4.5) AV = 20 log
o

in

dB
v

v

Ê ˆ
Á ˜Ë ¯
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225 Review Questions 
to enhance theoretical 
grasp of the concepts

185 Exercise Problems 
to help students have 
practice in solving 
numerical problems

44 Basic Electronics

Exercise Problems

1. Calculate the amount of energy required to move a charge of 5 coulombs through a field set by a 

potential difference of 5 V.

2. A total energy of 36 eV is spent in moving a charge of x coulombs through a field set by a poten-

tial difference of 10 V. Determine the value of charge x.

3. Calculate the amount of the diode current at 10°C for a silicon diode with Io of 200 nA and an 

applied forward-bias voltage of 0.6 V.

4. Repeat Problem 3 for temperatures of (i) 27°C (room temperature), and (ii) 100°C (boiling point 

of water). 

5. Repeat Problem 3 for a temperature of 100°C assuming that Io has increased to 500 nA.

6.  (a) Calculate the amount of the diode current at 20°C for a silicon diode with Io = 200 nA and a 

reverse-bias potential of 10 V. 

(b) Comment on the result critically.

7.  (a) In the reverse-bias region, the saturation current of a silicon diode is about 0.1 mA at a tem-

perature of 20°C. Determine its approximate value if the temperature is doubled.

(b) Check whether the theory ‘current doubles for every 10°C rise in temperature’ holds good in 

the answer to part (a). 

8. If the reverse-bias potential for a diode changes from 10 V to 100 V, what will be the percentage 

change in the reverse saturation current of the diode?

9. Determine the forward voltage drop across a diode at temperatures of 27°C, 100°C and 125°C 

given a diode current of 10 mA. 

10. Determine the static or dc resistance of a diode whose VI characteristics is given in Table P10 

below at a forward current of 2 mA. 

Table P10

Sl. No. VD in volts ID in mA

1 0 0

2 0.1 0.01

3 0.2 0.02

4 0.3 0.04

5 0.4 0.5

6 0.5 1.0

7 0.6 10.0

8 0.7 28

9 0.75 59

10 0.78 99

11. Determine the dynamic or ac resistance of a diode whose VI characteristics is given in Table P10 

above around a forward current of 2 mA. 

12. Draw the piecewise linear equivalent circuit for the diode in Problem 10. 

13. Determine the dynamic (ac) resistance of the diode of Fig. P1.13 at a forward current of 10 mA 

using the equation rac = (DVD/DID)W.

Review Questions

1. Sketch the output waveform for the circuit of Fig. P6.1 for a sinusoidal input of 2V(peak).

2. Sketch the output waveform for the circuit of Fig. P6.1 for a sinusoidal input of 2V(peak) when Rin

is increased tenfold.

3. Sketch the output waveform for the circuit of Fig. P6.1 for a sinusoidal input of 2V(peak) when Rf  

is decreased tenfold.

4. For the circuit of Fig. P6.1, what is the maximum input signal that results in an undistorted 

output?

5. What is the role of level shifter in an op-amp? Explain.

6. What is the meaning of virtual ground? On what assumption do we arrive at this concept?

7. Sketch the output waveform for the circuit of Fig. P6.7 for a sinusoidal input of 2V(peak).

8. Sketch the output waveform for the circuit Fig. P6.7 for a sinusoidal input of 2V(peak) when Rin is

increased tenfold.

9. Sketch the output waveform for the circuit of Fig. P6.7 for a sinusoidal input of 2V(peak) when Rf  

is decreased tenfold.

10. For the circuit of Fig. P6.7, what is the maximum input signal that results in an undistorted out-

put?

11. List the major functions of each block in an op-amp.

12. Obtain the operating point for a dual input, balanced output DA.

13. What is the significance of off sets in an op-amp? 

14. What is the significance of input impedance in an op-amp?

15. What is the significance of output impedance in an op-amp?

16. What is the significance of slew rate in an op-amp?

17. What is the significance of CMRR in an op-amp?

18. What is the significance of PSRR an op-amp?

19. What is the significance of unity gain bandwidth ‘fU’ in an op-amp?

20. What is the significance of full power bandwidth ‘fP’ in an op-amp?

21. Draw the transfer characteristics for an op-amp and comment on region of uncertainty.

22. What is the role of a buffer in system design using op-amps?

23. Explain how a buffer is different from a non-inverter.

24. An even number of buffers are cascaded together. What is the output expected for a sine-wave 

input?

25. An integrator with a square-wave input is driving a differentiator. What is the expected output of 

this cascaded combination?

26. Comment whether designing an Inverting type Op-Amp Summer is complex or a Non-Inverting 

type Op-Amp Summer?
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Multiple-Choice Questions

1. All electronic circuits for their working and operation require 

(a) ac source (b) dc source (c) both (a) and (b) (d) no source

2. The electronic circuit that generates dc power from an available ac source is

(a) power supply (b) amplifier (c) oscillator (d) all the above

3. A power-supply unit consists of

(a) a rectifier (b) a filter (c) a regulator (d) all the above

4. The output of which unit of a power supply contains maximum dc components?

(a) A rectifier (b) A transformer (c) A filter (d) None

5. A transformer in a power-supply unit necessarily

(a) isolates high-tension unit from low-tension units

(b) steps down i/p

(c) amplifies i/p

(d) both (a) and (b)

6. The turns ratio in a transformer is related to primary and secondary parameters through

(a) N1/N2 = I1/I2 = V1/V2 (b) N1/N2 = I2/I1 = V2/V1

(c) N1/N2 = I2/I1 = V1/V2 (d) none

7. The rectifier of a power-supply unit is also called

(a) a converter (b) a transformer (c) an inverter (d) none

8. The output of a rectifier in a power-supply unit is

(a) a pure ac (b) a pure dc (c) a pulsating dc (d) none

9. The unit in a power supply that minimises the ripples is

(a) a rectifier (b) a transformer (c) a regulator (d) a filter

10. The ripple factor in a rectifier output is the signal ratio of

(a) output ac to output dc (b) output dc to output ac

(c) output ac to input ac (d) none

11. The unit in a power supply that provides constant dc against certain variations is

(a) a rectifier (b) a transformer (c) a filter (d) a regulator

12. The conversion efficiency of a full-wave rectifier output is ideally

(a) 0.48 (b) 1.21 (c) 0.812 (d) 0.406

13. The TUF in a half-wave rectifier is ideally

(a) 0.48 (b) 1.21 (c) 0.286 (d) 0.693

250 Short-Answer 
Questions for easy 
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Chapter 1:  Semiconductor Physics and 
PN Junction

1.1 Classify solid materials based on electrical properties

Ans Solid materials may be classified into the following three types: 

(i) Insulators, (ii) Conductors, and (iii) Semiconductors.

1.2 What do you mean by atomic number?

Ans The number of protons or electrons in an atom is called the “atomic 

number”.

1.3 Give the atomic number for silicon, carbon and aluminium.

Ans The atomic number for silicon is 14, for carbon it is 5, and for 

aluminium it is 13.

1.4 What do you mean by forbidden energy gap?

Ans The energy gap between the conduction band and the valence band 

is called ‘forbidden energy gap’. In conductors this gap is zero; in 

insulators, it is too high; and in semiconductors, it is reasonably small.

v
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Goals and Objectives

Upon completion of this chapter, the reader of the book is expected to

➤ Understand the importance of electronics in everyday life

➤ Review the basics of atomic structure and energy levels of different materials

➤ Understand the general characteristics of important semiconductor materials 

like silicon, germanium, gallium arsenide, etc

➤ Understand the principle of electron and hole conduction

➤ Differentiate between N-type and P-type semiconductor materials

➤ Understand the characteristics of a PN junction under unbiased, forward-

biased and reverse-biased conditions

➤ Understand the importance and draw an equivalent circuit of a PN junction

➤ Understand the use of diode as a switch in electronic applications

➤ Understand the importance of diode capacitances: diffusion capacitance and 

transition capacitance

➤ Understand the use of diode capacitances in applications such as FM 

generation

➤ Understand the effect of reverse recovery time on performance of diode 

circuits

➤ Understand the working principle and characteristics of other semiconductor 

diodes

➤ Understand the concepts of Zener regulator, FM generation, LED display, etc.

➤ Understand the reading and interpretation of diode-specification sheets

➤ Do physical interpretation of concepts with a good number of examples 

provided 

➤ Feel confident in moving to the next chapter on diode applications

1
Semiconductor Physics 
and PN Junction
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1.1 INTRODUCTION—ELECTRONICS AND ITS EVOLUTION

Almost every object we touch in our day-to-day life carries electronics in it. Be it a television, an air 

cooler, a refrigerator, a microwave oven, or an automobile, there is electronics involved in it. This means 

that electronics has become part and parcel of everyday life. It is important to note that the fundamental 

principles of electronics change very little over time. With the advances in technology, systems are be-

coming incredibly smaller while their speed of operation is increasing remarkably. Most devices today 

are simply an improvement over their predecessors rather than a new development. The major changes 

have been in the understanding how these devices work, their full range of capabilities and in improved 

methods of teaching, the fundamentals associated with them. The device miniaturisation in the field 

of electronics in recent years leaves us to wonder about its limits. Starting with gigantic vacuum tubes 

way back in the 1930s, tremendous developments have taken place till today. Invention of solid-state 

devices like semiconductor diodes in the early 1940s, bipolar junction transistors in 1945 and the field 

effect transistor in 1955, clearly indicate device shrinking. Then started the era of Integrated Circuits 

(ICs)—analog ICs such as Op-Amps, timers, phase-locked loops—and these are all results of contin-

ued innovations. Digital ICs such as basic gates, combinational circuits like multiplexers, de-multi-

plexers, encoders, decoders, Arithmetic Logic Units (ALUs), etc; and sequential circuits like flip-flops, 

counters, shift registers, memories, etc. have also been developed. Continuous developments started 

from ALU, later a microprocessor (mP) which is a system built around the ALU, then a microcontroller 

(mC) which is a system built around the mP, then an Application Specific IC (ASIC) and finally a 

System-On-Chip (SOC). Complete systems now appear on wafers that are much smaller than the single 

element of earlier networks. The first integrated circuit was developed in 1958 which contained only a 

few transistors on it, but today, processors like Intel’s Dual Core and Extreme quad-core have approxi-

mately 410 million transistors. Later, in the early 1960s, the microprocessor was developed. From then, 

a lot of developments resulted in microcontrollers, single-board micro-computers, ASICs and System-

On-Chip (SOC). Today, we see System-On-Package (SOP), System-On-Board (SOB), System-On-

Network (SON), etc. where a huge amount of functionality is packed into a small wafer. Therefore, we 

have obviously reached a point where the primary purpose of the integration is simply to provide some 

means to miniaturise the device or the system and to provide a mechanism for further enhancement of 

the network based on system requirements. On the surface, it appears that miniaturisation is limited 

by three factors: the quality of the semiconductor material used, the network design technique and the 

limits of the manufacturing and processing equipments. However, recent trends and developments in 

Very Large Scale Integration (VLSI) technology and Ultra Large Scale Integration (ULSI) technology 

reveal that there are other important limiting factors also; they are connectivity, path capacitances, path 

resistances and many more.

Table 1.1 Evolution of electronics

Sl. No. Device Year Inventor

1 Vacuum-tube diode 1904 J A Fleming

2 Junction diode Early 1940s Russel Ohl

3 Junction transistor 1945 William Shockley, John Bradeen and Walter H 

Brattain

4 Field Effect Transistor (FET) 1955 Ian M. Ross and G C Dacey

5 Integrated Circuit (IC) Late 1950s Jack St. Kilby



Goals and Objectives

Upon completion of this chapter, the reader is expected to

➤ Recall all the basic concepts of conventional PN junction diodes from 

Chapter 1

➤ Understand the concept of diode load line and its analysis

➤ Understand the basic block diagram of a power-supply unit

➤ Understand the importance of each unit in a power-supply unit

➤ Understand the process of rectification and classify rectifiers

➤ Understand the working of half-wave and full-wave rectifiers

➤ Understand performance parameters like ripple factor and efficiency of 

rectifiers

➤ Understand performance parameters like form factor and TUF of rectifiers

➤ Compare different types of rectifiers and choose the best for an application

➤ Understand the need and the process of filtering in a power-supply unit

➤ Understand the working of different forms of filters

➤ Understand the importance of minimising ripple factor in the rectifier output

➤ Compare different types of filters and choose the best for an application

➤ Understand the need and process of regulation in a power-supply unit

➤ Understand the working of a Zener voltage regulator

➤ Understand performance-parameter voltage regulation in regulators

➤ Understand the limitations of a Zener voltage regulator

➤ Understand the need and process of a voltage multiplier circuit

➤ Understand the need and process of a clipping circuit

➤ Be able to predict the output response of a clipper circuit for a given input

➤ Understand the need and process of a clamping circuit

➤ Be able to predict the output response of a clamper circuit for a given input

➤ Become familiar with some basic gate circuits using diodes

➤ Become familiar with some other important applications of diodes

➤ Feel confident in moving to the next chapter, i.e. BJTs

2Diode Applications
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2.1 INTRODUCTION

In Chapter 1, the construction, VI characteristics and energy-band diagrams of various important semi-

conductor diodes were introduced. Based on the knowledge gathered from Chapter 1, you will be able 

to study a few of the chapters to come in this text. In Chapter 2, we will develop and understand various 

applications of these diodes and in particular we will design and develop important applications of a 

conventional PN junction diode such as a rectifier, a voltage multiplier, a clipper, a clamper, etc. The 

concepts used in analysis of the circuits to be introduced in this chapter are very important and prove to 

be fundamentals. Once we understand the basic behaviour of a device, it is then very easy to examine 

and verify the function and response in a variety of configurations. Now, with the basic knowledge of 

the behaviour and characteristics of a diode, we will study and examine some of the most important 

applications such as rectifiers, regulators, voltage multipliers, wave shaping circuits (clippers and clam-

pers), etc. In the analysis of these electronic circuits, we can use either the actual characteristics or an 

approximate model for the device without much differences in the results obtained. In the beginning, 

we will include the actual characteristics of the diode in order to clearly demonstrate how the device 

characteristics and the circuit parameters are interconnected. After gaining confidence in the results so 

obtained, the approximate piecewise linear model can be employed to verify the results. The results 

obtained using the actual characteristics may be at the most slightly different from those obtained using 

a series of approximations. This is because the characteristics obtained for a device will certainly have 

a slight deviation from that of an actual device given in the specification sheet. Also, the other elements 

of the network like resistors, supply sources, etc. do have some tolerance levels mentioned for them 

and hence a response obtained using an approximate models readily acceptable for most practical ap-

plications.

This chapter starts with an introduction to power-supply unit. In Section 2.2, a power-supply block 

diagram is presented; it contains various blocks that form any basic power supply. Later, in the follow-

ing sections, each block from the power supply is discussed thoroughly and the related design aspects 

are also presented. Further, other diode applications such as voltage multipliers, wave-shaping circuits 

like clipping circuits and clamping circuits, short-circuit protections, etc. are considered. The chapter 

concludes with a summary.

2.2 POWER-SUPPLY BLOCK DIAGRAM

A power-supply unit basically converts the available input ac signal into the dc signal that is much 

needed for all electronic circuits, devices and applications. The block diagram of a conventional power 

supply is presented in Fig. 2.1 and consists of blocks for rectification, smoothening the rectified signal 

and regulation.

Fig. 2.1 Power-supply block diagram

Table 2.1 illustrates the complete input and output waveforms for various blocks in a power supply. 

It can be observed here that a pure and stable dc output is obtained at the output of the regulator.
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Table 2.1 Waveforms at various points in a power supply.

Sl. No Block Name Input Waveform Output Waveform Remarks

1 Transformer Vm¢ < Vm if N2 < N1 and

Vm¢ > Vm if N2 > N1

(depends on the turns ratio).

2 Rectifier For HWR, there will be only 

half-rectified output.

3 Filter Depending on the filter type, 

the output may slightly vary.

4 Regulator Amount of dc output depends 

mainly on filter and regulation 

of regulator.

1. Transformer

Most electronic circuits require considerably lower power and voltage. The transformer used here 

serves to convert the ac line voltage available to a voltage level that is more appropriate to the needs of 

the circuit under design. And also, the transformer provides an electrical isolation between the ac line 

and the circuit being powered, thereby avoiding any risk of shocks, which is an important safety con-

sideration. The output of the transformer is still an ac signal and now an appropriate magnitude for the 

circuit to be powered is obtained by using a step-down transformer. The load voltage required decides 

the transformer secondary voltage and is obtained by using a suitable turns ratio (ratio of primary to 

secondary turns) for the transformer. The number of primary turns N1, the number of secondary turns 

N2, the primary current I1, the secondary current I2, the primary voltage V1 and the secondary voltage 

V2 in a transformer are related to each other through the following relationship:

= =1 1 2

2 2 1

N V I

N V I
(2.1)

2. Rectifier

The stepped-down signal from the transformer is then fed to a rectifier which is the next block in the 

power-supply unit. A rectifier is a circuit that converts the input ac (bipolar) signal into a dc (unipolar) 

signal and is available in several different forms. The output of the rectifier is a pulsating dc with a lot 

of variations called ripples. These ripples can be minimised and the output can be smoothened by using 

a circuit called a filter. This is clearly indicated in the waveforms shown in Fig. 2.1.

3. Filter

The output from the rectifier is still not suitable to power the actual load circuit because it is a pulsating 

dc. The pulsations typically vary from 0 volts to the peak output voltage of the transformer Vm. This be-

ing very undesirable, a smoothing circuit called filter is used and the ripples are minimised. A filter is a 

circuit that minimises the amount of ac components from the rectified dc signal and hence improves the 
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quality of the output signal. Several forms of filters are commercially available and some of the RLC

filters will be discussed in this text. RLC filters are passive filters and are very cost-effective to imple-

ment. The pulsations are now reduced to a very small value as indicated in the diagram.

4. Regulator

The pulsating dc output from the rectifier can be filtered to an extent where the ripples are negligible 

and the output almost looks like a straight line. This is what is desirable for all applications; however, 

this dc output voltage is very sensitive to any fluctuations in the input-line voltage or the output load 

demand and needs a measure to control this fluctuation. The circuit used to stabilise such a fluctuation 

is called a regulator that follows the filter as indicated in the block diagram. Several forms of regulators 

are commercially available and we will consider only a simple Zener voltage regulator.

2.3 LOAD-LINE ANALYSIS

The circuit shown in Fig. 2.2 is a simple diode configuration in which the circuit elements are a voltage 

source V and a resistor R. It will be used to describe the analysis of a diode circuit using its actual char-

acteristics. After the analysis (solving for different voltages and currents), an approximate model can 

be derived and we can replace the actual characteristics by this approximate model for the diode and 

compare solutions. Solving the circuit of Fig. 2.2(a) means finding the current and voltage levels that 

will satisfy both the characteristics of the diode and the chosen network parameters at the same time.

Fig. 2.2 Load-line analysis

In Fig. 2.2, the diode VI characteristics are placed on the same set of axes as that of the straight line 

defined by the circuit parameters. The straight line is drawn by considering two points Vmax and Imax

based on the circuit conditions. Vmax corresponds to a point where the circuit voltage is obtained by 

using Kirchhoff’s voltage law given by Eq. (2.2) and it is Vmax = V which is possible only when VD is 

zero or in other words when Rf is zero. Similarly, Imax corresponds to a point where the circuit current 

is given by V/R (using Ohm’s law) which is possible only when VD is zero or in other words when Rf is 

zero as given by Eq. (2.3). Now, a straight line can be drawn joining these two points and every point 

on this line corresponds to an ordinate representing a voltage and a corresponding circuit current. This 

line is called load line because every point on this line represents a load and a corresponding voltage 

and the analysis using this line is, therefore, called load-line analysis. Applying Kirchoff’s voltage law 

to the circuit of Fig. 2.2(a), we can write the following relations:

V = VD + VR (2.2)
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V = IDRf + IDRL (2.3)

In Fig. 2.2(a), the external dc supply connected establishes a conventional current ID in the di-

rection indicated in the diagram. The direction of this current or the applied voltage forward biases 

the diode resulting in a voltage across the diode VY (approximately around 0.7 V for Si diode). The 

intersections of the load line on the characteristics of Fig. 2.2 can be determined by applying Kirch-

hoff’s voltage law. The two variables of Eq. (2.2) and Eq. (2.3), VD and ID, are the same as the diode 

axis variables of Fig. 2.2(b). This similarity permits plotting Eq. (2.3) on the same characteristics of 

Fig. 2.2(a). The intersections of the load line on the characteristics can easily be determined. If we set

the voltage VD = 0 (i.e. Rf = 0)in Eq. (2.3) and solve for ID, we have the magnitude of ID on the verti-

cal axis as given by Imax= V/RL. Similarly, if we set the current ID = 0 in Eq. (2.3) and solve for VD,

we have the magnitude of VD on the horizontal axis as given by VD = V = Vmax. A straight line drawn 

between the two points will define the load line as depicted in Fig. 2.2(b) and any change in the level 

of R (the load), the intersection on the vertical axis will change. The result will be a change in the 

slope of the load line. The current ID is in reality, the current through the circuit, i.e. through a series-

connected diode and the load resistor of Fig. 2.2(a). The point of operation is called the quiescent point

(Q-point) or operating point. The solution obtained at the intersection of the two curves is the same as 

would be obtained by solving a simultaneous mathematical solution. The load-line analysis described 

above provides a solution with a minimum effort. 

Example 2.1

Assuming a silicon diode, for the diode circuit shown in Fig. 2.3, determine the operating point Q;

given the value of load resistor as 500 W.

Fig. 2.3 For Example 2.1

Solution Using Eq. (2.3) and assuming Rf = 0, we get

Imax = =
L

5

500

V

R

Imax = 10 mA

Similarly, using Eq. (2.2) with VD = 0, = Vmax = 5 V

Plotting the load line on the given VI curve, the point of intersection can be obtained; this results in 

the Q-point

VDQ = 0.65 V and IDQ = 8.5 mA

as indicated in Fig. 2.3(c).

For More Books
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Note:

1. Since ideal diode is assumed for approximate analysis, whether it is a Si or Ge diode will not re-

ally matter.

2. Now, with VDQ = 0.65 V and IDQ = 8.5 mA, the diode resistance is given by

= = ◊ W
DQ

f
DQ

0.65
5 mA = 76.47

8

V
R

I

This will slightly tilt the load line and this tilt is negligible.

Example 2.2

Assuming a silicon diode, for the diode circuit shown in Fig. 2.4, 

determine the values of VD, ID and VR given the value of the load 

resistor as 1800 W.

Solution With the applied source of 10 V, the diode will be for-

ward biased and being a silicon diode

VD = 0.7 V

Now, using Eq. (2.2), we can write

VR = V – VD

= (10 – 0.7) V = 9.3 V

Now, using Eq. (2.3), we can write

VR = ID ¥ RL

i.e. ID = IR = =R

L

9.3

1800

V

R
 = 5.17 mA

2.4 RECTIFIERS: HALF-WAVE RECTIFIER

As shown in Fig. 2.1, the first block in the power-supply unit is a rectifier or a converter. A rectifier is a 

circuit that converts the ac (bipolar) signal at the input into a dc (unipolar) signal at the output. Rectifi-

ers can be broadly classified into two types: single-phase rectifiers and polyphase rectifiers; controlled 

rectifiers and uncontrolled (conventional) rectifiers. A polyphase rectifier converts each phase of the 

ac signal into a dc signal; it is beyond the scope of this text and hence will not be discussed; however, 

controlled rectifier basics will be discussed in Chapter 10. In this chapter, single-phase rectifier types, 

its working, performance analysis and design issues are completely discussed. Rectifiers (single-phase 

and polyphase) can be further classified into two types: half-wave rectifiers and full-wave rectifiers. 

A Half-Wave Rectifier (HWR) converts only one-half cycle (either positive or negative) of the input 

bipolar ac into a dc output. The circuit diagram and the input/output waveforms of a half-wave rectifier 

are shown in Fig. 2.5. The circuit contains a transformer that steps down the input ac magnitude de-

pending on the requirement and provides the necessary isolation avoiding any risk of shocks. The turns 

ratio for the transformer decides the magnitude of the secondary voltage Vi. RL represents the load for 

the circuit and it is assumed to be a pure resistor for simplicity and ease of analysis.

Working

Let Vi = Vm sin wt be the input signal at the transformer secondary; it is a sinusoidal signal with maxi-

mum amplitude Vm. During the positive half-cycle of the input, the point A being positive with respect 

Fig. 2.4 For Example 2.2
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to the point B, the diode will be forward biased. Diode starts conduction resulting in a current ID flow-

ing through the load resistor RL and the diode continues to conduct for the entire positive half-cycle, 

i.e. from wt = 0 to P. During the negative half-cycle of the input, the point A will be negative with 

respect to the point B and the diode will be reverse biased. The diode stops conduction and hence there 

is no current flowing through the load RL for the entire negative half cycle. Thus, between wt = P to 

2P, the circuit current is zero and the output V0 is also zero as indicated in Fig. 2.5(b). It can, therefore, 

be observed that for one cycle of input, there is a current flowing for one half-cycle, hence the name 

half-wave rectifier. This can be further substantiated using the equivalent circuits shown in Fig. 2.6. 

During positive half-cycle, the diode is a closed switch and the voltage across the conducting diode 

is simply equal to VY. Similarly, during the negative half-cycle, the diode is an open switch and the 

voltage across the nonconducting diode is simply equal to – Vi. During the negative half-cycle of the 

input, the open-circuited diode observes a reverse voltage which is following the input voltage and has 

its maximum value Vm. This maximum reverse voltage across the diode is known as the Peak Inverse 

Voltage (PIV) and is indicated in Fig. 2.6(c). It is essential to note that PIV rating for a diode will be 

available in the manufacturer’s specification sheet, but the circuit in which the diode is working will 

decide the maximum value of PIV that is appearing across the reverse biased diode. This value should 

be well below the specification in the data sheet so that the diode is not damaged. Thus, the diode used 

for a half-wave rectifier should have a PIV rating that is greater than or at least equal to Vm so that the 

device is not damaged.

Fig. 2.6 Half-wave rectifier equivalent circuits

Fig. 2.5 Half-wave rectifier
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PIV = Vm 2.4(a)

Looking at the output waveform, it is clear that for every cycle of the input, there are two cycles of 

output and hence we have the output frequency

fO = fi 2.4(b)

Now, the performance of a half-wave rectifier can be determined by measuring various parameters 

such as the rectification efficiency, ripple factor, transformer utilisation factor, form factor, etc. The 

estimation of these parameters is done in the following sections from 2.4.1 to 2.4.6.

2.4.1 Rectification Efficiency of HWR (hHWR)

One of the important parameters that can be used to measure the performance of a rectifier is the 

conversion efficiency. It speaks about the ability of a rectifier in converting an ac input into useful dc 

output. The rectification efficiency of a rectifier is defined as the ratio of the dc power at the output to 

the ac power at the input. It is represented by the Greek letter h.

dc

ac

2
Ldc

2
rms L f S

dc power output
100%

ac power input

output
100%

input

( ) at the /
100%

( ) at the /

P

P

I R O P

I R R R I P

h

h

h

= ¥

= ¥

= ¥
+ +

(2.5)

where Rf is diode forward resistance and Rs is transformer secondary winding resistance; practically, 

RS << Rf and can be neglected.

Average Output Voltage

Now, the average output voltage or the dc output voltage, across the load, is obtained by integrating the 

output voltage waveform between 0 and 2P and averaging it over 2P (the repetitive period).

2
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1
=

2
V V V d tw

P

=
P Ú

Since the diode is assumed to be ideal, Vo is replica of Vi and hence;
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Here, VS is the transformer secondary rms voltage (rated voltage). Similarly, the average or the dc 

current through the load is given by integrating the output current between 0 and 2P and averaging it 

over 2P.

2

o(dc) o
0

m

o(dc) m s

1

2

0.318 0.45

I I d t

I
I I I

w

P

=
P

= = =
P

Ú

(2.7)

Here, IS is the transformer secondary rms current (rated current).

For a half-rectified sine wave, we can calculate the rms value of output voltage at the load resistance 

as below;

w

w w

w w

P

P

P

=
P

=
P

= -
P

=

Ú

Ú

Ú

2
2

(rms) i
0

2
2

(rms) m
0

2
m

(rms)
0

m

(rms)

1
( )

2

1
( sin )

2

(1 cos 2 )
2

2

V V d t

V V t d t

V
V t d t

V
V [2.8(a)]

Similarly, the rms value of output current through the load resistance is

m

(rms)
2

I
I = [2.8(b)]

Using Eq. (2.7) and Eq. [2.8(b)] in Eq. (2.5), the final expression for efficiency can obtained:

2
m

L

2
m

L f

f2

L

[ ]
( ) at the /

[ ]
100%

[ ]
( ) at the /

[2]

4
100%

1

I
R o p

I
R R i p

R

R

p
h

h

p

= ¥

+

= ¥
Ê ˆ
+Á ˜Ë ¯

(2.9)

But, Rf << RL and hence can be neglected; this results in a maximum efficiency

max 2

4
100% 40.6%

n
h = ¥ = (2.10)

Equation (2.10) clearly indicates that the maximum achievable conversion efficiency is only 40.6% in 

HWR and hence this rectifier is not a better choice for many applications.
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2.4.2 Ripple Factor of HWR (gHWR)

Another important parameter that can be used to measure the performance of a rectifier is the ripple 

factor. It speaks about the quality of the dc output of a rectifier. The ripple factor of a rectifier is defined 

as the ratio of rms value of ac component in the output to the dc component present in the output. It is 

represented by the Greek letter g.

ac

odc

rms value ac component in output
100%

Actual dc component in output

( / )
100%

dc ( / )

V O P

V O P

g

g

= ¥

= ¥ (2.11)

From the basics of electrical sciences, we can write the relationship between rms value, average 

value and the ac value of a voltage signal as below:

V2
rms = V2

ac + V2
dc

Vac = = -2 2
ac rms dc

V V V (2.12)

Substituting Eq. (2.6) and Eq. (2.12) in Eq. 2.11, we obtain

2
rms

2
o dc

1
V

V
g = -

(2.13)

Substituting Eq. (2.6) and Eq. (2.13) in Eq. (2.12), we obtain

g
p

p
g

Ê ˆ
= -Á ˜Ë ¯

È ˘Ê ˆ= -Í ˙Á ˜Ë ¯Î ˚

2

m

m

2

/2
1

/

1
2

V

V

g = 1.21 (2.14)

Thus, Eq. (2.14) obtained for ripple factor clearly indicates that the output of a half-wave rectifier 

is of poor quality since it contains more ac components than the required dc components. Once again, 

this result makes the HWR unsuitable for many applications.

2.4.3 Transformer Utilisation Factor of HWR (TUFHWR)

Another very important parameter that can be used to analyse the performance of a rectifier circuit is 

the transformer utilisation factor, popularly called the TUF. A TUF indicates the ability of the rectifier 

circuit in utilising the available transformer secondary power. It is defined as the ratio of the dc power 

output to the rated ac power for the transformer secondary.

dc

ac

( / )
TUF = 100%

(rated)

P O P

P
¥
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The rated voltage of the transformer secondary is given by VS(rated) = 
m

2

V

But, the rms current drawn actually from the winding is only Irms = 
m

2

I

2
Ldc

rms rms

2
m

L2

m m

2
m

2
L

2
m m

L

TUF 100%

100%

22

1

2 2
100% 100%

22

I R

V I

I
R

V I

V

R

V V

R

p

¥
= ¥

¥

¥
P= ¥

¥

¥
P

= ¥ = ¥

¥

TUF = 0.287 (2.15)

Thus, Eq. (2.15) obtained for transformer utilisation factor clearly indicates that in a half-wave recti-

fier, the utility of the available transformer secondary power is very poor and is only 28.7%. Hence, it is 

very essential to look for an alternate form of rectifier circuit that best utilises the available transformer 

secondary power.

Example 2.3

In the circuit of Fig. 2.5(a), if the transformer has a turns ratio of 10:1, find the transformer secondary 

voltage and rectification efficiency. The Si diode used is assumed to have a forward resistance of 12 W
and load resistance is 2 kW.

Solution Using Eq. (2.1), we can write

1 1 2

2 2 1

N V I

N V I
= =

2

2 1
1

1
220 22 V

10

N
V V

N
\ = ¥ = ¥ =

Using Eq. (2.9), we can write

f2

L

2

4
100%

1

4
100%

12
1

2000

R

R

h

p

p

= ¥
Ê ˆ
+Á ˜Ë ¯

= ¥
Ê ˆ+Ë ¯

h = 40.287%
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2.4.4 Form Factor of HWR (FHWR)

Form factor of a rectifier can be defined as the ratio of the rms value of the signal at the output to the 

average value or dc value of the signal at the output. Mathematically, a form factor can, therefore, be 

given by the equation

( )
( )

rms

dc

m

m
m

/
100%

/

2
100% 100% 1.57 100%

2

V O P
F

V O P

V

F
V

V

= ¥

Ê ˆ
Á ˜Ë ¯ P= ¥ = ¥ = ¥

Ê ˆ
Á ˜Ë ¯P

(2.16)

A form factor is related to ripple factor through the equation = -2 1Fg

2.4.5 Peak Factor of HWR

Peak factor in an HWR is given as the ratio of peak value of the signal to its rms value.

m m

s

Peak value ( )
Peak factor 100% 100%

rms value ( )

2

m

V V

V V
= ¥ = ¥

Ê ˆ
Á ˜Ë ¯

Peak factor = 2 ¥ 100% (2.17)

where Vmax is the maximum voltage value of the ac supply and VS is the rms value of the supply voltage.

2.4.6 Regulation of HWR

The variation of the dc output voltage with respect to the dc load is termed voltage regulation for a 

rectifier. It can be defined as the ratio of change in output voltage from no-load condition to full-load 

condition expressed as a percentage with respect to the full-load voltage.

-
¥

noload full load

full load

Regulation = 100%
V V

V
(2.18)

In a half-wave rectifier, the variation of Vdc as function of Idc can be given as follows;

m

L fm

dc

V

R RI
I

Ê ˆ
Á ˜+Ë ¯

= =
P P

Solving the above equation for Vdc = Idc ¥ RL, we get

= - ¥
P
m

dc dc f

V
V I R (2.19)
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\
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È ˘
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dc f

m
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Regulation = 100%

V V
I R

V
I R

s f

L

Regulation = 100%
R R

R

+È ˘
¥Í ˙

Î ˚
(2.20)

It is interesting to note that in Fig. 2.5(a), the HWR, the pos-

itive half-cycle of the input is rectified and appears at the output 

while the negative half-cycle is removed from the output. In the 

circuit provided, reversing the direction of diode results in a 

half-rectified output which is for the negative half-cycle of in-

put. Here, the positive half-cycle of the input is removed from 

the output and produces a negative output. This is indicated in 

Fig. 2.7; where the diode D1 results in a conventional output 

and the diode D2 results in an inverted form of output.

Example 2.4

Calculate the dc current (Idc) flowing through a 100 W resistor and the power consumed by the load 

connected to a 240 V single-phase half-wave rectifier as shown in Fig. 2.5(a).

Solution Using Eq. (2.6), we can write

V0(dc) = 
P
mV

 = 0.318 Vm = 0.45 Vs

V0(dc) = 0.45 Vs = 0.45 ¥ 240

V0(dc) = 108 V

Similarly, I0(dc) = =dc

L

108

100

V

R
 = 1.08 A

Power P = I2 RL

= 1.082 ¥ 100 = 116 W

2.5 RECTIFIERS: CENTRE-TAPPED FULL-WAVE RECTIFIER

It is observed from Eq. (2.6) that the dc level in the output of an HWR is merely 0.45VS and from 

Eq. (2.14), the ripple factor is 1.21. Both these results indicate a need for improving the dc level and 

reducing the ac components. The dc level obtained from a sinusoidal input can be improved 100% us-

ing another circuit called full-wave rectifier. A Full-Wave Rectifier (FWR) converts the entire input 

bipolar ac (both positive and negative half-cycles of the input) into a dc output. The circuit diagram 

and the input/output waveforms of a full-wave rectifier are shown in Fig. 2.8. The circuit contains a 

transformer that steps down the input ac magnitude depending on the requirement and provides the 

necessary isolation avoiding any risk of shocks. Unlike in the case of an HWR, here the transformer is 

a centre-tapped one and thus provides two ac signals at the secondary named V1 and V2. The two signals 

Fig. 2.7  Two half-wave rectifiers 

forming an FWR
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are almost equal in magnitude and exactly phase opposite to each other (V1 = –V2). The turns ratio for 

the transformer decides the magnitude of the secondary voltages V1 and V2. RL represents the load for 

the circuit and it is assumed to be a pure resistor for simplicity and ease of analysis. 

Fig. 2.8 Centre-tapped full-wave rectifier

Working

Let Vi = V1 = Vm sin wt be the input signal at the transformer secondary (V2 = Vm sin wt ± wt); it is a 

sinusoidal signal with maximum amplitude Vm. During the positive half-cycle of the input, the point 

A being positive with respect to the point C, the diode D1 will be forward biased, however, the point B

being negative with respect to the point C, the diode D2 will be reverse biased. Diode D1 starts conduc-

tion resulting in a current ID flowing through the load resistor RL in the direction marked for the entire 

positive half cycle, i.e. from wt = 0 to P, and the diode D2 will be in OFF condition. During the negative 

half-cycle of the input, the point B will be positive with respect to the point C and the diode D2 will be 

forward biased, the point A will be negative with respect to the point C and the diode D1 will be reverse 

biased. Diode D2 starts conduction resulting in a current ID flowing through the load resistor RL again 

in the same direction (as earlier) for the entire negative half-cycle, i.e. from wt = P to 2P and the diode 

D1 will be in OFF condition. Thus, between wt = 0 to P, D1 conducts and results in an output, between 

wt = P to 2P, D2 conducts and results in an output. Vo is also zero as indicated in Fig. 2.8(b). It can 

therefore be observed that for both cycles of input, there is a current flowing, hence the name full-wave 

rectifier. This can be further substantiated using the equivalent circuits shown in Fig. 2.9. During the 

positive half-cycle of the input diode D1 is a closed switch and the voltage across the conducting diode 

is simply equal to Vg; also, the diode D2 is an open switch and the voltage across the nonconducting 

diode is simply equal to secondary transformer voltage (V1 + V2). Similarly, during negative half-cycle, 

the diode D2 is a closed switch and the voltage across the conducting diode is simply equal to Vg; also, 

the diode D1 is an open switch and the voltage across the nonconducting diode is simply equal to the 

secondary transformer voltage (V1 + V2). During the positive half-cycle of the input, the open-circuited 

diode D2 observes a reverse voltage which has a maximum value of 2Vm and during the negative half-

cycle of the input, the open-circuited diode D1 observes a reverse voltage which has a maximum value 

of 2Vm. This maximum reverse voltage across the diodes is known as the Peak Inverse Voltage (PIV). 

As already mentioned, it is important to note that PIV rating for a diode will be available in the manu-

facturer’s specification sheet, but the circuit in which the diode is working will decide the maximum 

value of PIV that is appearing across the reverse-biased diode. This value should be well below the 

specification in data sheet so that the diode is not damaged. Thus, the diode used for a full-wave recti-

fier should have a PIV rating that is greater than or at least equal to 2Vm as against just Vm in an HWR, 

so that the device is not damaged.
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Fig. 2.9 Full-wave rectifier equivalent circuits

PIV = 2Vm [2.21(a)]

Looking at the output waveform, it is clear that for every cycle of the input, there are two cycles of 

output and hence we have the output frequency 

fO = 2 ¥ fi [2.21(b)]

Now, the performance of a centre-tapped (two-diode FWR) full-wave rectifier can be determined by 

measuring various parameters such as the rectification efficiency, ripple factor, transformer utilisation 

factor, form factor, etc. just like in the case of an HWR. The estimation of these parameters is done in 

the following sections from 2.5.1 to 2.5.6.

Example 2.5

In the circuit of Fig. 2.8(a), if the transformer secondary has a voltage V1 = 15 sin 100t, find the dc 

output voltage, rectification efficiency and output frequency of the rectifier. The Si diodes used are as-

sumed to have a forward resistances of 15 W each and load resistance is 1.5 kW.

Solution Using Eq. (2.23), we can write

Vo(dc) = 
P

m2V
 = 0.637Vm = 0.9003 Vs

Vo(dc) = 0.637Vm = 0.637 ¥ 15

Vo(dc) = 9.56 V

Similarly, Io(dc) = =
odc

L

9.56

100

V

R
 95.6 mA

Power P = I2 RL

= 95.6 mA2 ¥ 100 = 0.914 W

Using Eq. (2.26), we can write

f2

L

2

8
100%

1

8
100%

15
1

1500

R

R

h

p

p

= ¥
Ê ˆ
+Á ˜Ë ¯

= ¥
Ê ˆ+Ë ¯

h = 80.2544%
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Using Eq. [2.21(b)], we can write for an FWR fO = 2 ¥ fi

But, fi = =
P P

100

2 2

w

= 15.92 = 16 Hz

\ fO = 2 ¥ fi

= 2 ¥ 16

fO = 32 Hz

It is again interesting to note that in Fig. 2.8(a), the FWR, 

reversing the direction of diodes result in positive full-rectified 

output. In Fig. 2.10, two sets of diodes are used to produce 

both positive and negative outputs; diodes D1 and D2 produce

positive output, while diodes D1¢ and D2¢ produce negative out-

put as indicated. This form of the output is useful for certain 

applications where negative power supply is needed.

2.5.1 Rectification Efficiency for FWR(hCTFwR)

As already discussed in Section 2.4.1, one important parameter that can be used to measure the perfor-

mance of a rectifier is its conversion efficiency. It speaks about the ability of a rectifier in converting an 

ac input into useful dc output. The rectification efficiency of a rectifier is defined as the ratio of the dc 

power at the output to the ac power at the input(h).

( )
( )

dc

ac

2
dc

2
rms

dc power output
100%

ac power input

/
100%

/

[ RL ] at the /
100%

[ ( )] at the /L f S

P O P

P I P

I O P

I R R R I P

h

h

h

= ¥

= ¥

= ¥
+ +

(2.22)

where Rf is the diode forward resistance and Rs is the transformer secondary winding resistance; prac-

tically, RS << Rf and can be neglected.

Average Output Voltage

Now, the average output voltage, or the dc output voltage across the load for an FWR, is obtained by in-

tegrating the output voltage waveform between (the repetitive period) 0 and P and averaging it over P.

Vo(avg) = w
p

P
= Úo(dc) o

0

1
V V d t

Since the diode is assumed to be ideal, Vo is a replica of Vi and hence,

Fig. 2.10  Full-wave rectifier—an 

alternate form
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(2.23)

Similarly, the average or the dc current through the load is given by integrating the output current be-

tween (the repetitive period) 0 and P and averaging it over P.
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(2.24)

For a full-rectified sine wave, we can calculate the rms value of output voltage at the load resistance as

2
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2
rms m

0
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rms
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1
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[2.25(a)]

Similarly, the rms value of output current through the load resistance is

m

rms
2

I
I = [2.25(b)]

Using Eq. (2.24) and Eq. [2.25(b)] in Eq. (2.22), we can arrive at the final expression for efficiency:
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2
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(2.26)

But, Rf << RL and hence can be neglected; this results in a maximum efficiency
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max 2

8
100% 81.2%h

p

= ¥ = (2.27)

Equation 2.27 clearly indicates that the maximum achievable conversion efficiency is now 81.2% in an 

FWR against 40.6% in an HWR. This is exactly doubled and hence this rectifier is a better choice for 

an application.

Example 2.6

Calculate the dc current (Idc) flowing through a 100 W resistor and the power consumed by the load 

connected to a 240 V single-phase full-wave rectifier as shown in Fig. 2.8(a). Estimate the PIV for each 

diode.

Solution Using Eq. (2.23), we can write

Vdc = 0.637Vm

= 0.673 ¥ 15 = 9.556 V

Similarly, we have

Idc = Vdc/RL

= 9.556/100 = 95.56 mA

Now, power is given by

P = Vdc ¥ Idc

= 9.556 ¥ 95.56 mA = 0.9131 W

Using Eq. 2.21(a), we can observe that each diode faces a

PIV = 2Vm

= 2 ¥ 15 = 30 V

2.5.2 Ripple Factor for FWR(gCTFWR)

Another important parameter that can be used to measure the performance of a rectifier is its ripple 

factor. It speaks about the quality of the dc output of a rectifier. The ripple factor of a rectifier is defined 

as the ratio of rms value of ac component at the output to the dc component present in the output. It is 

represented by the Greek letter g.

g = ¥
rms value ac component in output

Actual dc component in output
100%%

/

/
%g =

( )
( )

¥
V O P

V O P

ac

dc

100

(2.28)

From the basics of electrical sciences, we can write the relationship between rms value, average value 

and the ac value of a voltage signal as below:

= +2 2 2
rms ac dc

V V V

\ = -2 2
ac rms dc

V V V (2.29)
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Substituting Eq. (2.23) and Eq. (2.29) in Eq. (2.28), we obtain

g

g

p

p
g

= -

Ê ˆ
Á ˜
Ë ¯

= -
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1
8

m

V

V

V

V

(2.30)

g = 0.482 (2.31)

Thus, Eq. (2.31) obtained for ripple factor clearly indicates that the output of a full-wave rectifier is 

relatively of good quality in comparison to that of an HWR. It contains only 48.2% of ac components 

as against 121% in an HWR.

2.5.3 Transformer Utilisation Factor for FWR(TUFCTFWR)

Another very important parameter that can be used to analyse the performance of a rectifier circuit is 

the Transformer Utilisation Factor (TUF). A TUF indicates the ability of the rectifier circuit in utilising 

the available transformer secondary power. It is defined as the ratio of the dc power output to the rated 

ac power for the transformer secondary.
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But, secondary of a two-diode FWR contains two windings resulting in two HWRs and hence its actual 

TUF can be twice that of an HWR: 0.574. The average of these two values can, therefore, be taken as 

the effective TUF for this FWR.

\
+

= =
0.574 0.811

TUF 0.693
2

(2.32)

Thus, Eq. (2.32) obtained for transformer utilisation factor clearly indicates that in a centre-tapped 

full-wave rectifier, the utility of the available transformer secondary power is relatively improved and 

is around 69.3% as against 28.7% in an HWR. This improvement is just because of using both half 

cycles of the input, however, in a two-diode rectifier, full transformer secondary power is still not fully 

utilised. Hence, it is very essential to look for an alternate form of a full-wave rectifier circuit that best 

utilises the transformer secondary power and that is a four-diode FWR or a bridge-type FWR discussed 

in Section 2.6.

2.5.4 Form Factor for FWR(FCTFWR)

Form factor of a rectifier can be defined as the ratio of the rms value at output to the average or dc value 

of the output. A form factor is therefore given by
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dc
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100%
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100% 100% 1.1107 100%

2 22

V O P
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V
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V
p

= ¥

= ¥ = ¥ = ¥ (2.33)

A form factor is related to ripple factor through the equation g = -2 1F

2.5.5 Peak Factor of FWR

Peak factor is given as the ratio of peak value to the rms value:

m m

s m

Peak value ( )
Peak factor = 100% 100%

rms value ( )

2

Peak factor = 2 100% 1.414 100%

V V

V V
¥ = ¥

¥ = ¥ (2.34)

where Vmax is the maximum voltage value of the ac supply, and VS is the rms value of the supply 

voltage.

2.5.6 Regulation of FWR

The variation of the dc output voltage with respect to the dc load is termed as voltage regulation for a 

rectifier. It can be defined as the ratio of change in output voltage from no-load condition to full-load 

condition expressed as a percentage with respect to the full-load voltage.
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no-load full-load

full-load

Regulation = 100%
V V

V

-
¥ (2.35)

In a full-wave rectifier, the variation of Vdc as function of Idc can be given as follows:
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Solving the above equation for Vdc = Idc ¥ RL, we get
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2.6 RECTIFIERS: BRIDGE-TYPE FULL-WAVE RECTIFIER

The dc level obtained from a sinusoidal input can be improved 100% using full-wave rectification. 

One of the forms of an FWR, the two-diode rectifier and its performance are already discussed in 

Section 2.5 and it is observed that there is an improvement in the efficiency and ripple factor. But, in order 

to improve the PIV requirement and the TUF, another familiar network, called a bridge rectifier, is used.

The circuit diagram and the input/output waveforms of a full-wave bridge rectifier are shown in 

Fig. 2.11; the four diodes D1, D2, D3 and D4 are arranged in a bridge configuration and hence the name. 

The circuit contains a transformer that steps down the input ac magnitude depending on the requirement 

and provides the necessary isolation avoiding any risk of shocks. Unlike in the case of a two-diode FWR, 

here the transformer is not a centre-tapped one and thus provides an ac signal at the secondary named 

Vi. The turns ratio for the transformer decides the magnitude of the secondary voltages Vi. RL represents 

the load for the circuit and as usual it is assumed to be a pure resistor for simplicity and ease of analysis.

Fig. 2.11 Bridge-type full-wave rectifier
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Working

Let Vi = Vm sin wt be the input signal at the transformer secondary, it is a sinusoidal signal with maxi-

mum amplitude Vm. During the positive half-cycle of the input, the point A being positive with respect 

to the point B, the diodes D1 and D3 will be forward biased; however, the diodes D2 and D4 will be re-

verse biased. The pair of diodes D1 and D3 start conduction resulting in a current ID flowing through the 

load resistor RL in the direction marked for the entire positive half-cycle, i.e. from wt = 0 to P and the 

diodes D2 and D4 will be in OFF condition. During the negative half-cycle of the input, the point B will 

be positive with respect to the point A and the diodes D2 and D4 will be forward biased, and the diodes 

D1 and D3 will be reverse biased. Diodes D2 and D4 start conduction resulting in a current ID flowing 

through the load resistor RL again in the same direction (as earlier) for the entire negative half-cycle, i.e. 

from wt = P to 2P and the diodes D1 and D3 will be in OFF condition. Thus, between wt = 0 to P, D1

and D3 conduct and result in an output, between wt = P to 2P, D2 and D4 conduct and result in an output 

Vo as indicated in Fig. 2.12(b). It can therefore be observed that for both cycles of input, there is a cur-

rent flowing, hence the name full-wave rectifier. This can be further substantiated using the equivalent 

circuits shown in Fig. 2.12. During positive half-cycle of input diodes D1 and D3 will be closed switches 

and the voltage across the conducting diodes is simply equal to Vg; also, diodes D2 and D4 are open 

switches and the voltage across the nonconducting diodes is simply equal to secondary transformer 

voltage Vm. Similarly, during negative half-cycle, diodes D2 and D4 are closed switches and the voltage 

across the conducting diodes is simply equal to Vg; also, diodes D1 and D3 are open switches and the 

voltage across the nonconducting diodes is simply equal to secondary transformer voltage Vm. During 

the positive half-cycle of the input, the open-circuited diodes D2 and D4 observe a reverse voltage which 

has a maximum value of Vm and during the negative half-cycle of the input, the open-circuited diodes 

D1 and D3 observe a reverse voltage which has a maximum value of Vm. This maximum reverse voltage 

across the diodes is known as the Peak Inverse Voltage (PIV). Thus, the diodes used for a bridge-type 

full-wave rectifier should have a PIV rating that is greater than or at least equal to Vm as against just 

2Vm in a centre-tapped FWR, so that the device is not damaged.

Fig. 2.12 Bridge-type full-wave rectifier

PIV = Vm [2.38(a)]

Looking at the output waveform, it is clear that for every cycle of the input, there are two cycles of 

output and hence we have the output frequency. Now, the performance of a bridge-type (four-diode 

FWR) full-wave rectifier can be determined by measuring various parameters such as the rectification 

efficiency, ripple factor, transformer utilisation factor, form factor, etc. just like in the case of an HWR 
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or a two-diode FWR. The estimation of these parameters is done in the following sections from 2.6.1 

to 2.6.6.

fO = 2 ¥ fi [2.38(b)]

Example 2.7

In the circuit of Fig. 2.11(a), if the transformer secondary has a voltage V1 = 15 sin 100t, find the dc 

output voltage, rectification efficiency and output frequency of the rectifier. The Si diodes used are as-

sumed to have a forward resistances of 15 W each and load resistance is 1.5 kW.

Solution Using Eq. (2.40), we can write

m

o(dc) m s

2
0.637 0.9003

V
V V V

p
= = =

Vo(dc) = 0.637 Vm = 0.6.37 ¥ 15

Vo(dc) = 9.56 V

Similarly, Io(dc) = 
odc 9.56

95.6 mA
100L

V

R
= =

Power P = I2 RL

= 95.6 mA2 ¥ 100 = 0.914 W

Using Eq. (2.42), we can write

f2

L

2

8
100%

2
1

8
100%

2 15
1

1500

R

R

h

p

p

= ¥
Ê ˆ
+Á ˜Ë ¯

= ¥
¥Ê ˆ

+Á ˜Ë ¯

h = 79.468%

Using Eq. [2.38(b)], we can write for an FWR, fO = 2 ¥ fi

But, fi = 
100

2 2

w

p p
=

= 15.92 = 16 Hz

\ fO = 2 ¥ fi

= 2 ¥ 16

fO = 32 Hz

2.6.1 Rectification Efficiency for FWR(hBFWR)

As already discussed in Section 2.4.1, one important factor that can be used to measure the perfor-

mance of a rectifier is its conversion efficiency. It speaks about the ability of a rectifier in converting an 

ac input into useful dc output. The rectification efficiency of a rectifier is defined as the ratio of the dc 

power at the output to the ac power at the input(h).

For More Books
www.electronic07.com



74 Basic Electronics

dc

ac

2
Ldc

2
rms L f s

dc power output
100%

ac power input

( / )
100%

( / )

( ) at the /
100%

( 2 ) at the /

P O P

P I P

I R O P

I R R R I P

h

h

h

= ¥

= ¥

= ¥
+ +

(2.39)

where Rf is the average diode forward resistance and RS is transformer secondary winding resistance; 

practically RS << Rf and can be neglected as already stated earlier.

Average Output Voltage

Now, the average output voltage, the dc output current, conversion efficiency and ripple factor for the 

bridge-type FWR can be obtained as already presented in Section 2.5.1.

p

w
p

p

= =

= = =

Úo(dc) o(dc) o
0

m

o(dc) m

1

2
0.637 0.9003 Vs

V V V d t

V
V V (2.40)

p

w
p

p

=

= = =

Úo(ac) o
0

m

o(dc) m s

1
and

2
0.637 0.9003

I I d t

I
I I I (2.41)

Using Eq (2.24) and Eq. [2.25(b)] in Eq. (2.39), we can arrive at the final expression for efficiency;

2

m
L

2

m
L L

L2

L

2
at the /

( )
100%

( 2 ) at the /
( 2 )

8
100%

2
1

I
R O P

I
R R I P

R

R

p
h

h

p

È ˘Ê ˆÍ ˙Á ˜Ë ¯Í ˙Î ˚= ¥
È ˘Ê ˆÍ ˙+Á ˜Í ˙Ë ¯Î ˚

\ = ¥
Ê ˆ
+Á ˜Ë ¯

(2.42)

But, Rf << RL and hence can be neglected resulting in a maximum value of efficiency

max 2

8
100% 81.2%h

p
= ¥ = (2.43)

Equation (2.43) clearly indicates that the maximum achievable conversion efficiency is now 81.2% in 

an FWR against 40.6% in an HWR. This is exactly doubled and hence this rectifier is a better choice 

for an application.
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Example 2.8

Calculate the dc current (Idc) flowing through a 100 W resistor and the power consumed by the load 

connected to a 240 V single-phase full-wave rectifier as shown in Fig. 2.11(a). Estimate the PIV for 

each diode.

Solution Using Eq. (2.40), we can write

Vdc = 0.637Vm

= 0.673 ¥ 15 = 9.556 V

Similarly, we have

Idc = Vdc/RL

= 9.556/100 = 95.56 mA

Now, power is given by

P = Vdc ¥ Idc

= 9.556 ¥ 95.56 mA = 0.9131 W

Using Eq. [2.38(a)], we can observe that each diode faces a

PIV = Vm

= 15 V

2.6.2 Ripple Factor for FWR(gBFwR)

Another important factor that can be used to measure the performance of a rectifier is its ripple factor. 

It speaks about the quality of the dc output of a rectifier. The ripple factor of a rectifier is defined as 

the ratio of rms value of ac component at the output to the dc component present in the output. It is 

represented by the Greek letter g.

g = ¥
rms value ac component in output

Actual dc component in output
100%%

( / )

( / )
%g = ¥

V O P

V O P

rms

odc

100 (2.44)

From the basics of electrical sciences, we can write the relationship between rms value, average value 

and the ac value of a voltage signal as below;

V2
rms = V2

ac + V2
dc

\ Vac =
2 2

rms dc
V V- (2.45)

Substituting Eq. (2.23) and Eq. (2.28) in Eq. (2.27), we obtain

2
rms

2
dc

1
V

V
g = - (2.46)

For a full-rectified sine wave, the rms value of output voltage at the load resistance is (from Eq. 2.25(a))

m
(rms)

2

V
V = (2.47)
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Substituting Eq. (2.40) and Eq. (2.47) in Eq. (2.46), we obtain

2

m

2

2
1

2

1
8

m

V

V
g

p
g

Ê ˆ
Á ˜
Á ˜= -
Á ˜
Á ˜Ë ¯P

È ˘Ê ˆ= -Í ˙Á ˜Ë ¯Î ˚

g = 0.482 (2.48)

Thus, Eq. (2.48) obtained for ripple factor clearly indicates that the output of a full-wave rectifier is 

same for both types of FWRs and is of relatively good quality in comparison to that of an HWR. It 

contains only 48.2% ac components as against 121% in an HWR.

2.6.3 Transformer Utilisation Factor for FWR(TUFBFWR)

Another very important parameter that can be used to analyse the performance of a rectifier circuit 

is the Transformer Utilisation Factor (the TUF). A TUF indicates the ability of the rectifier circuit in 

utilising the available transformer secondary power. It is defined as the ratio of the dc power output to 

the rated ac power for the transformer secondary.

dc

ac

( / )
TUF 100%

(rated)

P o p

P
= ¥

The rated (rms) voltage of the transformer secondary is given by 
m

S(rated)
2

V
V =

But, the actual rms current flowing through the winding is only 
m

rms
2

I
I =

2
dc

rms rms

2
m

L2

m m

2
m

2
L

2
m m

L

TUF = 100%

( 2 )

100%

2 2

4 1

8
100% 100%

2 2

LI R

I V

I
R

V I

V

R

V V

R

p

p

p

¥
¥

¥

¥
= ¥

¥

¥

= ¥ = ¥

¥

TUF = 0.812 (2.49)
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Thus, Eq. (2.49) obtained for transformer utilisation factor clearly indicates that in a bridge-type full-

wave rectifier, the utility of the available transformer secondary power is improved largely and is around 

81.2% as against 69.3% in a two-diode FWR and 28.7% in an HWR. This improvement is just because 

of using both half cycles of the input and maximum utilisation of transformer secondary power. Hence, 

it is always recommended to use a bridge type of FWR for most of the applications.

2.6.4 Form Factor for FWR(FBFWR)

Form factor of a rectifier can be defined as the ratio of the rms value at output to the average or dc value 

of the output. A form factor is therefore given by

rms

dc

m

m

( / )
100%

( / )

2
100% 100% 1.1107 100%

2 2 2

V O P
F

V O P

V

F
V

p

p

= ¥

Ê ˆ
Á ˜Ë ¯

= ¥ = ¥ = ¥
Ê ˆ
Á ˜Ë ¯

(2.50)

A form factor is related to ripple factor through the equation 2 1Fg = -

2.6.5 Peak Factor for FWR

Peak factor is given as the ratio of peak value to the rms value.

m m

s m

Peak value ( )
Peak factor 100% 100%

rms value ( )

2

V V

V V
= ¥ = ¥

Peak factor = 2 ¥ 100% = 1.414 ¥ 100% (2.51)

where Vmax is the maximum voltage value of the ac supply, and VS is the rms value of the supply 

voltage.

2.6.6 Regulation for FWR

The variation of the dc output voltage with respect to the dc load is termed voltage regulation for a 

rectifier. It can be defined as the ratio of change in output voltage from no-load condition to full-load 

condition expressed as a percentage with respect to the full-load voltage.

noload full load

full load

Regulation = 100%
V V

V

-
¥ (2.52)

In a full-wave rectifier, the variation of Vdc as function of Idc can be given as follows;

m m
dc

L f

2 2

( )

I V
I

R Rp p
= =

+

Solving the above equation for Vdc = Idc ¥ RL, we get
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m

dc dc f

2V
V I R

p
= - ¥ (2.53)

m m
dc f

m
dc f

s f

L

2 2

Regulation 100%
2

Regulation 100%

V V
I R

V
I R

R R

R

p p

p

È ˘ È ˘
- - ¥Í ˙ Í ˙Î ˚ Î ˚\ = ¥

È ˘
- ¥Í ˙Î ˚

+
= ¥ (2.54)

Considering Eq. (2.20), Eq. (2.37) and Eq. (2.54), it is interesting to note that the regulation for both 

HWR and FWR circuits can be approximated to only

f

L

.
R

R
= (2.55)

Example 2.9

Prove that the regulation of output voltage in any rectifier (either HWR or FWR) is given approxi-

mately by Eq. (2.55).

Solution We have

noload full load

full load

Regulation = 100%
V V

V

-
¥

In a full-wave rectifier, the variation of Vdc as function of Idc can be given as follows:

m m

dc
L f

2 2

( )

I V
I

R Rp p
= =

+

Solving the above equation for Vdc = Idc ¥ RL, we get

m

dc dc f

2V
V I R

p
= - ¥

(2.56)

Similarly, in an HWR 
m

dc dc f

V
V I R

p
= - ¥ (2.57)

The no-load dc voltages for both HWR and FWR can be obtained by substituting Idc= 0 in Eq. (2.56) 

and Eq. (2.57). For an FWR, now the regulation can be obtained as

m m
dc f

m
dc f

dc f

dc L

2 2

Regulation = 100%
2

Regulation = 100%

V V
I R

V
I R

I R

I R

p p

p

È ˘ È ˘
- - ¥Í ˙ Í ˙Î ˚ Î ˚ ¥

È ˘
- ¥Í ˙Î ˚

¥
\ ¥

¥
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But Vfull-load = Idc ¥ RL, hence

f

L

m m
dc f

m
dc f

Regulation = 100%

Regulation = 100%

R

R

V V
I R

V
I R

p p

p

¥

È ˘ È ˘
- - ¥Í ˙ Í ˙Î ˚ Î ˚ ¥

È ˘
- ¥Í ˙Î ˚

(2.58)

Similarly, for an HWR,

f

L

Regulation = 100%
R

R
¥ (2.59)

Comparing Eq. (2.58) and Eq. (2.59), the statement above in Eq. (2.55) is proved.

Now, having studied different single-phase rectifiers, the summary can be illustrated as in the 

Table 2.2.

Table 2.2 Performance comparison of different rectifiers.

Sl.No. Comparison HWR FWR—centre tapped FWR—bridge

1 Number of diodes One Two Four

2 Output waveform

3 Average output

Vdc (Idc)
m mV I

p p

È ˘
Í ˙
Î ˚

m m2 2V I

p p

È ˘
Í ˙
Î ˚

m m2 2V I

p p

È ˘
Í ˙
Î ˚

4 Rectification 

efficiency (h)
f2

L

4
100

1
R

R

h

p

= ¥
Ê ˆ
+Á ˜Ë ¯

f2

L

8
100

1
R

R

h

p

= ¥
Ê ˆ
+Á ˜Ë ¯

f2

L

8
100

2
1

R

R

h

p

= ¥
Ê ˆ
+Á ˜Ë ¯

5 Ripple factor (g) 1.21 0.48 0.48

6 PIV Vm 2Vm Vm

7 TUF 0.287 0.693 0.812

8 Diode resistance Rf Rf 2Rf

9 Output frequency fi 2fi 2fi

2.7 FILTERS: RLC FILTERS

Output of a rectifier is a pulsating dc, contains plenty of ac components and in view of better perfor-

mance of any electronic circuit, it is necessary to reduce these ripple components. In Section 2.4.1, it 

is observed that the average output voltage for a single-phase half-wave rectifier is just 0.318Vm and 

the amount of ripple content in the output is very high. Using a full-wave rectifier, these values are 
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improved considerably; as observed in sections 2.5 and 2.6, the dc level of output increased to 0.636Vm

and the ripple is reduced to 0.48. But, still the quality of output obtained is not very satisfying and 

requires further smoothening; the ripple magnitude has to be kept minimum using additional circuits. 

The circuit used to minimise the ac components and improve the dc contents in a rectified output is 

called a filter. Filter circuits are generally classified in to two types: active filters and passive filters. 

Active filters are discussed in Chapter 6, Section 6.19 and only passive filters are discussed in this 

section. A passive filter is constructed using passive components such as resistors (R), inductors (L)

and capacitors (C). Different configurations of these passive components result in several filter types; 

such as C-filter, L-filter, LC-filter, CLC-filter, etc. Some of the most popular filters will be considered 

in the discussions to follow.

2.7.1 Full Wave Rectifier with Capacitor Filter

The circuit diagram of an FWR with C-filter and the corresponding output voltage and diode current 

waveforms are shown in Fig. 2.13. The smoothing capacitor converts the full-wave rectified pulsating 

output into a smooth dc output voltage. A capacitor always offers a smooth path for an ac signal and 

blocks any dc signal; hence, it is always connected in parallel to the load. Two important parameters are 

to be considered in selecting a suitable a capacitor for filtering; they are its working voltage (V), which 

must be higher than the no-load output value of the rectifier and its capacitance value (C), which de-

termines the amount of ripple that will appear superimposed on top of the dc voltage.

Fig. 2.13 Full-wave rectifiers with C-filter
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Working

During the positive half-cycle of the input, the diode D1 (D1 and D3 in Fig. 2.13(b)) conducts and hence 

capacitor charges up to Vm. At wt = P/2, the output voltage falls below Vm and hence the capacitor 

will try to maintain the voltage on it. However, the voltage on the capacitor will be discharged at a rate 

decided by RL and C till once again there is a rise in the output voltage after a time T/2. Here, diode D2

(D2 and D4 in Fig. 2.13(b)) conducts and once again capacitor charges up to Vm and the process repeats 

resulting in a waveform shown in Fig. 2.13(c).

The charges accumulated by the capacitor during T1 is 

Qcharge = Vr(pp) ¥ C

The charges lost during T2 (discharged) by the capacitor is 

Qdischarge = Idc ¥ T2

But, charges accumulated will be equal to the charges lost and hence

Qcharge = Qdischarge

Vr(pp) ¥ C = Idc ¥ T2

Vr(pp) = 
dcI

C
¥ T2

It is clear from the diagram that 

2

T
 = T1 + T2 and T1<< T2;

hence T2 @
1

2 2

T

f
=

\ Vr(pp) = 
dc

2

I

fC

From the above assumptions, the ripple waveform will be triangular and its rms value is given by the 

equation

(pp)

(rms)

dc

(rms)

dc

(rms)

dc

L

(rms)

2 3

2

2 3

4 3

4 3

r

r

r

r

r

V
V

I

fC
V

I
V

fC

V

R
V

fC

=

=

=

=

But, we have the ripple factor given by 
(rms)

dc

rV

V
g =
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dc

L

dc

L

1

4 3

1

4 3

V

R

VfC

R fC

g

g

= ¥

= (2.60)

If the value of the capacitor is fairly large then the value of the ripple will be very low, and if the 

value of the capacitor is fairly small then the value of the ripple will be very high. The ripple may be 

controlled by controlling C or RL (or both) with a resulting increase in the dc output voltage.

Example 2.10

Find the size of the C-filter in an FWR needed to keep ripple values within 3%; the circuit is operating 

at a frequency of 10 kHz, delivering a load of 10 mA at 10 V.

Solution We have from Eq. (2.60),

g

=

= = = W

= = m
W

L

dc

L
dc

1

4 3

10
But 1 k

10 mA

1
Now, 0.48113 F

4(1 k )(10 kHz)(0.03) 3

o

C
R f

V
R

I

C

2.7.2 Half-Wave Rectifier with Capacitor Filter

Fig. 2.14 Half-wave rectifier with C-filter

The charges accumulated by the capacitor during T1 is Qcharge = Vr(pp) ¥ C

The charges lost during T2 (discharged) by the capacitor is Qdischarge = Idc ¥ T2

But, charges accumulated will be equal to the charges lost and hence

Qcharge = Qdischarge

Vr(pp) ¥ C = Idc ¥T2



Diode Applications 83

dc

(pp) 2r

I
V T

C
= ¥

It is clear from the diagram that T = T1 + T2 and T1 << T2; hence 2
1

T T
f

@ =

\
dc

(pp)r

I
V

fC
=

From the above assumptions, the ripple waveform will be triangular and its rms value is given by the 

equation

(pp)

(rms)

dc

(rms)

dc

(rms)
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L

(rms)
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But, we have the ripple factor given by 
(rms)

dc

rV

V
g =

dc

L

dc

L

1

2 3

1

2 3

V

R

VfC

R fC

g

g

= ¥

= (2.61)

The ripple may be decreased by increasing C or RL (both) with a resulting increase in the dc output 

voltage.

Example 2.11

Estimate the ripple value in an HWR with 10 mC C-filter given the input frequency for the rectifier is 

100 Hz and the load is 15 V at 5 mA

Solution We have from Eq. (2.61),

L

1

2 3R fC
g =
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dc

L
dc

15 V
But 3000

5 mA

1
0.09623

2(3000) 100 (10 F ) 3

V
R

I

g

= = = W

= =
¥ ¥ m

Table 2.3 illustrates the various other forms of passive filters available and their performances.

1. Critical inductance (LC)

In a filter involving an inductor, there should be a continuous current flowing and this requires that 

there need to be a minimum amount of inductance called as critical inductance (LC). The value of LC

depends on the supply frequency and the load resistance RL and is given by the expression

L
C

3

R
L

w
= (2.62)

2. Bleeder Resistor (RB)

The performance of an inductor is dependent on the current flowing through it and for best functioning, 

ther should be a minimum current flowing through the inductor. In order that this minimum current 

flows through the inductor, a resistor RB called the bleeder resistor is connected as shown in Fig. 2.15. 

The three important functions that RB can serve 

are (i) it helps optimising the filter performance by 

maintaining a minimum current through L, (ii) it 

provides discharging path for capacitors so that the 

voltage across the output terminals do not remain 

for a longer period once the load is disconnected, 

and (iii) it acts as a voltage divider circuit providing 

a variable output voltage.

2.8 REGULATORS

A regulator is a circuit that can be used to maintain a constant output voltage even when there are 

changes in either the supply voltage or the load. Within the specified ranges, a regulator circuit main-

tains a constant and steady output voltage even when there are changes in the input line voltage or 

when there is a change in the load itself. This process is called regulation. Regulation can be defined 

as the change in the output voltage from no-load (IL = minimum) condition to the full-load (IL = maxi-

mum). Regulation is expressed as a percentage with respect to full-load condition. There are several 

forms of regulators that can be constructed and we consider here only a simple Zener regulator for our 

discussion.

2.8.1 ZenerVoltage Regulator

In the previous chapter, we saw that a “reverse-biased” diode passes very little current but will suffer a 

breakdown or junction damage if the reverse voltage applied across it exceeds the PIV limit. However, 

Zener diodes or “breakdown diodes” as they are sometimes called, are basically the similar to the stan-

dard junction diodes, but are specially made to have a low pre-determined reverse breakdown volt-

age, called the “Zener voltage” (Vz). In the forward direction, it behaves just like a normal signal diode 

Fig. 2.15 Full-wave rectifier with bleeder resistor
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passing current, but when the reverse voltage applied to it exceeds the selected reverse breakdown volt-

age, a process called avalanche breakdown occurs in the depletion layer and the current through the 

diode increases to the maximum circuit value; this current is usually limited by a series resistor. The 

point at which current flows can be very accurately controlled (to less than 1% tolerance) in the doping 

stage of the diodes construction giving it a specific Zener breakdown voltage (Vz) ranging from a few 

volts up to a few hundred volts. The VI characteristics are depicted in Chapter 1, Section 1.13.1. Zener 

diodes are used in the reverse-bias mode, we can see that the Zener diode has a region in its reverse-

bias characteristics of almost a constant voltage regardless of the current flowing through the diode 

and is reproduced in Fig. 2.16(a). This voltage across the diode called Zener voltage Vz remains nearly 

constant even with changes in current through the diode caused by variations in the supply voltage or 

load. This ability of the diode to regulate the source voltage can be best utilised in stabilising a voltage 

source against supply or load variations. The diode will continue to regulate until the diode current falls 

below the Iz(min) value, a minimum value that keeps the diode in the reverse breakdown region.

Fig. 2.16 Zener voltage regulator

The resistor RS is connected in series with the Zener diode to limit the current flow with the output 

from the voltage source Vin being connected across the combination while the stabilised output voltage 

VO is taken across the Zener diode. The Zener diode is connected across the load with its cathode termi-

nal connected to the positive rail of the dc supply; so, it is operating in its reverse-biased condition. The 

series resistor RS is so selected as to limit the current flowing in the circuit and hence the Zener diode 

well within maximum value IZ(max). When the load resistance RL very high, there is minimum current 

flowing through RL (no-load current IL = minimum or 0) and all the circuit current passes through the 

Zener diode which is IZ(max) and dissipates maximum power in Zener. Care must be taken when select-

ing the appropriate value of resistance that the Zener maximum power rating is not exceeded under 

this “no-load” condition. When the load resistance RL very low, there is maximum current flowing 

through RL (full-load current IL = maximum) and only a small current passes through the Zener diode 

which is IZ(min). Care again must be taken when selecting the appropriate value of resistance so that 

the stabilisation of the voltage is effective and the Zener current must stay above this value operating 

the diode within its breakdown region at all times. In order to achieve this, both RS and RL should be 

properly selected.

A Zener diode regulator analysis and design can be best studied under the following three 

conditions:
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1. Both Vin and RS Fixed

The simplest of Zener diode regulator networks appears in Fig. 2.17(a). The applied input dc voltage 

Vin is fixed, as is the load resistor. The analysis for this circuit can be done as given below:

Fig. 2.17 Zener voltage regulator

First, find the open-circuit voltage across the Zener diode by using the circuit shown in Fig. 2.17(b). 

Applying the voltage divider rule to the circuit results in the following equation:

¥
¢= =

+
L in

o Z
S L

R V
V V

R R
(2.63)

Then, substitute the appropriate equivalent circuit and solve for all the required unknowns.

Using Kirchoff’s current law to circuit of Fig. 2.17(a), we can write

IS = IZ + IL

IZ = IS – IL (2.64)

where
o in oR

L S
L S S

and I
V V VV

I
R R R

-
= = =

The power dissipated by the Zener diode is determined by

PZ = VZ ¥ IZ (2.65)

Example 2.12

For the Zener diode network of Fig. 2.17(a), the Zener breakdown voltage is 10 V, the maximum Zener 

power is 30 mW, series resistance is 1000 W and load resistance is 1200 W. Determine VL, VRs, IZ and 

PZ.

Solution Referring to Fig. 2.17(b) and using Eq. (2.63), we can find

¥ ¥
¢ = = = =

+ ¥
L in

Z L
S L

1200 16
8.73 V

1000 1200

R V
V V

R R

Now, the drop across RS is given by

VRS = Vin – VL = 16 – 8.73 V = 7.27 V

Since VZ¢ < VZ, the Zener diode will not be in the breakdown region and hence the Zener current can be 

approximately zero; IZ = 0 A.

And the power dissipated by the zener will be

PZ = VZ ¥ IZ = 10 ¥ 0 = 0 W
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2. Fixed Vin and Variable RL

Due to the reference voltage VZ, there is a specific range of resistor values for RL and hence the load 

current that will ensure the Zener is in the “ON” state. A smaller value of load resistance RL will result 

in a voltage VO across the load resistor less than VZ and the Zener diode will be in the “OFF” state. The 

minimum load resistance that will turn the Zener diode ON can be calculated referring to Fig. 2.17(a) 

as below:

L in
o z

S L

R V
V V

R R

¥
= =

+

Solving for RL, we have

¥
=

¥
S z

Lmin
in z

R V
R

V V
(2.66)

Any load resistance value greater than the RLmin will ensure that the Zener diode is in the “ON” state 

and the diode can be replaced by its VZ source equivalent. The condition defined by Eq. (2.66) estab-

lishes the minimum RL, in other words specifies the maximum IL as

o
Lmax

minL

V
I

R
= (2.67)

Once the diode is in the “on” state, the voltage across RS remains fixed at

VRS = Vin – VZ (2.68)

and IR remains fixed at 
o

R
Lmin

V
I

R
=

The Zener current is given by IZ = IR – IL and will be a minimum IZmin when IL is a maximum and 

a maximum IZmax when IL is a minimum value, since IR is constant. Since IZ is limited to IZ(rated) as

provided on the data sheet, it does affect the range of RL and therefore IL. Substituting IZ(rated) for IZ

establishes the minimum IL as

ILmin = IR – IZ(rated)

and the maximum load resistance as

z
L max

L min

V
R

I
= (2.69)

3. Variable Vin and Fixed RL

For fixed values of RL in Fig. 2.17, the voltage Vi must be sufficiently large to turn the Zener diode ON. 

The minimum turn-on voltage is determined by the equation

i L
z

L

V R
V

R R

¥
=

+
(2.70)

This results in a minimum value of Vi as

+
= z L

i(min)
L

[( ] )V R R
V

R

Similarly, Vi(max) = VR(max) + VZ = IR(max) ¥ R + VZ (2.71)
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2.8.2 AC Regulator and Square-Wave Generator

Two back-to-back connected Zener diodes can function as an ac regulator and can be used to regulate 

an ac input source as shown in Fig. 2.18(a). For the sinusoidal signal Vi shown, during positive half-

cycle, the Zener Z2 will be forward biased offering a low-resistance path and Z1 will be reverse biased 

regulating the signal to VZ1. Similarly, during negative half-cycle, the Zener Z1 will be forward biased 

offering a low-resistance path and Z2 will be reverse biased regulating the signal to VZ2. The resulting 

output for the full range of Vi is provided in the figure. Note that the waveform is not purely sinusoidal, 

but its root mean square (rms) value is lower than that associated with a full peak signal. The network is 

effectively limiting the rms value of the available voltage. The network of Fig. 2.18(a) can be extended 

to that of a simple square-wave convertor (due to the clipping action) if the signal Vi is increased to 

perhaps a very high peak with input and output waveforms as shown in Fig. 2.18(b).

Fig. 2.18 Zener ac voltage regulator

2.9 VOLTAGE-MULTIPLIER CIRCUITS

A voltage multiplier is a specialised rectifier circuit producing a dc output which is theoretically an 

integer times the ac peak input, for example 2, 3 or 4 times the ac peak input. Thus, it is possible to 

get 200 V dc output from a 100 Vpeak ac source using a doubler, 400 V dc from a quadrupler and so 

on; however, the current level remains unchanged. A voltage multiplier finds its application in areas 

like television (TV) sets where a large dc voltage supply is required (colour TV sets use voltages in 

the order of few 10s of kVs) and producing such high voltages using conventional transformers will 

be bulky and noisy. The voltage multiplier circuits are very compact and cost-effective requiring only 

diodes and capacitors.

2.9.1 Voltage Doubler

A half-wave voltage doubler circuit is shown in Fig. 2.19(a); it consists of two circuits: a clamper 

formed using a diode D2 and a capacitor C2, and a peak detector (half-wave rectifier) formed using a 

diode D1 and a capacitor C1. During the positive voltage half-cycle of the input voltage, the diode D1

conducts and the diode D2 is cut off, charging capacitor C1 up to the peak rectified voltage (Vm). Diode 

D1 is ideally a short during this half-cycle, and the input voltage charges capacitor C1 to Vm. During the 

negative half-cycle of the input voltage, the diode D1 is cut off and the diode D2 conducts the charging 

capacitor C2. Since the diode D2 acts as a short during the negative half-cycle and the diode D1 is open, 

we can sum the voltages around the outside loop from which we obtain VC2 = 2Vm. On the next posi-

tive half-cycle, the diode D2 is not conducting and the capacitor C2 will discharge through the load. If 

no load is connected across capacitor the C2, both capacitors stay charged—C1 to Vm and C2 to 2Vm. If
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there is a load connected to the output of the voltage doubler, the voltage across the capacitor C2 drops 

during the positive half-cycle at the input and the capacitor is recharged up to 2Vm during the negative 

half-cycle. The output waveform across the capacitor C2 is that of a half-wave signal filtered by a ca-

pacitor filter. The peak inverse voltage across each diode is 2Vm.

Referring to diagrams shown above, C2 charges to 5 V (considering an ideal diode) on the negative 

half cycle of ac input due to the clamping action. The right end is grounded by the conducting D2 and 

the left end is charged at the negative peak of the ac input. During the positive half-cycle, the half-wave 

rectifier comes into play and the diode D2 is out of the circuit since it is reverse biased. C2 is now in 

series with the voltage source and note the polarities of the generator and C2, series aiding. Thus, the 

rectifier D1 sees a total of 10 V at the peak of the sine wave, 5 V from generator and 5 V from C2. D1

conducts the waveform V, charging C1 to the peak of the sine wave riding on 5 V dc. This waveform is 

the output of the doubler, which stabilises at 10 V after a few cycles of sine wave input.

A full-wave voltage doubler is composed of a pair of series-stacked half-wave rectifiers and is indi-

cated in Fig. 2.20 along with the waveforms. The bottom rectifier charges C1 on the negative half-cycle 

of the input. The top rectifier charges C2 on the positive half-cycle. Each capacitor takes on a charge of 

5 V. The output at the node 2 is the series total of C1 + C2 or 10 V.

Fig. 2.20 (a) Full-wave voltage doubler (b) Waveforms: V1—input and V2—final output

Note that the output V2 in the diagram reaches full value within one cycle of the input V1 excursion. 

This figure illustrates the derivation of the full-wave doubler from a pair of opposite polarity half-wave 

rectifiers. The negative rectifier is re-wired to share one voltage source with the positive rectifier. This 

yields a ±5 V power supply; though, 10 V is measurable between the two outputs. The ground reference 

point is moved so that +10 V is available with respect to ground. 

Fig. 2.19 (a) Half-wave Voltage doubler (b) Waveforms: V1—input, V2—clamper o/p and V3—final o/p
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2.9.2 Voltage Tripler

A voltage tripler is built from a combination of a doubler and a half-wave rectifier (C3, D3). The half-

wave rectifier produces 5 V (4.3 V) at the node 3. The doubler provides another 10 V (8.4 V) between 

nodes 2 and 3 for a total of 15 V (12.9 V) at the output node 2 with respect to ground.

Fig. 2.21 (a) Voltage tripler circuit (b) Voltage tripler output waveforms

Note that V(3) in Fig. 2.21(b) rises to 5 V (4.3 V) on the first negative half-cycle. Input V(4) is shifted 

upward by 5 V (4.3 V) due to 5 V from the half-wave rectifier. And 5 V more at V(1) due to the clamper 

(C2, D2). D1 charges C1 (waveform V(2)) to the peak value of V(1).

2.9.3 Voltage Quadrupler

A voltage quadrupler is a stacked combination of two doublers shown in Fig. 2.22(a). Each doubler 

provides an output of 10 V for a series total at the node 2 so that the total output V2 with respect to 

ground is 20 V. The waveforms of the quadrupler are shown in Fig. 2.22(b).

Fig. 2. 22 (a) Voltage quadrupler (b) Voltage-quadrupler output waveforms

It is worthwhile to point out some of the important notes on these voltage multipliers at this point. 

The circuit parameters used in the examples (V = 5 V, 1 kHz, C = 1000 pf) do not provide much current, 
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a current in the order of only microamperes is available. Furthermore, load resistors are not included as 

a part of the circuit, loading reduces the voltages from those indicated. If the circuits are to be driven 

by a kHz source at low voltage, as in the examples, the capacitors are usually 0.1 to 1.0 mF so that few 

milliamperes of currents are available at the output. If the multipliers are driven from 50/60 Hz, the ca-

pacitor are a few hundred to a few thousand microfarads to provide hundreds of milliamperes of output 

current. If driven from line voltage, pay attention to the polarity and voltage ratings of the capacitors. 

Finally, any direct line driven power supply (no transformer) is dangerous to the experimenter and line-

operated test equipment. Commercial direct-driven supplies are safe because the hazardous circuitry is 

in an enclosure to protect the user. When bread-boarding these circuits with electrolytic capacitors of 

any voltage, the capacitors will explode if the polarity is reversed. Such circuits should be powered up 

behind a safety shield. 

A voltage multiplier of cascaded half-wave doublers of arbitrary length is known as a Cockcroft-

Walton multiplier and is shown in Fig. 2.23. This multiplier is used when a high voltage at low current 

is required. The advantage over a conventional supply is that an expensive high-voltage transformer is 

not required—at least not as high as the output.

Fig. 2.23 Cockcroft-Walton x8 voltage multiplier

The pair of diodes and capacitors to the left of nodes 1 and 2 in the diagram constitute a half-wave 

doubler. Four of the doubler sections are cascaded to the right for a theoretical x8 multiplication fac-

tor so that the output voltage is Vin x 8. Node 1 has a clamper waveform, a sine wave shifted up by 1x

(5 V). The other odd-numbered nodes are sine waves clamped to successively higher voltages. Node 

2, the output of the first doubler, is a 2x dc voltage. Successive even-numbered nodes charge to suc-

cessively higher voltages: Without diode drops, each doubler yields 2Vin or 10 V and for a total of 4 

doublers, one expects an ideal output of 40 V. The major drawback of the Cockcroft-Walton multiplier 

is that each additional stage adds less than the previous stage. Thus, a practical limit to the number 

of stages exist. It is possible to overcome this limitation with a modification to the basic circuit. Also 

note the time scale of 40 ms compared with 5 ms for previous circuits. It required 40 ms for the volt-

ages to rise to a terminal value for this circuit. The Cockcroft-Walton multiplier serves as a more ef-

ficient high-voltage source for photomultiplier tubes requiring up to 2000 V. Moreover, the tube has 

numerous dynodes, terminals requiring connection to the lower voltage “even-numbered” nodes. The 

series string of multiplier taps replaces a heat generating resistive voltage divider of previous designs. 

Voltage-multiplier circuits are employed to maintain a relatively low-transformer peak voltage while 

stepping up the peak output voltage to two, three, four, or more times the peak rectified voltage.

2.10 CLIPPING CIRCUITS

In sections 2.4 to 2.6 on rectifiers, it is clearly observed that diodes can be used as switches for wave-

shaping applications of an input waveform. Here, in this section on clippers we will further elaborate 



94 Basic Electronics

on the wave-shaping capabilities of diodes. Clipping is a process in which one or two parts of the input 

waveform is eliminated(clipped) above or below certain reference level and rest of the waveform is 

passed to the output without any distortion. Thus, clippers are the circuits that clip or remove away a 

portion of an input signalwithout distorting the remaining part of the applied waveform. These circuits 

can also be referred to as waveform limiters or amplitude selectors or waveform slicers. An ideal 

diode exhibits a discontinuity in slope at the cut-in voltage and is called break point. There are two 

general forms of clippers: series clippers and parallel clippers. In a series clipper, the diode will be in 

series with the load and in a parallel clipper, the diode will be in shunt with the load; there is nothing 

much to choose between the two.

Transfer Characteristics of a Diode Clipper

Fig. 2.24 (a) Diode Clipper (b) Transfer characteristics

Consider the diode clipper circuit shown in Fig. 2.24 (a) with the input signal Vi = Vm sin wt; diode 

D has a cut-in voltage Vd, a forward resistance Rf and a reverse resistance Rr. For all values of Vi <

(Vr + Vd), diode will be reverse biased and the equivalent circuit in Fig. 2.24(a) can be used to obtain 

the output. Referring to the equivalent circuit, the output is given by

r
o i

r

R
V V

R R
= ¥

+
(2.72)

Here, r

r

R

R R+
 represents slope of the transfer curve; normally Rr >> R and hence slope s1 ª 1 resulting 

in Vo ª Vi.

Fig. 2.25 (a) OFF-STATE equivalent cicuit (b) ON-STATE equivalent cicuit
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Similarly, for all values of Vi > (Vr + Vd), diode will be forward biased and the equivalent circuit in 

Fig. 2.25 (a) can be used to obtain the output. Referring to the equivalent circuit, the output is given by

f
o i

L

R
V V

R R
= ¥

+
(2.73)

Here, f

f

R

R R+
 represents slope of the transfer curve; normally Rf << R and hence slope s2 ª 0 resulting 

in Vo ª Vr. In summary, for all values of Vi < (Vr + Vd), Vo ª Vi and for all values of Vi > (Vr + Vd), Vo ª Vr.

Selection of R

For clipping to be sharper magnitude of Vi >> Vg, R should be larger than Rf when the diode is ON 

and for output to follow input R should be lesser than Rr when diode is OFF; hence the following two 

conditions are used:

Rr >> R say Rr = k R fi k = 
fR

R
 and

R >> Rf say R = k Rf

R = 
fR

R
¥ Rf

which implies that R = r fR R¥ (2.74)

Table 2.4 illustrates some of the important clipping circuits and their corresponding output wave-

forms. It can be observed here that in examples, the switching element diode can be either in series or 

parallel.

Example 2.13

For the network of Fig. 2.24(a), draw the output waveform if Vr = 4.3 V, 

R = 1000 W and Vi = 25 sin wt. Assume an Si diode is used.

Solution To determine the value of slope, diode resistances are re-

quired; since no information is available on the diode resistances, slope is 

taken as one and the resulting output waveform is drawn and is as shown 

in Fig. 2.26. The diode drop V = 0.7 V and hence the output is limited to 

V = Vr + Vd = 4.3 + 0.7 = 5 V on the positive half-cycle side. However, for 

Vi < V, diode is conducting and output just follows the input.

2.11 CLAMPING CIRCUITS

The previous section investigated a number of diode configurations that clipped off a portion of the ap-

plied signal without changing the remaining part of the waveform. This section will examine a variety 

of diode configurations that shift the dc level of an applied input signal to any required new dc level. 

The circuit diagram and the corresponding input, output waveforms for a basic clamper is shown in 

Fig. 2.27. Since the circuit is used to re-insert or restore the dc level to the input signal, the circuit can 

also be called dc restorer or a dc re-inserter.

Fig. 2.26  Input-output

waveforms for 

Example 2.13

For More Books
www.electronic07.com
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Table 2.4 Different forms of clipping circuits

Sl.

No.

Circuit Output waveform Remarks

1

 Input to all circuits shown is a sine 

wave. Series clipper, eliminates 

negative portions of the input.

2 Diode is assumed to be ideal in all cases. Series 

clipper, eliminates positive portions of the input.

3 Unbiased shunt clipper; eliminates positive por-

tions of the input. 

4 Unbiased shunt clipper; eliminates negative por-

tions of the input. 

5 Biased shunt clipper; eliminates positive portions 

of the input over a fixed reference Vr. (Circuits 5, 

6, 7, 8, 11 and 12 are single-level clippers and use 

one reference) 

6 Biased shunt clipper; eliminates negative por-

tions of the input below a fixed reference Vr.

7 Biased shunt clipper; eliminates positive portions 

of the input over a fixed negative reference –Vr.

8 Biased shunt clipper; eliminates negative portions 

of the input below a fixed negative reference –Vr.

(Contd.)
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Fig. 2.27 Clamping circuit with input and output waveforms

A clamper is a network constructed using a diode, a resistor and a capacitor that shifts a waveform 

to a different dc level without changing the appearance of the applied signal.

Additional shifts can also be obtained by introducing a dc supply to the basic structure. The resistor 

and capacitor of the network must be so chosen that the network time constant t (product of R and C)

is sufficiently large so that the voltage across the capacitor does not discharge significantly when the 

diode is in OFF state. Throughout the analysis, we assume that for all practical purposes, the diode 

is ideal and the capacitor fully charges or discharges in 5t. Clamping networks have a capacitor con-

nected directly from input to output with a resistor in parallel with the output signal. The diode is also 

in parallel with the output signal but may or may not have a series dc supply as an added element.

For the network of Fig. 2.27, the diode will be forward biased for the positive portion of the applied 

signal. For the interval 0 to T1, the diode is forward biased resulting in an effective resistance of ap-

proximately Rf (Rf || R) and the time constant is very small because the resistor Rf is very small. The 

result is that the capacitor will quickly charge to the peak value of V volts. For the interval T1 to T2,

the diode is reverse biased resulting in an effective resistance of approximately R (Rr || R) and the time 

constant is very large because the resistor R is relatively large. The result is that the capacitor will not 

quickly discharge resulting in an output that is summation of –V from source and –V from the capacitor 

which is 2V volts. Table 2.5 illustrates different forms of biased and unbiased clippers along with their 

9 Biased shunt clipper; eliminates positive portions 

of the input over a fixed positive reference Vr1 and 

negative portions of the input below a fixed nega-

tive reference –Vr.

10 Biased shunt clipper; eliminates positive portions 

of the input over a fixed positive reference Vr1 and 

negative portions of the input below a fixed posi-

tive reference Vr. (Circuits 9 and 10 are two-level 

clippers and use two references)

11 Biased series clipper; eliminates positive portions 

of the input over a fixed reference Vr.

12 Biased series clipper; eliminates negative por-

tions of the input below a fixed reference Vr.

(Contd.)
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Table 2.5 Different forms of clamping circuits

Sl.No. Circuit Output Waveform Remarks

1 POSITIVE clamper (Unbiased)

2 NEGATIVE clamper (Unbiased)

3 A reference voltage of Vr = 1 V 

is assumed

4 A reference voltage of Vr = 1 V 

is assumed

5 A reference voltage of Vr = –1 V 

is assumed

6 A reference voltage of Vr = –1 V 

is assumed

output waveforms. The input shown for the basic circuit is only considered and a reference voltage with 

a magnitude of 1 V is assumed for simplicity. Circuits 1 and 2 are unbiased clampers and 3 to 6 are all 

biased clampers.



Diode Applications 99

Clamping Theorem

Based on the working principle of a clamping network, the clamping theorem is proposed and it states. 

In a clamping network with a square-wave input, the ratio of the area under the forward output curve 

(Af) to the area under the reverse curve (Ar) will be equal to the ratio of forward resistance (Rf) to the 

external resistance of the circuit (R).

f f

r r

A R

A R
= (2.75)

Fig. 2.28  (a) Clamping Circuit (b) Practical input and output waveforms (c) FB equivalent circuit 

(d) RB equivalent circuit

Proof: Consider the basic clamping circuit and its practical output waveform shown in Fig. 2.28; taking 

into account that the forward area and the reverse area are marked. In steady state, the output waveform 

being repetitive, the net accumulation of charges on the capacitor will be zero; the charges accumulated 

when the diode is forward biased will be given away when the diode is reverse biased and it can be 

given as below;
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The terms under integration represent the respective areas and hence the equation can be re-written as
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= Hence, the proof.
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Summary

➣ The network in which the device works determines the point of operation of the device.

➣ The operating point of a network is determined by the intersection of the network governing 

equation and an equation defining the device characteristics.

➣ An ideal diode is one which offers zero cut-in voltage, zero forward resistance and infinitely large 

reverse resistance.

➣ To determine the state of a diode, simply consider it as a resistor and find the polarity of the 

voltage across it; if the voltage across it has a forward-bias polarity then the diode is ON else it 

is OFF.

➣ Rectification is a process wherein an applied bipolar waveform (zero average value) is converted 

into an unipolar output (one that has a dc level).

➣ Practically, for applied signals of less than the cut-in voltage of a diode, rectification is not pos-

sible. For voltages less than Vg, special circuits called precession rectifiers (to be discussed in 

Chapter 6) have to be used.

➣ It is very important that the PIV rating of a diode be checked when choosing a diode for a par-

ticular application so that the device junction is not spoiled.

➣ For the conventional half-wave rectifier and full-wave bridge rectifier, PIV is the peak value 

of the input signal; but for the Centre Tapped (CT) transformer full-wave rectifier, it is twice 

the peak value of the input signal. A diode used for the first two types of rectifiers may not be 

straightaway used for a CT transformer FWR.

➣ Filter circuits are the networks that reduce the ripple components and increase the dc component 

in the rectified output input signal.

➣ Different forms of filters can be constructed of which the simplest form is C-filter.

➣ Clipping circuits are the networks that eliminate away a part of the input signal (maintaining the 

remaining part) either to create a specific type of signal or to limit the voltage that can be applied 

to a network.

➣ Clamping circuits are networks that push the input signal to a different dc level maintaining the 

peak-to-peak swing and the shape of the input signal.

➣ Zener diodes are diodes that have the Zener breakdown and used for voltage-regulation applica-

tion. They are used in reverse-biased condition and the polarity under conduction is opposite to 

that of the conventional diode.

➣ A Zener diode can also be used for voltage references in improved forms of voltage regulators. 

➣ To determine the state of a Zener diode in a dc network, determine the open-circuit voltage be-

tween the two points where the Zener diode is connected; if it is more than the Zener potential

and has the correct polarity, then the Zener diode is ON.

➣ A voltage multiplier is a circuit used to increase voltage output, however, the current level is 

unaltered.

➣ A half-wave or full-wave voltage doubler uses two capacitors, a tripler uses three capacitors and a 

quadrupler uses four capacitors. The number of capacitors and diodes will be equal and depends 

on the multiplication value.

➣ Clipping and clamping circuits are both called nonlinear wave-shaping circuits since they employ 

the nonlinear device.

➣ A voltage multiplier is a circuit which does not use bulky transformers to increase voltage output 

and find a good number of applications.

➣ A clamping circuit is also called a dc restorer or dc re-inserter or a dc re-instater since it reintro-

duces dc level to the signal.
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Review Questions

1. If the silicon diode in the circuit shown in Fig. 2.3 is replaced by a germanium diode, what 

changes do you observe in the circuit performance?

2. If the silicon diode in the circuit shown in Fig. 2.4 is replaced by a germanium diode, what 

changes do you observe in the circuit performance?

3. If the diode in the circuits shown in Fig. 2.3 and Fig. 2.4 is replaced by an ideal germanium diode, 

what changes do you observe in the circuit performance?

4. If the diode in the circuit shown in Fig. 2.5 is reverse connected by mistake, what changes do you 

observe in the circuit performance?

5. If the diode in the circuit shown in Fig. 2.5 has a reverse maximum voltage of 230 V and suddenly 

the supply voltage increases to 250 V, what is the effect of this on the circuit performance?

6. If the diode in the circuit shown in Fig. 2.5 has a nonzero forward resistance and the supply 

transformer has a nonzero secondary winding resistance. If both these resistances put together 

increase up to a value equal to RL, what is the effect of this on the circuit conversion efficiency?

7. If the diodes in the circuit shown in Fig. 2.9 have different reverse maximum voltages of Vm1 and 

Vm2, what is the effect of this on the circuit performance?

8. If the diodes in the circuit shown in Fig. 2.9 have different reverse maximum voltages of Vm1 and 

Vm2, where Vm1 > Vm2 and suddenly the supply voltage increases to Vm1, what is the effect of this 

on the circuit performance?

9. If the diodes in the circuit shown in Fig. 2.9 have a forward resistance and the secondary trans-

former resistance sum equal to load resistance then what is the effect of this on the circuit perfor-

mance?

10. If the diodes in the circuit shown in Fig. 2.11 have a reverse maximum voltage of 230 V and sud-

denly the supply voltage increases to 250 V, what is the effect of this on the circuit performance?

11. If the diodes in the circuit shown in Fig. 2.11 have different reverse maximum voltages of Vm1,

Vm2, Vm3 and Vm4, what is the effect of this on the circuit performance?

12. If the two sets of diodes (D1 and D3) and (D2 and D4) in the circuit shown in Fig. 2.11 have differ-

ent reverse maximum voltages of Vm1 and Vm2, where Vm1 > Vm2 and suddenly the supply voltage 

increases to Vm1, what is the effect of this on the circuit performance?

13. If the two sets of diodes (D1 and D3) and (D2 and D4) in the circuit shown in Fig. 2.11 have a for-

ward resistance and the secondary transformer resistance sum equal to load resistance then what 

is the effect of this on the circuit performance?

14. Can we use the two sets of diodes (D1 and D3) and (D2 and D4) in the circuit shown in Fig. 2.11 

in the circuit of Fig. 2.9? If yes then what is the care to be taken to safeguard the diodes?

15. The supply and output terminals of the circuit shown in Fig. 2.11 are interchanged by mistake; 

does the circuit still work as an FWR? Explain clearly.

16. The output waveforms of a FWR with C-filter is shown in Fig. 2.13, explain how do you get the 

output waveform.

17. In filter circuits, C is connected across (parallel to) the load and L is connected in series with the 

load; why?

18. What do you mean by regulation? Explain.

19. A Zener regulator has got very limited applications? Explain clearly.
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Exercise Problems

1. A full-wave centre-tapped rectifier with a 220 V sinusoidal input has a load resistor of 5k.

(a) If silicon diodes are employed, what is the dc voltage available at the load?

(b) If ideal diodes are employed, what is the dc voltage available at the load?

2. A full-wave bridge rectifier with a 120 V rms sinusoidal input has a load resistor of 1k .

(a) If silicon diodes are employed, what is the dc voltage available at the load?

(b) If germanium diodes are employed, what is the dc voltage available at the load?

3. (a) Determine the required PIV rating of each diode and the maximum current through each 

diode during conduction in Problem 1.

(b) What is the required power rating of each diode?

4. (a) Determine the required PIV rating of each diode and the maximum current through each 

diode during conduction in Problem 1.

(b) What is the required power rating of each diode?

5. (a) A capacitor filter is to be used with an FWR working at 100 Hz to provide an output voltage 

of 10 V at a load of 1 mA. If the maximum allowable ripple is 0.1%, what is the size of the 

filter?

(b) If the ripple voltage is to be kept below 0.01% in Part (a), what is the new value of capacitor 

required?

6. (a) A capacitor filter is to be used with an HWR working at 100 Hz to provide an output voltage 

of 10 V at a load of 1 mA. If the maximum allowable ripple is 0.1%, what is the size of the 

filter?

(b) If the ripple voltage is to be kept below 0.01% in Part (a), what is the new value of capacitor 

required?

7. In the circuit of Fig. P2.7, the filter size varies from 2.5 mF to 25 mF. Estimate the resulting maxi-

mum and minimum ripple values if the load is 2.2 kW.

Fig. P2.7 Fig. P2.8

8. In the circuit of Fig. P2.8, the filter size varies as 2.5 mF to 25 mF. Estimate the resulting maxi-

mum and minimum ripple values if the load is 2.2 kW.

9. In the circuit of Fig. P2.8, if the 4-diode FWR is replaced by a 2-diode FWR, what difference do 

you need to maintain for the diodes, maintaining all other constraints.

10. In the circuit of Fig. P2.8, if FWR is replaced by an HWR, what difference do you observe in the 

resulting maximum and minimum ripple values?

11. (a) A bridge rectifier with a C-filter is working at a frequency of 100 Hz and is supplying a load 

of 10 mA at 10 V. If the present ripple factor of 2% is to be halved, suggest a suitable filter 

size.
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(b) Assuming capacitors are available only in one standard value, indicate a suitable filter con-

nection.

12. (a) How do you define for a regulator?

(b) There are two regulators; reg-A with +5% regulation and reg-B with +3% regulation. Which 

one is a better regulator and why?

13. For the network of Fig. P2.13, determine the range of Vi that will maintain VL at 8 V and not 

exceed the maximum power rating of the Zener diode.

Fig. P2.13

14. For the Zener diode network of Fig. 2.17(a), the Zener breakdown voltage is reduced from 10 V 

to 6.3 V with all other parameters maintained, Determine VL, VRs, IZ and PZ.

15. For the network of Fig. P2.15, determine the range of RL and IL that will result in a VRL of 10 V.

Fig. P2.15

16. Determine the maximum wattage rating of the Zener diode in Problem 15.

17. The network shown in Fig. P2.17 uses an Si diode and the magnitude of the reference voltage is 

5 V. The input is a sine wave of 20 V peak; sketch the output waveform.

      

Fig. P2.17 Fig. P2.18

18. (a) The network shown in Fig. P2.18 uses an ideal Ge diode and the magnitude of the reference 

voltage is 5 V. The input is a sine wave of 20 V peak; sketch the output waveform.

(b) If by mistake the supply voltage is reversed, what is the effect on the output?

For More Books
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19. The network shown in Fig. P2.19 uses an Si diode; sketch the output waveform if the input is a 

sine wave of 20 V peak to peak.

     

Fig. P2.19 Fig. P2.20

20. The network shown in Fig. P2.20 uses a Si diode. Sketch the output waveform if the input is a 

sine wave of 20 V peak to peak.

21. The network shown in Fig. P2.21 uses an Si diode. Sketch the output waveform if the input is a 

sine wave of 20 V peak to peak.

    

Fig. P2.21 Fig. P2.22

22. The network shown in Fig. P2.22 uses an Si diode. Sketch the output waveform if the input is a 

sine wave of 20 V peak to peak.

23. The clamper networks shown in Fig. P2.23 use an Si diode. Sketch the output waveform if the 

input is a sine wave of 20 V peak to peak.

  **

Fig. P2.23

24. (a) Find the voltage limiting levels for the network 

shown in Fig. P2.24; the diode used are Si diodes.

(b) Sketch the output waveform if the input is a sine 

wave of 20 V peak to peak.

Fig. P2.24
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25. (a) Find the voltage-limiting levels for the network shown in Fig. P2.25; the diodes used are Si 

diodes.

(b) Sketch the output waveform if the input is a sine wave of 120 mV peak.

Fig. P2.25

Multiple-Choice Questions

1. All electronic circuits for their working and operation require 

(a) ac source (b) dc source (c) both (a) and (b) (d) no source

2. The electronic circuit that generates dc power from an available ac source is

(a) power supply (b) amplifier (c) oscillator (d) all the above

3. A power-supply unit consists of

(a) a rectifier (b) a filter (c) a regulator (d) all the above

4. The output of which unit of a power supply contains maximum dc components?

(a) A rectifier (b) A transformer (c) A filter (d) None

5. A transformer in a power-supply unit necessarily

(a) isolates high-tension unit from low-tension units

(b) steps down i/p

(c) amplifies i/p

(d) both (a) and (b)

6. The turns ratio in a transformer is related to primary and secondary parameters through

(a) N1/N2 = I1/I2 = V1/V2 (b) N1/N2 = I2/I1 = V2/V1

(c) N1/N2 = I2/I1 = V1/V2 (d) none

7. The rectifier of a power-supply unit is also called

(a) a converter (b) a transformer (c) an inverter (d) none

8. The output of a rectifier in a power-supply unit is

(a) a pure ac (b) a pure dc (c) a pulsating dc (d) none

9. The unit in a power supply that minimises the ripples is

(a) a rectifier (b) a transformer (c) a regulator (d) a filter

10. The ripple factor in a rectifier output is the signal ratio of

(a) output ac to output dc (b) output dc to output ac

(c) output ac to input ac (d) none

11. The unit in a power supply that provides constant dc against certain variations is

(a) a rectifier (b) a transformer (c) a filter (d) a regulator

12. The conversion efficiency of a full-wave rectifier output is ideally

(a) 0.48 (b) 1.21 (c) 0.812 (d) 0.406

13. The TUF in a half-wave rectifier is ideally

(a) 0.48 (b) 1.21 (c) 0.286 (d) 0.693
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14. The TUF in a centre-tapped full-wave rectifier is ideally

(a) 0.48 (b) 1.21 (c) 0.286 (d) 0.693

15. The TUF in a bridge-type full-wave rectifier is ideally

(a) 0.812 (b) 1.21 (c) 0.286 (d) 0.693

16. The PIV in a half-wave rectifier is ideally equal to

(a) 0.25Vm (b) 0.5Vm (c) 2Vm (d) Vm

17. The TUF in a centre-tapped full-wave rectifier is ideally

(a) 0.25Vm (b) 0.5Vm (c) 2Vm (d) Vm

18. The TUF in a bridge-type full-wave rectifier is ideally

(a) 0.25Vm (b) 0.5Vm (c) 2Vm (d) Vm

19. In a half-wave rectifier without a filter, if the transformer secondary has a peak ac voltage of 

15"2 V then the maximum dc output voltage is

(a) 15/"2 V (b) 15 ¥"2 V (c) 66.64 V (d) 6.75 V

20. In a centre-tapped full-wave rectifier without a filter, if the transformer secondary has a peak ac 

voltage of 15"2 V then the maximum dc output voltage is

(a) 15/"2 V (b) 13.5 V (c) 15 ¥"2 V (d) 6.75 V

21. In a bridge-type full-wave rectifier without a filter, if the transformer secondary has a peak ac 

voltage of 15"2 V then the maximum dc output voltage is

(a) 15/"2 V (b) 13.5 V (c) 15 ¥"2 V (d) 6.75 V

22. The output frequency of a half-wave rectifier working with 1 kHz i/p signal is

(a) 1 kHz (b) 2 kHz (c) 500 Hz (d) zero

23. The output frequency of a centre-tapped full-wave rectifier working with 1 kHz i/p signal

(a) 1 kHz (b) 2 kHz (c) 500 Hz (d) zero

24. The output frequency of a bridge-type full-wave rectifier working with 1 kHz i/p signal is

(a) 1 kHz (b) 500 Hz (c) 2 kHz (d) zero

25. In the construction of a filter circuit inductor L is always connected in ______ and a capacitor C

is always connected in _________ with the load.

(a) series, shunt (b) shunt, series (c) shunt, shunt (d) series, series

26. The clamping circuit is also known as

(a) an ac restorer (b) a dc restorer (c) an inverter (d) a converter

27. A Zener diode in a power supply is mainly used for

(a) dc restoring (b) rectification (c) regulation (d) filtering

28. The clamping theorem relates Af, Ar, Rf and Rr in the following way:

(a) Af/Ar = Rf/Rr (b) Af/Ar = Rr/Rf (c) Af/Ar = 1/ (Rf ¥ Rr) (d) Af/Ar = Rf/Rr

29. The function of a bleeder resistor in a filter of a power supply is to

(a) decrease the performance of the filter

(b) increase the ripple factor

(c) maintain minimum current drain for the inductor

(d) to serve as load

30. The output frequency of a bridge-type full-wave rectifier working with 1 kHz i/p signal is

(a) 1 kHz (b) 500 Hz (c) 2 kHz (d) zero

31. If the input frequency of a bridge-type full-wave rectifier with a C-filter is doubled maintaining 

all other circuit components same then its ripple factor is

(a) doubled (b) halved (c) remains same (d) zero
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32. If the filter size of a bridge-type full-wave rectifier with a C-filter is doubled maintaining all other 

circuit components same then its ripple factor is

(a) doubled (b) zero (c) remains same (d) halved

33. Inductor/Choke input filters are not recommended to work with low-frequency rectifiers, because 

______ and will be difficult to maintain.

(a) L size will be large (b) C size will be large

(c) L size will be small (d) C size will be large

34. The regulation of an ideal regulator should be 

(a) maximum (b) minimum (c) zero (d) nonzero
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Goals and Objectives

Upon completion of this chapter, the reader of the book is expected to

➤ Recall all the basic concepts of semiconductor materials and a PN junction 

from Chapter 1

➤ Understand the construction of the bipolar junction transistor (BJT)

➤ Understand the basic operation of the bipolar junction transistor

➤ Understand the active region, the saturation region and the cut-off region of 

BJT operation

➤ Understand the proper biasing that ensures BJT operation in the active 

region

➤ Draw and analyze the load line for a BJT

➤ Draw and explain the characteristics of NPN or PNP transistors

➤ Understand the important parameters of a BJT such as current gain, voltage 

gain, etc.

➤ Understand different BJT configurations namely CE, CB and CC configurations

➤ Compare performances of different BJT configurations namely CE, CB and 

CC configurations

➤ Understand the working and design procedure for BJT amplifiers

➤ Understand the basic operation of a transistor as a switch

➤ Perform the load-line analysis of different BJT configurations and fix up the 

Q-point

➤ Understand the concept of stability and importance of stability factors

➤ Understand the concept of circuit designs using NPN and PNP transistors

➤ Compare performance of different BJT biasing methods

➤ Understand the concept and need of bias stabilisation

➤ Feel confident of moving to the applications (next) chapter

3
Bipolar Junction 
Transistors
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3.1 INTRODUCTION

In previous chapters, you learnt that a semiconductor diode with one junction and two terminals can be 

used in rectification of an ac signal, clipping an input signal, clamping an input signal (wave-shaping 

applications), etc. But, the two-terminal device fails to increase the strength of a weak signal (ampli-

fication) and hence a three-terminal device such as a transistor can be used to provide the required 

amplification. A transistor is a three-terminal, two-junction semiconductor device that is mainly used 

for amplification. On December 23, 1947, Walter H Brattain and John Bardeen demonstrated the am-

plifying action of the first transistor at the Bell Telephone Laboratories. This three-terminal solid-state 

device had a number of advantages over the vacuum tubes: it was smaller in size and lightweight, it had 

no heater required and heater loss, it had a rugged construction, it was more efficient since less power 

was absorbed by the device itself and it required no warm-up period and operated at lower voltages. 

The components such as a resistor, a capacitor or an inductor are all passive and dissipate power; even a 

transformer that is capable of giving a voltage gain to a circuit is not an active element. Active elements 

in a circuit increase the power by controlling or modulating the flow of power from an additional power 

supply into the circuit. An amplifier (device that increases the voltage, current or power level) will be 

an example of an active device and all amplifiers have at least three terminals, with one controlling the 

flow between the other two. It is already mentioned that before the invention of the transistor in 1947, 

vacuum tubes had been used for more than 40 years (during 1904 to 1947). Table 3.1 illustrates the 

vacuum tube generation and their inventors. Vacuum-tubes were replaced by solid-state devices and 

that led to a revolution in the electronics industry.

Transistors are active circuit elements that are typically made from silicon or germanium materials 

and available in two forms; the NPN and PNP. The Bipolar Junction Transistor (BJT) controls the cur-

rent by varying the number of charge carriers and the Field Effect Transistor (FET) controls the current 

by varying the shape of the conducting volume. This chapter includes all the basics of a transistor: 

construction, its working principle, different configurations and the biasing techniques used to fix up 

the operating point for the device.

Co-inventors of the first

transistor at Bell 

Laboratories: (Courtesy of 

AT&T Archives.)

Dr. Shockley Born:

(seated) London,

England, 1910

PhD Harvard, 1936

Dr. Bardeen Born: (left) 

Madison, Wisconsin, 1908

PhD Princeton, 1936

Dr. Brattain Born: Amoy,

China, 1902

PhD University of 

Minnesota, 1928

All shared the Nobel Prize in 1956 for this contribution
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Table 3.1 Transistor ancestors

Sl. No. Device Name Year of Invention Inventor

1

vacuum-tube diode 

1904 J A Fleming

2

vacuum-tube triode 

1906 Lee De Forest

3

vacuum-tube tetrode 

1927 Dr Hull

4

vacuum-tube pentode

1929 Dr Hull

5

Amplification

23.12.1947 Walter H Brattain and John 

Bardeen
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3.2 TRANSISTOR CONSTRUCTION AND OPERATION

A Bipolar Junction Transistor (BJT) is a three-layer, two-junction semiconductor device consisting of 

either two N-type and one P-type layers of material (NPN transistor) or two P-type and one N-type lay-

ers of material (PNP transistor). A transistor can be visualised as two back-to-back connected diodes; 

by placing two PN junctions together, we can create a bipolar transistor with the three terminals—

emitter, base and collector. The term bipolar is to justify the fact that holes and electrons participate in 

the injection process into the oppositely polarised material. If only one carrier is employed (electron 

or hole), it is considered a unipolar device. For proper working of the transistor, the two junctions of 

the transistor should be properly biased, the base-emitter (J1) junction should be forward biased and 

the base-collector (J2) junction should be reverse biased. In a PNP transistor, the majority charge car-

riers are holes and germanium is favoured for these devices. In an NPN transistor the majority charge 

carriers are electrons and silicon is best for NPN transistors. The thin and lightly doped middle layer 

is known as the base (B) and the two outer regions are known as the emitter (E) and the collector (C).

The outer layers have widths much greater than the middle P-type or N-type layer and the doping of 

this base layer is also considerably less than that of the outer layers (typically, l0: l or less). The lower 

doping level limits the number of free charge carriers in this layer and decreases the conductivity (in-

creases the resistance) of this material. Under the proper operating conditions, the emitter region emits 

or injects majority charge carriers into the base region and because the base is very thin, most of these 

electrons will ultimately reach the collector. The emitter is highly doped to reduce resistance and emit 

more majority charge carriers. The collector is lightly doped to reduce the junction capacitance of the 

collector-base junction. The schematics and the circuit symbols for bipolar transistors are shown in 

Fig. 3.1. The arrows on the schematic symbols indicate the direction of emitter-current flow. The col-

lector is usually at a higher voltage than the emitter and for proper operation, the base-emitter junction 

is forward biased while the collector-base junction is reverse biased.

Fig. 3.1 (a) NPN transistor and symbol (b) PNP transistor and symbol

We will find later in this chapter that dc biasing is necessary to establish the proper region of opera-

tion for ac amplification. The basic operation of the transistor will now be described using the PNP

transistor, and the operation of the NPN transistor is exactly similar if the roles played by the electrons 

and holes are interchanged. Consider only the forward bias applied to J1 as shown in Fig. 3.2(a). The 

depletion region has been reduced in width due to the applied bias, resulting in a heavy flow of major-

ity carriers from the P-type to the N-type material. Let us now remove the base-to-emitter bias of the 

transistor and apply a reverse bias to J2; the flow of majority carriers is now zero, resulting in only a 

minority-carrier flow, as indicated in Fig. 3.2(b).
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Fig. 3.2 (a) PNP transistor with forward-biased J1 (b) PNP transistor with reverse-biased J2

When biasing potentials to both the junctions are applied to a PNP transistor, the resulting current 

contains both majority and minority charge carrier flow; a large number of majority carriers will dif-

fuse across the forward-biased PN junction into the N-type material. Since the middle N-type material 

is very thin and has a high resistivity, a very small number of these carriers will take this path of high 

resistance to the base terminal constituting a very small base current IB. The magnitude of this base 

current is typically of the order of microamperes. A large number of these majority carriers will diffuse 

across the reverse-biased junction into the P-type material connected to the collector terminal consti-

tuting a collector current IC, the magnitude of which will be in the order of milliamperes. Applying 

Kirchhoff’s current law to the base of the transistor, we obtain

IE = IC + IB (3.1)

Here, we find that the emitter current is the sum of the collector and base currents and the collec-

tor current consists of both the majority and the minority carriers. The minority current component 

is called the leakage current, represented by the symbol ICO (collector current with emitter terminal 

open). The total collector current is, therefore, given by

IC¢ = IC majority + ICO minority

IC¢ = IC + ICO (3.2)

Generally, IC will in the order of milliamperes and ICO will in the order of microamperes or nanoam-

peres. ICO (and hence IC) is highly temperature sensitive and must be controlled carefully when wide 

temperature applications are involved, otherwise it can severely affect the stability of a system at high 

temperatures. If the collector, emitter and base of an NPN transistor are shorted together as shown in 

Fig. 3.3(a), the diffusion process described earlier for diodes results in the formation of two depletion 

regions that surround the base as shown. The diffusion of negative carriers into the base and positive 

carriers out of the base results in a relative electric potential as shown in Fig. 3.2(b). The voltage levels 

developed under different conditions are also indicated.

When the transistor is biased for normal operation as in Fig. 3.3(b), the base terminal is slightly posi-

tive with respect to the emitter (about 0.6 V for silicon), and the collector is positive by several volts. 

When properly biased, the transistor acts to make IC >> IB. The depletion region at the reverse-biased 

base-collector junction grows and is able to support the increased electric potential change indicated 

in Fig. 3.3(b). For a typical transistor, 95% to 99% of the charge carriers from the emitter make it to 

the collector and constitute almost all the collector current IC; IC is less than IE by IB. A small current 

flow into the base controls a much larger current flow into the collector and thus a BJT is a current-
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controlled device. After the transistor has been manufactured, gold or an aluminum or nickel leads 

are then attached and the entire structure is encapsulated in a casing with a notch to identify the emit-

ter, collector and base terminals of a transistor. Figs 3.3(c), (d) and (e) show commercially available 

transistors.

3.3 TRANSISTOR CONFIGURATIONS

A transistor can be considered and analysed as a two-port network with an input port and an output 

port. In order to configure a transistor as a two-port network, one of the terminals need to be common 

between input and output. Accordingly, there are three different configurations possible for a transistor 

connection in any application; they are

(i) Common-Base (CB) configuration

(ii) Common-Emitter (CE) configuration

(iii) Common-Collector (CC) configuration

3.3.1 Common-Base Configuration

In the common base (CB) configuration, the base terminal is common to both the input and output 

ports. The arrangement shown in Fig. 3.4 is a common-base configuration, its input and output VI

characteristics. The battery VEE used on the input side maintains a forward bias on the BE junction and 

resistor RE is to limit the emitter current. Similarly, the battery VCC used on the output side maintains a 

reverse bias on the CB junction and the resistor RC is to limit the collector current.

Fig. 3.3 Different forms of commercially available transistors
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Fig. 3.4 (a) Transistor in CB configuration (b) Input characteristics (c) Output characteristics

Conventional current flow will be opposite to electron flow throughout this textbook, meaning all 

current directions will refer to conventional hole flow rather than electron flow and the arrows in all 

electronic symbols have a direction defined by this convention. All the current directions appearing in 

Fig. 3.4(a) are the actual directions as defined by the choice of conventional flow. Note that the applied 

biasing voltages are in such a way as to establish current in the direction indicated for each branch. In

order to clearly understand the working of the common-base configuration, two sets of characteristics 

are used; the input characteristics for the driving point or input parameters and the output character-

istics for the output side or the load side. The input characteristics for the common-base amplifier are 

shown in Fig. 3.4(b); this relates the input current IE to the input voltage VBE for various levels of output 

voltage VCB. The output characteristics shown in Fig. 3.4(c) relates the output current IC to the output 

voltage VCB for various values of VBE. The output or collector characteristics has three basic regions of 

interest; the active region, the cut-off region and the saturation region. The region close to X-axis with

IE @ 0 is cut-off region, the region close to Y-axis with VCE @ 0 is saturation region and the in-between 

region (shown by dashed line) is the active region. The active region is normally employed for applica-

tions like amplifiers, oscillators, etc. The saturation and cut-off regions are employed for switching ap-

plications. In the active region, the base–emitter junction is forward biased, whereas the collector–base 

junction is reverse biased. The regions of operation are selected by fixing the operating point (zero 

signal values of IC and VCE) using the biasing arrangements. At the lower end of the active region, the 

emitter current (IE) is zero and the collector current is simply that due to the reverse saturation cur-

rent ICO represented as ICBO is indicated in Fig. 3.4(c). In addition, ICBO (reverse leakage current) is 

temperature sensitive. At higher temperatures the effect of ICBO may become an important factor since 

it increases so rapidly with temperature. Notice in the output characteristics that as the emitter current 

increases above zero, the collector current also increases to a magnitude essentially equal to that of the 

emitter current as determined by the basic transistor current relations. In the active region, the effect of 

VCB on the collector current is almost negligible. The curves clearly indicate that a first approximation 

to the relationship between IE and IC in the active region is given by the relation 

IE > IC (3.3)

In the cut-off region, the collector current is zero and the base–emitter junction and collector–base 

junction both are reverse-biased. The saturation region is the region to the left of the Y-axis, i.e. 

VCB = 0 V. In the saturation region, the base–emitter junction and collector–base junction both are for-

ward biased. The input characteristics of Fig. 3.4(c) clearly indicate that for a given value of collector-

base voltage VCB, the emitter current IE increases with the base-emitter voltage (resembles the diode 

characteristics) and once a transistor is in the ON state, the base-emitter voltage will be VBE = 0.7 V.
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Example 3.1

An NPN transistor has a dc current gain of a = 0.989. Calculate the input current IE required to switch 

a resistive load of 4 mA in the collector circuit.

Solution We have, in CB configuration from Eq. (3.4),

CB

C
dc

E V

I

I
a =

C
E

dc

4 mA
0.045 mA

0.989

I
I

a
= = =

An emitter current of 4.045 mA results in a collector current of 4 mA and drives the load.

Common-Base Current Gain—a

The current gain alpha (a) is defined for the common-base configuration of a BJT and can be defined 

in two forms: the dc current amplification factor (adc) and the ac current amplification factor (aac). The 

dc current gain adc is defined as the ratio of collector current to emitter current at a constant VCB under 

dc biasing conditions.

CB

C
dc

E V

I

I
a = (3.4)

Similarly, the ac current gain aac is defined as the ratio of change in collector current to a corre-

sponding change in emitter current at a given VCB under ac signal conditions.

CB

C
ac

E V

I

I
a

D
=
D (3.5)

Equation 3.5 indicates that a relatively small change in collector current IC is divided by the cor-

responding change in emitter current IE with a constant collector-to-base voltage VCB. For most situa-

tions, the magnitudes of both IE and IC are so close that one can be approximated to the other, resulting 

in a maximum value for the amax = 1; hence

a £ 1 (3.6)

Consider Eq. (3.2), IC¢ = IC + ICO

But from Eq. (3.4), IC = adc ¥ IE and from Eq. (3.1), IE = IC + IB. Hence, we can write

IC¢ = adc ¥ IE + ICO

= adc(IC + IB) + ICO

IC¢ = 
a

a a

¥
+

- -
COdc B

dc dc1 1

II
(3.7)

A common-base configuration offers the following characteristics: the transistor circuit will have a 

very low-input impedance, very high output impedance, unity (or less) current gain, high-voltage gain 

and very good high-frequency response and hence finds dominant applications in RF amplifiers and 

high-frequency circuits.

Example 3.2

An NPN transistor has a dc base bias voltage, VB = 10 V and an input base resistor, RB = 100 kW. What 

will be the value of the base current into the transistor?
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Solution We have, at base circuit of the transistor

B BE
B

B

B

10 0.07
93 A

100

V V
I

R

I
k

-
=

-
= = m

3.3.2 Common-Emitter Configuration

In the common-emitter (CE) configuration, the emitter terminal is common to both the input and output 

ports. The arrangement shown in Fig. 3.5 is a common-emitter configuration, its input and output VI

characteristics. The battery VBB used on the input side maintains a forward bias on BE junction and 

resistor RB is to limit the base current (drive). Similarly, the battery VCC used on the output side main-

tains a reverse bias on the CB junction and resistor RC is to limit the collector current.

Fig. 3.5 (a) Transistor in CE configuration (b) Input characteristics (c) Output characteristics
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Common-emitter configuration is the most commonly used transistor configuration since it offers 

a relatively better performance among all the three configurations. In order to clearly understand the 

working of the common-emitter configuration, two sets of characteristics is used; the input charac-

teristics for the driving point or input parameters and the output characteristics for the output side or 

the load side. The input characteristics for the common-emitter amplifier is shown in Fig. 3.5(b); this 

relates the input current IB to the input voltage VBE for various levels of output voltage VCE. The output 

characteristics shown in Fig. 3.5(c) relates the output current IC to the output voltage VCE for various 

values of IB. The output or collector characteristic has three basic regions of interest; the active region, 

the cut-off region and the saturation region as marked in Fig. 3.5(c). The emitter, collector and base 

currents are shown in their actual conventional current direction. Even though the transistor configura-

tion has changed, the current relations developed earlier for the common-base configuration are still 

applicable. Notice that the curves of IB are not as flat as those obtained for IE in the common-base con-

figuration; this indicates that the influence of voltage VCE on the collector current is more compared to 

the voltage VCB. The region to the left of VCEsat is called the saturation region. In the active region of a 

common-emitter amplifier, the base–emitter junction is forward biased and the collector–base junction 

is reverse biased. The active region of the common-emitter configuration can be employed for voltage, 

current or power amplification. The cut-off region for the common-emitter configuration is not as well 

defined as for the common-base configuration. When employed as a switch in the logic circuits, the 

transistor will have to be operated between the cut-off and the saturation regions.

Example 3.3

A PNP transistor has a dc current gain of b = 200; a relay of 4 mA connected in the collector circuit 

has to be driven by this device as shown in Fig. 3.6. Calculate the base current IB required to switch the 

relay in the collector circuit.

Fig. 3.6 For Example 3.3

Solution We have, in CE configuration from Eq. (3.8),

CE

C
dc

B

C
B

dc

4 mA
20 A

200

V

I

I

I
I

b

b

=

= = = m

A base current of 20 mA results in a collector current of 4 mA and drives the load.
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1. Common Emitter Current Gain—b

The current gain, beta (b), is defined for the common-emitter configuration of a BJT and can be defined 

in two forms: the dc current amplification factor (bdc) and the ac current amplification factor (bac). The 

dc current gain bdc is defined as the ratio of collector current to base current at a constant VCE under dc 

biasing conditions.

CE

C
dc

B V

I

I
b = (3.8)

Here, IC and IB are determined at a particular operating point on the VI characteristics. For practical 

devices, the value of b typically ranges from about 50 to over 400. The parameter b reveals the relative 

magnitude of one current with respect to the other; for a device with a b of 100, the collector current 

is 100 times the magnitude of the base current. On specification sheets, this parameter is represented 

as hfe, the hybrid parameter obtained using a hybrid equivalent circuit (to be introduced in Chapter 4). 

Similarly, the ac current gain bac is defined as the ratio of change in collector current to a corresponding 

change in base current at a given VCE under ac signal conditions.

CE

C
ac

B V

I

I
b

D
=
D (3.9)

Since the collector current is the output current for a common-emitter configuration and the base cur-

rent is the input current, the term amplification is included in the nomenclature above. On specification 

sheets, it is normally referred to as hfe.

A common-emitter configuration offers the following characteristics: the transistor circuit will have 

a moderately high input impedance, low output impedance, moderately high current gain, moderately 

high voltage gain and very good and wide range of frequency response and hence finds dominant ap-

plications in voltage, current and power amplifiers.

Example 3.4

An NPN transistor has a set of input characteristics shown 

in Fig. 3.7. Calculate (a) base current at VBE = 0.75 V and 

VCE = 1.0 V, and (b) input dc resistance of the device at VBE = 

0.75 V and VCE = 1.0 V.

Solution

(a) We have, from the graph at

  VBE = 0.75 V, a line erected vertically touches VCE = 1 V 

line at a point which intersects the y-axis at IB = 40 mA.

(b) The corresponding input resistance can be calculated 

using the relation

  Rin = = = W
m

BE

B

75
0. 18.75 k

40 A

V

I

2. Relationship between a and b

A relationship can be developed between a and b using the basic relationships introduced so far. Using 

Eq. (3.4) and Eq. (3.7), we can rewrite Eq. (3.1) as below:

IE = IC + IB

Fig. 3.7 For Example 3.4
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a b

a b

b

a b

= +

Ê ˆ
= +Á ˜Ë ¯
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C C

C
dc dc
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C
dc dc

dc

dc dc

1
1

(1 )1

I I
I

I
I

Re-arranging, dc
dc

dc1

b
a

b
=

+
(3.10)

or,
dc

dc
dc1

a
b

a
=

-
(3.11)

Example 3.5

An NPN transistor has a set of output characteristics shown in Fig. 3.8. Calculate (a) collector current 

at IB = 40 mA and VCE = 7.5 V, and (b) the corresponding output dc resistance of the device.

Fig. 3.8 For Example 3.5

Solution

(a) We have, from the graph with VCE = 7.5 V, a line erected vertically touches the IB = 40 mA line at 

a point which intersects y-axis at IC = 4.10 mA.

(b) The corresponding output resistance can be calculated using the relation

= = = W
m

CE

O
C

5
7. 1.705 k

40 A

V
R

I
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3.3.3 Common-Collector Configuration

In the common-emitter (CC) configuration, the emitter terminal is common to both the input and output 

ports. The arrangement shown in Fig. 3.9 is a common-collector configuration. The battery VBB used on 

the input side maintains a forward bias on the BE junction and the resistor RB is to limit the base current 

(drive). Similarly, the battery VCC used on the output side maintains a reverse bias on the CB junction 

and the resistor RE is used to collect the output. Notice that in a CC configuration, there is no collector 

resistor and the output is measured across emitter resistor.

Fig. 3.9 (a) Transistor in CC configuration (b) Input characteristics

In order to clearly understand the working of the common-collector configuration, two sets of char-

acteristics are used: the input characteristics for the driving point or input parameters and the output 

characteristics for the output side or the load side. The input characteristics for the common-collector 

amplifier is shown in Fig. 3.9(b); this relates the input current IB to the input voltage VBE for various 

levels of output voltage VCE. The output characteristics for a CC circuit relates the output current IE (IC

in CE mode) to the output voltage VCE for various values of IB. Since IC is almost equal to IE, the output 

characteristics for a CC mode are almost similar to that of a CE mode. The CC configuration is also 

commonly known as the emitter follower or the voltage follower. This is because the output signal 

across the emitter is almost the replica of the input signal with little loss. In other words, the output 

voltage follows the input voltage and hence the voltage gain will be a maximum of one.

1. Common Collector Current Gain—g

The current gain beta (g ) is defined for the common-emitter configuration of a BJT and can be defined 

in two forms: the dc current amplification factor (gdc) and the ac current amplification factor (gac). The 

dc current gain bdc is defined as the ratio of emitter current to base current at a constant VCE under dc 

biasing conditions.

CE

E
dc

B V

I

I
g = (3.12)

For practical devices, the value of g typically ranges from about 50 to over 400 (one greater than b).

Similarly, the ac current gain gac is defined as the ratio of change in emitter current to a corresponding 

change in base current at a given VCE under ac signal conditions.
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CE

E
ac

B V

I

I
g

D
=
D (3.13)

A common-collector configuration offers the following characteristics: the transistor circuit will have 

a very high input impedance, very low output impedance, moderately high current gain, unity volt-

age gain and very good and wide range of frequency response and hence finds dominant applications 

in current amplifiers. Because of good impedance-matching properties, this circuit is widely used as 

driver (buffer) stage in many applications.

2. Phase Shifts

In both the common-base and the common-collector (emitter follower) configurations, the input and 

output signals are in phase, but in the common-emitter configuration, the input and output signals are 

phase shifted by 180° (inverted); a positive input resulting in a negative output and vice versa. Table 3.2 

illustrates a comparison between all the three transistor configurations:

Table 3.2  Comparison between CE, CB and CC transistor configurations

Sl. No. Parameter CE mode CB mode CC mode

1 Between input and 

output, the common 

terminal

Emitter Base Collector

2 Voltage gain Moderate High (50 to 300) Unity (£ 1)

3 Current gain Moderate Unity (£ 1) High

4 Power gain Possible No No

5 Input impedance Moderate Low High

6 Output impedance Low High Low

7 Phase shift 180° No No

8 Applications Almost all applications 

like amplifiers, 

oscillators, etc.

High-frequency 

applications.

Impedance matching, 

driver stages, etc.

3.4 TRANSISTOR AS AN AMPLIFIER

Amplification is the process of increasing the strength of a weak signal and the circuit which performs 

this is called as an amplifier. Amplification can be for either a voltage signal or a current signal; a circuit 

which offers amplification to the voltage signal is a voltage amplifier and that for a current signal is a 

current amplifier. However, a power amplifier amplifies both current and voltage levels of the input sig-

nal. For simplicity, the common-emitter configuration is considered. The basic amplifying action was 

produced by transferring the source current Ii from a low-resistance to a high-resistance circuit; and that 

is how the term transistor refers to transfer of resistance (from low to high). An amplifier performance 

is determined mainly by the selection of Q-point (zero signal values of IC and VCE), input impedance 

and output impedance. The ac input resistance determined by the input characteristics of Fig. 3.5(b), is 

quite moderate and typically few kW. The output resistance, as determined by the curves of Fig. 3.5(c), 

is quite small and typically a few 100 W. Figure 3.10 indicates the block representation of an amplifier 

and a detailed discussion on transistor amplifiers is presented further in Chapter 4. For each transistor, 
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there is a region of operation on its characteristics which will ensure that the device maximum ratings 

are not exceeded and the output signal is zero or minimum distorted. All such regions of (the limits 

of) operation are defined on typical transistor specification sheets. Some of the limits of operation are 

maximum collector current or continuous collector current ICmax, maximum collector-to-emitter volt-

age VCEO or V(BR)CEO. The level of VCEsat is typically in the neighbourhood of 0.1 V for germanium 

transistor and 0.2 V to 0.3 V for silicon transistors. The maximum dissipation level is given by

Pmax = ICmax VCEmax (3.14)

Amplifier Gain

Fig. 3.10 Amplifier gain

Amplifier Voltage Gain

Voltage gain AV = 
OUT

in

Output Voltage

Input Voltage

V

V
=

Amplifier Current Gain

Current gain Ai = 
OUT

in

Output Current

Input Current

I

I
=

Amplifier Power Gain

Power gain Ap = 
OUT

in

Output Power

Input Power

P

P
=

Note that the power gain can also be expressed as the product of voltage gain and current gains,

i.e. power gain Ap = Av ¥ Ai

The amplifier gains can be expressed in decibels (dB). Bel is a logarithmic unit (base 10) of measure-

ment that has no units but as bel is a large unit of measure, it has be prefixed with deci making it deci-

bels with one decibel being one tenth (1/10th) of a Bel. To calculate the gain of the amplifier in decibels 

or dB, we can use the following expressions:

Voltage gain in dB: Av¢ = 20 log Av

Current gain in dB: Ai¢ = 20 log Ai

Power gain in dB: Ap¢ = 10 log Ap

Example 3.6

Determine the voltage gain, current gain and power gain of an amplifier that has an input signal of 1 mA 

at 10 mV and a corresponding output signal of 10 mA at 1 V. Also, express all three gains in decibels 

(dB).
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Solution

Voltage gain AV = 
Output Voltage 1

100
Input Voltage 0.01

= =

Current gain Ai = 
Output Current 10

10
Input Current 1

= =

Power gain Ap = Av ¥ Ai = 100 ¥ 10 = 1000

Amplifier gain in decibels (dB):

Voltage gain in dB: Av¢ = 20 log Av = 20 log 100 = 40 dB

Current gain in dB: Ai¢  = 20 log Ai = 20 log 10 = 20 dB

Power gain in dB: Ap¢  = 10 log Ap = 10 log 1000 = 30 dB

Fig. 3.11 Different forms of commercially available transistors

Fig. 3.12 A quad PNP Si transistor-Q2T2905: (a) IC form (b) Internal structure

Figure 3.11 and 3.12 present some commercially available power transistors. For high power transistor, 

the casing will be large for higher dissipation.

3.5 TRANSISTOR SPECIFICATION SHEET

Transistor Standards: Digit - Letter - Serial number - [suffix]

The transistor’s first digit is one less than the number of connections the device has, except for 4N 

and 5N which are reserved for opto-couplers. The number 2 is most common. The letter is always N. 

The serial number runs from 100 to 9999 indicating its development date.

The suffix(optional) indicates the gain (hfe) group of the device:

A = low gain

B = medium gain

C = high gain

No suffix = ungrouped (any gain)
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Examples: 2N4401, 2N2222A, 2N104

2SAXXXX PNP type high frequency

2SBXXXX PNP type low frequency

2SCXXXX NPN type high frequency

2SDXXXX NPN type low frequency

The digit is one less than the number of connections, i.e. 2 for most. The letters indicate the applica-

tion area according to the following code:

SA: PNP HF Transistor

SB: PNP AF Transistor

SC: NPN HF Transistor

SD: NPN AF Transistor

SE: Diodes

SF: Thyristors

SG: Gunn Devices

SH: UJT

SJ: P-channel FET/MOSFET

SK: N-channel FET/MOSFET

SM: Triac

SQ: LED

SR: Rectifier

SS: Signal Diodes

ST: Avalanche Diodes

SV: Varicaps

SZ: Zener diodes

The serial number runs from 10 to 9999.

Examples: 2SA2222, 2SB719, 2SC583, 2SC435, C 435.

Pro-electron.

(Ref: The Pro-Electron website.)

Two letters, [letter], Serial number, [suffix]

The first letter indicates the material:

A = Ge

B = Si

C = GaAs

R = Compound materials.

(Most common type is B.)

The second letter indicates the device application:

A: Diode RF
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B: Variac

C: Transistor, AF, small signal

D: Transistor, AF, power

E: Tunnel diode

F: Transistor, HF, small signal

K: Hall effect device

L: Transistor, HF, power

N: Optocoupler

P: Radiation-sensitive device

Q: Radiation-producing device

R: Thyristor, low power

T: Thyristor, Power

U: Transistor, power, switching

Y: Rectifier

Z: Zener, or voltage regulator diode

The third letter, if used, is usually a W, X, Y or Z and indicates noncommercial use. The serial num-

ber runs from 100 to 9999. The suffix indicates the gain grouping, as for JEDEC.

Examples: BC204A, BAW45, BF299, BFY62

3.6 TRANSISTOR TESTING

As already discussed in Chapter 2 for diode testing, the transistor testing can also be done considering 

a transistor as a combination of two diodes. Mainly, there are three methods that can be used to test a 

transistor; they are use of an ohmmeter and a curve tracer.

1. Ohmmeter Testing

An ohmmeter is nothing but the resistance scales of a Digital MultiMeter (DMM); it can be used to 

check the state of a transistor. Recall that for a transistor in the active region, the base-to-emitter junc-

tion is forward biased and the base-to-collector junction is reverse biased. Essentially, therefore, the 

forward-biased junction should register a relatively low resistance, whereas the reverse-biased junction 

shows a much higher resistance. For an NPN transistor, the forward-biased junction (biased by the in-

ternal supply in the resistance mode) from base to emitter should be checked as shown in Fig. 3.13(a) 

and results in a reading that will typically fall in the range of 100 to a few kilo-ohms. The reverse-biased 

Fig. 3.13 (a) Forward-biased BE junction (b) Reverse-biased CB junction
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base-to-collector junction (again reverse biased by the internal supply) should be checked as shown in 

Fig. 3.13(b) with a reading typically exceeding 100 kW. For a PNP transistor, the leads are reversed for 

each junction. Obviously, a faulty device indicates a large or small resistance in both directions (revers-

ing the leads) for either junction of an NPN or PNP transistor.

If both junctions of a transistor result in the expected readings, the type of transistor can also be 

determined by simply noting the polarity of the leads as applied to the base-emitter junction. If the posi-

tive (+) lead is connected to the base and the negative lead (–) to the emitter, a low resistance reading 

would indicate an NPN transistor. A high resistance reading would indicate a PNP transistor. Although 

an ohmmeter can also be used to determine the leads (base, collector and emitter) of a transistor, it is 

assumed that this determination can be made by simply looking at the orientation of the leads on the 

casing.

2. Transistor Curve Tracer

The transistor curve tracer provides the direct display of input-output characteristics if all the necessary 

controls are properly set. Most of today’s modern oscilloscopes (to be discussed in Chapter 8) come 

with these curve tracers and even some of these measuring devices provide an estimation of the current 

gain (b).

Apart from these, there are a variety of transistor testers available, some are simply in the form of 

digital meters and most of today’s digital meters come with these testers.

Table 3.3 illustrates the applications of various regions of transistor operation. It can be observed 

here that active region of operation finds varieties of applications since the collector current and base 

current have a linear relationship in this region.

Table 3.3 Transistor operating regions and their applications

Sl. No. Region Applications

1 Cut-off region No application, transistor will not be conducting.

2 Active region Many applications; amplifiers, oscillators, etc.

3 Saturation region Constant current sources

4 Cut-off and saturation region Switching applications, invertor, etc.

3.7 INTRODUCTION TO BJT BIASING

The analysis or design of a transistor amplifier requires knowledge of both the dc and the ac response 

of the system. A transistor is a device that can amplify the level of the applied ac input using a set of 

resistors and an external dc energy source which fixes up the required dc conditions in the circuit. This 

zero signal values (no input ac signal) of collector current and the collector-emitter voltage are called 

Q-point or operating point. In reality, the increase in the output ac power level is the result of a transfer 

of energy from the applied dc supplies. The analysis and design of any electronic amplifier, therefore, 

has two parts: the dc part and the ac part. The dc analysis and the ac analysis can be separately carried 

out, but the design stages are dependent on each other. The dc level of operation of a transistor is con-

trolled by a number of factors, including the range of possible operating points on the device character-

istics. Once the desired dc current and voltage levels are defined, a circuit must be constructed that will 

establish the desired operating point. The remaining sections of this chapter discuss a number of these 

circuits. Each design will also determine the stability of the system, that is, how sensitive the system 
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is to device parameters which, in turn, are sensitive to temperature variations. In most cases, the base 

current is the first important quantity to be determined; once IB is known, the relationships between 

various device parameters [Eq. (3.1) to Eq. (3.12)] can be used to find the remaining parameters of the 

device. The similarities in analysis will be immediately obvious as we progress through the sections of 

the chapter. The primary goal of this chapter is to develop a level of familiarity with the BJT transistor 

that would help a dc analysis of any system employing the BJT device.

3.8 LOAD-LINE ANALYSIS AND OPERATING POINT

Biasing is a method to establish a fixed level of current and voltage in the device through the applica-

tion of dc voltages. For these transistor circuits, the resulting dc current and voltage establish an operat-

ing point on the characteristics that define the region employing applications like amplification, switch-

ing, etc. Because the operating point is a fixed point on the characteristics, it is also called the quiescent 

point or Q-point. Figure 3.14(c) shows the fixing of an operating point on the output characteristics of a 

device. The external biasing circuit can be so designed to fix the device operation at any of the desired 

points like Q1 or Q2 or any other within the device active region. The chosen Q-point often depends on 

the intended application of the circuit, for example if no bias were used, the device would initially be 

completely off, resulting in Q1 (IC = 0 and VCE = 0). For most applications, since it is necessary to bias 

a device so that it can respond to the entire range of an input signal, the point Q1 would not be suit-

able. For the point Q2, if a signal is applied to the circuit, the device will vary its current and voltage 

around the operating point values depending upon the polarity and the magnitude of the input signal.

In general, it is preferable to operate where the gain of the device is fairly constant (or linear) to ensure 

that the amplification over the entire swing of input signal is the same; the point Q2 is a region of more 

largest possible voltage and current swing, linear spacing and, therefore, more linear operation. Varia-

tions in the device temperature cause the device parameters, such as the transistor current gain and the 

transistor leakage current, to change and hence it is necessary to take care of the effect of temperature 

into account. Higher temperatures result in increased leakage currents in the device; practically, it is 

true that the leakage current doubles for every 10°C rise in temperature, thereby changing the operating 

condition set by the biasing network. The result is that the device may be damaged or the circuit may 

result in unfaithful working; hence, care should also be taken to see that the network design must also 

provide a degree of temperature stability so that temperature changes result in minimum changes in the 

Fig. 3.14 (a) Simple CE circuit (b) The dc load line (c) Selection of a Q-point
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operating point. This maintenance of the operating point can be specified by a stability factor S, which 

indicates the degree of change in operating point due to a temperature variation. A highly stable circuit 

is desirable and the stability factor for such a circuit is theoretically zero. For the BJT to be biased in 

its linear or active operating region, the base–emitter junction must be forward biased (with a VBE = 

0.6 V to 0.7 V for an Si device and = 0.2 V to 0.3 V for a Ge device); the base–collector junction must 

be reverse biased.

Consider the CE circuit shown in Fig. 3.14(a); applying KVL to the output loop, we can write

VCC = VCE + ICRC

VCE = VCC – ICRC (3.15)

-
= CC CE

C
C

V V
I

R
(3.16)

= - + CC

C CE
C C

1 V
I V

R R

(3.17)

Equation (3.15) represents a straight line y = mx + c with m = –1/RC, x = VCE and c = VCC/RC; the ex-

treme points for the straight line are at IC = 0 (y = 0), i.e. VCE = VCC and VCE = 0 (x = 0) or IC = VCC/RC.

Joining these two extreme points result in a straight line as indicated in Fig. 3.14(b) and co-ordinates of 

every point on this straight line represent an operating point. Sections 3.9 through 3.14 introduce dif-

ferent biasing circuits, their analysis and design; at the end, their performance analysis and comparison 

is also introduced. As already mentioned, the performance evaluation of these circuits can be done by 

obtaining the stability factor for the biasing circuit; stability factor indicates the variation of IC with 

respect to device parameter changes. Transistor collector current IC is sensitive to changes in the device 

parameters b, VBE and ICO which in turn are sensitive to temperature. Based on the parameter, three 

different stability factors can be defined:

(i) C

CO

I
S

I

D
=
D

/at b, VBE

(ii)
C

BE

I
s

V

D
¢ =

D
/at b, ICO

(iii)
CI

s
b

D
=

D
/at VBE, ICO

Of the three, the equation (i) gains more importance since ICO is more sensitive to temperature 

changes and hence needs an appropriate estimation.

Expression for S

An expression for S can be derived starting from the basic expression for collector current. The collec-

tor current in a transistor CE configuration is given by

IC = bIB + ICEO (3.18)

where ICEO = collector to emitter leakage current

ICEO = 
1

(1 )a-
 ICO; ICO = collector leakage current
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Differentiating Eq. (3.16) with respect to IC, we get

1 = b
B

C

I

I

D
D

 + (1 + b)
CO

C

I

I

D

D

i.e. 1 = b
B

C

I

I

D
D

 + (1 + b)
1

S

i.e.

B

C

1
1

(1 )

I

I

S

b

b

DÊ ˆ
-Á ˜DË ¯

=
+

i.e. S = 
b

b

+

DÊ ˆ
-Á ˜DË ¯

B

C

(1 )

1
I

I

(3.19)

Equation 3.17 is the general expression for stability factor S which represents the variation of the col-

lector current against collector leakage current and can be used to evaluate the performance of a biasing 

circuit. Smaller the value of S, more stable will be the Q-point and, hence, better will be the circuit 

performance.

3.9 TWO-BATTERY BIAS CONFIGURATION

As shown in Fig. 3.15, this method uses two separate batteries; VBB to maintain forward bias on BE 

junction and VCC to maintain reverse bias on CB junction. RB limits the base drive to transistor, RC

limits collector current, and they help in establishing and maintaining Q-point. This method is obsolete 

because of two batteries; cost is more, stability of Q-point is determined by the quality of the two bat-

teries and it consumes more space. For dc analysis, the network can be isolated from the indicated ac 

levels by replacing the capacitors with an open-circuit equivalent because the reactance of a capacitor 

for dc is `.

Applying KVL to input loop, we get

VBB = IB RB + VBE

IB = (VBB – VBE)/RB (3.20)

Similarly, Applying KVL to output loop, we get

VCC = IC RC + VCE

VCE = VCC – IC RC (3.21)

IC = (VCC – VCE)/RC (3.22)

Equations (3.18), (3.19) and (3.20) represent the Q-point for the circuit. In order to analyse the stability 

and performance of the circuit, let us find the stability factor of the circuit using Eq. (3.17). Differenti-

ating Eq. (3.18) with respect to IC, we get DIB/DIC = 0 and substituting this value in Eq. (3.17), we get 

stability factor

S = (1 + b) (3.23)
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Equation (3.21) clearly indicates S is large because b for transistor will be generally very high and, 

therefore, circuit stability is very poor.

Fig. 3.15 Two-battery bias circuit

3.10 FIXED-BIAS CONFIGURATION

The fixed-bias circuit is shown in Fig. 3.16(a) and it is the simplest transistor dc bias configuration. 

Unlike in the previous case, here single battery provides the required forward bias for BE junction and 

reverse bias for BC junction. RB is used to provide a fixed amount of base drive to the device and hence 

the name fixed biasing. In the network, an NPN transistor is used, but the equations and calculations 

apply equally well to a PNP transistor configuration merely by changing all current directions and volt-

age polarities. For dc analysis, the network can be isolated from the indicated ac levels by replacing the 

capacitors with an open-circuit equivalent because the reactance of a capacitor for dc is `.

Fig. 3.16 (a) Fixed-bias circuit (b) Fixed-bias load line

Consider first the base-emitter circuit loop of Fig. 3.16; writing Kirchhoff’s voltage equation in the 

clockwise direction for the loop, we obtain

VCC = IBRB + VBE

IB = (VCC – VBE)/RB (3.24)
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Equation (3.22) is simply the base current and by Ohm’s law, this current is the voltage across RB

divided by the resistance RB. The selection of a base resistor RB sets the level of base current for the 

operating point.

Similarly, applying KVL to the output loop, we can write

VCC = ICRC + VCE

IC = (VCC – VCE)/RC (3.25)

VCE = VCC – ICRC (3.26)

Equations (3.22), (3.23) and (3.24) represent the Q-point for the circuit and these equations can be 

represented on the device output characteristics as indicated in Fig. 3.16(b). In order to analyse the 

stability and performance of the circuit, let us find the stability factor of the circuit using Eq. (3.17). 

Differentiating Eq. (3.22) with respect to IC, we get B

C

0
I

I

D
=

D
 and substituting this value in Eq. (3.17), 

we get stability factor

S = (1 + b) (3.27)

Equation (3.25) clearly indicates S is large because b for transistor will be generally very high and, 

therefore, circuit stability is very poor; however, the circuit is very simple to construct. It is important 

to note that IB, the base current, is controlled by RB. IC is related to IB by a constant b and IC is not a 

function of RC; hence, changing RC will not affect IB or IC within the active region of the device, but it 

changes VCE.

Example 3.7

A fixed-bias configuration for a BJT is shown in Fig. 3.17 

determine the following parameters:

(a) the Q-point values: VCEQ, IBQ and ICQ

(b) VB and VC

Solution (a) We have from Eq. (3.24)

IB = 
- -

= = mCC BE

B

12 0.7
24.04 A

470

V V

R k

From Eq. (3.8),

b = = =
m

CQ CQ

BQ

75
24.04 A

I I

I

ICQ = 1.803 mA

From Eq. (3.8),

VCEQ = VCC – ICRC

= 12 – 1.803 mA ¥ 2.2k = 8.033 V

(b) We have from the circuit,

VC = VCEQ = 8.033 V

and VB = VBE = 0.7 V

Fig. 3.17 For Example 3.7
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3.11 FEEDBACK-BIAS CONFIGURATION

In order to provide stability against variations in the output voltage, RB can be connected as a feedback 

resistor. An improved level of stability can be obtained by introducing a feedback path from collector 

to base as shown in Fig. 3.18. Although the Q-point is not totally independent of beta, the sensitivity to 

changes in beta or temperature variations is normally less than encountered for the fixed-bias configu-

ration. It is important to note that the current through RC is not simply the collector current, but it is the 

summation IC + IB. The analysis will again be performed by first analysing the base emitter or input 

loop; applying KVL to the input loop, we can write

VCE = VC = IBRB + VBE

-
=

- + -
=

CE BE

B
B

CC C B C BE

B
B

[ ] ( )[ ]

V V
I

R

V I I R V
I

R
(3.28)

= - - -CC C C B C BE

B
B B B B

V I R I R V
I

R R R R

Re-arranging the terms, we get

Ê ˆ
+ = - -Á ˜Ë ¯

C CC C C BE

B
B B B B

1
R V I R V

I
R R R R

(3.29)

Equation (3.27) is simply the base current and by Ohm’s law this current is the voltage across RB

divided by the resistance RB, the selection of a base resistor RB sets the level of base current for the 

operating point. Similarly, applying KVL to the output loop, we can write

VCC = IRC + VCE = (IC + IB)RC + VCE

VCE = VCC – (IC + IB)RC (3.30)

(IC + IB)RC = (VCC – VCE)

Fig. 3.18 (a) Feedback-bias circuit (a) Feedback-bias load line
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Re-arranging, we get

- -
= CC CE B C

C
B

V V I R
I

R
(3.31)

Equations (3.27), (3.28) and (3.29) represent the Q-point for the circuit and these equations can be 

represented on the device output characteristics as indicated in Fig. 3.18(b). In order to analyse the 

stability and performance of the circuit, let us find the stability factor of the circuit using Eq. (3.17). 

Differentiating Eq. (3.27) with respect to IC, we get

C C CB B

C B B C C B

1 0 0 , i.e.
R R RI I

I R R I R R

D DÊ ˆ
+ = - - = -Á ˜D D +Ë ¯

Substituting this value in Eq. (3.17), we get the stability factor

C

C B

C

C B

(1 )

1

(1 )

1

S
R

R R

S
R

R R

b

b

b

b

+
=
È ˘Ê ˆ
- -Í ˙Á ˜+Ë ¯Í ˙Î ˚

+
=
È ˘Ê ˆ
+Í ˙Á ˜+Ë ¯Í ˙Î ˚

(3.32)

Equation (3.30) clearly indicates S is relatively large, but less as compared to the value obtained in 

fixed-biasing case. The Q-point stability is affected by load and output voltage variations; any change 

in the load has a direct impact on VCE, and IC and needs to be addressed which is done in the self-bias 

circuit.

Example 3.8

A feedback-bias (collector to base) configuration for a BJT is 

shown in Fig. 3.19; if the supply voltage is 10 V, b = 50, drop 

across RC = 5 V, RC = 2.45 kW, RB = 110 kW and VBE = 0.6 V, 

determine the operating point (Q-point).

Solution We have KVL to output loop resulting in

VCC = VRC + VCE

i.e. VCEQ = 10 – 5 = 5 V

We have from Eq. (3.28),

- -
= = = mCE BE

BQ
B

5 0.6
40 A

110

V V
I

R k

From Eq. (3.8)

b = = =
m

CQ CQ

BQ

50
40 A

I I

I

ICQ = 2.0 mA

Fig. 3.19 For Example 3.8
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3.12 SELF-BIAS OR EMITTER-BIAS CONFIGURATION

A fixed-bias circuit fails to provide stability against load variations and this problem can be minimised 

by using an emitter resistor. The dc bias network of Fig. 3.20(a) contains an emitter resistor RE to im-

prove the stability level over that of the fixed-bias configuration. The analysis will be performed by first 

examining the base circuit; applying KVL to the loop containing VCC, RB and VB, we get

VCC = IBRB + VB; where VB = (VBE + VE)

IB = 
- +CC BE E

B

( )V V V

R

Substituting VE = IERE and IE = (IC + IB) and re-arranging the terms, we get

CC C CE BE
B

B B B B

1
V I RR V

I
R R R R

Ê ˆ
+ = - -Á ˜Ë ¯

(3.33)

Equation (3.31) is simply the base current and by Ohm’s law, this current is the voltage across RB

divided by the resistance RB. The selection of a base resistor RB sets the level of base current for the 

operating point. Similarly, applying KVL to the output loop, we can write

VCC = ICRC + VCE + VE = (IC + IB)RC + VCE

VCE = VCC – ICRC – VE (3.34)

ICRC = (VCC – VCE – VE)

Re-arranging, we get

- -
= CC CE E

C
R

V V V
I

R
(3.35)

Equations (3.31), (3.32) and (3.33) represent the Q-point for the circuit and these equations can be 

represented on the device output characteristics as indicated in Fig. 3.20(b). In order to analyse the 

stability and performance of the circuit, let us find the stability factor of the circuit using Eq. (3.17). 

Differentiating Eq. (3.31) with respect to IC, we get

Fig. 3.20 (a) Self-bias circuit (b) Self-bias load line
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CB E B E

C B B C E B

1 0 0 , i.e.
RI R I R

I R R I R R

D DÊ ˆ
+ = - - = -Á ˜D D +Ë ¯

Substituting this value in Eq. (3.17), we get the stability factor

b

b

b

b

+
=
È ˘Ê ˆ
- -Í ˙Á ˜+Ë ¯Í ˙Î ˚

+
=
È ˘Ê ˆ
+Í ˙Á ˜+Ë ¯Í ˙Î ˚

E

E B

E

E B

(1 )

1

(1 )

1

S
R

R R

S
R

R R

(3.36)

Equation (3.34) clearly indicates S is large, but certainly less as compared to the value obtained in fixed 

biasing and feedback biasing case. The Q-point stability is affected by b variations; any change in the 

b has a direct impact on VCE, and IC and needs to be addressed which is done in the self-bias circuit 

with a potential dividing network. The addition of the emitter resistor to the dc bias of the BJT provides 

improved stability, that is, the dc bias currents and voltages remain closer to where they were set by the 

circuit when outside conditions, such as temperature and transistor beta, change.

Example 3.9

A self-bias configuration for a BJT is shown in Fig. 3.21.

If the supply voltage is 10 V, b = 50, RC = 2.2 kW,

RB = 470 kW and VBE = 0.7 V, determine (a) the operat-

ing point (Q-point), and (b) the base voltage VB.

Solution

(a) We have from Eq. (3.33),

b

-
=

+ +
-

=
+ +

= m

CE BE

BQ
B E(1 )

10 07

470 ( 50 1)1

17.853 A

V V
I

R R

k k

  From Eq. (3.8),

b = = =
m

CQ CQ

BQ

50
17.853 A

I I

I

ICQ = 0.893 mA

We have KVL to output loop resulting in

VCC = VRC + VCE + VE

i.e. VCEQ = VCC – VRC – VE

= 10 – 0.893 mA ¥ 2.2k – (0.893 mA + 17.853 mA)k = 7.125 V

(b) We have 

VB = VE + VBE = 0.91 + 0.7 = 1.61 V

Fig. 3.21 For Example 3.9
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3.13 VOLTAGE DIVIDER-BIAS CONFIGURATION

In Eq. (3.34), it can be observed that S value is dependent on RB. Generally, RB is a large value which 

means S is large and hence variation of collector is large. In order to reduce the S value, RB is split into 

two values, namely R1 and R2, forming a parallel combination. The resulting circuit is called a poten-

tial divider-bias circuit or voltage divider-bias configuration and is indicated in Fig. 3.22(a). In the 

previous bias configurations, the bias current and voltage were a function of the transistor current gain 

b. However, because b is temperature sensitive, especially for silicon transistors, it would be desirable 

to develop a bias circuit that is independent of b, the transistor gain. This circuit can be analysed either 

on exact basis or an approximation basis and if analysed on an exact basis, the sensitivity to changes in 

b is negligibly small. By properly choosing the circuit parameters, the resulting levels of IC and VCE can 

be made almost totally independent of b. As noted earlier, there are two methods that can be applied to 

analyse the voltage-divider configuration. The first method is the exact method, which can be applied to 

any voltage-divider configuration and the second method is an approximate method and can be applied 

only with specific circuit conditions. The approximate method is a more direct analysis which saves 

time and can be applied to the majority of situations.

Fig. 3.22 (a) Potential divider-bias circuit (b) Potential divider-bias load line

3.13.1 Analysis Using Exact Method

Applying Thevenin’s theorem at the input side of the circuit, we can draw the Thevenin’s equivalent 

circuit; RTH is the Thevenin’s equivalent impedance and VTH is the Thevenin’s equivalent voltage. For 

dc analysis, the network of Fig. 3.22(a) can be redrawn as shown in Fig. 3.23.

The Thevenin’s equivalent values are obtained as below:

RØTH = RØ1||RØ2 = (RØ1 RØ2)/(RØ(1) + RØ2) (3.37)

and VTH = VR2 = 
CC 2

1 2

V R

R R+
(3.38)

The analysis will be performed by first examining the base circuit; applying KVL to the input loop 

containing VTH, RTH, RE and VBE, we get

VTH = VB = IBRB + VBE + VE
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Fig. 3.23 (a) Voltage divider-bias circuit re-drawn (b) Thevinised circuit

Substituting VE = IERE and IE = (IC + IB)

VTH = VB = IBRB + VBE + (IB + IC)RE

-
=

+
B BE C E

B
B E

|

( )

V V I R
I

R R

and re-arranging the terms, we get

= - -
+ + +

C EB BE

BQ
B E B E B E( ) ( ) ( )

I RV V
I

R R R R R R
(3.39)

Similarly, applying KVL to the output loop, we can write

VCC = ICRC + VCE + VE

VCC = ICRC + VCE + (IC + IB)RC

VCEQ = VCC – ICRC – (IC + IB)RC

VCEQ = VCC – IBRC – (RE + RC)IC (3.40)

ICQ = (VCC – VCE – IBRE)

Re-arranging, we get

- -
=

+
CC CE E

CQ
C E( )

V V V
I

R R
(3.41)

Equations (3.37), (3.38) and (3.39) represent the Q-point for the circuit and these equations can be 

represented on the device output characteristics as indicated in Fig. 3.22(b). In order to analyse the 

stability and performance of the circuit, let us find the stability factor of the circuit using Eq. (3.17). 

Differentiating Eq. (3.37) with respect to IC, we get

B E B E

C C E C E B

0 0 i.e.
( )

I R I R

I R R I R R

D D
= - - = -

D + D +
 where RB is given by Eq. (3.35).

Substituting this value in Eq. (3.17), we get stability factor

b

b

+
=
È ˘Ê ˆ
- -Í ˙Á ˜+Ë ¯Í ˙Î ˚

E

E B

(1 )

1

S
R

R R
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E

E B

(1 )

1

S
R

R R

b

b

+
=
È ˘Ê ˆ
+Í ˙Á ˜+Ë ¯Í ˙Î ˚

(3.42)

Equation (3.40) clearly indicates S is similar to the one in Eq. (3.34), but certainly less as compared to 

the value obtained in self-bias, fixed biasing and feedback biasing case. This is because RB is small in 

this case and hence S, thereby offering better stability.

Example 3.10

A self-biasing configuration with potential divider circuit for a 

BJT is shown in Fig. 3.24. Determine for the circuit (a) Thevinised

input equivalent circuit, (b) the operating point (Q-point), and 

(c) the base voltage VB.

Solution

(a) We have from Eq. (3.37),

RØTH = RØB = RØ1 || RØ2 = (RØ1 RØ2)/(RØ(1) + RØ2)

= (39k ¥ 3.9k)/(39k + 3.9k) = 3.55 kW
  and from Eq. 3.38

  

CC 2
TH R2

1 2

25 3.9
2.273 V

39 3.9

V R k
V V

R R k k

¥
= = = =

+ +

(b) Applying KVL to the Thevinised input loop, we get

VTH = VB = IBRB + VBE + (IB + IC)RE = IBRB + VBE + (IB + b IB)RE

  i.e.
B BE

BQ
B E

25 07
156.724 A

(1 ) 3.55 (100 1)1.5

V V
I

R R k kb

- -
= = = m

+ + + +

  From Eq. (3.8)

CQ CQ

BQ

100
156.724 A

I I

I
b = = =

m

ICQ = 15.673 mA

  From Eq. (3.40),

VCEQ = VCC – IBRC – (RE + RC)IC

VCEQ = 25 – 156.724 mA ¥ 5k – (5k + 1.5k) ¥ 15.673 mA

= 14.81 V

(b) We have

VB = VE + VBE = 2.37 + 0.7 = 3.07 V

3.13.2 Analysis Using Approximate Method

In the approximate analysis, the input resistance of the transistor Rin measured between base terminal 

and ground is assumed to be much larger than R2 (which is not true under most circumstances). The 

input section of the voltage divider-bias is represented as in Fig. 3.25(a) for simplicity. It can be shown 

Fig. 3.24 For Example 3.10
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that the input resistance between base and emitter of a transistor is given by the equation containing 

the current gain as

Rin = (1 + b)RE @ bRE (3.43)

If Rin is much larger than R2 (bRE >> 10R2) then most of I1 flows through R2 and only a negligible cur-

rent flows into the base of the transistor. This implies that IB = 0 and I1 = I2. Now, the voltage across R2

can be estimated using voltage divider rule (hence, the name voltage divider or potential divider bias) as

CC 2
B R2

1 2

V R
V V

R R
= =

+
(3.44)

Now, the voltage across RE can be estimated as VE = VB – VBE (3.45)

The current through RE can be estimated as IE = VE/RE @ ICQ (3.46)

The collector-emitter voltage is given by the equation

VCEQ = VCC – IC(RC + RE); {  IC @ IE (3.47)

Equations (3.44) and (3.45) represent the Q-point and it is important to note that the bias circuit is in-

dependent of the current gain b of the transistor.

3.14 BIAS COMPENSATION

In the preceding sections, different biasing techniques which are necessary to maintain an operating 

point were discussed. The circuits used to fix up the Q-point, however, result in a form of negative feed-

back (to be discussed in Chapter 4, sections 4.6 and 4.7) and reduce the gain of the amplifier. In order 

to make stabilisation more effective and minimise the gain loss, it is necessary to provide compensation 

techniques and the circuits used to achieve this are called bias-compensation circuits. Different com-

pensation techniques can be adapted and accordingly the circuits can be designed; some of the most 

commonly used compensation circuits are discussed in this section.

1. Diode Compensation for ICO

A germanium device is more sensitive to temperature changes since its ICO changes more compared 

to a silicon device. Similarly, in a silicon device, VBE changes with temperature cause more serious 

Fig. 3.25 (a) Voltage divider-bias circuit re-drawn (b) Approximated circuit
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problems than in germanium devices. The arrangement shown in Fig. 3.26(a) is for ICO compensation

in a germanium transistor; use of a germanium diode between base and ground minimises the effect of

ICO on IC. This diode gets reverse bias by VBE allowing the reverse saturation current to flow through 

D to ground.

We have

CC BE CC

1 1

V V V
I

R R

-
= @ (3.48)

\ IB = (I – IO)

Now IC = bIB + (1 + b)ICO

IC = b(I – IO) + (1 + b)ICO (3.49)

If b >> 1 and if IO of D and ICO of transistor track each other over a desired temperature range then

IC = bI ª essentially remains constant. Thus, the dependence of IC on ICO and IB is minimised; stability 

of Q-point is hence more.

2. Diode Compensation for VBE

The effect of VBE variations on Si transistors (which is more compared to a Ge transistor) can be mini-

mised by using an Si diode in the emitter path as shown in Fig. 3.26(b). The diode D is forward biased 

by VDD and Rd.

Fig. 3.26 (a) ICO compensation (b) VBE compensation (c) Temperature compensation
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KVL to the base loop gives

V = VBE + IBRb – VD + (IB + IC)RE

V – VBE + VD – ICRE = IB (RE + Rb)

- - +
=

+
BE C E D

B
b F( )

V V I R V
I

R R
(3.50)

b b
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V V V R R I
I

R R
(3.51)

Since VBE tracks VD changes with respect to temperature, IC becomes independent of VBE variations; 

thus offering more stable Q-point.

3. Temperature Compensation

Here, in this case, a thermistor with negative temperature coefficient of resistance (a) is connected 

across R2 as shown in Fig. 3.26(c). Under normal temperature conditions (room temperature), the 

required bias is applied to the device through (R2 || RT); since RT is very high during this condition, 

the parallel combination yields R2. With increasing temperature, RT reduces and drop across RT also 

reduces. This reduces the forward bias on the BE junction and there will be no increase in IC due to 

temperature.

3.15 EMITTER-FOLLOWER CONFIGURATION

Out of the three transistor configurations introduced in 

Section 3.3, the Common Collector (CC) configuration 

offers very good input and output impedance values that 

aid circuit performance. In most cases, the output voltage 

is typically taken at the collector terminal of the BJT, but 

in a CC configuration, the output is taken at the emitter 

terminal as shown in Fig. 3.27. It is already discussed in 

Section 3.3.3 that in a CC configuration, the voltage gain 

is not more than unity which implies that emitter (output) 

voltage follows the input voltage and, hence, the name 

emitter follower circuit. An emitter follower circuit is typi-

cally used for matching impedance between source and 

load, current amplification, for providing driving capabili-

ties (driver or buffer), etc. It can be noticed that there is no 

RC in the circuit and VE is the output voltage. The following results (derivation is beyond the scope of 

this text) can be used for the network shown;

Fig. 3.27 Emitter follower circuit
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Input impedance Zin = b(re + RE) @ b(RE) (3.52)

Output impedance ZO = RE || re (3.53)

Voltage gain AV = 
E

E e

R

R r+
(3.54)

Current gain Ai = g = (1 + b) (3.55)

3.16 TRANSISTOR AS A SWITCH

A transistor can be used as an electronic switch when operated between its cut-off region and satura-

tion region on its characteristics. When in cut-off region, Q is an OPEN switch and when in saturation 

region, Q is a CLOSED switch. When the switch is in the “ON” position, we have a fixed-bias situation 

where the base-to-emitter voltage is 0.7 V, the base current is controlled by the base resistor and the 

input impedance of the transistor. When the switch is in the “OFF” position, there is no current flow-

ing through the device. The circuit diagram and the corresponding waveforms are shown in Fig. 3.28.

Fig. 3.28 (a) Transistor switch (b) Switching waveforms

With Vi = 0, the transistor will be in cut-off position and collector current IC = 0; once Vi rises high, 

slowly the collector current builds and reaches maximum. It can be observed here that there is a non-

zero device turn-on period because of device characteristics and the input signal. It is given by

tON = td + tr (3.56)

Here, td = Delay time depends on device characteristics like junction capacitance, time for charge 

carriers to reach collector region (transit time), time needed for IC to build up to 10%, and

tr = Rise time defined as time taken by the collector current to rise from 10 to 90% of its 

maximum value.

It is given by tr = r fe c c
1

h R C
T

t
w

Ê ˆ= +Ë ¯ (3.57)

Here, RC is collector resistance, CC is collector transition capacitance and w is frequency at which cur-

rent gain is one.
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Similarly, when the device is turned OFF by withdrawing the input signal, it takes a definite amount 

of time. As indicated in the waveforms, the turn-off time is given by

tOFF = tf + tS (3.58)

Here, tf = Fall time defined as time taken by the collector current to fall from 90 to 10% of its maxi-

mum value and

tS = Storage time defined as time taken to eliminate completely all the stored charges from the base 

of the transistor (tS ª 2 to 3 tr or tf). tOFF is also called reverse recovery time (trr) and it even includes 

time for IC to fall up to 90%.

Example 3.11

Referring to Example 3.3, the PNP transistor is replaced by an NPN transistor as shown in Fig. 3.29 

and other parameters remain unchanged. Find the value of the base resistor (RB) required to switch the 

load ON when the input terminal voltage exceeds 2.5 V.

Solution We have the solution for b = 200, IC = 4 mA and Ib = 20 mA

Fig. 3.29 For Example 3.11

Now, 
in BE

B
B

2.5 0.7
90 k

20 A

V V
R

I

- -
= = = W

m

Example 3.12

Again using the same values as in Example 3.11, find the minimum base current required to turn the 

transistor fully ON (saturated) for a load that requires 200 mA of current.

Solution
C

B

200 mA
1 mA

200

I
I

b
= = =
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Table 3.4 Comparison between different biasing methods

Sl.

No. Parameter

Fixed

Bias Feedback Bias Self-Bias Potential Divider Bias

1 Number of 

resistors

Two Two Three Four

2
B

C

I

I

D
D

Zero
CB

C C E

RI

I R R

D
= -

D +
B E

C E B

I R

I R R

D
= -

D +
B E

C E B

I R

I R R

D
= -

D +

3
Stability

Factor S

S = 

(1 + b) C

C B

(1 )

1

S
R

R R

b

b

+
=
È ˘Ê ˆ
+Í ˙Á ˜+Ë ¯Í ˙Î ˚

E

E B

(1 )

1

S
R

R R

b

b

+
=
È ˘Ê ˆ
+Í ˙Á ˜+Ë ¯Í ˙Î ˚

E

E B

(1 )

1

S
R

R R

b

b

+
=
È ˘Ê ˆ
+Í ˙Á ˜+Ë ¯Í ˙Î ˚

4 Perfor-

mance

Poor Poor Better than the previous 

two

Best

5 Stability

against 

load

variations

No No Yes Yes

6 Stability

against b
variations

No No No Yes

Summary

➣ Semiconductor devices have played a great role in replacing vacuum-tube devices and have the 

following advantages: They are (a) of smaller size, (b) more lightweight, (c) more rugged, and 

(d) more efficient. In addition, they have (e) no warm-up period, (f) no heater element require-

ment, (g) lower operating voltages, and (h) lower operating powers.

➣ Transistors are two-junction, three-terminal and three-layer semiconductor devices with a base 

(B) or centre layer which is thinner than the other two layers. The outer two layers called the 

emitter (E) and the collector (C) are both of either N-type or P-type materials, while the centre 

layer is of opposite type.

➣ Out of the two PN junctions J1 and J2, the junction J1 (also called BE junction) is forward biased 

and the junction J2 (also called CB junction) is reverse biased.

➣ The dc emitter current which is the sum of the collector current and the base current is always the 

largest current of a transistor, whereas the base current is always the smallest. 

➣ The collector current is made up of two components: the majority component and the minority 

current (also called the leakage current).

➣ The arrow in the transistor symbol is used to find the transistor type, either NPN or PNP, and it 

indicates the direction of conventional emitter current flow.

➣ There are three regions of operation for the device, namely the active region, the saturation region 

and the cut-off region.

➣ In the active region of a transistor, the base-emitter junction (J1) is forward biased and the base-

collector junction (J2) is reverse biased.
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➣ In the cut-off region, both the base-emitter junction (J1) and base-collector junction (J2) of the 

transistor are reverse biased.

➣ In the saturation region, both the base-emitter junction (J1) and base-collector junction (J2) are 

forward biased.

➣ On an average basis, the base-to-emitter voltage VBE for a conducting silicon transistor will be 

approximately 0.7 V and that for a germanium transistor will be 0.3 V.

➣ The quantity alpha (a) is common-base current gain and relates the collector and emitter cur-

rents; its value is always a maximum of one.

➣ The quantity beta (b) is common-emitter current gain and relates the collector and base currents; 

its value is always large and normally in the range of 50 to 400.

➣ The quantity gamma (g) is common-collector current gain and relates the base and emitter cur-

rents; its value is always one greater than beta.

➣ The dc beta is defined by a simple ratio of dc currents at an operating point, whereas the ac beta is 

sensitive to the characteristics in the region of interest. (For most applications, however, the two 

are considered equivalent as a first approximation.)

➣ The maximum rated power for a transistor is the product of VCE, the collector-to-emitter voltage 

and IC, the collector current.

➣ The Q-point (operating point) is the IC, IB and VCE values for a transistor under dc conditions and 

is fixed up by an external dc supply and a set of resistors.

➣ In an amplifier, for linear amplification with minimum distortion (faithful amplification), the dc 

operating point should be exactly at the middle of the load line (not too close to the maximum 

power or voltage or current rating) and should be in the active region.

➣ The saturation and cut-off regions are suitable for switching applications of the transistor.

➣ The fixed-bias configuration is the simplest of transistor biasing arrangements, but it is unstable 

due to its high S value and sensitivity to b at the operating point.

➣ The equation for the load line of a transistor network can be found by applying Kirchhoff’s volt-

age law (KVL) to the output or collector network. The Q-point is then determined by finding the 

intersection between the base current and the load line drawn on the device output characteristics.

➣ The emitter-stabilised biasing arrangement (self-bias) is less sensitive to changes in b providing 

more stability for the network.

➣ The self-bias circuit with voltage divider network is probably the most popular of all the configu-

rations since it offers very good stability and b independence.

➣ A common-base configuration offers good voltage gain, poor current gain (no power amplifica-

tion), and poor impedance matching; suitable for high-frequency applications. 

➣ A common-emitter configuration offers good voltage gain, good current gain (suitable for power 

amplification) and moderate impedance matching; suitable for most applications.

➣ A common-collector configuration offers good current gain, poor voltage gain (no power ampli-

fication) and very good impedance matching; suitable for driver stages and buffering.

➣ When used as a switch, a transistor quickly moves between saturation and cut-off regions and the 

impedance between collector and emitter can be approximated as a short circuit for saturation 

and an open circuit for cut-off.

➣ The analysis of PNP configurations is exactly the same as that applied to NPN transistors with 

the exception that current directions will reverse and voltages will have the opposite polarities.

➣ VBE, b and ICO are the three temperature-sensitive parameters of the transistor; beta is very sensi-

tive to temperature and the reverse saturation current doubles for every 10°C rise in temperature.

➣ A bias compensation is needed whenever a bias circuit is used.
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Review Questions

1. Sketch the basic construction of both NPN and PNP transistors: Draw their circuit symbols and 

mark various current components (minority and majority carriers).

2. Name the unipolar and bipolar devices you know and what is the major difference between a 

bipolar and a unipolar device?

3. How many junctions, layers and terminals are there in a transistor? Name them. In order to realise 

a transistor amplifier, how do we bias the junctions of the transistor?

4. What is the source of the leakage current in a transistor? Sketch figures to indicate the majority 

and minority carrier flow in PNP and NPN transistors.

5. In a transistor, why is emitter current approximated to collector current? What is the equation that 

relates all the three currents?

6. Define current gains for all the three transistor configurations.

7. Write relations between all the three current gains.

8. Recalling diode resistances in Chapter 2, define input resistance for a transistor using transistor 

input characteristics. 

9. Recalling diode resistances in Chapter 2, define output resistance for a transistor using transistor 

output characteristics.

10. Sketch the common-base BJT transistor configuration for an NPN transistor and indicate the 

polarity of the applied bias and resulting current directions.

11. Sketch the common-emitter BJT transistor configuration for an NPN transistor and indicate the 

polarity of the applied bias and resulting current directions.

12. Sketch the common-collector BJT transistor configuration for an NPN and indicate the polarity 

of the applied bias and resulting current directions.

13. Is BJT a current-controlled device or a voltage-controlled device?

14. Sketch the input–output characteristics of a common-emitter BJT transistor configuration.

15. Sketch the input–output characteristics of a common-base BJT transistor configuration

16. Define ICBO and ICEO. How are they different? How are they related? Are they typically close in 

magnitude?

17. Mark different regions of operation on the output characteristics of a transistor.

18. Why is it necessary to establish a dc condition in a transistor circuit?

19. What do you mean by an operating point? What is its importance?

20. Draw a load line on the characteristics for a fixed-bias configuration.

21. Draw a load line on the characteristics for a feedback-bias configuration.

22. Draw a load line on the characteristics for a self-bias configuration.

23. Draw a load line on the characteristics for a voltage divider-bias configuration.

24. Explain how do you measure the performance of a biasing network? 

25. Explain why the operating point needs to be stable. What are the factors that affect Q-point stability?

26. Define stability factor for a bias network.

27. Derive the general expression for stability factor.

28. Derive the expression for stability factor of a fixed-bias circuit.

29. Derive the expression for stability factor of a feedback-bias circuit.

30. Derive the expression for stability factor of a self-bias circuit.

31. Derive the expression for stability factor of a self-bias circuit with voltage divider network.

32. What is the need for bias compensation?

33. Discuss different timing components related to transistor switch.



148 Basic Electronics

Exercise Problems
1. If the emitter current of a transistor is 10 mA and the base current is only 1% of the collector 

current, determine the values of base current and the collector current.

2. Find all the three current gains in the above case

3. If the emitter current of a transistor is 8 mA and alpha is 0.9988, determine the values of IC and 

b.

4. (a) For a certain transistor, adc is 0.998, determine its collector current if IE = 5 mA.

(b) What is its IE if IB = 50 mA and adc is 0.989?

5. (a) A set of input characteristics is shown for a certain transistor in Fig. P3.5; using these char-

acteristics, determine VBE at 5 mA for VCE = 10 V.

(b) What percentage change do you observe in VBE at 5 mA for VCE = 1 V.

6. In Problem 5(a), if the collector-to-emitter voltage is doubled, what percentage change do you 

observe in VBE at 5 mA?

7. (a) Calculate the voltage gain (AV) for the CB configuration network of Fig. P3.7.

(b) If the input impedance reduces to 20 W, what change do you observe in gain?

Fig. P3.5 Fig. P3.7

8. (a) Using the characteristics of Fig. P3.8, determine the resulting collector current if IE = 5.5 mA 

and VCE = 10 V.

(b) Find the corresponding b for the transistor.

Fig. P3.8
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9. In Problem 8(a), if the collector-to-emitter voltage is maintained at 10 V, what is the output im-

pedance of the transistor you observe?

10. Using the input characteristics of a CE transistor configuration shown in Fig. P3.10,

(a) Find the value of IB corresponding to VBE = 800 mV and VCE = 20 V.

(b) Find the corresponding value of input impedance.

Fig. P3.10

11. (a) In Problem 10(a), if the collector-to-emitter voltage is halved, what percentage change do 

you observe in IB at VBE = 800 mV.

(b) Find the corresponding value of input impedance.

12. Using the output characteristics of a certain CE configuration shown in Fig. P3.12, determine 

collector current at VCE = 5 V for IB = 40 mA.

Fig. P3.12
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13. (a) In Problem 12, if the collector-to-emitter voltage is maintained and the base current is in-

creased to 150%, what percentage change do you observe in IC?

(b) Find the corresponding value of output impedance.

14. For the fixed-bias configuration of Fig. P3.14, if b = 100, determine the operating point and 

stability factor SIco.

Fig. P3.14 Fig. P3.16

15. In Problem 14, if the transistor is replaced with another having b = 150, what is the new operating 

point?

16. For the fixed-bias configuration of Fig. P3.16, if b = 100, then determine the values of RC, RB and

IC.

17. For the fixed-bias configuration of Fig. P3.17, determine the values of b, VCC and RB.

Fig. P3.17 Fig. P3.19

18. For the bias configuration of Fig. P3.18, determine the operating point.

19. (a) For the potential divider-bias network shown in Fig. P3.19, determine the operating point

(b) What is the value of the stability factor SIco?

20. (a) In Problem 19, if the transistor is replaced with another having b = 150, what is the new 

operating point?

(b) What is the new value of the stability factor SIco?
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Multiple-Choice Questions

1. A transistor is a three-layered three-terminal and ________ junction semiconductor device.

(a) three (b) two (c) four (d) zero

2. An amplifier is a circuit that increases the level of an input ________.

(a) voltage (b) current (c) both (a) and (b) (d) none of the above

3. The transistor configuration that is more suitable for amplification is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

4. The transistor configuration that is more suitable for high-frequency applications is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

5. The transistor configuration that is more suitable for driver stage is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

6. The transistor configuration that is more suitable for power amplification is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

7. The transistor configuration that is more suitable for impedance matching is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

8. The transistor configuration that is more suitable for current amplification is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

9. The transistor configuration which offers a phase reversal between input and output signal is 

______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

10. The CB and CC transistor configurations introduce a phase shift of ______ between input and 

output signals.

(a) 180° (b) 90° (c) 0 or 360° (d) none of the above

11. The transistor configuration that produces an output voltage which is almost a replica of the input 

voltage is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

12. The transistor configuration that produces an output current which is almost a replica of the input 

current is ______.

(a) CE configuration (b) CB configuration (c) CC configuration (d) all the above

13. The transistor gains a and b are related to each other through the following equation:

(a) bdc = adc (b)
dc

dc
dc1

a
b

a
=

+
(c)

dc
dc

dc1

a
b

a
=

-
(d)

dc
dc

dc dc

a
b

a a
=

-

14. The transistor gains g and b are related to each other through the following equation:

(a) bdc = gdc (b) [gdc = (1 + b]dc) (c) dc
dc

dc dc

a
b

g a
=

-
(d)

dc
dc

dc dc

a
b

g a
=

+

15. If a = 0.987 for a certain transistor then its b is ______.

(a) 0.789 (b) 100.987 (c) 50.789 (d) 75.923

16. The transistor gains g and a are related to each other through the following equation:

(a) adc = gdc (b) [gdc = (1 + a]dc) (c) dc
dc

1

1
g

a
=

- (d)
dc

dc
dc dc

a
g

g a
=

-

17. If a = 0.987 for a certain transistor then its g is ______.

(a) 0.789 (b) 100.987 (c) 50.789 (d) 76.923
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18. In a transistor biasing circuit, the measure of variation of IC with respect to ICO or VBE or b is 

termed ______.

(a) stability factor (b) form factor (c) ripple factor (d) all the above

19. In a fixed-bias circuit, the stability factor is given by ______.

(a) S = (1 + b) (b) S = (1 – b) (c) S = (1/b) (d) none of the above

20. In a feedback bias circuit, the stability factor is given by ______.

(a) S = (1 + b)   (b) S = (1 – b)

(c)

C

C B

(1 )

1

S
R

R R

b

b

+
=
È ˘Ê ˆ
+Í ˙Á ˜+Ë ¯Í ˙Î ˚

(d) none of the above

21. In a self-bias circuit, the stability factor is given by ______.

(a) S = (1 + b)   (b) S = (1 – b)

(c)
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22. In a potential divider-bias circuit, the stability factor is given by ______.

(a) S = (1 + b)   (b) S = (1 – b)

(c)

C
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23. The biasing circuit independent of gain (b) variations is ______.

(a) feedback bias circuit  (b) potential divider bias circuit

(c) self bias circuit  (d) fixed bias circuit

24. The CB mode current gain adc is the ratio of ______ to ______.

(a) IC, IE (b) IC, IB (c) IB, IE (d) IE, IC

25. The CE mode current gain bdc is the ratio of ______ to ______.

(a) IC, IE (b) IC, IB (c) IB, IE (d) IE, IC

26. The CE mode current gain gdc is the ratio of ______ to ______.

(a) IC, IE (b) IC, IB (c) IB, IE (d) IE, IB

27. For a certain transistor if b = 99 and IB = 25 mA then its emitter current is ______.

(a) 22 mA (b) 2.2 mA

(c) 2.5 mA (d) 0 mA

28. In a certain transistor circuit, the faulty transistor whose 

b = 99 and IB = 50 mA is replaced by another transistor with 

b = 50; if the same Q-point is to be maintained then what is 

the new base current required?

(a) 49.5 mA (b) 49.5 mA

(c) 4.95 mA (d) 4.95 mA

29. In the feed-back bias circuit shown in Fig. 3.29, the value of 

RB is ______.

(a) 110 W (b) 150 W
(c) 150 kW (d) 110 kW Fig. M3.29
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30. If b of the transistor is 50 in the feedback biasing circuit of 

Fig. M3.29 then its S is ______.

(a) 68.28 (b) 62.84

(c) 26.84 (d) 28.64

31. In the fixed biasing circuit of Fig. M3.30, the base current

IB is ______.

(a) 1.794 mA (b) 1.794 mA

(c) 17.94 mA (d) 17.94 mA

32. If b of the transistor is 100 in the fixed biasing circuit of 

Fig. M3.30, then its collector current is ______.

(a) 17.94 mA (b) 1.794 mA

(c) 1.794 mA (d) 17.94 mA

33. If b of the transistor is 100 in the fixed biasing circuit of 

Fig. M3.30, then its operating point is ______.

(a) (1.794 mA, 3.05 V)

(b) (17.94 mA, 3.05 V)

(c) (1.794 mA, 5.05 V)

(d) (17.94 mA, 5.05 V)

34. If b of the transistor is 100 in the biasing circuit of 

Fig. M3.30 then its S is ______.

(a) 50 (b) 26.84

(c) 100 (d) 101

35. If b of the transistor is changed to 50 in the bias-

ing circuit of Fig. M3.30 then its new value of S is 

______.

(a) 51 (b) 62.84

(c) 26.84 (d) 102

36. For the load line shown in Fig. M3.36, find VCC

and maximum value of IC.

(a) 15 mA and 12.5 V

(b) 15 mA and 15 V

(c) 12.5 mA and 12.5 V

(d) 10 mA and 10 V

37. For the load line shown in Fig. M3.36, find the operating 

point.

(a) Q(16.5 V, 17 mA) (b) Q(6.5 V, 7 mA)

(c) Q(6.5 m V, 7A) (d) Q(10 V, 10 mA)

38. For the load line shown in Fig. M3.36, find the value of RC.

(a) 1.6 kW (b) 10.6 kW
(c) 1.6 kW (d) 834 W

39. For the load line shown in Fig. M3.36, find the value of RB.

(a) 1.6 kW (b) 100 kW
(c) 160 kW (d) 590 kW

40. In the voltage divider-biasing circuit of Fig. M3.40, for the 

base circuit the RTH and VTH values are ______ and ______.

(a) 1.6k and 3.6 V (b) 16k and 36 V

(c) 16k and 0.36 V (d) 16k and 3.6 V
Fig. M3.40

Fig. M3.30

Fig. M3.36
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41. In the voltage divider-biasing circuit of Fig. M3.40, for the Thevinised input circuit write the 

KVL equation.

(a) VTH = IBRB + VBE + IERE + ICRC (b) VCC = IBRB + VBE + IERE

(c) VCC = IBRB + VBE + ICRE (d) VTH = IBRB + VBE + IERE

42. In the voltage divider-biasing circuit of Fig. M3.40, for the output circuit, write the KVL equa-

tion.

(a) VCC = ICRC + VCE + IERE (b) VTH = IBRB + VBE + IERE + ICRC

(c) VCC = IBRB + VBE + ICRE (d) VTH = IBRB + VBE + IERE

43. In the voltage divider-biasing circuit of Fig. M3.40, if b = 55 then the operating point is given by 

______.

(a) Q(3.6 V, 2.32 mA) (b) Q(9.6 V, 3.32 mA)

(c) Q(9.6 V, 2.32 mA) (d) Q(9.6 V, 3.2 mA)

44. In the voltage divider-biasing circuit of Fig. M3.40, if b = 55 then the S value is ______.

(a) 16 (b) 13 (c) 14.22 (d) 13.2

45. In the voltage divider-biasing circuit of Fig. M3.40 if b is doubled then the S value is ______.

(a) 14.86 (b) 13.2 (c) 1.42 (d) 1.32

46. In the voltage divider-biasing circuit of Fig. M3.40 if b is halved then the S value is ______.

(a) 14.86 (b) 10.89 (c) 1.42 (d) 1.32

47. For switching application, a transistor is biased to work between ______ and ______ regions.

(a) saturation, cut-off (b) saturation, active

(c) active, cut-off (d) none

48. In a transistor switch, the collector current ON period is given by ______.

(a) tON = (td + tf) (b) tON = (tf + tr) (c) tON = 0 (d) tON = (td + tr)

49. In a transistor switch, the collector current OFF period is given by ______.

(a) tOFF = (tf + tS) (b) tOFF = (td + tS) (c) tOFF = 0 (d) tOFF = (td + tf)

50. The rise time tr is defined as the time taken by the signal to rise from ______ to ______ of its 

maximum value.

(a) 10%, 90% (b) 0%, 50% (c) 10%, 20% (d) 40%, 50%



Goals and Objectives

Upon completion of this chapter, the reader is expected to
➤ Recall all the basic concepts of bipolar junction transistors from Chapter 3
➤ Understand the basic need for BJT biasing and importance of Q-point
➤ Define the terms amplifier, gain and decibel and compute the gain of an amplifier
➤ Understand the basic principles and need of an amplifier
➤ Understand the parameters used for various classification of amplifiers
➤ Understand the applications of audio-frequency amplifiers and radio-frequency amplifiers
➤ Differentiate between single-stage and multistage amplifiers
➤ Understand the importance and need of multistage amplifiers
➤ Calculate the cascaded gain of multistage amplifiers
➤ Understand amplifier classification based on location of Q-point on load line
➤ Understand different Class-A amplifiers, their performance and efficiency calculations
➤ Understand Class-B amplifiers operation, their performance and efficiency calculations
➤ Understand crossover distortion, Class-AB and Class-C amplifiers operation
➤ Understand the need for complementary-symmetry operation
➤ Understand the frequency response of an amplifier and significance of 3 dB bandwidth
➤ Understand different cascading methods available for multistage amplifiers
➤ Understand advantages and drawbacks of transformer coupling in multistage amplifiers
➤ Understand advantages and drawbacks of direct coupling in multistage amplifiers
➤ Understand the need of RC coupling in multistage amplifiers
➤ Understand the frequency response of RC coupled amplifiers
➤ Compare the performance of different coupling methods in multistage amplifiers
➤ Understand the concept of feedback and its need in amplifiers
➤ Understand the different feedback methods available and their performance
➤ Perform the analysis of different feedback methods on amplifier parameters like input impedance, output 

impedance, voltage gain and current gain
➤ Understand the advantage of negative feedback on the amplifier performance
➤ Understand the concept of positive feedback and its use in signal generation
➤ Understand different methods available for amplifier analysis and particularly importance of H-parameters

in amplifier analysis
➤ Understand the concept, components and principle of sinusoidal oscillators
➤ Arrive at Barkhausen criteria for oscillators
➤ Understand the classification of oscillators based on various parameters
➤ Understand the concept, components and principle of low-frequency RC oscillators
➤ Understand the concept, components and principle of high-frequency sinusoidal oscillators
➤ Understand the concept, need and principle of crystal oscillators
➤ Feel confident in selecting amplifiers and oscillators for any application

4
BJT Amplifiers, 
Feedback and 
Oscillators
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4.1 INTRODUCTION

In Chapter 3, one of the most exiting and important devices in electronics, the BJT, was introduced. 

Unlike the diode, this is a three-terminal device with two junctions. The construction, principles of 

operation, characteristics and biasing methods are completely presented there. In this chapter, the most 

important applications of the transistor such as amplifiers and oscillators are presented. Feedback in 

transistors is also an important concept and is presented in this chapter.

Amplifiers are circuits used to increase the strength of weak signals. BJT amplifiers are widely 

used in the electronic industry and they offer many advantages. In order to achieve required strength 

for the input signal, many amplifier stages can be connected in series and these multistage amplifiers 

are very popular.

Feedback is a process to enhance the performance of circuits wherein a part of the output is con-

nected back to the input. This feedback signal may be inphase with the input signal or in phase 

opposition to the input signal. Based on this, an amplifier can function as an oscillator. An oscillator is 

a circuit that can generate signals of the desired shape and frequency. Different oscillators are presented 

and discussed in this chapter.

4.2 AMPLIFIER BASICS

A BJT, when properly biased to fix the operation point on the load line, amplifies the input signal. In 

order to obtain fair and faithful output, it is necessary to choose the correct components for the amplifier.

In Section 3.4 of Chapter 3, transistor amplifier basics are presented; here, the weak input signal is 

amplified to the required level using a BJT. Figure 4.1 shows a simple basic amplifier; here the transis-

tor is connected in CE configuration. Resistors RB, RC along with the supply voltage VCC decide the 

operating point on the load line. As discussed in Section 3.6 of Chapter 3, the operating point should 

give faithful amplification. RB here limits the base drive to the transistor and RC acts as lead. The weak 

input signal is transformed into a large amplified signal across RC as indicated in Fig. 4.1(b). The dc 

supply VCC maintains a forward bias on the base-emitter junction and reverse bias on the collector-base 

junction, always irrespective of the polarity of the input signal. Because of the CE configuration, there 

will be a phase shift of 180° between input and output signals as indicated in Fig. 4.1(b).

Fig. 4.1 BJT amplifier

4.3 AMPLIFIER CLASSIFICATION

All amplifiers are basically intended to strengthen the weak signal and parameters such as current or 

voltage or power may be amplified. Based on various parameters, amplifiers can be classified into 

several classes. 
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Table 4.1 Amplifier classification

Sl. No. Basis of Classification Types available

1 Type of configuration (a) CE amplifier

(b) CB amplifier

(c) CC amplifier

2 Type of signal (a) Current amplifier

(b) Voltage amplifier

(c) Power amplifier

3 Frequency range (a) Audio-Frequency amplifier (AFA)

(b) Radio-Frequency amplifier (RFA)

4 Coupling stage (a) Transformer-coupled amplifier

(b) RC coupled amplifier

(c) Direct coupled amplifier

5 Number of stages (a) Single-stage amplifier

(b) Multistage amplifier

6 Location of Q-point on load line (a) Class-A amplifier

(b) Class-B amplifier

(c) Class-C amplifier

(d) Class-AB amplifier

(e) Class-D amplifier

Table 4.1 indicates various classifications for amplifiers.

Based on the frequency of operation, amplifiers can be classified into two major types:

1. Audio-frequency Amplifiers

These are designed to work in the audio-frequency range of 20 Hz to 20 kHz. The audio signals from 

public-address systems and other sources may be amplified using this class.

2. Radio-frequency Amplifiers

These are designed to work in the high frequency ranges (few 100s MHz) well above the audio range. 

Applications like radio communication, television system, mobile communications, etc. make use of 

these amplifiers.

Based on the signal parameter amplified, the amplifiers can be classified into three types:

1. Voltage Amplifiers

These amplifiers are designed to increase the voltage level of the input signal to the required level at 

the output.

The circuit performance is measured in terms of voltage gain (Av). The voltage gain is defined as the 

ratio of output voltage to input voltage (Eq. 4.3)

2. Current Amplifiers

These amplifiers are designed to increase the current level of the input signal to the required level at 

the output.

The circuit performance is measured in terms of the current gain (AI). The current gain is defined as 

the ratio of output current to input current (Eq. 4.3)
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3. Power Amplifiers

These amplifiers are designed to increase both the current and the voltage levels (i.e. power level) of 

the input signal to the required level at the output.

The circuit performance is measured in terms of the power gain (Ap). The power gain defined as the 

ratio of output power to the input power (Eq. 4.1)

Based on the number of stages connected, amplifiers can be classified into two types:

1. Single-stage Amplifier

Here, only one stage will be connected and the gain obtained is limited.

As indicated in Fig. 4.2, vin is the input voltage to the single-stage 

amplifier and vo is the output voltage.

The stage power gain of the amplifier is given by Eq. (4.1)

P

Output power

Input power
A = (4.1)

2 2
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Similarly, the voltage gain and current gains are given by
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This being a ratio of voltages or currents has no units; however, it is expressed as ‘Neper’ gain. But 

the more conventional way of expressing the gain is in decibels (dB) and is given by Eq. (4.4).
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Similarly, for ratio of voltages, the gain is
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Equations (4.3), (4.4) and (4.5) are all very popularly used during amplifier designs.

2. Multistage Amplifier

Here, a number of stages are cascaded (connected in series) together to obtain the required gain. 

Output of Stage-1 is connected as input to Stage-2, output of Stage-2 is connected as input to Stage-3, 

Fig. 4.2 Single-stage amplifier
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and so on as shown in Fig. 4.3. Cascading of stages increases the overall gain of the multistage ampli-

fier and the number of stages depends on the overall gain ‘A’ required. If A1, A2, … AN are the individual 

stage gains then the overall gain of the multistage amplifier is given by Eq. (4.6). It is important to 

notice here that individual stage gains are in ‘Nepers’.

Fig. 4.3 Multistage amplifier

A = A1 3 A2 3
... 3 AN (4.6)
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If it is required to express the overall gain in dB, then Eq. (4.7) can be re-written as in Eq. (4.9)
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AdB = (A1dB + A2dB + ) + ANdB)dB (4.10)

Hence, it is clear from Eq. (4.10) that if individual stage gains are in dBs then the overall gain is 

obtained by adding each stage gain as indicated in Table 4.2.

Table 4.2 Amplifier basics

Sl. No. Parameter Expression

1 Current gain
o o

I
in in

20 log dB
I I

A
I I

= =

2 Voltage gain
o

V
in in

20 log dB
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A
V V

= =

3 Power gain
o

P
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10 log dB
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A
P P
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4 Two-stage gain P 1 2 1dB 2dB( ) dBA A A A A= ¥ = +
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Example 4.1

A single-stage CE amplifier capable of doubling the input signal is supplied with an input of 2 sin t (vt).

Plot its output signal with respect to input signal.

Solution Referring to Fig. 4.1(b), there will be a phase shift of 180° between input and output sig-

nals. Also, the amplifier offers a gain of 2 and hence, the resulting waveform is shown in Fig. 4.4.

Fig. 4.4 Amplifier input-output waveforms

Example 4.2

A single-stage amplifier with an input of 250 mV produces an output of 1.5 V. What is the gain?

Solution Given vin = 250 mV and vo = 1.5 V

From Eq. 4.2(a), the voltage gain is

v
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= =
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Example 4.3

A single-stage amplifier offering a stage gain of 7.5 dB produces an output of 0.5 V. What is the input 

voltage needed?

Solution Given AV = 7.5 dB and vo = 500 mV

From Eq. (4.5) AV = 20 log
o
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Taking antilog on both sides, we get

o
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Example 4.4

What is the dB gain of Example 4.2? If the output is increased by three fold, what is the gain?

Solution From Example 4.2 gain is 6 and its dB gain is 

AdB = 20 log (6)

dB 15.563 dBA =

Output is increased by threefold; i.e. vo = 6 V and then the gain is

o
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dB 29.328 dBA =

Example 4.5

A two-stage amplifier has individual stage gains of 5 and 7.5. Find the overall gain.

Solution Given Stage-1 gain A1 = 5

Stage-2 gain A2 = 7.5

From Eq. (4.6), we have

A = A1 3 A2

i.e. A = 5 3 7.5

37.5A =

Example 4.6

A two-stage amplifier has individual stage gains of 10 dB and 10. What is the overall gain?

Solution Given Stage-1 gain A1 = 10 dB

10 = 20 log
1

in

V

V

Ê ˆ
Á ˜Ë ¯

i.e. log
1

in

V

V

Ê ˆ
Á ˜Ë ¯

 = 0.5
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Taking antilog on both sides, we get

i.e. A1 = 
1

in

v

v
 = 3.1623

Stage-2 gain A2 = 10

Overall gain as given by Eq. (4.6)

A = A1 3 A2

= 3.1623 3 10

31.623A =

Example 4.7

What is the dB gain of individual stages in Example 4.5?

Solution Given Stage-1 gain

A1 = 5

i.e. A1dB = 20 log (5)

1 dB 13.98 dBA =

Stage-2 gain

A2 = 7.5

i.e. A2dB = 20 log(7.5)

2 dB 17.5 dBA =

NOTE: Overall gain

AdB = A1dB + A2dB

= (13.98 + 17.5) dB

31.5 dBA =

Example 4.8

Calculate the dB gain of stage-2 and overall dB gain in Example 4.6.

Solution Given Stage-2 gain

A2 = 10

A2dB = 20 log(10)

= 20 dB

Overall gain in dB is

AdB = A1dB + A2dB

= (10 + 20) = 30 dB

dB 30 dBA =

Example 4.9

It is required to increase the gain of the multistage amplifier in Example 4.6 to 95. Suggest a third stage 

for the purpose and calculate its dB gain.
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Solution Resulting 3-stage amplifier is shown in Fig. 4.5.

Fig. 4.5 A 3-stage amplifier

Given Stage-1 gain A1dB = 10 dB

i.e. A1 = 3.1623

Stage-2 gain A2 = 10

Overall gain of Fig. 4.5 is

A = A1 3 A2 3 A3

i.e. 95 = 3.1623 3 10 3 A3

3 3.004A =

A3dB = 20 log(3.004)

3dB 9.554 dBA =

A third stage with a gain of 9.554 dB cascaded to the amplifier in Example 4.6 results in an overall gain 

of 95 (or 39.554 dB)

Example 4.10

A cascaded 3-stage amplifier has an output voltage 8 mV. Calculate the input voltage needed to obtain 

an overall gain of 8000 for the cascaded amplifier.

Solution Given overall gain = 8000 and output Vo = 8 mV.

Overall gain of the amplifier is given by Eq. (4.8)

A = 
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in
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v
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v

in 1 Vv = m

Example 4.11

In Example 4.10, the first two stages are identical and the last stage offers a gain of 2. Calculate the 

gain in dB for the first two stages.

Solution Gain of stage-3 is A3 = 2

i.e. i/p to stage-3 is Vin 3 = 
3

ov

A

Vin 3 = 
8 mV

4 mV.
2

=
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Vin 3 is the output of stage-2; the combined gain of stage-1 and stage-2 is, therefore,

A9 = A1 3 A2 = 
in3

in

V

V

=
4 mV

4000
1 mV

=

i.e. A9 = (20 log 4000) dB = 72.041 dB.

Since stage-1 and stage-2 are identical, the gain in dB for each of them is

AdB = A1dB = A2dB

=
72.041

36.02 dB
2

=

Based on the location of Q-point on the transistor load line, amplifiers can be classified into the fol-

lowing four types and are generally called power amplifiers.

As discussed in Chapter 3 (Table 3) a CB (Common Base) amplifier is characterised by very small 

current gain (~# 1) and moderate voltage gain; hence, its power gain is less. A CC (Common Collec-

tor) amplifier is characterised by very high current (g = b + 1) and unity voltage gain (AV # 1); thus, 

it has small power gain. However, a CE (Common Emitter) amplifier has reasonably good AV and AI

and hence, is suitable for “power amplifiers”.

Based on the location of operating point on the load line, these power amplifiers can be classified 

into the following categories:

(i) Class-A power amplifier

(ii) Class-B power amplifier

(iii) Class-C power amplifier

(iv) Class-AB power amplifier.

In Fig. 4.6, a single-stage common emitter BJT amplifier is shown. Resistors R1, R2, RC, RE, capaci-

tors CC, CE along with supply voltage VCC decide the dc operating conditions for the amplifier.

Fig. 4.6 Single-stage BJT amplifier



BJT Amplifiers, Feedback and Oscillators  165

Selection of proper R1, R2, RC, RE and VCC along with b for transistor results in a Q-point which 

allows the collector current IC to flow for a desired time w.r.t i/p. The collector current may flow for the 

entire i/p cycle may flow for only half the i/p cycle, etc. Accordingly, the classifications are mentioned 

above.

1. Class-A Power Amplifier

A Class-A power amplifier is one in which the operating point on the load line is so located that the 

collector current flows for the entire i/p cycle, i.e. for 360°.

As indicated in Fig. 4.7, the Q-point is located midway on the load line and results in a collector 

current that flows for the entire input period.

For Class-A operation, the Q-point is located exactly midway on the dc load line. As indicated 

graphically, the collector current and, hence, the o/p voltage exist for the entire 360°.

There are two types of Class-A amplifiers depending on the way the o/p is fed to the load or coupled 

to the load: series-fed Class-A amplifier and transformer-coupled Class-A amplifier.

Fig. 4.7 Amplifier load line and Q-point.

(a) Series-fed Class-A Power Amplifier Generally, a Class-A amplifier uses more dc power to main-

tain the Q-point at midway on the load line. Thus, the efficiency of a Class-A power amplifier is low. 

The power handled by this circuit is usually high and the transistor used (power transistor) will have 

beta less than 100.

The diagram of a series-fed Class-A amplifier is as shown in Fig. 4.8; here, R1, R2, RC, RE and VCC

form the biasing circuit. The operating point is located midway on the load line and graphical analysis 

of i/p and o/p signals is as shown in Fig. 4.7. The operating conditions for this amplifier can be esti-

mated through the following analysis.
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Fig. 4.8 Series-fed Class-A amplifier

dc bias Applying KVL to the output loop, we can write

VCE = VCC – ICRC – VE; (4.11)

Here, drop across RE is VE given by

VE = (IB + IC)RC (4.12)

Neglecting the saturation currents, we can write

IC = bIB (4.13)

Generally, base current IB is only a small percentage of current R1 and is given by

IB = 0.1I1 (4.14)

= 0.1 3
CC B

1

V V

R

-Ê ˆ
Á ˜Ë ¯

; (4.15)

where VB = VBE + VE (4.16)

Normally, I1 . I2 so that effect of b changes on IC are minimised.

i.e. I2 = 0.9I1 (4.17)

So, IB the base current, is almost negli-

gible.

(b) Transformer-coupled Class-A Pow-

er Amplifier If o/p of the amplifier is 

directly (series) fed to RL as indicated 

in Fig. 4.8, the quiscent current passes 

through this resistor and hence o/p ef-

ficiency reduces. Hence, a transformer 

coupling can be used as shown in Fig. 4.9. 

Use of a transformer for coupling o/p to 

load, increases efficiency, (reduces waste 

of power), provides proper impedance 

matching. Hence, performance improves 

as compared to that of circuit in Fig. 4.8. 

The resulting load line for class-A ampli-

fier is shown in Fig. 4.10. Fig. 4.9 Transformer coupled Class-A amplifier
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Fig. 4.10 Class-A amplifier load line

V1 = Primary voltage of transformer

V2 = Secondary voltage of transformer

N1 = Number of primary turns in the transformer

N2 = Number of secondary turns in the transformer

I1 = Primary current

and I2 = Secondary current

From the basics of transformer, one can write

1 1 2
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V N I
= = (4.18)
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I
S Effective i/p impedance LR ¢

2

2

V

I
S o/p impedance RL

[ L L2

1
R R

n
¢ = ◊ (4.20)

Efficiency The ability of an amplifier to convert the dc power from supply into ac power delivered to 

the load is called conversion efficiency or theoretical efficiency or collector-circuit efficiency or 

figure of merit. h for the amplifier.

ac power delivered to load
100%

dc power supplied to circuit
h = ¥ (4.21)
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For a series-fed Class-A power amplifier, maximum conversion efficiency is therefore given by

hmax = 25% (4.22)

However, if transformer coupling is used then this efficiency can be doubled. For a transformer-cou-

pled power amplifier efficiency ‘h’ can be estimated as given below. Here, collector circuit resistance 

is almost zero and hence

max min
CC C

2

V V
V V

+
= = (4.23)

 
max min

max min

25 %

2

V V

V V
h

-
= ◊

+

max min
max

max min

50 %
V V

V V
h

-
= ◊

+
(4.24)

This clearly indicates the maximum efficiency of a transformer-coupled Class-A amplifier is 50%.

2. Class-B Power Amplifier

Here, in a Class-B operation, the Q-point is so located that the collector current flows only for 180° 

(half-cycle of i/p) as indicated in Fig. 4.11. In order to achieve this, push-pull operation may be used. 

In a push-pull amplifier, both the transistors work in Class-B mode. Each transistor conducts for only 

180°, resulting in a full cycle o/p. However, at the end of one half cycle of i/p, conduction switches from 

one transistor to another. The time-log in a transition of switching from Q1 to Q2 or Q2 to Q1 results in 

a distortion of major concern called crossover distortion, which is as indicated in Fig. 4.12.
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Fig. 4.11 Class-B amplifier load line

Fig. 4.12 Crossover distortion in Class-B amplifiers

This crossover distortion can be eliminated by using Class-AB operation.

Efficiency The conversion efficiency of a power amplifier is in general given by

ac power delivered to load
100%

dc power drawn from supply
h = ¥

Pdc = VCC ? Idc/transistor (4.25)

where Idc = Im/k which is the average value of half-sine loop.
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[ Pdc = 2 ? VCC ?
mI

p
(4.26)

2 for both Q1 and Q2

o/p power delivered to load is given by

m m
ac

m
CC min

2

( )
2

I V
P

I
V V

◊
=

= -

(4.27)

[
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m
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100%
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100%
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V

V V
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h
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min

CC

1 100%
4

V

V

p Ê ˆ
= - ¥Á ˜Ë ¯

(4.29)

[ max 78.5%h =

efficiency close to 78.5% can be achieved.

Push-Pull Amplifiers The effect of distortion produced by the non-linearity of the device can be 

eliminated by push-pull operation. Here, the two transistors Q1 and Q2 are driven by two out-of-phase 

signals
1bi  and 

1bi- ,
2b( )i . A push-pull operation reduces distortion in the output and improves the ef-

ficiency of the amplifier. A push-pull amplifier arrangement is shown in Fig. 4.13.

Fig. 4.13 Class-B push-pull amplifier

If
1bi  = 

mbI  cos vt, (4.30)

then
2 1 mb b bi i I= - =  cos (vt + p). (4.31)

The respective o/p currents are given by

i1 = IC + B0 + B1 cos vt + B2 cos 2 vt + B3 cos 3vt + … (4.32)

i2 = IC + B0 – B1 cos vt + B2 cos 2 vt – B3 cos 3vt + … (4.33)

As indicated in the circuit, i1 and i2 are in opposite direction. Hence, the resulting output current i is 

given by
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i = kC(i1 – i2); where k is a constant (4.34)

= k[(IC + B0 + B1 cos vt + …) – (IC + B0 – B1 cos vt + …)]

= 2k(B1 cos vt + B3 cos 3vt + B5 cos 5vt + …) (4.35)

1 22 ( cos cos 3 )i k B t B tw w= + + º (4.36)

This expression clearly indicates that a push-pull operation eliminates all even harmonics in the o/p

and leaves third harmonic as the principal source of distortion. It is also evident that the two transistors 

work in Class-B mode.

3. Class-C Power Amplifier

A Class-C operation is one in which the Q-point is so located that the o/p current IC flows for less than 

180° in the form of pulses.

4. Class-AB power Amplifier

In a class-AB operation, the Q-point is so located that the o/p current flows for more than 180° (half-

cycle) but less than 360° (full cycle); this is indicated in Fig. 4.14.

Fig. 4.14 Class-AB amplifier load line

Complementary-Symmetry Amplifier Use of complementa-

ry symmetry push-pull transistors eliminates the need for i/p and 

o/p transformers as indicated in Fig. 4.15. The resistor ‘R’ results 

in Class-AB operation. Class-AB operation minimises crossover 

distortion.

The efficiency of Class-AB amplifier is more than 50% but 

less than 78.5%. If the conduction period of transistors is close to 

180°, efficiency of the amplifier will be close to 78.5%.

The efficiency of a Class-C amplifier is greater than 78.5%. If 

the conduction period is too less, the efficiency will be close to 

100% (h of the order of 90%). Fig. 4.15  Complementary-

symmetry amplifier
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4.4 AMPLIFIER FREQUENCY RESPONSE

As presented in Section 4.3, gain of an amplifier is the ratio of output to input. This gain varies if there 

is change in input signal frequency. In order to study the change of amplifier gain with respect to input 

signal frequency, a plot of gain as a function of frequency is plotted and is known as the frequency 

response of the amplifier. As indicated in Fig. 4.16, at low frequencies, gain of the amplifier is low 

and it increases with increase in the frequency. This lower gain is because of the coupling elements 

like capacitors CCC in amplifier circuits like Fig. 4.6. The reactance offered by these capacitors at low 

frequencies will be very high, and hence the amplifier gain reduce in the low-frequency range as indi-

cated in Fig. 4.16. However, increasing frequency reduces this reactance and the amplifier gain goes 

on increasing till input frequency reaches fL, the lower cut-off. In the ‘mid-frequency range’, from ‘fL’ 

to ‘fH’ the higher cut-off, the gain becomes independent of reactance, will be constant and is maximum 

at ‘Amax’. For frequencies beyond ‘fH’, the effect of inter-electrode capacitances (between the terminals 

of the BJT) comes into picture and again the amplifier gain starts decreasing. The range of frequencies 

beyond ‘fH’ is called higher frequency range. Depending on the response of the human ear, a range of 

frequencies between f1 and f2 is selected for amplifier designs and is called bandwidth of the amplifier. 

These frequencies f1 and f2 are selected at a gain which is 0.707 Amax or Amax max | 2A  or 3 dB down 

the maximum gain and are called half-power frequencies or 3 dB frequencies.

Fig. 4.16 Amplifier frequency response

Bandwidth = (f2 – f1) Hz (4.37)

Using the bandwidth and the maximum gain of the amplifier, a figure of merit called Gaint Band-

width Product (GBW) for any amplifier is defined. This figure of merit is one of the important measur-

ing parameters for an amplifier.

4.5 MULTISTAGE AMPLIFIERS AND COUPLING

As already discussed in Section 4.3, multistage amplifiers are cascading of two or more transistor 

amplifiers through coupling. As indicated in Fig. 4.17 two different stages are cascaded through a 

coupling arrangement and there are three popular coupling methods available. They are RC cou-

pling, transformer coupling and direct coupling. RC coupling and RC coupled amplifiers are dealt in 

Section 4.6 to follow, while transformer coupling and direct coupling are briefly discussed here.
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Fig. 4.17 Multistage amplifier and coupling

A transformer-coupled amplifier was introduced in Section 4.3 along with some of its advantages, 

Further, for demonstration, a two-stage transformer-coupled amplifier is shown in Fig. 4.18. It is clear 

from the figure that the collector circuit is connected with a transformer and use of this transformer 

offers a variety of advantages. Components R1, R2, RE, CC and CE along with VCC, fix/up the dc condi-

tions (Q-point) for the circuit. Output of stage one is coupled to input of stage two; similarly, the output 

of stage two is connected to the load using the transformers and hence, the name transformer-coupled 

amplifier. As indicated in Fig. 4.18(b), the frequency response of the amplifier reflects the effect of 

using a transformer in the collector circuit. At low frequencies (up to f1), the gain of the amplifier 

is low due to CC and slowly increases with frequency. After the lower cut-off frequency f1, the gain 

becomes independent of reactances over a range of frequencies and is constant. But, later the trans-

former coil, along with a virtual capacitance ‘C’ across the transformer secondary forms a resonant 

circuit and hence, gain peak resulting in a hump or kink in the response.

Fig. 4.18 Transformer-coupled amplifier

Then, at high frequencies, gain decreases due to the inter-electrode capacitances of the device. The 

bandwidth of the circuit is the range of frequencies between f2 and f1.

A transformer-coupled amplifier has reasonably fair frequency response, but due to the hump in 

the response, it is suitable for middle stages of any multistage amplifier. A transformer in the collector 

circuit reduces loss of power and increases the circuit efficiency. Also, use of a transformer helps in 

better impedance matching between stages, by adjusting the turns ratio. This feature makes a 

transformer-coupled amplifier best suited for final stages of amplification.

A direct-coupled amplifier, on the other hand, uses no coupling elements and the output of one 

stage is directly coupled to the input of the next stage, hence the name direct-coupled amplifier. A two-

stage direct-coupled amplifier and its frequency response are shown in Fig. 4.19. It can be observed 

here that the two stages are cascaded together without any elements (like transformer in TC amplifier 

and resistor (R) capacitor (C) in an RC coupled amplifier). Due to this, there are some advantages: 

(i) Performance of the amplifier will not deteriorate as it happens in an RC coupled amplifier due to 

ageing of components. (ii) At low frequency ranges, gain reduction will not happen, because there is 

no coupling capacitor. (iii) Bandwidth and Gain Band Width (GBW) product will improve. However, 
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Fig. 4.19 Direct-coupled amplifier

a direct coupled amplifier suffers from a major problem that there will be a drift in the operating point 

and the stability of the amplifier is affected. This is because there is no ‘CC’ to block dc components 

from one stage to another.

The RC coupled amplifier is another popular multistage amplifier in use and is presented in 

Section 4.6.

4.6 RC COUPLED AMPLIFIER

As discussed in Section 4.5, both transformer-coupled amplifiers and direct-coupled amplifiers of-

fer some advantages, but together they bring strong disadvantages. Poor frequency response of a 

transformer-coupled amplifier and Q-point drift of a direct-coupled amplifier make them unsuitable 

for initial stages of a multistage amplifier in any public-address system. The RC coupled amplifier an-

swers these problems and hence, is popular in all public-address systems. The circuit diagram and the 

frequency response of a two-stage RC coupled amplifier is shown in Fig. 4.20. Components R1, R2, RE,

RC, CE and CC, along with supply voltage VCC help fixing the Q-point and proper operating dc condi-

tions for the circuit. Potential divider biasing is used, because it offers a good number of advantages 

(discussed in Chapter 3). The circuit offers good Q-point stability against all variations including “b” of 

the transistor. As explained in Section 4.4, at low frequencies gain is less because of CC, at high frequen-

Fig. 4.20 RC coupled amplifier



BJT Amplifiers, Feedback and Oscillators  175

cies gain again reduces because of device inter-electrode capacitances and in the mid-frequency range, 

gain is constant. The current gain at low frequency ranges is given by Eq. (4.38)

Im
IL

1
1

A
A

fc
j

f

=
-

(4.38)

Similarly, the current gain of the high-frequency range is given by Eq. (4.39)

Im
IH

2

1

A
A

f
j

fc

=
-

(4.39)

Current gain in the mid-frequency range is given by Eq. (4.40)

in fe
o

o i

R
A h

R R

¢
= -

¢ ¢+
(4.40)

It is evident from Eq. (4.40) that in the mid-band range, gain 

of the amplifier is independent of any frequency terms and hence 

is constant. Also, Eq. (4.38) and Eq. (4.39) indicate that gain in 

the low- and high-frequency ranges is dependent in the operating 

frequency f and is hence varying.

The value of frequency ‘fL’ at which gain becomes almost 

(independent of reactances) constant can be obtained using the 

equivalent circuit in Fig. 4.21 and is given by Eq. (4.41)

L
o i C

1

2 ( )
f

R R Cp
=

¢ ¢+
(4.41)

Here, oR ¢  = (Rc||Ro) (4.42)

iR ¢  = (Rb||Ri) (4.43)

  Rb = R1||R2 (4.44a)

Ro is the output impedance of amplifier and Ri is the input impedance of the amplifier.

Similarly, the voltage gain of a single stage amplifier is given by

c

v
i

R
A

R
b= ¥ (4.44b)

Example 4.12

A two-stage RC coupled amplifier uses a collector resistors of 1 kW, R1 = 20 kW, R2 = 80 kW and tran-

sistors with Ri = 1 kW and Ro = 40 k. Find the value of the coupling capacitor such that it has low 3 dB 

frequency of 50 Hz.

Solution We have from Eq. (4.41),

L
o i C

1

2 ( )
f

R R Cp
=

¢ ¢+
From Eq. (4.42), oR ¢  = (RC || Ro)

= (1 k || 40 k) . 1 kW
From Eq. (4.43), iR ¢  = (Rb || Ri)

= [(R1 || R2) || Ri] = [(20k || 80k) || 1 k]

= 1 kW

Fig. 4.21  Low-frequency input 

equivalent circuit
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Now L
C

1
50

2 [1 1 ]
f

k k Cp
= =

+

i.e. C
1

1.591 F
2 (2 ) (50)

C
kp

= = m

From Fig. 4.20(b) the following points may be noted

(i) The frequency response may be divided into three regions the low-frequency region (0 to fL), the 

mid-frequency region (fL to fH) and the high-frequency region (from fH onwards).

(ii) The gain in the mid-frequency region is Amid and the range of frequencies fL – fH is band width.

(iii) Frequencies f1 and f2 are called 3-dB frequencies or half-power frequencies; the range of frequen-

cies f1 – f2 is called 3 dB bandwidth (3 dB BW).

(iv) The product of Amid and 3 dB bandwidth is the “figure of merit” for the amplifier.

  i.e. GBW = Amid ¥ 3 dB BW (4.44c)

Table 4.3 Coupled amplifiers comparison

Sl. No. Parameter TC amplifier RC coupled amplifier

Direct coupled 

Amplifier

1 Coupling element Transformer Resistors-capacitors No elements

2 Cost of amplifier More Less Least

3 Frequency response Poor, contains hump or kink Good Best

4 Bandwidth Medium Good Best

5 Impedance matching Very good Poor Good

6 Application Power amplifiers Voltage amplifiers Low-frequency 

amplification

4.7 FEEDBACK IN AMPLIFIERS

Feedback is a process of connecting a part of output signal back to input. This feedback signal can 

either add to the input signal or oppose the input signal; accordingly, there are two types of feedback:

(a) Positive Feedback Here, the feedback signal and the input signal are both in phase with each 

other, resulting in increased input. This increases the output of the amplifier, but distortion increases 

and leads to instability.

(b) Negative Feedback Here, the feedback signal and the input signal are out of phase with each 

other resulting in decreased input. This decreases the output of the amplifier.

A feedback arrangement contains the am-

plifier (A), a feedback circuit, an adder to add 

suitably the input signal and the feedback sig-

nal; this is indicated in Fig. 4.22. A fraction of 

the output signal is connected back to the input 

of the amplifier with gain A, using a feedback 

network with a feedback factor ‘b’. An adder 

circuit combines the input vin suitably with the 

feedback signal. Fig. 4.22 Feedback principle
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A positive feedback offers the advantage of increased gain, but the disadvantages are more. Hence, 

it is rarely used in applications except construction of oscillators. A negative feedback reduces gain 

(disadvantages) of the amplifier, but offers a bunch of advantages and hence is popularly used. The 

advantages of negative feedback are listed in Section 4.8.

Feedback can be classified based on phase of the feedback signal with respect to that of the input 

signal. Positive feedback and negative feedback. Feedback can also be classified based on the signal 

that is feedback to the input as voltage feedback and current feedback.

As indicated in Fig. 4.23, a voltage feedback includes sampling of output voltage signal (shunt con-

nection). This feedback signal is connected as either Vf or If at the input resulting in a voltage-series or 

voltage-shunt feedback.

As indicated in Fig. 4.23, a current feedback includes sampling of output current signal (series con-

nection). This feedback signal is connected as either Vf or If at the input resulting in a current-series or 

current-shunt feedback.

In order to understand the effect of feedback on the performance of an amplifier the following dis-

cussion may be made use of:

1. Current Gain and Voltage Gains with Feedback

(a) Voltage-series Feedback Here, AVf is voltage gain with feedback, A is voltage gain without feed-

back and B is the feedback factor.

AVf = 
o

s

V

V
(4.45)

Fig. 4.23 Voltage feedback

Fig. 4.24 Current feedback
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A = 
o

in

V

V
(4.46)

But Vin = (VS + Vf)

From Eq. (4.46), we may write

Vo = AVin = A(Vs + Vf) = AVS + AVf; Vo = AVs + A(bVo) (4.47)

(1 – Ab)Vo = AVS i.e. AVf =
o

s (1 )

V A

V Ab
=

-
1 (4.48)

Gain is reduced by a factor (1 + Ab) for negative feedbacks where b is –ve; gain average increases 

for positive feedbacks where b is +ve.

(b) Voltage-shunt Feedback Here, in this circuit, a transresistance is considered and is the ratio of 

output voltage to input source current.

o
f

s

V
A

I
= (4.49)

in in in

in f in in in( ) ( ) ( )o

A I AI AI

I I I V I AIb b

◊
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(4.50)

f
(1 )

A
A

Ab
=

+

Transfer current gain also reduces by a factor (1 + Ab) for –ve feedback.

2. Input Impedance with Feedback

(a) Voltage-series Feedback Consider the diagram given below in Fig. 4.25. Here Iin is input current 

and Zin is input impedance.

Fig. 4.25 (a) Input impedance estimation

in
in

in

V
I

Z
= (4.51)

s s in

in in in

( ) ( )s f o
V V V V V AV

Z Z Z

b b+ + +
= = = (4.52)
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IinZin = VS + bAVin); VS = (IinZin + bAVin) (IinZin + bAIinZin) (4.53)

Zif = 
s

in

V

I
 = Zin + (bA)Zin = Zin(1 + bA) (4.54)

if in (1 )Z Z A= + b

I/p impedance increases for negative feedbacks.

(b) Voltage-shunt Feedback Consider Fig. 4.25(b) to estimate the input impedance.

in in in
if

s in f in o

in in

in in o in

( / )

( / / )

V V V
Z

I I I I V

V I

I I V I

b

b

= = =
+ +

=
+

(4.55)

in
if

(1 )

Z
Z

Ab
=

+
1 Input impedance reduces in voltage shunt f/b. (4.56)

Fig. 4.25 (b) Input impedance estimation

3. Output Impedance with Feedback

(a) Voltage-series Feedback Consider the circuit of Fig. 4.24(a) and the following equations can be 

written:

Vo = (IZo + AVin) (4.57)

For VS = 0, Vin = –Vf so that

Vo = (IZo – AVf) = (IZo – A(bVo)), i.e. IZo = (Vo + bAVo) = Vo(1 + Ab)

1
o

of
1

oV Z
Z

I Ab

Ê ˆ
= =Á ˜+Ë ¯

(4.58)

1 Zo reduces with negative feedback
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(b) Current-series Feedback Consider Fig. 4.26 to estimate output impedance of a current series  

Vin = Vf

in f
o o

V V
I AV AV

Z Z

Ê ˆ Ê ˆ
= - = -Á ˜ Á ˜Ë ¯ Ë ¯

(4.59)

Fig. 4.26 Output impedance estimation

, i.e. ( + ) =
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A I I IA

Z Z
b b

Ê ˆ
= -Á ˜Ë ¯

i.e. Zo(1 + Ab)I = V

 of o /(1 )
V

Z Z A
I

b= = + (4.60)

Table 4.4 Zo increases with positive feedback.

Sl. No. Parameter Voltage-series Voltage-shunt Current Series Current Shunt

1 I/p impedance Zif = Zi(1 + Ab)
i

if
(1 )

Z
Z

Ab
=

+

Zif = Zi(1 + Ab)
i

if
(1 )

Z
Z

Ab
=

+

2 o/p impedance
o

if
(1 )

Z
Z

Ab
=

+
o

of
(1 )

Z
Z

Ab
=

+

Zf = Zo(1 + Ab)  Zf = Zo(1 + Ab)

3 Voltage gain
f

(1 )

A
AV

Ab
=

+ f
(1 )

A
AV

Ab
=

+

— —

4.8 ADVANTAGES OF NEGATIVE FEEDBACK

A negative feedback in an amplifier offers the following advantages.

(i) Input impedance of the amplifier increases

(ii) Output impedance of the amplifier decreases

(iii) Frequency response of the amplifier improves

(iv) Bandwidth of the amplifier increases

(v) Noise of the amplifier reduces
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(vi) Linear range of operation for amplifier increases

(vii) Stability of operation increases

(viii) GBW of amplifier remains unchanged

Table 4.5 Summary of feedback in amplifiers

Sl. No. Parameter Negative Feedback Positive Feedback

1 Input impedance Zif = Zin(1 + Ab) Zif = Zin/(1 + Ab)

2 Output impedance     Zof = Zo/(1 + Ab) Zof = Zo(1 + Ab)

3 Voltage gain
Vf

(1 )

A
A

Ab
=

+ Vf
(1 )

A
A

Ab
=

-

4 Current gain
If

(1 )

A
A

Ab
=

+ If
(1 )

A
A

Ab
=

-

There is a disadvantage in negative feedback that the amplifier gain reduces. Because of all these 

advantages, negative feedback is widely used in amplifiers. In contrast, positive feedback offers more 

gain; continuously increasing gain leads to a situation where the feedback signal can completely re-

place the input source. This situation produces an output signal even in the absence of an input signal 

and the resulting application is called oscillator (discussed in sections 4.9 to 4.13).

Example 4.13

An amplifier has a gain of 5000 without any feedback. In order to improve the amplifier performance, 

a negative feedback is introduced into the circuit with a feedback factor of 2%. Find the gain.

Solution Given A = 5000, b = 2% = 
2

100
 = 0.02, Af = ?

From Eq. (4.48), gain with feedback is

Af = 
1

A

Ab-
; b = –0.02

i.e. Af = 
5000

1 5000 ( 0.02 )- -
 = 49.51

Example 4.14

An amplifier has a given of 103 and this gain drops to 102 when a feedback is connected. Find the feed-

back factor and the type of feedback.

Solution Given A = 103 and Af = 103, b = ?

Since there is a drop in gain, it is a negative feedback.

From Eq. (4.48), gain is

Af = 
1

A

Ab-

i.e. 100 = 
1000

1 1000 b-

i.e. – 0.090b =
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Example 4.15

A two-stage amplifier uses two identical stages with a gain of 102. If the circuit uses a negative feed-

back of 0.5%. What is the gain with feedback?

Solution Given stage gain = A1 = A2 = 102.

From Eq. (4.61); cascaded gain A = A1 3 A2 = 102 3 102 = 104

From Eq. (4.48), feedback gain is

Af = 
1

A

Ab-

=
4

4

10
196.08

0.5
1 10

100

=
-Ê ˆ

- Á ˜Ë ¯

Example 4.16

A BJT amplifier with a gain of 10000 and input impedance of 5 kW has a feedback factor of 1%. 

Calculate the new values of gain and input impedance.

Solution Given A = 10000, Zin = 5 kW and b = 0.01

From Eq. (4.48), feedback gain is

Af = 
10000

99.
1 1 10000( 0.01)

A

Ab
= =

- +
From Eq. (4.54)

Zif = Zin (1 + Ab)

= 5 3 103 (1 + 10000 3 0.01)

Zif = 505 kW.

4.9 ANALYSIS OF AMPLIFIERS

Performance of any circuit or system depends mainly on its design; it applies to amplifier circuits also. 

A better design procedure will always result in a better circuit performance. A better design can be 

obtained through a better and proper analysis. Analysis of an amplifier includes estimating important 

values such as the input impedance (Zin), output impedance (Zo), Current gain (AI) and the voltage 

gain (AV) for the amplifier. This can be done using several methods and each method uses a set of 

transistor parameters derived from an equivalent circuit. Some of the important parameters include 

hybrid parameters (H-parameters), impedance parameters 

(Z-parameters), admittance parameters (y-parameters),

resistance parameters (r-parameters), etc. Of these, 

H-parameters are very popular and provide very accurate 

analysis. Considering a transistor two-port network shown 

in Fig. 4.27, different H-parameters can be defined based on 

the two important governing equations, (4.61) and (4.62).

V1 = h11I1 + h12V2 (4.61)

I2 = h21I1 + h22V2 (4.62)

Fig. 4.27  Two-port network for 

H-parameters
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Here, V1 and I1 are port-1 parameters and V2 and I2 are port-2 parameters. The four amplifier para-

meters are hence given by

Input impedance of amplifier

2

1
i 11

1 0V

V
h h

I
=

= = W (4.63)

Output impedance of amplifier

1

2
o 22

2 0P

I
h h

V
=

= = (4.64)

Forward current gain of amplifier

2

2
f 21

1 0V

I
h h

I
=

= = (4.65)

Reverse voltage gain of amplifier

1

1
r 12

2 0I

V
h h

V
=

= = (4.66)

4.10 PRINCIPLE OF SINUSOIDAL OSCILLATORS

An oscillator is an electronic circuit that generates signals of the desired shape and frequency. Generat-

ing high-frequency signals using conventional electric generators is not wise because of the wear and 

tear associated; hence, noiseless, compact and power-efficient electronic circuits are used. An oscilla-

tor circuit generates both sinusoidal and non-sinusoidal signals with frequencies ranging from a very 

small value to as high values as multiples of giga hertz. As discussed in Section 4.8, positive feedback 

in an amplifier increases the gain continuously and a stage is reached where the feedback signal can 

eliminate completely the input. Therefore, an oscillator can be defined as a positive feedback amplifier 

with infinite gain.

Oscillators can be classified based on various parameters into different types. Based on the range of 

frequencies they generate, oscillators can be classified into two types.

(a) Audio-frequency oscillators which generate less frequencies in the audio range of 20 Hz to 

20 kHz.

(b) Radio-frequency oscillators which generate high frequencies above audio range.

Based on the type of output signal they generate, oscillators can be classified into two types.

(a) Sinusoidal oscillators which generate sinusoidal signals.

(b) Non-sinusoidal oscillators which generate non-sinusoidal signals such as square wave, 

triangular wave, ramp signals, etc.

Based on the type of feedback used, oscillators can be classified into two types

(a) Positive feedback oscillators which use positive feedback.

(b) Negative resistance oscillators which use no feedback but negative resistance devices.

Basic Components of Oscillator

The basic components required to construct an oscillator are shown in Fig. 4.28(a). It consists of a posi-

tive feedback amplifier, a tank circuit (containing R, L, C components) in the feedback path. A is the 

amplifier gain and b is the feedback factor. Figure 4.28(b) is the LC tank circuit which is responsible for 

generating sinusoidal signals. Consider ideal L and C components. With ‘C’ fully charged. When switch 

‘Is’ is closed, the electrostat energy on capacitor is completely discharged into ‘L’ as electromagnetic 
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energy. This electromagnetic energy from inductor again charges C in the opposite direction resulting 

in a sine wave of frequency given by Eq. (4.67). This process repeats

1
Hz

2
f

LCp
= (4.67)

Fig. 4.28 Oscillator components

resulting in continuous sine wave. But, in a practical situation, the resistive components in L and C

cause a loss in the generated signal resulting in a dying down sine wave called damped oscillations

as indicated in Fig. 4.29(a). If the losses in the tank circuit are adjusted, then the generated signals last 

long, resulting in continuous undamped oscillations as indicated in Fig. 4.29(b). The amplifier used in 

the circuit compensates for the tank circuit losses.

Vf = oVb f (4.68)

i.e. Vf = in( )AVb f f

Vf = in( )A v+b q f (4.69)

Fig. 4.29 Oscillators output signal

The output of the feedback circuit Vf is given by Eq. (4.68). The phase angle of this signal is the total 

phase shift around the loop given by +q f  and the loop gain is ‘Ab’ as indicated in Eq. (4.69). Because 

of the positive feedback, a stage will be reached where the loop gain

Ab = 1 (4.70)

and the total phase shift around the closed loop will be +q f  = 0° or n(2p) (4.71)

At this stage,

Vf = Vin (4.72)

and this indicates that the feedback signal Vf can completely replace Vin resulting in infinite gain 

(output without input) for the amplifier Equations (4.70) and (4.71) are called Barkhausen’s condi-

tions for oscillations. Also, for commencement of oscillations, it is required that the initial loop gain 

should be greater than 1,

i.e. Ab > 1 (4.73)
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4.11 RC PHASE-SHIFT OSCILLATOR

Sections 4.11 and 4.12 present two popular and widely used low-frequency oscillators. The RC phase-

shift oscillator is one of the commonly used audio-frequency oscillators and is shown in Fig. 4.30. It 

consists of a BJT amplifier; here R1, R2, RC, RE, along with VCC decide the dc operating conditions for 

the amplifier. The three RC sections shown form the tank circuit and also the feedback circuit. The last 

RC section contains a variable R9 so that input impedance of the amplifier Ri in series with R9 forms R,

i.e. R9 = (R – Ri) (4.74)

The amplifier in CE configuration produces a phase shift of 180° and the three RC sections produce a 

phase shift of 180° (each section offers 60° phase shift) so that the total phase shift is 360°. This results 

in a positive feedback and phase condition given by Eq. (4.71) is satisfied. Now when Eq. (4.70) is 

satisfied, the circuit works as oscillator generating sinusoidal signal as shown in Fig. 4.29(a) and the 

frequency of this signal is given by Eq. (4.75).

C

1
Hz

2 6 4

f
R

RC
R

p

=
Ê ˆ

+ Á ˜Ë ¯

(4.75)

In order that the amplifier satisfies the gain condition given by Eq. (4.70), the BJT used should have a 

current gain given by Eq. (4.76)

C
fe

C

23 29 4
RR

h
R R

Ê ˆ
≥ + +Á ˜Ë ¯

(4.76)

Fig. 4.30 RC phase-shift oscillator

4.12 WEIN BRIDGE OSCILLATOR

Another popular low-frequency oscillator in use is the wein bridge oscillator and its circuit diagram is 

shown in Fig. 4.31(a). The tank circuit consists of a bridge formed using resistors R1, R2, R3, R4 and 

capacitors C1 and C2. The sinusoidal signal generated by the circuit is shown in Fig. 4.31(b) and the 

reciprocal of the time period T gives the generated frequency ‘f’.

Output of the oscillator ‘Vo’ is i/p to bridge.

Bridge will be balanced if vi = 0 and it needs



186 Basic Electronics

Fig. 4.31 Wein bridge oscillator

3 1 2

4 2 1

R R C

R R C
= + (4.77)

If R1 = R2 and C1 = C2, then

3

3 4
4

2 , i.e. 2
R

R R
R

= = (4.78)

Under balanced condition of bridge (vi = 0)

   v

1 2 1 2

2 2

1

1

R R C C

R C

=

=

(4.79)

since R1 = R2 & C1 = C2

i.e.
1

Hz
2

f
RC

=
p

(4.80)

4.13 HARTLEY OSCILLATOR AND COLPITTS OSCILLATOR

Generation of high frequencies generally in the ratio frequency range is achieved using three popular 

oscillator circuits, namely Hartley oscillator, Colpitts oscillator and the crystal oscillator. The crystal 

oscillator is presented in Section 4.14, while the other two are discussed in this section.
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Fig. 4.32 Hartley and Colpitts oscillators

Components R1, R2, RE, CE along with VCC sets the dc conditions for the amplifier that works in CE 

mode. RFC is the radio frequency coil that is mainly used to avoid mixing of generated ac signals at 

the collector with the dc source VCC. The CE amplifier provides a phase shift of 180° to the signal at 

output, while another 180° is provided by the tank circuit, so that the total phase shift around the closed 

loop is 360° satisfying phase condition given by Eq. (4.71).

For the Hartley oscillator, the tank circuit contains two inductors L1, L2 and a capacitor C as shown 

in Fig. 4.32(a). In order that there is a proper feedback, it is required that L1 > L2. Also, to satisfy the 

gain condition given by Eq. (4.70), the transistor should have a current gain given by Eq. (4.81)

1
fe

2

L
h h

L

Ê ˆ
≥ D Á ˜Ë ¯

(4.81)

Here, Dh is the determinant of h-parameters of the transistor and is given by

11 22 12 2111 12

ie oe re fe21 22

( )

( )

h h h hh h
h

h h h hh h

= -
D =

= -
(4.82)

Similarly, for a Colpitts oscillator, the tank circuit contains two capacitors C1, C2 and an inductor L as 

shown in Fig. 4.32(b). In order that there is a proper feedback, it is required that C1 < C2. Also, to satisfy 

the gain condition given by Eq. (4.70), the transistor should have a current gain given by Eq. (4.83)

2
fe

1

C
h h

C

Ê ˆ
≥ D Á ˜Ë ¯

(4.83)

Here, Dh is given by Eq. (4.82) and the generated output for both oscillators (shown in Fig. 4.32(c) has 

a frequency given by (Eq. (4.84).

1
Hz

2
f

LCp
= (4.84)

For a Hartley oscillator,

L = L1 + L2 (4.85)

For Colpitts oscillator,

1 2

1 2

C C
C

C C
=

+
(4.86)
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4.14 CRYSTAL OSCILLATOR

As discussed in Section 4.13, Hartley, Colpitts and crystal oscillators 

are all used for high frequency generation. However, when very high 

frequencies are to be generated, stability of the output signal is very 

important. A crystal oscillator offers very good stability to output, 

even at very high frequencies. A crystal is a piezoelectric material 

such as crystalline, quartz etc. and its equivalent circuit indicated in 

Fig. 4.33 contains a series R, L, C elements with an equivalent mount-

ing capacitance ‘Ce’ across them.

A crystal oscillator is simply, an alternate form of either a Hartley or a Colpitts oscillator. Differ-

ent forms of crystal oscillators can be realised and two possible forms are shown in Fig. 4.33. In both 

cases, R1, R2, RE, CE along with VCC set the dc conditions for the amplifier. The amplifier offers a phase 

shift of 180° in CE mode and another phase shift of 180° is offered by the tank circuit. The frequency 

of oscillation is given by Eq. (4.87) and the crystal is expected to have a high quality factor given by 

Eq. (4.88).

1
Hz

2
f

LCp
= (4.87)

For crystal quality factor

Q = 
L

R

w
$ 20,000 (4.88)

Example 4.17

A BJT amplifier has an input impedance of 4 kV and gain of 103. What is the new value of input imped-

ance of a negative feedback of 0.005 is used?

Solution Given Zin = 4 kV and b = 0.005

From Eq. (4.54),

Zif = Zin (1 + Ab)

= 4 3 103 (1 + 1000 3 0.005)

Zif = 24 kV

Example 4.18

A BJT RC phase-shift oscillator is designed to produce an audio-frequency sine wave. If tank circuit 

resistance is 2 kV and capacitance is 470/nF, what is the output frequency generated with a collector 

circuit resistance of 4 kV.

Solution Given R = 2 kV, C = 470 nF (47 nanofarads), RC = 4 kV.

From Eq. (4.75), the output frequency

3
3 4

3

1

4 10
2 2 10 47 10 6 4

2 10

452.5 453 Hz

f

p -

=
Ê ˆ¥

¥ ¥ ¥ ¥ + Á ˜
¥Ë ¯

= .

Fig. 4.33  Equivalent circuit of 

a crystal
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Example 4.19

Two transistors Q1 and Q2 with current gains respectively 25 and 50 are available; which among them 

is suitable for Example 4.18 oscillator?

Solution Given hfe(Q1) = 25, hfe(Q2) = 50

From Eq. (4.76), hfe(min) for Example 4.18 is

3 3

fe 3 3

2 10 4 10
23 29 4

4 10 2 10
h

Ê ˆ¥ ¥
≥ + +Á ˜

¥ ¥Ë ¯

fe 45.5h ≥

So, only Q2 is suitable.

Example 4.20

A Wein bridge oscillator uses tank circuit values R1 = R2 = 1000 V and C1 = C2 = 0.1 mF. What is the 

frequency of the generated signal?

Solution From Eq. (4.80),

f = 
6

1

2 (1000 )( 0.1 10 )p -¥
 = 1591.55

. 1592 Hz.

Example 4.21

A Hartley oscillator is designed to generate a high-frequency signal. If L1 = 1 mH, L2 = 0.1 mH and 

C = 200 pF find the value of f generated.

Solution Given L = 1 mH, L2 = 0.1 mH and C = 200 pF, f = ?

From Eq. (4.85)

L = (1 3 103 + 0.1 3 10–3) = 1.1 mH

From Eq. (4.84)

3 12

1
Hz

2 1.1 10 200 10

f

p - -
=

¥ ¥ ¥

f = 339.32 kHz.

Example 4.22

A colpitts oscillator uses C1 = 100 pF, C2 = 200 pF and a coil of 100 mH. Find the frequency generated.

Solution Given C1 = 100 pF, C2 = 200 pF and L = 100 mH

From Eq. (4.86)

12 12
1 2

12
1 2

100 10 200 10

(100 200 )10

66.667 pF

C C
C

C C

- -

-

¥ ¥ ¥
= =

+ +
=
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From Eq. (4.84)

6 12
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2 100 10 66.667 10

f
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=

¥ ¥ ¥

1.95 mHzf =

Example 4.23

If L2 is increased by fourfold in Example 4.21. What is the new-frequency value?

Solution Given 2L ¢  = 4(L2)

= 4(0.1 mH) = 0.4 mH

From Eq. (4.84),
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2 1.4 10 200 10

f
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= 30.77k . 301 kHz.

301 kHzf =

Example 4.24

If C2 is halved in Example 4.22. What is the new frequency generated?

Solution Given 2C ¢  = C2/2

= 100 pF

From Eq. (4.86),

24
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From Eq. (4.84),
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2.251 mHzf =

A Wein bridge oscillator offers the following advantages compared to a Phase-shift oscillator:

(i) A wide range of frequencies can be generated because of R1, R2, C1 and C2 variations.

(ii) The circuit used both positive and negative feedback and hence is moe stable compared to 

phase-shift oscillator.

Because of these reasons, a Wein bridge oscillator is widely used in laboratory-purpose audio 

frequency (AF) signal generators.
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Summary

➣ A BJT when supply biased on the middle of the load line, amplifies the weak input signal and the 

gain of amplifier may be suitably controlled.

➣ Audio-Frequency amplifiers (AF amplifiers) are used to amplify signals in the range of 20 Hz to 

20 kHz and are widely used in public-address systems.

➣ Radio-Frequency amplifiers (RF amplifiers) are used to amplify audio-frequency signals in the 

range of a few MHz to few hundreds of MHz and are widely used in applications such as radio 

communication, television systems, mobile communications, etc.

➣ Whenever the gain required is more and if a single-stage amplifier cannot provide this gain then 

more stages can be connected in series to achieve the gain.

➣ When a number of amplifier stages are cascaded (connected in series) together, the overall gain 

of the multistage amplifier is a product of individual stage gains or summation of individual stage 

dB gains.

➣ Whenever the gain required is more and if a single-stage amplifier cannot provide this gain then 

more stages can be connected in series to achieve the gain.

➣ A CE amplifier offers good voltage gain and current gain, and hence is suitable for power ampli-

fication. (A CC amplifier is a current amplifier, a CB amplifier is a voltage amplifier and both of 

them are not suitable for power amplification.)

➣ A power amplifier can be put under one of the following classes depending upon the collector 

current flow (Q-point on load line): Class-A, Class-B, Class-AB and Class-C.

➣ A Class-A amplifier can be a series-fed type or transformer-coupled type offering a maximum 

conversion efficiency of 25% or 50% respectively.

➣ A Class-B amplifier can be a push-pull type or a complementary-type offering a maximum con-

version efficiency of 78.5%.

➣ A Class-B amplifier eliminates all even harmonics (noise components); the output contains only 

odd-numbered noise components and results in reduced noise in the output.

➣ In a Class-B push-pull amplifier, switching between the two transistors results in a zero collector 

current for a short duration called the crossover distortion and this can be eliminated by Class-AB

operation.

➣ A complementary-symmetry amplifier eliminates the need for input and output transformers of 

a Class-B amplifier.

➣ Frequency response of an amplifier is the gain variation of the amplifier with respect to frequency 

changes of the input signal and it is one of the important characteristics of an amplifier one needs 

to study before designing any amplifier.

➣ Frequency response of an amplifier gives information on the lower cut-off, upper cut-off, 3 dB 

bandwidth, maximum gain of the amplifier.

➣ The cascading of multistage amplifiers can be without use of any components and is called direct 

coupled amplifier.

➣ The frequency response of a direct-coupled amplifier is very fair compared to other coupling 

methods because; there is no coupling capacitor and hence there is no gain variation at low fre-

quencies. This increases the amplifier bandwidth.

➣ A direct-coupled amplifier is badly affected by the drift in the Q-point; this is because of the dc 

components entering next stage due to the absence of the blocking capacitor.

➣ The cascading of multistage amplifiers can also be with the use of a coupling transformer and is 

called transformer-coupled amplifier.
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➣ The frequency response of a transformer-coupled amplifier is not fair and contains a hump. A 

transformer-coupled amplifier is best suited for final stages in multistage because its turns ratio 

can be adjusted suitably for impedance matching.

➣ The cascading of multistage amplifiers can also be with the use of RC coupling and is called RC

coupled amplifier.

➣ The frequency response of an RC coupled amplifier is fair enough and contains a broad and wide 

bandwidth. An RC coupled amplifier is best suited for all initial stages in multistage and is very 

popular in public-address systems.

➣ Feedback in an amplifier is the process of connecting a part of the output back to the input; if the 

feedback signal is in-phase with the input signal, it is called positive feedback and if the feedback 

signal is in-phase opposition to the input signal, it is called negative feedback.

➣ A negative feedback always improves the performance of an amplifier and hence is widely used. 

But, a positive feedback has mainly disadvantages and is rarely used.

➣ If a negative feedback is used in an amplifier then the frequency response, input impedance, gain 

and output impedance of the amplifier will improve.

➣ In the construction of an oscillator, a positive feedback is used and the tank circuit will be respon-

sible for generating signals of required frequency.

➣ Low-frequency oscillators use RC circuits for signal generation and high-frequency oscillators 

use LC circuits.

➣ An amplifier to work as an oscillator has to satisfy magnitude condition Ab = 1, phase condi-

tion closed-loop angle (u + Q) = 0° or n2p and Ab > 1; these conditions are called Barkhausen’s 

conditions for oscillators.

➣ Crystal oscillators are known for stable output and are a very popular class of oscillators.

➣ Analysis of an amplifier is better performed using H-parameters.

Review Questions

1. What is an amplifier? Explain in your own words.

2. From previous knowledge, explain the extent up to which the CC, CE and CB configurations 

work as amplifiers.

3. Sketch the basic input and output waveforms of an amplifier considering either a current or a 

voltage signal.

4. Explain in your own words the terms amplification, gain and dB gain.

5. Explain why the multiplication factor is 10 for power gain and 20 for either voltage or current 

gains when decibel (dB) gain is calculated.

6. Show that the overall gain in a multistage amplifier is the product of individual stage gains.

7. Show that the overall dB gain in a multistage amplifier is the sum of individual stage dB gains.

8. Explain in your own words the terms Class-A, Class-B and Class-C operations.

9. Explain how Class-AB operation is useful in minimising the amplifier distortion.

10. Explain in your own words, how a push-pull amplifier reduces output distortion.

11. What is crossover distortion? Explain.

12. How does a Class-AB operation eliminate cross over distortion? Explain.

13. What are the advantages of a complementary-symmetry amplifier?

14. What are the uses of frequency response in designing an amplifier?

15. Explain the following terms: bandwidth, upper cut-off, lower cut-off.
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16. Explain the significance of 3 dB bandwidth for an amplifier.

17. Explain why f1 and f2 are called half-power frequencies?

18. What is cascading of amplifier stages? Explain

19. What are the different coupling methods available for multistage amplifier? Explain.

20. What are the advantages offered by transformer coupling? Explain.

21. Why is a transformer coupled amplifier generally not used in the initial stages of a multistage 

amplifier? Explain.

22. What are the disadvantages of transformer-coupled amplifier? Explain.

23. What are the advantages offered by direct coupling? Explain.

24. Why is a direct-coupled amplifier seldom used in a multistage amplifier? Explain.

25. What are the disadvantages of a direct-coupled amplifier? Explain.

26. What are the advantages offered by RC coupling? Explain.

27. Why is an RC coupled amplifier is generally preferred in the construction of a multistage 

amplifier?

28. What are the disadvantages of an RC coupled amplifier? Explain.

29. Give reasons for gain decay at low and high frequencies in an amplifier.

30. Why is the mid-band in a RC coupled amplifier fairly constant? Explain.

31. What are the disadvantages of an RC coupled amplifier? Explain.

32. What is feedback in an amplifier? Explain positive and negative feedbacks.

33. What are the disadvantages of a positive feedback? Explain.

34. What are the advantages of a negative feedback on the performance of an amplifier? Explain.

35. Why is H-parameter analysis widely used in BJT circuit analysis? Explain.

36. How can an amplifier be converted to work as an oscillator? Explain.

37. What are Barkhausen’s conditions in an oscillator? Explain.

38. Name the low-frequency oscillators and high-frequency oscillators you know.

39. What do you mean by damped and undamped oscillations? Explain.

40. What is the gain condition that a BJT in RC phase shift oscillator has to satisfy?

41. What are the advantages of a Wein-bridge oscillator over an RC phase-shift oscillator? Explain.

42. Write the frequency expression in Hartley and Colpitts oscillators. Comment on the component 

values.

43. A crystal oscillator is preferred over its counterparts for high-frequency generation, Why?

Exercise Problems

1. The maximum achievable absolute gain of a single-stage BJT amplifier is 50. If the achievable 

undistorted output is 5 V then find the maximum input that can be applied. Also, find the decibel 

in gain.

2. The input power to an amplifier is 10 mW while the output power is 1.5 W. Find the maximum 

achievable absolute power gain of a single-stage amplifier.

3. A multistage amplifier employs 4 stages with each individual-stage power gain of 20. What is the 

total dB gain of the amplifier?

4. A multistage amplifier employs 3 stages with each individual-stage power gain of 30. What is the 

total dB gain of the amplifier? If another stage with a power gain of 20 is inserted between first 

and second stage, what is the new overall power gain?

5. A multistage amplifier consists of three stages; the voltage gain of the stages are 60, 100 and160. 

Calculate the overall dB gain.
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6. A single-stage amplifier has collector load RC = 10 kW, input resistance Rin = 1 kW and b = 100. 

If R
L
 = 100 W, find the voltage gain.

7. We are to match a 16 W speaker load to an amplifier so that the effective load resistance is 10 kW.

What should be the transformer turns ratio?

8. We are to match a 24 W speaker load to an amplifier so that the effective load resistance is 12 kW.

What should be the transformer turns ratio?

9. An amplifier has a gain of 2 ¥ 105 without feedback. Determine the gain if negative voltage feed-

back is applied, given b = 0.02.

10. An amplifier has a gain of 2 ¥ 105 without feedback. Determine the gain if negative voltage feed-

back is applied, given b = 0.04.

11. When negative voltage feedback is applied to an amplifier of gain 100, the overall gain falls to 

50. Calculate the feedback factor.

12. The gain and distortion of an amplifier are 150 and 5% respectively, without feedback. If the 

stage has 10% of its output voltage applied as negative feedback, find the distortion of the ampli-

fier with negative feedback.

13. The gain and distortion of an amplifier are150 and 10 respectively, without feedback. If the stage 

has 15% of its output voltage applied as negative feedback, find the distortion of the amplifier 

with negative feedback.

14. An amplifier has an internal gain A of 300 and its output impedance is 2 kW. Negative feedback 

with feedback factor 0.02 is introduced in the circuit. Calculate the output impedance of the feed-

back amplifier.

15. Determine the frequency of oscillation for an RC phase shift oscillator if RC network is made of 

1 kW and 1 μF.

16. Design a RC phase shift oscillator to produce a sinusoidal wave of frequency 2800 H.

17. Design a Hartley oscillator to produce a sine wave of frequency 50 kHz.

18. Determine the frequency of oscillation of Hartley oscillator if the tank circuit has L1 = 5 mH, L2

= 10 mH and C = 10 mF. What should be the value of C to get oscillation twice the frequency of 

above case?

19. Design a Colpitts oscillator to produce a sine wave of frequency 50 kHz.

20. Determine the frequency of oscillation of Colpitts oscillator if the tank circuit has L = 15 mH, 

C1 = 5 mF and C2 = 3 mF. What should be the value of L to get oscillation twice the frequency of 

the above case?

Multiple-Choice Questions
1. A transistor is a three-layered three-terminal and ______ junction semiconductor device.

(a) three (b) two (c) four (d) zero

2. An amplifier is a circuit that increases the level of an input ______.

(a) voltage (b) current (c) both (a) and (b) (d) none of the above

3. A CE amplifier introduces a phase shift of ______ between the input and the output.

(a) 180° (b) 90° (c) 0° (d) none of the above

4. AF amplifiers are designed to work in the frequency range of _______.

(a) 20 Hz to 20 MHz   (b) 20 Hz to 200 kHz

(c) 2 kHz to 200 kHz   (d) All the above

5. The stage power gain of the amplifier is given by ______.

(a) AP = Output power/Input power (b) AP = Output power/Input voltage

(c) AP = Output Voltage /Input power (d) AP = Input power/Output power
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6. The stage voltage gain of the amplifier is given by ______.

(a) AV = Output power/Input power

(b) AV = Output Voltage/Input Voltage

(c) AV = Output Voltage /Input power

(d) AV = Input power/ Output power

7. The stage current gain of the amplifier is given by ______.

(a) AI = Output power/Input current

(b) AI = Output Voltage/Input Voltage

(c) AI = Output Voltage /Input power

(d) AI = Output Current /Input Current

8. The stage power gain of the amplifier is given by ______.

(a) AP = 10 log o

in

P
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 dB (b) AP = 20 log o
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I

I

È ˘
Í ˙
Î ˚

 dB

(c) AP = 20 log o

in

V

V

È ˘
Í ˙
Î ˚

 dB (d) All the above

9. If A1, A2,…, AN are the individual stage gains, for an N-stage amplifier then the overall gain A of 

the multistage amplifier is given by ______.

(a) A = A1 ¥ A2 ¥ ... ¥ AN (b) AdB = A1dB + A2dB + ... + AN dB

(c) Neither (a) nor (b) (d) Both (a) and (b)

10. A CB amplifier is not suitable for power amplifications, because it is characterized by ______ 

current gain and moderate voltage gain.

(a) high (b) moderate (c) less than one (d) none of the above

11. A CC amplifier is not suitable for power amplifications, because it is characterized by ______ 

current gain and ______ voltage gain.

(a) high, moderate (b) moderate, high (c) high, unity (d) none of the above

12. A CE amplifier is more suitable for power amplifications, because it is characterized by ______ 

current gain and ______ voltage gain.

(a) high, moderate   (b) moderate, high

(c) moderate, moderate   (d) none of the above

13. The power amplifier in which the collector current flows for full 360° period (full cycle) of the 

input signal is ______ power amplifier.

(a) Class-A (b) Class-B (c) Class-C (d) none of the above

14. The power amplifier in which the collector current flows for only 180° period (half cycle) of the 

input signal is ______ power amplifier.

(a) Class-A (b) Class-B (c) Class-C (d) none of the above

15. The power amplifier in which the collector current flows for less than 180° period (less than half 

cycle) of the input signal is ______ power amplifier.

(a) Class-A (b) Class-B (c) Class-C (d) None of the above

16. The power amplifier in which the collector current flows for a period between 180° and 360° 

(more than half cycle, but less than full cycle) of the input signal is ______ power amplifier.

(a) Class-A (b) Class-B (c) Class-C (d) Class-AB

17. The ability of an amplifier to convert the dc power supply into ac power delivered to the load is 

called ______ of the amplifier.

(a) conversion efficiency (b) collector-circuit efficiency

(c) theoretical efficiency (d) all the above
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18. The collector-circuit efficiency of an amplifier is given by ______.

(a) h = 
ac power delivered to load

dc power supplied to circuit
¥ 10% (b) h = 

dc power supplied to circuit

ac power delivered to load
¥ 100%

(c) neither (a) nor (b) (d) both (a) and (b)

19. The collector-circuit efficiency of a series-fed Class-A amplifier is ______.

(a) 25% (b) 52% (c) 78% (d) 85%

20. The collector-circuit efficiency of a transformer coupled Class-A amplifier is ______.

(a) 25% (b) 50% (c) 78% (d) 85%

21. The collector-circuit efficiency of a Class-B amplifier is ______.

(a) 25% (b) 50% (c) 78% (d) 85%

22. The collector-circuit efficiency of a Class-AB amplifier ______.

(a) increases with increase in conduction period

(b) increases with decrease in conduction period

(c) decreases with increase in conduction period

(d) both (b) and (c)

23. The cross-over distortion is a severe problem observed in ______ amplifier.

(a) Class-A (b) Class-B (c) Class-C (d) Class-AB

24. A push-pull Class-B operation reduces the distortion by eliminating the ______ in the output of 

the amplifier.

(a) even harmonics (b) odd harmonics

(c) odd and even harmonics (d) none of the above

25. In a transformer-coupled Class-A amplifier, the turns ratio is ______.

(a)
2 2 1

1 1 2

N I V

N I V
= = (b)

1 2 1

2 1 2

N I V

N I V
= =

(c) 2 1 1

1 2 2

N I V

N I V
= = (d) 1 1 1

2 2 2

N I V

N I V
= =

26. The ‘figure of merit’ for an amplifier is ______ and has ______ unit.

(a) gain, dB (b) gain bandwidth difference, dB

(c) gain bandwidth product (GBW), Hz (d) bandwidth, Hz

27. Coupled amplifiers or multistage amplifiers are used to ______.

(a) increase the even harmonics in the output (b) increase the gain of the amplifier

(c) increase the odd harmonics in the output (d) none of the above

28. A direct-coupled amplifier uses ______ to couple output of one stage to the input of next stage.

(a) transformer (b) RC network

(c) LC network (d) No coupling element

29. A positive feedback in an amplifier ______ of the amplifier.

(a) reduces the gain

(b) increases the gain and reduces the input impedance

(c) increases the gain and increases the input impedance

(d) none of the above

30. A negative feedback in an amplifier ______ of the amplifier.

(a) increases the gain

(b) increases the gain and reduces the input impedance
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(c) increases the gain and increases the input impedance

(d) none of the above

31. A positive feedback in an amplifier ______ of the amplifier.

(a) increases the stability (b) decreases the stability

(c) has no impact on the stability (d) none of the above

32. A negative feedback in an amplifier ______ of the amplifier.

(a) increases the stability (b) decreases the stability

(c) has no impact on the stability (d) none of the above

33. A positive feedback in an amplifier ______ of the amplifier.

(a) increases the GBW (b) decreases the GBW

(c) has no impact on the GBW (d) none of the above

34. A negative feedback in an amplifier ______ of the amplifier.

(a) increases the GBW (b) decreases the GBW

(c) has no impact on the GBW (d) none of the above

35. Considering a transistor as a two-port network, the following h-parameters may be defined to 

analyze an amplifier;

(a)

2

1
i

1 0V

V
h

I
=

= W (b)

1

2
o

2 0I

I
h

V
=

=

(c)

2

2
f

1 0V

I
h

I
=

= (d) All the above

36. An amplifier may be converted into an oscillator by ______ to the circuit.

(a) adding a negative feedback (b) adding a positive feedback

(c) both (a) and (b) (d) none of the above

37. The Barkhausen’s conditions for an amplifier to generate oscillations are ______ and ______.

(a) loop gain Ab = 1, 0q f+ = ∞ (b) loop gain Ab = 0, 0q f+ = ∞

(c) loop gain Ab = 1, 90q f+ = ∞ (d) none of the above

38. An RC phase-shift oscillator is an example for ______.

(a) AF oscillator (b) RF oscillator

(c) non-sinusoidal oscillator (d) none of the above

39. A Wein bridge oscillator is an example for ______.

(a) AF oscillator (b) RF oscillator

(c) non-sinusoidal oscillator (d) none of the above

40. A Hartley oscillator is an example for ______.

(a) AF oscillator (b) RF oscillator

(c) non-sinusoidal oscillator (d) none of the above

41. A Colpitts oscillator is an example for ______.

(a) AF oscillator (b) RF oscillator

(c) non-sinusoidal oscillator (d) none of the above

42. A crystal oscillator is an example for ______.

(a) AF oscillator (b) RF oscillator

(c) non-sinusoidal oscillator (d) none of the above
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43. A crystal oscillator is means for producing ______.

(a) AF signals (b) stable RF signals

(c) non-sinusoidal signals (d) none of the above

44. A UJT relaxation oscillator is an example for ______.

(a) AF oscillator (b) RF oscillator

(c) non-sinusoidal oscillator (d) none of the above

45. In a Hartley oscillator, the equivalent tank circuit inductance is LEQ = ______.

(a) L1 + L2 (b) L1 – L2

(c) L1 ¥ L2 (d) none of the above

46. In a Colpitts oscillator, the equivalent tank circuit capacitance is CEQ = ______.

(a) C1 + C2 (b) C1 – C2 (c) C1 ¥ C2 (d)
1 2

1 2

C C

C C+



Goals and Objectives

Upon completion of this chapter, the reader is expected to

➤ Understand the basic need and concept of a communication system

➤ Understand the basic block diagram of a communication system

➤ Understand the differences between analog and digital communication 

schemes

➤ Understand the importance of each unit in a communication system

➤ Understand the process of modulation of the information signal

➤ Understand the process of de-modulation of the modulated signal

➤ Understand the different amplitude-modulation schemes

➤ Understand the power content in each component of an amplitude-

modulated wave

➤ Understand the advantage of carrier suppression in an amplitude-modulated 

wave

➤ Understand the bandwidth requirement of an amplitude-modulated wave

➤ Understand the different frequency-modulation schemes

➤ Understand the bandwidth requirement of a frequency-modulated wave

➤ Understand the different AM and FM de-modulation schemes

➤ Understand the basic concepts of a radio transmitter and a receiver

➤ Understand the basic concepts of a TV transmitter and a receiver

➤ Understand the performance parameters such as power, current, bandwidth, 

etc. in an AM system

➤ Compare different types of modulation and de-modulation schemes

➤ Feel confident of taking up higher courses in communication

5
Communication
Systems
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5.1 INTRODUCTION

A communication system involves processing the available information from a source, transmitting 

it over a channel available using a transmitter, on the receiving side receive it, further process it and 

finally deliver it to the destination. In communication systems, the information to be transmitted is 

called the message signal or information signal and will be in complex form. This signal is normally 

the output of a microphone or a television camera and to be transmitted to the receiver intended. If such 

signals are only amplified and transmitted directly, such a process is called baseband transmission.

Baseband signals are low-frequency signals, cannot be directly transmitted over longer distances and 

need some special methods for transmission over longer distances; modulation is the process used. 

Different modulation techniques are available and the focus in this chapter is to discuss a few important 

methods of modulation. The sinusoidal signal generated from a source is shown in Fig. 5.1 and it can 

be represented (voltage) by the equation

Fig. 5.1 Basic information signal representation

v = Vm sin (wt + F) (5.1)

Here, v = Instantaneous value of voltage signal

Vm = Maximum/peak value of voltage signal

w = Frequency in radians = 2pf; f in Hertz

 F = Signal phase difference with respect to a reference

5.2 COMMUNICATION SYSTEM

A communication process involves generation of the information to be transmitted, processing this 

information so that it is suitable for transmission, transmitting the processed information through a 

communication media and receiving it at the receiver, re-processing it so that it is recognisable and 

finally deliver it to the destination. The block diagram of a simple communication system is shown in 

Fig. 5.2 and it mainly consists of three important sections; the transmitter, the channel and the receiver.

Fig. 5.2 Communication-system block diagram
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1. Transmitter (Tx)

A transducer (discussed in Chapter 8) such as a microphone or a television camera generates the mes-

sage signal to be transmitted. The information so generated is processed and amplified (signal condi-

tioning) at the transmitting end. This message signal is now modulated, encoded and transmitted over 

a communication media by the transmitter. The transmission can be of two types: wireless communi-

cation or a wired-line communication. Hence, a transmitter section consists of a series of low-noise 

amplifiers, a modulator and a transmitting antenna in case of a wireless communication.

2. Receiver (Rx)

The signal transmitted through the communication media along with noise introduced by the channel is 

received by the receiver (Rx). The received signal, before it is reconstructed, it will be re-conditioned, 

amplified, noise minimised, decoded and then demodulated. The signal so detected is finally delivered 

to the destination. Hence, a receiver section consists of a receiving antenna (in case of a wireless com-

munication), a series of low-noise amplifiers and a de-modulator. A de-modulator does the opposite job 

of a modulator to retrieve back the original signal from the modulated signal.

3. Channel

The signal from the transmitter after modulation is directed towards the receiver and this transmission 

can be a wired-line communication or a wireless communication. In a wired-line communication, a 

media such as a coaxial cable or a twisted pair is used as the transmission channel and in a wireless 

communication, free space or air is used as the transmission channel. Also, in wireless communication, 

an antenna is used for the transmission and reception of signals. A more generalised block diagram of 

a wireless communication system is shown in Fig. 5.3; where there is no physical transmission media 

connected between the transmitter and the receiver. The transmitter block consists of a transmitting 

antenna; the transmitter output is radiated through this antenna into free space. The receiver block also 

consists of an antenna; this receiver antenna collects the signals from the free space, selects the desired 

signal and the receiver processes this signal.

Fig. 5.3 Wireless communication system

Based on the methods adopted in the information processing at the transmitter and the receiver, the 

communication system can be an analog communication system or a digital communication system.

5.2.1 Analog Communication System

In an analog communication system, the signal in analog (time varying) form is modulated using ana-

log modulation schemes and then transmitted to the receiving end. Several analog modulation schemes 

are in use today offering many advantages like good quality, high immunity to noise signal, less in-

terference from other signals, lesser costs, etc. Some of the important analog modulation schemes are 

discussed in Section 5.3 and digital modulation schemes are not discussed here as they are beyond the 

scope of this text.
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5.2.2 Digital Communication System

In a digital communication system, the signal in analog (time-varying) form is first converted into 

digital form, modulated using digital modulation schemes and then transmitted to the receiving end. A 

quantiser or an analog-to-digital convertor converts the analog signal to digital form. In digital modula-

tion, the changes in the signal are chosen from a fixed list (the modulation alphabet), each entry of 

which conveys a different possible piece of information (a symbol).

Fig. 5.4 Digital communication system

Like analog communication system, even a digital communication system can also be a wireless 

where the transmission media is free space and antennas are used at both the transmitter and reciever. 

The block diagram of a digital communication system is shown in Fig. 5.4 and it can be observed here 

that the analog information from the source is digitised and then modulated. A source encoder and a 

channel encoder at the transmitting end can be used for analog-to-digital conversion. Similarly, at the 

receiver end, a channel decoder and information decoder may be used.

5.2.3 Modulation and De-modulation

Modulation is a technique of modifying one or more characteristics of a carrier signal in a known 

way in order to transmit the information over a long distance. Any measurable property of an analog 

signal can be used to transmit information by changing this property in some known manner and then 

detecting those changes at the receiver end. The high-frequency signal that is modulated is called the 

modulated signal or the carrier signal, because it carries the digital information from one end of the 

communication channel to the other end. The low-frequency source signal that is modulating the carrier 

is called the modulating signal or the information signal. Varying one of the parameters of the high-

frequency carrier signal such as amplitude or frequency or phase angle with respect to the instanta-

neous amplitude variations of the low-frequency information signal (modulating signal) is known as 

modulation.

The circuit that changes the signal at the transmitting end of the communication channel is called the 

modulator. The circuit at the receiving end of the channel, which detects the actual information from 

the modulated signal, is called the demodulator.

Advantages and Need for Modulation

1. The length of the antenna required becomes small when the signal is transmitted at high-

frequency ranges since l = c/f ª length of antenna. For audio frequencies, the minimum length 

of antenna required will be

max

8

3

1

3 10
1 10 ,000 m

20 10

c

f
=

¥
= =

¥

(5.2)
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2. When transmitted with high frequencies, the energy possessed by the signal is more and hence it 

can be transmitted over long distances.

3. Wireless communication is possible by increasing the frequency of the signal above the audio 

range(>20 kHz)

4. At high frequencies, interference or the mixing of signals is less and hence noise will be less.

5. Multiplexing of signals is possible using modulation and this helps in proper utilisation of re-

sources available.

Basically, there are three types of modulation schemes; amplitude modulation and the angle modu-

lation. Angle modulation can further be subdivided into frequency modulation and phase modulation.

5.3 AMPLITUDE MODULATION (AM)

Amplitude modulation is a technique most commonly used for transmitting audio or video signals in 

communication. It works by varying the strength of the transmitted signal in relation to the informa-

tion being sent, for example, changes in the signal strength can be used to reflect the sounds being 

reproduced. Changing the amplitude of the carrier (modulated) signal with respect to the instantaneous 

changes in the amplitude of the information (modulating) signal, maintaining the carrier frequency 

constant is known as Amplitude Modulation (AM). Amplitude modulation is a form of modulation 

which represents information as variations in the instantaneous amplitude of a carrier wave. In AM, 

only the amplitude of a high-frequency carrier is changed in accordance with the instantaneous am-

plitude changes of a low-frequency message signal; however the frequency of carrier remains same.

Fig. 5.5 Amplitude-modulation system

In AM, the message signal is superimposed on the carrier signal so that the amplitude of a high-

frequency carrier is changed to reflect the message signal amplitude changes. The block diagram of a 

modulator and the corresponding waveforms are represented in Fig. 5.5. It can be observed here that 

the amplitude of the carrier signal is changed to reflect the instantaneous amplitude of the message 

signal, but the frequency of the carrier signal remains unchanged. A variety of transistor-modulation 

schemes and circuits are available such as an emitter modulation, base modulation, collector modula-

tion and they are not discussed here. Sections 5.3.1 to 5.3.2 are dedicated to discuss different forms of 

amptitude modulation. The following 6 points provide more insight into the design details of amplitude 

modulation.
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1. Expression for AM Output

Amplitude modulation is performed simply by adding vm to the carrier signal vc such that the carrier 

amplitude changes. Let vc = Vc sin wct be the carrier wave and vm = Vm sin wmt be the modulating wave. 

As per the definition of the AM, the instantaneous amplitude of the AM wave is given by

A = Vc = Vm (5.3)

A = Vc + Vm sin wmt

v = Vc(1 + m sin wmt

where
m

c

V
m

V
=  = Modulation index

i.e. A = Vc(1 + m sin wmt) (5.4)

The resulting instantaneous AM voltage wave, is therefore, given by

v = A sin wct

v = V1c(1 + m sin w1m t) [sin w1c t] (5.4(a))

v = Vc sin wct + mVc sinwmt sin wct

c c

c c c m c msin [cos( ) ] [cos( ) ]
2 2

mv mv
v V t t tw w w w w= + - + + [5.5(a)]

AM = Carrier Signal + LSB + USB [5.5(b)]

Thus, from Eq. (5.5) it is clear that an AM output signal consists of the basic carrier signal at fre-

quency wc and two sidebands, the Lower Side Band (LSB) at frequency (wc – wm) and the Upper Side 

Band (USB) at frequency (wc + wm). This is indicated in the frequency spectrum shown in Fig. 5.6.

Fig. 5.6 Frequency spectrum of an AM wave

2. Expression for Modulation Index (m) of an AM Wave

Modulation index, also known as the modulation factor, indicates the depth of modulation in an AM 

wave; it is defined as the ratio of the amplitude of the modulating wave to the amplitude of the carrier 

wave.
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m

c

V
m

V
= (5.6)

Fig. 5.7 Modulation index of an AM wave

Referring to the AM output wave shown in Fig. 5.7, we can obtain the value of Vm and Vc as

max min
m

2

V V
V

-
= (5.7)

Vc = Vmax – Vm (5.8)

max min
c max

2

V V
V V

-
= -

max min
c

2

V V
V

+
= (5.9)

Now, modulation index is 

max min

max minm

c max min max min

2

2

V V

V VV
m

V V V V V

-
-

= = =
+ +

(5.10)

It can be observed from Eq. (5.10) that the depth of modulation can be a maximum of 100% 

when Vmin = 0 and if it exceeds this value, there will be a loss of information as indicated in Fig. 5.8. 

Similarly, the depth of modulation can be a minimum of 0% when Vmin = Vmax resulting in no 

modulation.
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(a) Critical Modulation with m = 100 %                                     (b) Overmodulation with m > 100 %

Fig. 5.8 Limit of modulation index in amplitude-modulated wave

Hence, the range of values for the amplitude modulation index can be

0 < m < 1 (5.11)

3. Power Relations in AM

The total power contained in an amplitude-modulated wave is the summation of carrier power and the 

side band powers:

  Pt = (Pc + PLSB + PUSB) (5.12)

Now, the carrier power is estimated using the basic relationships and assuming a load of R.

  

2

c

2
carr

c

2

V

V
P

R R

È ˘
Í ˙
Í ˙Î ˚= =

  

2
c

c W
2

V
P

R
= (5.13)

Similarly, the side-band powers are estimated using the basic relationships

  

2

c

2 22
SB c

SB

2 2
W

4 2

mV

V Vm
P

R R R

È ˘
Í ˙
Í ˙Î ˚= = =

  
2

SB c W
4

m
P P= (5.14)

Therefore, the total power contained in an amplitude-modulated wave is

  

2 2

t c c cfor LSB + for USB W
4 4

m m
P P P P

Ê ˆ
= +Á ˜Ë ¯

  
2

t c 1 W
2

m
P P

Ê ˆ
= +Á ˜Ë ¯

(5.15)

With m = 1, the total power transmitted is 1.5Pc and the individual side-band power contribution is 

0.25Pc.

Example 5.1

A 400-watt carrier is modulated to a depth of 75%. Calculate the total power in the modulated wave.
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Solution We have from Eq. (5.15),

2

t c

2

t

t

1 W
2

0.75
400 1 W

2

512.5 kW

m
P P

P

P

Ê ˆ
= +Á ˜Ë ¯

Ê ˆ
= +Á ˜Ë ¯
=

From Example 5.1, with m = 0.75, the total power transmitted is 1.282Pc and the individual side-

band power contribution is 0.11Pc.

Example 5.2

The power radiated by a transmitter is 10 kW. When the depth of modulation is 60%, calculate the 

carrier power.

Solution We have from Eq. (5.15),

2

t c

t
t

2

2

c
2

c

1 W
2

W

1
2

10 10
W

0.6
1

2

8.47 kW

m
P P

P
P

m

P

P

Ê ˆ
= +Á ˜Ë ¯

=
Ê ˆ

+Á ˜Ë ¯

¥
=

Ê ˆ
+Á ˜Ë ¯

=

In a similar way, the total transmitted current in an amplitude-modulated wave can be estimated as 

given below; from Eq. (5.14) the total transmitted power is

2

t c

22
t c

2
c c

2 2
t

2
c

2
t

c

2

t c

1 W
2

1
2

1
2

1
2

1 A
2

m
P P

P I Rm

P I R

I m

I

I m

I

m
I I

Ê ˆ
= +Á ˜Ë ¯

Ê ˆ
= + =Á ˜Ë ¯

Ê ˆ
= +Á ˜Ë ¯

Ê ˆ
= +Á ˜Ë ¯

Ê ˆ
= +Á ˜Ë ¯ (5.16)
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Example 5.3

An AM transmitter has an unmodulated current of 8 A and it increases to 8.95 A after modulation. Find 

the percentage modulation of the output wave.

Solution Given, Ic = 8 A and It = 8.95 A

We have from Eq. (5.16)

2

t c 1 A
2

m
I I

Ê ˆ
= +Á ˜Ë ¯

Therefore,

2

2
2

8.95 8 1 A
2

8.95
2 1

8

0.5

0.707

m

m

m

m

Ê ˆ
= +Á ˜Ë ¯

È ˘Ê ˆ= -Í ˙Ë ¯Í ˙Î ˚
=
= i.e. m = 70.7%

4. Bandwidth in Amplitude Modulation

Looking at the frequency spectrum of an AM wave shown in Fig. 5.6, it is clear that the total bandwidth 

needed for an AM signal is twice the highest modulating frequency. The side bands are located at an 

equidistance of fm around fc and hence

BW = 2fm (5.17)

Table 5.1 presents salient features of AM scheme.

Table 5.1 Key points in AM scheme

Sl. No. Point Amplitude Modulation

1 Definition

Changing the amplitude of the carrier signal with respect to the instan-

taneous changes in the amplitude of the information signal is known as 

amplitude modulation.

2 Waveform

3 Expression v = VØc(1 + m sin wØm t) sin wØc t]

4 Modulation index m
max minm

c max min

V VV
m

V V V

-
= =

+

5 Range of m 0 to 1 (0 to 100%)
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6 Power transmitted Pt = Pc

2

1 W
2

mÊ ˆ
+Á ˜Ë ¯

7 Antenna Current It = Ic

2

1 A
2

mÊ ˆ
+Á ˜Ë ¯

8 No. of side bands Only two (02)

9 Frequency spectrum

10 Total bandwidth BW = 2fm

11 Side-band power PSB = 
2

4

m
Pc per side band

Example 5.4

An AM transmitter uses a source signal generated by an oscillator generating a sinusoidal signal of 15 

sin 1250t. If the carrier signal of 500 kHz is modulated to a depth of 67%, calculate the total bandwidth 

required to transmit this AM output wave.

Solution Given, vm = 15 sin 1250t

We have, w = 1250

Therefore, m
2

f
w

p
=

  m
1250

2
f

p
=  = 198.95 ª 200 Hz

Now, from Eq. (5.17), the total bandwidth can be estimated as 397.89 Hz which is approximately 

400 Hz.

5. Amplitude Modulation by Multiple Signals

It is important to note that when a carrier signal is simultaneously modulated by several information 

signals then the total modulation index and the total transmitted power change. If V1, V2, V3, etc. are the 

peak amplitudes and m1, m2, m3, etc. are the corresponding modulation indeces of different information 

signals modulating simultaneously a carrier signal of amplitude Vc then the total modulation index of 

the modulated signal output is given by Eq. (5.18).

2 2 2
t 1 2 3

...m m m m= + + + (5.18)

Similarly, the total transmitted power is given by Eq. (5.19)

2
t

t t 1
2

m
P P

Ê ˆ
= +Á ˜Ë ¯ (5.19)

where the total modulation index mt is given by Eq. (5.18).
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Example 5.5

An AM transmitter uses two signal sources to modulate a carrier signal generated by an oscillator 

generating a sinusoidal signal 15 sin 125 ¥ 106 t and the depth of modulation is 0.64. If the modulation 

index of the first signal is half the modulation index of the second signal, calculate the values of m1

and m2.

Solution Given, mt = 0.64

Now, from Eq. (5.18), we can write

0.64 = 
2 2

11 ( 2 )m m+

   0.64 = 
2
15m  = 2.24 m1

m1 = 0.29 and m2 = 0.58

6. Forms of Amplitude Modulation

As originally developed for the electric telephone, amplitude modulation was used to add audio in-

formation to the low-powered direct current flowing from a telephone transmitter to a receiver. As a 

simplified explanation, at the transmitting end, a telephone microphone was used to vary the strength 

of the transmitted current, according to the frequency and loudness of the sounds received. Then, at the 

receiving end of the telephone line, the transmitted electrical current affected an electromagnet, which 

strengthened and weakened in response to the strength of the current. In turn, the electromagnet pro-

duced vibrations in the receiver diaphragm, thus reproducing the frequency and loudness of the sounds 

originally heard at the transmitter.

In contrast to the telephone, in radio communication what is modulated is a continuous-wave radio 

signal (carrier wave) produced by a radio transmitter. In its basic form, amplitude modulation produces 

a signal with power concentrated at the carrier frequency and in two adjacent sidebands. This is referred 

as Double Side-Band Full Carrier (DSB-FC) modulation scheme. Each side band is equal in band-

width to that of the modulating signal and is a mirror image of the other. The following sections discuss 

three of the forms of AM schemes.

5.3.1 DSB-FC Amplitude Modulation

In its basic form, amplitude modulation produces a signal with power concentrated at the carrier fre-

quency and in two adjacent sidebands. This is referred as double side-band full carrier (DSB-FC) mod-

ulation scheme. Each side band is equal in bandwidth to that of the modulating signal and is a mirror 

image of the other. Thus, most of the power output by an AM transmitter is effectively wasted: half the 

power is concentrated at the carrier frequency, which carries no useful information and the remaining 

power is split between two identical side bands, only one of which is needed. The advantage to this 

method is that it greatly simplifies the receiver design and hence the cost of the system reduces. For this 

reason, this is the transmission method used in conventional AM radio transmissions.

The frequency spectrum shown in Fig. 5.6 suggests that the carrier signal carries no useful infor-

mation, but adds to transmitted power and the side bands carry the complete information. It is evident 

from the power equation (5.13) and Example 5.6 that nearly 85% of the transmitted power is saved by 

carrier suppression.
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Example 5.6

The power radiated by a transmitter is 10 kW when the depth of modulation is 60%; calculate the power 

to be transmitted and the percentage power saving if the carrier signal is suppressed.

Solution We have from Eq. (5.15),

2

t c 1 W
2

m
P P

Ê ˆ
= +Á ˜Ë ¯

And this gives Pc = 8.47 kW (from Example 5.2)

Now, from Eq. (5.15), the transmitted side-band power is

2 2

t SB c c

2

SB c

2
2

SB

t SB

for LSB for USB W
4 4

P = W
2

0.6
8.47 10 W

2

1.525 kW

m m
P P P P

m
P

P

P P

È ˘Ê ˆ Ê ˆ¢= = +Í ˙Á ˜ Á ˜Ë ¯ Ë ¯Î ˚
Ê ˆ
Á ˜Ë ¯

Ê ˆ
= ¥ Á ˜Ë ¯

¢= =                                               which is only 15.25% of Pt.

Now, the percentage saving in transmitted power is 84.75%. This encourages the designers to sup-

press the carrier signal in order to increase the efficiency of the transmitter and reduce the cost. How-

ever, elimination of carrier at the transmitter brings in other problems such generation of carrier for 

synchronisation at the receiver.

5.3.2 DSB-SC Amplitude Modulation

To increase transmitter efficiency, the carrier can be removed (suppressed) from the AM signal. This 

produces a reduced-carrier transmission or double side-band suppressed carrier (DSB-SC) signal. 

DSB-SC signals need their carrier to be re-generated for it to be demodulated using conventional tech-

niques at the receiver side.

An AM output is given by Eq. (5.5a) which is reproduced here for convenience.

c
c c c m

c m

sin [cos ( ) ]
2[cos( )]

mv
v V t tw w w

w w
= + - +

+

Suppressing the carrier component results in a DSB-SC signal that is characterised by the following 

transmission equation:

c
c m

c m

[cos( ) ]
2 2[cos( )]

cmv mv
v tw w

w w
¢ = - +

+
(5.20)

It is important to notice that at the receiver side in order to extract the basic information signal, 

DSB-SC requires a coherent receiver, because of the absence of the carrier signal, and, therefore, the 

receiver needs to generate locally a carrier signal that is a replica of the carrier signal at the transmitter. 

DSB-SC systems are, therefore, very susceptible to frequency shifting and phase shifting on the receiv-

ing end. The carrier term in the spectrum can be eliminated by removing the dc offset from the modu-

lating signal. DSB-SC and DSB-FC both suffer in terms of transmission bandwidth from the fact that 

they both send two identical (but reversed) frequency “lobes” or side bands, the upper side band and the 

lower side band. These bands are exactly mirror images of each other and, therefore, contain identical 

information. Why can’t we cut one of them out and just transmit only one of them? This saves both 
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power and bandwidth. The resulting scheme is called Single Side Band (SSB) transmission. An SSB 

scheme transmits power given by Eq. (5.14), which is only 25% of the total power at 100% modulation. 

SSB has a number of problems, but also some good aspects. A compromise between AM-SSB and the 

two AM-DSB methods can also be thought of which is called Vestigial Side Band (VSB) transmission, 

that uses less bandwidth than the AM-DSB methods, but more than the AM-SSB.

Example 5.7

An AM transmitter suppresses the carrier signal and one of the side bands to reduce the transmitted 

power. Calculate the value of the transmitted power if m = 0.64 and DSB-FC output power is 7.5 kW.

Solution Given m = 0.64 and DSB-FC power = 7.5 kW.

Now, from Eq. (5.14) and (5.15), the single side-band power is calculated as below:

2

t c

2
3

c

3

c
2

2

SB c

2
3

SB

1 W
2

0.64
7.5 10 1 W

2

7.5 10
6.23 kW

0.64
1

2

= W
4

0.64
6.23 10 0.637 kW

4

m
P P

P

P

m
P P

P

Ê ˆ
= +Á ˜Ë ¯

Ê ˆ
¥ = +Á ˜Ë ¯

¥
= =

Ê ˆ
+Á ˜Ë ¯

Ê ˆ
Á ˜Ë ¯

Ê ˆ
= ¥ =Á ˜Ë ¯

This is the transmitted power.

5.3.3 SSB Amplitude Modulation

Even greater efficiency is achieved at the expense of increased transmitter and receiver complexity by 

completely suppressing the carrier and any one of the side bands. This is called single-side band (SSB) 

modulation and is widely used in amateur radio due to its efficient use of both power and bandwidth. 

An AM output is given by Eq. (5.5a) which is reproduced here for convenience

c
c c c m

c m

sin [cos ( ) ]
2 2[cos( )]

cmv mv
v V t tw w w

w w
= + - +

+

Suppressing the carrier component and any one of the side bands results in an SSB signal that is 

characterised by the following transmission equation:

c
c m

c m

[cos( ) ] or
2 2[cos( )]

cmv mv
v t vw w

w w
¢ ¢= - =

+
(5.21)

It is important to notice that at the receiver side in order to extract the basic information signal, 

like a DSB-SC system, an SSB system also requires a coherent receiver, because of the absence of the 

carrier signal. Therefore, the receiver needs to generate locally a carrier signal that is a replica of the 

carrier signal at the transmitter. DSB-SC systems are, therefore, very susceptible to frequency shifting 
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and phase shifting on the receiving end. In order to generate an SSB signal, we need to remove one of 

the side bands from an AM-DSB signal. This means that we need to pass the AM-DSB signal through a 

filter, to remove one of the side bands. The filter, however, needs to be a very high-order filter, because 

we need to have a very aggressive roll-off. One side band needs to pass through the filter completely 

unchanged and the other side band needs to be stopped completely.

AM-SSB is most efficient in terms of bandwidth and transmission power, but there is a significant 

increased cost in terms of more complicated transmitter and receiver designs. For this reason, AM-SSB 

is rarely seen as being cost-effective. Table 5.2 presents a brief comparison of different AM schemes.

Table 5.2 Comparison of different AM techniques

Sl. No. AM Type Expression Bandwidth Application

1 DSB-FC

c
c c c msin [cos ( ) ]

2

mv
v v t tw w w= + -

c

c m2[cos( )]

mv

w w
+

+

BW = 2fm Radio transmission

2 DSB-SC
c

c[cos( ) ]
2

m

mv
v tw w¢ = -

c

c m2[cos( )]

mv

w w
+

+

BW = 2fm Radio transmission

3 SSB

c
m[cos( ) ]

2
c

mv
v tw w¢ = -  or 

c

c m2[cos( )]

mv
v

w w
¢ =

+

BW ª fm

Bandlimited

applications;

TV systems, 

telephony, etc.

There a numerous variations of SSB:

● SSB—Single Side Band used in amateur radio 

● SSSC—Single Side Band Suppressed Carrier where a small pilot carrier is transmitted

● ISB—Independent Side Band where two separate side bands with a suppressed carrier are trans-

mitted; used in radio telephony

● VSB—Vestigial Side Band, a partial sideband; used in broadcast TV

● ACSSB—Amplitude Companded SSB

There are several advantages of using SSB:

● More efficient bandwidth utilisation

● Less subject to selective signal fading 

● More power can be placed in the intelligence signal

5.4 ANGLE MODULATION

As indicated in Eq. (5.1), a signal is characterised by amplitude and angle information. Angular informa-

tion includes both frequency (f) and phase angle of the signal (j) with respect to a reference. Ampli-

tude modulation involves varying carrier amplitude, and angle modulation involves varying either the 
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frequency or the phase angle of the carrier signal with respect to information amplitude. Accordingly, 

there are two types of angle modulation: frequency modulation and phase modulation.

5.4.1 Frequency Modulation (FM)

In frequency modulation, as indicated in Fig. 5.9, the frequency of the carrier signal is changed and 

these frequency changes carry the information signal to the receiver end. Changing the frequency of the 

carrier (modulated) signal with respect to the instantaneous changes in the amplitude of the informa-

tion (modulating) signal maintaining the carrier amplitude constant is known Frequency Modulation

(FM). Frequency modulation is a form of modulation which represents information as variations in the 

instantaneous frequency of a carrier wave. The FM transmitter sends different sets of frequencies for 

a positive peak and negative peak of the information signal. (This technique is also called FSK—fre-

quency shift keying in digital schemes). Its disadvantages are that the rate of frequency changes is lim-

ited by the bandwidth of the line and that distortion caused by the lines makes the detection even harder 

than amplitude modulation. In analog applications, the carrier frequency is varied in direct proportion 

to changes in the amplitude of an input signal. Digital data can be represented by shifting the carrier 

frequency among a set of discrete values, a technique known as frequency-shift keying.

Fig. 5.9 Frequency-modulation System

1. Expression for FM Output

Frequency modulation is performed simply by adding vm to the carrier signal vc such that the carrier 

frequency changes. Let vc = Vc sin wct be the carrier wave and vm = Vm cos wmt be the modulating wave. 

As per the definition of the FM, the instantaneous frequency of the FM wave is given by

f = fc(1 + kVm cos wmt) (5.22a)

Equation (5.22a) can be rewritten in terms of w as in Eq. (5.22b):

w = wc(1 + kVm cos wmt) (5.22b)

where k Æ proportionality constant

The resulting instantaneous f can take values depending on the cos term in Eq. (5.22); the maximum 

value of the cos term being ±1. Under these conditions, the f value is, therefore, given by

f = fc(1 ± kVm) (5.23)
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And hence the maximum frequency deviation on either side of fC could be

d = kVmfc (5.24)

Now, based on Eq. (5.23), the carrier signal can be expressed as a function of wm and wC as in Eq. 

(5.25) below:

v = A sin (wc, wc)t = A sin q (5.25)

v = V1c(1 + m sin q1m t) sin w1c t]

Here, q can be obtained by integrating Eq. (5.22b) with respect to time;

q = Úwdt = Úwc(1 + kVm cos wmt)dt

q = wc Ú (1 + kVm cos wmt)dt

q = wct + 
m c m

m

sinkV tw w

w

q = wct + 
mf

d
 sin wmt (5.26)

Now, based on equations (5.25) and (5.26), the FM output expression can be written as in Eq. (5.27):

v = A sin c m
m

sint t
f

d
w w

Ê ˆ
+Á ˜Ë ¯

[5.27(a)]

v = A sin (wct + b sin wmt) [5.27(b)]

where b Æ modulation index.

2. Modulation Index

Modulation index of an FM system is defined as the ratio of maximum frequency deviation and the 

modulating frequency fm.

m c
f

m m

kV f
m

f f

d
b = + = (5.28)

Also, wc = 2p fc = Frequency of carrier signal

wm = 2p fm = Frequency of modulating signal

d = Maximum frequency deviation = kVm fc
k = Proportionality constant

Frequency of modulated output, hence, can be finally rewritten as in Eq. (5.27b). It can be observed 

here that the amplitude of the FM wave A remains constant at all times and that is one of the advantages 

of FM. The frequency spectrum of an FM wave shows that it has an infinite number of pair of side 

bands, since it is a sine function of sine wave. In order to obtain these side bands, Bessel’s functions 

are used (not discussed here). Also, the experimental works by Carson show that most of the FM power 

(ª98%) is concentrated within a bandwidth of 2(d + fm) Hz and hence as a rule of thumb, the bandwidth 

of the FM signal is estimated using Carson’s rule. According to Carson’s rule, the bandwidth required 

to pass an FM wave is “twice the sum of deviation and the highest modulating frequency”,

i.e. Bandwidth = 2(d + fm) Hz (5.29)

Table 5.3 specifies key points of FM scheme.

Example 5.8

Find the carrier frequency, modulating frequency mf and maximum deviation of the FM wave repre-

sented by v = 20 sin (6 ¥ 108t + 10 sin 1250t)
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Solution We have an FM wave represented by Eq. (5.27) and hence,

wc = 6 ¥ 108 = 2pfc

i.e. fc = 6 ¥ 108/2p

fc = 95.5 MHz

Also, wm = 1250 = 2pfm

fm = 1250/2p

Modulating frequency, fm = 199 Hz

Modulation index, b = mf = d/fm = 10

Maximum deviation, d = (mf ¥ fm) Hz

 = 10 ¥ 199

d = 1990 Hz

FM is commonly used at VHF radio frequencies for high-fidelity broadcasts of music and speech. 

Normally, in analog TV systems, sound signals are broadcasted using FM method. A narrowband form 

is used for voice communications in commercial and amateur radio settings. The type of FM used in 

broadcast is generally called wide-FM, or W-FM. In two-way radio, narrowband narrow-FM (N-FM) is 

used to conserve bandwidth. FM is also used at intermediate frequencies by most analog VCR systems. 

FM is the most feasible method of recording and retrieving video in magnetic tapes without extreme 

distortion, as video signals have a very large range of frequency components from a few hertz to several 

megahertz. FM is also used at audio frequencies to synthesise sound.

FM receivers inherently exhibit a phenomenon called capture, where the tuner is able to clearly 

receive the stronger of two stations being broadcast on the same frequency. Problematically, however, 

frequency drift or lack of selectivity may cause one station or signal to be suddenly overtaken by another

on an adjacent channel. Frequency drift typically constituted a problem on very old or inexpensive 

Table 5.3 Key points in an FM scheme

Sl. No. Point Frequency Modulation

1 Definition

Changing the frequency of the carrier signal with respect to the 

instantaneous changes in the amplitude of the information signal is 

known as frequency modulation.

2 Waveform

3 Expression v = A sin (wc t + b sin wm t)

4 Modulation Index b b = mf = 
m c

m m

kV f

f f

d=

5 Range of b >1 (>100%)

6 No. of side bands Infinite (`)

7 Approximate bandwidth BW = 2(d + fm)
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receivers, while inadequate selectivity may plague any tuner. An FM signal can also be used to carry 

a stereo signal. However, this is done by using multiplexing and de-multiplexing before and after the 

FM process. 

Example 5.9

Find the bandwidth required to transmit the FM output in Example 5.8.

Solution We have an FM wave from Eq. (5.29), the bandwidth for an FM system

BW = 2(d + fm) Hz

BW = 2(1990 +199) Hz.

BW = 4378 Hz

5.4.2 Phase Modulation

Phase Modulation (PM) is a form of angle modulation which represents instantaneous amplitude 

changes in the information as variations in the phase changes of a carrier wave. Changing the phase 

angle of the carrier signal with respect to the instantaneous changes in the amplitude of the information 

signal is known as phase modulation. In frequency modulation, as the modulating frequency decreas-

es and the modulating voltage amplitude remains constant, the modulation index of the FM increases. 

Unlike its more popular counterpart, frequency modulation, PM is not very widely used (for musical 

instruments, introduced by Yamaha around 1982 uses PM). This is because of the more complex and 

costly receiver (there can be ambiguity problems with determining whether, for example, the signal has 

0° phase or 180° phase).The block diagram and the modulated output waveforms for a PM system are 

shown in Fig. 5.10.

Fig. 5.10 Phase-modulation system

The phase angle j of the carrier signal is changed according to the instantaneous amplitude of the 

modulating signal and the resulting phase-modulated wave is given by Eq. (5.30).

v = A sin (wct + fm sin wmt) (5.30)

where jm = Modulation index
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The spectral behaviour of PM is difficult to derive, but the mathematics reveals that there are two 

regions of particular interest:

● For small amplitude signals, PM is similar to amplitude modulation (AM) and exhibits its unfortu-

nate doubling of baseband bandwidth and poor efficiency.

For a single large sinusoidal signal, PM is similar to FM, and its bandwidth is approximately

2(1 + jm) fm Hz (5.31)

where fM = wm/2p and jm is the modulation index. This is also known as Carson’s rule for PM.

Example 5.10

A carrier signal generated from frequency source with an LC tank circuit with L = 25 mh and C = 10 pF

is frequency modulated by an audio signal of 1000 Hz; write the FM output expression if the carrier 

amplitude is 12 V and the maximum deviation is 10 ¥ 103.

Solution Given maximum deviation d = 10 ¥ 103, A = 12, fm = 1000 Hz.

Carrier frequency
c

6
c

6 12

3

3
m

1
Hz

2

1
10 10 Hz

2 25 10

10 10
= 10

1 10

f
LC

f

f

p

p

d
b

- -

=

= = ¥
¥

¥
= =

¥

We have an FM wave represented by Eq. (5.27).

v = A sin (wct + b sin wmt)

Now, the required FM expression is

v = 12 sin (2p ¥ 10 ¥ 106 t + 10 sin 2p ¥ 103 t)

Table 5.4 provides key information for various modulation schemes.

Table 5.4 Various modulated outputs for an information signal

Sl. No.

Modulation

Scheme Modulation Waveform Output Expression

1

Basic

information

signal and 

the carrier 

signal

vm = Vm sin wmt

 vc = Vc sin wct
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2
Ampl i tude 

modulation

v = Vc sin wct

      + c

2

mv  [cos (wc – wmt)

      + 
c

2[cos( )]c m

mv

w w+

3
Frequency 

modulation
v = A sin (wct + b sin wmt)

4
Phase

modulation
v = A sin (wct + fm sin wmt)

5.5 DEMODULATIONTECHNIQUES

The modulated signal output from the transmitter reaches the receiver via the communication channel. 

It is now required to recover the message signal from this signal so that it is delivered to the destination. 

The process of reconstructing the information signal at the receiver from the modulated wave is known 

as demodulation or detection. Input to the demodulator is the received modulated signal and its output 

is the required information signal. Detecting an AM signal is very simple and cheap as compared to FM 

signal or PM signal detection. For this reason, FM and PM communication systems are costlier than 

AM systems; however, they are characterised by quality and good performances. 

5.5.1 AM Detection

In the simplest form, a junction diode can be used as an AM demodulator. From the waveforms shown 

in Fig. 5.5, it is clear that the message in an AM signal appears in the form of envelopes on either side 

of the carrier. The required complete message can be extracted from one side of the modulated carrier 

signal. The circuit diagram and waveforms of such an ‘envelope detector’ are as shown in Fig. 5.11. 

Here, the semiconductor diode D acts as a simple Half-Wave Rectifier (HWR), giving out only one 

side of the envelope. The capacitor acts as a filter, recording the traces of the message signal resulting 

in an output which resembles the information signal. The time constant (time constant of an RC circuit 

t = RC is defined as the time taken by the capacitor to charge up to 90% from 10% of its maximum 

value) of the network. RC should be so selected that there will be minimum error in output.
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Fig. 5.11 AM detection system

An envelope detector is simply a half-wave rectifier followed by a low-pass filter. In the case of 

commercial AM radio receivers (refer Section 5.7), the detector is placed after the IF section. The 

carrier at this point is 455 kHz while the maximum envelope frequency is only 5 kHz. The ripple com-

ponent is nearly 100 times the frequency of the highest baseband signal and does not pass through any 

subsequent audio amplifiers. An AM signal where the carrier frequency is only 10 times the envelope 

frequency would have considerable ripple.

5.5.2 FM Detection

FM output cannot be directly demodulated; instead, it is converted into an AM signal using a parallel 

resonance circuit and then detected using a simple AM detector such as a diode detector or envelope 

detector.

There are two basic types of FM detection, coherent and noncoherent. Of these two, the noncoherent 

one is the simpler method.

● Noncoherent detection does not rely on regenerating the carrier signal. The information or modula-

tion envelope can be removed or detected by a diode followed by an audio filter.

● Coherent detection relies on regenerating the carrier and mixing it with the AM signal. This creates sum 

and difference frequencies. The difference frequency corresponds to the original modulation signal.

Both detection techniques have certain drawbacks. Consequently, most radio receivers use a com-

bination of both.

5.5.3 Comparison between AM and FM

From the different sections studied so far, it is evident that modulation is a necessary process for 

message transmission. Different modulation techniques are available and have some advantages and 

disadvantages. AM systems offer simplicity in their design and are relatively cheaper; FM systems are 

costly to design, but offer very good-quality signal transmission. FM systems are highly immune to 

noise compared to AM systems. Additionally, FM systems have other advantages:

● Noise limiters can be used (to limit amplitude at A) to eliminate noise. Hence there is more clarity.

● Noise can be further reduced by increasing b, the modulation index.
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Table 5.5 elaborates further the comparison between the two systems; the AM and FM schemes.

Table 5.5 Comparison between AM and FM technique

Sl. No. Comparison Amplitude Modulation Frequency Modulation

1 Definition Amplitude of carrier is changed 

according to instantaneous amplitude 

changes in message signal, maintain-

ing frequency constant.

Frequency of carrier is changed 

according to instantaneous amplitude 

changes in message signal, maintain-

ing amplitude constant.

2 Output wave

3 Output expression v = Vc sin wct + 
c c

2

mv
 [cos (wc – wm)t]

+
c

c m2[cos( )]

mv

w w+

v = A sin (wct + b sin wmt)

4
Modulation index

(modulation depth)

max minm

c max min

V VV
m

V V V

-
= =

+
Value lies between 0 and 1

b = mf = 
m c

m m

kV f

f f

d=

Could be more than 1 (b independent 

of amplitude)

5 Number of side 

bands

Only two: USB and LSB Infinite number if side bands

6 Bandwidth BW = 2fm; fm Æ maximum frequency 

of modulating signal

BW = 2(fm + d); d-max. frequency 

deviation

7 Cost of receiver Comparatively less More costly

8 Quality of reception Quite acceptable Very good

9 No. of channels/ 

given band of 

frequency

More (at least 10 times FM) Less; because of more bandwidth 

required

10 Reception area 

[Coverage area]

More compared to FM Less, since reception is limited to line 

of sight

11 Application area TV system video transmission. TV system audio transmission

5.6 RADIOTRANSMITTER

A radio communication involves sending radio signals from a source to the end user through a channel 

and a receiver. The radio transmitter is responsible for processing the actual information so that it is 

suitable for transmission and the radio receiver is responsible for processing the received information 

so that it is back in its original form before delivering it to the destination. The radio-transmitter block 

diagram shown in Fig. 5.12 uses amplitude-modulation scheme.
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Fig. 5.12 Radio transmitter

The AM transmitter shown consists of a high-frequency carrier signal generator called master oscil-

lator which normally uses a crystal oscillator for high-frequency stability. Buffer amplifier is to avoid 

loading on master oscillator. A series of RF amplifiers are used to increase the strength of the carrier. 

The low-frequency information signal is amplified using an AF amplifier. Then it is amplified in a 

push-pull amplifier to reduce distortion. Both the carrier and the information signals are then applied to 

the modulated amplifier. The output of this amplifier, which is a modulated signal, is then radiated into 

free space using a transmitting antenna. Thus, the AM transmitter modulates the carrier using informa-

tion and transmits the signal into free space. The transmitting (Tx) antenna is responsible for radiating 

the modulated signal in electromagnetic form into the free space. In the arrangement, the process of 

modulation takes place at a high signal power and is, therefore, referred as high-level modulation. On 

the other hand, if the modulation is done at first and then a series of RF amplifiers are used to increase 

the power level of the signal, the scheme is referred to as a low-level modulation.

5.7 RADIO RECEIVER

In a radio communication, the radio receiver is responsible for processing the received information so 

that it is back in its original form before delivering it to the destination. A receiver is responsible for 

selecting the desired information signal from a bunch of such signals. It then processes the signal such 

that it is noise limited and suitable to be delivered to the destiny. The receiver should sense even low-

strength signals and offer good response over a wide range of frequencies. Hence, a radio receiver is 

characterised by three important characteristics, namely sensitivity, selectivity and fidelity. Sensitivity

is the ability of a receiver to sense and receive weak signals from the free space. Selectivity is the abil-

ity of a receiver to distinguish the desired signal from a group of signals available in free space. Fidelity

is the ability of a receiver to provide a steady and fair frequency response for the received signal over a 

wide range of frequencies. The receiving (Rx) antenna is responsible for receiving the modulated signal 

in electromagnetic form from free space. Based on the principle of operation, radio receivers can be 

broadly classified into two types: the Tuned Radio Frequency (TRF) receiver and the Superheterodyne 

(superhet) receiver.

5.7.1 TRF Receiver

The block diagram of a TRF receiver is shown in Fig. 5.13. In a TRF receiver, the receiving antenna 

picks up the signal and this signal is passed through a series of RF amplifiers. Now, the information is 

reconstructed using a detector. All RF amplifiers are tuned amplifiers that are tuned to signal frequency 

through ganged tuning. After detection, the signal is further amplified in an AF amplifier so as to drive 
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the loudspeaker. It is important to note here that the received signal is processed at the station (car-

rier) frequency and hence design of various amplifiers and other circuits will be critical. However, the 

system implementation cost for a TRF receiver will be relatively less compared to a superheterodyne 

receiver.

Disadvantages

1. Since the signal is amplified at signal frequency, design of RF amplifiers is critical.

2. Frequency response of RF stages is not uniform.

3. Receiver sensitivity reduces because of wide variation of incoming frequency.

4. Needs ganged tuning.

5. Signal-to-noise ratio is less.

6. If sensitivity and selectivity are increased, fidelity reduces.

5.7.2 Superheterodyne Radio Receiver

In a superheterodyne receiver, the receiving antenna picks up the signal and this signal is converted into 

an intermediate value called IF (Intermediate Frequency), irrespective of the station frequency. Then, 

this IF signal is passed through a series of RF amplifiers. Now, the information is reconstructed using a 

detector. All RF amplifiers are tuned amplifiers that are tuned to a single frequency IF through ganged 

tuning. After detection, the signal is further amplified in an AF amplifier so as to drive the loudspeaker. 

It is important to note here that the received signal is down converted into a single frequency IF and 

then processed and hence, the design of various amplifiers and other circuits will be relatively easier 

unlike in a TRF receiver. Also, response of these circuits will be better than those in TRF receiver 

because of single frequency. However, the system implementation cost for a TRF receiver will be rela-

tively more compared to a TRF receiver. 

The block diagram of a superheterodyne receiver is shown in Fig. 5.14. The RF amplifier boosts the 

RF signal into the mixer. A frequency mixer is simply a circuit that produces the output signal contain-

ing the sum and difference frequency components of the two inputs. The other mixer input is a high-fre-

quency sine wave created by a local oscillator. In AM receivers, it is always 455 kHz above the desired 

station carrier frequency. An ideal mixer will combine the incoming carrier with the local oscillator to 

create sum and difference frequencies. Since the RF amplifier passes several radio stations at once, the 

mixer output can be very complex. However, the only signal of real interest is the difference between 

the desired station carrier frequency and the local oscillator frequency. This difference frequency, also 

called the IF (intermediate frequency), will always be 455 kHz. By passing this through a 10 kHz BPF 

(Band Pass Filter) centred at 455 kHz, the bulk of the unwanted signals can be eliminated.

Fig. 5.13 TRF radio receiver
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Fig. 5.14 Superheterodyne radio receiver

5.7.2 Local Oscillator Frequency

Since the mixer generates sum and difference frequencies, it is possible to generate the 455 kHz IF 

signal if the local oscillator is either above or below the IF. Keeping the range of capacitance to be 

varied in mind, the IF value is selected below the local oscillator frequency. This is elaborated taking 

AM station range of frequencies. 

Case I

The IF value below the local oscillator frequency; this would require the oscillator to tune from (500 

+ 455) kHz to (1600 + 455) kHz or approximately 1 MHz to 2 MHz. Normally, here the capacitor is 

varied to adjust the centre frequency while the inductor value is fixed. The centre frequency is given by

c
1

Hz
2

f
LCp

= (5.32)

From this, the range of capacitor variation can be estimated as given by Eq. (5.33):
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When the tuning frequency is a maximum, the tuning capacitor is a minimum and vice versa. Since 

we know the range of frequencies to be created for an AM station with 500 kHz to 1600 kHz, we can 

obtain the range of capacitance required using Eq. (5.34).
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(5.34)

Making a capacitor with a 4:1 value change is well within the realm of possibility.

Case II

The IF value above the local oscillator frequency; this would require the oscillator to tune from 

(500–455) kHz to (1600–455) kHz or approximately 45 kHz to 1145 kHz. When the tuning frequency 

is a maximum, the tuning capacitor is a minimum and vice versa. Since we know the range of frequen-

cies to be created for an AM station with 500 kHz to 1600 kHz, we can obtain the range of capacitance 

required using Eq. (5.34).
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It is not practical to make a tunable capacitor with this wide range of variations. Therefore, the IF value 

in a standard AM receiver is selected below the local oscillator frequency.

5.7.3 Image Frequency

Just as there are two oscillator frequencies, which can create the same IF, two different station frequen-

cies can create the IF. The undesired station frequency is known as the image frequency.

If any circuit in the radio front end exhibits nonlinearity, there is a possibility that other combina-

tions may create the intermediate frequency. Once the image frequency is in the mixer, there is no way 

to remove it since it is now heterodyned into the same IF band as the desired station.

A superheterodyne receiver offers the following advantages:

1. Sensitivity is good because of frequency conversion.

2. Receiver fidelity will be good as the bandwidth of IF amplifier is of required value.

3. Frequency response of all amplifiers after the mixer will be good because of single-frequency IF.

Fig. 5.15 Image frequency in a superheterodyne receiver

5.8 TELEVISION SYSTEM

A Television (TV) communication system, like a radio communication, involves sending both sound 

(audio) and picture (video) signals from the source to the end user through a channel and a receiver. 

Similar to a radio transmitter, a TV transmitter is responsible for processing the actual information so 

that it is suitable for transmission; but it should accommodate both audio and video signals. Similar to 

a radio receiver, a TV receiver is responsible for processing the received information (both audio and 

video) so that it is back in its original form before delivering it to the destination. It is very important 

to maintain a very good synchronisation between the sound and picture signals. Commercially, TV 

signal transmission can be in either monochrome (black and white) or a colour form. For simplic-

ity, a monochrome system is presented here. Worldwide different regions follow different standards 

for transmission of TV signals; for example, we have the American system followed by most of the 

American countries, Japan and Philippines. Similarly, the European system is followed by almost the 
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rest of the world. These systems differ in their standards such as number of frames per second, operat-

ing frequency, etc. Table 5.6 summarises some of such differences between these two systems.

Table 5.6 Comparison between European system and American system

Sl. No. Comparison European System American System

1 Operating frequency 50 Hz 60 Hz

2 Channel bandwidth 7 MHz 6 MHz

3 Number of stations Relatively less Relatively more

4 Sound signals Frequency modulated Frequency modulated

5 Picture signals Amplitude modulated 

(VSB system)

Amplitude modulated 

(VSB system)

6 Frame frequency 25 frames/second 30 frames/second

7 Number of lines 625 lines/frame 525 lines/Frame

8 Inter-carrier frequency 5.5 MHz 4.5 MHz

5.8.1 Television Transmitter

The TV transmitter block diagram shown in Fig. 5.16 uses amplitude-modulation scheme for picture 

signals and frequency-modulation scheme for sound signals.

Fig. 5.16 Block diagram of a TV transmitter

The TV camera shown produces the picture information and the microphone produces the sound 

information. The picture signals are produced by a process called scanning; the TV camera scans the 

object and the corresponding sound signals are recorded using a microphone. In order that a picture 

motion effect is created for the naked eye, a minimum of 18 frames per second are to be produced. In 

the above-mentioned systems, 25 or 30 frames per second are produced which is sufficient enough. To 

avoid flickering motion of the frames, a method called interlaced scanning is used; where out of 525 
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lines, 262½ alternate lines are scanned into odd frames and the other 262½ lines are scanned into even 

frames. The series of amplifiers used increase the signal level, the modulator modulates the carrier sig-

nal, and the synchronising circuits produce necessary synchronisation between audio and video signals. 

The composite video signal produced is then transmitted into free space by the transmitting antenna.

5.8.2 Television Receiver

In a TV communication system, the TV receiver is responsible for processing the received information 

back in its original form before delivering it to the destination. A TV receiver is responsible for select-

ing the desired information signal from a bunch of such signals, then process the signal such that it is 

noise limited and suitable to be delivered to the destination. The block diagram of TV receiver is shown 

in Fig. 5.17. The tuner in the receiver selects the desired station frequency and the selected signal is 

heterodyned in a mixer into an IF value.

The series of amplifiers increase the signal level and the detector circuits reconstruct the information 

(both audio and video) signal which is then observed on the picture tube. The synchronising circuits are 

again responsible for maintaining proper synchronisation between the audio and video signals.

Fig. 5.17 Block diagram of a TV receiver

Summary

➣ A communication system involves processing the source information, transmitting it over a chan-

nel using a transmitter, and on the receiving side receiving, processing and finally delivering it 

to the destination.

➣ A signal is mainly characterised by amplitude (A), frequency (f) and phase (j).

➣ A communication system includes a source, a transmitter, a channel, a receiver and a destination.

➣ The length of the antenna required to transmit an unmodulated signal is very large and most of 

the times, not practically possible.

➣ The media of transmission between a Tx and Rx can be a twisted pair, a co-axial cable in a wire-

line communication or free space (air) in a wireless communication.

➣ A Tx is responsible for processing the information from the source, modulating it and then send-

ing it over the channel to the receiver.

➣ An Rx is responsible for processing the information received from the Tx, de-modulating it and 

then delivering it to the destination.

➣ A digital communication system, in contrast to an analog communication system, includes en-

coding and decoding the analog signal offering all the advantages of digital systems.
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➣ Modulation is a process of changing one of the characteristics of the information signal in ac-

cordance with the instantaneous amplitude changes of the information signal.

➣ Amplitude modulation is a process of changing the amplitude (A) of the information signal in 

accordance with the instantaneous amplitude changes of the information signal.

➣ Frequency modulation is a process of changing the frequency (f) of the information signal in ac-

cordance with the instantaneous amplitude changes of the information signal.

➣ Phase modulation is a process of changing the phase (j) of the information signal in accordance 

with the instantaneous amplitude changes of the information signal.

➣ De-modulation is a process of recovering the information signal from the received modulated 

signal.

➣ An envelope detector uses a simple diode to detect an AM signal.

➣ To detect an FM signal, first the frequency variations are converted into amplitude variations and 

then an AM detector is used to recover the information signal.

➣ In AM output, the carrier signal can be eliminated forming DSB-SC output and this saves power 

to be transmitted.

➣ In AM output, the carrier signal and one side band can be eliminated forming SSB output and this 

further saves power to be transmitted.

➣ A radio transmitter can employ either a low-level modulation or a high-level modulation.

➣ A radio receiver can be either a TRF type or a superheterodyne type.

➣ A superheterodyne radio receiver converts the entire range of incoming signal frequencies into 

IF value.

➣ In a superheterodyne radio receiver, the IF value is selected below local oscillator frequency.

➣ A radio receiver is characterised by sensitivity, selectivity and fidelity.

➣ A TV transmitter uses AM for video and FM for audio signal transmission.

➣ A TV receiver also uses the superheterodyning principle offering all the advantages.

Review Questions

1. Comment on the length of the antenna required to transmit an audio signal.

2. Can we transmit a speech signal using an antenna without modulation? Comment.

3. What is the side-band power variation when the signal is (i) unmodulated? (ii) 50% modulated? 

(iii) 100% modulated?

4. What is the role of a carrier signal in a modulation scheme?

5. A carrier signal Vc = 25 sin 2p105t is amplitude modulated by an information signal Vm = 12 sin 

2p103t. Draw the output waveform and comment.

6. What are the advantages of amplitude modulation?

7. Draw the frequency spectrum of an AM wave and comment on the bandwidth requirement.

8. What are the advantages of frequency modulation?

9. A carrier signal Vc = 25 sin 2p105t is frequency modulated by an information signal Vm = 12 sin 

2p103t. Draw the output waveform and comment.

10. In your own words, explain the role of the channel as a communication media.

11. What are the main advantages of a superheterodyne receiver?

12. Why is the IF value less than the local oscillator frequency?

13. What is image frequency?
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14. What is gang tuning? Explain in your own words.

15. In a TV system, what type of modulation is used for audio and video signals? Explain.

Exercise Problems

1. A signal source produces information at 50 kHz. Is it practically possible to transmit this signal 

using an antenna without modulation?

2. It is required to transmit the speech signal of a VIP using an antenna, but without modulation. Is 

this possible? Give reasons.

3. The total power in an amplitude-modulated wave is 500 watts. If the carrier is modulated to a 

depth of 75%, calculate the carrier power.

4. The power radiated by an AM transmitter is 125 percent of the carrier power; calculate the depth 

of modulation for the carrier wave (m = 0.707).

5. An AM transmitter has an unmodulated current of 8 A and it increases by 1.4 A after modulation. 

Find the percentage modulation of the output wave (m = 0.87).

6. A 400-watt carrier is modulated by an audio signal. Calculate the side-band power when m = 0.5 

and m = 1.0.

7. An audio signal of 5 kHz is modulating by a 400-watt, 500 kHz carrier wave. Calculate the side-

band frequencies.

8. An AM transmitter has an unmodulated current of 8 A. Find the increase in antenna current when 

this signal is modulated with m = 0.5 and m = 0.6

9. An AM wave is represented by the equation below; find all the frequency components contained 

in it. v = 150(1 + 0.25cos 6280t)cos 2p ¥ 106 t

10. An AM transmitter has a side-band power 45 watts at 70% modulation. Calculate the total power 

contained in the AM output wave.

11. A carrier signal Vc = 25 sin 2p105t is amplitude modulated by an information signal Vm = 12 

sin 2p103t. Calculate the modulation index, side-band frequencies and total transmitted power 

through an antenna of 300 W.

12. A carrier signal Vc = 25 sin 2p105t is frequency modulated by an information signal Vm = 12 sin 

2p103t. Calculate the modulation index and bandwidth if the maximum deviation is 75 kHz.

13. A carrier signal Vc = 50 sin 2p105t is amplitude modulated by an information signal Vm = 15 sin 

2p102t. Calculate the modulation index, side-band frequencies and the bandwidth.

14. A FM output is represented by the equation Vc = 50 sin (2 ¥ 105t + 20 sin 1200t). Calculate the 

modulation index, carrier and information frequencies and the frequency deviation (0.702 kHz, 

722 kHz and 20 kHz)

15. A 712 kHz sine wave is amplitude modulated by an information signal of 10 kHz. Calculate the 

side-band frequencies and the bandwidth. (0.702 kHz, 722 kHz and 20 kHz)

16. A 712 kHz, 9 kW sine wave is amplitude-modulated by an information signal of 10 kHz; the 

resulting Pt = 10.125 kW. This signal is simultaneously modulated by another sinusoidal signal 

increasing the transmitted power to 10.84 kW; calculate the individual modulation indices and 

the total modulation index. (0.5, 0.4 and 0.64)
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Multiple-Choice Questions

1. In order to transmit information signal over longer distances, the process used is

(a) modulation (b) de-modulation (c) suppression (d) amplification

2. The transmission of the information signal directly without any modification is called

(a) modulation (b) baseband transmission

(c) de-modulation (d) all the above

3. The information signal in a modulation process is called

(a) modulated signal (b) modulating signal (c) noise signal (d) detected signal

4. The low-frequency signal in a modulation process is called

(a) modulated signal (b) detected signal (c) noise signal (d) modulating signal

5. The high-frequency signal in a modulation process is called

(a) modulated signal (b) detected signal (c) noise signal (d) modulating signal

6. The carrier signal in a modulation process is also called

(a) noise signal (b) modulating signal (c) modulated signal (d) detected signal

7. The length of the transmitting antenna will be very large if the information signal is _________ 

before transmission.

(a) directly sent without any modification (b) modulated

(c) demodulated (d) amplified

8. ______ is the process of modifying one or more characteristics of a carrier signal in a known way 

in order to transmit the information over a long distance.

(a) De-modulation (b) Modulation (c) Suppression (d) Amplification

9. _____ is the process of extracting the information signal from the received signal.

(a) De-modulation (b) Modulation (c) Suppression (d) Amplification

10. Changing the amplitude of the carrier signal with respect to the instantaneous changes in the 

amplitude of the information signal is known as _____.

(a) frequency modulation (b) amplification

(c) rectification (d) amplitude modulation

11. The modulation process for an information signal offers

(a) small antenna sise (b) reduced noise

(c) transmission over long distances (d) all the above

12. The transmitter section of the communication system does not contain the

(a) modulator (b) de-modulator (c) information source (d) all the above

13. The receiver section of the communication system does not contain

(a) modulator (b) de-modulator (c) destination (d) all the above

14. The transmitter section and the receiver section of the communication system exchange informa-

tion through a 

(a) modulator (b) demodulator (c) channel (d) noise source

15. The channel in a communication system can be

(a) air or free space (b) twisted pair (c) co-axial cable (d) all the above

16. The quantisation of analog signal is done in _______ the communication system.

(a) analog (b) digital (c) both (a) and (b) (d) all the above

17. In an AM system, the carrier signal ______ varies and _____ remains constant. 

(a) frequency, amplitude (b) amplitude, frequency

(c) noise, amplitude (d) frequency, noise
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18. In an AM system, the amplitude of the carrier signal varies according to the instantaneous ampli-

tude of the message signal.

(a) True (b) False

19. In an AM system, the frequency of the carrier signal varies according to the instantaneous ampli-

tude of the message signal.

(a) True (b) False

20. In an AM system, the amplitude of the carrier signal varies according to the instantaneous fre-

quency changes in the message signal.

(a) True (b) False

21. In an AM system, the depth of modulation is given by the equation
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22. In an AM system, the depth of modulation can vary from 0 to 100%.

(a) True (b) False

23. In an AM system, if the depth of modulation exceeds 100% then

(a) there is no loss of signal (b) there is a loss of signal

(c) there is no modulation of signal (d) there is no de-modulation of signal

24. In an AM system, if the depth of modulation exceeds 0% then

(a) there is no loss of signal (b) there is a loss of signal

(c) there is no modulation of signal (d) there is no de-modulation of signal

25. In an AM system, the total power transmitted is given by

(a) Pt = PC (1 + m2/4) (b) Pt = PC/(1 + m2/4) (c) Pt = PC (1 – m2/4) (d) Pt = PC/(1 – m2/ 4)

26. In an AM system, the total current transmitted is given by

(a) It = Ic/ ÷(1 + m2/2) (b) It = Ic ÷(1 – m2/2) (c) It = Ic/ ÷(1 – m2/2) (d) It = Ic ÷(1 + m2/2)

27. In an AM system, the single side-band power transmitted is given by
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28. In an AM system, the total side-band power transmitted is given by
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29. In an AM system, the total bandwidth needed for transmission is

(a) 2fm (b) 2(fm + fm) (c) 2fc (d) infinity

30. In an AM system, if the carrier signal is eliminated then

(a) there is no transmission of signal (b) there is no power for transmission

(c) transmitted power is unchanged (d) transmitted power is reduced

31. In an AM system, if the carrier signal is eliminated then

(a) there is no transmission of signal (b) there is no power for transmission

(c) transmitted power is unchanged (d) transmitted power is reduced

32. In an AM system with m = 1, if the carrier signal is eliminated then ____% of the transmitted 

power is saved.

(a) 66.67 (b) 33.33 (c) 55.25 (d) 16.67

33. In an AM system, if only one side band is transmitted then

(a) there is no transmission of signal (b) there is no power for transmission

(c) transmitted power is unchanged (d) transmitted power is reduced
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34. In an AM system with m = 1, if only one side band is transmitted then ____% of the transmitted 

power is saved.

(a) 33.33 (b) 66.67 (c) 55.25 (d) 16.67

35. Changing the frequency of the carrier signal with respect to the instantaneous changes in the 

amplitude of the information signal is known as _____.

(a) frequency modulation (b) amplification

(c) rectification (d) amplitude modulation

36. In an FM system, the carrier signal ______ varies and _____ remains constant.

(a) frequency, amplitude (b) amplitude, frequency

(c) noise, amplitude (d) frequency, noise

37. In an FM system, the amplitude of the carrier signal varies according to the instantaneous ampli-

tude of the message signal.

(a) True (b) False

38. In an FM system, the frequency of the carrier signal varies according to the instantaneous ampli-

tude of the message signal.

(a) True (b) False

39. In an FM system, the amplitude of the carrier signal varies according to the instantaneous fre-

quency changes in the message signal.

(a) True (b) False

40. In an FM system, the depth of modulation is given by the equation
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41. In an FM system, the depth of modulation can vary from 0 to >100%

(a) True (b) False

42. In an FM system, the approximate bandwidth needed for transmission is

(a) 2(Df – fm) = 2(1 – b) fm (b) 2(Df + fm) = 2(1 – b)fm
(c) 2(Df – fm) = 2(1 + b) fm (d) 2(Df + fm) = 2(1 + b) fm

43. In an AM system, the number of side bands available for transmission is

(a) two (b) ten (c) zero (d) infinity

44. In an FM system, the number of side bands available for transmission is

(a) two (b) ten (c) zero (d) Infinity

45. An angle modulation includes

(a) AM and FM (b) AM and PM (c) FM and PM (d) AM, FM and PM.

46. In an AM detector a ____ serves as an envelope detector.

(a) diode (b) transistor (c) UJT (d) FET

47. In an FM detector, frequency changes are first converted into amplitude changes and then an AM 

detector is used.

(a) False (b) True

48. The expression for an AM wave is

(a) v = VØc sin wØc t + mVØc/2[cos (wØct – wØm t) – cos (wØc t + wØm t)

(b) v = VØc sin wØc t + mVØc/2[cos (wØc t – wØm t) + cos (wØc t + wØm t)

(c) v = A sin ((w)ct + mf sin (wmt))

(d) none of the above
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49. The expression for an FM wave is

(a) v = VØc sin wØc t + mVØc/2 [cos(wØc t – wØm t) – cos (wØc t + wØm t)

(b) v = A sin (wc t + mf sin (wmt + wct))

(c) v = A sin (wc t + mf sin (wmt))

(d) none of the above

50. Carson’s rule is related to

(a) AM system (b) FM system (c) both (a) and (b) (d) PM system

51. The master oscillator in a radio transmitter is to generate

(a) carrier signal (b) information signal (c) both (a) and (b) (d) Noise

52. Series of RF amplifiers used in a TRF radio receiver to

(a) select and amplify the desired signal (b) de-modulate the received signal

(c) both (a) and (b) (d) none of the above

53. In a TRF radio receiver, design of RF amplifiers is very difficult because their design changes 

according to the received signal frequency.

(a) False (b) True

54. In a superheterodyne radio receiver, design of RF amplifiers is very difficult because their design 

changes according to the received signal frequency.

(a) False (b) True

55. In a superheterodyne radio receiver, all the received signal frequencies are converted into one 

common value.

(a) False (b) True

56. In a superheterodyne radio receiver, all the received signal frequencies are converted into one 

common value called _____.

(a) carrier frequency (b) signal frequency

(c) intermediate frequency (d) none of the above

57. In a superheterodyne radio receiver, the local oscillator frequency is selected above the IF value.

(a) False (b) True

58. A superheterodyne radio receiver compared to TRF receiver offers good

(a) selectivity (b) sensitivity (c) fidelity (d) none of the above

59. In a television system, _____ is used for audio signal and ____ is used for video signal.

(a) AM scheme, FM scheme (b) AM scheme, PM scheme

(c) FM scheme, AM scheme (d) FM scheme, PM scheme

60. In a TV receiver, a mixer is used to mix local oscillator and signal frequencies; the output of a 

mixer contains the sum and difference of the two.

(a) False (b) True





Goals and Objectives

Upon completion of this chapter, the reader is expected to

➤ Recall all the basic concepts of transistors, biasing and operating point from 

Chapter 3

➤ Understand the basic block diagram of an op-amp

➤ Understand the role and importance of each unit of an op-amp

➤ Understand the analysis of a basic differential amplifier

➤ Understand the performance of a basic differential amplifier

➤ Understand the op-amp performance parameters like CMMR, gain, input/

output impedances, slew rate, etc.

➤ Understand the various performance parameters of an op-amp

➤ Understand the working and design of op-amp applications like inverter, non-

inverter, buffer, adder, subtractor, etc.

➤ Understand the working and design of op-amp applications like integrator, 

differentiator, instrumentation amplifier, comparator, etc.

➤ Understand the working and design of op-amp applications like Schmitt 

trigger, multivibrators, waveform generator, etc.

➤ Understand the advantages and working of different forms of active filters

➤ Compare different types of filters and choose the best suitable for an 

application

➤ Feel confident of taking up the next course in linear ICs

6
Linear Integrated 
Circuits
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6.1 INTRODUCTION

Solid-state devices replacing vacuum-tube devices revolutionised the electronics industry offering 

innumerable advantages. One such advantage is that these devices and circuits being very compact 

occupy very less space. Later, these circuits are fabricated on a single silicon wafer resulting in very 

compact Integrated Circuits (ICs). Integrated Circuits can be broadly classified into two types: linear 

ICs and digital ICs. Digital ICs generally respond to two types of signals, logic low and ‘logic high’. 

This class of ICs are discussed in Chapter 7. On the other hand, linear ICs respond to linear or analog 

or time-varying signals. An operational amplifier (op-amp), timer, phase-locked loop (PLL) are some 

examples of linear ICs. An op-amp is a direct-coupled, very high-gain differential amplifier with high 

input impedance and low output impedance. This chapter deals mainly with op-amp characteristics, 

important applications, timer IC-555 working, its useful applications and PLL IC-565 block diagram 

and some of its applications. Typical applications of the op-amp are amplitude scale changers (voltage 

amplitude and polarity), comparators, instrumentation amplifier, oscillators, filter circuits and many 

types of instrumentation circuits. An op-amp contains a number of differential amplifier (DA) stages to 

achieve a very high voltage gain.

Fig. 6.1 Block diagram of op-amp

An op-amp is a direct-coupled, high-gain difference amplifier containing four stages as shown in 

Fig. 6.1. Stage-1 is a low-gain double-ended differential amplifier (Section 6.2) that controls a large 

number of op-amp parameters (Section 6.3) such as CMMR, input impedance, bandwidth, etc. Stage-2 

is a high-gain single-ended differential amplifier (Section 6.2) that controls a number of op-amp param-

eters (Section 6.3) such as drift, stability, offset voltages and currents, etc. The output of Stage-1 is di-

rectly coupled to Stage-2 and this results in loss of signal reference (normal problem in direct-coupled 

amplifiers); hence, Stage-3 is a level translator that re-introduces dc level into the signal. An emitter 

follower with a constant-current source is used to clamp the signal to the required level. Most op-amps 

even use offset corrections at this stage. Stage-4 is an output stage used as a driver stage; this stage will 

be responsible for providing sufficient driving capability and low output impedance to the op-amp. The 

IC-555 timer is a highly versatile linear IC offering varieties of applications such as multivibrators, 

capacitance meters, ramp generators, etc. It consists of two comparators, a 3R network and a flip-flop 

(to be introduced in Chapter 7). Similarly, IC-565 is another important linear IC called Phase-Locked 

Loop (PLL), used for varieties of applications such as frequency multiplication, frequency division, 

different de-modulation circuits, etc. It consists of a phase detector, a Voltage Controlled Oscillator 

(VCO) and a Low-Pass Filter (LPF).

6.2 DIFFERENTIAL AMPLIFIER CIRCUIT

A differential amplifier (DA) is the basic building block of an op-amp and decides the major 

performance of the op-amp. It consists of two emitter-coupled transistors as shown in Fig. 6.2; the 
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transistors necessarily need to be identical and even a small difference in the transistors affects the 

performance of the op-amp to a greater extent. Use of Field Effect Transistors (FETs, to be discussed 

in Chapter 10) instead of BJT improves the device performance greatly. Commercially, both forms of 

op-amps are available and FET input op-amps are more popular. The differential amplifier uses two 

dc supply sources VCC and VEE in order to establish the operating point for the BJTs. RS represents

the supply source resistance. The emitter resistor RE, when replaced by a current source, improves 

the performance of the device greatly. The circuit consists of two inputs Vi1 and Vi2 and the difference 

between these two inputs will be amplified at the output; hence, the name difference amplifier. Any 

common-mode signal between the two input sources will be completely rejected by the op-amp and a 

measure of this ability is an important parameter for the op-amp. The difference amplifiers can have 

single-ended input or double-ended input; similarly, the output can be either single-ended or double-

ended.

6.2.1 Single-Ended Input

Single-ended input operation results when one of the input signals is connected to one input (either 

Vi1 or Vi2) with the other input connected to ground. Figure 6.3(a) shows the signal connected for a 

single-ended input operation; here, the input is applied to the base of Q1 while the other input (the base 

of Q2 to ground). The resulting output has an opposite polarity as the applied input signal; hence, Vi1

is termed inverting input represented by a minus (–) sign. Similarly, the input is applied to the base of 

Q2 while on the other input (the base of Q1 to ground), the resulting output has a polarity that is same 

as the applied input signal; hence Vi2 is termed non-inverting input, represented by a plus (+) sign.

6.2.2 Double-Ended (Differential) Input

In contrary to a single-ended input, if the input is applied to both the input terminals Vi1 and Vi2, this 

results in a double-ended operation. Figure 6.3 (b) shows the arrangement where two inputs are applied 

separately to the two input terminals and this forms a differential double-ended input operation. Also, a 

common input source can be connected between the two input terminals resulting in a common-mode 

double-ended input operation as shown in Fig. 6.3(b). But it is important to note that a good DA should 

offer zero gain to common-mode input signals.

Fig. 6.2 Differential amplifier
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Fig. 6.3 (a) Single-ended DA (b) Double-ended (differential) DA (c) Double-ended (common) DA

6.2.3 Double-Ended Output

Whereas the operation discussed so far has a single output, the op-amp can also be operated with 

opposite outputs. An input applied to either input will result in outputs from both output terminals, these 

outputs always being opposite in polarity. Figure 6.4(a) shows a single-ended input with a double-ended 

output, where output is measured between one output terminal and the ground. As shown, the signal 

applied to the plus input results in two amplified outputs of opposite polarity. Figure 6.4(b) shows the 

same operation with a single output measured between output terminals (not with respect to ground). 

This difference output signal is also referred to as a floating signal since neither output terminal is the 

ground (reference) terminal. Notice that the difference output is twice as large as either or because they 

are of opposite polarity and subtracting them results in twice their amplitude [e.g. Figure 10.7 shows 

a differential input, differential output operation. The input is applied between the two input terminals 

and the output taken from between the two output terminals. This is fully differential operation.

6.2.4 Common-Mode Operation

When the same input signals are applied to both inputs, common-mode operation results, as shown 

in Fig. 6.3(c). Ideally, the two inputs are equally amplified, and since they result in opposite-polarity 

signals at the output, these signals cancel, resulting in 0 V output. Practically, a small output signal will 
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be present resulting in a nonzero common-mode gain and this is mainly because of a small mismatch 

between the transistors.

Table 6.1 Popular linear ICs at a glance

Sl. No. IC Manufacturer Applications

1 mA-741 Fairchild Corporation Rectification, Filtering, Regulation, 

Amplification, Signal generation, etc. 

2 NE/SE-555 National Semiconductors/Signetics 

Corporation

Timing applications, Multivibrators, 

Ramp generator, Capacitance meters, etc

3 NE/SE565 National Semiconductors/Signetics 

Corporation

Frequency synthesis, FSK modulation 

and demodulation, etc.

6.2.5 Common-Mode Rejection

A significant feature of a differential connection is that the signals that are opposite at the inputs are 

highly amplified, whereas those that are common to the two inputs are only slightly amplified—the 

overall operation being to amplify the difference signal while rejecting the common signal at the two 

inputs. Since noise (any unwanted input signal) is generally common to both inputs, the differential 

connection tends to provide attenuation of this unwanted input while providing an amplified output 

of the difference signal applied to the inputs. This operating feature is referred to as common-mode 

rejection.

One of the most important features of a differential circuit connection, as provided in an op-amp, 

is the circuit’s ability to greatly amplify signals that are opposite at the two inputs while only slightly 

amplifying signals that are common to both inputs. An op-amp provides an output component that is 

due to the amplification of the difference of the signals applied to the plus and minus inputs and a com-

ponent due to the signals common to both inputs. Since amplification of the opposite input signals is 

much greater than that of the common input signals, the circuit provides a common-mode rejection as 

described by a numerical value called the Common-Mode Rejection Ratio (CMRR).

Fig. 6.4 (a) Single-ended i/p, double-ended o/p DA (b) Single-ended i/p, single-ended o/p DA
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It should be clear that the desired operation will have very large differential gain and very 

small common-mode gain. That is, the signal components of opposite polarity will appear greatly 

amplified at the output, whereas the signal components that are in phase will mostly cancel out so that 

the common-mode gain is very small. Ideally, the value of the CMRR is infinite. Practically, the larger 

the value of CMRR, the better the circuit operation. CMRR is expressed in dB and is one of the most 

important characterising parameters of the op-amp.

6.2.6 Differential Amplifier DC Analysis

The dc equivalent circuit of Fig. 6.2 can be drawn as in Fig. 6.5 where the ac sources are shorted and 

replaced by their internal source impedances RS which is small enough. Also, it is essential that transis-

tors be identical; any mismatch leads to variations in op-amp parameters.

Fig. 6.5 The dc equivalent circuit of a double-ended DA

Applying KVL to the input loop-1, we can write

–RSIB – VBE – RE(2IE) + VEE = 0 (6.1)

but IB @ IE/b, this is  { IC @ IE

Substituting and re-arranging the terms, we get

b
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(6.3)

Equation (6.3) clearly indicates that selection of IE is dependent on RE and VEE; it is independent of 

RC, the collector resistor.

Similarly, applying KVL to the output loop-2, we can write

– RCIC – ICRC – RSIB + VCC = 0 (6.4)

– RCIC – VC – RSIB + VCC = 0;
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Neglecting RSIB, drop across RS, we can write

VC = VCC – ICRC. (6.5)

Neglecting drop across RS, we can write VE = –VBE

Now, VCE = VC – VE = (VCC – ICRC) – (–VBE)

 \ VCEQ = VCC + VBE – ICRC (6.6)

Equations (6.3) and (6.6) represent the operating point for the DA.

6.2.7 Differential Amplifier AC Analysis

The ac analysis and the ac equivalent circuit of a DA are beyond the scope of this text; hence, only the 

relevant equations are produced here for reference purpose.

The voltage gain (Ad) is defined as the ratio of output voltage to the input differential voltage; 

= o
d

id

V
A

V
(6.7)
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= C
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A

r
 where re is the ac emitter resistance. (6.8)

1. Differential Input Resistance (Ri1)

It is defined as the equivalent resistance measured between one input terminal and the ground (other 

input terminal will be grounded).

Ri1 = 2rebac [6.9(a)]

Similarly, Ri2 = 2rebac [6.9(b)]

Output resistance (RO1): RO1 = RO2 = RC (6.10)

Common-mode Rejection Ratio (CMRR): CMRR = 
d

C

A

A
(6.11)

where Ad is the differential mode gain and AC is the common-

mode gain.

2. Use of Constant-Current Source

A good differential amplifier has a very large difference gain 

which is much larger than the common-mode gain. The com-

mon-mode rejection ability of the circuit can be considerably 

improved by making the common-mode gain as small as pos-

sible (ideally, 0). This can be done by using a constant-current 

source in place of emitter resistor RE as indicated in Fig. 6.6. This 

provides a large value of resistance from the common emitter to 

ac ground. The major improvement of this circuit is that use of 

constant-current source offers much larger ac impedance. Tran-

sistor Q3 along with resistances R1, R2 and R3 forms the constant-

current source offering all the advantages. Fig. 6.6  DA with a constant-current 

source
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Table 6.2 Different forms of differential amplifiers (DAs)

Sl. No. DA Circuit Diagram

ac Governing 

Equations

1 Single-input balanced-

output DA

[input to either Vi1 or

Vi2 and Output between 

two collectors]

1. = C
d

e

R
A

r

2. Ri1 = Ri2 = 

2bac re

3. Ro1 = Ro2 = RC

2 Single-input un-bal-

anced-output DA

[input to either Vi1 or

Vi2 and output between 

one collector and 

ground]

1. = C
d

e2

R
A

r

2. Ri1 = Ri2 = 

2bac re

3. Ro = RC

3 Dual-input balanced-

output DA

[input to both Vi1 and

Vi2 and output between 

two collectors]

1. = C
d

e

R
A

r

2. Ri = 2bac re

3. Ro1 = Ro2 = RC
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4 Dual-input un-balanced-

output DA 

[input to both Vi1 and Vi2

and Output between one 

collector and ground]

1. = C
d

e2

R
A

r

2. Ri = 2bac re

3. Ro = RC

 All the above circuits have the same set of dc analysis governing equations given by

b

= =
+

EE BE
E CQ

in
RE

dc

–

2

V V
I I

R
 and VCE = VCEQ = VCC + VBE – RC ICQ

3. Basic Op-Amp

An operational amplifier (op-amp) is a very-high-gain amplifier having very high input impedance 

typically of the order of a few mega-ohms and low output impedance. The basic circuit is made using 

a difference amplifier having two inputs named INV and NON-INV inputs and at least one output. The 

basic block diagram of an op-amp is shown in Fig. 6.1 where the first two blocks are the differential 

amplifiers; the first stage is a double-ended differential amplifier while the second stage is a single-

ended differential amplifier. The third stage is a level translator which is responsible for dc restoring; 

the lost reference due to direct coupling is re-inserted in this stage by using circuits like clampers. 

Offset corrections are also part of this stage. The fourth (output) stage is a buffer stage, which is respon-

sible for increasing the driving capacity of the device.

Figure 6.7 shows a basic op-amp symbol and an example of commercially available IC package unit 

mA-741. mA-714 is another commercially available package with FETs in the first DA stage and this 

offers still better performance as compared to BJT input DA; this can be seen with the typical values 

provided for each op-amp parameter. As discussed earlier, the plus input produces an output that is 

in phase with the signal applied, whereas an input to the minus input results in an opposite-polarity 

output. Pin2—Inverting input, Pin3—Non-Inverting input, Pin4—Negative power supply, Pin5—

Positive power supply, Pin6—Output, and Pins 1 and 5—Offset adjustment pins.

6.3 OP-AMP CHARACTERISTICS

It is very important to become familiar with the performance parameters of the op-amp before taking 

up any of its practical applications. Some of the important performance parameters are listed in this 

section alongwith their typical values for mA-741 and mA-714 op-amps.

1. Input Bias Current (ib)

Under balanced conditions (when Vi1 = Vi2, the resulting VO = 0), the current drawn by the input 

terminals should be ideally zero. But in practice, a small input base current (ib1 and ib2) always flows 
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through each input terminal as indicated in Fig. 6.8(a) and the average of these two currents is called 

the input bias current.

+
= b1 b2

b
2

i i
i (6.12)

For an ideal op-amp, this value should be zero since both ib1 = ib2 = 0 because of high input 

impedance, but typically for mA-741, ib = 500 nA and for mA-714, its value is ib = 7nA.

Fig. 6.8 (a) Input-bias current (b) Input offset voltage (c) Output offset voltage

2. Input Offset Current (IiO)

It is the difference between the two base currents under balanced condition.

Fig. 6.7 (a) Op-amp symbol (b) Op-amp pin diagram (c) 8-pin DIP op-amp IC (d) 8-pin DIP dual op-amp IC
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IiO = ib1 ~ ib2 (6.13)

For an ideal op-amp, this value should be zero since both ib1 = ib2 = 0, but typically for mA-741, ib = 

200 nA and for mA-714, its value is ib = 6 nA.

3. Input Offset Current Drift (dIiO/dT)

It is the defined as the rate of change of input offset current with respect to device temperature T. For 

an ideal op-amp, this value should be zero since ideal IiO = 0.

4. Input Offset Voltage (ViO)

In an ideal op-amp, when the two input terminals are at the same potential (Vid = 0), the output VO

should be zero as indicated in Fig. 6.8(b); but in practice, it is not true. In order to make VO = 0, a small 

amount of non-zero Vid should be applied at the input terminals and it is called the input offset voltage.

ViO = Vi1 ~ Vi2 (6.14)

For an ideal op-amp, this value should be zero since both Vi1 = Vi2 = 0, but typically for mA-741,

ViO = 6 mV and for mA-714, its value is VIo = 150 mV.

5. Input Offset Voltage Drift (dViO/dT)

It is the defined as the rate of change of input offset voltage with respect to device temperature T. For 

an ideal op-amp, this value should be zero since ideal ViO = 0.

6. Output Offset Voltage (VOo)

In an ideal op-amp, when the two input terminals are at the same potential (Vid = 0), the output VO

should be zero as indicated in Fig. 6.8(c); but in practice it is not true. The small amount of nonzero 

output VO when Vid = 0 at the input terminals is called the output offset voltage. An output offset voltage 

will also result due to any difference in dc bias currents at both inputs. Since the two input transistors 

are never exactly matched, each will operate at a slightly different current. For an ideal op-amp, this 

value should be zero since both common-mode gains for an op-amp should be zero.

7. Input Resistance (Ri)

Two input resistances can be defined for an op-amp:

(a) Differential Input Resistance (Rid) It is the resistance measured between one of the input termi-

nals and the ground with the other terminal being grounded.

(b) Common-Mode Input Resistance (RiC) It is the resistance measured between the two input ter-

minals directly. Ri will be very high in the order of a few 100s of kW and approaches even 1012W for 

op-amps with FET input DAs.

For an ideal op-amp, this value should be infinity, but typically for mA-741, Ri = 2 MW and for 

mA-714, its value is Ri = 100 MW.

8. Input Voltage Swing

It is the maximum common-mode voltage that can be applied at the input of op-amp with the device 

working in the linear region. Generally, this value is dependent on the supply voltages and is around 

30% of supply voltages.

9. Output Voltage Swing

It is the maximum value of output voltage that is available with the device working in the linear region. 

Even this value is also dependent on the supply voltages and is around 90-95% of supply voltages.
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10. Open Loop Voltage Gain (AVO)

It is the ratio of change in output voltage to a corresponding change in differential input voltage defined 

for dc conditions.

D
=

D
o

Vo
id

V
A

V
(6.15)

For an ideal op-amp, this value should be infinity, but typically for mA-741, AVO = 105 or more and 

for mA-714, its value is even more. AVO is a function of frequency; at f = 0, it is maximum and falls off 

with frequency.

11. Virtual Ground Concept

In an op-amp, the input voltage and the output voltage are limited by the supply voltages. Also, for an 

op-amp, the ideal open-loop voltage gain should be infinity. Considering Eq. (6.15), for AVO M `, it can 

be written that Vid = 0 and this implies that Vi1 = Vi2. If one of these inputs is physically connected to 

zero, then the potential at other input will be zero; and this is called virtual-ground concept.

Compared to input and output voltages, the value of Vid is very small and may be considered as 

approximately 0 V. Note that although it is not exactly 0 V, at the amplifier input there exists a virtual 

short-circuit or virtual ground. The concept of a virtual short implies that, there is no current through 

the amplifier input terminal to ground. This is supported by the fact that the device input impedance is 

very high and no current flows through the i/p terminals.

12. Common-Mode Rejection Ratio (CMRR)

An ideal op-amp should offer infinite gain for differential input signals (Ad = ` and Ac = 0) and zero 

gain for common-mode signals. But, in practice, neither Ad = ` nor Ac = 0 and hence, a figure of merit 

called CMRR is defined that speaks about the ability of an op-amp to reject all common-mode signals, 

amplifying all differential-mode signals to maximum extent. Thus, CMRR is defined as the ratio of 

differential-mode gain to common-mode gain; expressed in dB.

d

c

CMRR
A

A
= (6.16)

For an ideal op-amp, this value should be infinity, but typically for mA-741, CMRR = 90 dB and for 

mA-714, its value is CMRR = 120 dB.

13. Power Supply Rejection Ratio (PSRR)

An ideal op-amp should offer zero input offset voltage Vio, but in practice, it is always nonzero and this 

Vio is sensitive to supply voltage changes. The rate of change of input offset voltage with respect to 

changes in supply voltages VCC or VEE is called PSRR. It is also termed Supply Voltage Rejection Ratio 

(SVRR) or Power Supply Sensitivity (PSS) and expressed in mV/V or dB.

D
= m

D
io

CC

PSRR = SVRR = PSS
V V

V V

(6.17)

For an ideal op-amp, this value should be zero since Vio ideally is zero, but typically for mA-741,

PSRR = 150 mV/V and for mA-714, its value is PSRR = 6.31 mV/V.

14. Bandwidth

Two bandwidths can be defined here for an op-amp:
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(a) fU, the Unity Gain Bandwidth This bandwidth corresponds to a frequency at which the open-loop 

gain of the system crossesover the unity gain (0 dB line). We know AVO is a function of frequency and 

falls off with increasing frequency as indicated in Fig. 6.9. The unity gain bandwidth fU corresponds to 

a single frequency value.

(b) fP, Full Power Bandwidth This bandwidth corresponds to a frequency at which the open-loop gain 

of the system equals 0.707AVO (corresponds to 3 dB frequency) and is as indicated in Fig. 6.9. The 

unity gain bandwidth fU corresponds to a single frequency value.

Fig. 6.9 (a) Bandwidth (b) Common-mode gain (c) Differential-mode gain

15. Slew Rate (SR)

Another very important parameter of the op-amp is its slew rate which speaks about the ability of the 

device to respond to high-frequency input signals. It is defined as the maximum rate of change of out-

put voltage per unit time and expressed in V/mS.

o
SR V/ S

max

dV

dt
= m (6.18)

SR changes with change in voltage gain and is normally specified for unity gain and it is an indication 

of full power bandwidth. The SR provides a parameter specifying the maximum rate of change of the 

output voltage when driven by a large step-input signal. If the input changes at a rate greater than the 

slew rate then the output would not be able to change fast enough and would not vary over the full range 

expected, resulting in signal clipping or distortion. For an ideal op-amp, this value should be infinity, 

but typically for mA-741, SR = 0.5 V/mS and for mA-714, its value is SR = 12 V/mS. Practical op-

amps with SRs from 0.1 V/mS to well above 1000 V/mS are available; for example, for mA-771, SR = 

13 V/mS; LF-751, SR = 13 V/mS; MC-34001, SR = 13 V/mS; LM-318, SR = 70 V/mS and LH-0063C, 

SR = 6000 V/mS. SR is caused by current limiting and the saturation of internal stages of op-amp. In 

other words, at high frequencies the internal capacitor charging rate prevents output from changing 

simultaneously with the input.

Slew Rate (SR) Equation

SR is very important frequency related parameter of the op-amp which speaks about the ability of the 

device to respond to high frequency input signals. For example, a SR of 1 V/mS means that the output 

rises or falls at no faster than 1 V every mS time. Since SR is specified for unity gain, let us consider a 

voltage follower:

Vi = VO = VP sin w t
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The rate of change of output voltage is

w w=o
p cos

dV
V t

dt
(6.19)

The maximum rate of change of output occurs at cos wt = 1 and hence,

= o
SR max

dV

dt
 at cos wt = 1

w p= =P PSR (2 )V x V f
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10

V f
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Equation (6.20) clearly indicates that SR is dependent on the peak value of the signal and the full power 

bandwidth fP. The maximum frequency at which an op-amp may operate depends on both the band-

width (BW) and slew rate (SR) parameters of the op-amp.

16. Characteristics of an Ideal Op-Amp

An ideal op-amp has the following characteristics:

● Infinite common-mode Rejection Ratio (CMRR = `)

● Infinite slew rate (SR = `)

● Infinite input impedance (Zi = `)

● Infinite bandwidth (fP or fU = `)

● Infinite open loop-gain (AVO = `)

● Zero output impedance (ZO = 0)

● Zero offsets (both V and I)

● Zero power-supply rejection ratio (PSRR = 0)

6.4 OP-AMP SPECIFICATIONS

Fig. 6.10 Internal circuit of op-amp mA-741
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Table 6.3 Absolute maximum ratings over operating free-air temperature range (unless otherwise noted)

uA741M uA741C Unit

Supply voltage VCC+ (See Note 1) 22 18 V

Supply voltage VCC– (See Note 1) –22 –18 V

Differential input voltage (see Note 2) ± 30 ± 30 V

Input voltage any input (see Notes 1 and 3) ± 15 ± 15 V

Voltage between either offset null terminal (N1/N2) and VCC– ± 0.5 ± 0.5 V

Duration of output short-circuit (see Note 4) unlimited unlimited

Continuous total power dissipation at (or below) 25°C free-air 

temperature (see Note 5)

500 500 mW

Operating free-air temperature range –55 to 125 0 to 70 °C

Storage temperature range –65 to 150 –65 to 150 °C

Lead temperature 1.6 mm (1/16 

inch) from case for 60 seconds FH, FK, J, JG, or U package

300 300 °C

Lead temperature 1.6 mm (1/16 

inch) from case for 10 seconds D, N, or P package

260 °C

Notes:

1. All voltage values, unless otherwise noted, are with respect to the midpoint between VCC+ and VCC–

2. Differential voltages are at the non-inverting input terminal with respect to the inverting input terminal.

3. The magnitude of the input voltage must never exceed the magnitude of the supply voltage or 15 volts, which-

ever is less.

4. The output may be shorted to ground or either power supply. For the uA741M only, the unlimited duration of 

the short-circuit applies at (or below) 125°C case temperature or 75°C free-air temperature.

5. For operation above 25°C free-air temperature, refer to Dissipation Derating Curves, Section 2. In the J and 

JG package, uA741M chips are alloy mounted, uA741C chips are glass mounted.

6.5 OP-AMP EQUIVALENT CIRCUIT

Figure 6.10 represents a simplified, internal circuit of a typical MA 741 op-amp. The equivalent 

circuit of an op-amp can be very useful in analysing any application built around the op-amp. Also, 

in analszing the basic operating principles, effect of feedback, etc. the equivalent circuit is very use-

ful. As shown in Fig. 6.11, it consists of Thevenin’s equivalent voltage source AVid in series with the 

Thevenin’s equivalent output impedance. Zin is the equivalent input impedance seen between the input 

terminals.

Op-Amp Applications

An op-amp can be used in varieties of applications such as signal inversion, signal amplification, 

buffering, signals summing, signal integration, differentiation, signal multiplication, signal generation, 

signal conversion and many more. The op-amp can be connected in a large number of circuits to 

provide various operating characteristics and mainly in two different forms: the open-loop (no feedback) 

configuration and the closed-loop (with feedback) configuration. However, the concept of feedback is 

discussed in Chapter 4. In the following sections, a few of the most commonly used applications of the 

op-amp will be discussed.
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Fig. 6.11 Op-amp equivalent circuit

6.6 OP-AMP INVERTER

6.6.1 Open-Loop Op-Amp Inverter

The inverter, or the inverting amplifier, is one of the most widely used constant-gain amplifier op-amp 

circuit and is as shown in Fig. 6.12. In the inverter without the feedback shown in Fig. 6.12 (a), RS

represents the source resistance; Vid is the differential mode input signal and A is the amplifier open 

loop gain. Single-ended input is applied to the circuit; V1 is connected with input through RS and V2 is 

connected to ground.

We have = =o o

id 2 1–

V V
A

V V V

i.e. VO = A(V2 – V1 ) = A(0 – V1 ) = – AV1 (6.21)

The negative sign in Eq. (6.21) indicates here that output is phase inverted from input and it is also 

indicated in the input–output waveforms of Fig. 6.12(c).

Fig. 6.12 (a) Op-amp inverter (open loop) (b) I/O Waveforms

Example 6.1

For the op-amp inverting amplifier shown in Fig. 6.13, find the output voltage if the input is a sinusoidal 

signal of 10 mV peak.
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Fig. 6.13 Op-amp inverting amplifier for Example 6.1

Solution We have gain for an inverting amplifier given by Eq. (6.26) as

= =

= =

o F
F

in in

F

– –

100K
– 10

10K

V R
A

V R

A

Hence, VO = –Vin ¥ AF

VO = –10 mV ¥ 10 = 100 mV

6.6.2 Closed-Loop Op-Amp Inverter

An open-loop inverter can be converted in to a closed-loop one by adding a feedback resistor RF as 

shown in Fig. 6.14 (a) and this offers very good stability to the circuit and minimises the output noise 

level. Once again, a single-ended input is applied to the circuit; input is applied to V1 through Rin, V2

is connected to ground and RS, the source resistance, is neglected for simplicity (in comparison with 

other resistances). The negative feedback offers many advantages such as increased bandwidth, input 

impedance, reduced output impedance, etc.

Fig. 6.14 (a) Op-amp inverter (closed loop) (b) Inverter frequency response

Applying Kirchhoff’s Current Law (KCL) to the input node V1, we can write

Iin = IF + Ib (6.22)

But, the bias current Ib will be very small, of the order of a few nano-amps or even less, and is ne-

glected in comparison with the other two currents which are in the order of a few milli-amps. Hence, 

Eq. (6.22) can be rewritten as

Iin ª IF
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= 1 oin 1

in F

–– V VV V

R R
(6.23)

But, the open-loop gain of the amplifier is given by

= =o o

id 2 1–

V V
A

V V V
(6.24)

i.e.
= o

2 1( – )
V

V V
A

= o
1 –

V
V

A (6.24(a))

Substituting Eq. (6.24) into Eq. (6.23), we can write

Ê ˆ Ê ˆ
Á ˜ Á ˜Ë ¯ Ë ¯

=

o o
in o

in F

– – – –
V V

V V
A A

R R

Re-arranging the terms, we get

=
+ +

F
o in

in in F

–
AR

V V
R AR R

(6.25)

= =
+ +

o F
F

in in in F

– –
( )

V AR
A

V AR R R

(6.26)

The negative sign in Eq. (6.26) indicates here that the output is phase inverted from input and it is 

also indicated in the input–output waveforms of Fig. 6.12(b). Normally, the open-loop gain of op-amp 

A is very high and hence ARin >> (Rin + RF); therefore Eq. (6.26) can be rewritten as

= F
F

in

–
R

A
R

(6.27)

The output is obtained by multiplying the input by a fixed or constant gain, set by the input resistor 

Rin and feedback resistor RF, this output also being inverted from the input. Thus, the term on the right-

hand side of Eq. (6.27) is called the scale factor.

Further, Eq. (6.26) can be re-arranged as below:

b

+
= ¥

+ + +

+
= =

+
+

+

F in F
F

in in F in F

F

in F
F

in

in F

( )
–

( ) ( )

– –
1

1

AR R R
A

AR R R R R

AR

R R Ak
A

AR A

R R

(6.28)

where =
+
F

in F( )

R
k

R R
 is the voltage attenuation factor and b =

+
1

in F( )

R

R R
 is gain of the feedback 

circuit.
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Example 6.2

For the op-amp inverting amplifier shown in Fig. 6.15, find the scale factor. Plot the output voltage if 

the input is a sinusoidal signal of 5 mV peak.

Fig. 6.15 (a) Inverting amplifier for Example 6.2 (b) Input/Output waveforms

Solution We have scale factor for an inverting amplifier given by Eq. (6.27) as

=

= =

F
F

in

F

–

15K
– 1.5

10K

R
A

R

A

With a scale factor of 1.5 and an input of 5 mV peak, we get an inverted output of 7.5 mV peak and 

is plotted as in Fig. 6.15(b).

6.7 OP-AMP NON-INVERTER

Another important application of an op-amp is the non-inverting amplifier, the circuit connection of 

which is shown in Fig. 6.16. The inverting amplifier connection is more widely used as compared to a 

non-inverting amplifier because it has better frequency stability. RF is the feedback resistor, Rin is the 

input resistor, A is the open-loop gain of the op-amp and input signal is connected to non-inverting 

terminal; once again RS is the source resistance neglected for simplicity (in comparison with other 

Fig. 6.16 (a) Op-amp non-inverting amplifier (b) Input/Output waveforms
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resistances). To determine the voltage gain of the circuit, we first find Vf, the voltage at the inverting 

terminal using the potential divider rule; since input impedance is very high, zero current flows into the 

inverting terminal of op-amp and, therefore, we can write

= =
+
in

f 2 o
in F

R
V V V

R R
(6.29)

But, the open-loop gain of the amplifier is given by

i.e.

= =

= = ª

o o

id 2 1

o
2 1 id

–

( – ) 0

V V
A

V V V

V
V V V

A

This is because A is very large.

i.e. =2 1( – ) 0V V

This implies that V2 = V1 and, therefore, we can write

= = =
+
in

f 2 in o
in F

R
V V V V

R R

(6.30)

i.e. + Ê ˆ
= = +Á ˜Ë ¯

in F F
o in in

in in

1
R R R

V V V
R R

(6.31)

The positive sign in Eq. (6.31) indicates here that output is in-phase with the input; it is non-inverted 

and it is also indicated in the input–output waveforms of Fig. 6.16(b). The circuit gain can be controlled 

by the ratio 
F

in

R

R
 and if RF = Rin then VO = 2Vin.

The gain with feedback is given by

= o
F

i

V
A

V

But, =o 2 1[ ( ] – )V A V V  where V2 = Vin and = =
+
in

1 f o
in F

R
V V V

R R

Therefore,
ˆ

= ˜+ ¯
in

o in o
in F

[ ( ] –
R

V A V V
R R

Re-arranging gives
+

=
+

in F in in o
o

in F

[( ] ) –R R V R V
V A

R R
(6.32)

i.e.
+

=
+ +
in F in

o
in in F

[( ] )R R V
V A

R AR R

i.e.
+

= =
+ +

o in F
F

in in in F

[( ] )

( )

V R R
A A

V AR R R
. But, >> +in in F( )AR R R
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Hence,
+ È ˘

= = +Í ˙
Î ˚

in F F
F

in in

[( ] )
1

R R R
A A A

AR R
(6.33)

Also, we can write
+

=
+ +

in F
F

in in F

[( ] )

( )

A R R
A

AR R R

b

+

+
=

+

+

=
+

in F

in F

F
in

in F

[ ( ] )

1

1
F

A R R

R R
A

AR

R R

A
A

A
(6.34)

where, b =
+

in

in F[( ] )

R

R R
 is the feedback factor and Ab is the loop gain.

Example 6.3

For the op-amp non-inverting amplifier shown in Fig. 6.17, find and plot the output voltage if the input 

is a sinusoidal signal of 12 mV peak.

Fig. 6.17 (a) Non-Inverting amplifier for Example 6.3 (b) Input/Output waveforms

Solution We have for a non-inverting amplifier, the gain given by Eq. (6.33)

È ˘
= = +Í ˙

Î ˚
È ˘

= = + =Í ˙
Î ˚

o F
F

in in

o
F

in

1

10K
1 2

10K

V R
A

V R

V
A

V

With a gain of 2 and an input of 12 mV peak, we get a non-inverted output of 24 mV peak plotted 

as in Fig. 6.17(b).

6.8 OP-AMP BUFFER OR VOLTAGE FOLLOWER

In Eq. (6.33), the gain of the non-inverting amplifier will be 1 if RF = 0 or if Rin = `; which implies that 

by short circuiting the feedback path and/or open circuiting the Rin, a no-inverting amplifier works as 
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a unity gain amplifier. The unity gain amplifier, also called buffer or voltage follower circuit shown in 

Fig. 6.18(a), produces a gain of unity (1) with no polarity or phase reversal as indicated in Fig. 6.18(b). 

From the waveforms, it is clear that and that the output has the same polarity and magnitude as the 

input.

Fig. 6.18 (a) Op-amp voltage follower (b) Input/Output waveforms (c) I/O waveforms for Ex. 6.4

o
F

in

0
1 1

V
A

V

È ˘= = + =Í ˙Î ˚`
(6.35)

This implies that the output is the exact replica of the input; i.e. VO = Vin.

Example 6.4

For the op-amp non-inverting amplifier shown in Fig. 6.18(a), draw to scale the output voltage if the 

input is a sinusoidal signal of 100 mV peak.

Solution We have for a buffer amplifier, the gain given by Eq. (6.35) as

= =o
F

in

1
V

A
V

With a gain of 1 and an input of 100  mV peak, we get a non-inverted output of 100  mV peak plot-

ted as in Fig. 6.18(c).

6.9 OP-AMP SUMMER OR SUMMING AMPLIFIER

Another important application of op-amp is an adder or a summing amplifier; there are two types of 

summing amplifiers—inverting type and non-inverting type.

6.9.1 Inverting-Type Op-Amp Summer

The circuit connection of an inverting type of summer is shown in Fig. 6.19. A two-input inverting 

summer circuit connection is shown in Fig. 6.19(a) and a three-input inverting summer circuit 

connection is shown in Fig. 6.19(b).
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Fig. 6.19 Inverting op-amp summing amplifier: (a) Two inputs (b) Three inputs

Applying Kirchhoff’s Current Law (KCL) to the input node Vi1 of Fig. 6.19(a), we can write

I1 + I2 = IF + Ib [6.36 (a)]

But, the bias current Ib will be very small which is in the order of a few nano-amps or even less. This 

current is neglected in comparison with the other three currents which are in the order of few milli-

amps. Hence, Eq. (6.35) can be rewritten as

I1 + I2 ª IF

+ = i1 o1 i1 2 i1

1 2 F

–– – V VV V V V

R R R
[6.36 (b)]

But, the open-loop gain of the amplifier is given by

= =o o

id i2 i1~

V V
A

V V V

i.e. = ªo
i2 i1( ~ ) 0

V
V V

A
   { A is a very large value.

\ Vi1 = Vi2 = 0; Concept of virtual ground. (6.37)

Therefore, Eq. (6.36) can be be re-written as

+ = o1 2

1 2 F

0 –– 0 – 0 VV V

R R R

On re-arranging, we get

È ˘
= +Í ˙

Î ˚

1 2
o F

1 2

–
V V

V R
R R

[6.38 (a)]

Equation [6.38(a)] indicates clearly that the output is proportionally equal to the summation of the 

two input signals V1 and V2. Also, it is important to note that the output signal is phase inverted by 180° 

from the input signals. In Eq. (6.38), as a special case if R1 = R2 = RF then we have

VO = –[ V1 + V2] [6.38 (b)]
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In Fig. 6.19(b), an inverting type of summer with three inputs is shown and a similar analysis can be 

done to arrive at the output expression

È ˘
= + +Í ˙

Î ˚

1 2 3
o F

1 2 3

V V V
V R

R R R
[6.39 (a)]

and VO = –[ V1 + V2 + V3] [6.39 (b)]

In other words, each input adds a voltage to the output multiplied by its separate constant-gain 

multiplier. If more inputs are used, they each add an additional component to the output.

Example 6.5

Calculate the output voltage of an op-amp summing amplifier shown in Fig. 6.19(b) for the following 

set of input voltages and resistors:

V1 = 200 mV, V2 = 400 mV, V3 = 800 mV, R1 = 20 kW, R2 = 40 kW, R3 = 80 kW and RF = 20 kW.

Solution We have from Eq. [6.39(a)], the output given by

È ˘
= + +Í ˙

Î ˚
È ˘

= + + =Í ˙
Î ˚

1 2 3
o F

1 2 3

o

–

200 400 800
– 20 600 mV

20 40 80

V V V
V R

R R R

m m m
V k

k k k

6.9.2  Non-Inverting Type Op-Amp Summer

Unlike in the case of inverting summing amplifiers, in 

a non-inverting type, all the input signals to be summed 

are applied to the non-inverting terminal; the circuit of 

Fig. 6.20 shows a three-input non-inverting summing 

amplifier, which provides a means of algebraically summing 

(adding) three voltages; each multiplied by a constant-gain 

factor. Using the superposition theorem, we can express the 

effective voltage at node Vi2 in terms of all the inputs as

1 2

i2

3

1 2 3

i2 1 2 3

2 2

2 2

2

2

/2
[ ]

2

2 /2
[ ]

3

V VR R
V

R R
R R

V R

R
R

R
V V V

R
R

R
V V V V

R

È ˘ È ˘
= ¥ + ¥Í ˙ Í ˙

Ê ˆ Ê ˆÍ ˙ Í ˙+ +Ë ¯ Ë ¯Í ˙ Í ˙Î ˚ Î ˚
È ˘

+ ¥Í ˙
Ê ˆÍ ˙+Ë ¯Í ˙Î ˚

È ˘
= + +Í ˙

Í ˙+
Î ˚

= + +

[6.40 (a)]

[6.40 (b)]

Fig. 6.20  Non-inverting op-amp 

summing amplifier
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Now, this Vi2 acts as input to the non-inverting amplifier and hence the output expression can be 

written following Eq. (6.31) as

Ê ˆ
= +Á ˜Ë ¯

F
o i2

1

1
R

V V
R

(6.41)

6.10 OP-AMP INTEGRATOR

Another very useful application of an op-amp is the integrator that finds a wide range of applications 

in analog computations. The circuit diagram of an integrator and output waveform for a square-wave 

input are shown in Fig. 6.21. The input source is connected to an inverting terminal through a resistor 

R1 and the output is measured across a capacitor connected in the feedback path. An integrator allows 

only low-frequency components below a designed value fL to pass to the output and eliminates all 

high-frequency components above fL; hence, it is also referred to as a high-frequency discriminator or 

a low-pass filter (filters are discussed in Section 6.18).

Fig. 6.21 (a) Op-amp integrator (b) Input/Output waveforms

Applying Kirchhoff’s Current Law to node Vi1, we get

I1 = IF + Ib (6.42)

But, the bias current Ib will be very small in the order of a few nano-amps or even less and is 

neglected in comparison with the other two currents which are in the order of few milli-amps. Hence, 

Eq. (6.42) can be rewritten as

I1 ª IF; here IF is the capacitor current.

= i1 oin i1

1

( – )– d V VV V
C

R dt
(6.43)

But, the open-loop gain of the amplifier is given by

= =o o

id i2 i1~

V V
A

V V V

i.e. = ªo
i2 i1( ~ ) 0

V
V V

A

= =i1 i2 0V V   Concept of virtual ground
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Therefore, Eq. (6.43) can be be rewritten as

=

=

in

1 o

in 1
o

– 0

(0 – )

–
( )

V d
C

R dt V

d
V R C

dt V (6.44)

Integrating Eq. (6.44) on both sides, we get

= +Úo in
1

1
V V dt k

R C
(6.45)

Equation (6.45) clearly indicates that the output is an integral function of the input signal Vin. The inte-

gration constant k in Eq. (6.45) represents the initial charge on the capacitor.

When Vin changes abruptly, the capacitor C acts as an open circuit and the circuit works as an open-

loop amplifier. Now, the input offset voltage and a part of the input current produce an error voltage at 

the output; therefore, in a practical integrator, a large resistor R2 across C will be connected to reduce 

this error voltage as shown in Fig. 6.22. This R2 reduces the gain of the amplifier and hence, a very 

large value of R2 >> 10R1 will be selected. Figure 6.22(b) indicates the frequency response of the basic 

integrator circuit.

Fig. 6.22 Op-amp integrator (a) Practical circuit (b) Integrator frequency response

For low-frequency signal components, the capacitor offers a very high reactance and hence, 

maximum signal appears at the output; but for high-frequency components, the reactance is very low 

and almost no signal appears at the output. This is because, for a capacitor, the reactance is inversly 

proportional to frequency; thus an integrator acts as a low-pass filter or a high-frequency discriminator.

6.11 OP-AMP DIFFERENTIATOR

Another very useful application of an op-amp is the differentiator which finds a wide range of appli-

cations in analog computations. The circuit diagram of a differentiator and the output waveform for 

a triangular-wave input are shown in Fig. 6.23. The input source is connected to an inverting terminal 

through the capacitor and the output is measured across the resistor R1 connected in the feedback path. 

A differentiator allows all the frequency components above a designed value fH to pass to the output 
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and eliminates all low-frequency components below fH; hence, it is also referred to as a low-frequency 

discriminator or a high-pass filter.

Applying Kirchhoff’s Current Law to the node Vi1, we get

I1 = IF + Ib (6.46)

But, the bias current Ib will be very small, of the order of a few nano-amps or even less, and is 

neglected in comparison with the other two currents which are of the order of a few milli-amps. Hence, 

Eq. (6.46) can be rewritten as

I1 ª IF; here, I1 is the capacitor current.

= i1 o

in i1 1

–

( – )

V Vd
C

dt V V R
(6.47)

But, the open-loop gain of the amplifier is given by

= =o o

id i2 i1~

V V
A

V V V

i.e. = ªo
i2 i1( ~ ) 0

V
V V

A

= =i1 i2 0;V V
  

Concept of virtual ground

Therefore, Eq. (6.47) can be be rewritten as

=

=

o

in 1

o 1
in

0 –

( – 0 )

–
( )

Vd
C

dt V R

d
V R C

dt V
(6.48)

Equation (6.48) clearly indicates that output is proportional to a differential function of the input 

signal Vin. For low-frequency signal components, the capacitor offers a very high reactance and hence, 

a very minimum signal appears at the output; but for high-frequency components, the reactance is very 

low and almost the complete signal appears at the output. This is once again because, for a capacitor, 

the reactance is inversely proportional to frequency; thus an integrator acts as a high-pass filter or a low 

frequency discriminator.

Fig. 6.23 (a) Op-amp differentiator (b) Input/Output waveforms
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6.12 OP-AMP SUBTRACTOR OR DIFFERENCE AMPLIFIER

Another very useful application of an op-amp is the dif-

ference amplifier; a difference amplifier is widely used in 

instrumentation and industrial applications for amplifying 

very sensitive and small signals such as weather forecast-

ing, output of a Wheatstone bridge, etc. A difference am-

plifier is certainly a good choice over other inverting or 

non-inverting types of amplifiers as these are better able 

to reject the common-mode signals (noise) offering high-

degree CMRR and present a balanced input impedance. 

The circuit arrangement for a difference amplifier is 

shown in Fig. 6.24; here the two inputs whose difference 

is to be estimated and amplified are applied to the two 

input terminals. It is clear from the diagram that a dif-

ference amplifier is a combination of an inverting and a 

non-inverting amplifier; hence, applying the superposition 

principle, we can obtain the output of the circuit.

Considering only the source V1, with the source V2 grounded, the circuit forms an inverting amplifier 

and the resulting output due to the source V1 alone is given by

= 2
o1 1

1

–
R

V V
R

(6.49)

Similarly, considering only the source V2, with the source V1 grounded, the circuit forms a 

non-inverting amplifier and the resulting output due to the source V2 alone is given by

2

o2 i2
1

1
R

V V
R

Ê ˆ
= + +Á ˜Ë ¯

(6.50)

where Vi2 is the effective voltage at the non-inverting terminal due to the source V2 and is given by 

the potential divider rule applied for R3 and R4.

4

i2 2
4 3

R
V V

R R

Ê ˆ
= Á ˜+Ë ¯

(6.51)

Now, we can obtain the output of the circuit by combining equations (6.49), (6.50) and (6.51) using 

the superposition principle as

Vo = Vo1 + Vo2

2 2

o 1 i2
1 1

2 2 4

o 1 2
1 1 4 3

– 1

– 1

R R
V V V

R R

R R R
V V V

R R R R

Ê ˆ
= + +Á ˜Ë ¯

Ê ˆ Ê ˆ
= + +Á ˜ Á ˜+Ë ¯ Ë ¯

(6.52)

As a special case, if R3 = R1 and R4 = R2 then Eq. (6.52) can be rewritten as

= =2 2
o 1 2 12

1 1

– ( – ) – ( )
R R

V V V V
R R

(6.53)

Fig. 6.24 Difference amplifier
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= =o 2

o
12 1

–
V R

V
V R

(6.54)

6.13 INSTRUMENTATION AMPLIFIER

One of the most popular areas of op-amp application is in instrumentation and control circuits such as 

weather forecasting, dc or ac current and voltage meters, etc. A circuit providing an output proportional 

to the difference between two inputs is shown in Fig. 6.24; a difference amplifier with either one op-

amp or two op-amps (not shown) offers different input impedances to the two input sources which is 

the biggest problem in such sensitive applications. A three op-amp difference amplifier circuit is shown 

in Fig. 6.25 which forms the basic instrumentation amplifier, the circuit offers equal input impedance 

to both the sources and hence it is an ideal instrumentation amplifier.

Fig. 6.25 (a) Op-amp instrumentation amplifier

In order to find the output voltage of each stage, we have to use the superposition principle. The 

equivalent circuits to find the output voltages of each stage are shown in Fig. 6.26. Applying the 

superposition principle to Fig. 6.26(b), we can write

4 4

Z Y a
4 5 4 5

– 1
–

R R
V V V

R R R R

Ê ˆ
= + +Á ˜+ Ë ¯

(6.55)

4 5 4

Z a Y
4 5 4 5

2
–

R R R
V V V

R R R R

+Ê ˆ
= Á ˜+ +Ë ¯

(6.56)

Similarly, applying the superposition principle to Fig. 6.26(c), we can write

4 4

Y Z b
4 5 4 5

– 1
R R

V V V
R R R R

Ê ˆ
= + +Á ˜+ +Ë ¯

[6.57(a)]
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Fig. 6.26 IA Equivalent circuits: (a) To find VZ (b) To find VY (c) To find VOUT

4 5 4

y b Z
4 5 4 5

2
–

R R R
V V V

R R R R

+Ê ˆ
= Á ˜+ +Ë ¯

[6.57(b)]

The output of Stage-1 is Vo1, given by

o1 ZY Z y–V V V V= =

4 5 4 54 4

ZY a y b Z
4 5 4 5 4 5 4 5

4 5 4

ZY a b z y
4 5 4 5

2 2
– – –

2
( – ) ( – )

R R R RR R
V V V V V

R R R R R R R R

R R R
V V V V V

R R R R

È ˘ È ˘+ +Ê ˆ Ê ˆ
= Í ˙ Í ˙Á ˜ Á ˜+ + + +Ë ¯ Ë ¯Í ˙ Í ˙Î ˚ Î ˚

È ˘+Ê ˆ È ˘
= +Í ˙ Í ˙Á ˜+ +Ë ¯Í ˙ Î ˚Î ˚

(6.58)
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2
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R R R
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È ˘+Ê ˆ È ˘
= +Í ˙ Í ˙Á ˜+ +Ë ¯Í ˙ Î ˚Î ˚

(6.59)

The gain of Stage-1 is 
+

=ZY 4 5

ab 5

2V R R

V R
(6.60)

The gain of Stage-2 is =o F

ZY 1

–
V R

V R
 as per Eq. (6.54). (6.61)

Then, the overall gain of the amplifier can be estimated using Fig. 6.25(d) and is given by
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R R
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(6.62)

Thus, the overall gain of the amplifier can be controlled by controlling R5.
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6.14 OP-AMP COMPARATOR

A comparator compares an analog signal on one input terminal with another input signal or a refer-

ence signal and provides a digital output; hence, it can be called a one-bit analog-to-digital converter 

(ADC). The output may be of either positive or negative saturation value, when the circuit operates in 

open-loop mode. Comparators find vast applications in digital interfacing, Schmitt triggers, discrimina-

tors, voltage-level detectors, oscillators, etc. Comparators can be realised in any of the following eight 

different forms:

(i) Inverting zero-crossing comparator

(ii) Non-inverting zero-crossing comparator

(iii) Inverting zero-crossing comparator with hysteresis

(iv) Non-inverting zero-crossing comparator with hysteresis

(v) Inverting level detector

(vi) Non-inverting level detector

(vii) Inverting level detector with hysteresis

(viii) Non-inverting level detector with hysteresis

Cases (i), (ii), (v) and (vi) operate in open-loop configuration without any reference source, while 

cases (iii), (iv), (vii) and (viii) operate in closed-loop configuration with a reference source connected.

6.14.1 Inverting Zero-Crossing Comparator

In the open-loop mode, output of the amplifier will be at its saturation in either direction; Vsat on the 

positive side and –Vsat on the negative side. But, use of limiting Zener diodes clamps this voltage to VZ

in either direction. RZ is the Zener current limiter and RP is the temperature compensation resistor for 

the op-amp.

When Vin < Vref ( = 0), i.e. when Vin is negative, the output of the op-amp is +Vsat and will be limited 

to +VZ1 due to the Zener diode Z1. Similarly, When Vin > Vref ( = 0), i.e. when Vin is positive, output 

of op-amp is –Vsat and will be limited to –VZ2 due to Zener diode Z2. It is clear from the transfer char-

acteristics shown in Fig. 6.27(b) that a comparator can be used as a linear signal like a sine wave or a 

triangular wave to a square-wave output. Also, the analog input is converted into a digital output; hence, 

Fig. 6.27 Inverting zero-crossing comparator
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it can be considered as a one-bit analog-to-digital convertor. In a practical op-amp, the output signal 

transition will not be as steep as indicated in Fig. 6.27(b) since the open-loop gain of the op-amp is not 

infinity. Because of the finite open-loop gain, there always exists a region of uncertainty DVi where VO

can be anywhere between +V and –V and this is indicated in Fig. 6.27(c).

6.14.2 Non-Inverting Zero-Crossing Comparator

In this case, the input signal is applied to the non-inverting terminal and hence, the transfer curve takes 

an inverted shape in comparison to the case in section 6.15.1 and is indicated in Fig. 6.28(b). In the 

circuit diagram, the capacitor C is used to block the possible dc components from the input source, so 

as to maintain the stable operating conditions.

When Vin < Vref ( = 0), i.e. when Vin is negative, the output of the op-amp is –Vsat and will be limited 

to –VZ2
due to the Zener diode Z2. Similarly, When Vin > Vref ( = 0), i.e. when Vin is positive, the output 

of the op-amp is +Vsat and will be limited to +
1ZV due to the Zener diode Z1. This is indicated as ideal 

characteristics in Fig. 6.28(b) and a similar explanation as in Fig. 6.28(c) holds good for practical cases.

Fig. 6.28 Non-inverting zero-crossing comparator

6.14.3 Inverting Zero-crossing Comparator with Hysteresis

Fig. 6.29 Inverting zero-crossing comparator with VH
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In the open-loop mode, the output of the amplifier will be at its saturation in either direction; and 

in order to reduce the effect of noise, hysteresis is introduced into the circuit. In Fig. 6.29(a), resistors 

R1 and R2 form a positive feedback and every time the input signal makes a transition, a new reference 

at the non-inverting terminal is introduced by this arrangement. This results in hysteresis or backlash

property as indicated in Fig. 6.29(b). Use of limiting Zener diodes clamps the output voltage to VZ in

either direction. RZ is the Zener current limiter and RP is the temperature compensation resistor for op-

amp. Unlike in the previous two cases, a nonzero reference voltage is now available at the non-inverting 

terminal and is given by the expression

= =
+ +

1 1
i2 o Z

1 2 1 2

R R
V V V

R R R R
(6.63)

Now, depending on output polarity, the two reference voltages can be defined and are given by 

equations [6.63(a)] and [6.63(b)].

=
+

1
TH Z1

1 2

R
V V

R R
[6.63(a)]

=
+

1
TL Z2

1 2

–
R

V V
R R

[6.63(b)]

When Vin < +Vref ( = VTH), the output of the op-amp is +Vsat and will be limited to +VZ1 due to the 

Zener diode Z1. Similarly, when Vin > –Vref ( = VTL), the output of the op-amp is –Vsat and will be limited 

to +VZ2 due to the Zener diode Z2. It is clear from the transfer characteristics shown in Fig. 6.28(b) that 

due to changing references, a backlash appears given by VH = (VTH – VTL).

6.14.4 Non-Inverting Zero-Crossing Comparator with Hysteresis

Fig. 6.30 Non-inverting zero-crossing comparator with VH
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6.14.5 Inverting Level Detector

Fig. 6.31 Inverting level detector

6.14.6 Non-Inverting Level Detector

Fig. 6.32 Non-inverting level detector

6.14.7 Inverting Level Detector with Hysteresis

Fig. 6.33 Inverting level detector with VH
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6.14.8 Non-Inverting Level Detector with Hysteresis

Fig. 6.34 Non-inverting level detector with VH

6.15 OP-AMP SCHMITTTRIGGER

Fig. 6.35 Op-amp Schmitt trigger

The region of uncertainty in an open-loop comparator can be eliminated by using a positive feed-

back; the resulting circuit known as Schmitt trigger is shown in Fig. 6.35(a) along with its transfer 

curve in Fig. 6.35(b). Resistors R1 and R2 form the positive feedback circuit, introduce the hysteresis 

and offer changing thresholds called as lower threshold potential (LTP) and Upper Threshold Potential 

(UTP).

The potential at the non-inverting terminal VT = Vi2 depends on the output voltage Vo and the refer-

ence voltage Vref will be obtained using the superposition principle. The magnitude and polarity of VT

depends on both Vo and Vref; they will be positive when Vo is positive and negative when Vo is negative 

assuming Vref is small in magnitude. A Schmitt Trigger converts an input periodic signal into a square 

wave; this is indicated in Fig. 6.34(c). When the input signal is negative, the output will be at +Vo and 

the threshold at the non-inverting terminal is obtained by using the superposition principle, given by
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= ± =
+ +

1 2
T(+) o ref

1 2 1 2
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[6.64(a)]

b b= ±o refUTP (1 – )V V [6.64(b)]

where b =
+
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R

R R
 and b =

+
1
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R

R R
 represents the feedback factor. [6.64(c)]

When input signal rises just above this threshold potential, because of the comparator action, the 

output makes a transition to –Vsat and any further increase in the input signal amplitude has no effect on 

the output. This value of threshold potential is called the Upper Threshold Potential (UTP). Now, the 

new value of VT is obtained once again by using the superposition principle and is given by

= ± =
+ +

1 2
T(–) o ref

1 2 1 2

– LTP
R R

V V V
R R R R

[6.65(a)]

b b= ±o refLTP – (1 – )V V [6.65(b)]

When the input signal falls just below this threshold potential, because of the comparator action, the 

output makes a transition to +Vsat and any further decrease in the input signal amplitude has no effect 

on output. This value of threshold potential is called the Lower Threshold Potential (LTP). It can be 

observed that every time the input crosses the threshold potential values defined by equations (6.64) 

and (6.65), the output makes a transition and sets a new threshold value; this results in hysteresis VH.

The value of hysteresis can be obtained by the expression

VH = UTP – LTP [6.66(a)]

È ˘
= ± ±Í ˙+ + + +Î ˚

1 2 1 2
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[6.66(b)]
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Example 6.6

Design an op-amp Schmitt trigger circuit to meet the following specifications: LTP = 2 V, UTP = 4 V 

and VCC = ± 12 V.

Solution Referring to Fig. 6.34(a), we have from Eq. [6.64 (b)],

UTP = bVO + (1 – b) VR

and from Eq. [6.65 (b)], LTP = –bVO + (1 – b) VR

The feedback factor b is given by Eq. [6.64(c)].

Now, Eq. [6.64(b)] – Eq. [6.65 (c)] = 2 bVO

But, from Eq. [6.64(c)], b = 2/2(12) = 0.0833

Similarly, Eq. [6.64(b)] + Eq. [6.65 (c)] = 2((1 – b) VR)

Hence, VR = 6/2(1 – 0.0833) = 3.273 V 

Now, b = R2/(R1 + R2) = 0.0833

Solving the above equation, we get (R1/R2) = 11; 

Choose R2 = 2 kW; then R1 = 22 kW
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6.16 ACTIVE FILTERS

One of the popular applications of op-amps is active filters. A filter can be constructed using passive 

components such as resistors, inductors and capacitors and is called a passive filter. An active filter

additionally uses an amplifier like an op-amp to provide voltage amplification and signal isolation or 

buffering. A filter is an electric circuit that allows a certain band of frequencies to reach output and 

eliminates all other frequencies. Hence, the frequency response of a filter can be said to have a pass

band where input signals are passed with minimum or zero attenuation and a stop band where signals 

are completely eliminated with maximum or infinite attenuation. The frequency at which these two 

bands are separated is called the cut-off frequency (fC). A filter can be

(i) analog or digital, depending on the application and construction,

(ii) passive or active, depending on the components used, and 

(iii) Audio Frequency (AF) or Radio Frequency (RF), depending on the frequency.

A passive filter provides no gain to the input signal and has a poor frequency response, but an active 

filter with the use of an op-amp offers the following advantages:

(i) Introduces gain to the input signal

(ii) Provides high input impedance and low output impedance

(iii) Offers very good separation between pass band and stop band

(iv) Operates over wide frequency range for given R and C values

(v) Offers better frequency response and slew rate 

However, an active filter with the use of an op-amp suffers from the following disadvantages:

(i) Needs two power supplies for op-amp

(ii) Cost of filter will be more 

(iii) Op-amp should have high bandwidth and slew rate

Based on the selection of the pass band and the stop band, filters can be classified into the following 

four types:

(i) Low-Pass Filter (LPF)

(ii) High-Pass Filter (HPF)

(iii) Band-Pass Filter (BPF)

(iv) Band Elimination Pass Filter (BEF)

A filter that provides a constant output from dc up to a cut-off frequency fC and then passes no 

signal above that frequency is called an ideal low-pass filter. A filter that passes no signal below a 

cut-off frequency fC and provides a constant output from that frequency is called an ideal high-pass 

filter. A filter that passes signals between a range of frequencies fC1 and fC2 providing a constant output 

and passes no signal beyond these two cut-off frequencies is called an ideal band-pass filter. A filter 

that eliminates signals between a range of frequencies fC1 and fC2 providing no output and passes the 

complete signal beyond these two cut-off frequencies providing a constant output is called an ideal

band-elimination filter. The ideal frequency responses of all these filters are shown in Fig. 6.36.

Fig. 6.36 Ideal filter responses
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6.16.1 Low-Pass Active Filters (LPF)

A filter that allows or passes signals below a cut-off frequency fCL is a low-pass filter and its ideal 

frequency response is shown in Fig. 6.35(a). A first-order (order of the filter means number of RC

sections used) low-pass filter using a single resistor and capacitor is shown in Fig. 6.36(a) and its 

frequency response has a practical slope of –20 dB per decade, as shown in Fig. 6.36(b) [rather than 

the ideal response of Fig. 6.35(a)]. The voltage gain below the cut-off frequency is constant at AF and 

decays at a slope of –20 dB/decade above the cut-off frequency.

1. First-Order Low-Pass Active Filters

A first-order (first order means one RC section) low-pass filter using one resistor and one capacitor is 

shown in Fig. 6.37(a) and its frequency response has a practical slope of –20 dB per decade, as shown 

in Fig. 6.37(b). The separation between the pass band and stop band is not very steep and the region 

of uncertainty between pass band and stop band is not minimised; however, the gain of the system is 

given by the equation

= + f
f

1

1
R

A
R

[6.67(a)]

Fig. 6.37 First-order low-pass filter

The expression for the cut-off frequency is given by

p
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The gain of the system is given by the expression
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Now, the filter operation can be summarised using the gain equation as below:

(i) At very low frequencies, i.e. f << fcL,
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V
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(ii) At frequencies that are comparable with fcL, i.e. f = fcL,

  

= @
+

o F
F

in

0.707
1 1

V A
A

V

(iii) At frequencies that are above fcL, i.e. f >> fcL,

  

<o
F

in

V
A

V

Thus, an LPF has a constant gain of AF from 0 to fCL Hz, at cut-off frequency, the gain is 0.707 AF

and for frequencies above fCL, the gain decreases with a constant decay rate of –20 dB/decade. The cut-

off frequency is also called the corner frequency or break frequency or –3 dB frequency.

Example 6.7

Calculate the cut-off frequency of a first-order low-pass filter whose R = 2 kW and C = 0.1 mF.

Solution We have for a first-order LPF from Eq. (6.67),
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2. Second-Order Low-Pass Active Filters

A second-order (second order order means two RC sections) low-pass filter using two resistors and 

two capacitors is shown in Fig. 6.38(a) and its frequency response has a practical slope of –40 dB per 

decade, as shown in Fig. 6.38(b). Use of two RC sections improves the frequency response as shown. 

The separation between the pass band and stop band is very steep and the region of uncertainty between 

pass band and stop band is minimised; however, the gain of the system is limited to 1.586.

Fig. 6.38 Second-order low-pass filter

The expression for the cut-off frequency is given by

p
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(6.69)
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The gain of the system is given by the expression
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Example 6.8

Calculate the cut-off frequency of a second-order low-pass filter whose R = 2 kW and C = 0.1 mF.

Solution We have for a second-order LPF from Eq. (6.69),
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6.16.2 High-Pass Active Filters (HPF)

A filter that allows or passes signals above a cut-off frequency fCH is a high-pass filter and its ideal 

frequency response is shown in Fig. 6.35(b). A first-order high-pass filter uses one RC section consisting 

of a single resistor and capacitor is shown in Fig. 6.38(a) and its frequency response has a practical 

slope of 20 dB per decade, as shown in Fig. 6.38(b) [rather than the ideal response of Fig. 6.35(b)]. 

The voltage gain has a slope of 20 dB/decade up to the cut-off frequency and is constant at AF above 

the cut-off frequency.

1. First-Order High Pass Active Filters

A first-order (first order means one RC section) high-pass filter using one resistor and one capacitor is 

shown in Fig. 6.38(a) and its frequency response has a practical slope of +20 dB per decade, as shown 

in Fig. 6.38(b). The separation between the pass band and stop band is not very steep and the region 

of uncertainty between pass band and stop band is not minimised; however, the gain of the system is 

given by the equation

= + f
f

1

1
R

A
R

[6.67(a)]

The expression for the cut-off frequency is given by
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The gain of the system is given by the expression
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Now, the filter operation can be summarised using the gain equation as below:

(i) At very low frequencies, i.e. f << fcH,
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(ii) At frequencies that are comparable with fcH, i.e. f = fcH,
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(iii) At frequencies that are above fcH, i.e. f >> fcH,

  

= @
+

o F
F

in 1 0

V A
A

V

Thus, an HPF has a constant gain of AF from fCH Hz to `, at cut-off frequency, the gain is 0.707 AF

and for frequencies below fCH, the gain increases with a constant growth rate of 20 dB/decade.

Fig. 6.39 First-order high-pass filter

Example 6.9

Calculate the cut-off frequency of a first-order high-pass filter whose R = 2 kW and C = 0.1 mF.

Solution We have for a first-order HPF from Eq. (6.71),

p

p

=

= = @
¥ ¥ ¥

CH
1 1

CH 3 –6

1
Hz

2

1
795.8 796 Hz

2 2 10 0.1 10

f
R C

f

2. Second-Order High-Pass Active Filters

A second-order (second order means two RC sections) high-pass filter using two resistors and two ca-

pacitors is shown in Fig. 6.40(a) and its frequency response has a practical slope of –40 dB per decade, 

as shown in Fig. 6.40(b). Use of two RC sections improves the frequency response as shown. The sepa-

ration between the pass band and stop band is very steep and the region of uncertainty between pass 

band and stop band is minimised; however, the gain of the system is limited to 1.586.
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Fig. 6.40 Second-order high-pass filter

The expression for the cut-off frequency is given by
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The gain of the system is given by the expression
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Example 6.10

Calculate the cut-off frequency of a second-order high-pass filter whose R = 2 kW and C = 0.1 mF.

Solution We have for a second-order HPF from Eq. (6.73),
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6.16.3 Band Pass Active Filters (BPF)

When the filter circuit allows or passes signals that are above one ideal cut-off frequency and below a 

second cut-off frequency, it is called a band-pass filter; its ideal frequency response is shown in Fig. 

6.35(c). A first-order band-pass filter can, therefore, be a series cascading of a LPF and a HPF as shown 

in Fig. 6.41(a) with a condition that fCL > fCH. The HPF uses one RC section consisting of an R1 and C1

and the LPF uses one RC section consisting of an R2 and C2 as shown in Fig. 6.41(a). The frequency 

response has a practical slope of 20 dB per decade, as shown in Fig. 6.41(c). The voltage gain has a 

slope of 20 dB/decade up to the cut-off frequency fCH, is constant at AF between the cut-off frequencies 

and has a slope of –20 dB/decade after the cut-off frequency fCL.
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Fig. 6.41 Band-pass filter

The expression for the cut-off frequencies is given by equations (6.67) and (6.71) which are 

reproduced here for convenience and minor corrections:

p p
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2 2
f f
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The BPF can be classified as a narrow band-pass filter or a wide band-pass filter depending on the 

value of a measuring factor called the Q-factor or quality factor. Q-factor is defined as the ratio of 

centre frequency to the bandwidth and for a BPF, it is given by

= = ¥C
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f
Q f f f

f f
[6.76(a)]

Q-factor

Quality or Q-factor is a figure of merit for a filter which is a measure of its selectivity; where selectivity 

of a filter is the ability of the filter to choose any bandlimited signal. It can be defined as the ratio of the 

centre frequency to the filter bandwidth:

= C

CL CH–

f
Q

f f
[6.76(b)]

Higher the value of Q, more selective will be the filter circuit. A bandlimited filter can be a 

narrowband filter if Q > 10 or a wide band filter if Q < 10.
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Example 6.11

Design a band-pass filter with component values of R1 = 2 kW, R2 = 2 kW and C1 = 0.05 mF, 

C1 = 0.05 mF. Group these components so that circuits works as proper BPF (condition fCL > fCH is 

satisfied) 

Solution We have for a second-order HPF from Eq. (6.75)
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R1, C1 form the HPF components and R2, C2 form the LPF components. 

6.16.4 Band Elimination Active Filters (BEF)

When the filter circuit allows or passes signals that are below one ideal cut-off frequency and above a 

second cut-off frequency, in other words, a band of signals is rejected, it is called a band-elimination 

filter; its ideal frequency response is shown in Fig. 6.35(d). A first-order band-elimination filter can, 

therefore, be a parallel connection of a LPF and a HPF as shown in Fig. 6.42(a) with a summing 

amplifier to combine the outputs of LPF and HPF. The HPF uses one RC section consisting of an R1 and 

C1 and the LPF uses one RC section consisting of an R2 and C2 as shown in Fig. 6.42(b). The frequency 

response has a practical slope of 20 dB per decade, as shown in Fig. 6.42(c). The voltage gain has a 

slope of 20 dB/decade between cut-off frequencies fCL and fCH, is constant at AF beyond these cut-off 

frequencies.

The expression for the cut-off frequencies is given by equations (6.67) and (6.71) which are repro-

duced in Eq. (6.75).

Example 6.12

Design a band-elimination filter with component values of R1 = 2 kW, R2 = 2 kW and C1 = 0.01 mF, C2 = 

0.05 mF. Group these components so that circuits works as proper BEF (condition fCL < fCH is satisfied) 

Solution We have for a second-order HPF from Eq. (6.75),
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R1, C1 form the LPF components and R2, C2 form the HPF components.
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The BEF can be called a notch filter (narrowband reject) or a wideband reject filter depending on 

the value of the Q-factor.

6.17 TIMER-555

Another important and very popular analog–digital integrated circuit is the most versatile 555 timer 

from Signetics Corporation. The IC is made up of a combination of linear components such as 

comparators, buffers, BJTs and digital components such as flip-flops and inverters as indicated in 

Fig. 6.43(a). This timer has a varieties of applications like Mono-stable Multi-Vibrator (MMV), Astable 

Multi-Vibrator (AMV), ramp generator, capacitance meter, etc. The entire circuit is housed in an 8-pin 

dual-in-line package (DIP) as shown in Fig. 6.43(b). Some of the important characteristics of this IC, 

which contribute to its versatility, are operating temperature range of –55°C to +125°C (for SE-555 

and 0 to 70°C for NE-555), operating supply voltage range of +5 V to +18 V, wide timing range from 

microseconds to hours and a current sourcing of 200 mA. The internal schematic of the timer IC shown 

consists of a series connection of three equal resistors R that sets the reference voltage levels to the two 

comparators C1 and C2 at CC CC

2 1
and

3 3
V V  respectively. The output of these comparators either sets 

or resets the flip-flop unit and the output of the flip-flop is then brought out through an output inverter 

stage. The flip-flop unit also operates a transistor inside the IC, the transistor collector usually being 

driven low to discharge a timing capacitor.

Fig. 6.42 Band elimination filter
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Fig. 6.43 IC-555 timer

When the voltage at the threshold terminal (Pin-6) exceeds 2VCC/3, output of comparator C1 goes

high and resets the FF, which in turn switches timer output low. This drives T1, the discharge transistor 

into saturation and any source connected to discharge terminal (Pin-7) can easily discharge into T1.

Similarly, if the voltage at the trigger input (Pin-2) falls below VCC/3, the output of the comparator C2

goes high and sets the FF, which in turn switches the timer output high. This drives T1, the discharge 

transistor, the out of saturation and the discharge terminal becomes inactive. RESET terminal (Pin-

4) helps in forcing the output to zero unconditionally; when the potential at this terminal is brought 

sufficiently down driving T2 into saturation, timer output will be zero. Under normal working conditions 

this terminal is tied to VCC. The control voltage terminal (Pin-5) is used in special applications such 

as modulation, de-modulation (discussed in Chapter 5), ramp generation, etc. otherwise this pin is 

connected to grounded through a 0.01 mF capacitor. Some of the important applications are discussed 

in the following sections.

6.17.1 Astable Multivibrator Operation

One popular application of the 555 timer IC is an astable multivibrator or a clock circuit or a square-

wave generator. Figure 6.44(a) shows an astable multivibrator circuit built using IC-555; an external 

capacitor C1, resistors R1 and R2 set the timing interval of the output signal. The trigger input Pin-2 and 

threshold Pin-6 are shorted together and receive their reference potential from the capacitor voltage VC.

The control voltage Pin-5 is grounded through a 0.01 mF capacitor and the RESET Pin-4 is connected 

to VCC.

1. Working

Assuming a zero initial charge, the voltage on the capacitor will be zero and when VCC is applied to 

the circuit, the capacitor starts charging in an exponential fashion towards VCC. The charging path has 

a resistance (R1 + R2) and hence, the charging time constant is

t1 = (R1 + R2)C (6.77)
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Fig. 6.44 Timer IC-555 astable multivibrator

With VC = 0 V, the output of the comparator C2 will be high that sets the FF and hence the timer output; 

this drives T1 into cut-off, the discharge terminal is inactive and the capacitor accumulates voltage. At 

time interval t1, the rising capacitor voltage reaches and just exceeds 2VCC/3; output of the comparator 

C1 goes high that resets the FF and hence, the timer output; this drives T1 into saturation, the discharge 

terminal becomes active and the capacitor discharges into T1; this is indicated in the waveforms shown 

in Fig. 6.43(b). The discharging path has a resistance R2 and hence the discharging time constant is

t2 = R2C (6.78)

Again, at time interval t2, the decreasing capacitor voltage reaches and just falls below VCC/3; output 

of the comparator C2 goes high that sets the FF and hence the timer output; this drives T1 into cut-off, 

the discharge terminal is inactive and the capacitor accumulates voltage. The process repeats every time 

the capacitor voltage vC crosses 2VCC/3 and VCC/3, resulting in an output voltage signal that oscillates 

between 0 V and +VCC at a frequency f Hz. The expression for this output frequency can be obtained as

=
+1 2

1
f

T T
(6.79)

T1 and T2 values can be approximated starting from the instantaneous capacitor voltage equation

F F int– ( – )
t

RCC V V V eJ = (6.80)

Here, VF = Final voltage on capacitor (towards which the capacitor is aiming at) = VCC

Vint = Initial voltage on capacitor (from which the capacitor begins charging) = VCC/3

RC associated time constant = (R1 + R2)C
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which on simplification results in an expression for T1

T1 = 0.693(R1 + R2)C (6.81)

Similarly, an expression for time period T2 can obtained; here

VF = Final voltage on capacitor towards which the capacitor is aiming at = 0 V

Vint = Initial voltage on capacitor from which the capacitor begins charging = 2VCC/3

RC associated time constant = R2C

T2 = 0.693R2C (6.82)

Now, Eq. (6.66) can be rewritten as

= =
+ + +1 2 1 2 2

1 1

0.693( )
f

T T R R R C
(6.83)

=
+1 2

1.4
Hz

( 2 )
f

R R C
(6.84)

2. Duty Cycle

Duty cycle of a signal is defined as the ratio of ON period to the total period. For the output square wave 

generated, the period is T1 and the total period is (T1 + T2) and hence, the duty cycle is expressed as

D =
+

1

1 2

T

T T

(6.85)

Duty cycle of a signal can also be defined as the product of ON period and the signal frequency, i.e. 

D = T1 ¥ f (6.86)

Example 6.13

Calculate the ON and OFF periods for the output clock generated by an AMV using IC-555; the timing 

resistors are R1 = 10 kW, R2 = 10 kW and the capacitor is 1 mF.

Solution We have from Eq. (6.81)

T1 = 0.693(R1+R2)C

= 0.693(10k + 10k) ¥ 1 mF

T1 = 13.86 mS

Similarly, we have from Eq. (6.82)

T2 = 0.693R2C

= 0.693 ¥ 10k ¥ 1 mF

T2 = 6.93 mS

Example 6.14

Calculate the frequency of the output and the duty cycle for the clock generated by the AMV using 

IC-555 in Example 6.20. 

Solution We have from Eq. (6.83)

= = = @
+1 2

1 1
48.1 48 Hz

13.86 mS + 6.93 mS
f

T T
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or, =
+

= = @
+ ¥ m

1 2

1.4
Hz

( 2 )

1.4
46.667 47 Hz

(10K 2 10K )1 F

f
R R C

f

Similarly, We have from Eq. (6.85), duty cycle

D = = =
+

1

1 2

13.86 mS
0.667

13.86 mS + 6.93 mS

T

T T

6.17.2 Monostable Multivibrator Operation

Another popular application of the 555 timer IC is as a monostable multivibrator. Figure 6.44(a) shows 

a monostable multivibrator circuit built using IC-555; an external capacitor C1, resistor R1 sets the 

width of the pulse output signal. Pin-2 is connected with the trigger input signal Vi, the magnitude of 

which should be a minimum of VCC/3. Discharge Pin-7 and threshold Pin-6 are shorted together and 

receive their reference potential from the capacitor voltage VC. The control voltage Pin-5 is grounded 

through a 0.01 mF capacitor and the RESET Pin-4 is connected to VCC.

Fig. 6.45 Timer IC-555 monostable multivibrator

Working

Assuming a zero initial charge, the voltage on capacitor will be zero and with VC = 0 V, the output will 

be at high (stable) state. When a negative-going triggering signal Vi is applied to Pin-2 at t = 0, the 

output of the comparator C2 goes high that sets the FF and hence the timer output; this drives T1 into

cut-off, the discharge terminal is inactive. Now, the capacitor starts charging in an exponential fashion 

towards VCC with a charging path resistance of R1 and hence, the charging time constant is

t1 = R1C (6.87)

The capacitor starts accumulating voltage and at the time interval t1, the rising capacitor voltage 

reaches and just exceeds 2VCC/3; output of comparator C1 goes high that resets the FF and hence, the 
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timer output; this drives T1 into saturation, the discharge terminal becomes active and the capacitor 

discharges into T1; this is indicated in the waveforms shown in Fig. 6.44(b). The discharging path has 

only negligible saturation resistance of transistor T1 and hence, the discharging time constant is almost 

zero.

Again, at time interval t2, if another triggering input is applied, the process repeats resulting in 

another pulse, the width of which can be estimated using the instantaneous capacitor voltage equation

–

F F int– ( – )
t

RCc V V V eJ = (6.88)

Here, VF = Final voltage on capacitor (towards which the capacitor is aiming at) = VCC

Vint = Initial voltage on capacitor (from which the capacitor begins charging) = 0 V

RC associated time constant = R1C

\ 1
–

CC CC– ( – 0)
t

R Cc V V eJ =

But at the end of the time interval t1 = T1, the capacitor voltage will be J = CC2
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which on simplification results in an expression for TP;

TP = 1.099R1C (6.89)

Example 6.15

Calculate the pulse period for the output generated by a MMV using IC-555; the timing resistor 

R1 = 10 kW and the capacitor is 1 mF.

Solution We have from Eq. (6.89)

TP = 1.099 R1C

= 1.099 ¥ 10k ¥ 1 mF

TP = 10.99 mS

6.18 PLL-565

A Phase-Locked Loop (PLL) is one of the important linear ICs that finds varieties of system-building 

applications such as frequency multiplier, frequency synthesiser, FM stereo detector, motor speed 

controller, etc. A PLL is essentially a frequency feedback system and the basic block diagram of a PLL 

consists of a phase detector, a low-pass filter and a voltage-controlled oscillator (VCO) as indicated in 

Fig. 6.46 on next page. It can be observed here that the system consists of a feed-forward path and a 

feedback path. 

6.18.1 PLL Block Diagram and Basic Definitions

The phase comparator compares the input signal frequency (phase) fi with the output signal frequency 

(phase) fO and produces an error voltage Ve(t) that is proportional to the frequency (phase) difference 

between the two. The output of the phase detector Ve(t) is then applied to a Low-Pass Filter (LPF) to 
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remove the high-frequency noise and produce a dc signal. This dc signal is now used to drive a Voltage-

Controlled Oscillator (VCO) which is essentially a voltage-to-frequency convertor. The output fre-

quency of VCO is proportional to the dc signal which is the difference between fi and fO; fO is adjusted 

until it equals fi. In order to achieve this, a PLL goes through three different states to produce a constant 

and stable output frequency fO; a free running state, a capture state and a phase-lock state.

Before an input signal is applied, the PLL is generating an output signal fO which is compared with 

itself producing a known error voltage. This frequency is called the free running frequency or centre

frequency and this state of PLL is called a free running state. Once the input fI is applied, the phase 

comparator starts producing an error signal that is proportional to the phase or frequency difference be-

tween the two signals. This error voltage forming the input to LPF, produces an output dc signal to drive 

VCO. Now, VCO output starts changing continuously until fi equals fO and this state of PLL is called 

capture state. The VCO output continues to change till the phase or frequency difference between the 

input signal and the feedback signal becomes zero and this state of PLL is called the phase-lock state.

When phase locked, the closed-loop tracks any small change in fi within certain limits and produces an 

output which is highly stable.

In the free running state, without any applied input signal, the PLL will be producing a free running 

frequency fO. Now, if the signal of frequency fi is applied to the input, the PLL starts synchronising 

with the input signal and in the process enters into the two important states called capture state and lock 

state. The following two important definitions can be given for the PLL:

1. Capture Range

Once fi is applied to the PLL, the phase detector produces an error voltage that is proportional to the 

phase (frequency) difference between fi and fO. This error voltage is applied as input to the VCO; the 

VCO produces a voltage that changes continuously till the phase (frequency) difference between fi and 

fO becomes zero. This process is called capture process, and the range of frequencies about fO over 

which the PLL establishes synchronisation between fi and fO is called capture range.

2. Lock Range

Once fi is synchronised with the fO, the phase detector produces a zero error voltage (that means the 

phase (frequency) difference between fi and fO is zero) and this will continue over a range of input fre-

quencies. This process is called lock process, and the range of frequencies about fO over which the PLL 

maintains synchronisation between fi and fO is called the lock range. 

This is clearly indicated in Fig. 6.45(b). The design equations for capture and lock range can be 

given based on the block diagram of a commercially available PLL IC-565 from Signetics Corporation 

or National semiconductors shown in Fig. 6.46(a) and the corresponding pin-out diagram is shown in 

Fig. 6.46(b).

Fig. 6.46 Block diagram of a PLL
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Fig. 6.47 Commercial PLL IC-565

The design equations for fO, fC and fL are given as below:

(i) @o
1 1

1.2
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(6.90)
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(6.91)

(iii)
p

È ˘
@ ± Í ˙

¥Í ˙Î ˚

1

2

C 3
2

Hz
2 ( 3.6 10 )

Lf
f

C
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6.18.2 PLL Applications

PLL is a most versatile linear IC that can be used as one of the most important building blocks in 

linear system designs. These applications are not discussed in detail in this text as this is a basic course 

textbook; however, these applications are listed for all needed reference. The most important PLL 

applications include

(i) Frequency Multiplication Input frequency is going to be multiplied by an integer value N so that 

fO = Nfin.

(ii) Frequency Translation Input frequency is going to be mixed with a reference signal fR so that fO

= fR ± fin.

(iii) AM Detection PLL is used to demodulate an Amplitude modulated signal (modulation/demodu-

lation schemes are discussed in Chapter 5).

(iv) FM Detection PLL is used to demodulate a frequency-modulated signal.

(v) FSK detection PLL is used to demodulate a Frequency Shift Key (FSK, type of modulation/

demodulation) modulated signal.
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Summary

➣ Linear ICs respond to linear analog inputs which are time varying.

➣ Digital ICs respond to digital signal levels “TRUE” or “FALSE”.

➣ An operational amplifier uses a differential amplifier as the building block. 

➣ A differential amplifier amplifies difference in the two input signals. 

➣ Differential operation involves the use of opposite-polarity inputs.

➣ Common-mode operation involves the use of the same-polarity inputs.

➣ Common-mode rejection compares the gain for differential inputs to that for common inputs.

➣ Common-mode rejection ratio speaks about the ability of op-amp to reject common mode inputs.

➣ The basic features of an op-amp are:

● Very high input impedance (typically Mega Ohms),

● Very high voltage gain (typically a few hundred thousands),

● Low output impedance (typically less than few 100 Ohms),

● Very high bandwidth (typically few hundred thousand Hertz),

● Very high slew rate(typically few tens of V/μs),

● Very high common mode rejection ratio(typically few hundreds of dBs).

➣ Virtual ground is a concept based on the practical fact that the differential input voltage between 

plus and minus inputs is nearly (virtually) zero volts (very high voltage gain).

➣ Basic op-amp applications include:

● Inverting amplifier

● Non-inverting amplifier

● Unity-gain amplifier

● Summing amplifier

● Difference amplifier

● Integrator amplifier

● Differentiator amplifier

● Instrumentation amplifier

● Comparators and Schmitt triggers

➣ Important op-amp specifications include:

● Offset voltages and currents

● Frequency parameters

● Gain–bandwidth

● Slew rate

● Common Mode rejection ratio

● Input and output impedances

➣ Active filters offer a good number of advantages over passive filters such as good input imped-

ance and output impedance, good gain, good frequency response, good noise rejection and many 

more.

➣ The IC-555 timer is another most versatile linear IC that finds good number of applications in 

electronic system building.

➣ Typical IC-555 timer applications include multivibrators, ramp generators, capacitance meters, 

etc.

➣ PLL is another powerful linear IC that finds a good number of communication applications.

➣ Typical PLL applications include frequency multiplication, frequency translation, AM/FM gen-

eration, detection, FSK detection, etc.
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Review Questions

1. Sketch the output waveform for the circuit of Fig. P6.1 for a sinusoidal input of 2V(peak).

2. Sketch the output waveform for the circuit of Fig. P6.1 for a sinusoidal input of 2V(peak) when Rin

is increased tenfold.

3. Sketch the output waveform for the circuit of Fig. P6.1 for a sinusoidal input of 2V(peak) when Rf  

is decreased tenfold.

4. For the circuit of Fig. P6.1, what is the maximum input signal that results in an undistorted 

output?

5. What is the role of level shifter in an op-amp? Explain.

6. What is the meaning of virtual ground? On what assumption do we arrive at this concept?

7. Sketch the output waveform for the circuit of Fig. P6.7 for a sinusoidal input of 2V(peak).

8. Sketch the output waveform for the circuit Fig. P6.7 for a sinusoidal input of 2V(peak) when Rin is

increased tenfold.

9. Sketch the output waveform for the circuit of Fig. P6.7 for a sinusoidal input of 2V(peak) when Rf  

is decreased tenfold.

10. For the circuit of Fig. P6.7, what is the maximum input signal that results in an undistorted out-

put?

11. List the major functions of each block in an op-amp.

12. Obtain the operating point for a dual input, balanced output DA.

13. What is the significance of off sets in an op-amp? 

14. What is the significance of input impedance in an op-amp?

15. What is the significance of output impedance in an op-amp?

16. What is the significance of slew rate in an op-amp?

17. What is the significance of CMRR in an op-amp?

18. What is the significance of PSRR an op-amp?

19. What is the significance of unity gain bandwidth ‘fU’ in an op-amp?

20. What is the significance of full power bandwidth ‘fP’ in an op-amp?

21. Draw the transfer characteristics for an op-amp and comment on region of uncertainty.

22. What is the role of a buffer in system design using op-amps?

23. Explain how a buffer is different from a non-inverter.

24. An even number of buffers are cascaded together. What is the output expected for a sine-wave 

input?

25. An integrator with a square-wave input is driving a differentiator. What is the expected output of 

this cascaded combination?

26. Comment whether designing an Inverting type Op-Amp Summer is complex or a Non-Inverting 

type Op-Amp Summer?

27. An integrator with a sine wave input is driving a differentiator. What is the expected output of this 

cascaded combination?

28. A single op-amp difference amplifier fails to offer equal loading to the two input sources; explain 

why.

29. A two-op-amp difference amplifier also fails to offer equal loading to the two input sources; 

explain why.

30. An instrumentation amplifier or a three-op-amp difference amplifier offers equal loading to the 

two input sources; explain how.
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31. An instrumentation amplifier or a three-op-amp difference amplifier offers equal loading to the 

two input sources; explain how.

32. An instrumentation amplifier or a three-op-amp difference amplifier offers equal loading to the 

two input sources; explain how.

33. An instrumentation amplifier or a three-op-amp difference amplifier offers equal loading to the 

two input sources; explain how.

34. An instrumentation amplifier or a three-op-amp difference amplifier offers equal loading to the 

two input sources; explain how.

35. An instrumentation amplifier or a three-op-amp difference amplifier offers equal loading to the 

two input sources; explain how.

Exercise Problems

1. The input to the circuit of Fig. P6.1 is a sinusoidal input 

of 2V(rms). Calculate the peak value of voltage and plot 

the output wave form.

2. What input voltage results in an output of 2V(P-P) in the 

circuit of Fig. P6.1?

3. What is the range of the output voltage in the circuit of 

Fig. P6.1 if the input varies from 0.1 to 0.5 V and Rin is

raised by 50%?

4. What is the range of the output voltage in the circuit of 

Fig. P6.1 if the input resistance is a potentiometer that 

varies from 10k to 20k and Vin is 1V?

5. What input voltage results in an output of Vout = –1.5V 

in the circuit of Fig. P6.1?

6. What output voltage is resulted if the Rin and RF are 

interchanged in the Fig. 6.1 with an input of 10 V?

7. The input to the circuit of Fig. P6.7 is a sinusoidal input 

of 2V(rms), Calculate the peak value of voltage and plot 

the output waveform.

8. What input voltage results in an output of 2V(P-P) in the 

circuit of Fig. P6.7?

9. What is the range of the output voltage in the circuit of 

Fig. P6.7 if the input varies from 0.1 to 0.5 V and Rin is

raised by 50%?

11. What is the range of the output voltage in the circuit of Fig. P6.7 if the input resistance is a po-

tentiometer that varies from 10k to 20k and Vin is 1 V?

12. What input voltage results in an output of Vout = +1.5 V in the circuit of Fig. P6.7?

13. What output voltage is resulted if the Rin and RF are interchanged in Fig. 6.7 with an input of 

10 V?

14. a. Calculate the output voltage VO in the circuit of Fig. P6.14 given Vin = 5 Sin wt.

b. Plot the output voltage, VO with respect to Vin.

Fig. P6.1

Fig. P6.7
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Fig. P6.14

15. (a) Calculate the output voltage VO in the circuit of Fig. 6.14 given Vin =15 Sin wt.

(b) Plot the output voltage, VO with respect to Vin.

16. Calculate the total output voltage for the circuit of Fig. P6.16 given V1 = 200 mV, V2 = 400 mV 

and V3 = 800 mV.

Fig. P6.16

17. Calculate the total output voltage for the circuit of Fig. P6.16 if all the inputs are tied together and 

supplied with a voltage source of Vin = 200 mV.

18. Calculate and plot to scale the total output 

voltage for the circuit of Fig. P6.16 if all the inputs 

are tied together and supplied with a voltage source of 

Vin = 0.2 sin wt.

19. In problem 17, calculate the maximum value of input 

voltage that results in an undistorted output. 

20. Calculate the total output voltage for the 

circuit of Fig. P6.20 if all the inputs are tied together 

and supplied with a voltage source of Vin = 200 mV.

21. Calculate and plot to scale the total output 

voltage for the circuit of Fig. P6.20 if all the inputs 

are tied together and supplied with a voltage source of 

Vin = 0.2 sin wt. Fig. P6.20
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22. In problem 20, calculate the maximum value of input 

voltage that results in an undistorted output. 

23. Determine the output voltage for the circuit of 

Fig. P6.23 if V1 = 4000 mV and V2 = 2000 mV given 

the supply voltages are 12 V.

24. For the circuit of Fig. P6.20, calculate the output volt-

age if V1 and V2 are same.

25. Calculate time constant t for the circuit of Fig. 6.25 

and plot output if Vin is a square wave of 10VP-P ampli-

tude for (i) t << T, (ii) t >> T, and (iii) t @ T

26. Calculate time constant t for the circuit of Fig. 6.26 

and plot output if Vin is a square wave of 10VP-P ampli-

tude for (i) t << T, (ii) t >> T, and (iii) t @ T Fig. P6.23

Fig. P6.25 Fig. P6.26

27. Plot output VO if Vin is a square wave of 10VP-P amplitude 

in the circuit of Fig. P6.27.

28. Design an op-amp Schmitt trigger circuit to meet the fol-

lowing specifications: LTP = 2V, UTP = 4V and supply 

voltages VCC = ±12 V.

29. Calculate the values of LTP and UTP in the op-amp 

Schmitt trigger circuit of Fig. P6.29, given supply volt-

ages are VCC = ±12V.

30. Design a low-pass filter for a cut-off frequency of 1KHz 

with a pass-band gain of 2.

31. Plot the frequency response for the low-pass filter of 

problem 29.

32. Design a high-pass filter for a cut-off frequency of 2KHz 

with a pass-band gain of 2.

33. Plot the frequency response for the low pass filter of 

Problem 33.

34. Design a band-pass filter for cut-off frequencies of 2 KHz 

and 5 KHz with a pass-band gain of 2.

35. Calculate the Q-factor for the circuit of problem 34 and 

Draw the designed circuit.

Fig. P6.27

Fig. P6.29
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36. Design a band-elimination filter for cut-off frequencies of 2 KHz and 5 KHz with a pass band 

gain of 2

37. Calculate the Q-factor for the circuit of problem 36 and Draw the designed circuit.

38. Calculate the output frequency of an astable multivibrator using IC-555 having R1 = R2 = 10 kW
and C1 = 0.1 mF.

39. (a) Calculate the on period TON for a Monostable multivibrator using IC-555 having R1 = 10 kW
and C1 = 0.1 mF.

(b) What should be the value of supply voltage to produce a pulse amplitude of ~10V?

Multiple-Choice Questions

1. Which of the following devices is very compact and require very less space in systems?

(a) integrated circuits (b) solid state devices

(c) vacuum tube devices (d) all the above

2. An integrated circuits is characterised by and requires very less space in systems of

(a) very compact size (b) low power consumption

(c) high speed (d) all the above

3. A Linear Integrated circuit responds to 

(a) analog signal (b) digital signal

(c) neither (a) nor (b) (d) both (a) and (b)

4. An op-amp is a Linear integrated circuit that is

(a) an RC coupled high-gain amplifier (b) a direct-coupled medium-gain amplifier 

(c) a direct-coupled high-gain amplifier (d) an RC coupled medium-gain amplifier

5. The basic building block of an op-amp is

(a) an RC coupled amplifier (b) a differential amplifier

(c) an oscillator (d) all the above

6. An op-amp can amplify

(a) only ac signals (b) only dc signals

(c) neither (a) nor (b) (d) both (a) and (b)

7. The first stage of an op-amp is

(a) level shifter (b) single ended DA (c) double ended DA (d) driver amplifier

8. The second stage of an op-amp is

(a) double ended DA (b) single ended DA (c) level shifter (d) driver amplifier

9. The third stage of an op-amp is

(a) level shifter (b) single ended DA (c) double-ended DA (d) driver amplifier

10. The fourth stage of an op-amp is

(a) driver amplifier (b) single ended DA (c) level shifter (d) double-ended DA

11. The first stage of an op-amp is mainly responsible for   

(a) input impedance (b) bandwidth (c) CMMR (d) all the above

12. The second stage of an op-amp is mainly responsible for

(a) drift (b) stability

(c) offset voltages and currents (d) all the above

13. The fourth stage of an op-amp is mainly responsible for

(a) driving capability (b) output impedance

(c) both (a) and (b) (d) neither (a) nor (b)
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14. The ability of an op-amp to reject the common mode signals is termed as its

(a) common-mode gain (b) differential mode gain

(c) offset voltages (d) CMRR

15. The ability of an op-amp to respond to high frequency input signals is termed as its

(a) drift (b) stability (c) slew rate (d) CMRR

16. The CMRR for an op-amp is usually expressed in

(a) volts (b) decibels (dB) (c) Volts/S (d) Volts/mS

17. The Slew rate for an op-amp is usually expressed in   

(a) volts (b) decibels (dB) (c) Volts/S (d) Volts/mS

18. The open loop gain AV of an op-amp is usually very high, of the order of

(a) 1015 (b) 1025 (c) 105 (d) 1050

19. The input impedance of an op-amp is usually very high, of the order of

(a) mega Ohms (b) kilo Ohms (c) micro-ohms (d) terra-ohms

20. The input impedance of an op-amp can be further improved by the use of

(a) emitter follower (b) FET input stages

(c) both (a) and (b) (d) neither (a) nor (b)

21. The stability of an op-amp can be further improved by the use of

(a) constant-current source (b) large RE

(c) small RE (d) emitter follower

22. The scale factor of an op-amp Inverter is the ratio of

(a) Zin to ZO (b) ZO to Zin (c) Rin to RF (d) RF to Rin

23. The phase difference between input and output signal of an op-amp inverter is

(a) Zero (b) 120° (c) 360° (d) 180°

24. The gain of an op-amp inverter with input R1 and feedback RF is given by

(a) = + F

1

1
R

A
R

(b) = + 1

F

1
R

A
R

(c) = + F

1

R
A

R
(d) = F

1

–
R

A
R

25. The gain of an op-amp circuit with supply voltages of ±12 V is limited to

(a) around 11V (b) around 1V (c) around 11mV (d) around 11mV

26. The gain of an op-amp Non-Inverter with input R1 and feedback RF is given by

(a) = + F

1

1
R

A
R

(b) = + 1

F

1
R

A
R

(c) = + F

1

R
A

R
(d) = F

1

–
R

A
R

27. The phase difference between input and output signal of an op-amp non-inverter is

(a) Zero (b) 120° (c) 270° (d) 180°

28. The gain of an op-amp non-inverter with input R1 equal to feedback RF is given by

(a) Zero (b) 2 (c) 5 (d) 10

29. The input impedance of an op-amp non-inverter with feedback is given by

(a)
b

=
+

in
iF

(1 )

R
R

A
(b)

b
= in

iF
(1 – )

R
R

A
(c) b= +iF in (1 )R R A (d) none of the above

30. The output impedance of an op-amp non-inverter with feedback is given by

(a)
b

=
+

O

OF
(1 )

R
R

A
   (b)

b
= O

OF
(1 – )

R
R

A

(c) ROF = RO(1 + Ab)   (d) none of the above
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31. The phase difference between input and output signals of an op-amp buffer is

(a) Zero (b) 120° (c) 270° (d) 180°

32. The gain of an op-amp of buffer is

(a) zero (b) 1 (c) 2 (d) infinity

33. The circuit of an op-amp non-inverter can be converted in to a buffer by

(a) making RF Zero (b) making R1 infinity (c) both (a) and (b) (d) neither (a) nor (b)

34. An op-amp voltage follower is generally used for

(a) impedance matching (b) increasing the driving

(c) both (a) and (b) (d) neither (a) nor (b)

35. An op-amp comparator produces an output that is proportional to

(a) zero (b) sum of the two inputs

(c) difference of the two inputs (d) infinity

36. An op-amp comparator produces a non-zero output, if the two input signals are

(a) different (b) same (c) zero (d) infinity

37. An op-amp Schmitt trigger produces a rectangular output, if the input signal is

(a) a sine wave (b) a triangular wave

(c) both (a) and (b) (d) neither (a) nor (b)

38. The UTP for an op-amp Schmitt trigger is given by 

(a) o refUTP = (1 – )V Vb b± (b) b b±o refUTP = – (1 – )V V

(c) b b= ±o refUTP (1 – ) (1 – )V V (d) b b= ±o refUTP – (1 – ) (1 – )V V

39. The LTP for an op-amp Schmitt trigger is given by

(a) b b= ±o refUTP (1 – )V V (b) b b= ±o refUTP – (1 – )V V

(c) b b= ±o refUTP (1 – ) (1 – )V V (d) b b= ±o refUTP – (1 – ) (1 – )V V

40. The hysteresis VH for an op-amp Schmitt trigger is given by

(a) VH = UTP ¥ LTP (b) VH = UTP / LTP

(c) VH = UTP – LTP (d) VH = UTP + LTP

41. The magnitude of LTP and UTP for an op-amp Schmitt trigger with hysteresis VH = 0 are

(a) both Zero (b) both equal

(c) both positive (d) both negative 

42. An active filter using op-amp as compared to a passive filter offers good

(a) gain (b) input impedance

(c) frequency response (d) all the above

43. As the order of the active filter increases, the separation between pass and stop band

(a) becomes zero (b) steepens (c) not affected (d) none of the above

44. The selectivity of an active filter using op-amp depends on the

(a) upper cut-off frequency (b) lower cut-off frequency

(c) quality factor (d) all the above

45. The supply voltage for the IC-555 timer varies from

(a) 0 to 10 V (b) 3 to 5 V (c) 3 to 9 V (d) 3 to 18 V

46. The reference signals for the comparators in a IC-555 timer are obtained from 

(a) separate sources (b) a 3R network

(c) both (a) and (b) (d) neither (a) nor (b)
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47. An astable multivibrator using IC-555 is a square wave generator since it uses

(a) no input to generate a square wave

(b) square-wave input to generate a square wave

(c) sine-wave input to generate a square wave

(d) none of the above

48. A monostable multivibrator using IC-555 produces a pulse whose period is

(a) TP = 0.693RC (b) TP = 1.099RC

(c) both (a) and (b) (d) neither (a) nor (b)

49. The basic building block/s of a PLL is/are

(a) a phase comparator (b) an active LPF

(c) a VCO (d) all the above

50. The VCO in a PLL is driven by the

(a) the error signal generated by Phase comparator

(b) input signal

(c) the error signal generated by LPF

(d) none of the above





Goals and Objectives

Upon completion of this chapter, the reader is expected to

➤ Understand the differences between analog and digital signals

➤ Understand the differences between positive and negative logic

➤ Understand the basics of different number systems and their inter-

conversions

➤ Understand the basics of Boolean algebra and Boolean postulates

➤ Become familiar with De Morgan’s theorems and their use

➤ Become familiar with the basic gates, their function tables and symbols

➤ Become familiar with the universal gates, their function table and symbols

➤ Understand the realisation of basic gates using universal gates

➤ Understand the need for simplification of switching functions before 

realisation

➤ Understand the process of simplification of switching functions using Boolean 

theorems

➤ Understand the basics of Karnaugh-map simplification of switching functions

➤ Realise some of the basic arithmetic circuits like half adders, full adders, etc.

➤ Understand the basic concepts of latches, flip-flops and their applications

➤ Understand the basic concepts of counters and their uses in system design

➤ Understand the basic concepts of shift registers and their uses in system 

design

➤ Feel confident of taking up the next courses in digital system design

7Digital Electronics
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7.1 INTRODUCTION

Digital computers are widely used for various control and process applications in industry. Many sci-

entific applications such as space research, where satellite launching and monitoring is to be done, and 

industrial applications such as automobile electronic automation are achieved using digital computers. 

These digital computers accept strings of 1s and 0s as data and control inputs, process these strings 

and again produce strings of 1s and 0s as outputs. These data streams are obtained by converting 

continuous analog signals into a finite number of discrete states using a process called digitisation or

quantisation. The conversion of an analog signal to digital form can be done using circuits such as 

an Analog-to-Digital Convertor (ADC). This information is digital in nature, so it is natural to process 

and manipulate it using purely digital techniques. The drawback of digitisation is that a single analog 

signal needs many discrete states or bits, in order to give a satisfactory reproduction. For example, it 

requires a minimum of 10 bits to determine a voltage at any given time to an accuracy of close to 0.1%

and for transmission of this signal, we require 10 separate lines instead of the one original analog line. 

The explosion in digital techniques and technology has been made possible by the incredible increase 

in the density of digital circuitry, its robust performance, its relatively low cost and its speed. The ba-

sic circuitry used is a transistor switch, which can be operated with two states and hence, the digital 

information is intrinsically binary. Finally, the external world needs an analog signal and hence, the 

processed digital information needs a re-conversion back to analog form. This is done by using a circuit 

called a Digital-to-Analog Convertor (DAC).

1. Positive Logic

In this case, logical ‘TRUE’ refers to logical ‘HIGH’ and represents + 5 V; logical ‘FALSE’ refers to 

logical ‘LOW’ and represents 0 V. Positive logic is hence also called a positive true logic or high true 

logic.

FALSE or Logic-0 = LOW = 0 V

TRUE or Logic-1 = HIGH = 5 V

2. Negative Logic

In this case, logical ‘TRUE’ refers to logical ‘LOW’ and represents + 5 V; logical ‘FALSE’ refers to 

logical ‘HIGH’ and represents 0 V. Negative logic is hence also called a negative true logic or low 

true logic.

FALSE or Logic-0 = HIGH = 0 V

TRUE or Logic-1 = LOW = 5 V

Table 7.1 shown below indicates conventions for defining binary logic states: the low-voltage state 

(L) is generally 0 to 0.8 volts and the high-voltage state (H) is roughly 2.5 to 5 volts.

Table 7.1 Logic levels

Digital

Logic

Boolean

Algebra

Voltage State
Voltage levels in 

both LogicsPositive logic Negative logic

TRUE(T) 1 High (H) Low (L) 5 V

FALSE(F) 0 Low (L) High (H) 0 V
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The convention for naming these states is illustrated in Fig. 7.1 and the 

‘positive logic’ case is illustrated. In the figure, when the switch is open, the 

stated function is True (T) and this corresponds to a high voltage ( + 5 V) at the 

labeled output point. Similarly, when the switch is closed, the stated function 

is False (F) and this corresponds to a low voltage (0 V) at the labeled output 

point.

With a closed switch, the labeled point is connected to ground, with a 5-volt 

drop across the resistor and a current of I = V/R = 5 mA through it.

There are basically two ways of representing the numerical value of quanti-

ties: analog representation and digital representation.

7.1.1 Analog Representation

In analog representation, a voltage or a current is represented as a continuous function of time, i.e. 

variation in amplitude over a continuous range of time values. At different time intervals, instantaneous 

amplitude of the signal is represented as a function of time. Figure 7.2(a) indicates variation of an 

analog voltage vs time.

Fig. 7.2 (a) Analog signal (b) Digital signal

7.1.2 Digital Representation

In digital representation, a voltage or a current is represented as a discrete (noncontinuous) function 

of time. In digital representation, the signal quantities are represented by symbols called digits. As an 

example, consider the digital watch, which provides the time of day in the form of decimal digits which 

represent hours, minutes and seconds. At different time intervals, the digital representation of the time 

of day changes in discrete steps. Figure 7.2(b) indicates variation of an analog voltage vs time.

7.1.3 Analog Representation Vs Digital Representation

Data processing and control in the present scenario is almost digital and digital computers are, there-

fore, used everywhere. These digital processors require the input data to be in digital form and produce 

digital data output. The performance of any digital system in comparison with an analog system can 

therefore be understood by making a study of advantages and disadvantages of a digital representation. 

Advantages of Digital Representation over Analog Representation

1. Exact digital values of voltage or current are not important, but only the range (HIGH or LOW) 

in which they fall is important.

2. Information processing and storage is very easy.

Fig. 7.1 Logic levels
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3. Higher accuracy and precision can be achieved in digital systems.

4. Effect of noise on digital circuits is less as long as the noise is not large enough to prevent us from 

distinguishing a HIGH from a LOW.

5. More digital circuitry can be fabricated on a unit area of silicon IC chips.

Disadvantages of Digital Representation

1. Analog systems are more reliable than digital systems.

2. The real world is mainly analog in nature. Most physical quantities are analog in nature and it is 

these quantities that are often the inputs and outputs that are being monitored, operated on and 

controlled by a system.

To take advantage of digital techniques when dealing with analog inputs and outputs, the following 

three steps are followed:

1. Convert the real-world analog inputs to digital form using an analog-to-digital converter.

2. Process (operate on) the digital information.

3. Convert the digital outputs back to analog form using a digital-to-analog converter.

7.2 NUMBER SYSTEMS

Digital computers are now part and parcel of everyday life; here, we find a computer embedded into 

every application we use. These computers use digital numbers for all their process-and-control opera-

tions. In everyday life, we use the decimal number system which is very convenient; however, there are 

different number systems available in addition to the decimal number system, such as binary number 

system, octal number system, hexadecimal number system, etc. In this section, we will understand the 

basics of all these number systems and conversion from one number system to another.

7.2.1 Decimal Number System

The most commonly used number system worldwide is the decimal number system. The decimal num-

ber system, also called the base-10 system, has the base or radix of 10 and the system is composed of 

10 numerals or symbols or digits used for representation: they are 0, 1, 2, 3, 4, 5, 6, 7, 8 and 9. Using 

these symbols any number can be easily represented, for example, we can represent ‘nine thousand 

eight hundred and seventy-six’ as 9876 as in Eq. (7.1). This is basically a shorthand notation for ‘nine 

thousands plus eight hundreds plus seven tens plus six’,

i.e. 9876 = 9 ¥ 103 + 8 ¥ 102 + 7 ¥ 101 + 6 ¥ 100 (7.1)

All of us are completely familiar with the decimal number system and decimal arithmetic such as 

decimal addition, decimal subtraction, etc. Therefore, it is not necessary to consider decimal arithmetic 

once again. However, representation of decimal numbers is depicted in Table 7.2. Here representation 

of both integer and fractional numbers is given.

Table 7.2 Decimal number system

104 103 102 101 100 10–1 10–2 10–3 10–4

= 10000 = 1000 = 100 = 10 = 1 . = 0.1 = 0.01 = 0.001 = 0.0001

Most

significant 

digit

Decimal

point

Least

significant 

digit
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7.2.2 Binary Number System

All digital systems make use of the binary number system extensively. The binary number system, also 

called the base-2 system, has the base or radix of 2 and the system is composed of only 2 numerals 

or symbols or digits used for representation: they are 0 and 1. Each digit in binary is a ‘0’ or a ‘1’ and 

is called a bit, which is an abbreviation of binary digit. This base-2 system can be used to represent 

any quantity that can be represented in decimal or any other number system. Using these symbols, any 

number can be easily represented; for example, we can represent the decimal ‘two hundred and fifty-

five’ in binary as indicated in Eq. (7.2) in Example 7.1. This is basically a shorthand notation for ‘two 

hundreds plus five tens plus five.’ It is based on the representation available in Table 7.3 and is clearly 

depicted in Example 7.1. However, the complete conversion procedure required is provided in Section 

7.3.2.

Example 7.1

Represent 111111112 in its equivalent decimal form.

Solution

111111112 = 1 ¥ 27 + 1 ¥ 26 + 1 ¥ 25 + 1 ¥ 24 + 1 ¥ 23 + 1 ¥ 22 + 1 ¥ 21 + 1 ¥ 20 (7.2)

= 1 ¥ 128 + 1 ¥ 64 + 1 ¥ 32 + 1 ¥ 16 + 1 ¥ 8 + 1 ¥ 4 + 1 ¥ 2 + 1 ¥ 1

= 128 + 64 + 32 + 16 + 8 + 4 + 2 + 1 = 25510

\ 25510 = 111111112

The subscripts used in the above representation indicate the radix of the number system. Repre-

sentation of binary numbers is depicted in Table 7.3; here representation of both integer and fractional 

numbers is given.

Table 7.3 Binary number system

24 23 22 21 20 2–1 2–2 2–3 2–4

= 16 = 8 = 4 = 2 = 1 . = 0.5 = 0.25 = 0.125 = 0.0625

Most

Significant Bit 

(MSB)

Binary

point

Least

Significant Bit 

(LSB)

Example 7.2

Represent 1011012 in its equivalent decimal form.

Solution

1011012 = 1 ¥ 25 + 0 ¥ 24 + 1 ¥ 23 + 1 ¥ 22 + 0 ¥ 21 + 1 ¥ 20

= 1 ¥ 32 + 0 ¥ 16 + 1 ¥ 8 + 1 ¥ 4 + 0 ¥ 2 + 1 ¥ 1

= 32 + 8 + 4 + 1 = 4510

\ 4510 = 1011012

The binary counting sequence is shown in Table 7.4 where the representation can be further

extended by adding additional columns.
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Table 7.4 Binary counting table

Binary Weights Decimal

Equivalents Remarks23 22 21 20

— — — 0 0 —

— — — 1 1 First column is completed

— — 1 0 2 Reset first column and add 1 to second column

— — 1 1 3 First two columns are completed

— 1 0 0 4 Reset first two columns and add 1 to third column

— 1 0 1 5 —

— 1 1 0 6 —

— 1 1 1 7 First three columns are completed

1 0 0 0 8 Reset first three columns and add 1 to fourth column

1 0 0 1 9 —

1 0 1 0 10 —

1 0 1 1 11 —

1 1 0 0 12 —

1 1 0 1 13 —

1 1 1 0 14 —

1 1 1 1 15 —

There are several common conventions for representation of numbers in binary: the most familiar is 

unsigned binary. Another example of an 8-bit number in this case is

010011112 = 0 ¥ 27 + 1 ¥ 26 + º + 1 ¥ 20 = 0 + 64 + 0 + 0 + 8 + 4 + 2 + 1 = 7910 (7.3)

The subscripts are used to indicate the radix of the system and will not be considered while finding 

the equivalent values.

7.2.3 Representation of Signed Numbers

To represent signed numbers, there are three commonly used forms are indicated below. Representation 

of positive numbers is same in all the three cases, but representation of negative numbers is different in 

all the three cases. When a positive number is to be represented, the sign is represented by a 0 and the 

magnitude is represented by a positive binary number. When a negative number is to be represented, the 

sign is represented by a 1 and the magnitude part is represented by any of the following forms.

(i) Sign magnitude representation

(ii) One’s complement representation

(iii) Two’s complement representation

Sign Magnitude Representation

In sign magnitude representation, the sign of the number is represented by the MSB and the magnitude 

is represented by a positive binary number. For example, the number 1210 can be represented as an 8-bit 

number in sign magnitude form as shown in Eq. (7.4) below:

+ 1210 = 0 000 1100 and – 1210 = 1 000 1100 (7.4)
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It can be observed that only the sign bit changes and the magnitude bits are same in both the 

cases.

Sign 1’s Complement Representation

In sign 1’s complement representation, the sign of the number is represented by the MSB and the mag-

nitude is represented by 1’s complement of the binary number. For example, the same number 1210 can 

be represented as an 8-bit number in sign 1’s complement form as shown in Eq. (7.5) below:

 + 1210 = 0 000 1100 and –1210 = 1 111 0011 (7.5)

It can be observed that both the sign bit and the magnitude bits are changing here. The magnitude 

bits are in 1’s complement form.

Sign 2’s Complement Representation

In sign 2’s complement representation, the sign of the number is represented by the MSB and the mag-

nitude is represented by 2’s complement of the binary number. For example, the same number 1210 can 

be represented as an 8-bit number in sign 1’s complement form as shown in Eq. (7.6) below:

+ 1210 = 0 000 1100 and – 1210 = 1 111 0100 (7.6)

It can be observed that both the sign bit and the magnitude bits are changing here. The magnitude 

bits are in 2’s complement form.

Example 7.3

Represent +010 and –010 in 8-bit sign-magnitude, sign 1’s complement and sign 2’s complement 

forms.

Solution The three representations for a positive and negative representation are shown in Table 7.5. 

It can be observed here that the first two types have two different representations, while the 2’s comple-

ment form has a single representation for both the zeros.

Of the three representations, sign 2’s complement form has the advantage of one extra representa-

tion: because in the first two cases, we have a separate representation for positive and negative zeros. 

In 2’s complement form, both zeros have only one representation and hence, this representation is 

preferred in most computers.

Table 7.6 presents the representation of both positive and negative numbers using sign magnitude, 

sign 1’s complement and sign 2’s complement forms. It can be observed here that a positive number has 

same representation in all three types as indicated in the last three rows. A negative number has sign bit 

‘1’ and different magnitude part in all three forms; this is indicated in the table.

Table 7.5 Positive and negative zero representations

Sign Magnitude Sign 1’s Complement Sign 2’s Complement

+ 0 0 000 0000 0 000 0000 0 000 0000

– 0 1 000 0000 1 111 1111 0 000 0000
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Table 7.6 Positive and negative number representation

Sign Magnitude Sign 1’s Complement Sign 2’s Complement

–12 1 000 1100 1 111 0011 1 111 0100

–9 1 000 1001 1 111 0110 1 111 0111

–1 1 000 0001 1 111 1110 1 111 1111

+0 0 000 0000 0 000 0000 0 000 0000

–0 1 000 0000 1 111 1111 0 000 0000

+1 0 000 0001 0 000 0001 0 000 0001

+9 0 000 1001 0 000 1001 0 000 1001

+12 0 000 1100 0 000 1100 0 000 1100

7.2.4 Octal Number System

Some digital systems make use of another important number system known as the octal number sys-

tem. The octal number system, also called the base-8 system, has the base or radix of 8 and the system 

is composed of 8 numerals or symbols or digits used for representation: they are 0, 1, 2, 3, 4, 5, 6 and 

7. This base-8 system can be used to represent any quantity that can be represented in decimal or any 

other number system. Using these symbols, any number can be easily represented; for example, we can 

represent the decimal ‘three hundred and seventeen’ as 475 in octal. This is basically a shorthand nota-

tion for ‘three hundreds plus one ten plus seven’, it is based on the representation available in Table 7.5 

and is clearly depicted in Eq. (7.7) in Example 7.4.

Example 7.4

Represent 4758 in its equivalent decimal form.

Solution

4758 = 4 ¥ 82 + 7 ¥ 81 + 5 ¥ 80 (7.7)

= 4 ¥ 64 + 7 ¥ 8 + 5 ¥ 1 = 256 + 56 + 5 = 31710

\ 4758 = 31710

Representation of octal numbers is depicted in Table 7.7. Here, representation of both integer and 

fractional numbers is given.

Table 7.7 Octal number system

84 83 82 81 80 8–1 8–2 8–3 8–4

= 4096 = 512 = 64  = 8  = 1 .  = 0.125  = 0.0625  = 0.00778  = 0.00097

Most

significant

digit

Octal

point

Least

significant

digit

The octal counting sequence is shown in Table 7.8 where the representation can be further extended 

by adding additional columns.
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Table 7.8 Octal number counting sequence

Octal Weights Decimal

Equivalents Remarks83 82 81 80

— — — 0 0 —

— — — 1 1 —

— — — 2 2 —

— — — 3 3 —

— — — 4 4 —

— — — 5 5 —

— — — 6 6 —

— — — 7 7 First column is completed

— — 1 0 8 Reset first column and add 1 to second column

— — 1 1 9 —

— — 1 2 10 —

— — 1 3 11 —

— — 1 4 12 —

— — 1 5 13 —

— — 1 6 14 —

— — 1 7 15 First column is completed

— — 2 0 16 Reset first column and add 1 to second column

7.2.5 Hexadecimal Number System

Most digital systems make use of another very important number system known as the hexadecimal 

number system. The hexadecimal number system, also called the base-16 system, has the base or radix 

of 16 and the system is composed of 16 numerals or symbols or digits used for representation: they 

are 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and A, B, C, D, E and F. This base-16 system can be used to represent any 

quantity that can be represented in decimal or any other number system. Using these symbols, any 

number can be easily represented; for example, we can represent decimal ‘forty-three thousand, nine 

hundred and eighty-one’ as ABCD in hexadecimal. This is basically a shorthand notation for ‘forty-

three thousands plus nine hundreds plus eight ten plus one.’ It is based on the representation available 

in Table 7.7 and is clearly depicted in Eq. (7.8) in Example 7.5.

Example 7.5

Represent ABCD16 in its equivalent decimal form.

Solution

ABCD16 = A ¥ 163 + B ¥ 162 + C ¥ 161 + D ¥ 160 (7.8)

= 10 ¥ 4096 + 11 ¥ 256 + 12 ¥ 16 + 13 ¥ 1

= 40960 + 2816 + 192 + 13 = 4398110
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Table 7.9 Hexadecimal number system

164 163 162 161 160 16–1 16–2 16–3 16–4

= 65536 = 4096 = 256 = 16 = 1 . = 0.0625 = 0.003906 = 0.000244 = 0.0000153

Most

significant

digit

Hexa-

decimal

point

Least

significant

digit

Representation of hexadecimal numbers is depicted in Table 7.9. Here, representation of both 

integer and fractional numbers is given.

The hexadecimal counting sequence is shown in Table 7.10 where the representation can be further

extended by adding additional columns.

Table 7.10 Hexadecimal number counting sequence

Hexadecimal Weights
Decimal

Equivalents Remarks163 162 161 160

— — — 0 0 —

— — — 1 1 —

— — — 2 2 —

— — — 3 3 —

— — — 4 4 —

— — — 5 5 —

— — — 6 6 —

— — — 7 7 —

— — — 8 8 —

— — — 9 9 —

— — — A 10 —

— — — B 11 —

— — — C 12 —

— — — D 13 —

— — — E 14 —

— — — F 15 First column is completed

— — 1 0 16 Reset first column and add 1 to second column

— — 1 1 17 —

7.3 NUMBER BASE CONVERSIONS

On a number of occasions, conversion from one number system to another number system becomes 

essential; this allows the use of different number systems. Generally, digital computers use binary or 

hexadecimal number systems and other number systems if used need a conversion. The following sections 
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illustrate the conversion from one number system to another number system and the examples used 

help the reader in understanding these conversions further.

7.3.1 Binary-to-Decimal Conversion

The given binary number can be converted to its equivalent decimal number by multiplying each bit in 

the given number by its positional weight as given in Table 7.3 and adding all these values or products. 

To convert from base-2, that is binary, to base-10, that is decimal, one can make use of Table 7.3. 

Example 7.6 clearly depicts the conversion procedure:

Example 7.6

Convert 1011012 to its equivalent decimal number.

Solution

1011012 = 1 ¥ 25 + 0 ¥ 24 + 1 ¥ 23 + 1 ¥ 22 + 0 ¥ 21 + 1 ¥ 20

= 1 ¥ 32 + 0 ¥ 16 + 1 ¥ 8 + 1 ¥ 4 + 0 ¥ 2 + 1 ¥ 1

= 32 + 8 + 4 + 1 = 4510

\ 1011012 = 4510

Example 7.7

Convert 111111112 to its equivalent decimal number.

Solution

111111112 = 1 ¥ 27 + 1 ¥ 26 + 1 ¥ 25 + 1 ¥ 24 + 1 ¥ 23 + 1 ¥ 22 + 1 ¥ 21 + 1 ¥ 20

= 1 ¥ 128 + 1 ¥ 64 + 1 ¥ 32 + 1 ¥ 16 + 1 ¥ 8 + 1 ¥ 4 + 1 ¥ 2 + 1 ¥ 1

= 128 + 64 + 32 + 16 + 8 + 4 + 2 + 1 = 25510

\ 111111112 = 25510

Fractions Conversion

In order to convert a binary fraction into its equivalent decimal number, each bit in the fractional part 

is multiplied by its positional weight after the decimal point as given in Table 7.3 and adding all these 

values or products. This is illustrated in Eqs. (7.9) and (7.10) in Example 7.8

Example 7.8

Convert 110101.10112 to its equivalent decimal number.

Solution Integer Part:

1101012 = 1 ¥ 25 + 1 ¥ 24 + 0 ¥ 23 + 1 ¥ 22 + 0 ¥ 21 + 1 ¥ 20 (7.9)

= 1 ¥ 32 + 1 ¥ 16 + 0 ¥ 8 + 1 ¥ 4 + 0 ¥ 2 + 1 ¥ 1

= 32 + 16 + 4 + 1 = 5310

Fractional Part:

0.10112 = 1 ¥ 2–1 + 0 ¥ 2–2 + 1 ¥ 2–3 + 1 ¥ 2–4 (7.10)

= 1 ¥ 1/2 + 0 ¥ ¼ + 1 ¥ 1/8 + 1 ¥ 1/16

= 1 ¥ 0.5 + 0 ¥ 0.25 + 1 ¥ 0.125 + 1 ¥ 0.0625

= 0.5 + 0.125 + 0.0625 = 0.687510

\ 110101.10112 = 53.687510



308 Basic Electronics

7.3.2 Decimal-to-Binary Conversions

The given decimal number, i.e. integer part, is repeatedly divided by two, which is the base of the bi-

nary number system until the remainder becomes less than the radix of the binary number system, i.e. 

either a 0 or a 1. Then, these remainders are arranged from bottom to top to get the binary equivalent of 

the decimal integer. This is clearly illustrated in Example 7.9.

Example 7.9

Convert 25510 to its equivalent binary number.

Solution
2 255

2 127 Æ 1

2 63 Æ 1

2 31 Æ 1

2 15 Æ 1

2 7 Æ 1

2 3 Æ 1

1 Æ 1 \ 25510 = 111111112

Fraction Conversion

In order to convert a fractional part in the decimal system into its binary equivalent, the fractional part 

is repeatedly multiplied by 2 until the fraction becomes zero or until the desired number of places after 

the binary point is reached. The integer bits are then arranged from top to bottom to get the equivalent 

fractional binary equivalent.

Example 7.10

Convert 255.6510 to its equivalent binary number.

Solution

2 255

2 127 Æ 1

2 63 Æ 1

2 31 Æ 1

2 15 Æ 1

2 7 Æ 1

2 3 Æ 1

1 Æ 1 25510 = 111111112

0.65 ¥ 2

1.30 ¥ 2 Æ 1

0.60 ¥ 2 Æ 0

1.20 ¥ 2 Æ 1

0.40 ¥ 2 Æ 1 0.6510 = 10112

\ 255.6510 = 11111111 .10112
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7.3.3 Binary-to-Octal Conversion

The given binary number can be converted to its equivalent octal number by using the following 

procedure:

 1. Group the binary digits into groups of three bits each, starting from the binary point to the left for 

the integer part and to the right for the fractional part. Preceding zeros may be appended for the 

integer part and following zeros may be appended for the fractional part to complete the group.

 2. Multiply each bit in the given group by its positional weight as given in Table 7.3 and add all 

these values or products to get the octal digits.

 3. Retain the binary point in the same position as the octal point; the resulting number is the equiva-

lent octal number.

Example 7.11 Clearly depicts the conversion procedure for a binary number into its equivalent octal 

number.

Example 7.11 

Convert 10110102 to its equivalent octal number.

Solution Step 1: Group binary digits into groups of 3 bits from the right.

i.e. 1 011 010 = 001 011 010

Append zeros to complete the group.

Step 2: Now using Table 7.3, find the decimal equivalent of each group.

 0 ¥ 22 + 0 ¥ 21 + 1 ¥ 20 0 ¥ 22 + 1 ¥ 21 + 1 ¥ 20 0 ¥ 22 + 1 ¥ 21 + 0 ¥ 20

= 1 = 3 = 2

= 1328

\ 10110102 = 1328

Example 7.12

Convert 10110101.01110112 to its equivalent octal number.

Solution: Step 1: Group binary digits into groups of 3 bits from the right.

i.e. 010 110 101 ◊ 011 101 100

Append zeros to complete the group.

Step 2: Now using Table 7.3, find decimal equivalent of each group.

0 ¥ 22 + 1 ¥ 21 + 0 ¥ 20 1 ¥ 22 + 1 ¥ 21 + 0 ¥ 20  1 ¥ 22 + 0 ¥ 21 + 1 ¥ 20

= 2 = 6 = 5

 0 ¥ 22 + 1 ¥ 21 + 1 ¥ 20  1 ¥ 22 + 0 ¥ 21 + 1 ¥ 20 1 ¥ 22 + 0 ¥ 21 + 0 ¥ 20

= 3 = 5 = 4

\ 101101012 = 265.3548
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7.3.4 Octal-to-Binary Conversion

The given octal number can be converted to its equivalent binary number by using the following 

procedure:

1. Map the individual octal digits into groups of three binary bits, each starting from the octal point 

to the left for the integer part and to the right for the fractional part.

2. Retain the octal point in the same position as the binary point; the resulting number is the equiva-

lent binary number.

Example 7.13 clearly depicts the conversion procedure for an octal number into its equivalent binary 

number.

Example 7.13

Convert 1328 to its equivalent binary number.

Solution Map the individual octal digits into 3-bit binary numbers,

i.e.  1 3 2

= 001 011 010

\ 1328 = 10110102

Example 7.14

Convert 265.3548 to its equivalent binary number.

Solution Map the individual octal digits into 3-bit binary numbers from the octal point,

i.e.  2 6 5 ◊ 3 5 4

= 010 110 101 ◊ 011 101 100

\   265.3548 = 010110101.0111011002

7.3.5 Binary-to-Hexadecimal Conversion

The given binary number can be converted to its equivalent hexadecimal number by using following 

procedure:

1. Group the binary digits into groups of four bits each, starting from the binary point to the left 

for the integer part and to the right for the fractional part. Preceding zeros may be appended for 

the integer part and following zeros may be appended for the fractional part to complete the 

group.

2. Multiply each bit in the given group by its positional weight as given in Table 7.3 and add all 

these values or products to get the hexadecimal digits.

3. Retain the binary point in the same position as the hexadecimal point; the resulting number is the 

equivalent hexadecimal number.

Example 7.15 clearly depicts the conversion procedure for a binary number into its equivalent hexa-

decimal number.
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Example 7.15

Convert 10110102 to its equivalent hexadecimal number.

Solution Step 1: Group binary digits into groups of 4 bits from the right,

i.e. 101 1010 = 0101 1010

Append zeros to complete the group.

Step 2: Now using Table 7.3, find the decimal equivalent of each group.

 0 ¥ 23 + 1 ¥ 22 + 0 ¥ 21 + 1 ¥ 20 1 ¥ 23 + 0 ¥ 22 + 1 ¥ 21 + 1 ¥ 20

 = 510 = 516 = 1010 = A16

= 1328

\ 10110102 = 5A16

Example 7.16

Convert 10110101.01110112 to its equivalent hexadecimal number.

Solution Step 1: Group binary digits into groups of 4 bits from the binary point,

i.e. 1011 0101 ◊ 0111 0110

Append zeros to complete the group.

Step 2: Now using Table 7.3, find the decimal equivalent of each group and using Table 7.5, obtain its 

hexadecimal equivalent.

 1 ¥ 23 + 0 ¥ 22 + 1 ¥ 21 + 1 ¥ 20 0 ¥ 23 + 1 ¥ 22 + 0 ¥ 21 + 1 ¥ 20

= 1110 = B16 = 510 = 516

 0 ¥ 23 + 1 ¥ 22 + 1 ¥ 21 + 1 ¥ 20 0 ¥ 23 + 1 ¥ 22 + 1 ¥ 21 + 0 ¥ 20

= 710 = 716 = 610 = 616

\ 10110101.01110112 = B5.7616

7.3.6 Hexadecimal-to-Binary Conversion

The given hexadecimal number can be converted to its equivalent binary number by using the follow-

ing procedure:

 1. Map the individual hexadecimal digits into groups of four binary bits, starting from the hexadeci-

mal point to left for the integer part and to the right for the fractional part.

 2. Retain the hexadecimal point in the same position as the binary point; the resulting number is the 

equivalent binary number.

Example 7.17 clearly depicts the conversion procedure for a hexadecimal number into its equivalent 

binary number.
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Example 7.17

Convert 1A2B16 to its equivalent binary number.

Solution Map the individual hexadecimal digits into 4-bit binary numbers.

i.e. 1 A 2 B

= 0001 1010 0010 1011

\ 1A2B16 = 11010001010112

Example 7.18

Convert 2468.3F5E16 to its equivalent binary number.

Solution Map the individual hexadecimal digits into 4-bit binary numbers from the hexadecimal 

point,

i.e.  2 4 6 8 . 3 F 5 E

= 0010 0100 0110 1000 . 0011 1111 0101 1110

\ 2468.3F5E16 = 10010001101000.00111111010111102

7.4 ADDITION AND SUBTRACTION

Just like the decimal number system, even in binary number system, arithmetic operations such as ad-

dition, subtraction, etc. can be performed.

1. Binary Addition

Addition of two binary numbers is carried out in a very similar manner to any other number system 

such as a decimal number system. Consider addition of the two decimal numbers shown in Example 

7.19; here, the two decimal numbers are represented in binary form and then added. Any carry gener-

ated is carried over to the next column.

Example 7.19

Perform the addition of 10112 and 11102.

Solution The basic binary addition can be depicted as in Table 7.11.

Table 7.11 Single-bit binary addition 

A + B S (Sum) C (Carry)

0 + 0 0 0

0 + 1 1 0

1 + 0 1 0

1 + 1 0 1

10112 Æ 1110

11102 Æ 1410

110012 Æ 2510
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Example 7.20

Perform the addition of 101.102 and 111.112.

Solution  101.102 Æ 5.510

111.112 Æ 7.7510

1101.012 Æ 13.2510

2. Binary Subtraction

Subtraction of two binary numbers is carried out in a very similar manner to any other number system 

such as the decimal number system. Consider subtraction of the two decimal numbers shown in 

Example 7.21; here, the two decimal numbers are represented in binary form and then subtracted. Any 

borrows is to be taken from the previous column.

Example 7.21

Perform the subtraction of 10112 from 11102.

Solution The basic binary subtraction can be depicted as in Table 7.12.

Table 7.12 Single-bit binary subtraction

A – B D (difference) b (Borrow)

0 – 0 0 0

0 – 1 1 1

1 – 0 1 0

1 – 1 0 0

11102 Æ 1410

10112 Æ 1110

110012 Æ 0310

Example 7.22

Perform the following arithmetic using 1’s complement method.

(i) + 6 (ii) – 6 (iii) +6

  + 9 + 9 – 9

Solution Taking the 1’s complement for the negative numbers, we have

(i) + 6 0 000 0110 (ii) – 6 1 111 1001 (iii) + 6 0 000 0110

  + 9 0 000 1001  + 9 0 000 1001  –9 1 111 0110

  + 15 0 000 1111  + 3 10 000 0010  –3 1111 1100  0 000 0011
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Note: Steps to be followed in 1’s complement arithmetic:

1. Find the 1’s complement of the negative number.

2. Add this 1’s complement to the positive number.

3. In subtraction we may have to subtract the following:

(a) Smaller number form a larger one if there is a carry generated; then add that carry to LSB.

The process is called end-around carry [Example 7.22(ii)].

(b) Larger number from a smaller one results in no carry. Again take 1’s compliment of result 

obtained in Step 2 to get the correct answer [Example 7.22(iii)].

Example 7.23

Perform the following arithmetic using 2’s complement method:

(i) + 6 (ii) – 6 (iii) + 6

  + 9 + 9 – 9

Solution Taking the 2’s complement for the negative numbers, we have

(i) + 6 0 000 0110 (ii) – 6 1 111 1010 (iii) + 6 0 000 0110

  + 9 0 000 1001  + 9 0 000 1001  – 9 1 111 0111

  + 15 0 000 1111  + 3 10 000 0011  – 3 1 111 1101

Note: Steps to be followed in 2’s complement arithmetic:

1. Find the 2’s compliment of the negative number.

2. Add this 2’s compliment to the positive number.

3. In subtraction we may have to subtract the following:

(a) Smaller number form a larger one if there is a carry generated; then discard that carry to get 

correct answer [Example 7.23(ii)].

(b) Larger number from a smaller one results in no carry; then take 2’s complement of result 

obtained in Step 2 to get the correct answer [Example 7.23(iii)].

7.5 BASIC LOGIC GATES

The basic logic gates are AND gate, OR gate and NOT gate. The basic circuit, symbol and their cor-

responding Boolean expressions for these gates are given in this section. The other logic gates that are 

useful in realising a digital system include NAND gate, NOR gate, EX-OR gate and EX-NOR gate. 

NAND and NOR gates are termed universal gates, since it is possible to realise any logic gate using 

these gates. Universal gates are presented in Section 7.6. EX-OR and EX-NOR gates are presented in 

this section itself.

7.5.1 AND Gate

The circuit diagram of AND gate using diodes is shown in Fig. 7.3(a) and the logic symbol is shown 

in Fig. 7.3(b). The two diodes D1 and D2 are the switches for the two inputs A and B. The resistor R is

used to limit the circuit current.

Let us assume positive logic and the diodes used are ideal with Vy = 0 and Rf = 0 W. The working 

of this circuit can be understood by considering all the possible input combinations. Let the input level 

low correspond to a 0 V and the input level high correspond to a +5 V. Note that logic variables A, B

and Y can assume voltage values 0 V or 5 V corresponding to logic levels 0 or 1.
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Fig. 7.3 AND logic gate

Case 1

When input variables A = 0 and B = 0, both diodes D1 and D2 are forward biased resulting in a short 

circuit across output and hence, Y = 0. This is depicted in the first row of the function table (truth table) 

shown in Fig. 7.3 (c).

Case 2

When input variables A = 0 and B = 1, the diode D1 is forward biased and D2 is reverse biased resulting 

in a short circuit across output and hence, Y = 0. This is depicted in the second row of the function table.

Case 3

When input variables A = 1 and B = 0, the diode D1 is reverse biased and D2 is forward biased resulting 

in a short circuit across output and hence, Y = 0. This is depicted in the third row of the function table.

Case 4

When input variables A = 1 and B = 1, both diodes D1 and D2 are reverse biased resulting in an open 

circuit across output and hence, Y = 1. This is depicted in the fourth row of the function table.

The output function for an AND gate is represented therefore in Eq. (7.11).

Y = A ◊ B = AB = A Ÿ B = A « B (7.11)

7.5.2 OR Gate

The circuit diagram of an OR gate using diodes is shown in Fig. 7.4 (a) and the logic symbol is shown 

in Fig. 7.4 (b). The two diodes D1 and D2 are the switches for the two inputs A and B. The resistor R is

used to limit the circuit current.

Let us assume positive logic and the diodes used are ideal with Vy = 0 and Rf = 0 W. The working 

of this circuit can be understood by considering all the possible input combinations. Let the input level 

low correspond to a 0 V and the input level high correspond to a +5 V. Note that logic variables A, B

and Y can assume voltage values 0 V or 5 V corresponding to logic levels 0 or 1.

Case 1

When input variables A = 0 and B = 0, both diodes D1 and D2 are reverse biased resulting in no circuit 

current and no output; hence, Y = 0. This is depicted in the first row of the function table (truth table) 

shown in Fig. 7.4 (c).
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Fig. 7.4 OR logic gate

Case 2

When input variables A = 0 and B = 1, the diode D1 is reverse biased and D2 is forward biased resulting 

in a circuit current and an output; hence, Y = 1. This is depicted in the second row of the function table.

Case 3

When input variables A = 1 and B = 0, the diode D1 is forward biased and D2 is reverse biased resulting 

in a circuit current and an output; hence, Y = 1. This is depicted in the third row of the function table.

Case 4

When input variables A = 1 and B = 1, both diodes D1 and D2 are forward biased resulting in a circuit 

current and an output; hence, Y = 1. This is depicted in the fourth row of the function table.

The output function for an OR gate is represented, therefore, as in Eq. (7.12).

Y = A + B = A V B = A » B (7.12)

7.5.3 NOT Gate

The circuit diagram of a NOT gate using a transistor is shown in Fig. 7.5. The transistor is biased to 

work in the cut-off and saturation region. The resistors R are used to limit the circuit current. The tran-

sistor here works as a switch and offers a complemented output Y.

Fig. 7.5 NOT logic gate
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The working of this circuit can be understood by considering the two possible input combinations. 

Let the input level low correspond to a 0 V and the input level high correspond to a +5 V. Note that 

logic variables A, B and Y can assume voltage values 0 V or 5 V corresponding to logic levels 0 or 1.

Case 1

When the input variable A = 1, it means when Vin is at 5 V, the transistor is driven into saturation and 

the collector-to-emitter voltage V0 = VCE = 0 V, meaning Y = 0. This is depicted in the first row of the 

function table (truth table) shown in Fig. 7.5 (c).

Case 2

When the input variable A = 0, it means when Vin is at 0 V, the transistor is driven into cut-off and the 

collector-to-emitter voltage V0 = VCE = VCC = 5 V, meaning Y = 1. This is depicted in the first row of the 

function table (truth table) shown.

The output function for a NOT gate is represented, therefore, in Eq. (7.13).

Y = NOT A = A¢ = A (7.13)

7.5.4 EX-OR Gate

The logic diagram of an EX-OR gate using basic gates, its symbol and the function table are shown 

in Fig. 7.6. Assuming a positive logic, the working of this logic gate can be understood by consider-

ing all the possible input combinations. Let the input level low correspond to a 0 V and the input level 

high correspond to a +5 V. Note that logic variables A, B and Y can assume voltage values 0 V or 5 V 

corresponding to logic levels 0 or 1.

Fig. 7.6 EX-OR logic gate

Case 1

When input variables A = 0 and B = 0, both the NOT gates offer inverted A and B to the AND gates and 

both the AND gate outputs are zero as indicated; hence, Y = 0. This is depicted in the first row of the 

function table (truth table) shown in Fig. 7.6 (c).

Case 2

When input variables A = 0 and B = 1, the output of the top AND gate is 1 and that of the bottom AND 

gate is 0; hence, Y = 1. This is depicted in the second row of the function table.

Case 3

When input variables A = 1 and B = 0, the output of the top AND gate is 0 and that of the bottom AND 

gate is 1; hence, Y = 1. This is depicted in the third row of the function table.
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Case 4

When input variables A = 1 and B = 1, both the NOT gates offer inverted A and B to the AND gates and 

both the AND gate outputs are zero as indicated; hence, Y = 1. This is depicted in the fourth row of the 

function table. The output logic function is represented in Fig. 7.6(a).

7.5.5 EX-NOR Gate

The logic diagram of an EX-NOR gate using basic gates, its symbol and the function table are shown 

in Fig. 7.7. Assuming a positive logic, the working of this logic gate can be understood by considering 

all the possible input combinations. Let the input level low correspond to a 0 V and the input level high 

correspond to a +5 V. Note that logic variables A, B and Y can assume voltage values 0 V or 5 V cor-

responding to logic levels 0 or 1.

Fig. 7.7 EX-NOR logic gate

Case 1

When input variables A = 0 and B = 0, both the NOT gates offer inverted A and B to the AND gates and 

both the AND gate outputs are zero as indicated; hence output of the OR gate is 0, however final output

Y = 1. This is depicted in the first row of the function table (truth table) shown in Fig. 7.7(c).

Case 2

When input variables A = 0 and B = 1, the output of the top AND gate is 1 and that of the bottom AND 

gate is 0; hence output of the OR gate is 1. However, final output Y = 0. This is depicted in the second 

row of the function table.

Case 3

When input variables A = 1 and B = 0, the output of the top AND gate is 0 and that of the bottom AND 

gate is 1; hence output of the OR gate is 1. However, final output Y = 0. This is depicted in the third row 

of the function table.

Case 4

When input variables A = 1 and B = 1, both the NOT gates offer inverted A and B to the AND gates 

and both the AND gate outputs are zero as indicated; hence output of the OR gate is 0. However, 

final output Y = 1. This is depicted in the fourth row of the function table. The output logic function is 

represented in Fig. 7.7(a).

Table 7.13 contains all the logic gates, their symbols and the Boolean functions. For simplicity, 

only two inputs are shown (except for NOT gate), but more than two input gates are also commercially 

available.
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Table 7.13 Logic gates symbols and functions

Sl. No. Gate Logic Symbol Function Commercial IC

1 AND Y = A ◊ B 74LS08: Quad, 2-input AND gate.

2 OR Y = A + B 74LS32: Quad, 2-input OR gate.

3 NOT Y = A 74LS04: Hex, 1-input NOT gate.

4 NAND Y = A ◊ B 74LS00: Quad, 2-input NAND gate.

5 NOR Y = A + B 74LS02: Quad, 2-input NOR gate.

6 EX-OR Y = A ≈ B 74LS86: Quad, 2-input EX-OR gate.

7 EX-NOR Y = A ≈ B —

7.6 UNIVERSAL LOGIC GATES

As a simple example, consider realization of an INV gate, using a 2-input NOR gate or a 2-input 

NAND gate.

Simply connect the two inputs of the NOR gate together. Algebraically, if the two original NOR 

gate inputs are labeled B and C, and they are combined to form A, then we have the NOR gate output.

Y = B + C = A + A = A, which is the INV operation. In a similar fashion, NAND and NOR gates may 

be used to realize any other function. This is illustrated in Figures 7.9 through 7.19.

7.6.1 NAND as Universal Gate

Fig. 7.8 NAND logic gate

Figure 7.8 presents NAND gate and its function table. Figure 7.9 through 7.13 illustrate various 

realizations using NAND gates.
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1. NAND Gate Working as a NOT Gate

Fig. 7.9 Realisation of NOT function using NAND gate

We know that when the same input is applied to NAND then it becomes AA = A

2. NAND Gate Working as an AND Gate

Fig. 7.10 Realisation of AND function using NAND gate

The above arrangement results in an AND gate function realisation. This can be understood by con-

sidering the Boolean simplification shown below:

Y Y

Y A B

Y A B

Y A B A B

=

= ◊

= +

= ◊ = ◊

The simplification procedure needs the use of Boolean postulates and De Morgan’s theorems.

3. NAND Gate Working as an OR Gate

Fig. 7.11 Realisation of OR function using NAND gate

The above arrangement results in an OR gate function realisation. This can be understood by con-

sidering the Boolean simplification shown below:

Y A A B B

Y A B

Y A B A B

= ◊ ◊

= ◊

= + = +

The simplification procedure needs the use of Boolean postulates and De Morgan’s theorems.

4. NAND Gate Working as an EX-OR Gate

Fig. 7.12 Realisation of EX-OR function using NAND gate
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The above arrangement results in an EX-OR gate function realisation. This can be understood by 

considering the Boolean simplifications shown at each gate output. The simplification procedure needs 

the use of Boolean postulates and De Morgan’s theorems. The final expression indicates the output Y 

is EX-OR of inputs A and B.

5. NAND Gate Working as an EX-NOR Gate

Fig. 7.13 Realisation of EX-NOR function using NAND gate

The EX-NOR function can be realised simply by adding an additional NAND as the last stage which 

is functioning as an inverter and this is indicated in Fig. 7.13. 

7.6.2 NOR as Universal Gate

Figure 7.14 presents a NOR gate and its function table. Figures 7.15 through 7.19 illustrate various 

realizations using NOR gates.

Fig. 7.14 NOR logic gate

1. NOR Gate Working as a NOT Gate

Fig. 7.15 Realisation of NOT function using NOR gate

We know that when the same input is applied to NOR gate, it becomes AA A=

2. NOR Gate Working as an OR Gate

Fig. 7.16 Realisation of OR function using NOR gate
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The above arrangement results in an OR gate function realisation. This can be understood by con-

sidering the Boolean simplification shown below:

Y Y

Y A B

Y A B

Y A B

Y A B

=

= +

= ◊

= +

= +

The simplification procedure needs the use of Boolean postulates and De Morgan’s theorems. The 

final expression indicates the output Y is OR of inputs A and B.

3. NOR Gate Working as an AND Gate

Fig. 7.17 Realisation of AND function using NOR gate

The above arrangement results in an AND gate function realisation. This can be understood by con-

sidering the Boolean simplification shown below:

Y A B

Y A B A B

= +

= ◊ = ◊

The simplification procedure needs the use of Boolean postulates and De Morgan’s theorems. The 

final expression indicates the output Y is AND of inputs A and B.

4. NOR Gate Working as an EX-OR Gate

Fig. 7.18 Realisation of EX-OR function using NOR gate

The above arrangement results in an EX-OR gate function realisation. This can be understood by 

considering the Boolean simplifications shown at each gate output. The simplification procedure needs 

the use of Boolean postulates and De Morgan’s theorems. The final expression indicates the output Y 

is EX-OR of inputs A and B.
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5. NOR Gate Working as an EX-NOR Gate

Fig. 7.19 Realisation of EX-NOR function using NOR gate

The EX-NOR function can be realised simply by eliminating the last-stage NOR gate which is func-

tioning as an inverter and this is indicated in Fig. 7.19.

7.7 BOOLEAN POSTULATES

A switching function containing input variables represents a digital system. The logic realisation of 

these functions directly may not be economical and efficient on many occasions. These functions can 

be simplified to an extent still maintaining the desired output and then implemented which results in a 

lot of cost, area and power optimisation. For the process of optimisation, several popular methods such 

as Venn diagrams, Boolean algebra, Karnaugh maps, etc. are available. George Boole (1815–1864) 

developed an algebra known as Boolean algebra to evaluate the truth or false of a set of propositions 

either singly or joined together by basic logical connections. The use of symbols to represent proposi-

tions, conditions, truth and false conditions lead to the name symbolic logic. In 1938, Claude Shannon 

described the method of using Boolean algebra to represent two-state circuits (or binary circuits). This 

principle is used in all switching networks (computers). Boolean algebra can be used to formalise the 

combinations of binary logic states. The fundamental relations are given in Table 7.14 of the text. In 

these relations, A and B are binary quantities, that is, they can be either logical true (T or 1) or logical 

false (F or 0). Most of these relations are obvious and some of them can be proved using simple steps. 

Example 7.24

Prove the following Boolean theorems.

(i) A + AB = A (ii) A + AB = A + B

Solution The above theorems can be proved in two ways: one is the truth-table method and the sec-

ond one is by using Boolean theorems.

(i) A + AB = A

(a) Using truth-table method (also called perfect induction method)

  It can be observed here that the columns 1 and 4 are same and hence A + A ◊ B = A.

A B A ◊ B A + A ◊ B

0 0 0 0

0 1 0 0

1 0 0 1

1 1 1 1
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(b) Using Boolean postulates

A + AB = A (1 + B): taking A as common factor

= A ◊ 1: we know that 1 + B = 1

  Hence, the law is proved.

(ii) A + AB = A + B

(a) Using truth-table method

A B AB A + AB A + B

0 0 0 0 0

0 1 1 1 1

1 0 0 1 1

1 1 0 1 1

  It can be observed here that the columns 4 and 5 are same and hence A + A ◊ B = A + B.

Table 7.14 Boolean postulates

Sl. No. Boolean Postulate Remarks

1 A ◊ A = A AND theorems

2 A ◊ A = 0

3 A ◊ 1 = A 

4 A ◊ 0 = 0

5 A + A = 1 OR theorems

6 A + A = A

7 A + 1 = 1

8 A + 0 = A

9 A + AB = A

10 A + AB = A + B

11 A + AB = A + B

12 (A + B)(A + C) = A + BC

13 A + B = B + A Commutative law

14 A ◊ B = B ◊ A

15 A + A ◊ B = A Absorption law

16 A ◊ (A + B) = A

17 A + (B + C) = (A + B) + C Associative law

18 A ◊ (B ◊ C) = (A ◊ B) ◊ C

19 A + B ◊ C = (A + B) ◊ (A + C) Distributive law

20 A · (B + C) = A ◊ B + A ◊ C
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(b) Using Boolean postulates

A + AB = A (1 + B) + AB: multiplying A by (1 + B) = 1

= A + AB + AB

= A + AB + AB = A + B (A + A): taking B as common factor

= A + B

  Hence, the law is proved.

7.8 DE MORGAN’S THEOREMS

In addition to the powerful set of Boolean postulates, there are two De Morgan theorems that can be 

used to simplify digital switching functions. These laws combined with Boolean postulates form a very 

powerful tool and are widely used in the process of simplification. The two De Morgan’s theorems turn 

out to be quite useful and we shall use them often. The two laws can be stated, proved and represented 

symbolically by the diagrams shown in Fig. 7.20.

Fig. 7.20 De Morgan’s laws

Theorem 1

De Morgan’s first law states that the complement of the sum of all input variables is equivalent to the 

product of all individual complement of input variables.

... ...A B C A B C+ + + = ◊ ◊ ◊ (7.14)

Proof: Using truth-table method and considering only two input variables:

A B A + B A ◊ B

0 0 1 1

0 1 0 0

1 0 0 0

1 1 0 0

It can be observed here that columns 3 and 4 are same and hence, the statement.

Theorem 2

De Morgan’s second law states that the complement of the product of all input variables is equivalent 

to the sum of all individual complement of input variables.

... ...A B C A B C◊ ◊ ◊ = + + +
(7.15)
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Proof: Using truth-table method and considering only two input variables:

A B A ◊ B A + B

0 0 1 1

0 1 1 1

1 0 1 1

1 1 0 0

It can be observed here that columns 3 and 4 are same and hence, the statement.

7.9 SIMPLIFICATION OF BOOLEAN SWITCHING FUNCTIONS

A digital system can be represented either using a function table or a switching function. The switch-

ing function is nothing but an expression containing a set of product terms called minterms or a set 

of sum terms called maxterms. The switching function containing a set of minterms is called SOP

(Sum Of Product) expression and that containing a set of maxterms is called POS (Product Of Sum)

expression. This switching function is then realised using logic gates discussed in Section 7.6; how-

ever, before realisation, the switching function can be simplified to reduce the number of minterms or 

maxterms still maintaining the functionality of the system. Simplification of switching functions offers 

the following advantages:

(i) The number of terms and hence the hardware for implementation is reduced.

(ii) Reduced hardware reduces the cost of system implementation.

(iii) Reduced hardware reduces area of implementation.

Several methods are in use for simplification of switching functions. Some of them are Boolean-pos-

tulate simplification, K-map simplification, VEM (Variable Entered Mapping) simplification, Quine 

Mc Clusky simplification, Venn-diagram simplification, etc. Here, only the first two methods are dis-

cussed.

7.9.1 Simplification Using Boolean Postulates

We observed that a switching function in the form of a truth table representing any system can be 

realised directly by using a set of basic or universal gates. However, such a procedure could produce 

very lengthy and needlessly inefficient systems. There are several methods for simplification of Bool-

ean logic expressions also called logic minimisation and the goal is to form a result which is highly 

optimised and efficient. Examples 7.25 and 7.26 illustrate logic minimisation using Boolean postulates 

and De Morgan’s laws.

Example 7.25

Find minimal SOP expression for the switching function

f(A, B, C, D) = A(C + D)¢ (B ¢ + D ¢) + C(B + C ¢ + A¢D).

Solution Given

f (A, B, C, D) = A(C + D)¢(B¢ + D¢) + C(B + C¢ + A¢D) (7.16)

= A(C¢D¢)(B¢ + D¢) + BC + CC¢ + A¢CD; using De Morgan’s first law

= AB¢C¢D¢ + AC¢D¢D¢ + BC + CC¢ + A¢CD; use of distributive law

= AB¢C¢D¢ + AC¢D¢ + BC + A¢CD; because D¢D¢ = D¢ and CC¢ = 0.
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= AC¢D¢ (B¢ + 1) + BC + A¢CD: taking common factor between the first two

= AC¢D¢ + BC + A¢CD: because (B¢ + 1) = 1 (7.17)

Looking at the simplified expression, it is clear that Eq. (7.16) and Eq. (7.17) produce the same 

output, but Eq. (7.17) is more optimised and less expensive to implement.

Example 7.26

Simplify the switching function in Eq. (7.18) using Boolean postulates and implement the logic 

diagram for the simplified expression.

F(A, B, C, D) = (A ◊ B + C)(A ◊ B + D) (7.18)

Solution Given F(A, B, C, D) = (A ◊ B + C)(A · B + D)

We know that (P + Q)(P + R) = P + QR.

Substitute P for A ◊ B, Q for C and R for D; then we get

F(A, B, C, D) = (P + Q) (P + R)

= (PP + PR + PQ + QR)

= P + P (R + Q) + QR

= P (1 + R + Q) + QR = P + QR

F(A, B, C, D) = A ◊ B + C ◊ D (7.19)

Looking at the simplified expression, it is clear that Eq. (7.18) and Eq. (7.19) produce the same 

output, but Eq. (7.19) is more optimised and less expensive to implement. Equation (7.19) can be 

implemented either using the basic gates or the universal gates; the implemented logic diagram is as 

shown in Fig. 7.21. It is recommended to use universal NAND gates to implement a SOP expression 

and universal NOR gates to implement a POS expression.

Fig. 7.21 Logic realisation of Eq. (7.19)

7.9.2 Simplification using Karnaugh Maps

On a number of occasions, Boolean simplification may not be ideal and may not result in an opti-

mised expression. Therefore, one can use Karnaugh maps popularly called K-maps, to simplify a given 

switching function. K-maps give the best solution to simplification problems and are ideal for up to 5 

input variables. If the number of input variables is more than 5, this method becomes slightly cumber-

some. K-map is an abstract form of Venn diagram and is a graphical (map) representation of the given 

switching function organised as a matrix of cubes, where each cube represents a minterm (SOP) or a 

maxterm (POS) and adjacent cubes always differ by just one literal. Consider a digital system with two 

input variables A and B: the K-map for any expression containing these two variables can be drawn and 

the variables can be entered into the map as indicated in Fig. 7.22. The map can be drawn in the follow-

ing two forms: in each form the representation of the input variable differs and hence the weightage for 

each cube differs. As indicated inside the parenthesis in the bottom corners, the weightage for box-2 in 

form-1 is 1 and in form-2, it is 2. This is because of the representation of the variables.
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Fig. 7.22 A two-variable K-map

The K-map simplification procedure for any switching function is as indicated below and let us 

consider a switching function f(A, B) = Sm(0, 1, 2)

(i) Prepare a map as indicated in Fig. 7.22(a) above, the number of cubes N in the map and the num-

ber of input variables n are related by Eq. (7.20).

N = 2n (7.20)

(ii) Assign variables to each square box, obtain the weightage for each box and enter each minterm/

maxterm into the respective box.

(iii) Form groups of adjacent 1s (adjacent 0s for POS); the group should contain a maximum number 

of such adjacent cubes in multiples of powers of 2; for example, 20 = 1, 21 = 2, 22 = 4, etc. The 

groups can overlap, and a cube can be used by any number of groups.

(iv) Write the expression for each group in terms of the input variables by reading the group first row-

wise and then columnwise. Eliminate the complemented variable from the output expression and 

retain only the common variable from each cube.

(v) OR together these expressions in case of SOP simplification and AND these expressions in the 

case of POS simplification.

(vi) The simplified expression so obtained can be implemented then using the required hardware.

Fig. 7.23 A two-variable K-map grouping and reading

The grouping and writing the expressions for such groups is indicated in Fig. 7.23(a) and 7.23(b). 

For the given example f(A, B) = Sm(0, 1, 2), the simplified expression is obtained from Fig. 7.23(c) and 

is given by Eq. (7.21). The grouping results in two pairs: vertical group containing cubes 0 and 2 is one 

pair and the horizontal group containing cubes 0 and 1 is another. Reading group-1 results in B¢ and 

reading group-2 results in A¢ and the final SOP expression is

F = A¢ + B¢ (7.21)
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Three- and Four-Variable K-maps

A three-variable K-map contains 23 = 8 cubes in it and is represented in Fig. 7.24. A four-variable 

K-map contains 24 = 16 cubes in it and is represented in Fig. 7.25. The procedure for entering, group-

ing and reading is same as explained for a two-variable map. This is made more understandable in 

examples 7.27 to 7.30.

Fig. 7.24 A three-variable K-map

Fig. 7.25 A four-variable K-map

In the process of simplification, the following groups can be formed and each group contributes 

in a way to the simplification process. While forming groups, maximum number of cubes have to be 

included in a group and this number is an integer power of 2: for example in a 4-variable map, a group 

of all 16 cells have to be tried, if that is not possible, then an Octet may be tried. Higher the number of 

cells in a group, lower will be the number of variables in the output expression and hence lower will be 

the cost of implementation. 

Important Terms in K-map Simplification

Min Term Each fundamental product term that occupies a single cell in K-map is called ‘minterm’  

for sop expression.

Max Term Each fundamental sum term that occupies a single cell in K-map is called ‘maxterm’ for 

pos expression. Both minterm and maxterm are called implicants.

Prime Implicant (PI) A PI is a product term or sum term obtained by combining the maximum pos-

sible number of miniterms or maxterms from adjascent squores in the map.

Essential Prime Implicants (EPI) An EPI is a prime implicants that contains at least one implicant 

that is not covered by any other prime implicant.
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Pair A pair is a group of two adjacent 1s/0s and a pair eliminates one variable (21 = 2) in the corre-

sponding SOP term in the output expression.

Quad A quad is a group of four adjacent 1s/0s and a quad eliminates two variables (22 = 4) in the 

corresponding SOP term in the output expression. A pair and a quad are indicated in Example 7.29.

Octet An octet is a group of eight adjacent 1s/0s and an octet eliminates three-variables (23 = 8) in the 

corresponding SOP term in the output expression. An octet is indicated in Example 7.27.

Redundant Group A redundant group is one in which all the elements of this group are covered by 

the neighbouring groups. A redundant group is indicated in Example 7.28.

Don’t-care Condition A don’t care condition in a K-map is a situation on inputs where the output can 

be anything like a logic high or a logic low. It has no influence on the performance of the system. Don’t 

care conditions are represented using ‘x’ or ‘d’ or ‘F’ in the expression and in the K-map. This don’t 

care condition can be used to simplification advantage that while grouping is needed, it can be treated 

as a logic-1 (logic-0 for POS). This is demonstrated in Example 7.29.

Example 7.27

Simplify the switching function f(A, B, C) = A¢B¢C¢ + A¢B¢C + A¢BC¢ + AB¢C¢ + ABC¢ using a K-map.

Solution The 3-variable K-map is prepared as indicated in Fig. 7.26(a) and switching function is 

entered and grouped as indicated in Fig. 7.26(b). Reading the pair results in A¢B¢ and reading the quad 

results in C¢; hence the final simplified expression for the given switching function is

f(A, B, C) = A¢B¢ + C¢ (7.22)

Fig. 7.26 K-map for Example 7.27

Comparing Eq. (7.22) with the original switching function, it is clear that the simplification process 

resulted in a considerable amount of hardware reduction.

Example 7.28

Simplify the switching function f(A, B, C, D) = A¢BC¢D¢ + A¢BC¢D + ABC¢D + AB¢C¢D + ABCD¢ + A¢B¢CD

+ A¢BCD + ABCD using a K-map.

Solution The 4-variable K-map is prepared as indicated in Fig. 7.28 and switching function is en-

tered. Grouping is done starting with a quad followed by four pairs. It can be observed that all the ele-
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ments of the quad are covered by the neighbouring 

pairs. Hence, the quad becomes a redundant group. 

Reading the pair-1 results in A¢BC¢, reading the 

pair-2 results in A¢CD, reading the pair-3 results in 

ABC and reading the pair-4 results in AC¢D; hence 

the final simplified expression for the given switch-

ing function is

  f(A, B, C) = A¢BC¢ + A¢CD + ABC + AC¢D (7.23)

Comparing Eq. (7.23) with the original switching 

function, it is clear that the simplification process 

resulted in a considerable amount of hardware 

reduction.

Example 7.29

Simplify the switching function f(A, B, C, D) = Sm (4, 5, 6, 7, 12, 13, 14) + Sd ( 11, 15) using a K-map.

Solution The 4-variable K-map is prepared as 

indicated in Fig. 7.28 and the switching function is 

entered. Grouping is done considering don’t care 

condition of minterm m15 as logic 1 and minterm 

m14 as logic 0. The octet is formed using the don’t 

care at cube-m15 and reading the octet results in the 

SOP term B. This itself is the simplified expression,

i.e. f(A, B, C, D) = B (7.24)

Comparing Eq. (7.24) with the original switching 

function, it is clear that the simplification process 

resulted in a considerable amount of hardware 

reduction.

7.10 COMBINATIONAL AND SEQUENTIAL CIRCUITS

Digital circuits can be broadly classified into two categories based on their ability to store the informa-

tion, namely combinational circuits and sequential circuits.

1. Combinational Circuit

A combinational circuit is one whose present state output depends only on the present state of inputs; no 

information about the previous output or input will be available in order to determine the present output 

state. Hence, it is obvious that a combinational circuit does not have memory in it and hence cannot 

store. Arithmetic circuits like adders, subtractors, multiplexers, de-multiplexers, encoders, decoders, gates, 

etc. are all some examples of combinational circuits. The block diagram of a combinational circuit is 

shown in Fig. 7.29(a) and some examples of combinational circuits are introduced in Section 7.11.

2. Sequential Circuit

A sequential circuit is one whose present state output depends not only on the present state of inputs, 

but also on the previous output; hence information about the previous output should be made available 

Fig. 7.27 K-map for Example 7.28

Fig. 7.28 K-map for Example 7.29
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in order to determine the present output 

state. Hence, it is obvious that a sequential 

circuit does have memory in it and hence 

can store. Latches, flip-flops, counters, 

registers, etc. are some examples of se-

quential circuits. The block diagram of a 

sequential circuit is shown in Fig. 7.29(b) 

and some examples of combinational cir-

cuits are introduced in Section 7.12.

7.11 ARITHMETIC CIRCUITS

Arithmetic circuits are used to implement basic arithmetic operations such as addition, subtraction, 

multiplication, etc. Multiple bits of binary numbers can be added sequentially using a serial adder or 

simultaneously using a parallel adder. Subtraction of binary numbers can be performed using an adder 

circuit with inputs controlled; in fact, any arithmetic or logic operation can be done using a parallel 

adder and an associated combinational circuit.

7.11.1 Half Adder

A half adder is an arithmetic circuit that performs an addition operation on two binary digits A and B;

the carry generated from earlier stages will not be taken into consideration. The half adder produces a 

sum and carry bits as outputs and this is indicated in the form of a block diagram in Fig. 7.30(a). The 

functional description of a half adder is given in Table 7.15. The simplified expressions for sum and 

carry outputs are given in Fig. 7.30(b) and the logic diagram implementation is given in Fig. 7.30(c).

Fig. 7.30 Half adder

Table 7.15 Half-adder truth table

A B S COUT

0 0 0 0

0 1 1 0

1 0 1 0

1 1 0 1

The SOP expressions for sum and carry output of a half adder are given in Eq. (7.25).

S = A ≈ B [7.25(a)]

And COUT = AB [7.25(b)]

Fig. 7.29 Combinational and sequential circuit
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A half adder has two inputs, generally labelled A and B; and two outputs, the sum S and carry COUT.

The K-map simplification of S results in the XOR of A and B, and C results in the AND of A and B. The 

drawback of this circuit is that in the case of a multi-bit addition, the present stage cannot include the 

carry output from its previous stage for addition.

7.11.2 Full Adder

A full adder is an arithmetic circuit that performs an addition operation on three binary digits A, B and

CIN: the carry generated from earlier stages is also taken into consideration. The full adder produces 

a sum and a carry bits as outputs and this is indicated in the form of a block diagram in Fig. 7.31(a). 

The functional description of a full adder is given in Table 7.16, the simplified expressions for sum and 

carry outputs are given in Fig. 7.31(b) and the logic diagram implementation, in Fig. 7.31(c).

Fig. 7.31 Full adder

Table 7.16 Full-adder truth table

A B CIN S C0UT

0 0 0 0 0

0 0 1 1 0

0 1 0 1 0

0 1 1 0 1

1 0 0 1 0

1 0 1 0 1

1 1 0 0 1

1 1 1 1 1

A full adder has three inputs, generally labelled A, B and CIN, and two outputs, the sum S and carry 

COUT. The K-map simplification of S results in the XOR of A, B and CIN, and COUT results in the ex-

pression COUT = AB + BCIN + ACIN. The advantage of a full-adder realisation is that even by using two 

HAs, a FA can be realised and this circuit is suitable for a multi-bit addition because the present-stage 

carry input is the carry output from its previous stage.

Alternatively, the simplified SOP forms of sum and carry expressions can be obtained using basic 

Boolean postulates. The SOP expression for sum S can be obtained starting from the basic expression 

written by reading the sum column in Table 7.16.

S = A¢B¢CIN + A¢BC ¢IN + AB¢C ¢IN + ABCIN (7.26)

= A¢ (B¢CIN + BC ¢IN) + A (B¢C ¢IN + BCIN)

= A¢ (B ≈ CIN) + A (B ≈ CIN)¢
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Let (B ≈ CIN) = P and hence (B ≈ CIN)¢ = P¢

Now the expression becomes

S = A¢P + AP¢ = A ≈ P

S = A ≈ (B ≈ CIN) (7.27)

Similarly, the SOP expression for carry COUT can be obtained starting from the basic expression 

written by reading the carry column in Table 7.16.

COUT = A¢BCIN + AB¢CIN + ABC ¢IN + ABCIN (7.28)

= A¢ BCIN + AB¢CIN + AB (C ¢IN + CIN)

= (A ≈ B)CIN + AB

= A¢BCIN + AB¢CIN + AB

= A¢BCIN + A (B¢CIN + B)

= A¢BCIN + A (CIN + B)

= A¢BCIN + ACIN + AB

= CIN (A¢B + A) + AB = CIN (B + A) + AB = AB + BCIN + ACIN (7.29)

Note that the final OR gate before the carry-out output may be replaced by an XOR gate without 

altering the resulting logic. This is because the only discrepancy between OR and XOR gates occurs 

when both inputs are 1; for the adder shown here, this is never possible. Using only two types of gates 

is convenient when it is to implement the adder directly using common IC chips.

7.11.3 Full Adder UsingTwo-Half Adders

A full adder can be constructed and realised using two half adders; this is indicated in Fig. 7.32. By 

connecting A and B to the input of the first half adder, we obtain the partial sum A ≈ B and the partial 

carry AB as outputs. Now, connecting the partial sum from the first half adder and the carry input CIN

as inputs to the second half adder, we obtain the final sum and carry outputs. The intermediate carries 

from HA-1 and HA-2 are ORed together to get the final COUT. It can be shown that the final sum and 

carry for the arrangement are as represented in Eq. (7.27) and Eq. (7.29).

Fig. 7.32 Full adder using two half adders

7.11.4 A 4-bit Parallel Adder

A full adder has three inputs, A, B and CIN, and two outputs, S and COUT, such that multiple full adders 

can be connected in parallel to add multi-bit numbers; this results in a parallel adder. The arrangement 

of a 4-bit parallel adder is shown in Fig. 7.33 and it can be extended to add more number of bits. Each 
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stage shown is a FA: however, the first stage can be a half adder, since there is no need of CIN for this 

stage. Each FA receives three inputs and produces two outputs. The carry output from each stage forms 

the carry input to the next stage (as in conventional multi-bit addition). This circuit produces the sum 

output after a total delay of approximately 4-stage delay, where each stage delay is the propagation de-

lay for the input to propagate to the output. This circuit is faster than a serial adder (not discussed here) 

that can be used alternatively to add multiple bits.

Fig. 7.33 Four-bit parallel adder using full adders

7.11.5 Adder/Subtractor using Parallel Adder

A parallel adder can be used to realise even the subtraction of two multi-bit numbers. The fact is that 

a parallel adder forms the basic building block of any arithmetic or logic operations. The arrangement 

of a 4-bit adder/subtractor is shown in Fig. 7.34; here, a 4-bit parallel adder performs both addition 

and subtraction operations. The subtraction operation uses an additional combinational unit called 

controlled inverter and follows 2’s complement addition procedure.

Fig. 7.34 Adder/Subtractor using parallel adders

The control input S decides the addition or subtraction to be performed: S = 0 for addition and

S = 1 for subtraction. During addition, with S = 0, the output of the controlled inverter will be directly 

Bi, CIN = 0 and hence addition of Ai and Bi is carried out. During subtraction, with S = 1, the output of 

the controlled inverter will be 1s complement of Bi, CIN = 1 resulting in a 2s complement number at Yi

and hence addition of Ai and 2s complement of Bi is carried out which is nothing but the subtraction. 

Example 7.30 clearly depicts the addition and subtraction procedure using the above circuit.
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Example 7.30

Perform the following binary arithmetic operations using the circuit of Fig. 7.34.

(i) 9 + 6 (ii) 9 – 6

Solution

(i) The binary form of the given numbers and addition is as below:

   0910 Æ 10012

   + 0610 Æ 01102

   1510  11112

(ii) The binary form of +9 is 10012 and the 1’s complement of –6 is 10012 produced by the controlled 

inverter and its 2’s complement is (1001 + 1)2 = 10102

   Now, addition of these two is as below:

   0910 Æ 10012

   – 0610 Æ 10102

   0310   1 00112

  Ignore the carry generated.

7.12 LATCHES AND FLIP-FLOPS

We now turn our attention to sequential digital circuits that have states which change in time, usually 

according to an external clock: latches and flip-flops. These circuits form important elements of digi-

tal system building. The sequential circuits have the interesting property of storing information, i.e. 

memory, and these can be set to a state which is retained until explicitly reset or changed by an external 

signal. Latches are the storing elements without an external clock signal for controlling and flip-flops 

are the latches with clock signals for external control and synchronisation.

7.12.1 SR Flip-Flop

The simplest type of storage device is the Set-Reset flip-flop (SR-FF) and can be constructed using two 

NAND or NOR gates. Figure 7.35 illustrates the SR-FF using NAND, its function table and the logic 

symbol. It has two inputs named S and R and two outputs Q and Q¢ that are complements of each other: 

here, Q is called TRUE output and Q¢ is called the COMPLEMENT output. The output Qn + 1 indicates

the next-state output while Qn indicates the present-state output. The working of each latch can be 

understood by using the respective function table. Consider the latch in Fig. 7.35(a):

Case 1

When R = 0 and S = 0

Assuming that the present true output Q is at logical-1 and the two inputs are low: both the outputs 

will be at logical-1. This violates the condition on outputs that they should be complements of each 

other and hence is an ‘invalid’ condition as indicated in the first row of the function table.

Case 2

When R = 0 and S = 1

Assuming that the present true output Q is at logical-1 and the inputs R = 0 and S = 1: the output of 

G2 becomes logical-0. This maintains a logical-1 at the output of G1. Thus, with S = 1, the output is 



Digital Electronics 337

set and hence this terminal is called set (S) terminal. This is indicated as the SET state in the second 

row of the function table.

Case 3

When R = 1 and S = 0

Assuming that the present true output Q is at logical-1 and the inputs R = 1 and S = 0: the output 

of G2 becomes logical-1. This changes the output of G1 to a logical-0. Thus, with R = 1, the output is 

reset and hence this terminal is called reset (R) terminal. This is indicated as the RESET state in the 

third row of the function table.

Case 4

When R = 1 and S = 1

Assuming that the present true output Q is at logical-1 and the two inputs are high, the output of G2

will be at logical-0. This will maintain a logical-1 on Q. Similarly, if the true output Q is assumed to be 

at logical-0 then the output of G2 will be at logical-1. This will maintain a logical-0 on Q. Hence, Qn + 

1 = Qn and this condition is indicated as No change in the fourth row of the function table.

It is evident from the function table that the latch contents are stable and change only when there is a 

change in the applied inputs; thus, a latch is capable of storing one bit of information, a 0 or a 1. It can 

also be used as a ‘switch de-bouncer’ to provide bounce-free switch contacts.

Fig. 7.35 SR latches

The working of an SR latch using NOR gates can be explained in a similar way and the circuit func-

tions in a similar manner. The logic diagram and the truth table are shown in Fig. 7.35(b). The logic 

symbol of an SR latch is shown in Fig. 7.35(c).

7.12.2 Clocked SR Flip-Flop

A basic SR latch can be converted into a flip-flop 

by adding gates G3 and G4 at the input: one input 

from both G3 and G4 tied together to receive a 

common clock. The flip-flop can then be made to 

respond to input levels only during the occurrence 

of a clock pulse. The logic diagram and the logic 

symbol of a clocked SR flip-flop are shown in 

Fig. 7.36. The working of this clocked SR-FF can 

be understood by using its function table shown in 

Table 7.17.
Fig. 7.36 SR flip-flop
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Table 7.17 SR-FF (clocked) truth table

CLK S R Qn + 1 Qn = 1 Remarks

0 x x Qn Qn No change

1 0 0 1 0 No change

1 0 1 0 1 Reset

1 1 0 1 0 Set

1 1 1 1 1 Invalid

The outputs from the two NAND gates G3 and G4 remain unchanged as long as the clock pulse is 

‘0’ regardless of the S and R inputs. When the clock pulse goes to 1, informations on the S and R inputs

are allowed to reach the basic latch formed of gates G1 and G2. This is indicated in the first row of the 

function table.

Case 1

When R = 0 and S = 0

Assuming that the present true output Q is at logical-1 and the two inputs are low; outputs of both 

G3 and G4 will be at logical-1, once again resulting in no change in the output. This is indicated in the 

second row of the function table.

Case 2

When R = 0 and S = 1

Assuming that the present true output Q is at logical-1 and the inputs R = 0 and S = 1; the output of 

G4 will at logical-1 and that of G3 will be at logical-0. This results in the second condition of the simple 

latch where Qn + 1 will be at logical-1. Thus, with S = 1, the output is set and hence this terminal is called 

set (S) terminal. This is indicated as the ‘SET’ state in the third row of the function table.

Case 3

When R = 1 and S = 0

Assuming that the present true output Q is at logical-1 and the inputs R = 1 and S = 0; the output of 

G3 will at logical-1 and that of G4 will be at logical-0. This results in the third condition of the simple 

latch where Qn + 1 will be at logical-0. Thus, with R = 1, the output is reset and hence this terminal is 

called reset (R) terminal. This is indicated as the ‘RESET’ state in the fourth row of the function table.

Case 4

When R = 1 and S = 1

Assuming that the present true output Q is at logical-1 and the inputs R = 1 and S = 1; the output of 

both G3 and G4 will be at logical-0. This results in the first condition of the simple latch where Qn + 1

and Q ¢ n +1 will be at logical-1. This violates the condition on outputs that they should be complement of 

each other; and hence is an invalid condition as indicated in the last row of the function table.

The clock signal added to the basic latch helps synchronising the circuit with other circuits and 

the circuit responds to the clock signal changes. However, the problem of invalid condition continues 

to exist and in order to solve this problem, the circuit is included with the feedbacks. Inclusion of the 

feedback to the clocked SR-FF results in a JK flip-flop.
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7.12.3 JK Flip-Flop

A JK flip-flop can be considered as a clocked SR-FF with feedback arrangements as shown in Fig. 

7.37. The invalid condition in the SR-FF is a concern in using it for any application; hence, feedback is 

added to the circuit as shown. The true output Q is fed back to G2 and G4; similarly the complement 

output Q¢ is fed back to G1 and G3. J and K, along with CLK, form other inputs to G1 and G2. Pr¢ and Cr¢

are the two asynchronous inputs used to preset or clear the circuit output. In order to make it possible 

to start the circuit analysis with a pre-defined state (instead of assuming an output condition as in the 

case of SR-FF), Pr¢ and Cr¢ control terminals are added to the circuit. These are called asynchronous

inputs because they can change the circuit output irrespective of clock and the inputs J and K. The first 

three rows of the function table indicate the asynchronous operation of these preset and clear inputs. 

When Pr¢ = Cr¢ = 0, the output of both G1 and G2 will be high. This violates the condition on outputs 

that they should be complements of each other and hence is an ‘invalid’ condition as indicated in the 

first row of the function table. When Pr¢ = 0 and Cr¢ = 1, the output of G1 will be high and that of G2

will be low irrespective of other inputs and clock. This preset condition is indicated in the second row 

of the function table. When Pr¢ = 1 and Cr¢ = 0, the output of G1 will be low and that of G2 will be 

high irrespective of other inputs and clock. This clear condition is indicated in the third row of 

the function table. For normal working of the circuit, both these control inputs should be inactive, 

i.e. Pr¢ = Cr¢ = 1.

Fig. 7.37 JK flip-flop

The working of this JK-FF can be understood by using its function table shown in Table 7.18. 

As indicated in the truth table, using Pr¢ and Cr¢ inputs, the circuit output is initially pre-defined. Let 

initially Q = 0 and Q = 1 by making Cr¢ = 0; in normal working conditions Pr¢ = Cr¢ = 1 and with 

CLK = 0, the output of G3 and G4 will be high, forcing the latch (G1 and G2) output to remain un-

changed.

Case 1

J = 0 = K and CLK = 1

Under this condition, output of G3 is at logical-1 (because J = 0) and output of G4 is 1 (because K = 0 

and Q = 0 is fed back to G4). Hence, the final output remains unchanged; this is indicated in fifth row 

of the function table.
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Table 7.18 JK-FF truth table

P ¢ r C ¢ r CLK J K Qn + 1 Q ¢ n + 1 Remarks

0 0 ¥ ¥ ¥ 1 1 Invalid

0 1 ¥ ¥ ¥ 1 0 Preset

1 0 ¥ ¥ ¥ 0 1 clear

1 1 0 ¥ ¥ 0 1 No change

1 1 1 0 0 0 1 No change

1 1 1 0 1 0 1 Reset

1 1 1 1 0 1 0 Set

1 1 1 1 1 0/1 1/0 Race around

Case 2

J = 0, K = 1 and CLK = 1

Under this condition, output of G3 is at logical-1 (because J = 0) and output of G4 is 1 (because 

Qn = 0). Hence, the final output is still in reset condition. Also, even if the Qn = 1, the output will be 

reset after the application of clock pulse. This is indicated in the sixth row of the function table.

Case 3

J = 1, K = 0 and CLK = 1

Under this condition, output of G4 is 1(because K = 0 and also Q = 0 is fed back to G4). However, G3

inputs are J = 1, Ck = 1 and Q ¢ = 1 (feedback from G2) and hence, output of G3 is 0 forcing the true 

output of G1 Qn + 1 to logical-1. This Qn + 1 = 1 and output of G4 also at logical-1 form the input to G2

and force Q ¢ = 0. Hence, with J = 1 and K = 0, Qn + 1 = 1 and Q ¢ n + 1 = 0, the flip-flop will be set. Also, 

even if the Qn = 1, the output will be set after the application of clock pulse and this is indicated in the 

seventh row of the function table.

Case 4

J = K = 1 and CLK = 1

Under this condition, the inputs to G3 are J = 1, CLK = 1 and Q¢ n = 1; hence, its output is at logical-0: 

the inputs to G4 are K = 1, Ck = 1 and Qn = 0; hence, its output is logical-0. This forces output of G2

to logical-1 (Q¢ n + 1) and hence output of G1 will be a logical-1. Thus output changes from logical-0 to 

logical-1. Now, if Ck is still high, because of immediate feedback, outputs of G3 and G4 will change 

to logical-1 and logical-0 respectively: forcing the final output of G1 to logical-0 and that of G2 to 

logical-1. Hence, again outputs change: Qn + 1 changes continuously as long as the clock pulse is high 

and thus, because of immediate feedback, output keeps on changing between high and low states. This 

is known as ‘race around condition’ and is clearly indicated in Fig. 7.37(c). At the end of CLK pulse 

period, the output cannot be predicted precisely.

The race-around problem can be eliminated by

1. narrowing tp, the clock pulse period to less than the propagation delay tpd of the flip-flop. But, 

normally tpd will be of a few nanoseconds and designing such a clock pulse is very difficult and 

the circuit is then expected to work at very high speeds.

2. converting JK into a master-slave arrangement (JK-MS) and hence delaying the feedback signal 

beyond the clock duration tp.

3. making the FF sensitive only to the edges of the clock pulse (using edge triggering).
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Fig. 7.38 MS JK flip-flop

In an MS-JK flip-flop, the outputs are not immediately connected to input: instead one more stage 

called ‘slave’ is added to delay the feedback. Also, the slave stage will be active only when CLK = 0 or 

the master stage is inactive and hence race-around problem will be eliminated. The arrangement of a 

Master-Slave JK (MS-JK) flip-flop is shown in Fig. 7.38.

7.12.4 JK Master-Slave Flip-Flop

An MS-JK flip-flop can be considered as a combination of a JK flip-flop and a clocked SR flip-flop. 

Here, G3 and G4 receive the feedback after another stage delay (slave stage). Pr¢ and Cr¢ are asynchro-

nous inputs, which control the output irrespective of clock, and J and K.

The working of this MS JK-FF can be understood by using its function table shown in Table 7.19. 

As indicated in the truth table, using Pr¢ and Cr¢ inputs, the circuit output is initially pre-defined. Let 

initially Q = 0 and Q = 1 by making Cr¢ = 0. In normal working conditions Pr¢ = Cr¢ = 1 and with Ck = 0,

output of G3 and G4 will be high forcing the latch (G1 and G2) output to remain unchanged. QM and 

Q ¢ M are the outputs of master stage and QS and Q ¢ S are the outputs of the slave stage and are the final 

outputs. With Ck = 0, outputs of G3 and G4 will be at logical-1 and hence QM and Q¢ M remain 

unchanged, thus the final output QS and Q’S is unchanged. In order to change the outputs, the clock 

signal should be changed to logical-1. Let initially the outputs be QS = 0 and Q¢ S = 1. This is done by 

making C ¢ r = 0.

Table 7.19 MS-JK FF truth table

P ¢ r C ¢ r CLK J K Qn + 1 Q ¢ n + 1 Remarks

0 0 ¥ ¥ ¥ 1 1 Invalid

0 1 ¥ ¥ ¥ 1 0 Preset

1 0 ¥ ¥ ¥ 0 1 Clear

1 1 0 ¥ ¥ 0 1 No change

1 1 1 0 0 0 1 No change

1 1 1 0 1 0 1 Reset

1 1 1 1 0 1 0 Set

1 1 1 1 1 0/1 1/0 Toggle



342 Basic Electronics

Case 1

J = 0 = K and CLK = 1

Under this condition, the output of G3 is at logical-1 and output of G4 is also at logical-1. Hence, 

outputs of master stage QM and Q¢ M remain unchanged. When CLK changes from 0 to1, CLK¢ changes 

from 1 to 0: with CLK = 1, the final output remains in its previous state only. This is indicated in the 

fifth row of the function table.

Case 2

J = 0, K = 1 and CLK = 1

Under this condition, the output of G3 is at logical-1 and output of G4 is also at logical-1. Hence, 

outputs of master stage QM and Q¢ M remain unchanged. When CLK changes from 0 to1, CLK¢ changes 

from 1 to 0: with CLK = 1, the final output remains in its previous state only. Even if the previous output 

is at logical-1 then the output of G4 will be at logical-0, forcing QM = 0 and Q¢ M = 1. When CLK = 0, 

these values on QM and Q¢ M are propagated to output of G3¢ and G4¢ as 1 and 0 respectively and hence 

final output QS = 0 and Q¢ S = 1. This is the RESET condition and is indicated in the sixth row of the 

function table.

Case 3

J = 1 and K = 0 with CLK = 1

Under this condition, output of G3 is at logical-0 and output of G4 is at logical-1. Hence, outputs of 

master stage QM and Q¢ M will be 1 and 0 respectively. When CLK changes from 0 to 1, CLK¢ changes 

from 1 to 0: with CLK = 1, the final output remains in its previous state only. When the clock changes 

to 0, the CLK¢ changes to 1 and now these values of QM and Q¢ M are propagated to the output of G3¢ and 

G4¢ as 0 and 1 respectively. This in turn changes the final output QS = 1 and Q¢ S = 0. This is the SET

condition and is indicated in the seventh row of the function table.

Case 4

J = 1 = k with CLK = 1

Under this condition, unlike in the case of JK-FF, here output changes only once at every clock 

falling edge. This is because, we know that in a JK-FF, with J = 1 = K output toggles, but since slave 

is inactive as long as master is active, there will be no change in feedback, hence no racing problem. 

But once CLK goes low, CLK¢ goes high changing the final output. Hence, the output toggles. This is 

indicated in the eighth row of the function table.

MS-JK FF is the ideal flip-flop that can be used widely for all our digital system designs. For con-

venience, the function table can be presented in the simplified form as shown in Table 7.20. Looking 

at the middle two rows, it is clear that for K = J¢, the input on J terminal is transferred as data input 

Table 7.20 MS-JK FF simplified truth table

J K Qn + 1 Q ¢ n + 1 Remarks

0 0 Qn Q¢ n No change

0 1 0 1 Reset

1 0 1 0 Set

1 1 Q¢ n Qn Toggle
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with one clock pulse delay and this results in an application called D-FF that can be used to store an 

information bit. Similarly, looking at the last row, it is clear that for J = K = 1, the output changes for 

every clock pulse applied resulting in another application called a T-FF that can be used to construct 

counters. These two applications of FFs are discussed in sections 7.12.5 and 7.12.6.

7.12.5 D Flip-Flop

Fig. 7.39 D flip-flop using MS-JK flip-flop

A D flip-flop can be realised by modifying an MS-JK FF: it can also be realised by modifying a 

clocked RS flip-flop. The D-FF obtained by modifying an MS-JK FF is shown in Fig. 7.39(a) and its 

function table in Fig. 7.39(b). The D input goes directly to the J input and its complement is applied 

to the K input. The asynchronous inputs P¢ r and C¢ r are to pre-define the output as already discussed in 

Section 7.12.3. When the clock pulse is 0, the outputs of D-FF are at their previous values (Qn and Q¢ n)

regardless of the D input: this is indicated in first row of the function table. If the D input is 0 and the 

clock pulse is applied, the true output of D-FF changes to 0, switching the flip-flop to the reset state; 

this is indicated in the second row of the function table. Similarly, if the D input is 1 and the clock pulse 

is applied, the true output of D-FF changes to 1, switching the flip-flop to the set state; this is indicated 

in third row of the function table. Because of its ability to transfer ‘data’ into a flip-flop and deliver it 

with one clock pulse delay, it receives the name data/delay flip-flop. D-FFs are employed in construct-

ing registers and memory units because each D-FF can store one bit of binary information.

7.12.6 T-Flip-Flop

A T flip-flop can be realised by modifying a MS-JK FF: it can also be realised by modifying a clocked 

RS flip-flop. The T-FF obtained by modifying a MS-JK FF is shown in Fig. 7.40(a) and its function 

table in Fig. 7.40(b). The T input goes directly to the J input and K input. The asynchronous inputs P¢ r

and C¢ r are to pre-define the output as already discussed in Section 7.12.3. When the clock pulse is 0, the 

outputs of the T-FF are at their previous values (Qn and Q¢ n) regardless of the T input; this is indicated 

in first row of the function table. If the T input is 0 and the clock pulse is applied, again the outputs of 

T-FF remain unchanged; this is indicated in the second row of the function table. But, if the T input is 

1 and the clock pulse is applied then the true output of T-FF changes to Q¢ n, and the complement output 

changes to Qn resulting in the flip-flop toggling; this is indicated in the third row of the function table. 

Because of its ability to toggle the output of the flip-flop, it receives the name T flip-flop. T-FFs are 

employed in constructing counters and timers, because each T-FF can count to a base of two (mod-2 

counter).
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Fig. 7.40 T flip-flop using MS-JK flip-flop

7.12.7 Edge-triggered Flip-Flops

In order to solve the problems such as race-around in a JK-FF, the FFs can be converted into edge-

triggered flip-flops and are basically sensitive to edges of the clock pulses. On a number of occasions, 

it is very difficult to design narrow clock pulses. Under such circumstances, the clock pulse can be 

converted into only edges using a simple RC differentiator circuit. Figure 7.41 contains various edge-

triggered FFs; the working of these circuits is exactly similar to the conventional FFs except that these 

circuits change their outputs at either the rising (leading) edge of the clock or the falling (trailing) edge 

of the clock. Accordingly, the logic symbols of these circuits will change.

Fig. 7.41 Edge-triggered flip-flops

Example 7.31

Draw the timing waveforms for the function table of SR latch shown in Fig. 7.32.

Solution The timing waveforms for SR latch are drawn as per the function table given in Fig. 7.35(a). 

It is clear from the waveforms given in Fig. 7.42 that when S = 1 and R = 0, the latch output becomes 

1. When S = 0 and R = 1, the latch output becomes 0. When S = 1 and R = 1, the latch output remains 

unchanged and when S = 0 and R = 0, both the latch outputs become 1 (invalid condition).
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Fig. 7.42 Timing waveforms of an SR latch

Example 7.32

Draw the timing waveforms for the function table of a D flip-flop shown in Fig. 7.39.

Solution The timing waveforms for a D-latch are drawn as per the function table given in Fig. 

7.39(b). It is clear from the waveforms given in Fig. 7.43 that when C = 0, the output remains un-

changed irrespective of D input. With CLK = 1, when D = 1, the latch output becomes 1; when D = 0, 

the latch output becomes 0.

Fig. 7.43 Timing waveforms of a D-flip-flop

7.13 COUNTERS

A counter is a logic circuit that is used to count the sequence of operations. Normally, a T-FF is the ba-

sic building block of a counter. A counter is one of the most useful and versatile subsystems in a digital 

system. A counter driven by a clock can be used to count the number of external events. Since the clock 

pulses occur at known intervals of time, a counter can be used as an instrument for measuring time and, 

therefore, period or frequency. Based on the way the clock pulses are connected to individual T-FF, 

counters can be classified into two types: asynchronous or ripple counters and synchronous counters. A

basic T-FF can count two clock pulses and each clock pulse applied drives this T-FF through two differ-

ent stages ‘0’ and ‘1’: these stages or states through which a counter passes is called modulus (Mod)

of a counter. The modulus of a counter M is related to the number of FFs N in the counter through the 

relation

M = 2N (7.30)
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7.13.1 Asynchronous Counters

In an asynchronous counter, the clock-pulse source is connected to the first stage only, while each stage 

output Q serves as the clock input signal to its next stage and all the stages do not change states in exact 

synchronisation with the main clock pulse. It is also commonly referred to as a ripple counter and the

logic diagram of a 3-bit asynchronous counter is shown in Fig. 7.44. The arrangement consists of three 

cascaded JK FFs (in T-FF form): the clock pulse input is connected to FF-1, its output ‘A’ changes for 

every one clock pulse and is therefore referred as Least Significant Bit (LSB) output. Output ‘A’ forms 

the clock input to FF-2 whose output ‘B’ changes for every two clock pulses. Similarly, output ‘B’ is 

connected as clock input to FF-3 and its output changes for every four clock pulses. The asynchronous 

input Cr¢ from each FF is used to reset (ABC = 000) the counter. The FFs are assumed to be negative 

edge-triggered which means the output of the FF changes only when its clock input falls from 1 to 0.

Fig. 7.44 A 3-bit asynchronous counter

Figure 7.45 is a 3-bit asynchronous counter using a commercially available JK FF IC: (circuits of 

Fig. 7.45 and 7.46 can be used in the laboratory to verify the counter working). Initially, let the counter 

be reset using the clear terminal available; hence, the counter output ABC = 000. With the first clock 

pulse, the output of FF-1 changes to 1 at the trailing clock edge, this being the clock input to FF-2, its 

output and FF-3 output will not change; the counter reads ABC = 001. With the second clock pulse, 

again the output of FF-1 changes to 0 at the trailing clock edge, this being the clock input to FF-2, 

Fig. 7.45 A 3-bit asynchronous counter using JK FF
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its output changes to 1 and FF-3 output will not change; the 

counter reads ABC = 010. This continues for each clock pulse 

till seventh clock pulse where counter reads ABC = 111. With 

the eighth clock pulse, the output of FF-1 changes to 0 at the 

trailing clock edge, this being the clock input to FF-2, its out-

put also changes to 0 and FF-3 output will also change to 0 

because of falling clock edge; the counter reads ABC = 000.

The working of a 3-bit ripple counter is illustrated through 

a function table given in Table 7.21 and the corresponding 

timing waveforms are shown in Fig. 7.46. The clock pulse 

column CP represents the falling or trailing edge and the FFs 

are negative edge sensitive.

Fig. 7.46 Timing waveforms for a 3-bit counter

Example 7.33

Draw the circuit of a Mod-7 counter using T-FFs and prepare its function table.

Solution The circuit of a Mod-7 counter using T-FFs and its function table are shown in Fig. 7.47.

Fig. 7.47 Mod-7 counter using JK (T) FF

Table 7.21  Truth table of a 3-bit 

asynchronous counter

CP C B A

0 0 0 0

1 0 0 1

2 0 1 0

3 0 1 1

4 1 0 0

5 1 0 1

6 1 1 0

7 1 1 1

8 0 0 0
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Up/Down Counter

The circuit diagram for 3-bit asynchronous up/down counter using JK FFs (IC-7476), AND gates (IC-

7408) and OR gates (IC-7432) is shown in Fig. 7.48; the J and K inputs from all FFs are tied to logic 

HIGH (T-mode). The asynchronous inputs P ¢ r are all connected together to form the master preset ter-

minal that is used to set the counter outputs. Similarly, other asynchronous inputs C ¢ r ’ are all connected 

together to form the master clear terminal that is used to reset the counter outputs. The main clock 

source is connected to the first FF and all other FFs get their clock input from the previous stage output 

through AND-OR gate arrangements. For up counting, the true output is connected and for down count-

ing, the complemented output is connected as clock to next stage. 

Fig. 7.48 A 3-bit asynchronous up/down counter

The working of the circuit is similar to the circuit of Fig. 7.45 and the function table is given in 

Table 7.22. The control input U/D¢ decides the counting direction: if U/D¢ = 1, the upper AND gate 

is enabled and applies Q as clock input to next stage; the counter works as an up-counter. If U/D¢ = 

0, the lower AND gate is enabled and applies Q¢ as clock input to next stage; the counter works as a 

down-counter. Figure 7.49 represents timing waveforms for the circuit when U/D¢ = 1, the up-counter. 

It can be observed here that the circuit responds to leading clock edges. When the circuit control when 

U/D¢ = 0, the down-counter, the waveforms can be drawn in a way similar to Fig. 7.49.

Table 7.22 Truth Table of a 3-bit asynchronous counter

U/D¢ = 1 U/D¢ = 0

CLK Q2 Q1 Q0 Q2 Q1 Q0

— 0 0 0 0 0 0

1 0 0 1 1 1 1

2 0 1 0 1 1 0

3 0 1 1 1 0 1

4 1 0 0 1 0 0

5 1 0 1 0 1 1

6 1 1 0 0 1 0

7 1 1 1 0 0 1

8 0 0 0 0 0 0
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Fig. 7.49 Timing waveforms for a 3-bit up-counter

7.13.2 Synchronous Counters

In a synchronous counter, a common clock pulse source is connected to all stages of FFs in the counter 

and each stage inputs J and K are separately controlled. The logic diagram of a 3-bit synchronous coun-

ter is shown in Fig. 7.50. The arrangement consists of three cascaded JK FFs: the clock pulse input is 

connected to FF-1, its output ‘A’ changes for every one clock pulse and is, therefore, referred as Least 

Significant Bit (LSB) output. Output ‘A’ forms the clock input to FF-2 whose output ‘B’ changes for 

every two clock pulses. Similarly, previous outputs A and B are ANDed together to supply clock input 

to FF-3 and its output changes for every four clock pulses. The asynchronous input Cr¢ from each FF 

is used to reset (ABC = 000) the counter. The FFs 

are assumed to be negative edge-triggered which 

means the output of the FF changes only when its 

clock input falls from 1 to 0. In this type of coun-

ter, since all the stages are triggered simultane-

ously (in parallel) by the clock input pulses, this 

counter is also called parallel counter.

The working of the circuit is similar to the cir-

cuit of Fig. 7.45 except that each FF receives the 

same clock pulse and the function table is same as 

given in Table 7.21.

7.14 SHIFT REGISTERS

A register is a group of flip-flops arranged so that the binary numbers stored in the flip-flop are shifted 

from one flip-flop to the next for every clock pulse. Figure 7.51(a) shows a 4-bit shift register using JK

flip-flops working as D-FF. The flip-flops are arranged such that the output of FF-A is transferred into 

FF-B, the output of FF-B is transferred into FF-C and the output of FF-C is transferred into FF-D when 

a clock pulse is applied. There are a number of commercial shift registers available and IC-7495 is one 

of them. It is a 4-bit shift register with facilities for right shift, serial shift, parallel shift, etc. The left 

shift can also be implemented with external connections. The pin diagram of the IC-7495 shift register 

is shown in Fig. 7.51(b): it is a 14-pin IC with a mode-selection option for serial and parallel operations. 

With MODE = 0 (Pin 6), the serial mode is selected and the string of data on the serial input pin SI (Pin 1) 

is entered into the register with the application of four-clock pulses on CLK1 (Pin 9). Similarly, with 

MODE = 1 (Pin 6), the parallel mode is selected and the string of data on the parallel serial input pins 

A, B, C, and D (Pins 2 to 5) is entered into the register with the application of a falling edge on CLK2

Fig. 7.50 A 3-bit synchronous counter
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(Pin 8). Parallel outputs are available on QA, QB, QC and QD (Pins 10 to 13), the serial output on QD

(Pin 10) and the IC operates on +5 V supply.

7.14.1 Basic Operations

Fig. 7.51 A 4-bit shift register

There are four basic types of operations that can be performed using a shift register depending on 

the manner in which data is entered into and retrieved out of the register. They are

1. Serial-In-Serial-Out (SISO) operation

2. Serial-In-Parallel-Out (SIPO) operation

3. Parallel-In-Serial-out (PISO) operation

4. Parallel-In-Parallel-out (PIPO) operation

1. Serial-In-Serial-Out (SISO) and Serial-In-Parallel-Out (SIPO)

In order to enter a stream of data serially into the register (IC-7495) and later retrieving it either serially 

or parallelly, the following procedure may be followed:

(a) Serial-In-Parallel-Out: [SIPO]

(i) The circuit is rigged up using IC-7495.

(ii) Serial mode selection is made with MODE = 0.

(iii) Serial data is applied at the serial input pin SI (Pin 1).

(iv) Four clock pulses are applied to CLK1 (Pin 9), data enters in serially.

(v) Now, parallel data output is available on pins 10 to 13.

(b) Serial-In-Serial-Out: [SISO]

(i) Serial mode selection is made with MODE = 0.

(ii) Serial data is applied at the serial input pin SI (Pin 1).

(iii) Four clock pulses are applied to CLK1 (Pin 9), data enters in serially.

(iv) For the next four clock pulses, the data output is shifted at QD pin in serial fashion.

The procedure given above is depicted with a sample data in the form of a function table in 

Table 7.23.
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Table 7.23 Truth table of a 4-bit in SISO and SIPO modes

Clock

Pluse

Serial Data 

Input

Out puts

QA QB QC QD

0 1 ¥ ¥ ¥ ¥

1 0 1 ¥ ¥ ¥

2 1 0 1 ¥ ¥

3 0 1 0 1 ¥

4 ¥ 0 1 0 1

5 ¥ ¥ 0 1 0

6 ¥ ¥ ¥ 0 1

7 ¥ ¥ ¥ ¥ 0

2. Parallel-In-Serial-Out (PISO) and Parallel-In-Parallel-Out (PIPO)

In order to enter a stream of data parallelly into the register (IC-7495) and later retrieving it either 

serially or parallelly, the following procedure may be followed:

(c) Parallel-In-Parallel-Out: [PIPO]

(i) The circuit is rigged up using IC-7495.

(ii) Parallel mode selection is made with MODE = 1.

(iii) Parallel data is applied at the parallel input pins A, B, C and D (Pins 2 to 5).

(iv) A falling edge on CLK2 (Pin 8), enters data in parallel.

(v) Now, parallel data output is available on pins 10 to 13.

(d) Parallel-In-Serial-Out: [PISO]

(i) Parallel mode selection is made with MODE = 1.

(ii) Parallel data is applied at the parallel input pins A, B, C and D (Pins 2 to 5).

(iii) A falling edge on CLK2 (Pin 8), enters data in parallel.

(iv) Serial mode selection is made with MODE = 0.

(v) For the next four clock pulses, the data output is shifted at QD pin in serial fashion.

The procedure given above is depicted with a sample data in the form of a function table in Table 

7.24. A bi-directional shift register can also be constructed using IC-7495 and in this case the data can 

be shifted to either left or right.

3. Shift Register Counters

A shift register counter is basically a shift register with the serial output connected back to the serial 

input through a decoder in order to produce special sequences which are very useful in many commu-

nication applications. These circuits are often classified as counters because they exhibit a specified 

sequence of states.

7.14.2 Ring Counter

A ring counter is constructed using a serial shift register and in this case, the final serial output QD is 

feedback to the serial input line SI directly without any decoder. The circuit arrangement for a 4-bit ring 

Serial data out put 

observed during 4th, 5th, 

6th, 7th clockpulse

Parallel data output 

after 4th clock pluse
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counter is shown in Fig. 7.52 and is operated in serial mode. 

Initially, let the contents in the counter be QA QB QC QD = 1 0 

0 0 (loaded either in serial or parallel fashion). The QD output 

from the last stage is connected to the serial input SI (Pin 1) 

of the first stage.

In order to realise a ring counter using IC-7495, the follow-

ing procedure can be followed:

(i) The circuit is rigged up using IC-7495 as in Fig. 7.52.

(ii) Parallel mode selection is made with MODE = 1.

(iii) Parallel data is applied at the parallel input pins A, B, C

and D (Pins 2 to 5).

(iv) A falling edge on CLK2 (Pin 8), enters data in parallel.

(v) The mode control M = 0 and clock is given to clock 1 (Pin 9).

(vi) The clock pulses are applied to CLK1 and the output is observed as in Table 7.25.

Table 7.25 Truth table of a 4-bit ring counter

Ck QA QB QC QD

0 1 0 0 0

1 0 1 0 0

2 0 0 1 0

3 0 0 0 1

4 1 0 0 0

7.14.3 Johnson Counter or Twisted Ring Counter

In a Johnson counter (also called Moebi counter), the complement of the output of the last flip-flop 

is connected back to the serial input of the IC-7495. The feedback arrangement produces a unique 

sequence of states. Four-bit sequence has a total of eight states. In general an n-stage Johnson counter 

will produce a module of 2n, where n is the number of stages connected to the D input of each stage. 

The single exception is that the Q– output of the last stage is connecting back to the D input of the first 

stage. One advantage of this type of sequence is that it is readily decoded with two-input AND gate.

Table 7.24 Truth table of a 4-bit shift register in PISO and PIPO modes

Clock

Pulse

Mode Clock Input 

To

Out Puts

QA QB QC QD

0
1 Clock 2

¥ ¥ ¥ ¥

1 1 0 1 0

2

0 Clock 1

¥ 1 0 1

3 ¥ ¥ 1 0

4 ¥ ¥ ¥ 1

5 ¥ ¥ ¥ ¥

Serial data outputs 

observed during 1st, 

2nd, 3rd, & 4th clock 

pulses

Parallel data output 

after 1st clock 

pulse

Fig. 7.52 Ring counter using IC-7495
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In order to realise a twisted ring counter using IC-7495, the following procedure can be followed:

(i) The circuit is rigged up using IC-7495 as in Fig. 7.53.

(ii) Parallel mode selection is made with MODE = 1.

(iii) Parallel data is applied at the parallel input pins A, B, C and D (Pins 2 to 5).

(iv) A falling edge on CLK2 (Pin 8), enters data in parallel.

(v) The mode control M = 0 and clock is given to clock-1 (Pin 9).

(vi) The clock pulses are applied to CLK1 and the output is observed as in Table 7.26.

Table 7.26 Truth table of a 4-bit twisted ring counter

CLK Q0 Q1 Q2 Q3

0 0 0 0 1

1 0 0 0 0

2 1 0 0 0

3 1 1 0 0

4 1 1 1 0

5 1 1 1 1

6 0 1 1 1

7 0 0 1 1

8 0 0 0 1

Summary

➣ An analog signal has time-varying amplitude, but a digital signal has only two representations: 

logic-HIGH and logic-LOW.

➣ Digital computers are used to process digital signals. Hence, digital processing is fast and accu-

rate. Analog processing is more reliable.

➣ A binary number system is one of the convenient methods for representing, processing and con-

trolling a digital system.

➣ Octal and hexadecimal number systems are the other methods available for conveniently repre-

senting, processing and controlling a digital system.

➣ Sign magnitude representation has separate representation for positive zero and negative zero.

➣ Sign 1’s complement representation also has separate representation for positive zero and nega-

tive zero. This representation can be conveniently used to perform binary arithmetic.

➣ Sign 2’s complement representation has only one representation for both positive zero and nega-

tive zero. This representation can be conveniently used to perform binary arithmetic.

➣ Sign 2’s complement representation has one extra representation on the negative side and is the 

most preferred representations in modern-day computing.

➣ Hexadecimal number system is used in modern-day computing to represent addresses, data, con-

trol, etc.

➣ Conversion from one number system to another provides a convenient way to use different forms 

of data for processing.

➣ A binary parallel adder can be used for both addition and subtraction (a parallel adder is the basic 

building block for an Arithmetic Logic Unit-ALU).

Fig. 7.53  Twisted ring (Johnson) 

counter using IC-7495
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➣ AND, OR and NOT gates are the basic logic gates. Using these functions, any digital system can 

be realised logically (including EX-OR function).

➣ NAND gate and NOR gate are the universal gates. Using these functions, any other basic function 

or any digital system can be realised logically (including EX-OR function).

➣ Simplifying any digital system and then implementing simplified expression results in a consid-

erable amount of hardware reduction.

➣ Boolean postulates and De Morgan’s theorems are helpful in simplifying a digital switching 

function.

➣ A K-map is another tool for simplification of switching functions; it is a graphical representation 

and simplification can be done in SOP or POS forms.

➣ The output of a combinational circuit depends only on the present input; not on the previous 

output, hence there is no memory in a combinational circuit.

➣ The output of a sequential circuit depends not only on the present input, but also on the previous 

output, hence there is a memory in a sequential circuit.

➣ The arithmetic circuits such as adders and subtractors are combinational circuits.

➣ Latches and flip-flops are some examples of sequential circuits and these are mainly used to store 

binary information.

➣ An SR FF is simple to construct, but it has a disadvantage of an invalid output when both inputs 

are at high.

➣ A JK-FF overcomes the problem of SR-FF, but has a disadvantage of a racing output when both 

input are at high.

➣ An MS-JK FF overcomes the problem of SR-FF and JK-FF and offers an advantage of toggle 

output when both inputs are at high.

➣ An MS-JK FF can be modified into a D-FF that can be used to construct registers.

➣ An MS-JK FF can be modified into a T-FF that can be used to construct counters.

➣ Modulus of a counter is the number of discrete stages through which the counter progresses; 

the modulus of a counter M is related to the number of FFs N in the counter through the relation 

M = 2N.

➣ A shift register is used for applications such as to store binary information, to shift the data in 

either directions, to convert serial data stream into parallel and vice versa, etc.

Review Questions

1. What do you mean by ‘positive logic’ and ‘negative logic’? Explain

2. Most of the real world requires analog signals, but still digital systems are popular, why?

3. Why are NAND and NOR gates called universal gates?

4. Realise EX-OR function using basic gates.

5. Realise EX-OR function using NAND gates.

6. Realise EX-OR function using NOR gates.

7. Realise EX-NOR function using NAND gates.

8. Realise EX-NOR function using NAND gates.

9. State and prove the ‘commutative law’ in Boolean algebra.

10. State and prove the ‘associative law’ in Boolean algebra.

11. State and prove the ‘distributive law’ in Boolean algebra.

12. State and prove the De Morgan’s theorems in Boolean algebra.

13. What are the advantages of 2’s complement representation?
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14. Show that 2’s complementation representation has only one zero representation.

15. What is race-around condition? Explain how it can be eliminated.

16. What is ‘Toggle condition’? Explain. What are its advantages?

17. Draw the timing waveforms for SR flip-flop.

18. Draw the timing waveforms for JK flip-flop

19. Draw the timing waveforms for MS-JK flip-flop

20. Draw the timing waveforms for D-flip-flop

21. Draw the timing waveforms for T-flip-flop

22. Explain SIPO operation in a shift register. How it is useful in serial communication?

23. Explain PISO operation in a shift register. How it is useful in serial communication?

24. What is modulus of a counter? Explain.

25. What is a ripple counter? Explain.

26. Draw the block diagram of a 3-bit ripple counter using JK-FF and explain its working with a 

function table.

27. How many FFs are needed to realise a Mod-125 counter? Explain.

28. Draw a logic circuit for the switching function f (A, B, C, D) = BD + BE + D¢F

29. Draw a logic circuit for the switching function f(A, B, C) = A¢BC + B¢CD + BC¢D + ABD¢

Exercise Problems

1. If 43 10 = X2, find the value of X.

2. Convert 111101101110.101111012 into its octal equivalent.

3. Convert 3146.528 into its binary equivalent.

4. Add 1011012 and 1101012 and convert the result into its equivalent decimal value.

5. Convert 4710 into an equivalent octal number

6. If 33210 = X8 then find the value of X.

7. Convert the decimal number 4429.62510 into its equivalent octal number.

8. If 632.9710 = X8, find the value of X.

9. Convert the octal number 15 into its decimal equivalent.

10. Convert octal number 72 into its decimal equivalent.

11. Convert 15.68 into its decimal equivalent.

12. Convert 110111102 into its octal equivalent.

13. Convert 110111102 into its hexadecimal equivalent.

14. Convert 111012 plus 111.112 into its hexadecimal equivalent.

15. Convert AA ◊ 1A16 into its binary equivalent.

16. Convert 1516 into its equivalent decimal number.

17. Convert B816 into its equivalent decimal number.

18. If AB416 = X10, find the value of X.

19. If 9.1A16 = X10, find the value of X.

20. What is the hexadecimal equivalent of 2410?

21. If 51310 = X16, find the value of X.

22. If 26.2110 = X16, find the value of X.

23. Perform the following conversions:

(i) 63.2510 to equivalent binary

(ii) 43.812510 to equivalent binary

(iii) 48510 to base-16
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24. Perform the following conversions:

(i) 1001011.0112 to equivalent decimal

(ii) 110101.10112 to equivalent decimal

(iii) 11001.12 to base-8

25. Perform the following conversions:

(i) 25.68 to equivalent binary

(ii) 35.18 to base-16

(iii) 39.A16 to base-8

26. Perform the following conversions:

(i) 010100112 = ____8

(ii) 2BE16 = ____ 8
(iii) 11011.012 = ____8

(iv) 100010 = ____16

(v) 2’s complement of (1110101)2 is ______ 

27. Simplify the switching function F(ABC) = A¢B¢C¢ + A¢B ¢C + AB ¢C ¢ + ABC using Boolean postu-

lates. Realise the simplified expression using basic gates.

28. Simplify the switching function F(ABC) = A¢B¢C¢ + A¢B¢C + A¢BC + AB¢C¢ + ABC using Boolean 

postulates. Realise the simplified expression using NAND gates.

29. Simplify the switching function F(ABCD) = A¢B¢C¢D¢ + A¢B¢C¢D + A¢BCD + AB¢C¢D¢ + ABCD us-

ing a K-map and realise the simplified expression using NAND gates.

30. Simplify the switching function F(ABCD) = A¢B¢C¢ + B¢C + A¢BCD + AC¢ + ABD using a K-map af-

ter converting it into canonical SOP form. Realise the simplified expression using NAND gates.

31. Convert the switching function F(ABC) = A¢B¢ + A¢B¢C + AB + AC into canonical SOP form.

32. Simplify the switching function F(ABCD) = Sm (0, 1, 4, 8, 9, 12) using a K-map and realise the 

simplified expression using NAND gates.

33. Simplify the switching function F(ABCD) = Sm (0, 1, 4, 8, 9, 12) + Sd (13, 14, 15) using a K-map 

and realise the simplified expression using NAND gates.

34. Write the function table for a full adder. Simplify the switching functions for sum and carry using 

a K-map and realise the simplified expression using EX-OR and AND gates.

35. Write the function table for a full adder. Simplify the switching functions for sum and carry using 

a K-map and realise the simplified expression using NAND gates.

36. For the circuit shown in Fig. P7.36, write the output expression.

    

Fig. P7.36 Fig. P7.37

37. For the circuit shown in Fig. P7.37, write the output expressions Y, Y1 and Y2.
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38. The K-map of a three-variable function F is shown in Fig. P7.38. What is the sum-of-minterms 

expression of F?

   

Fig. P7.38 Fig. P7.39

39. For the K-map shown in Fig. P7.39, write the simplified out-

put expression F.

40. Realise the expression obtained in Problem 39 using basic 

gates.

41. For the K-map shown in Fig. P7.41, write the simplified out-

put expression F.

42. Realise the expression obtained in Problem 41 using basic 

gates.

43. Simplify the switching function f(A, B, C, D) = Sm (2, 3, 4, 5, 

7, 8, 10, 13, 15) + Sd (2, 3, 4) using a K-map.

44. Realise the expression obtained in Problem 41 using univer-

sal NAND gates.

Multiple-Choice Questions

1. The radix of a number system represents

(a) number of repeated digits in that number system

(b) number of zeros in that number system

(c) number of digits in that number system

(d) none of the above

2. In an analog representation, the signal amplitude is represented as a

(a) continuous function of time (b) discrete function of time

(c) both (a) and (b) (d) neither (a) nor (b)

3. In a digital representation, the signal amplitude is represented as a

(a) continuous function of time (b) discrete function of time

(c) both (a) and (b) (d) neither (a) nor (b)

4. Conversion of an analog signal into a digital form is done by using a

(a) digital-to-analog convertor (b) analog-to-digital convertor

(c) both (a) and (b) (d) neither (a) nor (b)

Fig. P7.41
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5. Conversion of a digital signal into an analog form is done by using a

(a) digital-to-analog convertor (b) analog-to-digital convertor

(c) both (a) and (b) (d) neither (a) nor (b)

6. Analog systems offer the following advantage/s as compared to digital systems:

(a) More reliable (b) Less noisy

(c) Both (a) and (b) (d) Neither (a) nor (b)

7. Digital systems offer the following advantage/s as compared to analog systems:

(a) Easy processing (b) Easy storage

(c) Both (a) and (b) (d) Neither (a) nor (b)

8. A decimal number system is characterised by the following:

(a) Radix of the system is 10 (b) Contains 10 digits for representation

(c) Neither (a) nor (b) (d) Both (a) and (b)

9. A binary number system is characterised by the following:

(a) Radix of the system is 2 (b) Contains 2 digits for representation

(c) Neither (a) nor (b) (d) Both (a) and (b)

10. An octal number system is characterised by the following:

(a) Radix of the system is 8 (b) Contains 8 digits for representation

(c) Neither (a) nor (b) (d) Both (a) and (b)

11. A hexadecimal number system is characterised by the following:

(a) Radix of the system is 16 (b) Contains 16 digits for representation

(c) Neither (a) nor (b) (d) Both (a) and (b)

12. For a binary number system, the following statement is not correct:

(a) Radix of the system is 2 (b) Contains 2 digits for representation

(c) 2 is a valid digit (d) All the above

13. For an octal number system, the following statement is not correct:

(a) Radix of the system is 8 (b) Contains 7 digits for representation

(c) 8 is a valid digit (d) All the above

14. For a hexadecimal number system, the following statement is not correct:

(a) Radix of the system is 16 (b) Contains 16 digits for representation

(c) 9 is a valid digit (d) None of the above

15. 12310 is equal to

(a) 11110112 (b) 1738 (c) 07b16 (d) all the above

16. 246810 is equal to

(a) 11110112 (b) 1738 (c) 09a416 (d) all the above

17. What is the output Y if both inputs A and B in the figure below are 0?

(a) Y = 0 (b) Y = 1 (c) Y is unknown (d) None of the above

18. A certain logic gate with two inputs produces a low output only when both inputs are same; then 

it is

(a) an EX-OR gate (b) an OR gate (c) a NAND gate (d) an AND gate

19. What is the output Y if input A = 1, B = 0 and C = 1 in the figure below?

(a) Y = 0 (b) Y = 1 (c) Y is unknown (d) None of the above
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20. In Question 19, what changes in the inputs are needed for the output Y to be ‘0’?

(a) Invert all inputs (b) A = 0, B = 1, C = 0

(c) A = 1, B = 1, C = 1 (d) No change

21. A certain logic gate with two inputs produces a high output only when both inputs are same; then 

it is

(a) an EX-OR gate (b) an OR gate

(c) an EX-NOR gate (d) an AND gate

22. A certain logic gate with n inputs produces a high output only when odd numbers of inputs are at 

logic high; then it is

(a) an EX-OR gate (b) an OR gate (c) an EX-NOR gate (d) an AND gate

23. A certain logic gate with n inputs produces a low output only when odd numbers of inputs are at 

logic high; then it is 

(a) an EX-OR gate (b) an OR gate (c) an EX-NOR gate (d) an AND gate

24. In the figure shown below if the inputs are both ‘1’, what is the output?

(a) Y = 0 (b) Y = 1 (c) Unknown (d) None of the above

25. In Question 24, what are the values of the inputs if output needs to be’1’?

(a) A = 0 and B = 0 (b) A = 0 and B = 1 (c) A = 1 and B = 0 (d) None of the above

26. A certain logic gate produces an output as in the truth table shown below. What type of logic gate 

is it?

A B C X

0 0 0 1

0 0 1 1

0 1 0 1

0 1 1 1

1 0 0 1

1 0 1 1

1 1 0 1

1 1 1 0

(a) 3-input OR gate (b) 3-input NAND gate

(c) 3-input NOR gate (d) 3-input AND gate

27. Similar to decimal number system, the binary number system also is/has

(a) a positional number system (b) basic digits 0 and 1

(c) a base-2 system (d) all of the above

28. The previous and next numbers of the hexadecimal number 1C00 16 are respectively

(a) 1B9916 and 1C0116 (b) 1BFF16 and 1C0116

(c) 1B00 16 and 1D00 16 (d) 0C0016 and 1C0116
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29. In the list given below, ______ is not an octal number.

(a) 12348 (b) 56788 (c) 45678 (d) 10108

30. In the list given below, ______ is not an hexadecimal number.

(a) 123416 (b) 567816 (c) FFGF16 (d) FFFF16

31. A and B are two binary numbers and A > B. When the operation (A – B) using 1’s complement 

method is done, 1’s complement of B is added to A. In this case,

(a) carry certainly will be present after addition and it has to be added to the partial result to 

obtain the true result

(b) carry will not be present after addition

(c) carry will be present but it is to be discarded to obtain the true result

(d) none of the above

32. A and B are two binary numbers and A < B. When the operation (A – B) using 1’s complement 

method is done, 1’s complement of (B) is added to (A). In this case,

(a) carry certainly will be present after partial addition, and it has to be added to the partial 

added result to obtain the true result

(b) carry will not be present after addition but the partial added result will be in complement 

form; L’s complement of the partial added result is to be obtained to get the true result

(c) carry will be present but it is to be discarded to obtain the true result

(d) none of the above

33. A and B are two binary numbers and A > B. When the operation (A – B) using 2’s complement 

method is done, 1’s complement of (B) is added to (A). In this case,

(a) carry certainly will be present after addition, and it has to added to the partial added result to 

obtain the true result

(b) carry will not be present after partial addition

(c) carry certainly will be but it is to be discarded to obtain the true result

(d) none of the above

34. A and B are two binary numbers and A < B. When the operation (A – B) using 2’s complement 

method is done, 1’s complement of (B) is added to (A). In this case,

(a) carry certainly will be present after partial addition, and it has to added to the partial result 

to obtain the true result

(b) carry will not be present after addition hut the partial added result will be in 2’s complement 

form; 2’s complement of the partial added result is to be obtained to get the true result

(c) carry will be present but it is to he discarded to obtain the true result

(d) none of the above

35. In sign magnitude representation of a positive and a negative number, the following statement/s 

is correct:

(a) MSB bit represents the sign (b) Magnitude bits are same

(c) Both (a) and (b) (d) Neither (a) nor (b)

36. In sign 1’s complement representation of a positive and a negative number, the following 

statement/s is correct:

(a) MSB bit represents the sign

(b) Magnitude bits are complement of each other

(c) There are two representations for zero

(d) All the above
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37. In sign 2’s complement representation of a positive and a negative number, the following 

statement/s is correct:

(a) LSB bit represents the sign (b) There is only one representation for zero

(c) Magnitude bits are same (d) All the above

38. 1238 + 45O 8 = ______ 8
(a) 567 8 (b) 579 8 (c) 523 8 (d) 5738

39. 09FF16 + 0001 16 = ____ 16

(a) 1010 16 (b) 1110 16 (c) 1000 16 (d) 0A00 16

40. 1238 + 45O 16 = ____ 8
(a) 5678 (b) 579 8 (c) 573 8 (d) 22438

41. 1238 + 45O16 = ______ 16

(a) 56716 (b) 57916 (c) 57316 (d) 4A316

42. Pick the odd one out:

(a) EFGA16 (b) ABCD16 (c) 1234 8 (d) 10002

43. A logic gate has multiple inputs and one output. The output of this gate is at logic ‘1’. When one 

or more inputs are at logic ‘1’ then that gate is ______

(a) AND gate (b) OR gate (c) NOR gate (d) EX-OR gate

44. A logic gate has multiple inputs and one output. The output of this gate is at logic ‘1’ only when 

all the inputs are at logic ‘1’. Then that gate is ______

(a) AND gate (b) OR gate (c) NOR gate (d) EX-OR gate

45. A logic gate has multiple inputs and one output. The output of this gate is at logic ‘0’ when all the 

inputs are at logic ‘1’. Then that gate is called as,

(a) NAND gate (b) OR gate (c) NOR gate (d) EX-OR gate

46. A logic gate has multiple inputs and one output. The output of this gate is at logic ‘1’ when all the 

inputs are at logic ‘0’. Then that gate is called as,

(a) AND gate (b) OR gate (c) NOR gate (d) EX-OR gate 

47. As per De Morgan’s theorem,

(a) A A B CB C = + +◊ ◊ (b) A A B CB C = ◊ ◊+ +

(c) both (a) and (b) (d) Neither (a) nor (b)

48. One of the following Boolean postulates is wrong and that is

(a) A + A = A (b) A + A¢ = A (c) A + A¢ = 1 (d) A * A¢ = 0

49. In a K-map simplification, one of the incorrect statements is

(a) an octet eliminates 3 variables

(b) A quad eliminates 2 variables

(c) redundant group appears in final simplified expression

(d) A pair eliminates 1 variable

50. In a K-map simplification, one of the incorrect statements is

(a) an octet contains 3-logical adjacent 1s (b) a pair contains 2-logical adjacent 1s 

(c) a quad contains 4-logical adjacent 1s (d) an octet contains 8-logical adjacent 1s

51. The Boolean expression A¢ * A [(B + A¢ + C ¢) + A¢ BC] = 

(a) A + (B + C) (b) A * (B + C) (c) 0 (d) A

52. The SUM expression for a half adder represents ______

(a) AND gate (b) EX-OR gate (c) NAND gate (d) NOR gate

53. The CARRY expression for a half adder represents ______

(a) NAND gate (b) EX-OR gate (c) AND gate (d) NOR gate
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54. The SUM expression for a full adder represents a 3-input ______

(a) AND gate (b) EX-OR gate (c) NAND gate (d) NOR gate

55. Out of the truth tables of a half-adder, only one is correct with A and B as inputs. S is a sum output 

and C is a carry output. The correct truth table is,

(a) A B S C

0 0 0 0

0 1 0 1

1 0 1 0

1 1 1 1

(b) A B S C

0 0 1 0

0 1 0 1

1 0 1 0

1 1 1 1

(c) A B S C

0 0 0 0

0 1 1 0

1 0 1 0

1 1 1 1

(d) A B S C

0 0 0 1

0 1 0 0

1 0 1 0

1 1 1 1

56. The full adder can be realised using

(a) only two half adders (b) two half adders and one ‘OR’ gate

(c) two half adders and one ‘AND’ gate (d) only two ‘EX-OR’ gates

57. Out of the truth tables of a full adder, only one is correct. A, B and CIN are inputs, S is a sum 

output and Co is a carry output. The correct truth table is

(a)      A B CIN SO CO

0 0 0 0 0

0 0 1 1 1

0 1 0 0 0

0 1 1 1 0

1 0 0 0 1

1 0 1 1 1

1 1 0 0 1

1 1 1 1 1

(b)     A B CIN SO CO

0 0 0 0 0

0 0 1 1 0

0 1 0 1 0

0 1 1 0 1

1 0 0 1 0

1 0 1 0 1

1 1 0 0 1

1 1 1 1 1

(c)     A B CIN SO CO

0 0 0 1 0

0 0 1 1 1

0 1 0 1 0

0 1 1 1 0

1 0 0 0 1

1 0 1 1 1

1 1 0 0 1

1 1 1 1 1

(d)     A B CIN SO CO

0 0 0 0 1

0 0 1 1 1

0 1 0 0 1

0 1 1 1 1

1 0 0 0 1

1 0 1 1 1

1 1 0 0 1

1 1 1 1 1
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58. A simple SR latch can be used as a

(a) storage element (b) switch de-bouncer

(c) both (a) and (b) (d) neither (a) nor (b)

59. Race around is the problem existing in a/an

(a) MS-JK flip-flop (b) JK flip-flop (c) SR flip-flop (d) none of the above

60. A MS-JK flip-flop can be modified into a

(a) a D flip-flop (b) a T flip-flop (c) both (a) and (b) (d) Neither (a) nor (b)

61. Toggle condition exists in a

(a) MS-JK flip-flop (b) JK flip-flop (c) SR flip-flop (d) none of the above

62. A register can be constructed using a

(a) D flip-flop (b) T flip-flop (c) both (a) and (b) (d) neither (a) nor (b)

63. A counter can be constructed using a

(a) D flip-flops (b) T flip-flops (c) both (a) and (b) (d) neither (a) nor (b)

64. A series of N cascaded D flip-flops can be used to

(a) store N-bit data (b) count N states (c) both (a) and (b) (d) neither (a) nor (b)

65. A series of N cascaded T flip-flops can be used to

(a) store N-bit data (b) count 2N states (c) both (a) and (b) (d) neither (a) nor (b)





Goals and Objectives

After successfully completing the study of this chapter, the reader is expected to

➤ Understand the importance of signal quantities measurement in electronics

➤ Understand the basic relationship between voltage, current and power

➤ Understand the basic differences between ac quantity and dc quantity 

measurements

➤ Understand the basic similarities in the construction of ammeter and 

voltmeter

➤ Understand the basic working principle of the basic meters such as a PMMC

meter

➤ Understand the effect of signal quantity measurement.

➤ Understand the principle of a voltmeter, its working and range extension in 

multirange voltmeter

➤ Understand the principle of an ammeter, its working and range extension in 

multirange ammeter

➤ Understand the principle of a rectifier-type voltmeter

➤ Understand the need, construction of multimeters, analog multimeters and 

digital multimeters

➤ Understand the importance of waveform display in signal measurements

➤ Understand the construction, working principle and uses of CRO

➤ Understand the principle of electron-beam formation, its focussing and 

speeding to display the signals

➤ Understand the role of time-base generator in displaying the signal on a CRO

➤ Understand the controls available and their association with the internal 

block in a CRO

➤ Understand various applications of CRO such as signal display, amplitude, 

time, frequency and phase-angle measurements

➤ Gain knowledge of lissajous-pattern generation, its use in measurement of 

phase difference and frequency

➤ Feel confident in using electronic measuring in all display instruments 

practical applications.

8Measuring Instruments
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8.1 INTRODUCTION

Measurement of circuit parameters such as current, voltage and power is an important part in any 

system design. An ammeter is used to measure the circuit current. A voltmeter is used to measure 

the voltage and a wattmeter is used to measure the power in the circuit. Measurement may involve ac 

quantity measurement or dc quantity measurement. In order to measure current, an ammeter will be 

connected in series with the load; similarly, a voltmeter is connected in parallel for voltage measure-

ment. DC power measurement can be done using Eq. (8.1).

Pdc = I 2R watts [8.1(b)]

= V ? I watts [8.1(a)]

= V 2/R watts [8.1(c)]

The ac power measurement can be done using Eq. (8.2).

Pac = VI cos f watts (8.2)

Here, cos f is the power factor of the circuit and f indicates the phase difference between circuit volt-

age (V) and current (I ). The operating principle, and the working of both ammeters and voltmeters is 

almost similar. In an ammeter, a deflecting torque is produced by the current under measurement and in 

a voltmeter, this deflecting torque is produced by a current proportional to the voltage under measure-

ment. It is essential that the power consumption of these measuring instruments should be ideally zero 

or practically very minimum. Also, when these instruments are connected in the circuit for a parameter 

measurement, the circuit conditions should not be altered and hence, a proper case is needed in design-

ing these instruments.

The ammeters should have very negligible internal resistance, because they are connected in series 

in the circuit and the power consumption in the meter is given by Eq. (8.3).

Pam = I2Ram (8.3)

Here, I is the current to be measured and Ram is the resistance of the ammeter. For Pam to be mini-

mum, Ram should be as minimum as possible.

The voltmeters should have very high internal resistance, because they are connected in parallel in 

the circuit and the power consumption in the meter is given by Eq. (8.4)

Pvm = V2/Rvm (8.4)

Here, V is the voltage to be measured and Rvm is the resistance of the voltmeter. For Pvm to be 

minimum, Rvm should be as high as possible.

Both ammeters and voltmeters can be built using different types such as Permanent Magnet Mov-

ing Coil (PMMC) type, moving-iron type, electrostatic type, rectifier type, etc. A PMMC type meter 

is useful for dc quantities; an induction-type meter is useful for ac quantities and an electrodynamo-

meter type is suitable for measurement of both ac and dc quantities. The scope of this text is limited to 

dc measurement using a PMMC instrument and ac measurement using a rectifier-type instrument. A 

PMMC instrument is shown in Fig. 8.1 which forms the basis of an ammeter and a voltmeter.

It consists of a permanent magnet, a moving coil, a pivotal arrangement with a pointer, a bearing 

with a jewel and a spring with balancing weight. The signal (current or voltage) under measurement 

produces a magnetic field in the coil which suitably interacts with the magnetic field produced by the 

permanent magnet. This results in the pointer movement proportional to signal magnitude. The torque 

produced due to the field moves the pointer on a scale that is calibrated in terms of either voltage or 

current (depending on the meter). The restoring of meter pointer is done by the spring action and the 
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balancing weight. A mirror is provided beneath the scale to avoid an error called “Parallox” and this 

results in more accuracy. Parallox is an error in meter reading that is resulted when the pointer, the 

value marking on the scale and the human eye are not in line. Even a small angle deviation in these 

three reduces the reading accuracy.

8.2 VOLTAGE MEASUREMENT

Based on the PMMC instrument principle in Section 8.1, a voltmeter can be constructed for measure-

ment of dc voltages. A simple arrangement of a dc 

voltmeter is shown in Figure 8.2; the series resis-

tance RS is called the multiplier and the combina-

tion of meter and RS together forms the voltmeter.

Here, terminals AB represent the voltage mea-

suring points, Im is the maximum meter current, 

Rvm is the meter resistance and RS is the series 

resistor used to safeguard the meter from excess 

current flow. The value of RS is calculated as given 

by Eq. (8.7).

Fig. 8.1 A PMMC meter

Fig. 8.2 PMMC voltmeter
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Voltage across meter

v = ImRvm (8.5)

Voltage across terminals AB

V = Im(Rvm + RS) (8.6)

Hence, the series resistance

V I R
R

I

V
R R

I

m vm
S

m

S vm
m

–

–

Ê ˆ
= Á ˜Ë ¯

Ê ˆ= Á ˜Ë ¯
(8.7)

This meter can be range extended to read multiple voltage ranges as shown in Fig. 8.3. Here, 

1 2S S, ,R R  etc. are all series resistances that decide the range of V1, V2, etc. and are calculated using 

Eq. 8.7. Selection of the switch position depends on the range of voltage to be measured.

Fig. 8.3 Multirange voltmeter

Example 8.1

A dc ammeter has a resistance of 10 W and a power dissipation of 100 mW. What is the current flowing 

through the meter?

Solution Given Ram = 10 W, Pam = 100 mW, I = ?

From Eq. (8.3),

I2 = 
am

am

P

R

=
–3100 10

10

¥
 = 0.01

i.e. I = 0.1 A

Example 8.2

A dc voltmeter has a resistance 10,000 W and a measured voltage of 50 volts. What is the power 

dissipated?

Solution Given Rvm = 10,000 W, V = 50 V
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From Eq. (8.4),

Pvm = V 2/Rvm

= (50)2/10,000

= 250 mW

Example 8.3

A moving coil meter has a potential difference of 100 mV and a meter current of Im = 10 mA. Calculate 

the series resistance for a terminal voltage of 1000 V.

Solution Given Im = 10 mA, v = 100 mV, V = 1000 V, RS = ?

From Eq. (8.5),

Rvm = 
m

V

I

=
100 mV

10 mA
 = 10 W

Now from Eq. (8.7),

RS = vm
m

–
V

R
I

Ê ˆ
Á ˜Ë ¯

=
1000

– 10
10 mA

Ê ˆ
Á ˜Ë ¯

@ 100,000 W

8.3 CURRENT MEASUREMENT

Based on the PMMC instrument given in Section 8.1, an am-

meter can be constructed for the measurement of dc current. A 

simple arrangement of a dc ammeter is shown in Fig. 8.4; the 

shunt resistance Rsh along with the meter from the ammeter.

Here, the terminals AB forms the arm through which the cur-

rent is to be measured. Im is the current through the meter, Ram

is the resistance of the meter, Rsh is the shunt resistance and I is 

the current under measurement. The value of Rsh is calculated 

using Eq. (8.10).

Since the Rsh and meter are in shunt the voltage across them will be same and is given by

Ish ¥ Rsh = Im Ram (8.8)

i.e. Rsh = 
m am

sh

I R

I
(8.9)

But Ish = (I – Im) and, therefore,

=
-

m am

sh
m( )

I R
R

I I
(8.10)

Fig. 8.4 PMMC ammeter
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This meter can be range extended to read multiple currents as shown in Fig. 8.5. Here 
1 2sh sh,R R , etc. 

are all shunt resistances that decide the range of current that can be measured and all these values are 

estimated using Eq. (8.10).

Fig. 8.5 Multirange ammeter

Example 8.4

In example 8.3, calculate the shunt resistance for a current of 100 A.

Solution Given Im = 10 mA, v = 100 mV, I = 100 A, Rsh = ?

From Eq. (8.5), Ram = 
m

100 mV

10 mA

V

I
=  = 10 W

From Eq. (8.10), Rsh = 
m am

m( – )

I R

I I

¥

=
–310 10 10

(100 – 10 mA)

¥ ¥
 = 0.001 W

Example 8.5

A 1 mA pmmc meter with a 100 W resistance is to handle a maximum current of 100 mA, calculate Rsh.

Solution Given I = 100 mA, Ram = 100 W, Rsh = ?, Im = 1 mA

From Eq. (8.10),

Rsh = 
m am

m( – )

I R

I I

¥

=
–3 –3 –3

1 100 100

(100 10 – 1 10 ) 99 10

¥
=

¥ ¥ ¥
Rsh = 1.01 W

Example 8.6

A moving-coil ammeter has a shunt of 0.02 W. Find current through the shunt if the potential difference 

across coil is 500 mV. Also, find the coil resistance if the current of 0.5 mA flows corresponding to a 

full-scale deflection.

Solution Given Rsh = 0.02 W, V = 500 mV, Ish = ?
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R = ? if I = 0.5 mA

Now Ish = 
–3

sh

500 10

0.02

V

R

¥
=  = 25 A

Also, R = 
V

I

=
–3

–3

500 10

0.5 10

¥

¥
 = 1000 W

8.4 RECTIFIER-TYPE  VOLTMETER

The current and voltage meters can be built using rectifier element and are useful in ac quantity mea-

surement. These instruments can be built both using a half-wave rectifier and full-wave rectifier. They 

offer many good advantages in ac quantity (V or I) measurement such as wide frequency range, very 

low power dissipation, good accuracy (around ±5%), good sensitivity, etc. Figure 8.6 shows an ac 

voltmeter using a full-wave rectifier circuit. A conventional PMMC meter is used for indication and 

is preceded by a bridge-type of full-wave rectifier. The PMMC meter forms the load for the bridge 

rectifier formed using diodes D1, D2, D3 and D4. The series multiplier resistance RS is selected cor-

responding to a full-scale deflection. When a dc voltage V is applied to the meter, the current through 

the meter is given by

I = 
m s( )

V

R R+
(8.11)

and it causes a full-scale deflection.

Fig. 8.6 Rectifier-type voltmeter

If an ac signal v given by Eq. (8.12) is applied, the

v = Vm sin wt [8.12(a)]

= 2 V sin wt [8.12(b)]

then the average voltage across the meter is a given by Eq. (8.13)

Vdc = m
0

1
sinV t d t

p

w w
p

Ú (8.13)

=
m2V

p
[8.14(a)]

For More Books
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i.e. Vdc = 0.636 Vm [8.14(b)]

i.e. Vdc = 0.9 V [8.14(c)]

The corresponding average current in the meter is given by Eq. (8.15); this equation indicates that 

the sensitivity of an FWR type instruments with ac i/ps is 90% of that of dc voltage of same magnitude.

Iaw = 
m S

0.9V

( )R R+
(8.15)

However, the ac sensitivity of the rectifier-type instrument with a sinusoidal input is given by 

Eq. (8.16); here Sdc is the

Sac = 0.9 Sdc (8.16)

dc sensitivity of the instrument is given by Eq. (8.17)

Sdc = 
s

1
/v

If
W (8.17)

Ifs is the current required to produce full-scale deflection.

8.5 MULTIMETERS

A multimeter may be implemented with a galvanometer’s meter movement. The meters for analog 

measurement of current, voltage and resistance are constructed using the basic d’Arsonval movement 

used in galvanometers (a galvanometer is an instrument used to detect presence of very small magni-

tude currents or voltages in a circuit). Hence, it is possible to construct a common meter for measuring 

all these quantities both in ac and dc forms and is called a multimeter. Analog multimeters are common, 

although a quality analog instrument will be about the same cost as a digital multimeter.

8.5.1 Analog Multimeters (AMMs)

Analog multimeters have the precision and reading accuracy limitations and so are not built to provide 

the same accuracy as digital instruments. Analog meters are sometimes considered better for detecting 

the rate of change of a reading; some digital multimeters include a fast-responding bar-graph display 

for this purpose. A typical example is a simple “good/no good” test of a filter capacitor, which is 

quicker and easier to read on an analog meter (though somewhat less accurate than with a digital meter).

In Fig. 8.7 an analog multimeter is shown; it contains a mirror in the meter to avoid parallox error 

during reading. The meter movement in a moving-pointer analog multimeter is practically always a 

moving-coil galvanometer of the d’Arsonval type, using either jeweled pivots or taut bands to support 

the moving coil. In a basic analog multimeter, the current to deflect the coil and pointer is drawn from 

the circuit being measured; it is usually an advantage to minimise the current drawn from the circuit. 

The sensitivity of an analog multimeter is given in units of ohms per volt. For example, an inexpensive 

multimeter would have a sensitivity of 1000 ohms per volt and would draw 1 milliampere from a cir-

cuit at the full-scale measured voltage. More expensive (and more delicate) multimeters would have 

sensitivities of 20,000 ohms per volt or higher, with a 50,000 ohms per voltmeter (drawing 20 micro-

amperes at full scale) being about the upper limit for a portable, general-purpose, non-amplified analog 

multimeter. To avoid the loading of the measured circuit by the current drawn by the meter movement, 

some analog multimeters use an amplifier inserted between the measured circuit and the meter movement.

While this increases the expense and complexity of the meter and requires a power supply to operate 
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the amplifier, by use of vacuum tubes or field effect transistors the input resistance can be made very 

high and independent of the current required to operate the meter movement coil. Such amplified mul-

timeters are called VTVMs (Vacuum Tube VoltMeters), TVMs (Transistor VoltMeters), Fet-VOMs, 

and similar names.

8.5.2 Digital MultiMeters (DMMs)

Digital Multimeters (DMMs) are often (inaccurately) referred to as digital voltmeters or DVMs at their 

heart is an analog-to-digital converter (ADC). A block diagram of a DMM is shown in Fig. 8.8; here, 

the display may be LED or LCD type.

Fig. 8.8 Block diagram of a digital multimeter

Fig. 8.7 Analog multimeter
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An Analog-to-Digital Converter (ADC) receives an analog input signal and produces an approximate 

digital output. Similarly a digital-to-analog converter (DAC) receives digital input and produces an ap-

proximate analogue output. Thus ADC and DAC form an important part of any data acquisition system. 

Measurement of voltage, current and resistance is achieved using appropriate circuits to produce a 

voltage that is proportional to the quantity under measurement. In simple DMMs, alternating signals 

are rectified to give the average value which is multiplied by 1.11 to directly give the rms value of the 

sine wave.

An alternator is a circuit used to reduce the signal amplitude without changing the shape and other 

characteristics of the signal. Other characteristics importantly include frequency and phase of the signal.

Attenuators are constructed using high-precision resistors and hence are passive circuits.

In Fig. 8.9, some typical multimeters are shown; Fig. 8.9(a) is a digital multimeter and 8.9(b) is an 

analog multimeter. DMMs offer a very high accuracy and AMMs are very rugged in construction. To 

avoid error parallox during reading, a mirror is provided beneath the needle.

  (a) Digital multimeters      (b) Analog multimeter

Fig. 8.9 Multimeters

Example 8.7

A full-wave rectifier type of voltmeter has an i/p whose peak voltage is 15 V and a series multiplier of 

750 W. What is the average voltage indicated by the meter?

Solution From Eq. [8.14(b)], the average value of voltage

Vdc = 0.636 (Vm)

= 0.636 ¥ 15 = 9.54 V

Example 8.8

In the example 8.7, if the average current is 12 mA. What is the meter resistance?

Solution From Eq. [8.14(c)] and (8.15),

(Rm + Rs) = 
dc

am

V

I
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=
–3

9.54

12 10¥

= 795 W
Given Rs = 750 W and hence

Rm = (795 – 750)

m 45R = W

1. Battery

Hand-held meters use a battery or batteries for continuity and resistance readings at the very least, and 

the battery may also power a digital multimeter or an amplifier in a FET-VOM. This allows the meter to 

test a device that is disconnected from a mains power source, by supplying its own low voltage for the 

test. It is one of the most important safety features of the multimeter. A 1.5 volt AA battery is typical; 

more sophisticated meters with added capabilities will also commonly use a 9-volt battery in addition 

for some types of readings, or higher-voltage batteries for higher resistance testing. Meters intended for 

testing hazardous locations or for use on blasting circuits may require use of a manufacturer-specified 

battery to maintain their safety rating.

2. Probes

A multimeter can utilise a variety of test probes to connect to the circuit or device under test. Crocodile 

clips, retractable hook clips and pointed probes are the three most common attachments. The connec-

tors are attached to flexible, thickly insulated leads that are terminated with connectors appropriate for 

the meter. Handheld meters typically use shrouded or recessed banana jacks, while bench-top meters 

may use banana jacks or BNC connectors, 2 mm plugs and binding posts have also been used at times, 

but are not so common today. Meters which measure high voltages or current may use noncontact 

attachment mechanism to trade accuracy for safety. Clamp meters provide a coil that clamps around a 

conductor in order to measure the current flowing through it.

3. Safety

All but the most inexpensive multimeters include a fuse, or two fuses, which will sometimes prevent 

damage to the multimeter if it is overloaded. However, the fuse often only protects the highest current 

range on the multimeter. A common error when operating a multimeter is to set the meter to measure 

resistance or current and then connect it directly to a low-impedance voltage source; meters without 

protection are quickly damaged by such errors, and can sometimes explode causing injury to the operator.

Fuses used in meters will carry the maximum measuring current of the instrument, but are intended to 

clear if operator error exposes the meter to a low-impedance fault.

8.6 CATHODE RAY OSCILLOSCOPE (CRO)

A cathode ray oscilloscope, popularly called CRO is a most versatile and useful laboratory measuring 

instrument. It is used for many useful applications such as signal display, amplitude measurement and 

analysis of waveforms.

It is a very fast X-Y recorder which can be used to measure voltage, current, frequency, phase angle, 

etc. of an input or output waveform and for these reasons a CRO is affectionately called the Eye of an 

Electronics engineer. The block diagram of a CRO is shown in Fig. 8.10; it contains a Cathode Ray 

Tube (CRT) and a big set of associated circuitry.
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Fig. 8.10 CRO block diagram

A Cathode Ray Tube (CRT) is the heart of any CRO. As shown in the block diagram, the associated 

circuitry along with CRT helps in displaying a waveform under measurement. A CRO can be better 

understood through the following main parts.

1. Cathode Ray Tube (CRT)

The main parts of a CRT are electron-gun assembly (that contains electron-beam generator, focussing 

& accelerating anodes), deflection plates (vertical and horizontal) and fluorescent screen. The electron-

gun assembly generates controls the electron beam. This electron beam creates a bright spot on hit-

ting the fluorescent screen. The electron beam is modulated by (y-axis control) the i/p signal and its 

horizontal movement is controlled by a sweep signal generated by horizontal amplifier. Thus, it creates 

both x and y movements for the signal and hence, is a very fast x-y recorder.

2. Power Supply

In order to operate a CRO, the power supply needed consists of two-parts, the LT and the HT. The 

Low-Tension (LT) supply is for filament heating. The cathode is indirectly heated by this filament. The 

High-Tension (HT) supply is for focussing and accelerating anodes to control the electron beam.

3. Vertical Amplifier

It receives signal to be displayed as its i/p (y – i/p). This section in turn is connected to vertical deflec-

tion plates which will modulate the electron beam vertically.

4. Horizontal Amplifier

This forms the x-i/p and the sweep causes the x-axis movement of the signal to be displayed. A time-

base generator (sweep) supplies the horizontal amplifier whose o/p is connected to horizontal deflec-

tion plates. The horizontal deflection plates cause the electron beam to move horizontally.

An external i/p as trigger can also be connected (if necessary) instead of internal triggering.

Both horizontal i/p and vertical i/ps are synchronised through a synchronising circuit in order to 

have proper display of the signal.

8.6.1 Cathode Ray Tube

The block diagram of a CRT is shown in Fig. 8.11. It consists of a large number of components that are 

responsible for producing a visible display of the signal under measurement.

For More Books
www.electronic07.com
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Fig. 8.11 CRT block diagram

Indirectly heated cathode produces a beam of electrons which is sharply focused by the focussing 

anodes. Electrostatic focussing or magnetic focussing is used. The beam is then accelerated to a high 

velocity by accelerating anodes. The deflection of electron beam will be of two types electrostatic 

deflection and magnetic deflection. This focussed and accelerated electron beam strikes the fluores-

cent screen with sufficient energy to cause a luminous spot on the flourescent screen. The vertical & 

horizontal movement of the beam is controlled by deflection plates. The acquadag coating collects the 

free electrons (if any) back to the gun assembly for focussing and acceleration making it possible to re-

use them. Electrostatic deflection is preferred compared to electromagnetic deflection for the electron 

beam since magnetic deflection requires large currents for deflection. This results in loss of power, but 

an electrostatic deflection requires very little power. Also a magnetic deflection at high frequencies is 

very difficult and troublesome to handle; therefore an electrostatic deflection is used.

The displacement of the electron beam produced on the screen is dependent on important param-

eters such as length of the deflection plates (l), separation (d) between these plates, voltage applied to 

these plates (Vd), the accelerating anode voltage (Va) and distance between the screen and the deflection 

plates centre (L). The displacement (D) produced is given by Eq. (8.18):

d

a2

L l V
D

V d

¥ ¥
=

¥ ¥
(8.18)

The deflection sensitivity of the electrostatic deflection system depends on parameters such as 

length of deflection plates (l), distance between screen and deflection plates (L), the accelerating anode 

voltage (Va), separation between plates (d) and is given by Eq. (8.19):

a2

L l
S

V d

¥
=

¥ ¥
(8.19)

This is indicated in Fig. 8.12; here the screen is shown as a vertical line only for convenience, but in 

practice, the screen will be a (concave) bulged shape. Sensitivity and displacement are related through 

Eq. (8.20); here, Vd is the deflecting plate voltage.

d

D
S

V
= (8.20)
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Fig. 8.12 Electron-beam

Example 8.9

A cathode-ray tube uses electrostatic deflection with deflection plates 2 cm long and placed 4 mm 

apart. The screen is 25 cm away from the centre of the plate. Calculate the sensitivity of the tube if the 

final anode has a potential of 1000 V.

Solution Given l = 2 cm, L = 25 cm, d = 5 mm, Va = 1000 V, S = ?

From Eq. (8.19), S = 
–2 –2

–3

25 10 2 10

2 1000 4 10

¥ ¥ ¥

¥ ¥ ¥

S = 0.625 mm/V.

Example 8.10

In example 8.10, what is the value of anode potential that should be applied to the final anode so that 

the sensitivity is 0.5 mm/V.

Solution From Eq. (8.18), Va = 
2

L l

d S

¥
¥ ¥

i.e. V = 
–2 –2

–3 –3

25 10 2 10

2 4 10 0.5 10

¥ ¥ ¥

¥ ¥ ¥ ¥

i.e. V = 1250 V

Example 8.11

Find the deflection produced in Example 8.10, if a voltage of 200 V is applied to the deflection plates.

Solution Given Vd = 20 V and S = 0.625 ¥ 10–3 m/V.

From Eq. (8.20),

S = 
d

D

V

i.e. D = S ¥ Vd = 0.625 ¥ 10–3 ¥ 20

D = 12.5 mm

Example 8.12

Find the deflection of electron beam produced in Example 8.11 if the deflection voltage is 20 V.

Solution Given Vd = 20 V and S = 0.5 mm/V
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Table 8.1 Flourescent phosphor and their colours.

Phosphor Flourescent colour Application

P-1 Green General-purpose CROs

P-4 White Television display

P-7 Yellow Radar display

P-12 Orange Radar display

P-19 Orange Radar display

From Eq. (8.19),

D = S ¥ Vd

= 0.5 ¥ 10–3 ¥ 20

D = 10 mm

On the walls of the cathode ray tube, a layer of suitable phosphor material is coated, so that the elec-

tron beam hitting the screen produces a visible light. Table 8.1 presents different phosphor materials 

and the colour of the light produced along with application.

The front panel of a practical oscilloscope contains a series of controls and settings that are useful 

for signal display and measurement. Figure 8.13 indicates the front panel of a typical laboratory CRO. 

Different controls adjustments and settings, the internal block to which they belong and their functions 

and indicated in Table 8.2.

Fig. 8.13 A Typical CRO used in laboratories

Table 8.2 CRO controls and settings

Sl. No. Control Block Function

1 ON/OFF power Power supply Switching ON and OFF the CRO

2 Intensity Accelerating Anodes The illumination of the display produced is 

controlled.

3 Focus Focussing Anodes The size of the electron beam is controlled.

(Contd.)
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4 Trace Rotation Deflection unit The X-axis tilt adjustment

5 Level Trigger Waveform stabilizing

6 Hold Trigger Waveform stabilizing

7 Lock Trigger Waveform stabilizing

8 Magnitude Attenuator Scale selector for magnitude measurement 

(along with 16 & 17)

9 Time multiplier Time base generator Multiplier for time axis (along with 10)

10 Time/division Sweep generator 

(Horizontal)

Varying X-axis measurement

11 & 

12

Function select ac/dc — Choosing between ac and dc measurements

13 Horizontal position Horizontal section Horizontal movement of signals on channel-x

and channel-y.

14 Vertical position for 

channel-x

Vertical section Vertical movement of signals on channel-x.

15 Vertical position for 

channel-y

Vertical section Vertical movement of signal on channel-y

16 Voltage/or for channel-y Attenuator Amplitude control for signal on channel-y

17 Voltage/Div for channel-x Attenuator Amplitude control for signal on channel-x

18 Screen CRT Display signals

Fig. 8.14 CRO Front panel controls connected to internal blocks

Figure 8.14 indicates the typical connectivity of the front panel controls with the internal blocks of a 

CRO. Second column of Table 8.2 represents this and is completely mapped in the diagram. The verti-

(Contd.)
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cal amplifier (volts/div) modulates the amplitude of the signal being displayed and the vertical deflec-

tion circuitry is responsible for y-axis movement (21 and 27) of the signal. The sweep generator (time/

div) modulates the width of the signal and the horizontal deflection circuitry is responsible for x-axis

movement (13) of the signal. As indicated in the diagram, the trigger for horizontal movement may be 

selected either from input or from an external source.

8.6.2 Applications of CRO

CRO is a most versatile, visual and accurate electronic laboratory equipment that can be used to display 

and measure various parameters of signals. The following are some of the most important applications 

of a CRO:

(i) Display waveforms

(ii) Measure the amplitudes of signals

(iii) Measure the time period of a signal

(iv) Measure the frequency of a signal

(v) Measure the phase angle of a signal

(vi) Measure the phase difference between two signals

The signal whose parameters are to be measured is applied to one of the channels and from the 

display, various parameters are measured. In Fig. 8.15, two signals are displayed on two channels: 

‘T ’-represents the time period of the signal and its value is obtained by multiplying number of divisions 

in one full cycle with time/div value. In the example, one full cycle of waveform has 8 divisions and 

if the value of time/div is 5 mS then the time period of the signal is (8 ¥ 5 ms) = 40 ms. Similarly, ‘V’ 

represents the peak-to-peak amplitude of the signal and its value is obtained by multiplying number of 

divisions with volts/div value. In the example ‘V’ contains 3.6 divisions and if the value of volts/div is 

2 then peak-to-peak amplitude of the signal is (3.6 ¥ 2) = 7.2 V; hence its peak amplitude V ¢ = V/2. The 

phase angle of the signal is given by Eq. (8.21) and frequency of the signal is given by Eq. (8.22a) and 

corresponding T is given by Eq. (8.22b). Frequency and phase angle of the signal can also be measured 

using Lissajous figures and is presented in Section 8.7.

Fig. 8.15 CRO measurements
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Phase angle q = 
t

T
¥ 360°

=
t

T
¥ 2p radians (8.21)

Here, ‘T’ in units of number of divisions

Frequency of signal

f = 
1

Hz
I

(8.22a)

Here ‘I’ in units of seconds and it is given by

T = Number of divisions ¥ (time/div) (8.22b)

Example 8.13

A CRO measurement has 2.3 divisions measured for peak-to-peak amplitude of a signal; what is the 

rms value of the signal, if volts/div is set on 5?

Solution No. of divisions for peak-to-peak signal = 2.3

volts/div = 5

\ V(PP) = 2.3 ¥ 5 = 11.5 V

i.e. VP = 
(PP) 11.5

2 2

V
=  = 5.75 V

rms value of signal is

V = 
P 5.75 V

2 2

V
= =

Example 8.14

A CRO measurement has 5.6 divisions measure for total time period T of the signal; what is the time 

period and frequency of the signal if time/div is set on 5 ms?

Solution Number of divisions = 5.6

Time/div = 5 ms

\ T = 5.6 ¥ 5 ms = 28 ms

From Eq. (8.22a), frequency of signal

f = 
–6

1

28 10¥
 = 35714.3 Hz . 35.714 kHz

Example 8.15

In Fig. 8.15, the signal A has a total period of 8 full divisions; if the frequency of this signal is 6250 Hz. 

What might be the setting on time/div knob?

Solution No. of divisions = 8

Frequency of signal = 6250 Hz

From Eq. (8.22a),

T = 
1

f
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=
1

6250
 = 1.6 ¥ 10–4

Here, T = No. of divisions ¥ (time/div)

\ time/div = 
– 41.6 10

No. of div 8

I ¥
=  = 20 ms

Example 8.16

In Fig. 8.15, the signal A has a total peak-to-peak amplitude of 3.8 divisions; if the volts/div is set at 

10 V. What is the rms value of the signal?

Solution Peak-to-peak amplitude = 3.8 ¥ 10

= 38 V

\ peak voltage Vm = 
38

2
 = 19 V

rms value of signal is

V = 
m 19

2 2

V
=  = 13.44 V

8.7 LISSAJOUS FIGURES

Measurement of phase and frequency of a signal can be done as illustrated in Section 8.6.2. Another 

fastest, accurate and familiar method is to use a pattern of display on CRO known as Lissajous pattern. 

A Lissajous figure is obtained on a CRO, by using two signals, one reference and the other unknown 

signal. One of the signals (reference) is applied to channel-1 or the horizontal deflection plates and the 

other signal is applied to channel-2 or the vertical deflection plates; for a lissajous pattern to be dis-

played, the time/div (13) knob should be in x-y mode. Then the resultant pattern is an ellipse, the exact 

shape of which depends on the signal characteristics such as amplitude, phase difference, frequency, 

etc. of the two signals. Lissajous figures are mainly used to measure the phase difference and frequency 

of an unknown signal with respect to known signal values.

8.7.1 Measurement of Phase Difference

Two signals v1 = vm sin wt and v2 = vm sin (wt + q) which are of same frequency when applied to vertical 

(channel-1) and horizontal inputs (channel-2) with time/div knob set to x-y mode, the pattern of sig-

nal on oscilloscope shown in Fig. 8.16 is displayed and is called 

Lissajous figure.

1

1

sin
x

y
q = ± (8.23)

Now, the phase difference ‘q’ between the two signals is given 

by Eq. (8.24); here ‘y1’ is the ordinate when x-input is zero and 

‘y2’ is the maximum deflection of the spot.

1–1

2

sin
y

y
q

Ê ˆ
= Á ˜Ë ¯

(8.24)

Fig. 8.16 Measurement of phase
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The shape of the lissajous pattern produced depends on the phase difference ‘q’ between the two 

signals; the shape varies from a simple diagonal line for q = 0° to a circle for q = 90° or an ellipse. This 

is indicated in Table 8.3; v1 is the reference signal and v2 varies in phase.

Table 8.3 Lissajous figures and phase difference ‘q ’

Sl. No. Signals v1 and v2 Lissajous Figures

Phase

difference “q”

1 q = 0°

2 q 30° or = 330°

3 q = 66° or = 300°

4 q = 90° or = 270°

5 q = 120° or = 240°

(Contd.)
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6 q = 150° or = 210°

7 q = 180°

8.7.2 Measurement of Frequency

To measure the unknown frequency of a signal using Lissajous pattern, the signal of known frequency f1,

is applied to horizontal deflection plates or y-plates and the signal whose frequency f2, is to be measured 

is applied to the vertical deflection plates or x-plates. With time/div knob in x-y position, the lissajous 

pattern is displayed; the shape of which depends on the ratio of two frequencies. The ratio of these two 

frequencies is given by Eq. (8.25) and the lissajous pattern for different ratios is provided in Table 8.4.

1 HT

2 VT

Number of horizontal tangencies

Number of vertical tangencies

f N

f N
= = (8.25)

Table 8.4 Lissajous figures for frequency measurement

Sl. No. Pattern NHT NVT

Value of unknown 

frequency

1 1 1 f2 = f1

2 2 1 f2 = 2f1

(Contd.)

(Contd.)
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3 3 1 f2 = 3f1

4 4 1 f2 = 4f1

5 1 4
f2 = 1

4

f

Example 8.17

In Fig. 8.15, what is the phase angle between signal-A and signal-B?

Solution Considering signal-A as reference; signal-B starts with a delay of 1 full division. For both 

signal-A and signal-B

1 full cycle = 8 div = 360°

\ each division = 
360

8
 = 45°

\ Signal-B has a lagging phase angle

f = 45°

Example 8.18

Signals displayed in Fig. 8.15 result in a Lissajous pattern; what is the ratio of y1 to y2?

Solution From Example 8.17 and Fig. 8.15,

q = 45°

From Eq. (8.23),

sin q = 
1

2

y

y

i.e.
1

2

y

y
 = sin 45°

= 0.701

i.e. y1 = 0.707y2

(Contd.)
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Example 8.19

In Fig. 8.15, in order to make the ratio y1/y2 equal to 1, what should be the change in signal-B display 

with respect to signal-A?

Solution For y1/y2 = 1, from Eq. (8.25).

q = sin–1(1) = 90°

In Fig. 8.15, each division = 45°; hence signal-B should start after 2 divisions from signal-A.

Example 8.20

In a frequency measurement using CRO, a signal of frequency, 5 kHz is fed to y plates and another 

signal of frequency ‘fx’ is fed to x-plates. The resulting Lissajous pattern is as in row-3 of Table 8.4. 

What is ‘fx’ value?

Solution From Eq. (8.25),

x HT

VT

3

1

f N

f N
= =

i.e. fx = 3f = 3(5 kHz)

fx = 15 kHz

8.8 DUAL TRACE OSCILLOSCOPE

A dual-trace oscilloscope consists of two separate vertical input channels, namely channel-x and 

channel-y. Each of these channels have separate controls starting from the attenuator, pre-amplifier and 

hence the amplitude of the two signals can be independently controlled. Figure 8.17 indicates a block 

diagram of a dual-trace oscilloscope. The vertical section of the oscilloscope includes two inputs via 

channel-x and channel-y. The electronic switch ‘S’ can be operated either in ‘alternate mode’ or ‘chop-

mode’ which can be selected by the front panel control.

Fig. 8.17 Block diagram of a dual trace CRO
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In alternate mode, the electronic switch selects channel-x and channel-y input signals alternative for 

one cycle of horizontal sweep signal. In order to avoid discontinuity in display, the display is blanked 

during fly-back period. Further, the display can be improved by inserting a delay line between switch 

‘S’ and the vertical amplifier. However, alternate mode is not suitable for low frequency signal display.

In chopped mode, the switch is operated at a higher speed (few 100 kHz) choosing small portions 

of the two sigma from ch-x and ch-y. This chopped mode is suitable even for low-frequency signals. 

To display two fast switching signals, dual-beam oscilloscope may be used. In a dual-beam oscillo-

scope there are two separate vertical channels with or without separate time base generators. But this 

increases cost of the oscilloscope.

Summary

➣ Measurement of circuit parameters such as current, voltage, power, power factor, phase angle, 

etc. is very important in any system design.

➣ The dc power in a circuit is Pdc = V ◊ I (Eq. 8.1) and ac power is Pac = VI cos f (Eq. 8.2)

➣ A pmmc meter is the basis for ammeter and a voltmeter.

➣ A voltmeter is connected in parallel and an ammeter is connected in series for measurement.

➣ A series resistance Rs is always connected in series with a basic pmms meter for meter safety in 

a voltmeter.

➣ A shunt resistance Rsh is always connected in parallel with the basic pmmc meter for meter safety 

in ammeter.

➣ A rectifier type instrument uses a rectifier (HWR or FWR) along with a basic pmmc meter.

➣ A multimeter is an instrument used to measure current voltage and resistance. It can also be used 

to test continuity in a circuit, testing devices like diode, transistor.

➣ A multimeter may be an analog type (Amm) or a digital type (Dmm).

➣ A CRO is the most versatile electronic measuring instrument that can display signals.

➣ A CRO can be used to measure voltage, current, time, frequency, phase difference of signals.

➣ Lissajous figures are very useful in accurate measurement of frequency and phase angle of a signal.

Review Questions

1. Explain in your own words, the significance of circuit parameters in any design.

2. Relate power voltage and current in any system.

3. What is the impact of load on the parameters in Question 2.

4. Draw a phasor diagram relating voltage and current in an ac circuit (use the knowledge of imped-

ance triangle).

5. Explain how to avoid parallox error in measurement?

6. Explain in your own words the importance of Rs in a voltmeter.

7. How do you change the value of Rc in a multimeter, voltmeter? Explain.

8. Explain in your own words, the importance of Rsh in an ammeter.

9. How do you choose the value of Rsh in a multirange ammeter? Explain.

10. Explain in your own words, the advantage of rectifier type of instruments.

11. Explain in your own words why multimeters are very popular in measurements.

12. “Analog multimeters are a better option than a DMM”. Comment in your own words.

13. Explain in your own words the significance of waveform display in a measurement.
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14. How can a galvanometer be used as detector in ac measurements?

15. Comment in your words the selection of Rs or Rsh in any meter.

16. Using your basic knowledge on half-wave rectifier, can you estimate average dc voltage in a 

voltmeter using half-wave rectifier. (Hint: refer Fig. 8.6 and Eq. (8.1).

17. On a similar grounds in Question. 16, estimate ac sensitivity.

18. What are the qualities expected for an attenuator?

19. Explain the role of battery in a multimeter.

20. Explain how the trajectory of an electron beam is controlled in the CRO.

21. Draw the basic structure of a cathode ray tube an identify different components.

22. Draw the functional block diagram of the CRO and explain the functions of each block.

23. Explain how a CRO is used in a phase measurement.

24. Given a single-beam oscilloscope, how do you measure the amplitude and frequency of a signal 

waveform?

25. What is a sweep generator, what are its requirements?

26. What is the trace time and fly-back time in a CRO?

27. List importance of Lissajous patterns.

Exercise Problems

1. A certain current measurement across a resistor of 1000 ohms is 1.25 mA; what is the power 

consumed by the circuit?

2. If a voltmeter is connected across ‘R’ in Problem 1, what is its reading?

3. An ac circuit of unity power factor has a measured power of 250 mW. If the current measured is 

100 mA what is the reading on the voltmeter?

4. If the power factor of the circuit is halved in Problem 3, what is the new power?

5. If the resistance of the meter in Example 8.1 is doubled, what is the new power dissipation?

6. If the resistance of the meter in Example 8.2 is halved, what is the new power dissipation?

7. If the series resistance in Example 8.3 is reduced by 20%. What is the new terminal voltage?

8. Design a multirange ammeter with ranges of 10 mA, 20 mA and 500 mA given the meter resis-

tance of 20 W and the maximum current of 1 mA.

9. Design a multirange voltmeter with ranges of 10 V, 20 V and 50 V given the meter resistance of 

100 W and a maximum current of 1 mA.

10. Calculate the value of the multiplier required in series with a full-wave rectifier-type voltmeter 

given the basic pmmc meter of 100 mA and 1000 W. Diodes used are ideal and the meters.

11. Find the meter sensitivity in Problem 10.

12. Find the unknown frequency ‘fH’ from the lissajous pattern shown in Fig. P12 in terms of refer-

ence frequency ‘f’.

Fig. P.12
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13. If the ‘fV’ value in Problem 12 is 10 KHz. Find ‘fH’.

14. The lissajous shown in Fig. P.14 refers to two frequencies ‘fV’ and ‘fH’; find the value of ‘fy’ in 

terms of ‘fV’.

Fig. P.14

15. If ‘fV’ is the maximum audio range value in Problem 14, what is the value of ‘fH’?

16. Find the ratio of frequencies of reference and unknown signals in Figure P16.

Fig. P.16

17. If the reference frequency in Problem 16 is its times the lower range of audio frequency, what is 

the value of unknown frequency?

Multiple-Choice Questions

1. The circuit parameters that designers wish to measure.

(a) Voltage (b) Power (c) Frequency (d) All the above.

2. Power in dc circuit is estimated using equation

(a) Pdc = VI cos f (b) Pdc = VI sin f (c) Pdc = VI (d) Pdc = I2V

3. Power in an ac circuit is measured using equation

(a) Pac = VI cos f (b) Pac = VI sin f (c) Pac = Pdc ¥ f (d) Pac = V2I2f

4. In a circuit, a multimeter is used to measure

(a) current (b) voltage (c) resistance (d) all the above

5. In a circuit, a digital multimeter (DMM) is used to measure

(a) ac components (b) dc components

(c) neither (a) nor (b) (d) both (a) and (b)
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6. In a circuit, a wattmeter is used to measure

(a) current (b) power (c) voltage (d) frequency

7. Circuit current is measured using

(a) ammeter   (b) multimeter

(c) both (a) and (b)   (d) neither (a) nor (b)

8. Circuit voltage is measured using

(a) multimeter (b) voltmeter (c) ammeter (d) both (a) and (b)

9. For circuit measurements using an ammeter and voltmeter,

(a) the ammeter is connected in series and the voltmeter in parallel.

(b) the ammeter is connected in parallel and the voltmeter in series 

(c) both are connected in series.

(d) both are connected in parallel.

10. A PMMC meter contains

(a) a permanent magnet (b) a moving coil

(c) a pivotal measurement (d) all the above

11. In order to avoid error parallax, the meter is provided with a ______ beneath the scale.

(a) mirror (b) LED (c) beeper (d) all the above

12. For meter protection, a voltmeter is provided with

(a) series resistance Rs (b) shunt resistance Rsh

(c) neither (a) nor (b) (d) both (a) and (b)

13. For meter protection, an ammeter is provided with

(a) series resistance Rs (b) shunt resistance Rsh

(c) both (a) and (b) (d) neither (a) nor (b)

14. A rectifier type of meter is suitable for measuring

(a) ac quantity (b) dc quantity

(c) both (a) and (b) (d) none of the above

15. A DMM contains

(a) attenuator (b) converter

(c) analog-to-digital converter (d) all the above

16. Which of the following is a display instrument?

(a) Ammeter (b) Cathode ray oscilloscope (CRO)

(c) Voltmeter (d) Wattmeter

17. In a CRO, the ______ is referred to as the heart of the instrument.

(a) cathode ray tube (CRT) (b) synchronising circuit

(c) power supply (d) horizontal amplifier

18. In a CRO, the CRT contains

(a) no filament (b) indirectly heated filament

(c) directly heated filament (d) indirectly heated cathode

19. In a CRO, the sweep circuit is responsible for

(a) blanking the display (b) horizontal or x-movement of the display

(c) vertical or y-movement of display (d) none
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20. In a CRO, the aquadog coating 

(a) provides display colour (b) repels electron beam

(c) collects and reuses unfocussed electrons (d) none

21. In a CRO, the displacement ‘D’ of the electron beam produced is

(a) directly proportional to distance between plates and screen

(b) directly proportional to length of deflection plates

(c) indirectly proportional to accelerating anode voltage.

(d) all the above.

22. In a CRO, the deflection sensitivity ‘S’ is 

(a) directly proportional to distance between plates and screens

(b) directly proportional to length of deflection plates

(c) indirectly proportional to accelerating anode voltage

(d) all the above.

23. In a CRO, the sensitivity ‘S’ and displacement ‘D’ are related through the equation

(a) S = D ¥ Vd (b) S = D ¥ Va (c) S = D/Vd (d) S = D/Va

24. A CRO may be used to

(a) display waveforms (b) measure frequency

(c) measure amplitude (d) all the above

25. In a CRO, the phase difference between two signals can be measured 

(a) using time difference (b) using Lissajous figures

(c) neither (a) nor (b) (d) both (a) and (b)

26. In a CRO, the input signal frequency can be measured using

(a) time measurement (b) Lissajous measurements

(c) both (a) and (b) (d) none of the above

27. In a dual-trace oscilloscope, the control for horizontal signal movement is

(a) common for both channels (b) separate for both channels

(c) not present (d) none of the above

28. A CRO is a graphical display instrument that can measure electrical quantities like voltage and 

frequency of the signal.

(a) TRUE (b) FALSE

29. A CRO is a graphical display instrument that can measure electrical quantities like phase angle 

and time period of the signal.

(a) TRUE (b) FALSE

30. In a CRO, a waveform is moved up or down on the screen by using the ______ control.

(a) vertical (b) horizontal (c) both (a) and (b) (d) neither (a) nor (b)

31. In a CRO, a waveform is moved left or right on the screen by using the ______ control.

(a) vertical (b) horizontal (c) both (a) and (b) (d) neither (a) nor (b)



Goals and Objectives

Upon completion of the chapter, the reader is expected to

➤ Understand the importance of energy conversion for various electronic 

applications in everyday life

➤ Understand the basic objectives of transducers in electronics and 

instrumentation

➤ Understand the differences between the two types of transducers (sensors 

and actuators)

➤ Gain adequate knowledge on sensors and transducers

➤ Understand the basics of transducers and gain knowledge about working 

principle, construction and analysis of transducers

➤ To give a clear insight about transducer effects in silicon and other materials

➤ Emphasise on characteristics and response of transducers

➤ To classify transducers based on different parameters

➤ To impart basic knowledge about different types of errors and error-reducing 

techniques of transducers

➤ To have an adequate knowledge in resistance transducers

➤ Basic knowledge in inductance, capacitance and piezoelectric transducers

➤ Understand a realistic model of electrical strain gauges

➤ Understand the main operating principles of temperature-measurement 

devices such as thermistors and thermocouples

➤ To understand and describe the Hall effect

➤ To give a brief overview of multidisciplinary applications of transducers

➤ Be able to give an engineering description and dimension to transducers

➤ Feel confident in selecting a right transducer for any practical application

9Transducers
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9.1 INTRODUCTION

Science and technological developments have resulted in sophisticated, high-precision instruments and 

systems that are very useful in various engineering fields such as medicine, aerospace, oceanography, 

geology, astronomy, space engineering, etc. A transducer is one such device for transforming wave, 

motion, signal, excitation, oscillation or, in general, one form of energy into another form. This energy 

conversion may be to or from electrical, electromechanical, electromagnetic, photonic, photovoltaic, 

or any other form of energy. The word transducer is derived from a combination of two words: trans

means lead and ducer means across. There are two different kinds of transducers: a sensor and an actu-

ator. A sensor is used to detect a parameter in one form and report it in another form of energy (usually 

an electrical or digital signal), for example a tachometer might detect speed or a pressure sensor might

detect pressure (a mechanical form of energy) and convert that into an electrical signal. These devices 

which perform an input function are commonly called sensors because they “sense” a physical change 

in some characteristic, for example heat or force or pressure or any such quantity and convert that into 

another form such as an electrical signal.

Figure 9.1 shows process of sensing and actuating during energy conversion. The form of the output 

signal will often be a voltage analogous to the input signal, though sometimes it may be a waveform 

whose frequency is proportional to the input or a pulse train containing the information in some other 

form.

Fig. 9.1 (a) Sensing process (b) Actuating process

An actuator is used for the transformation of energy or in other words, an actuator is the one which 

gets actuated or stands responsible for the output action, in that it converts electrical signal into gen-

erally non-electrical energy. An example of an actuator is a loudspeaker which converts an electrical 

signal into a variable magnetic field and, subsequently, into acoustic waves. These devices which per-

form an output function are generally called actuators and are used to control some external devices. 

An actuator accepts energy and produces movement (action). The energy supplied to an actuator might 

be electrical or mechanical (pneumatic, hydraulic, etc.).

An electric motor and a loudspeaker are both transducers, converting electrical energy into motion 

for different purposes. Both sensors and actuators are collectively known as transducers because they 

are used to convert energy of one kind into energy of another kind; for example, a microphone (input 

device) converts sound waves into electrical signals for the amplifier to amplify, and a loudspeaker 

(output device) converts the electrical signals back into sound waves. Similarly, an ultrasonic trans-

ducer switches back and forth many times a second between acting as an actuator to produce ultrasonic 

waves, and acting as a sensor to detect ultrasonic waves. There are many different types of transducers 

commercially available in the market, and the choice of transducers for any application depends upon 

the quantity being measured or controlled. Table 9.1 gives some of the more commonly used types of 

transducers as sensors and actuators.

Figure 9.2 shows the complete transduction (sensing and actuating) process in terms of energy con-

version. The input stage consists of a system whose energy needs to be converted, a transducer in the 

form of a sensor. Similarly, the output stage consists of a transducer in the form of an actuator and a sys-

tem whose input energy needs to be converted. F1, F2,…Fk are the signal-conditioning stages that sup-

press noise signals and help improve the system efficiency by improving signal-to-noise ratio (SNR).



Transducers 395

Fig. 9.2 Transduction process

Figure 9.3 shows different possible sources of energy for the complete transduction (sensing and 

actuating) process in terms of energy conversion. The source of energy may be from different domains 

such as mechanical, electrical, chemical, magnetic, etc. The modifying unit consists of data acquisition 

systems such as Analog-to-Digital Convertor (ADC), Digital-to-Analog Convertor (DAC), etc.

Fig. 9.3 Sources of energy for transduction

Table 9.1 Types of transducers

Quantity being 
Measured Input Devices (Sensors) Output Devices (Actuators)

Light intensity or level Light-Dependent Resistor (LDR); 

Photodiode; Phototransistor; Solar cell

Lights and lamps; LEDs and displays; 

Fiber optics; Solar lamps; Water heaters, 

etc.

Temperature level Thermocouple; Thermistor; Thermostat; 

Resistive Temperature Detectors (RTD)

Heater; Fan

Force/Pressure level Strain gauge; Pressure switch;  Load 

cells

Lifts and jacks; Electromagnetic 

vibration

Position Potentiometer; Encoders; Reflective/

Slotted ppto-switch; LVDT

Motor; Solenoid; Panel meters

Speed Tacho-generator; Reflective/Slotted 

opto-coupler; Doppler effect sensors

ac and dc motors; Stepper motor brake

Sound level Carbon microphone; Piezoelectric crystal Bell; Buzzer; Loudspeaker
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Transducers work on the fact that piezoelectric substances create an electric current when struck. 

This was discovered when certain types of quartz rocks, when struck, generated current. They actually 

warp slightly as current passes through them. According to the size and shape of the substance, a pulse 

of sound is emitted. If the substance is small then the sound is in the frequency range (>20,000 Hz) and 

considered “ultrasound”; if the substance is large enough then the sound will be in the hearing range 

of humans and we would call it a speaker. This is the basis of all ultrasound transducers. They are ex-

tremely high-tech speaker/microphones and because of the small size of the crystals and the brittleness 

of the materials, they are very fragile. A typical transducer has many crystals. There are many different 

ways to configure the crystal placement. The important thing to remember is that in each transducer 

cable there may be one or two wires per crystal. The crystal count per transducer can be very high (as 

high as 512 in many cases) with which one can imagine how small and fragile these connecting wires 

become. To give a small idea, in a cable of about 7 cm diameter, 100 wires as small as a lead pencil refill 

(0.7 mm) may be accommodated. These wires have to be extremely small and still have a coating of 

insulation. Earlier, a transducer with 128 crystals was about as thick as an average thumb and quite stiff 

and sturdy; but now transducers with 512 crystals routinely have cables as small as the little finger and 

are quiet flexible. Transducer crystals are cut from a block of piezoelectric material with a saw blade 

so fine that it can cut a human hair end (split ends) four to seven times. The electrical connections are 

generally hand-soldered (up to over 1000 times in a transducer) and these are the reasons that transduc-

ers are somewhat expensive. Simple standalone electronic circuits can be made to repeatedly flash a 

light or play a musical note, but in order for an electronic circuit or system to perform any useful task 

or function, it needs to be able to communicate with the “real world” whether this is by reading an input 

signal from an “ON/OFF” switch or by activating some form of output device to illuminate a single 

light. The type of input or output device used really depends upon the type of signal or process being 

“sensed” or “controlled”. Transducers can be used to sense a wide range of different energy forms such 

as movement, electrical signals, radiant energy, thermal or magnetic energy, etc. and there are many 

different types of both analogue and digital input and output devices available to choose from. Some 

are transducers (loudspeakers, microphones, pickups, accelerometer).

Figure 9.4 shows different commercially available transducers both in the form of sensors and actua-

tors, wherein the main concern is with electro-mechano-acoustic transduction. Transducer signals can 

be captured directly by USB, parallel or serial computer ports or by sound cards. Data acquisition can 

also be done with DAQ cards made especially for that purpose. Some signals are also transmitted to the 

computer wirelessly. Scientists and engineers often write their own programs in languages such as BA-

SIC or C++ to capture and manipulate transducer signals. Other options include commercial software 

such as LabView or Matlab, or freeware such as Glove or Visual Analyser.

Fig. 9.4 Commercial transducers
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9.2 CLASSIFICATION OFTRANSDUCERS

Transducers may be classified into a variety of classes based on different parameters such as form of 

input-output energy used, kind of function they perform, whether self-generating or not, primary or 

secondary type, etc.

Based on the input/output energy sources used, transducers may be classified into the following 

types:

1. Electromagnetic transducers

2. Electromechanical transducers

3. Electro-acoustic transducers

4. Photoelectric transducers

5. Electrostatic transducers

6. Thermoelectric transducers

Based on the location they are placed and the function they are performing in a system, transducers 

may be classified into the following types;

1. Input transducers, e.g. microphones

2. Output transducers, e.g. speakers

Based on the location they are placed and the function they are performing in a system, transducers 

may also be classified into the following types:

1. Sensing transducers (sensor), e.g. microphones

2. Actuating transducers (actuator), e.g. speakers

Based on the power generated for their operation, transducers may be classified into the following 

types:

1. Active Transducers e.g. solar cells, thermocouples, piezoelectric elements. Active transducers 

are also called self-generating transducers.

2. Passive Transducers e.g. speakers, strain gauges, thermal resistors, liquid-crystal displays. Pas-

sive transducers are also called modulating transducers.

Based on the type of output signal they generate, transducers may be classified into the following 

types:

1. Analog transducers, e.g. thermocouple

2. Digital transducers, e.g. light sensors

It is important to choose transducers that have the desired frequency, bandwidth, and focusing to 

optimise inspection capability. Most often, the transducer is chosen either to enhance the sensitivity or 

resolution of the system. Based on the type of application, transducers may be classified into the fol-

lowing types:

1. ContactTransducers Establish firm contact with I/O devices

2. Immersion Transducers Immersion transducers are typically used inside a water tank (thermo-

couples) in scanning applications. 

3. Delay-line Transducers They are designed for use in applications such as high-precision thick-

ness gauging of thin materials and de-lamination checks in composite materials.

4. Paintbrush Transducers They are useful for collecting data for industrial or scientific purposes. 

Additional tasks include signal processing and manipulation, and instrument and process control.
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Transducers that detect or transmit information include common items such as microphones, Geiger 

meters, potentiometers, pressure sensors, thermometers and antennas. A microphone, for example, con-

verts sound waves that strike its diaphragm into an analogous electrical signal that can be transmitted 

over wires. A pressure sensor turns the physical force being exerted on the sensing apparatus into an 

analog reading that can be easily represented. While many people think of transducers as being some 

sort of technical device, once you start looking for them, you will find transducers everywhere in your 

everyday life. Most transducers have an inverse that allows for the energy to be returned to its original 

form. Audio cassettes, for example, are created by using a transducer to turn the electrical signal from 

the microphone pick-up—which in turn went through a transducer to convert the sound waves into 

electrical signal—into magnetic fluctuations on the tape head. These magnetic fluctuations are then 

read and converted by another transducer—in this case a stereo system—to be turned back into an 

electrical signal, which is then fed by a wire to speakers, which act as yet another transducer to turn the 

electrical signal back into audio waves. Other transducers turn one type of energy into another form, 

not for the purpose of measuring something in the external environment or to communicate informa-

tion, but rather to make use of that energy in a more productive manner. A light bulb, for example, 

one of the many transducers around us in our day-to-day lives, converts electrical energy into visible

light. Electric motors are another common form of electromechanical transducer, converting electrical 

energy into kinetic energy to perform a mechanical task. The inverse of an electric motor, a generator, 

is also a transducer, turning kinetic energy into electrical energy that can then be used by other devices. 

Some important transducer types are discussed in the following sections.

9.3 CAPACITIVETRANSDUCERS

A capacitive transducer employs a diaphragm positioned between two fixed metal plates as indicated in 

Fig. 9.5(a). The principle of operation of a capacitive transducer is directly derived from the basic ca-

pacitance equation represented in Eq. (9.1) which is represented based on Fig. 9.5(b). The capacitance 

of a parallel-plate capacitor is dependent on the plates’ dimensions and characteristics of the dielectric 

material and the media between the plates.

In some designs, the metal plates are fixed to either side of the diaphragm; deflection of the dia-

phragm changes the capacitive coupling between the diaphragm and the metal plates. In other designs, 

Fig. 9.5 Capacitive transducer
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the metal plates are isolated from the moving diaphragm; deflection of the diaphragm causes a change 

in the capacitive coupling between the two metal plates. An alternating current (ac) signal across the 

plates can be used to sense the change in capacitance.

0 r
farads

A
C

d

e e
= (9.1)

The capacitance value C may be changed by changing A, the plate area or d, the plate separation or 

er, the relative permittivity of the dielectric material. Capacitances are constructed using any of these 

principles; the sensitivity S of such a transducer is then given by Eq. (9.2). Here, dx is the displacement 

in metres and dC is the incremental change of the capacitance value in farads.
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Similarly, capacitive transducers may be constructed using cylindrical capacitors, cantilevers, quartz 

diaphragms, etc. Capacitive transducers offer system designers a good number of advantages—they 

are very sensitive, have high input impedance, good frequency response, and are very useful in small 

system designs. Due to these advantages, capacitive transducers find applications in force, pressure, 

displacement (both linear and angular), humidity, liquid-level measurements, etc. However, capacitive 

transducers are hampered by some major disadvantages; smaller values of C results in larger imped-

ances, loading effect is more at low operating frequencies, and frequency response is nonlinear and 

affected by the edge effects, metallic plates and parts of the capacitor.

9.4 INDUCTIVETRANSDUCERS

An inductive transducer is mainly used for the measurement 

of displacement. An inductive transducer is an active trans-

ducer and operates on the principle that the relative motion 

between a conductor and a magnetic field induces a voltage 

in the conductor. This voltage is due to the self-inductance or 

mutual inductance of the coil as indicated in Fig. 9.6. In an 

inductive transducer, pressure-induced displacements of a dia-

phragm cause a change in the self-inductance of a single coil. 

If the displacements occur in the magnetic coupling between 

a pair of coils, it is called a reluctive transducer. Because the 

pressure-induced electrical output signal requires relative mo-

tion, the inductive design is limited to dynamic measurements. 

In a reluctive transducer, displacements occur in the magnetic 

coupling between a pair of coils.

The principle of operation of an inductive transducer is given by Eq. (9.3) which is dependent on the 

coil characteristics like number of turns, cross-sectional area, length, etc.

22 A
henries

NN
L

R l

m
= = (9.3)

It is clear from the equation that L may be varied by varying the length of the coil l, number of turns 

N, cross-sectional area A or the permeability of the medium m. An inductive transducer can also be 

Fig. 9.6 Inductive or active transducer
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constructed based on the mutual inductance principle and the mutual inductance between two coils is 

given by Eq. (9.4); where L1 and L2 are the self-inductances of two coils and K is the coupling coef-

ficient between them.

M 1 2 henriesL K L L= (9.4)

Reluctive Transducer

A reluctive transducer is a passive transducer and requires external ac excitation of a pair of coils. It op-

erates on the principle that the magnetic coupling between the two coils is affected by the displacement 

of a pressure-driven conductor located in the magnetic field between the two coils. As indicated in Fig. 

9.7, the conductor is either connected to a force-summing device or is itself a force-summing device.

Fig. 9.7 Reluctive or passive transducer

The most commonly used type of variable inductance transducer is the linearly variable differential 

transducer presented in Section 9.5.

9.5 LINEARLY VARIABLE DIFFERENTIALTRANSDUCER (LVDT)

A linearly variable differential transducer, popularly called LVDT, is the most commonly used type of 

variable inductance transducer and is primarily used to convert a linear displacement into an electrical 

signal. A linearly variable differential transducer consists of a transformer with one primary winding 

and two secondary windings as indicated in Fig. 9.8. The primary winding P is supplied with an ac 

source in the audio range (up to 20 kHz) and the two secondary windings with equal number of turns 

on them are placed on either side of P. The secondary windings are wound on a cylindrical tube inside 

which a soft-iron core with high permeability is mounted; the displacement under measurement is 

applied to this iron core. The entire set-up is placed in a steel box containing shielded leads.
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Fig. 9.8 Linearly Variable Differential Transducer (LVDT)

The alternating magnetic field produced due to the ac source applied to the primary winding induces 

secondary voltage in the two coils S1 and S2; the magnitude of this voltage depends on the amount of 

primary excitation. The two output voltages E1 and E2 are suitably combined (series connection) to give 

a single output voltage E, given by Eq. (9.5). When the iron core is in its normal (zero) position, the 

magnitudes of E1 and E2 are equal and hence E = 0. With a displacement applied to the arm of the iron 

core, the position of the arm results in

E = E1 – E2 (9.5)

a voltage E dependent on magnitudes of E1 and E2; E1 > E2 if the arm moves up and E1 < E2 if the 

arm is moved down. Thus, the output voltage produced is proportional to the displacement, or in other 

words the linear motion. The sensitivity of LVDT is given by

Output voltage

Displacement
S = (9.5a)

9.6 POTENTIOMETRIC TRANSDUCER

A potentiometric transducer is a passive type of transducer wherein a resistive potentiometer or a 

variable resistance component or a POT with sliding contact forms the main block. A POT needs an 

external power source for its operation and is available in different forms such as linear translational, 

rotational, helical, etc. Of them, translational and rotational are very popular and are shown in Fig. 9.9.

l
R

A

r
D = W

(9.6)

These transducers for their operation depend on the incremental change in the resistance DR given by 

Eq. (9.6): l is the length of resistive wire in metres, A is its area in metre-square and r is the resistivity 

Fig. 9.9 Potentiometric transducer



402 Basic Electronics

in ohm-metre. Potentiometric transducers are generally preferred because of the reason that a resistor 

is equally sensitive to both ac and dc excitations. The sensitivity of a potentiometric transducer is given 

by Eq. (9.7).

o

i
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V
= = (9.7)

9.7 PIEZOELECTRICTRANSDUCER

Piezoelectric devices contain special crystals and these crystals produce a voltage if a pressure is ap-

plied to them in one direction. This potential is a result of displacement of charges. As an inverse opera-

tion, if a potential is applied across the crystal, the shape of the crystal can be changed. This property 

of the materials is called piezoelectric property and the materials exhibiting this property are called 

piezoelectric or electro-resistive materials, indicated in Fig. 9.10. A common use of piezoelectric 

devices is in buzzers, which produce a buzzing noise when a voltage is applied.

Fig. 9.10 Piezoelectric material

The active element is the heart of the transducer as it converts the electrical energy to acoustic 

energy, and vice versa. The active element is basically a piece of polarised material (i.e. some parts 

of the molecule are positively charged, while other parts of the molecule are negatively charged) with 

electrodes attached to two of its opposite faces. When an electric field is applied across the material, 

the polarised molecules will align themselves with the electric field, resulting in induced dipoles within 

the molecular or crystal structure of the material. This alignment of molecules will cause the material to 

change dimensions. This phenomenon is known as electrostriction. In addition, a permanently polar-

ised material such as quartz (SiO2) or barium titanate (BaTiO3) will produce an electric field when the 

material changes dimensions as a result of an imposed mechanical force. This phenomenon is known as 

the piezoelectric effect. The active element of most acoustic transducers used today is a piezoelectric

ceramic, which can be cut in various ways to produce different wave modes. A large piezoelectric ce-

ramic element can be seen in the image of a sectioned low-frequency transducer. Preceding the advent 

of piezoelectric ceramics in the early 1950’s, piezoelectric crystals made from quartz crystals and mag-

netostrictive materials were primarily used. When piezoelectric ceramics were introduced, they soon 

became the dominant material for transducers due to their good piezoelectric properties and their ease 

of manufacture into a variety of shapes and sizes. They also operate at low voltage and are usable up 

to about 300°C. The first piezoceramic in general use was barium titanate, and that was followed dur-

ing the 1960’s by lead zirconate titanate compositions, which are now the most commonly employed 

ceramic for making transducers. New materials such as piezopolymers and composites are also being 

used in some applications. The thickness of the active element is determined by the desired frequency 

of the transducer. A thin wafer element vibrates with a wavelength that is twice its thickness. Therefore, 

piezoelectric crystals are cut to a thickness that is 1/2 the desired radiated wavelength. The higher the 
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frequency of the transducer, the thinner the active element. The primary reason that high-frequency 

contact transducers are not produced is because the element is very thin and too fragile. The transducer 

is a very important part of the ultrasonic instrumentation system and it incorporates a piezoelectric 

element, which converts electrical signals into mechanical vibrations (transmit mode) and mechanical 

vibrations into electrical signals (receive mode). Many factors, including material, mechanical and 

electrical construction, and the external mechanical and electrical load conditions, influence the behav-

iour of a transducer. Mechanical construction includes parameters such as the radiation surface area, 

mechanical damping, housing, connector type and other variables of physical construction.

Fig. 9.11 Piezoelectric transducer

A cut-away of a typical piezoelectric contact transducer is shown in Fig. 9.11. To get as much en-

ergy out of the transducer as possible, an impedance matching is placed between the active element 

and the face of the transducer. Optimal impedance matching is achieved by sizing the matching layer 

so that its thickness is 1/4 of the desired wavelength. This keeps waves that were reflected within the 

matching layer in phase when they exit the layer. For contact transducers, the matching layer is made 

from a material that has an acoustical impedance between the active element and steel. Immersion 

transducers have a matching layer with an acoustical impedance between the active element and water. 

Contact transducers also incorporate a wear plate to protect the matching layer and active element from 

scratching. The backing material supporting the crystal has a great influence on the damping charac-

teristics of a transducer. Using a backing material with impedance similar to that of the active element 

will produce the most effective damping. Such a transducer will have a wider bandwidth resulting in 

higher sensitivity. As the mismatch in impedance between the active element and the backing material 

increases, material penetration increases but transducer sensitivity is reduced.

If a pressure ‘p’ is applied across the crystal of thickness ‘t’, the output voltage produced is given by

V0 = ‘s’ 3 t 3 p (9.7a)

Here ‘s’ is crystal sensitivity which is defined as the ratio of electric field to applied stress pressure.

i.e. s = 
E

P
(9.7b)

9.8 ELECTRICAL STRAIN GAUGES

When a metallic conductor is either stretched (elongated) or compressed by applying a longitudinal 

stress, the conductor will be deformed and this deformation results in change in resistance of the con-

ductor; this is indicated in Eq. (9.6). Rewriting this equation as in Eq. (9.8)
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r
= W

l
R

A
(9.8)

with usual notations, the resistance R of the conductor is dependent on l, the length of resistive wire in 

metres. A is its area in metre-square and r is the resistivity in ohm-metre. This is the operating principle 

for any resistive transducer and in particular for a strain gauge; this is indicated in Fig. 9.12(a). This 

change in resistance can be accurately measured using a resistance bridge such as a Wheatstone bridge 

as shown in Fig. 9.12(b).

Fig. 9.12 Strain gauge

The performance of the gauge is measured using a factor called gauge factor GF and is given by 

Eq. (9.9). Here, Œ is called strain of the device.
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D D
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(9.9)

The materials used for construction of strain gauges should have some specific characteristics in 

order that the strain gauge offers good performance; for example, the wire used should have high spe-

cific resistance, low temperature coefficient, reasonably constant gauge factor and reasonably constant 

strain-sensitivity over a wide range of strain (Œ).

Table 9.2 indicates different types of materials and their characteristics such as temperature coef-

ficient (TC), gauge factor (GF) and resistivity.

Table 9.2 Properties of different wire materials for strain gauges

Material TC/°C GF ñ Ù-m

Platinum +40 ¥ 10–4 4.8 10 ¥ 10–8

Nickel +68 ¥ 10–4 –12 6.5 ¥ 10–8

Karma alloy +0.2 ¥ 10–4 2.1 125 ¥ 10–8

Nichrome alloy 1 ¥ 10–4 2.1 to 2.5 100 ¥ 10–8

Constantan Advance alloy ±0.2 ¥ 10–4 2.1 48 ¥ 10–8

Similarly, Table 9.3 indicates different types of backing materials, the adhesive/bonding cement that 

are useful in strain-gauge manufacturing along with their temperature ranges. 
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Table 9.3 Temperature ranges for different backing, adhesive and bonding materials

Material Adhesive/Cement Temperature Range

Paper +40 ¥ 10–4 0 to 60°C

Epoxy Paper/Phenolic +68 ¥ 10–4 –12

Phenolic fibre glass +0.2 ¥ 10–4 2.1

Transfer gauge 1 ¥ 10–4 2.1 to 2.5

There are various forms of strain gauges commercially available and a few of them are listed here: 

wire gauges, foil gauges, thin-film gauges, semiconductor strain gauges, etc.

9.9 THERMISTORS, THERMOCOUPLES AND HALL EFFECT

9.9.1 Thermistors

Thermistors are variable resistors meaning that their resistance varies with temperature. Like other 

resistive transducers which are sensitive to a form of energy, thermistors are sensitive to temperature. 

For most practical purposes, within limited temperature ranges, the resistance-temperature relationship 

may be written as in Eq. (9.10).

R2 = R1(1 + a (t2 – t1)) = R1(1 + a Dt) (9.10)

Here, R1 is thermistor resistance at temperature t1, R2 is thermistor resistance at temperature t2 and 

a is temperature coefficient. Resistivity r of pure metals and most alloys (some exceptions like carbon 

alloy) is directly related to temperature changes and hence they have positive a. Resistivity r of some 

materials is indirectly related to temperature changes and hence they have negative a. The resistance 

of a positive temperature coefficient (+ve a) device increases with increasing temperature and its re-

sistance decreases with decreasing temperature. The resistance of a negative temperature coefficient 

(–ve a) device decreases with increasing temperature and its resistance increases with decreasing 

temperature. Table 9.4 indicates temperature coefficients of some popular materials that are useful as 

thermistors.

Table 9.4 Temperature coefficients of different materials

Material a value/°C

Platinum +0.00392

Nickel +0.0041

Copper +0.0043

Iron +0.002 to +0.006

Thermistors –0.02 to –0.09

Applications of Thermistors

Thermistors are very useful for measurement of temperature, control of temperature, compensation for 

temperature, measurement of high-frequency power and vacuum.
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9.9.2 Thermocouples

1. Analogue Sensors

When two different metals produce a continuous output signal or voltage, it is generally proportional 

to the quantity being measured. Physical quantities such as temperature, speed, pressure, displacement, 

strain, etc. are all analogue quantities as they tend to be continuous in nature. For example, the tempera-

ture of a liquid can be measured using a thermometer or thermocouple which continuously responds to 

temperature changes as the liquid is heated up or cooled down.

Thermocouple used to Produce an Analogue Signal

Fig. 9.13 Thermocouple as a transducer

Analogue sensors tend to produce output signals which are slow changing and very small in value. 

So some form of amplification is required. Also analogue signals can be easily converted into digital 

signals for use in microcontroller systems by the use of analogue-to-digital converters.

2. Digital Sensors

As its name implies, digital sensors produce a discrete output signal or voltage that is a digital repre-

sentation of the quantity being measured. Digital sensors produce a binary output signal in the form of 

logic 1 or logic 0 (ON or OFF). This means then that a digital signal only produces discrete (noncon-

tinuous) values which may be outputted as a single bit (serial transmission), or by combining the bits 

to produce a single byte output (parallel transmission).

Light Sensor used to Produce a Digital Signal

In our simple example above, the speed of the rotating shaft is measured by using a digital LED/

Opto-detector sensor. The disc which is fixed to the shaft has a number of transparent slots within its 

design. As the disc rotates with the speed of the shaft, each slot passes by the sensor in turn producing 

an output pulse representing a logic level 1. These pulses are sent to a register or counter and finally to 

an output display to show the speed or revolutions of the shaft. By increasing the number of slots or win-

dows within the disc, more output pulses can be produced giving a greater resolution and accuracy as 

fractions of a revolution can be detected. Then this type of sensor could also be used for positional 

control.

In most cases, sensors, and more specifically analogue sensors, generally require an external power 

supply and some form of additional amplification or filtering of the signal in order to produce a suitable 
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electrical signal which is capable of being measured or used. One very good way of achieving both 

amplification and filtering within a single circuit is to use operational amplifiers as seen before.

9.9.3 Hall Effect and Hall Effect Transducers

When a strip of conductor carrying current is traversed in a magnetic field, an EMF (ElectroMagnetic 

Force) is generated between the ends of the conductor. The magnitude of this emf is proportional to 

the flux density of the magnetic field, magnitude of the current flowing through the conductor and the 

Hall effect coefficient KH of the material. This property of the 

material is termed as the Hall effect and finds an extensive use 

in measuring instruments such as flux meters, ammeters, watt-

meters, etc. The value of Hall effect coefficient KH depends on 

the conductor properties such as charge mobility and charge 

density.

Figure 9.15 indicates the principle of a Hall-effect trans-

ducer; a strip of Hall-effect conductor of thickness ‘t’ and car-

rying current ‘I’ is placed in a magnetic field. There will be no 

potential developed across the terminals of the Hall strip when 

there is no magnetic field. When a transverse magnetic field 

is applied, a voltage is developed across the terminals of the 

Hall Conductor given by Eq. (9.11).

Vb = 
HB I K

t

¥ ¥
(9.11)

Here, KH is the Hall-effect coefficient, the units of which are given by Eq. (9.12).

KH is in terms of 

2

Wb

m

V m

A

a -

-

(9.12)

Fig. 9.14 Thermocouple as a transducer

Fig. 9.15 Hall-effect transducer
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Thus, using Eq. (9.13) the current ‘I’ or the magnetic field strength ‘B’ may be measured in terms of 

the output voltage ‘Vb’ produced; however, the magnitude of this emf is very small in most of the Hall-

effect materials. Table 9.5 indicates some of the commonly used materials for Hall-effect transducers 

and their Hall-effect coefficient values for a given field strength in Wb/m2 at around 20°C temperature. 

It can be seen from Table 9.5 that the Hall effect emf is in semiconductor materials such as Ge and Si.

Table 9.5 Applications of transducers from different Energy domains

Sl. No. Material Field Strength in Wb/m2
KH Value

1 Si 2.0 4.1 ¥ 10–6

2 Ge 0.8 –8 ¥ 10–3

3 Fe 1.7 1.1 ¥ 10–9

4 Cu 2.2 –52 ¥ 10–12

5 As 0.8 4.52 ¥ 10–9

Hall-Effect Transducer Applications

Hall-effect transducers find extensive applications in the following:

(i) Measurement of magnetic fields (magnetic to electric transducer)

  —Produces an output voltage proportional to the magnetic field

(ii) Measurement of current (electric to magnetic transducer)

  —Produces a magnetic field proportional to the current flowing

(iii) Measurement of displacement (magnetic to electric transducer)

  —Produces an output voltage proportional to the magnetic field

(iv) Measurement of power (magnetic to electric transducer)

  —Produces an output power proportional to the magnetic field

9.9.4 Signal Conditioning

As we saw in Chapter 6, an operational amplifier can be used to provide amplification of signals when 

connected in either inverting or non-inverting configurations. The very small analogue signal voltages 

produced by a sensor (few microvolts or millivolts) can be amplified many times by a simple op-amp 

circuit to produce a much larger voltage signal (5 V or 10 V) the amplified signal can then be used as 

input to a microprocessor-based system. When using sensors, generally some form of amplification 

(gain), impedance matching or perhaps phase shifting may be required before the signal can be used. 

This is conveniently performed by operational amplifiers and is called signal conditioning.

Also, when measuring very small physical changes, the output signal of a sensor can become con-

taminated with unwanted signals or voltages that prevent the actual signal required from being mea-

sured correctly. These unwanted signals are called noise. This noise, or interference, can be either 

greatly reduced or even eliminated by using signal conditioning or filtering techniques as discussed 

in Section 6.16, the active filter. Figure 9.16 indicates few such active filters. By using low-pass,

high-pass or even bandpass filters the bandwidth of the noise can be reduced to leave just the output 

signal required. For example, many types of inputs from switches, keyboards or manual controls are 

not capable of changing state rapidly and so low-pass filters can be used. When the interference is at 
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a particular frequency, for example mains frequency, narrowband reject or notch filters can be used. 

Where some random noise still remains after filtering, it may be necessary to take several samples and 

then average them to give the final value, hence increasing the Signal-to-Noise Ratio (SNR, a figure of 

merit to measure the quality of a signal).

Either way, both amplification and filtering play an important role in interfacing microprocessor and 

electronics based systems to real-world conditions.

9.9.5 TransducerTesting

Some transducer manufacturers have a lead in the development of transducer characterisation tech-

niques and have participated in developing the methods for testing single-element pulse-echo ultra-

sonic transducers as well as for evaluating characteristics of ultrasonic search units. Additionally, some 

manufacturers perform characterisations according to many industrial and military standards. As part 

of the documentation process, an extensive database containing records of the waveform and spectrum 

of each transducer is maintained and can be accessed for comparative or statistical studies of transducer 

characteristics. Manufacturers often provide time-and frequency-domain plots for each transducer.

1. Transducer Efficiency

Some transducers are specially fabricated to be more efficient transmitters and others to be more effi-

cient receivers. A transducer that performs well in one application will not always produce the desired 

results in a different application. For example, sensitivity to small defects is proportional to the product 

of the efficiency of the transducer as a transmitter and a receiver. Resolution, the ability to locate de-

fects near the surface or in close proximity in the material, requires a highly damped transducer. As in 

all energy conversions, some energy is lost when transducers operate. The efficiency of a transducer is 

found by comparing the total energy input to the total energy coming out of the system. Some transduc-

ers are very efficient, while others are extraordinarily inefficient. A radio antenna, for example, acts 

as a transducer to turn radio frequency power into an electromagnetic field; when operating well, this 

process is upwards of 80% efficient. Most electrical motors, by contrast, are well under 50% efficient, 

and a common lightbulb, because of the amount of energy lost as heat, is less than 10% efficient. Trans-

ducer efficiency is measured as the ratio of output power generated in desired form to total input power. 

Mathematically, if Q represents the power output in desired form and P represents the total power input 

then the efficiency E is given by Eq. (9.13).

E = Q/P (9.13)

Fig. 9.16 Active filters for signal conditioning
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No transducer is 100% efficient. Some power is always lost in the conversion process. Usually, this 

loss is manifested in the form of heat. Some antennas approach 100% efficiency. The worst transducers 

in case of efficiency are incandescent lamps. A 100 W lamp radiates only a few watts of visible light. 

Most of the power is dissipated as heat.

2. Transducer Applications

Table 9.6 indicates some of the available transducers along with their applications and type of transduc-

tion. The form of input energy and the output energy are also indicated.

Table 9.6 Transducers and applications

Sl. No. Transducer Energy Domain Application

1 Antenna Electromagnetic Converts electromagnetic waves into elec-

tric current and vice versa

2 Cathode Ray Tube (CRT) Electromagnetic Converts electrical signals into visual form

3 Fluorescent lamp, lightbulb Electromagnetic Converts electrical power into visible light

4 Magnetic cartridge Electromagnetic Converts motion into electrical form

5 Photodetector or

Photoresistor (LDR) 

Electromagnetic Converts changes in light levels into resis-

tance changes

6 Cassette player; Tape head Electromagnetic Converts changing magnetic fields into 

electrical form

7 pH probes Electrochemical

8 Load cell Electromechanical Converts force to mV/V electrical signal 

using strain gauge

9 Galvanometer Electromechanical Converts electrical signal to displacement

10 Loudspeaker, earphone Electro-acoustic Converts electrical signals into sound

11 Human ear Electro-acoustic Converts sound into electrical signals

12 Microphone Electro-acoustic Converts sound into an electrical signal

13 Laser diode, light-emitting 

diode

Photoelectric Convert electrical power into forms of light

14 Photodiode, photoresistor, 

phototransistor, LASCR

Photoelectric Converts changing light levels into electri-

cal form

15 RTD (Resistance Tempera-

ture Detector)

Thermoelectric Converts changing heat levels into electrical 

(resistance) form

16 Thermocouple Thermoelectric Converts changing heat levels into electrical 

(resistance) form

17 Thermistor Thermoelectric Converts changing heat levels into electrical 

(resistance) form

3. Some Transducer Manufacturers

TemposonicsTM Transducers are available from MTS System Corporation, Sensors Division, 3001 

Sheldon Drive, Cary, NC 27513, 800-633-7609. Some transducer manufacturers have lead in the de-

velopment of transducer characterisation techniques and have participated in developing the AIUM 
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Standard Methods for Testing Single-Element Pulse-Echo Ultrasonic Transducers as well as ASTM-E 

1065 Standard Guide for Evaluating Characteristics of Ultrasonic Search Units. Additionally, some 

manufacturers perform characterisations according to AWS, ESI, and many other industrial and mili-

tary standards. Often, equipment in test labs is maintained in compliance with MIL-C-45662A Calibra-

tion System Requirements.

Summary

➣ The process of converting one form of energy into another form of energy is transduction and the 

device is called transducer.

➣ A transducer can be in the form of a sensor or actuator.

➣ A transducer may use various sources of input energy such as mechanical, electrical, chemical, 

magnetic, etc.

➣ Transducers can be classified into input transducers and output transducers based on the location 

they are placed and the function they are performing in a system.

➣ Transducers can also be classified into sensor transducers and actuator transducers based on the 

location they are placed and the function they are performing in a system.

➣ Transducers can be classified into different types based on forms of input/output energy as elec-

tromagnetic transducers, electromechanical transducers, electro-acoustic transducers, photoelec-

tric transducers, electrostatic transducers, thermoelectric transducers, etc.

➣ Based on the power generated for their operation, transducers may be classified into active trans-

ducers and passive transducers.

➣ Based on the type of output signal they generate, transducers may be classified into analog trans-

ducers and digital transducers.

➣ Based on the type of application, transducers may be classified into contact transducers, immer-

sion transducers, delay-line transducers, paintbrush transducers, etc.

➣ The principle of operation of a capacitive transducer is based on the equation represented in 

Eq. (9.1) which is dependent on the plates’ dimensions and characteristics of the dielectric mate-

rial and the media between the plates.

➣ The capacitance value C of a capacitive transducer may be changed by changing A, the plate area 

or d, the plate separation or er, the relative permittivity of the dielectric material.

➣ The principle of operation of an inductive transducer is given by the equation represented in 

Eq. (9.3) which is dependent on the coil characteristics like number of turns, cross-sectional area, 

length, etc.

➣ A linearly variable differential transducer, popularly called LVDT, is the most commonly used 

type of variable inductance transducer and is primarily used to convert a linear displacement into 

an electrical signal.

➣ A potentiometric transducer is a passive type of transducer wherein a linear or rotational dis-

placement is converted into a resistance.

➣ Piezoelectric devices contain special crystals and these crystals produce a voltage if a pressure is 

applied to them in one direction. This potential is a result of displacement of charges.

➣ When a metallic conductor is either strained by applying a longitudinal stress, the conductor will 

be deformed and this deformation results in change in resistance of the conductor as indicated 

in Eq. (9.7). This is the operating principle for any resistive transducers and, in particular, for a 

strain gauge.
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➣ Thermistors are variable resistors; their resistance varies with temperature as given in Eq. (9.11).

➣ The resistance of a positive temperature coefficient (+ve a) device changes directly with changes 

in temperature.

➣ The resistance of a negative temperature coefficient (–ve a) device changes inversely with chang-

es in temperature.

➣ The efficiency of a transducer is found by comparing the total energy input to the total energy 

coming out of the system.

Review Questions

1. Define a transducer in your own words.

2. Define the following: a sensor, an actuator.

3. Differentiate between the following: (i) a transducer and inverse transducer (ii) a sensor and ac-

tuator.

4. Differentiate between the following: (i) active transducer and passive transducer (ii) analog trans-

ducer and digital transducer.

5. Differentiate between the following: (i) primary transducer and secondary transducer (ii) input 

transducers and output transducers.

6. Explain the principle of operation of a capacitive transducer in your own words.

7. Explain the principle of operation of a inductive transducer in your own words.

8. Explain the principle of operation of a resistive transducer in your own words.

9. Explain the principle of operation of an LVDT in your own words.

10. Explain the principle of piezoelectric transducer in your own words.

11. Differentiate between a thermocouple and a thermistor.

Exercise Problems

1. A parallel-plate capacitive transducer has plate dimensions of 20 mm ¥ 25 mm separated by 

a distance of 0.3 mm. Find the diaphragm movement if the pressure applied to it produces a 

new capacitance of 670 pF for the transducer; the un-pressured capacitance of the transducer is 

370 pF.

2. A parallel-plate capacitive transducer has plate dimensions of 20 mm ¥ 25 mm separated by 

a distance of 0.3 mm. Find the diaphragm movement if the pressure applied to it produces a 

new capacitance of 670 pF for the transducer; the un-pressured and no dielectric capacitance 

of the transducer is 370 pF. The dielectric constant of the mica sheet used is 8 and that of air is 

8.85 ¥ 10–12.

3. A quartz crystal has a force of 10 N acting on it; the charge sensitivity of the quartz crystal is 

2.55 pC/N. Calculate the output voltage developed across the output terminals of the transducer 

given the crystal dimensions (5 ¥ 5 ¥ 2) mm and the permittivity is 40.6 ¥ 10–12 F/m.

4. The length of a linear resistance potentiometer is 100 mm and the total resistance is 100 kW. Find 

the displacement corresponding to a resistance reading of 4 kW, if the normal position for the 

slider is the mid-way of potentiometer. Also find resolution for the potentiometer.

5. A piezoelectric crystal with dimensions (l ¥ w ¥ t) = (8 ¥ 8 ¥ 1.5) mm is subjected to a stress of 

1.5 MN/m2. Calculate the output voltage developed across the crystal if the crystal sensitivity is 

0.055 Vm/N.
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6. The piezoelectric crystal with dimensions (l ¥ w ¥ t) = (8 ¥ 8 ¥ 2) mm has output voltage de-

veloped across the crystal equal to 100 V. Calculate the stress applied if the crystal sensitivity is 

0.055 Vm/N.

7. A strain gauge of resistance 120 W is connected to a cantilever and applied with a force that 

causes a change in gauge resistance of 0.152 W. If the strain is measured to be 0.55 ¥ 10–3, what 

is the gauge factor?

8. The resistance of a Thermistor used in an application at 25°C is 10 kW. Find the resistances of 

the thermistor (i) when the temperature is halved, and (ii) when the temperature is doubled given 

the temperature co-efficient is -0.08/°C. Comment on the results.

9. The resistance of a thermistor used in an application at 25°C is 10 kW. Find the resistances 

of the thermistor (i) when the temperature is halved, and (ii) when the temperature is doubled 

given the temperature co-efficient is +0.08/°C. Comment on the results and compare with that in 

Problem 7.

10. Calculate the output voltage developed across a Hall-effect transducer used for the measurement 

of a magnetic field of 0.55 Wb/m2 strength. The current flowing through the germanium Hall 

conductor of thickness 2 mm is 3000 mA and the Hall co-efficient is –8 ¥ 10–3

2

.
Wb

m

V m

A

a -

-

11. Find value of charge and the voltage developed for a piezoelectric transducer with dimensions of 

(2 ¥ 2 ¥ 1) mm if the crystal is subjected to a strain of 10 ¥ 10–6 m/m, given the charge sensitivity 

of the crystal 21 C/N and permittivity of 40.6 ¥ 10–12 F/m.

Multiple-Choice Questions

1. A ______ element is that part of a transducer which responds to a physical phenomenon or 

change in a physical phenomenon.

(a) sensing (b) transduction (c) resistive (d) inductive

2. Some of the functional building blocks of the transduction system are

(a) primary sensing element (b) transduction element

(c) output load (d) all the above

3. In order to measure and manipulate the input non-electrical quantity for an instrumentation sys-

tem, the device used is

(a) transducer (b) oscillator (c) amplifier (d) none of the above

4. A transducer is characterized by

(a) the physical phenomenon is transformed into an electrical quantity or vice versa

(b) the relationship between the physical parameter and its resulting electrical signal must be a 

linear one.

(c) consists of two parts a sensing element and a transduction element

(d) all the above

5. The part of the transducer that transforms the output of a sensing element to an equivalent electri-

cal output is

(a) sensing (b) transduction (c) resistive (d) inductive
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6. The transducers can be classified as

(a) primary and secondary transducers (b) passive and active transducers

(c) analog and digital transducers (d) all the above

7. The transducers can be classified on the basis of principle of transduction as 

(a) resistive (b) inductive (c) capacitive (d) all the above

8. An example of passive transducer is

(a) resistive (b) inductive (c) capacitive (d) all the above

9. An example of active transducer is

(a) piezoelectric (b) photovoltaic (c) both (a) and (b) (d) none of the above

10. An example of analog transducer is

(a) piezoelectric (b) photovoltaic (c) LVDT (d) none of the above

11. An example of digital transducer is 

(a) piezoelectric (b) photovoltaic (c) LVDT (d) none of the above

12. A device which converts an electrical quantity into a non-electrical quantity is

(a) transducer (b) inverse transducer or output transducer

(c) amplifier (d) oscillator

13. An example of inverse transducer is

(a) indicating Instruments (b) pen recorders

(c) oscilloscope (d) all the above

14. Potentiometer, thermistor, resistance strain gauge are examples of _____ transducer

(a) resistive (b) inductive (c) capacitive (d) all the above

15. Photoconductive cell, hot wire meter, resistance thermometer are examples of _____ transducer

(a) resistive (b) inductive (c) capacitive (d) all the above

16. Capacitor microphone, dielectric gauge, capacitance pressure gauge are examples of _____ 

transducer

(a) resistive (b) inductive (c) capacitive (d) all the above

17. Magnetic circuit transducer, reluctance pick-up, differential transformer are examples of _____ 

transducer.

(a) resistive (b) inductive (c) capacitive (d) all the above

18. Eddy current gauge, magnetostriction gauge are examples of _____ transducer.

(a) resistive (b) inductive (c) capacitive (d) all the above

19. Photovoltaic cell, photo-emissive cell, photo-multiplier tube are examples of _____ transducer.

(a) resistive (b) inductive (c) capacitive (d) active

20. Which of the following statements is/are correct?  A transducer converts

(i) mechanical energy into electrical energy.

(ii) mechanical displacement into electrical signal

(iii) one form of energy into another form

(iv) Electrical energy into mechanical form

(a) (i) and (iv) (b) (i) and (ii) (c) only (iii) (d) only (i)

21. Which one of the following transducers requires power supply for its operation?

(a) Thermocouple (b) Photovoltaic cell (c) Piezoelectric (d) Thermistor
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22. The pair of active transducers is

(a) thermistor, solar cell (b) thermocouple, thermistor

(c) thermocouple, solar cell (d) solar cell, LVDT

23. An ideal transducer should have the following characteristics:

(a) Should maintain a good resolution throughout its operating range

(b) Should ideally extract no force, power or energy from the quantity under measurement for 

more accurate measurement

(c) Should have no loading effect on the input quantity being measured

(d) All the above

24. An inverse-transducer is a device that converts

(a) light energy into mechanical energy

(b) any form of energy into electrical energy

(c) mechanical energy into light energy

(d) electrical energy into any form of energy

25. A microphone is an example of a/an ______ type transducer.

(a) actuating (b) sensing

(c) both actuating and sensing (d) neither actuating nor sensing

26. A speaker is an example of a/an ________ type transducer.

(a) actuating (b) sensing

(c) both actuating and sensing (d) neither actuating nor sensing

27. A solar cell is an example of a/an ________ type transducer.

(a) active (b) passive

(c) both active and passive (d) neither active nor passive

28. A speaker is an example of a/an ________ type transducer.

(a) active (b) passive

(c) both active and passive (d) neither active nor passive

29. A thermocouple is an example of a/an ________ type transducer.

(a) active (b) passive

(c) both active and passive (d) neither active nor passive

30. A strain gauge is an example of a/an ________ type transducer.

(a) active (b) passive

(c) both active and passive (d) neither active nor passive

31. A/An ________ transducer is also called a modulating transducer.

(a) active (b) passive

(c) both active and passive (d) neither active nor passive

32. A capacitive transducer measures ________ as a change in capacitance.

(a) applied pressure (b) applied voltage

(c) applied temperature (d) applied current

33. In a capacitive transducer, the applied pressure results in movement of _______.

(a) parallel plates (b) transducer (c) leads (d) diaphragm

34. The sensitivity of a capacitive transducer is given by ______.

(a)
x

cm

F
S

d

d
= (b)

F
x

m
S Cd d= ¥ (c)

x

C F
S

m

d

d
= (d) None
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35. In a capacitive transducer the applied pressure increases the effective capacitance; this implies 

that the separation between the plates is ________.

(a) increased (b) unchanged (c) decreased (d) none of the above

36. An inductive transducer measures ________ as a change in Inductance.

(a) applied pressure (b) applied voltage

(c) applied temperature (d) applied current

37. In an inductive transducer, the applied pressure results in movement of _______.

(a) parallel plates (b) transducer (c) coils (d) none of the above

38. In an inductive transducer, the total inductance is given by ________.

(a)
2N

L H
Al

m
= (b)

2N
L H

Al

m
= (c)

2N A
L H

l

m
= (d) none of the above

39. In an inductive transducer, if L1 and L2 are the self-inductances then the mutual inductance is 

given by ________.

(a) 1 2ML K L L H= (b)

1 2

M
K

L H
L L

= (c)
1 2

M

L L
L H

K
= (d) none

40. The gauge factor in a strain gauge is given by _______.

(a) F

L

R
G

L

R

D

=
D

(b) F

L

R
G

R

L

D

=
D

(c) F

L

L
G

R

R

D

=
D

(d) none of the above

41. In an inductive transducer, the applied pressure results in movement of _______.

(a) F

/
1 2G x

r r

e

D
= + + (b) F

/
1 2G x

r r

e

D
= - +

(c) both (a) and (b) (d) none of the above

42. The sensitivity of a potentiometric transducer is given by _______.

(a)
i

o

Output

Input

V
S

V
= = (b) o

i

Output

Input

V
S

V
= =

(c)
i

o

Input

Output

V
S

V
= = (d) none of the above

43. The sensitivity of an LVDT is defined as the ratio of  _______.

(a)
Output Voltage

Core displacement
S = (b)

Core displacement

Output Voltage
S =

(c)
Output Voltage

Input Voltage
S = (d) None of the above

44. The output voltage produced in a piezoelectric transducer is given by _______.

(a) o
0 r

d
V

t P e e
= (b) o

0 r

d
V P

t e e
= (c) o

0 r

d
V t P

e e
= (d) none of the above
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45. The voltage sensitivity of a piezoelectric transducer is given by _______.

(a) 0
r

d
g e

e
= (b)

0 r

d
g

e e
= (c)

0 r
g

d

e e
= (d) none of the above

46. In a potentiometric transducer, within limited temperature ranges, the resistance-temperature re-

lationship may be written as _______.

(a) R2 = R1(1 + a (t2 – t1)) (b) R2 = R1(1 + a Dt)

(c) R2 = R1(1 – a (t2 + t1)) (d) both (a) and (b)

47. The output voltage produced in a Hall-effect transducer is given by _______.

(a) b
H

B I
V

t K

¥
=

¥
(b)

H
b

I K
V

B t

¥
=

¥
(c)

H
b

B I K
V

t

¥ ¥
= (d) none of the above

48. The transfer function of a system is defined as follows:

(a) Ratio of Laplace transform of input to Laplace transform of output with initial conditions π 0.

(b) Ratio of Laplace transform of output to Laplace transform of input with initial conditions π 0.

(c) Ratio of Laplace transform of input to Laplace transform if output with all initial condition 

= 0.

(d) Ratio of Laplace transform of output to Laplace transform of input with initial condition = 0





Goals and Objectives

Upon completion of this chapter, the reader is expected to;

➤ Understand the basic construction of a FET and compare that with a BJT

➤ Understand the working principle, characteristics of a FET and compare that 

with a BJT

➤ Understand and define the performance parameters of a FET

➤ Understand the biasing concepts of a FET and bias a FET for various 

applications

➤ Learn how to construct different amplifiers such as common-source and 

common-drain amplifiers

➤ Understand different modes of MOSFET operation (enhancement mode and 

depletion mode)

➤ Understand basics of CMOS circuits

➤ Know how to extract different FET characteristics for various applications

➤ Understand the basic construction of a MOSFET and compare that with a 

FET

➤ Understand the working principle, characteristics of a MOSFET

➤ Understand the biasing concepts of a MOSFET and bias a MOSFET

➤ Understand the basic construction of UJT and compare that with a BJT

➤ Understand the working principle, characteristics of a UJT

➤ Understand the negative resistance property of a UJT and use this property 

to construct an oscillator

➤ Understand the basic construction, working principle, characteristics and 

applications of special devices like SCS, DIAC and TRIAC

➤ Understand the basic concepts of opto-couplers and opto-devices

➤ Feel confident of taking up higher courses like VLSI design, power electronics, 

etc.

10
Field Effect Transistors 
and Other Devices
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10.1 INTRODUCTION

In a conventional transistor (BJT), both electrons and holes 

constitute the device current and hence it is called a bi-

polar device. A BJT has some major disadvantages such 

as the input impedance is very small because of forward-

biased input junction, small device gain, more noise, larger 

device sise, etc. But, a Field Effect Transistor (FET) is a 

unipolar device and the device current is only due to only 

one type of charge carriers, i.e. either due to electrons or 

holes. Almost all the disadvantages of a BJT are overcome 

in a FET and hence this device is used in almost all In-

tegrated Circuit (IC) designs. Unlike a BJT, a FET offers 

high input impedance which is one of the important re-

quirements in any circuit design. A FET is smaller in size 

compared to a BJT, has less noise and offers very good 

gain. The Silicon-Controlled Rectifier (SCR) is another 

important special device that is used in all power electronic 

applications such as controlled rectifiers, inverters (dc to ac 

converters), choppers (dc to dc converters), etc. SCRs are 

capable of controlling precisely the amount of power that is 

fed to the load. This three-terminal device plays a vital role 

in many power applications. The Unijunction Transistor 

(UJT) is another unipolar, special device that is used in ap-

plications like SCR triggering circuits. This special device 

possesses a very important characteristic called negative 

resistance property based on which signals can be gener-

ated. This gives rise to a special class of signal generators 

(oscillators) called negative resistance oscillators. There 

are many other special devices like DIAC, TRIAC, Pro-

grammable UJTs, etc. In this chapter, a focus is drawn to 

study the construction, working principles and applications 

of all these special devices.

10.2  FIELD EFFECTTRANSISTORS 

(FETs)

Field Effect Transistor is a 3-terminal device similar to a 

BJT (discussed in Chapter 3 and Chapter 4) that can easily 

replace a BJT in many applications such as an amplifier, an 

oscillator (signal generator), a switch, a chopper (dc to dc 

convertor), etc. In construction, a FET contains one basic PN junction and can be built either as a Junc-

tion FET (JFET) or Insulated Gate FET (IGFET) or Metal Oxide Semiconductor FET (MOSFET). In 

Fig. 10.2, the basic construction, different terminals and the circuit symbols of field effect transistors 

are shown.

Fig. 10.1
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The N-channel FET is constructed using a bar of N-type semiconductor material into which a pair 

of P-type region is diffused. This forms an N-channel and a PN junction. Similarly, a P-channel FET 

is constructed using a bar of P-type semiconductor material into which a pair of N-type region is dif-

fused. This forms a P-channel and a PN junction. The circuit symbols for both these devices are shown; 

for a P-channel, the gate terminal arrowhead is shown outward and for an N-channel, the gate terminal 

arrowhead is shown inward.

Working

The principle of working of a FET is understood by considering the diagrams shown in Fig. 10.3. The 

input gate-source terminals are reverse biased using the supply source VGG and the output drain-source 

terminals are supplied with a voltage source VDD that provides a voltage VDS between drain and source 

terminals; this results in the drain current ID. This current passes through the N-channel surrounded by 

P-type gate.

Fig. 10.3 FET working principle

A voltage VGS set by VGG between the gate and source reverse biases the gate source junction and 

results in no gate current. The effect of this gate-source voltage is to form a depletion region in the 

channel and to reduce the channel width resulting in less ID.

Fig. 10.2 Field Effect Transistor (FET)
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With a reverse bias on gate-source, the depletion region 

is more near the drain end compared to the source end; an 

increase in VDS causes the depletion region to grow. Further 

increase in VDS causes the depletion region to grow and at 

one stage, the depletion region forms fully across the channel 

after which the drain current saturates and remains constant. 

With VGS = 0, the drain current ID increases until the deple-

tion region is formed. Now the FET is said to be in ohmic 

region and the slope of the curve represents the channel resis-

tance (R). This is indicated in the drain characteristics shown 

in Fig. 10.4. It can be observed here that the channel resis-

tance is increasing near pinch-off.

10.2.1 FET Characteristics

FET performance characteristics can be drawn based on the working principle and there are two sets 

of characteristics; the drain characteristics and the mutual characteristics. Drain characteristics is a plot 

of drain-current variation as a function of drain-source voltage for a given gate-source voltage. As the 

reverse bias on gate-source increases, the drain current reduces and for a given gate-source voltage, 

increasing drain-source voltage results in drain-current saturation (pinch-off). This is indicated in Fig. 

10.5(a). Once the channel is completely bolted, the ID levels off and this value of drain current is IDSS,

the drain-to-source current with gate source shorted. The region on drain characteristics after which 

ID levels off is called pinch-off region and the corresponding voltage on drain-source is VP. Mutual 

or transfer characteristics is a plot of drain-current variation as a function of gate-source voltage for a 

given drain-source voltage. As the reverse bias on gate-source increases, the drain current decreases. 

At one particular value, it may even become zero. The value of gate-source voltage VGS at which drain 

current becomes zero is known as pinch-off voltage (VP). At this value of VGS, the channel is pinched 

off removing all charge carriers resulting in ID = 0 and hence, this voltage is referred to as VGS (OFF).

As VGS is increased in magnitude, ID falls and at VGS = Vp, ID becomes zero. Once FET enters satura-

tion region, the drain current ID follows the Shockley’s equation Eq. (10.1), and the shape of transfer 

characteristics is, therefore, a parabola as shown in Fig. 10.5(b).

2

GS
D DSS

P

1
V

I I
V

Ê ˆ
= -Á ˜Ë ¯

(10.1)

1. FET Parameters

Manufacturers specify number of parameters that describe FET device and provide data necessary for 

selecting FET for a particular application. Some of these more useful parameters are listed below:

(i) IDSS, the drain-source saturation current

(ii) VP = VGS(OFF), the pinch-off voltage

(iii) gm, the device transconductance

(iv) rd(on), the drain source resistance when the device is on

(v) m, the amplification factor.

Fig. 10.4 FET characteristics
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2. Drain Resistance, rd

The drain resistance of a FET in its ON condition is defined as the ratio of a change in the drain-source

voltage VDS to a corresponding change in the drain current ID for a given gate-source voltage VGS. Drain 

resistance is expressed in units of ohms.

D
= W
D

DS
d GS

D

V
r V

I
(10.2)

It is an indication of the JFET channel resistance and its value increases with increase in the reverse 

bias on the gate-source terminals. Drain resistance will be maximum at the pinch-off region, i.e. when 

|VGS| = VP. This is because the channel will be closed at pinch-off.

Fig. 10.5 FET characteristics
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3. Transconductance, gm

It is an indication of the JFET ac amplification; gm tells how much the ac current will change due to an 

applied ac gate-source voltage. It is defined as the ratio of change in drain current ID to a corresponding 

change in gate-source voltage VGS for a given drain-source voltage VGS. Transconductance is expressed 

in units of mhos.

D
= D
D

D
m DS

GS

I
g V

V
(10.3)

Example 10.1

Determine the amplification factor for a FET whose on-state drain resistance is 2000 W and the trans-

conductance is 50 ¥ 10–4 mhos.

Solution From Eq. (10.4a), the amplification factor is given as

m = rd ¥ gm

m = 2000 ¥ 50 ¥ 10–4

m = 10

4. Amplification Factor, m

It is an indication of the JFET ac amplification and it is directly the product of the drain resistance 

and the transconductance. It is defined as the ratio of the change in drain-source voltage VDS to a cor-

responding change in gate-source voltage VGS.

m = rd ¥ gm [(10.4(a)]

DS DSD

D GS GS

V VI

I V V
m
D DD
= ¥ =
D D D

[(10.4(b)]

In addition, a number of other parameters like device capacitances, noise voltage, turn-on time, 

turn-off times and the power-handling capacity are usually provided in the manufacturer’s data sheet.

Example 10.2

In Example 10.1, determine the change in drain-source voltage to achieve the resulting amplification 

factor for the FET if the drain current changes by 5 mA.

Solution From Eq. (10.2), the drain resistance is given as

D
= W
D

D
= =

D

DS
d GS

D

DS

d
D

2000

V
r V

I

V
r

I

DVDS = 2000 ¥ DID = 2000 ¥ 5 ¥ 10–3

DVDS = 10 V
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Table 10.1 FET basics

Sl. No. Parameter

1 Device construction

2 Device symbol

3 Pinch-off voltage VP, the gate-source voltage at which the channel is completely seized

4 Saturation drain current IDSS, the drain current resulted after VP

5 Drain resistance (rd) rd = 
D

W
D

DS

D

V

I

6 Transconductance (gm) gm = 
D

D
D

GS

I

V

7 Amplification factor (m) m = rd ¥ gm = 
D

D
DS

GS

V

V

Example 10.3

Determine the resistance offered by a FET whose drain current changes by 7 mA for a change of 5 V 

in gate-source voltage, given its amplification factor is 10.

Solution From Eq. (10.3), the transconductance of the device is given as

-
-

D
= D
D
¥

= = ¥

D
m DS

GS

6
3

m

7 10
1.4 10

5

I
g V

V

g
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From Eq. (10.4a), the drain resistance of the device is given as

m = rd ¥ gm

rd = 
3

m

10

1.4 10g

m

-
=

¥
 = 7142.86 W

rd = 7.143 kW

10.2.2 FET Biasing

To fix up an operating point (Q-point), just like a conventional BJT, even JFET requires biasing. In 

order that a FET functions properly, its gate-source junction needs to be reverse biased and the source-

drain needs a forward bias. As discussed in sections 3.5 to 3.11, several biasing techniques can be con-

sidered even for FET biasing and only three standard FET biasing methods are discussed here; they are

(i) Fixed biasing

(ii) Self-biasing

(iii) Potential-divider biasing

1. Fixed Biasing

The arrangement shown in Fig. 10.6 is a fixed-bias circuit; the power source VGG provides the required 

reverse bias for gate-source junction and power source VDD provides a reverse bias to the drain and a 

forward bias to the source terminal. Use of RD and RG along with VGG and VDD fixes the values of ID and

VDS with zero input signal corresponding to the Q-point and are referred as IDQ and VDSQ.

These values can be obtained by analysing the above circuit using the conventional analysis meth-

ods. We know from Eq. (10.1),

2
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D DSS
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1
V

I I
V

Ê ˆ
= -Á ˜Ë ¯

where IDSS = ID with VGS = 0 and is called drain-saturation circuit.

Also, for the input circuit, using KVL, we may write

–VGG – IGRG – VGS = 0 (10.5)

where VGS is the gate-to-source potential and since gate-source is reverse biased, IG = 0,

i.e. –VGG – 0 – VGS = 0

i.e. VGS = –VGG (10.6)

Substituting Eq. (10.6) in Eq. (10.1) results in

2

GG
D DSS

P

1
V

I I
V

Ê ˆ
= +Á ˜Ë ¯

(10.7)

Analysing the output circuit using KVL, we may write the following equation:

VDS = VDD – IDRD (10.8)

Equations (10.7) and (10.8) represent the operating point (Q-point) for the fixed-bias circuit and 

these two equations are the design equations for a fixed-bias circuit. This circuit is similar to a two-

battery bias circuit for a BJT and uses two battery sources, VGG and VDD.
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Graphical Method The above approach is called the analytical method and this method is normally 

used to find the operating point for any FET biasing circuit. Alternatively, another method, referred 

to as graphical method, can also be used to find the operating point for any biasing circuit. From Eq. 

(10.1), the Shockley equation, the transfer curve can be drawn as in Fig. 10.6(b). If VGS = VP/2 then ID = 

IDSS/4. A vertical line corresponding to VP = VGSQ intersects the transfer curve and this points gives the 

operating point for fixed-bias configuration. This is depicted clearly in Fig. 10.6(c) and more clarifica-

tion may be obtained by referring to Example 10.5 for this method.

Example 10.4

For the fixed-bias circuit shown in Fig. 10.7, determine the operating point if IDSS = 10 mA and VP =

–4 V.

Fig. 10.6 FET Fixed Biasing
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Fig. 10.7 Fixed-bias circuit

Solution From Eq. (10.5), VGS = –VGG = –1.5 V

Now, from Eq. (10.1),

ID = IDSS

Ê ˆ
-Á ˜Ë ¯

2

GS

P

1
V

V

ID = 10 ¥ 10–3

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

ID = 10 ¥ 10–3

2
1.5

1
4

-Ê ˆ
-Á ˜-Ë ¯

ID = 3.91 mA = IDQ

Also, from Eq. (10.8),

VDS = VDD – IDRD

VDS = 12 – (3.91 ¥ 10–3)(1.2 ¥ 103)

VDS = 7.31 V = VDSQ

Thus, the operating point required is Q (IDQ, VDSQ) = (3.91 mA, 7.31 V).

Example 10.5

For the problem in Example 10.4, determine the operating point using graphical method.

Solution From Eq. (10.1), the Shockley equation, the trans-

fer curve can be drawn as in Fig. 10.8. At VGS = –1.5 V, the drain 

current ID = 3.9 mA.

Now, from Eq. (10.8), we obtain the drain-source voltage.

VDS = VDD – IDRD

VDS = 12 – (3.9 mA ¥ 1.2 kW)

VDS = 7.32 V

2. Self-Biasing

The arrangement shown in Fig. 10.9 is a self-bias circuit; in this 

method VDD provides the required bias for drain-source termi-

nals and the required reverse bias for gate-source junction is 

obtained by the help of a drop across RS, hence the name self-

ID mA

10

7.5

5

IDQ = 3.9 mA

2.5

0VGS VD

= –4V

VGSQ

= –1.5V

ID = IDSS 1 – 
VGS

Vp

rq
2

Fig. 10.8  Fixed-bias circuit transfer 
curve
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bias. This circuit, unlike a fixed-bias circuit, uses only one 

battery source VDD and hence, is a better circuit.

The zero-signal values of ID and VDS are called the 

operating point (Q-point) and are referred as IDQ and VDSQ.

These values for a self-bias circuit can be obtained by ana-

lysing the above circuit using KVL and other conventional 

analysis methods. We know, from Eq. (10.1),

ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

where IDSS = ID with VGS = 0 and is called drain-saturation

current.

Also, for the input circuit, using KVL, we may write

–IGRG – VGS – (ID + IG) RS = 0 (10.9)

where VGS is the gate-to-source potential and since gate-

source is reverse biased, IG = 0

–VGS = IDRS (10.10)

Or VGS = –IDRS (10.11)

Substituting Eq. (10.11) in Eq. (10.1) results in

ID = IDSS

2

D S

P

1
I R

V

Ê ˆ
+Á ˜Ë ¯

(10.12)

Equation (10.12) is a quadratic equation (QE) in ID and the value of ID can be obtained by solving 

this quadratic equation (positive value to be taken).

Note: Solving the QE ax2 + bx + c = 0, the roots are given by

2 4

2

b b ac
x

a

- ± -
=

Analysing the output circuit using KVL, we may write the fol-

lowing equation:

VDD – IDRD – VDS – IDRS = 0

From this, we can write VDS = VDD – IDRD – IDRS (10.13)

Equations (10.12) and (10.13) represent the operating point 

(Q-point) for the self-bias circuit and these two equations are the 

design equations for a self-bias circuit. This circuit is analogous to 

a self-bias circuit for a BJT and uses only one battery source VDD.

Example 10.6

Determine the operating point (Q-Point) for the self-bias circuit 

shown in Fig. 10.10, given VDD = 16 V, RD = 3.3 kW, RG = 470 kW,

RS = 1 kW, IDSS = 10 mA and VP = –6 V.

VDD

RD

RS CS

RG

C1

C2

G

D

S

Vo

V
i

Z
i

Zo

Fig. 10.9 FET self-biasing

VDD

RD

RG
RS

C1

C2

CS

V
i

Vo

Zo

Z
i

G

D

S

Fig. 10.10 Self-biasing
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Solution  Now, from Eq. (10.1), ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

From Eq. (10.11), VGS = –ID ¥ RS

ID = IDSS

2

D S

P

1
V R

V

Ê ˆ
+Á ˜Ë ¯

ID = IDSS {1+ (RS/VP)2 2
DI  + 2 (RS/VP) ID}

ID{1 – 2IDSS (RS/VP)} = IDSS + IDSS (RS/VP)2 2
DI

IDSS (RS/VP)2 2
DI  – {1 – 2IDSS(RS/VP)}ID + IDSS = 0

10 ¥ 103 ¥ (1.0 ¥ 103/–6)2 2
DI  – {1 – 2 ¥ 10 ¥ 10–3 ¥ (1.0 ¥ 103/–6)}ID + 10 ¥ 103 = 0

1406.25
2
DI  – 8.5ID + 10 ¥ 103 = 0 (10.14)

Equation (10.14) is a quadratic equation in ID, whose roots are

2

D

2 2

4

2

( 8.5) ( 8.5) 4 (1406.25)(10 10 )

2 (1406.25)

b b ac
I

a
-

- ± -
=

- - ± - - ¥
=

ID = (8.5 ± 4/2812.5)

As the drain current will be very low, ID = (8.5 – 4)/2812.5 value is used.

ID = (8.5 – 4)/2812.5

ID = 1.6 mA = IDQ (10.15)

Now, VDS = VDD – ID (RD + RS)

= 16 – 1.6 ¥ 10–3 (3.3 + 1.0)103

VDS = 9.12 V = VDSQ (10.16)

The corresponding value of VGS is given by

VGSQ = –IDRS

= –1.6 ¥ 10–3 ¥ 1.0 ¥ 103

VGSQ = – 1.6 V (10.17)

Equations (10.14), (10.15), (10.16) and (10.17) represent the operating point.

Example 10.7

For the problem in Example 10.6, determine the operating point using graphical method.

Solution We have from Eq. (10.1),

ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

To plot the transfer characteristics using graphical method, a table of ID as a function VGS is to be 

prepared. Now, the following table can be prepared and the transfer curve is plotted using these values.
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VGS(V) ID(mA)

0.0 10.0

–1.2 6.4

–2.4 3.6

–3.6 2.5

–4.8 0.4

–6.0 0.0

Also, we have VGS = –IDRS to plot the self-bias line:

ID( mA) VGS( mA)

0 0

(–VP/RS) = 6.0 –6

ID
ID (mA)

10 mA 10 mA

5 mA

IDQ

= 1.62 mA

VGS
VGS (V)

VGSQ = –2.4 V
VGS

Q
 = –2.6 V

VD
Q
 = –2.6 mA

VP = –6V

Q-point

Q-point

8

7

6

5

4

3

2

1

0–1–2–3–4–5–6

(a) (b)

Fig. 10.11 Self-biasing

2. Voltage Divider Biasing

The circuit diagram discussed in Fig. 10.9 is a better option compared to that in Fig. 10.6, but has poor 

stability. Therefore, a self-bias circuit is modified by splitting RG into R1 and R2 resulting in a voltage-

divider biasing circuit. The arrangement for a potential-divider circuit is shown in Fig. 10.12. Supply 

source VDD along with the combination of R1 and R2 provides the required reverse bias for gate-source 

circuit and also the bias for gate-source terminals. This circuit can be simplified as shown in Fig. 10.13 

using Thevenin’s theorem.

Applying Thevenin’s principle across the resistor R2, we obtain an equivalent circuit for Fig. 10.12 

and it is as shown in Fig. 10.13. Here, VG is the Thevenin’s equivalent voltage and RG is the Thevenin’s 

equivalent impedance. The values of VG and RG are obtained using the basic principles.

2
G DD

1 2

R
V V

R R

Ê ˆ
= Á ˜+Ë ¯

(10.18)

1 2
G

1 2

R R
R

R R

Ê ˆ
= Á ˜+Ë ¯

(10.19)
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The operating point (Q-point) can now be obtained by analysing the circuit shown in Fig. 10.13 by 

using basic principles.

From Eq. (10.1), we have

2
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D DDS
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1
V

I I
V

Ê ˆ
= -Á ˜Ë ¯

Applying KVL to the input section, we may write the following loop equation:

VG – IGRG – VGS – IDRS = 0 (10.20)

Since IG = 0, VG – 0 – VGS – IDRS = 0

VGS = VG – IDRS (10.21)

Substituting Eq. (10.21) into Eq. (10.1), we get the drain current

ID = IDSS

2

G D S

P

1
V I R

V

Ê ˆ-Ê ˆ
-Á ˜Á ˜Ë ¯Ë ¯

(10.22)

Applying KVL to the output section, we may write the following loop equation:

VDD – IDRD – VDS – IDRS = 0

VDS = VDD – ID (RD + RS) (10.23)

Equations (10.21), (10.22) and (10.23) represent the Q-point for the voltage-divider biasing circuit. 

Also, Eq. (10.22) is a quadratic equation in ID and the value of ID can be obtained by solving this equa-

tion as in a self-bias circuit.

Fig. 10.12 FET potential-divider biasing Fig. 10.13 Thevinised potential-divider biasing circuit
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Table 10.2 Different FET biasing methods

Parameter Fixed Biasing Self-Biasing Voltage-divider Biasing

Source resistance No Yes Yes

Number of batteries Two One One

Quiescent gate-source 

voltage

VGS = –VGG VGS = –IDRS VGS = VG – IDRS

Quiescent drain-source

voltage

VDS = VDD – IDRD VDS = VDD – IDRD – IDRS VDS = VDD – ID (RD + RS)

Quiescent drain current

ID = IDSS

2

GG

P

1
V

V

Ê ˆ
+Á ˜Ë ¯

ID = IDSS

2

D S

P

1
I R

V

Ê ˆ
+Á ˜Ë ¯

ID = IDSS

2

G D S

P

1
V I R

V

Ê ˆ-Ê ˆ
-Á ˜Á ˜Ë ¯Ë ¯

Stability Moderate Good Better

Example 10.8

For the circuit shown in Fig. 10.14, find IDQ, VGSQ and VDSQ using analytical method.

+VDD = 16 V

C1

V
i

Vo

Z
i

Zo

2.1 M

2.4 K

20 mF1.5 K270 K

G
D

S

IDSS = 8 mA

VP = –4V

Fig. 10.14 Potential divider biasing

Solution From Eq. (10.1), the drain current is ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

ID = IDSS [1 – (VG – IDRS/VP)]2

Where VG = VDD ¥ (R2/R1 + R2)

= 16 ¥ (270k/2.1m + 270k)

= 1.82 V

We have RG = (R1 ¥ R2/ R1 + R2)

= (2.1m ¥ 270k/2.1m + 270k)

RG = 239.24 kW
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Now ID = IDSS [1 – (1.82/– 4) + (1.5k/– 4)ID]2

ID = IDSS [1.455 – 375 ID]2

ID = IDSS [1.4552 + (375 ID) 2 – 2(1.455) (375ID)]

IDSS (1.455)2 + IDSS (375 ID)2 – IDSS [2(1.455) (375ID)] = 0 (10.24)

1125 2
DI  – 9.73 ID + 17 ¥ 10–3 = 0

Solving for ID, we have

2

D

3

4

2

( 9.73) ( 94.673 4(1125 17 10)

2 (1125)

9.73 4.263

2(1125)

b b ac
I

a
-

- ± -
=

- - ± - ¥ ¥
=

±
=

ID = 2.43 mA

Also, we have

VGS = VG – IDRS

= 1.8 – (2.43 ¥ 10–3 ¥ 1.5 ¥ 10–3)

VGSQ = –1.82 V

VDS = VDD – ID (RD + RS)

= 16 – 2.4 ¥ 10–3 (3.9k)

VDS = 6.64 V = VDSQ

Example 10.9

For the circuit in Example 10.8, find IDQ, VGSQ and VDSQ using graphical method

Solution We have from Eq. (10.1), ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

To plot the transfer characteristics using graphical method, a table of ID as a function VGS is to be 

prepared. Now, the following table can be prepared and the transfer curve is plotted using these values.

VGS(V) ID( mA)

0 8

–1.2 4

–2 2

–4 0

Also, we have VGS = VG – IDRS

where VG = 1.82 V

VGS = 1.82 – IDRS
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If ID = 0,  then  VGS = 1.82 V

VGS = 0   then  ID = 1.2 Ma

VGS = –4   then  ID = 3.88 Ma

ID (mA)

8 (IDSS)

7

6

5

4

3

2

1

Q-point ID
Q
 = 2.4 mA

ID = 1.21 mA (VGS = 0 V)

–4 –3 –2 –1 0 1 2 3

(VP) VGS
Q
 = –1.8 V VG = 1.82 V

(ID = 0 mA)
(a)

Fig. 10.15 Self-biasing

Example 10.10

Determine the operating point (Q-Point) for the potential-divider bias circuit shown in Fig. 10.16.

+VDD

24 V

RD

6.2 k CC

CC

VoD
G

S

Z
i

Zo

RG RS

470 k
1.5 k

R1

Fig. 10.16 Circuit for Example 10.10
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Solution We have

ID = IDSS {1 – (VGS/VP)2}

Where ID = IDSS {1+ (ID RS/VP)}2

ID = IDSS {1+ (RS/VP)2 2
DI  + 2 (RS/VP) ID}

ID{1 – 2IDSS (RS/VP)} = IDSS + IDSS (RS/VP)2 2
DI

IDSS (RS/VP)2 2
DI  – {1 – 2IDSS(RS/VP)}ID + IDSS = 0

10 ¥ 103 ¥ (1.5 ¥ 103/–4)2 2
DI  – {1 – 2 ¥ 103 ¥ (1.5 ¥ 103/–4)} ID + 10 ¥ 103 = 0

1406.25 2
DI  – 8.5ID + 10 ¥ 103 = 0 (10.25)

Equation (10.25) is a quadratic equation in ID, whose roots are

ID = 

2 4

2

b b ac

a

- ± -

= (–(–8.5) ± ((–8.5)2 – 4)(14.06.25)(10 10 – 3)/(2(1406.25))e¥

ID = (8.5 ± 4/2812.5)

As the drain current will be very low, ID = 8.5 – 4/2812.5 value is used.

ID = (8.5 – 4)/2812.5

ID = 1.6 mA = IDQ (10.26)

Now VDS = VDD – ID (RD + RS)

= –1.6 ¥ 10–3(6.2 + 1.5)103

VDS = 11.68 V = VDSQ (10.27)

The corresponding values of VGS is given by

VGSQ = –IDRS

= –1.6 ¥ 10–3 ¥ 1.5 ¥ 103

VGSQ = –2.4 V (10.28)

Equations (10.26), (10.27) and (10.28) represent the required operating point.

Example 10.11

For the circuit in Example 10.10, find IDQ, VGSQ and VDSQ using graphical method

Solution We have from Eq. (10.1), ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

To plot the transfer characteristics using graphical method, a table of ID as a function VGS is to be 

prepared. Now, the following table can be prepared and the transfer curve is plotted using these values 

as indicated in Figure 10.17.
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VGS(V) ID( mA)

0.0 10.0

–0.8 6.4

–1.6 3.6

–2.0 2.5

–3.2 0.4

–4.0 0.0

Also, we have VGS = –IDRS to plot the self-bias line:

ID( mA) VGS( mA)

0 0

(–VP/RS) 2.67 –4

ID

10 mA

5 mA

IDQ = 1.6 mA

m = –(1/Rs)

Q-point

VGS –8 V –4 V
VGSQ = –2.4 V

Q-point

ID (mA)

8

7

6

5

4

3

2

1

ID
Q
 = 2.6 mA

VGS
Q
 = –2.6 V

VGS (V)–6 –5 –4 –3 –2 –1 0

Fig. 10.17 Graphical method for Example 10.11

10.2.3 Comparison of FET and BJT

Bipolar Junction Transistors (BJTs) are referred to as conventional and Field Effect Transistors, 

(FETs) effectively replaced these devices in almost all areas of electronic circuit and system designs. 

BJTs being slightly bigger in size than FETs, in IC designs FETs are used. FETs offer very good 

noise immunity as compared to BJTs. A detailed comparison between FETs and BJTs is depicted in 

Table 10.3.
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Table 10.3 Why are FETs pets to circuit designers?

Sl.

No. Factor FET BJT

1 Device type Unipolar Bipolar

2 Charge carriers Only majority type Both majority and minority

3 Device control Voltage-controlled device, the conduction 

is controlled by gate-source voltage

Current-controlled device, the conduc-

tion is controlled by base current

4 Input impedance High input impedance since input circuit 

is reverse biased (100 MW typical)

Low input impedance since input circuit 

is forward biased (2 – 4 kW typical)

5 Input current Gate current is almost zero because of re-

verse bias

Base current is in the order of mA be-

cause of forward bias

6 Offset voltage No Yes

7 Noise immunity More, noise is less as there are no junc-

tions to cross for the charge carriers

Less, noise is more as charge carriers 

need to cross the junctions (BE and BC)

8 Thermal stability More Less

9 Device 

characterisation

Characterised by transconductance (gm)

and gate-source voltage controls the drain 

current

Characterised by current gain and base 

current controls collector current (a, b
and g)

10 Size Smaller, suitable for integrated circuit 

designs

Bigger in size

11 GBW product Less More

12 Typical applica-

tions

VVR, ICs, switch, amplifiers, oscillators, 

etc.

Switch, amplifiers, oscillators, etc.

10.2.4 FET Applications

Like a conventional BJT, even a FET can be used for varieties of applications; some of the FET 

applications are switch, amplifier, oscillator, chopper (dc to dc converter), voltage variable resistor, etc. 

For simplicity, only two typical applications are discussed here in the following sub-sections; they are 

FET amplifier and FET VVR.

1. FET as an Amplifier

FET can be used as an amplifier to amplify an input signal. The strength of an input weak signal can be 

increased sufficiently to meet the requirements of any system design.

A small change in the reverse bias on the gate-source terminals causes a considerable change in the 

drain current and results in amplification of the input signal. During positive half cycle of the input sig-

nal, the reverse bias on the gate-source reduces increasing the drain current. This increases the output 

voltage and this is indicated in the waveforms shown in Fig. 10.18(b). Similarly, during the negative 

half cycle of the input, the reverse bias on gate-source increases, decreasing the channel width. This 

reduces the output, but in the opposite direction, thus providing the required amplification.

2. FET as a Voltage Variable Resistor (VVR)

In most linear applications, FET is operated in the constant current portion of its output character-

istics. When operated in the region before the pinch-off, where VDS is small, the drain-to-source 
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resistance is controlled by the bias voltage VGS. Here, it is useful as voltage-controlled resistor or Voltage-

Dependant Resistor (VDR). This is indicated in Fig. 10.19(a).

ID

(uA)

40

20

VGS = 0
1 V

2 V

4 V

0.1 0.2 0.3
VDS (V)

rd

KW

100

80

60

40

20

2N3277 2N3278

0 1 2 3 4 5

VGS

V

(a) VVR characteristics (b) VVR curves for 2N3277 and 2N3278

Fig. 10.19 JFET as a VVR

Consider the characteristic curves as shown in Fig. 10.19(b), the slope of these curves gives drain 

resistance rd as a function of VGS for two commercially available devices 2N3277 and 2N3278. It can 

be observed here that the device drain resistance varies from few tens of kW to few hundreds of kW for 

a small change in gate-source voltage. We have drain conductance for the device given by Eq. (10.29) 

and is for small values of VDS.

Now,

1

2
GS

d do
P

1
V

g g
V

Ê ˆ
= -Á ˜Ë ¯

(10.29)

where gdo = gd with VGS = 0

+VDD

RD

C1

C2

G
D

S

RG
RS CS

V
i

Vo

Z
i

Zo

V
i

Vo

0 v

0 v

(a) JFET amplifier circuit (b) Waveforms

Fig. 10.18 JFET amplifier
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Variation of rd with VGS is as shown in the graph of Fig. 10.19(a) and it can be closely approximated 

by the following equation:

o
d

GS1

r
r

kV
=
-

(10.30)

where ro = rd with VGS = 0 and k = constant dependant on FET.

FET as a VVR (VDR) can be used in Automatic Gain Control (AGC). The gain of amplifier ‘A’ can 

be varied by providing a suitable feedback which changes the gate-to-source bias VGS.

10.2.5 JFET Manufacturer’s Specifications

Like other devices, even FET commercially comes out with a list of manufacturer’s specifications. 

There are a large number of leading FET manufacturers and one leading name is Motorola. A few 

of the most important series manufactured by Motorola are BFW-10, 2N5457, etc. The specification 

sheets for both these devices, the 2N5457 and BFW-10, the N-channel JFET as provided by Motorola 

are provided in tables 10.4 and 10.5.

10.3 MOSFETs

A field effect transistor can be constructed with the gate terminal insulated from the channel. A metal 

oxide semiconductor FET (MOSFET) or IGFET extension bits very high i/p impedance because of 

insulated gate terminal.

A MOSFET can be of two types:

(i) Depletion MOSFET

(ii) Enhancement MOSFET

10.3.1 Depletion MOSFET

In depletion MOSFET, a channel is physically constructed and current between drain and source re-

sults from a voltage connected between drain and source VDD. Figure 10.20 shows the constructional 

details on a depletion-mode MOSFET. The N-channel depletion MOSFET is formed on a P-substrate

(P-doped Si material on to which the FET structure is formed). The source and drain are connected by 

a metal (aluminium) to N-doped source and drain regions which are internally connected by N-doped

channel. A metal layer is formed on the N-channel over a SiO2 layer to form the gate terminal and the 

SiO2 layer forms the insulation layer. The combination of metal gate on an oxide layer over a semicon-

ductor substrate forms the depletion MOSFET.

S G D

Semiconductor

Oxide (SiO2)

n+ n+
n-channel

P-Substrate

D

G SS

S

D

G

S

n-channel

(a) MOSFETS (b) Symbols

Fig. 10.20 MOSFETS
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Table 10.4 Specification sheet for BFW-10

MAXIMUM RATINGS

BFW10/BFW11

CASE 20-30, STYLE 1
TO-72 (TO-206A)

3 Gate

2
Drain

4
Case

1 Source
3 2

4
1

JFET
VHF/UHF AMPLIFIER
N-CHANNEL–DEPLETION

Rating Symbol Value Unit

Drain-Source Voltage VDS 30 Vdc

Drain-Gate Voltage VDG 30 Vdc

Reverse Gate-Source Voltage VGSR –30 Vdc

Forward Gate Current IGF 10 mAdc

Total Device Dissipation @ TA = 25°C

Derate above 25°C

PD 300

1.71

mW mW/°C

Operating and Storage Junction 

Temperature Range

TJ, Tstg –65 to +150 °C

ELECTRICAL CHARACTERISTICS (TA = 25°C unless otherwise noted.)

Characteristic Symbol Min Typ Max Unit

OFF CHARACTERISTICS

Gate-Source Breakdown Voltage

(IG = 10 mAdc, VDS = 0)

V(BR)GSS 30 — — Vdc

Gate-Source Cutoff Voltage
(VDS = 15 Vdc, ID = 0.5 nAdc

BFW10
BFW11 VGS(off) — —

8
6 Vdc

Gate Reverse Current

(VGS = 20 Vdc, VDS = 0)

IGSS — — 0.1 nAdc

Gate-Source Voltage
(VDS = 15 Vdc, ID = 400 mAdc) BFW10 VGS 2 — 7.5 Vdc

Gate-Source Voltage

(VDS = 15 Vdc, ID = 50 mAdc) BFW11 VGS 1.25 — 4 Vdc

ON CHARACTERISTICS

Zero-Gate Voltage Drain Current

(VDS = 15 Vdc, VGS = 0)

BFW10

BFW11

IDSS 8

4

—

—

20

10

mAdc

SMALL-SIGNAL CHARACTERISTICS

Forward Transadmittance

(VDS = 15 Vdc, VGS = 0, f = 1 kHz)

BFW10

BFW11

gfs 3.5

3.0

—

—

6.5

6.5

mmhos

Output Admittance
(VDS = 15 Vdc, VGS = 0, f = 1.0 kHz)

BFW10
BFW11

gos —
—

—
—

85
50

mmhos

Input Capacitance

(VDS = 15 Vdc, VGS = 0 Vdc, f = 1.0 MHz)

Ciss — — 5.0 pF

Reverse Transfer Capacitance
(VDS = 15 Vdc, VGS = 0 Vdc, f = 1.0 MHz)

Crss — — 0.8 pF

Forward Transadmittance

(VDS = 15 Vdc, VDS = 0, f = 200 MHz)

gfs 3.2 — — mmhos

Equivalent Noise Voltage
(VDS = 15 Vdc, VGS = 0, f = 25 Hz)

en — — 75 nV/VHz

Noise Figure

(VDS = 15 Vdc, VGS = 0 V, see Figs 1, 2, 3)

NF — — 2.5 dB
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Table 10.5 Specification sheet for 2N5457

MAXIMUM RATINGS

2N5457

CASE 29-04, STYLE 5

TO-92 (TO-226AA)

1 Drain

3
Case

1
2 3

2 Source

JFETs
GENERAL PURPOSE

N-CHANNEL–DEPLETION

Rating Symbol Value Unit

Drain-Source Voltage VDS 25 Vdc

Drain-Gate Voltage VDG 25 Vdc

Reverse Gate-Source Voltage VGSR –25 Vdc

Gate Current IG 10 mAdc

Total Device Dissipation @TA = 25°C

Derate above 25°C

PD 310

2.82

mW

mW/°C

Junction Temperature Range TJ 125 °C

Storage Channel Temperature Range Tmg –65 to +150 °C

ELECTRICAL CHARACTERISTICS (TA = 25° C unless otherwise noted)

Characteristic Symbol Min Typ Max Unit

OFF CHARACTERISTICS

Gate-Source Breakdown Voltage

(IG = –10 mAdc, VDS = 0)

V(DR)GSS –25 — — Vdc

Gate Reverse Current

(VGS = –15 Vdc, VDS = 0)

(VGS = –15 Vdc, VDS = 0, TA = 100°C)

IGSS

—

—

—

—

–1.0

–200

nAdc

Gate Source Cutoff Voltage

(VDS = 15 Vdc, ID = 10 nAdc) 2N5457

VGS(off)

–0.5 — –6.0

Vdc

Gain Source Voltage

(VDS = 15 Vdc, ID = 100 mAdc) 2N5457

VGS

— –2.5 —

Vdc

ON CHARACTERISTICS

Zero-Gate-Voltage Drain Current*

(VDS = 15 Vdc, VOS = 0) 2N5457

IDSS

1.0 3.0 5.0

mAdc

SMALL-SIGNAL CHARACTERISTICS

Forward Transfer Admittance Common Source*

(VDS = 15 Vdc, VGS = 0, f = 1.0 kHz) 2N5457

|yrs|

1000 — 5000

mmhos

Output Admittance Common Source*

(VDS = 15 Vdc, VGS = 0, f = 1.0 kHz)

|yos|

— 10 50

mmhos

Input Capacitance

(VDS = 15 Vdc, VGS = 0, f = 1.0 MHz)

Ciss

— 4.5 7.5

pF

Reverse Transfer Capacitance

(VDS = 15 Vdc, VGS = 0, f = 1.0 MHz)

Crss

— 1.5 3.0

pF

Working

For an N-channel device, a negative gate-source voltage pushes electrons out of the channel region to 

deplete the channel and a large enough negative gate-source voltage on the other hand increases chan-

nel size, resulting in large drain current.
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The device characteristics are as shown in Fig. 10.21. The device is shown to operate with either 

+ve or –ve gate-source voltage. The transfer characteristics is same for –ve Vs. (in case of MOSFET as 

JFET) but it continues for +ve Vs. Since the gate is isolated from channel for both +ve and –ve Vs, the 

device can be operated (no gate current results in either case).

ID (mA)

Depletion
mode

10.9

8

4

2

–6 –5 –4 –3 –2 –1 0

VP
VP

2
0.3 VP

1 VGS

Enhancement
mode

IDSS

2

IDSS

4

0

ID

IDSS

VGS = +1 V

VGS = 0 V

VGS = –1 V

VGS = –2 V

VGS =     = –3 V
VP

2
–4 V

–5 V

VDS

VGS = VP = –6 V

Fig. 10.21 N-channel MOSFET characteristics

The structure of a P-channel MOSFET and its symbol are shown in Fig. 10.22.

S
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+

SS
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P P P
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D

SSG

S

D

G

S

p-channel

Fig. 10.22 P-channel MOSFET and its symbol

The P-channel MOSFET transfer and drain characteristics are shown in Fig. 10.23.

10.3.2 Enhancement MOSFET

In an enhancement MOSFET, no channel is formed (physically) when the device is constructed. 

Voltage is applied at the gate to develop a channel of charge carriers so that the current results when a 

voltage is applied across drain-source terminals. Figure 10.24 shows the N-channel, enhancement-type 

MOSFET with and without channel formation. It also contains its circuit symbol.
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There is no channel as a past of the basic device construction. Application of positive gate-source 

voltage forms a depletion region under the gate, repelling the holes in the substrate under the gate. 

When gate voltage is sufficiently positive, electrons are attracted into this depletion region making it 

then act as an N-channel between drain and source. There is no drain current until gate source voltage 

reaches a value called VT. Increased VGS value above the VT results in more drain current. The transfer 

characteristics and the drain characteristics are as shown in Fig. 10.25; the characteristics follow the 

equation

ID = k (VGS – VT)2 (10.31)

for all |VGS | > |VT|

where k typically is 0.3 mA/V2 and is a property of device construction.

Fig. 10.23 P-channel MOSFET characteristics

Fig. 10.24 Enhancement MOSFET
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Fig. 10.25 Enhancement MOSFET characteristics

Note that no value of IDSS is associated with ID since at VGS = 0, no ID results, although the enhance-

ment MOSFET is more restricted in operating range than a depletion MOSFET. It is very useful in LSI 

circuits as it is simpler in construction and small in size.

The symbol and characteristics of a P-channel enhancement MOSFET are as shown in Fig. 10.26.
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Fig. 10.26 Enhancement MOSFET symbol and characteristics

As in case of JFET and depletion MOSFET also, transconductance is defined by Eq. (10.32).

Gm = 2k (VGS – VP) (10.32)

10.3.3 MOSFET Biasing

An enhancement MOSFET requires a gate-source voltage greater than its threshold voltage to drive the 

device on. The convention self-bias method cannot be used for an enhancement MOSFET. Since the 

drop across RS reverse biases (> VT) is required. The following two circuits shown in Fig. 10.27 can be 

used to bias an enhancement MOSFET.
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Fig. 10.27 MOSFET biasing circuits

Example 10.12

For the circuit shown using enhancement MOSFET, find IDQ and 

VDSQ values

Solution Assuming k = 0.3 mA/V2 and using Eq. (10.31),

ID = k (VGS – VT)2

= 0.3 ¥ 10–3(VDS – 3)2

VGS(V) ID( mA)

3 0

5 1.2

7 4.8

9 10.8

The load line using Eq. (10.8)

VDS = VDD – IDRD

= 12 – ID (2 ¥ 10–3)

ID( mA) VDS(V)

0 12

6 0

Example 10.13

Draw the transfer class for the N-channel depletion MOSFET shown in Fig. 10.29.

Solution For depletion MOSFET, we have

ID = IDSS [1 – (VGS/VP)]2

ID = 6m [1 – (VGS/–3)]2

VDD

ID

G

0.02 mF

+

+

–
–

VGS

VDS

D

Vo

S

2 kW

1 MW

Fig. 10.28  Enhancement MOSFET 

for Example 10.12
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VGS(V) ID(mA)

(–0.4 VP) + 1.2 12

0 6

(0.3 VP) – 0.9 3

(0.5 VP) – 1.5 1.5

(VP) – 3.0 0

Example 10.14

Design a voltage-divider bias circuit using a 2N3797 N-channel depletion MOSFET to operate at 

ID = 0.5IDSS, given supply voltage VDD = 15 V.

Solution At ID = IDSS/2 = 3 mA. We have gate source Vg;

ID = IDSS [1 – (VGS/VP)]2

3 ¥ 10–3 = 6 ¥ 10–3 [1 – (VGS/–6)]2

VGS = –1.76 V

VGS @ –1.8 V

To find RS, let us use the VG expression

VG = VGS + IDRS

Let VG = 2 V; then 2 = –1.8 + 3 ¥ 10–3 RS

RS = 1.3 kW
Now VD is limited between VDD = 12 V and VS = 3.9 V

Let VD = 8 V

8 = VDD – IDRD

RD = 12.8/3 mA = 1.3 kW
Also,

VG = VGS + VS

= –1.8 + 3.9 V

VDD = R2/( R1+ R2)

R2/( R1+ R2) = VG/VDD = 2.1/12

(R1+ R2) /R2 = 12/2.1 = 5.7

(R1/R2) + 1 = 5.7

(R1/R2) = 4.7

Let R1 = 47 mW
i.e. R2 = 10 mW

10.3.4 MOSFET Manufacturer’s Specifications

Like other devices, even MOSFET commercially comes out with a list of manufacturer’s specifica-

tions. There are a large number of leading FET manufacturers and a few of the most important series 

Fig. 10.29  N-channel depletion MOSFET 

for Example 10.13

Fig. 10.30  N-channel depletion MOSFET 

for Example 10.14
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that are commercially available are 2N3797, the N-channel depletion type 2N4351, the N-channel

enhancement type, etc. The specification sheets for both these devices, the 2N3797 and 2N4351, are 

provided in tables 10.6 and 10.7.

Table 10.6 Specification sheet for 2N3797

MAXIMUM RATINGS

2N3797

CASE 22-03, STYLE 2
TO-18 (TO-206AA)

3 Drain

Gate

2

1 Source
12

3

MOSFETs

LOWPOWER AUDIO

N-CHANNEL–DEPLETION

Rating Symbol Value Unit

Drain-Source Voltage 2N3797 VDS 20 Vdc

Gate-Source Voltage VGS ±10 Vdc

Drain Current ID 20 mAdc

Total Device Dissipation @ TA = 25°C

Derate above 25°C

PD 200

1.14

mW

mW/°C

Junction Temperature Range T1 +175 °C

Storage Channel Temperature Range Tstg –65 to +200 °C

ELECTRICAL CHARACTERISTICS (TA = 25°C unless otherwise noted)

Characteristic Symbol Min Typ Max Unit

OFF CHARACTERISTICS

Drain Source Breakdown Voltage

(VGS = –7.0 V, ID = 5.0 mA)

2N3797 V(BR)DSX

20 25 —

Vdc

Gate Reverse Current (1)

(VGS = –10 V, VDS = 0)

(VGS = –10 V, VDS = 0, TA = 150°C)

IGSS

—

—

—

—

1.0

200

pADC

Gate Source Cutoff Voltage

(ID = 2.0 mA, VDS = 10 V)

2N3797 VGS(off)

— –5.0 –7.0

Vdc

Drain-Gate Reverse Current (1)

(VDG = 10 V, IS = 0)

IDGO — — 1.0 pAdc

ON CHARACTERISTICS

Zero-Gate-Voltage Drain Current

(VDS = 10 V, VGS = 0) 2N 3797

IDSS

2.0 2.9 6.0

mAdc

On-State Drain Current

(VDS = 10 V, VGS = +3.5 V)

2N3797 ID(on)

9.0 14 18

mAdc

SMALL-SIGNAL CHARACTERISTICS

Forward Transfer Admittance

(VDS = 10 V, VGS = 0, f = 1.0 kHz)

(VDS = 10 V, VGS = 0, f = 1.0 MHz)

2N3797

2N3797

|yfs|

1500

1500

2300

—

3000

—

mmhos

Output Admittance

(IDS = 10 V, VGS = 0, f = 1.0 kHz) 2N3797

|yos|

— 27 60

mmhos

Input Capacitance

(VDS = 10 V, VGS = 0, f = 1.0 MHz)

2N3797 Ciss

— 6.0 8.0

pF

Reverse Transfer Capacitance

(VDS = 10 V, VGS = 0, f = 1.0 MHz)

Crss — 0.5 0.8 pF
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Table 10.7 Specification sheet for 2N4351

MAXIMUM RATINGS

2N4351

CASE 20-03, STYLE 2

TO-72 (TO-206AF)

3 Drain

4

Case
2

Gate

1 Source
23
4

1

MOSFET

SWITCHING

N-CHANNEL–ENHANCEMENT

Rating Symbol Value Unit

Drain-Source Voltage VDS 25 Vdc

Drain-Gate Voltage VDG 30 Vdc

Gate-Source Voltage* VGS 30 Vdc

Drain Current ID 30 mAdc

Total Device Dissipation @TA = 25°C

Derate above 25°C

PD 300

1.7

mW

mW°C

Junction Temperature Range Tj 175 °C

Storage Temperature Range Tstg –65 to +175 °C

*Transient potentials of ±75 Volt will not cause gate-oxide failure.

ELECTRICAL CHARACTERISTICS (TA = 25°C unless otherwise noted.)

Characteristic Symbol Min Max Unit

OFF CHARACTERISTICS

Drain-Source Breakdown Voltage

(ID = 10 mA, VGS = 0)

V(BR)DSX 25 — Vdc

Zero-Gate-Voltage Drain Current

(VDS = 10 V, VGS = 0)  TA = 25°C

TA = 150°C

IDSS

—

—

10

10

nAdc

mAdc

Gate Reverse Current

(VGS = ±15 Vdc, VDS = 0)

IGSS — ±10 pAdc

ON CHARACTERISTICS

Gate Threshold Voltage

(VDS = 10 V, ID = 10 mA)

VGS(Th) 1.0 5 Vdc

Drain-Source On-Voltage

(ID = 2.0 mA, VGS = 10 V)

VDS(on) — 1.0 V

On-State Drain current

(VGS = 10 V, VDS = 10 V)

ID(on) 3.0 — mAdc

SMALL-SIGNAL CHARACTERISTICS

Forward Transfer Admittance

(VDS = 10 V, ID = 2.0 mA, f = 1.0 kHz)

|yfs| 1000 — mmho

Input Capacitance

(VDS = 10 V, VGS = 0, f = 140 kHz)

Ciss — 5.0 pF

Reverse Transfer Capacitance

(VDS = 0, VGS = 0, f = 140 kHz)

Crss — 1.3 pF

Drain-Substrate Capacitance

(VD(SUB) = 10 V, f = 140 kHz)

Cd(sub) — 5.0 pF

Drain-Source Resistance

(VGS = 10 V, ID = 0, f = 1.0 kHz)

rds(on) — 300 ohms
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Characteristic Symbol Min Max Unit

SWITCHING CHARACTERISTICS

Turn-On Delay (Fig. 5)

ID = 2.0 mAdc, VDS = 10 Vdc,

(VGS = 10 Vdc)

(See Fig. 9: Times Circuit Determined)

td1 — 45 ns

Rise Time (Fig. 6) tf — 65 ns

Turn-Off Delay (Fig. 7) td2 — 60 ns

Fall Time (Fig. 8) tf — 100 ns

Table 10.8 Different FETs and MOSFETs

FETs Device Symbol

2N5457

2
1

3

1 Drain

2 Source

3 Gate

2N2844

3 2
1

3 Drain

(Case)

1 Source

2 Gate

MOSFETs

2N3797

Depletion-type

N-channel MOSFET

12
3

3 Drain

1 Source

2 Gate

2N4351

Enhancement-type N-channel MOSFET

14
23

3 Drain

1 Source

2 Gate 4

Case

10.4 SILICON-CONTROLLED RECTIFIER (SCR)

In Chapter 2, one of the important applications of the conventional PN junction diode, the rectifiers, is 

presented. In these conventional rectifiers, there is no control on the amount of power that is delivered 

to the load. In order to precisely control the load power, a silicon-controlled rectifier can be used. A 

Silicon-Controlled Rectifier (SCR), also called Shockley diodes, are curious devices, whose limited 

applications may be expanded by equipping them with another means of latching. An SCR is a four-

layered, three-junction, three-terminal PNPN switching silicon device. Two transistors, a PNP and 

an NPN, are connected back to back to form a four-layered, three-junction device as indicated in 
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Fig. 10.31(a). The three terminals are Anode (A), Cathode (K) and the Gate (G); the cathode gate here 

forms a PN junction (J3). An SCR can be analysed now using the transistor equivalent model shown in 

Fig. 10.31(b) and its circuit symbol is shown in Fig. 10.31(c). In order that an SCR works as a switch, 

its anode-cathode terminals are applied with a large positive voltage VAK. However, the gate terminal 

being connected directly to the base of the transistor Q2, the SCR may be latched or turned on at 

relatively lower VAK values.

A
I

T

Q
2

J1

J2 J2

J3JG Q1

IK
K

p

n

p

n

p

n

G

A

G

IA = IT
IB1 = IC2

IC1

IB1

Q1

Q2

IG
IK

K

a1

a2

Anode (A)

Gate (G)

Cathode (K)

(a) Silicon-controlled rectifier (b) Two-transistor equivalent (c) Symbol

Fig. 10.31 Silicon-controlled rectifier

By applying a small voltage between the gate and cathode, the lower transistor Q1 will be forced 

on by the resulting base current, which will cause the upper transistor Q1 to conduct, which then sup-

plies the lower transistor’s base current so that it no longer needs to be activated by a gate voltage. The 

necessary gate current to initiate latch-up will be much lower than the current through the SCR from 

cathode to anode. This method of securing SCR conduction is called triggering and it is by far the most 

common way that SCRs are latched in actual practice. In fact, SCRs are usually chosen so that their 

breakover voltage is far beyond the greatest voltage expected to be experienced from the power source, 

so that it can be turned on only by an intentional voltage pulse applied to the gate.

10.4.1 SCR Characteristics

When a voltage is applied between the anode and cathode terminals, junctions J1, J3 are forward biased 

and J2 is reverse biased. This situation continues till the anode-cathode voltage reaches a value called 

the forward breakover voltage (VFBO) and this state of SCR is called forward blocking state. This 

is indicated in Fig. 10.32 (a).

It should be noted that SCRs have large VFBO value and need sufficient gate drive to turn on with 

lesser breakover voltage. Further increase in the anode-cathode voltage turns on the device and the 

anode current suddenly shoots up. The value of anode current once SCR starts conduction from the 

forward blocking state is called latching current IL. Increasing the gate drive steadily reduces the 

required anode-cathode voltage and this is indicated in Fig. 10.32(b). To turn off a conducting SCR, 

now the gate terminal cannot be used. Once the SCR starts conduction, the two-transistor analogy does 

not hold good and the gate loses its control over the conduction. In order to turn off the device, the 

anode-cathode voltage should be reduced such that the anode current reduces. The anode current falls 

sufficiently below the latching value IL, suddenly drops to zero and the SCR fails to remain ON. The 

value of anode current below which the SCR fails to remain ON is called holding current IH. This is 

indicated in Fig. 10.32(a). It should be mentioned that SCRs may sometimes be turned off by directly 

applying a negative anode-cathode voltage so that the device is forced to turn off.
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The SCR anode current IA is given by an expression containing the current gains a1 and a2 for the 

transistors, the collector leakage current ICO and the gate drive Ig.

CO g

A
1 21 ( )

I I
I

a a

+
=
- +

(10.33)

1. SCR Turn-on Methods

There are five basic methods to turn on SCRs and are listed below;

(a) Gate Triggering It is the most popular and useful method of triggering an SCR. It can be 

achieved by applying a small drive to the gate terminal with an anode-to-cathode forward voltage 

applied.

(b)
dv

dt
Triggering If the rate of rise of forward voltage exceeds the critical rate of rise of voltage then

the SCR gets triggered.

(c) VBO (Breakdown Voltage) Triggering When the forward voltage is made very high, due to the 

avalanche charge multiplication at junction J2, the device gets turned ON.

(d) Thermal Triggering When the SCR is applied with a forward voltage very near to the breakover 

voltage then the increase in the operating temperature turns the SCR ON as the increase in temperature 

decreases the width of the depletion region.

(e) Photon Triggering When the SCR is biased to the nearest value of breakdown voltage then a light 

focused on to it generates excess electron hole pairs result in triggering the SCR. These devices are 

referred as Light-Activated SCRs (LASCRs).

2. SCR Turn-off Methods

The SCR can be turned off by reducing its anode current below the holding current level. There are two 

turn-off methods available.

(a) NaturalTurn-off or Commutation When input to the SCR is an ac signal then naturally the anode 

current reduces below the holding current level because of the negative input signal and hence SCR 

turns off automatically.

Forward volt-drop
(conducting)

Forward
breakover

voltage

Gate
triggered

Forward
leakage
current

Reverse
leakage
current

Reverse
breakdown

voltage

Latching
current

Holding
current IL

IH

iT

VAKVBO

IG3 > IG2 > IG1

IG3 IG2 IG1

IG0

VAK00
V3 V2 V1 VBO

V1 > V2 > V3

IL

IH

iT

(a) VI characteristics (b) Effect of gate drive on SCR latching

Fig. 10.32 SCR characteristics
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(b) Forced Turn-off or Commutation If the input applied to the SCR does not make the anode cur-

rent reduce below the holding current then a reverse bias is applied to turn off and is called the forced 

commutation method.

3. SCR Testing

A rudimentary test of SCR functioning, or at least terminal identi-

fication, may be performed with an ohmmeter. Because the internal 

connection between gate and cathode is a single PN junction, a me-

ter should indicate continuity between these terminals with the red 

test lead on the gate and the black test lead on the cathode. This is 

indicated in Fig. 10.33.

All other continuity measurements performed on an SCR will 

show “open” (“OL” on some digital multimeter displays). It must be 

understood that this test is very crude and does not constitute a com-

prehensive assessment of the SCR. It is possible for an SCR to give 

good ohmmeter indications and still be defective. Ultimately, the 

only way to test an SCR is to subject it to a load current. If you are 

using a multimeter with a “diode check” function, the gate-to-cathode junction voltage indication you get 

may or may not correspond to what’s expected of a silicon PN junction (approximately 0.7 volts). In some 

cases, you will read a much lower junction voltage: mere hundredths of a volt. This is due to an internal 

resistor connected between the gate and cathode incorporated within some SCRs. This resistor is added 

to make the SCR less susceptible to false triggering by spurious voltage spikes, from circuit “noise” or 

from static electric discharge. In other words, having a resistor connected across the gate-cathode junction 

requires that a strong triggering signal (substantial current) be applied to latch the SCR. This feature is 

often found in larger SCRs, but not in small SCRs. Bear in mind that an SCR with an internal resistor con-

nected between gate and cathode will indicate continuity in both directions between those two terminals.

10.4.2 SCR Applications

A SCR finds varieties of applications in the field of electronics and a few of them are as listed below:

1. For controlled rectification, that is to control the amount of power fed to load

2. For motor-speed control

3. For temperature and illumination control

4. For ac and dc circuit breaker

5. Variable frequency inverter (dc to ac)

6. Variable voltage converter (ac to dc)

7. Variable dc to dc converter (chopper)

8. Used as cyclo-converter (up conversion of frequency) and as cyclo-converter (down conversion 

of frequency)

Figure 10.34 is an example of SCR applications; the SCR half-wave rectifier and the corresponding 

waveforms are shown. The input to the circuit is a sine wave which drives the SCR into forward block-

ing state during the positive half cycle.

Figure 10.35 is another example of SCR applications; the SCR heater control shown consists of a 

transducer (discussed in Chapter 9) in the form of an RTD, a heater element, diodes and few passive 

components. RTD is a temperature-dependant resistor with negative temperature coefficient (whose 

resistance varies inversely as the temperature).

V A

AV

Ω

OFF

V W

COMA

Gate Cathode

Anode

Fig. 10.33 SCR testing
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Fig. 10.35 SCR heater control

If the heater coil is radiating the required temperature then the phase control of SCR remains unal-

tered.

If temperature increases then the resistance of RTD decreases which makes the time constant in-

creasing and hence triggering of SCR is delayed. This varies a, the firing angle, up thus reducing 

the voltage applied to the heater and hence radiated temperature is reduced. Similarly, if temperature 

decreases then the resistance of RTD increases which makes the time constant decreasing and hence 

triggering of SCR is advanced This shifts ‘a’, the firing angle, down thus increasing the voltage applied 

to the heater and hence radiated temperature is increased.

10.4.3 SCR Manufacturer’s Specifications

Like other devices, even SCR commercially comes out with a list of manufacturer’s specifications. 

There are a large number of leading SCR manufacturers and one of the most important commercially 

available devices is TYN612. The specification sheet for this device is provided in Table 10.9.

Fig. 10.34 SCR half-wave rectifier
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(a) Circuit diagram
(b) Waveforms
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Table 10.9 Specification sheet for TYN612

TYN612M

12 A SCR

Main features

3
2

2
2

1

3

TO-220AB
TYNG12MRG

TO-220FPAB
TYNG12MFP

Symbol Value Unit

IT(RMS) 12 A

VDRM/VRRM 600 V

IGT(min/max) 1.5/5 mA

Description

The TYN612M SCR is suitable to fit modes of control found in 

applications such as voltage regulation circuits for motorbikes, 

overvoltage crowbar protection, motor control circuits in power 

tools and kitchen aids, inrush current limiting circuits, capacitive 

discharge ignition.

The insulated fullpack package allows a back to back configura-

tion.

Absolute ratings (limiting values)

Symbol Parameter Value Unit

IT(RMS)

RMS on-state current 

(180° conduction angle)

TO-220AB Tc = 105°C 12
A

TO-220FPAB Tc = 70°C 12

IT(AV)

Average on-state current 

(180° conduction angle)

TO-220AB Tc = 105°C 8
A

TO-220FPAB Tc = 70°C 8

ITBM

Non repetitive surge peak on-state 

current

tp = 8.3 ms
Tl = 25°C

125
A

tp = 10 ms 120

I2t I2t Value for fusing tp = 10 ms Tl = 25°C 72 A2s

dl/dt
Critical rate of rise of on-state current

IG = 2 ¥ IGT, tr £ 100 ns
F = 60 Hz Tl = 125°C 50 A/ms

IGM Peak gate current tp = 20 ms Tl = 125°C 4 A

PG(AV) Average gate power dissipation Tl = 125°C 1 W

Tstg

Tl

Storage junction temperature range

Operating junction temperature range

–40 to + 150

–40 to + 125
°C

VRGM Maximum peak reverse gate voltage 5 V

10.5 UNIJUNCTIONTRANSISTOR (UJT)

The UJT is a three-terminal device with only one PN junction. A slab of lightly doped (increased 

resistance characteristics) N-type silicon material has two base contacts at both ends. It is also called 

double-base diode. The junction is formed closer to base-2. Here, the conduction is due to only one 

type of charge carriers, i.e. holes and thus it is a unipolar device (like FET and unlike BJT). The 

Order codes

Part Numbers Marketing

TYN612MRG TYN612M

TYN612MFP TYN612MFP
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arrowhead indicates the flow of conventional current. The 

UJT construction and the circuit symbol are shown in Fig. 

10.36. There is a single PN junction formed and the charge 

carriers are only holes.

The working principle of an UJT can be better understood 

through the VI characteristic curves of the device shown in 

Fig. 10.37(a). It is clear that in the VI characteristics shown, 

for all emitter potentials less than VP, IE is never greater than 

IEO [(few mA) which corresponds to (very closely) ICO of a 

BJT]. This region is called cut-off region and is indicated on the curve. Once conduction starts at VE

= VP, the emitter potential VE drops and IE increases. The emitter current continues to increase and 

the emitter potential drops to lowest called valley voltage. The region between VV and VP observes 

an increase in emitter current for reducing emitter voltages and is called negative resistance region.

Eventually, after the valley point is reached, any further increase in IE places the device in ‘saturation 

region’ and hereafter emitter current and emitter voltage both increase.

The decrease in resistance in the active region is due to the holes injected into N-type slab from the 

aluminum P-type rod when conduction is established. This increased holes increases conductivity (G).

Cut-off
region

Negative
resistance

region

Saturation
region

VP→ Peak voltage
VV→ Valley voltage
IP → Peak current
IV→ Valley current

VP

VE(V)

VV

IP IV IE(mA)0

B1

B2

RB2

RB1

E

VD

(a) VI characteristics (b) Equivalent circuit

Fig. 10.37 UJT relaxation oscillator

Figure 10.38(b) represents the equivalent circuit for the UJT; RB1 and RB2 represent the base resis-

tances for B1 and B2 respectively. The inter-base resistance RBB is the summation of resistances of the 

device between B1 and B2 with IE = 0,

i.e. RBB = (RB1 + RB2) at IE = 0 (10.34)

RBB is typically in the range of 4 to 10 kW. The position of aluminum rod (forming PN junction) 

determines the relative values of RB1 and RB2 with IE = 0. The magnitude of VRB1 is determined by the 

following equation:

VRB1 = 
B1

BB
B1 B2

R
V

R R+
[10.35(a)]

VRB1 = h VBB with IE = 0 [10.35(b)]

where h is the intrinsic stand-off ratio.

B1

B1 B2

R

R R
h =

+
(10.36)

B1

B2

NP
E

B1

B2

E

(a) Unijunction transistor (b) Symbol

Fig. 10.36 UniJunction Transistor (UJT)
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Typical h value for a device like 2N2646 ranges from 0.6 to 0.93. Considering the equivalent circuit, 

we can write

VE = VRB1 + VD

VE = hVBB + VD

VP = nVBB + VD (10.37)

where, VBB is the applied voltage between B1 and B2,

VD is the diode drop, which is typically 0.5 to 0.7 V, and

h and VD being constants, the magnitude of VP depends on VBB used.

1. Applications

A UJT can be used in a variety of applications and a few of them are listed as below:

● To construct negative resistance oscillators (without any feedback)

● To trigger SCRs (spikes generator)

● As sawtooth waveform generators

● Phase control, timing circuits, bi-stable networks, voltage or current regulated supplies, and so on

Figure 10.38 represents the circuit diagram and the corresponding waveforms of a relaxation oscil-

lator using UJT. This oscillator incorporates no feedback and works on the principle of negative resis-

tance property of the device. The expression for the output frequency in terms of the circuit parameters 

is given in Eq. (10.38).
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B1

E
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Time

Time

VSS
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0V
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(a) UJT relaxation oscillator circuit (b) Waveforms

Fig. 10.38 UJT relaxation oscillator

The output frequency is given by

c d

1 1
f

T T T
= =

+
(10.38)

where Tc is the capacitor charging period and Tc is the capacitor discharging period.

Now, T = TC + Td

T ª TC because the discharge period is very small.

Using basic capacitor voltage equation, the final expression for the charging period can be derived 

as given by Eq. (10.39).
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Example 10.15

For a certain UJT, the base-1 internal resistance is double the base-2 internal resistance. Calculate the 

intrinsic stand-off ratio for the device.

Solution Given RB1 = 2 RB2 and from Eq. (10.36),

B1

B1 B2

B2

B2 B2

2

2

2
0.6

3

R

R R

R

R R

h

h

h

=
+

=
+

= =

2. UJT Manufacturer’s Specifications

Like other devices, even UJT commercially comes out with a list of manufacturer’s specifications. 

There are a large number of leading FET manufacturers and one leading name is Philips Semiconduc-

tors. One of the most popular UJTs manufactured by them is 2N2646. The specification sheet for this 

device 2N2646, the silicon PN-UJT as provided by Philips Semiconductors is provided in Table 10.10.

Example 10.16

For a certain UJT, the base-1 internal resistance is 2.5 times the base-2 internal resistance. Calculate the 

peak voltage VP if the device operates with a supply voltage of 10 V.

Solution Given RB1 = 2RB2 and from Eq. (10.36),

B1

B1 B2

B2

B2 B2

2.5

2.5

2.5
0.7143

3.5

R

R R

R

R R

h

h

h

=
+

=
+

= =
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Now, from Eq. (10.36) and Eq. (10.27), the peak voltage is given by

VP = nVBB + VD

= (0.7143 ¥ 10 + 0.6) V

= 7.743 V

Table 10.10 Specification sheet for 2N2646

2N2646
Silicon unijunction transistor

QUICK REFERENCE DATA

Symbol Parameter Conditions Min Typ Max Unit

VEB2 emitter-base 2 voltage — — 30 V

IEM emitter current peak value — — 2 A

Ptot total power dissipation — — 300 mW

TJ junction temperature — — 125 °C

RBB static inter-base resistance VB2B1 = 3 V

IE = 0

— 7 — kV

VE01sat emitter-base 1 saturation voltage VB2B1 = 10 V

IE = 50 mA

— 3.5 — V

IE(V) emitter valley point current 4 6 — mA

IE(P) emitter peak point current — 1 5 mA

PINNING-TO-18
PIN CONFIGURATION

1
2

3

o
b2
b1

Fig. 1 Simplified outline and symbol.

Base 2 connected to case.

Pin Description

1 emitter

2 base 1

3 base 2

LIMITING VALUES

In accordance with the Absolute Maximum System (IEC 134).

Symbol Parameter Conditions Min. Max. Unit

–VEB2 emitter-base 2 voltage — 30 V

VB2B1 inter-base voltage — 35 V

IE emitter current average value — 50 mA

IEM emitter current (note 1) peak value — 2 A

Ptot total power dissipation (note 2) Tamb # 25°C — 300 mW

Tstg storage temperature range –65 150 °C

TJ junction temperature — 125 °C

Notes
1. Capacitor discharge # 10 mF at # 30 V.
2. Must be limited by external circuit.
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10.6 OTHER SPECIAL DEVICES

10.6.1 DIAC

Like all other diodes, Shockley diodes are unidirectional devices and they only conduct current in 

one direction. If bidirectional (ac) operation is desired, two Shockley diodes may be joined in parallel 

facing different directions to form a new kind of thyristor, called the DIAC. A DIAC is a five-layered, 

four-junction, two-terminal, bi-directional device. It is equivalent to two parallelly connected diodes 

and can be operated on either polarity of voltages. The constructional details, circuit symbol (two) and 

the VI characteristics of the DIAC are shown in Fig. 10.39.
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IB–V

–VBO

VBO

N

–IF

(a) Construction (b) Symbols (c) VI characteristics

Fig. 10.39 DIAC, the bidirectional diode

As shown in the VI characteristics, till the applied voltage reaches the breakover voltage VBO

(avalanche breakover), the current through the device will be very small and negligible. Once VBO is 

crossed, the device current increases and the voltage decreases; the device exhibits a negative resistance. 

A DIAC is a bilateral device and hence its VI characteristics are symmetrical about the x-axis, except 

the phase reversal. A DIAC operated with a dc voltage across it behaves exactly the same as a Shockley 

diode. With ac, however, the behaviour is different from what one might expect. Because alternating 

current repeatedly reverses direction, DIACs will not stay latched longer than one half cycle. If a DIAC 

becomes latched, it will continue to conduct current only as long as there is voltage available to push 

enough current in that direction. When the ac polarity reverses, as it must twice per cycle, the DIAC 

will drop out due to insufficient current, necessitating another breakover before it conducts again. The 

result is a current waveform that looks as shown in Fig. 10.40.

AC supply voltage Breakover voltage

Breakover voltage

Fig. 10.40 DIAC bidirectional waveforms
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DIACs are almost never used alone, but in conjunction with other thyristor devices.

A DIAC also finds a variety of applications:

1. For TRIAC triggering

2. Speed control of universal motor, and so on

10.6.2 TRIAC

An SCR being a unidirectional current device, it is useful for controlling dc powers only and in order to 

achieve ac power controls, two SCRs are to be connected back to back. A TRIAC is just similar to such 

an operation. It is a three-terminal, bilateral device that is equivalent to two back-to-back connected 

SCRs with only one gate to control (converse parallel connection). The constructional details, circuit 

symbol and the VI characteristics of the TRIAC are shown in Fig. 10.41.
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Fig. 10.41 TRIAC, the bidirectional SCR

A TRIAC can block voltages of either polarity, conduct in both the directions and hence it is very 

useful in ac power controls. The converse parallel connection property is the result of the junction 

structure shown in Fig. 10.41(a). The N-type emitter at MT2 is directly located opposite to the P-type

emitter at MT1 and the P-type emitter at MT2 is directly located opposite to N-type emitter at MT1. The 

gate terminal makes the ohmic contact with both P and N-type materials, thus enabling the use of either 

positive or negative triggering pulses. The VI characteristics shown in Fig. 10.41(c) indicate that it is 

equivalent to SCR forward curves, but in I and III quadrants. A TRIAC switches on for voltages above 

VFBO in both the directions. There are four modes of operation for a TRIAC and they are

(a) MT2 to MT1 voltage positive and gate to MT1 voltage is positive (I Quadrant)

(b) MT2 to MT1 voltage positive and gate to MT1 voltage is negative (I Quadrant)

(c) MT2 to MT1 voltage negative and gate to MT1 voltage is negative (III Quadrant)

(d) MT2 to MT1 voltage negative and gate to MT1 voltage is positive (III Quadrant)

Because individual SCRs are more flexible to use in advanced control systems, they are more com-

monly seen in circuits like motor drives, while TRIACs are usually seen in simple, low-power ap-

plications like household dimmer switches. A simple lamp-dimmer circuit is shown in Fig. 10.42(a), 

complete with the phase-shifting resistor-capacitor network necessary for triggering.
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Lamp

AC
source
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(a) Simple RC triggering (b) DIAC triggering

Fig. 10.42 TRIAC light dimmer

TRIACs are notorious for not triggering symmetrically. This means they usually won’t trigger at the 

exact same gate voltage level for one polarity as for the other. Generally speaking, this is undesirable, 

because unsymmetrical triggering results in a current waveform with a greater variety of harmonic fre-

quencies. Waveforms that are symmetrical above and below their average centrelines are comprised of 

only odd-numbered harmonics. Unsymmetrical waveforms, on the other hand, contain even-numbered

harmonics (which may or may not be accompanied by odd-numbered harmonics as well). In the inter-

est of reducing total harmonic content in power systems, the fewer and less diverse the harmonics, a 

better and alternate arrangement shown in Fig. 10.42(b) may be used. One way to make the TRIAC’s 

current waveform more symmetrical is to use a device external to the TRIAC to time the triggering 

pulse. A DIAC placed in series with the gate does a fair job of this; DIAC breakover voltages tend to be 

much more symmetrical (the same in one polarity as the other) than TRIAC triggering voltage thresh-

olds. Since the DIAC prevents any gate current until the triggering voltage has reached a certain, repeat-

able level in either direction, the triggering point of the TRIAC from one half-cycle to the next tends 

to be more consistent, and the waveform more symmetrical above and below its centreline. Practically, 

all the characteristics and ratings of SCRs apply equally to TRIACs, except that TRIACs of course are 

bidirectional (can handle current in both directions). Not much more needs to be said about this device 

except for an important caveat concerning its terminal designations.

The key to successfully triggering a TRIAC is to make sure the gate receives its triggering current 

from the main terminal 2 side of the circuit (the main terminal on the opposite side of the TRIAC symbol

from the gate terminal). Identification of the MT1 and MT2 terminals must be done via the TRIAC’s 

part number with reference to a data sheet or book. 

A TRIAC being a more versatile device finds a variety of applications. Some of them are

1. For power control in ac applications

2. For speed control ac, dc and universal motors

3. In light dimmer network, and so on

10.6.3 Silicon Controlled Switch (SCS)

If we take the equivalent circuit for an SCR and add another external terminal, connected to the base 

of the top transistor and the collector of the bottom transistor, we have a device known as a silicon-

controlled switch, or SCS, as indicated in Fig. 10.43.

This extra terminal allows more control to be exerted over the device, particularly in the mode of 

forced commutation, where an external signal forces it to turn on while the main current through the 

device has not yet fallen below the holding current value. Consider the circuit shown in Fig. 10.44, 

when the “on” pushbutton switch is actuated, there is a voltage applied between the cathode gate and the 

cathode, forward-biasing the lower transistor’s base-emitter junction, and turning it on. The top transis-

tor of the SCS is ready to conduct, having been supplied with a current path from its emitter terminal 
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(the SCS’s anode terminal) through resistor R2 to the positive side of 

the power supply. As in the case of the SCR, both transistors turn on 

and maintain each other in the “on” mode. When the lower transistor 

turns on, it conducts the motor’s load current, and the motor starts and 

runs. The motor may be stopped by interrupting the power supply, as 

with an SCR, and this is called natural commutation. However, the 

SCS provides us with another means of turning on: forced commuta-

tion by shorting the anode terminal to the cathode. If this is done (by 

actuating the “on” pushbutton switch), the upper transistor within the 

SCS will lose its emitter current, thus halting current through the base 

of the lower transistor. When the lower transistor turns on, it breaks 

the circuit for base current through the top transistor (securing its 

“o®” state), and the motor (making it stop). The SCS will remain in 

the o® condition until such time that the “on” pushbutton switch is re-actuated.

10.6.4 Programmable UJT (PUT)

A programmable UJT is a four-layered, three-terminal device (like SCR). It is also known as comple-

mentary SCR (CSCR) or Silicon Unilateral Switch (SUS). Unlike an SCR, it has an anode gate 

Fig. 10.43 Silicon-controlled switch

Anode

Cathode
gate

Cathode

Anode
gate

P

N N

P

N

P

Anode

Anode
gate

Cathode
gate

Cathode

Anode
Anode
gateCathode

gate
Cathode

Physical diagram Equivalent schematic Schematic symbol

The silicon-controlled switch (SCS)

Fig. 10.44 SCS motor control

Motor

R1

R2

SCS

on

off

DC motor start/stop
circuit using an SCS

A

P

N

P

N

K

G

Anode (A)

Gate (G)

Cathode (K)

Anode (A)

Gate (G)

Cathode (K)

IT

Forward voltage-drop
(conducting)

Gate
triggeted

Forward
breakover

voltage

Latching
current

Holding
current

Reverse
breakdown

voltage

Reverse
leakage
current

Forward
leakage
current

VAK
VBO

IL

VRBO

IH

(a) Construction (b) Symbols (c) VI characteristics

Fig. 10.45 Programmable UJT



464 Basic Electronics

connected to the inner N-region and it requires a negative hard gate drive to turn on. This is because 

the top N-layer is less doped and hence has more resistance, requiring a hard gate drive. However, it is 

a unilateral device and characteristics are similar to that of SCR. The construction, symbol and charac-

teristics are indicated in Fig. 10.45.

The current through the device is almost negligible as long as VAK < VBO. Once breakover occurs, 

current increases rapidly.

It is used as a substitute for UJT in the construction of a relaxation oscillator. However, here us-

ing CSCR, h can be independently selected by the proper selection of external resistances R1 and R2.

Hence, the name programmable UJT (PUT).

10.6.5 Opto-Couplers

An opto-coupler, or an opto-isolator, is a solid-state component 

in which the light emitter (source), light detector (detector) and 

the light path are enclosed. This serves the purpose of establish-

ing a coupling between a light source and a light-activated device 

such as a photodiode, a phototransistor, a light-activated SCR 

(LASCR), etc.

There will be a complete isolation between the input and out-

put. As indicated in Fig. 10.46, the light-emitting source IRED (IRED Æ Infrared emitting diode) is 

activated by the input. The IRED emits light due to the input which needs to be coupled to the output 

circuit. The detector at the output end is activated by the light. A light-activated device like a phototran-

sistor or a LASCR (LASCR Æ Light Activated SCR) can be used as a detector. The extent of isolation 

between input and output depends on the type of light path, i.e. the dielectric and the distance between 

source and detector. The effectiveness of this isolation or the degree of isolation is given by the “current 

transfer ratio” given by,

CTR = 
Output current

Input current
(10.41)

CTR = 
o

E

I

I
(10.42)

Summary

➣ FET is a unipolar device as compared to a BJT which is a bi-polar device.

➣ FET is a voltage-controlled device as compared to a BJT which is a current-controlled device.

➣ Conventional JFETs are of two types: the N-channel FET and the P-channel FET.

➣ Conduction in FET is controlled by the channel-width modulation and is achieved by the gate-

source voltage control.

➣ The three important performance parameters of a FET are the drain resistance, the transconduc-

tance and the amplification factor.

➣ A FET is characterised by its drain transconductance while a BJT is characterised by current gain 

(a, b and g).
➣ A FET has high noise immunity, high input impedance, small size, etc. making it more suitable 

for many applications.

OutputInput

Fig. 10.46 Opto-coupler
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➣ A MOSFET is a JFET with gate terminal insulated from the channel and hence offers very high 

input impedance, larger than a conventional FET.

➣ A MOSFET can be depletion MOSFET or an enhancement MOSFET.

➣ UJT is a unipolar device that exhibits negative resistance property.

➣ UJT cannot be an amplifier, but can be used as an oscillator without any feedback.

➣ UJT is characterised by h, the intrinsic stand-off ratio.

➣ A silicon-controlled rectifier is a three-terminal, four-layered, three-junction device.

➣ The third terminal gate is used to trigger the device into conduction at lower anode-cathode volt-

ages by the application of a small gate voltage.

➣  In forward blocking state of a SCR, the anode-cathode voltage is very high and this can be low-

ered by applying a small gate drive.

➣ SCRs when fired, the resulting anode current is called latching current IL.

➣  SCRs are be turned off by reducing the anode-cathode voltage; in the process, the anode current 

falls below a value called the holding current IH (less than IL).

➣ SCR terminals may be identified by a continuity meter or an ohmmeter; the only two terminals 

showing any continuity between them at all should be the gate and cathode. Gate and cathode 

terminals connect to a PN junction inside the SCR, so a continuity meter should obtain a diode-

like reading between these two terminals with the red (+) lead on the gate and the black (–) lead 

on the cathode.

➣ SCRs are true rectifiers; they only allow current through them in one direction. This means they 

cannot be used alone for full-wave ac power control.

➣ SCRs can replace the diodes in a rectifier forming a controlled rectifier circuit, wherein the dc 

power to a load may be time-proportioned by triggering the SCRs at different points along the 

ac power waveform.

➣ A silicon-controlled switch (SCS) is essentially an SCR with an extra gate terminal called the 

anode gate terminal.

➣ Typically, the load current through an SCS is carried by the anode gate and cathode terminals, 

with the cathode gate and anode terminals switching as control leads.

➣ An SCS is turned on by applying a positive voltage between the cathode gate and cathode ter-

minals. It may be turned off (forced commutation) by applying a negative voltage between the 

anode and cathode terminals, or simply by shorting those two terminals together.

➣ The anode terminal must be kept positive with respect to the cathode in order for the SCS to latch 

or conduct.

➣ A DIAC is simply an ac diode or bidirectional diode that finds its applications in ac circuit trig-

gering.

➣ A TRIAC is a three-terminal, bidirectional device that is suitable for ac power control.

➣ An opto-coupler, or an opto-isolator, isolates the input side and the output side; contains a light 

source such as an LED (transmitter) and a light receiver (a photodiode).

Review Questions

1. Compare constructional differences between a FET and a BJT in your own words.

2. FET being a unipolar device, what are the advantages?

3. Compare characteristic differences between a FET and a BJT in your own words.

4. What are the disadvantages of a FET over a BJT?
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5. With gate-source terminals reverse biased, what is the advantage offered by a FET?

6. Draw the drain characteristics of a FET, mark various regions and obtain rd from it.

7. Draw the mutual characteristics of a FET, and using Eq. (10.1) explain the curve.

8. A P-channel JFET has device parameters of IDSS = 7.5 mA and VP = 4 V, Sketch the transfer 

characteristics.

9. Sketch the basic construction of a P-channel depletion-type MOSFET.

10. Apply the proper drain-to-source voltage and sketch the flow of electrons.

11. In what ways is the construction of a depletion-type MOSFET similar to and different from that 

of a JFET?

12. Explain in your own words why the application of a positive voltage to the gate of an N-channel

depletion-type MOSFET will result in a drain current exceeding IDSS.

13. How many junctions are there in an SCR? What are their conditions when sufficient positive volt-

age is applied between the anode and cathode of an SCR?

14. Can we use an SCR for ac power controls? Justify your answer.

15. Define in your own words the breakover voltage, latching current and holding current for an 

SCR.

16. Compare a diode rectifier and a SCR rectifier in your own words.

17. Think and answer:

(i) Can we apply two-transistor analogy during SCR conduction.

(ii) Why only SCR, not GCR?

(iii) Can gate terminal turn off SCR?

18. How is SCS is different from SCR? Explain.

19. Compare a diode and a DIAC in your own words.

20. Compare an SCR and a TRIAC in your own words.

21. Think and answer:

(i) Is UJT a unipolar device or a bipolar device?

(ii) What exactly do you mean negative resistance?

(iii) Can we generate signals without feedback?

22. What is the physical significance of intrinsic stand-off ratio (h)?

23. Define the valley voltage VV and peak voltage VP in your own words.

24. Compare a programmable UJT (PUT) with a conventional UJT.

25. Define cut-off region, negative resistance region and the saturation regions for an UJT in your 

own words.

26. List all the advantages and applications of a PUT.

27. Think and answer:

(i) Is an opto-coupler analogous to a transformer?

(ii) What exactly do you find inside an opto-isolator?

(iii) Can we use photodiodes, phototransistors, LASCRs to construct an opto-coupler?

28. Draw the output waveforms for an SCR circuit with an ac signal applied between its anode and 

cathode terminals, given the sinusoidal input.

29. On the output waveform in Problem 27, mark clearly the conduction angle, the delay angle, VAK

and Vm.
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Exercise Problems

1. A FET is characterised by IDSS = 12 mA, VP = –6 V. Sketch the device transfer curve.

2. Repeat Problem 1 for a P-channel FET.

3. A FET is characterised by IDSS = 6 mA, VP = 4 V. Sketch the device transfer curve

4. Repeat Problem 3 for an N-channel FET.

5. For an N-channel FET, ID is 1.6 mA at VGS = –3 V. ID is 0.4 mA at VGS = –4 V; draw its transfer 

characteristics by obtaining IDSS and VP.

6. For the fixed-bias circuit shown in Fig. P10.6, determine the operating point if IDSS = 10 mA and 

VP = –4 V.
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Vds
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+

–
VGS

470 K

2 V
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+

Id

2K

Vds
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470 K

2 V
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Rg

Fig. P10.6 Fig. P10.7

7. Determine the following for the network of Fig. P10.7 given IDSS = 8 mA and VP = 4 V.

(a) VDSQ (b) IDQ (c) VGSQ

8. Determine the operating point (Q-Point) for the self-bias circuit shown in Fig. P10.8, given 

VDD = 24 V, IDSS = 10 mA and VP = –8 V.
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Fig. P10.8 Fig. P10.9

9. Calculate the drain current and VGG for the circuit shown in Fig. P10.9, given VDS = 4 V.



468 Basic Electronics

10. Calculate the value of RS in the circuit of Fig. P10.10 for a VGS of –3 V.
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Fig. P10.10

11. In the circuit of Problem 10, find ID and VDS if IDSS = 10 mA, VP = –5 V, RS = 1 kW.

12. For the JFET circuit shown in Fig. P10.12, calculate the output voltage if the device is supplying 

to a load of 10 kW.
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13. For the JFET self-bias circuit shown in Fig. P10.13, calculate the operating point.

14. For the JFET self-bias circuit shown in Fig. P10.13, calculate the operating point using graphical 

method.

15. For the JFET voltage-divider bias circuit shown in Fig. P10.15, calculate the operating point.

16. For the JFET self-bias circuit shown in Fig. P10.15, calculate the operating point using graphical 

method.

17. For the circuit shown in Fig. P10.17 find IDQ, VGSQ at the operating point Q.

18. Draw the VI characteristics of an SCR and mark VFBO, VAK, IL and IH on the curve.

19. Input signal to an SCR circuit shown in Fig. P10.18 is vi = 250 sin w t; draw to scale the wave-

forms across the RL and across the SCR with respect to input.

20. Draw the VI characteristics of UJT and mark VP, VV, IV and IP on the curve.
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21. The internal resistances of a UJT base terminal are 

RB1 = 12 W and RB2 = 6 W, calculate the intrinsic 

stand-off ratio for the device.

22. Calculate the frequency of the output triggering 

pulses generated by the UJT relaxation oscillator cir-

cuit shown in Fig. P10.21 if h = 0.63, VBB = 12 V, RT

= 10 kW and CT = 1 mF.
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E

Fig. P10.21

23. It is desired to trigger an SCR using a UJT circuit at a frequency of 5 kHz. If the triggering device 

has a h value of 0.72, what value is needed with a capacitor of 4.7 mF?

Multiple-Choice Questions

1. The input terminal that controls the current flow across the FET is

(a) the source (b) the drain (c) the gate (d) the base

2. A FET is a ________ device.

(a) unipolar (b) bipolar

(c) neither (a) nor (b) (d) both (a) and (b)

Fig. P10.15 Fig. 10.17
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3. For an N-channel JFET having drain-source voltage constant, if the gate-source voltage is in-

creased (more negative), the pinch-off would occur for

(a) high values of drain current (b) zero drain current

(c) saturation value of drain current (d) gate current = drain current

4. For a JFET in the pinch-off region as the drain voltage is increased, the drain current

(a) becomes zero (b) abruptly increases

(c) abruptly decreases (d) remains constant

5. The transfer characteristics of a JFET is a plot with

(a) ID v/s VDS (b) ID v/s VGS (c) IDSS v/s VGS (d) none of the above

6. JFET has the characteristics of current source when

(a) VDS = 0 (b) VDS > VT (c) VDS = VT (d) VDS < VT

7. Pick the correct one:

(a) Input resistance of a FET will be very low in the order of kW since the gate-to-source of FET 

will be forward biased.

(b) Input resistance of a FET is very less compared to the input resistance of a BJT.

(c) Input resistance of a FET is very high in the order of MW since the gate-to-source of FET is 

reverse biased.

(d) FETs offer very high noise

8. FET provides ___________ offset voltage.

(a) infinite (b) less (c) very high (d) zero

9. Beyond pinch-off voltage, the drain-to-source resistance of JFET is

(a) zero (b) low (c) high (d) infinite

10. JFET has a characteristics of a current source when

(a) VDS = 0 (b) VDS > VP (c) VDS = VP (d) VDS < VP

11. The three terminals of JFET are named

(a) Source, Drain and Gate (b) Emitter, Base and Collector

(c) Emitter, Drain and Gate (d) Source, Base and Drain

12. Which of the following symbol is the schematic symbol of an N-channel JFET?

(a) (b) (c) (d) (e)

13. The current through the channel of JFET is controlled by the amount of

(a) forward bias between gate and source (b) forward bias between gate and drain
(c) reverse bias between gate and channel (d)  gate current flowing through gate/source 

junction

14. The drain current of an N-channel JFET decrease when

(a) the gate voltage changes in a negative direction

(b) the gate voltage changes in a positive direction

(c) the gate current increases

(d) gate current decreases

15. Some JFETs are constructed in a symmetrical manner, making it possible to interchange their

(a) gate and source leads (b) gate and drain leads

(c) source and drain leads (d) two leads

16. JFETs are different from BJTs because they

(a) can only amplify voltage (b) can only amplify current

(c) are voltage-controlled devices (d) have low input impedance
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17. The drain current with the gate voltage equal to zero is

(a) IG (b) ID (c) IDSS (d) none of the above

18. The gate-to-source voltage that stops drain current from flowing is _________

(a) VGS (b) VGS (OFF) (c) VGS (STOP) (d) VP

19. ______ voltage is the drain-to-source voltage where the drain current becomes approximately 

constant.

(a) Pinch-off (b) Cut-off

(c) Saturation (d) Constant rate

20. Transconductance when gate to source voltage equals zero is

(a) Gmo (b) Bgm (c) Gm(gate) (d) Gm

21. What type of JFET biasing circuit is best at holding the drain constant with changes in JFET 

characteristics?

(a) Voltage divider biasing (b) Voltage feedback biasing

(c) Source biasing (d) Self-biasing

22. When the JFET is switched on, the resistor between the drain and source is less than ______

(a) 1 W (b) RDS(on) (c) Rd (d) RDS(OFF)

23. In a shunt JFET switching circuit, the JFET is

(a) in series with load and in parallel with Rs

(b) in series with Rs and in parallel with the load

(c) in series with the load and in series with Rs

(d) in parallel with load and in parallel with Rs

24. In Fig. MCQ-10.24, the dc voltage on the gate terminal measures 0 V, what is wrong with the 

circuit?

(a) Resistor Rg is shorted

(b) Resistor Rg is open

(c) The JFET is shorted between gate and source

(d) Circuit is functioning properly
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Fig. M10.24

25. In Fig. MCQ 10.24, the dc voltages are correct, but the signal voltage gain is low. What is wrong 

with the circuit?

(a) Capacitor C3 is shorted (b) Capacitor C3 is open

(c) Capacitor C2 is open (d) Capacitor C2 is shorted

26. In Fig. MCQ-10.24, the dc voltage of the drain terminal measures 12 V. What is wrong with the 

circuit?

(a) Capacitor C3 is shorted (b) Capacitor C2 is open

(c) The JFET is shorted (d) The JFET is open
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27. The JFET depends on a reversed biased PN junction for isolation, but the MOSFET uses thin 

layers of ___________ as an insulator between the gate and channel.

(a) SiO2 (b) glass (c) rubber (d) enhanced glass

28. When the voltage on the gate of an N-channel D-MOSFET is negative and reduces current carri-

ers, the MOSFET is said to be working in the ________ mode.

(a) depletion (b) enhancement

(c) conductive (d) local

29. Drain current can flow through a D-MOSFET operating in

(a) depletion mode only

(b) enhancement mode only

(c) either the depletion or the enhancement mode

(d) the local mode only

30. If an amplifier using a D-MOSFET is designed to have zero bias between the gate and the source, 

the drain current at quiescent will equal to ___________

(a) 0 mA (b) 10 mA (c) IDSS (d) Rd/gm

31. Drain current can flow through an E-MOSFET operating in _________

(a) the depletion mode only

(b) the enhancement mode only

(c) either the depletion or the enhancement mode

(d) local mode only

32. The amount of VGS needed to cause drain current to start to flow is called _________ voltage.

(a) cut-off (b) cut-on (c) saturation (d) threshold

33. With zero gate voltage applied, the E-MOSFET switching circuit acts as a/an _________ circuit.

(a) conductive path (b) short

(c) open (d) low resistance

34. When the E-MOSFET switching circuit is turned on, the resistance between the drain and source 

is less than _________

(a) 1 W (b) RDS(on) (c) Rg/gm (d) Rd/gm

35. For class-A operation, N-channel E-MOSFETs must have

(a) source voltage positive with respect to the gate voltage

(b) source voltage positive with respect to the drain voltage

(c) gate voltage positive with respect to the source voltage

(d) gate voltage positive with respect to the source voltage

36. The type of biasing often used with E-MOSFET amplifier circuits is the

(a) drain-feedback bias (b) source bias

(c) self-bias (d) constant-current bias

37. A _________ circuit converts a dc signal or a low-frequency signal into a high-frequency signal.

(a) multiplexing (b) clipper

(c) chopper (d) de-multiplexing

38. Circuit designing using both NMOS and PMOS is called

(a) hybrid MOS circuit (b) PN MOS design

(c) two-channel design (d) CMOS design

39. The current flow in a FET is due to _________ charge carriers.

(a) holes (b) electrons

(c) either (a) or (b) (d) neither (a) nor (b)
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40. The channel width in a FET is controlled by the

(a) applied current (b) applied voltage

(c) applied temperature (d) none

41. The input terminal that controls the current flow across the MOSFET is

(a) the source (b) the drain

(c) the gate (d) the base

42. MOSFET is a

(a) voltage-controlled device (b) current controlled device

(c) minority carrier device (d) bipolar device

43. MOSFET can be used as a

(a) current-controlled capacitor (b) voltage-controlled capacitor

(c) current-controlled inductor (d) voltage-controlled inductor

44. In an N-channel enhancement operation of a MOSFET, drain current increases when

(a) VGS >VT (b) VGS = VT (c) VGS < VT (d) VGS = 0

45. In an N-channel depletion-mode MOSFET, if the negative gate-to-source voltage increases from 

2 volts to 5 volts,

(a) channel conductivity decreases

(b) channel conductivity increases

(c) channel depth increases

(d) mobile channel charge carrier density remains unchanged

46. In an SCR, the amount of power that is delivered to the load is controlled by.

(a) anode terminal (b) cathode terminal

(c) gate terminal (d) none of the above

47. In an SCR, the gate terminal forms a PN junction with

(a) anode terminal (b) cathode terminal

(c) gate terminal (d) none of the above

48. In an SCR, the _____ junction is reverse biased during its forward blocking state.

(a) J1 (b) J2 (c) J3 (d) all of the above

49. A conducting SCR can be turned of by

(a) withdrawing gate drive (b) applying negative gate drive

(c) reducing anode-cathode voltage (d) all of the above

50. In an SCR, the _____ junction is reverse biased during its forward blocking state.

(a) J1 (b) J2 (c) J3 (d) all of the above

51. For a UJT, if R1 = resistance from emitter to the base-1, R2 = resistance from emitter to the base 

2 and RBB = (R1 + R2) then the intrinsic stand of ratio (h) is

(a) R1/R2 (b) R1/RBB (c) R2/R1 (d) R2/RBB

52. A UJT can be used to construct an oscillator, because it exhibits

(a) negative resistance property (b) negative feedback

(c) positive feedback (d) all the above

53. A DIAC can be used as a bidirectional switch for ac power control. True/False.

54. A TRIAC cannot be used for ac power control. True/False.

55. In a PUT, the intrinsic stand-off ratio can be programmed. True/False.
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Chapter 1:  Semiconductor Physics and 
PN Junction

Example 1.1

In Example 1.3, the room temperature drops by 7°C. Calculate the resulting 

thermal voltage VT.

Solution Room temperature drops by 7°C means T = 20°C or 293 K

(i) Substituting into Eq. (1.3), we obtain

   
23

T 19

1.38 10

1.6 10

TkT
V

q

-

-

¥ ¥
= =

¥

  \
23

T 19

1.38 10 293

1.6 10
V

-

-

¥ ¥
=

¥

   T 25.275 mVV =

(ii) Substituting into Eq. (1.4), we obtain

   
T

293

11600 11600

T
V = =

   T 25.275 mVV =

Example 1.2

In a certain PN junction diode circuit, the diode temperature changes from 

room temperature to 50°C. With all other conditions remaining unchanged, 

calculate the resulting percentage change in the thermal voltage VT.

Solution Room temperature means T = 27°C or 300 K

Substituting into Eq. (1.3), we obtain

1

23
1 1

T 9

1.38 10

1.6 10

kT T
V

q

-

-

¥ ¥
= =

¥
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\
1

23

19

1.38 10 300

1.6 10
TV

-

-

¥ ¥
=

¥

1
25.275 mVTV =

The temperature changes to T = 50°C or 323 K

Substituting into Eq. (1.3), we obtain

2

23
2 2

T 19

1.38 10

1.6 10

kT T
V

q

-

-

¥ ¥
= =

¥

\
2

23

T 19

1.38 10 323

1.6 10
V

-

-

¥ ¥
=

¥

2T 27.209 mVV =

Now, the percentage change in VT is

2 1

2

23 23
T T

23
T

27.209 10 25.275 10
100% 100% 7.108%

27.209 10

V V

V

- -

-

- ¥ - ¥
¥ = ¥ =

¥

Example 1.3

In Example 1.14, find the resulting percentage change in the diode current if the voltage across the 

junction is 0.3 V.

Solution From Eq. (1.2), we obtain

ID = IO
( )1

V
VT

e h -  A

( )3 3

25

1

0 862 10

D O 1 A.I I e
-◊ ◊ ¥= -

ID2 = IO ( )3 3

27
0 209 10

1 Ae
-◊ ◊ ¥ -

Now, taking the ratio of diode currents, the percentage change in the device current is

(IØD2 – IØD1)/IØD2 ¥ 100% = ((e≠ (0.3/27.209 ¥  10 (–3)) – 1) – (e≠ (0.3/25.862 ¥ 10.)

=
61435.7 109100

61435.7

-
¥ 100% = 71.08%

Example 1.4

What is the percentage increase in the reverse saturation current of a diode if the temperature is in-

creased from 25°C to 50°C?

Solution 2

1

O

O

I

I
 = 2(50–25)/10 ¥ 100% = 565.7%
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Example 1.5

In a certain PN junction diode circuit, the diode junction temperature is maintained at room tempera-

ture. For a forward current of 10 mA, the junction voltage is 0.3 V. Calculate the resulting diode current 

if the junction voltage is increased to 0.4 V.

Solution Taking the ratio of diode currents for two junction voltages, we write

( )
( )

( )
( )

2 4 3

25T
2

3 31
251 T

0 862 10
D O

0 862 10D

O

11 A
47.73

11 A

V

V

V

V

I eI e

I
eI e

h

h

-

-

◊ ◊ ¥

◊ ◊ ¥

--
= = =

--

Now, 
1 1D DI I= ¥ 47.73 = 477.3 mA

Example 1.6

In Example 1.17, find the resulting reverse saturation current.

Solution From Eq. 1.2, we can write

1

3
1

O / 0.3/0.02587

10 10
91 nA

11D rV V

iD
I

ee

-¥
= = =

--

Example 1.7

Determine the forward voltage and forward current for the PN junction 

diode in Fig. Ex. 7 for both practical and ideal diode models by taking 

Rd = 10 W.

Solution

Practical Diode Model:

Forward current through the diode

ID = D

3
d

10 0.7

1 10 10

V V

R R

- -
=

+ ¥ +
 = 9.208 mA

Voltage drop across the PN junction

VD = (V – VR) = (10 – ID ¥ R) = (10 – 9.208 ¥ 10–3 ¥ 1 ¥ 103) = 0.792 V

Ideal Diode Model:

Forward current through the diode

ID = D

3
d

10 0

1 10 10

V V

R R

- -
=

+ ¥ +
 = 9.90 mA

Voltage drop across the PN junction

VD = (V – VR) = (10 – ID ¥ R) = (10 – 9.90 ¥ 10–3 ¥ 1 ¥ 103) = 0.1 V

+

–

R
1.0 kW

PN junction

diode
10 V

Fig. Ex. 7 For Example 1.7
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Example 1.8

Determine the reverse voltage and reverse current for the PN junction 

diode in Fig. Ex. 8 for both practical and ideal diode models by taking 

Rd = 10 W and IR = 1 mA.

Solution

Practical Diode Model: 

Reverse current through the diode

IR = 1 ¥ 10–6 A

Voltage drop across the PN junction

VDR = (V – VR) = (10 – IR ¥ R) = (10 – 1 ¥ 10–6 ¥ 1 ¥ 103) = 9.999 V

Ideal Diode Model:

Reverse current through the diode

IR = 0 A

Voltage drop across the PN junction

VDR = (V – VR) = (10 – IR ¥ R) = 10 V

Example 1.9

Determine the voltage across the series resistor in each case by taking Rd = 10 W for the PN junction 

diode in Fig. 1.38.

Solution

Practical Diode Model: 

Forward current through the diode ID = 9.208 mA;

Hence, the voltage drop across the series resistor

VR = ID ¥ R = 9.208 mA ¥ 1 ¥ 103 = 9.208 V

Ideal Diode Model:

Forward current through the diode ID = 9.90 mA;

Hence, the voltage drop across the series resistor

VR = ID ¥ R = 9.90 mA ¥ 1 ¥ 103 = 9.90 V

Example 1.10

Determine the voltage across the series resistor in each case by taking Rr = 10 MW for the PN junction 

diode in Fig.1.39.

Solution

Practical Diode Model:

Reverse current through the PN junction diode IR = 1 mA;

Hence, the voltage drop across the series resistor

VR = IR ¥ R = 1 ¥ 10–6 ¥ 1 ¥ 103 = 1 ¥ 10–3 V

Ideal Diode Model:

Reverse current through the diode IR = 1 mA;

Hence, the voltage drop across the series resistor

VR = IR ¥ R = 1 ¥ 10–6 ¥ 1 ¥ 103 = 1 ¥ 10–3 V

+

–

R
1.0 kW

PN junction

diode
10 V

Fig. Ex. 8 For Example 1.8
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Chapter 2: Diode Applications

Example 2.1

A half-wave rectifier supplying to a load of 480 W has an on-state resistance of 12 W and input voltage 

of 50 sin wt. Calculate the load voltage and the conversion efficiency of the rectifier.

Solution Given data: RL 480 W, Rf = 12 W, v = 50 sin w t Vdc = ? and h = ?

Load voltage or Output voltage (Vdc)

we have

Vdc = Idc – RL

where Idc = 
m

L

50

( ) ( 480 12 )f

V

R Rp p
=

+ +

= 32.35 mA

Now,

Vdc = (32.35 ¥ 10–3)(480 W)

Vdc = 15.53 V

Conversion or rectification efficiency (h)

we have

h = 
dc

ac

P

P
¥ 100%

where Pdc = 2
dc

I ¥ RL and Pac = 
2
rmsI ¥ (RL + Rf)

Now Pdc = (32.35 ¥ 10–3)2 (480) = 0.502 W

Pac = 

2

m

L2( )f

V

R R

È ˘
Í ˙+Í ˙Î ˚

 (RL + Rf) = 
2

50

2(480 12)

È ˘
Í ˙+Î ˚

 (480 + 12)

= 1.27 W

Hence, conversion efficiency

       h = 0.502

1.27
¥ 100%

   39.55%h =

Example 2.2

A certain diode rectifier with C-filter, supplying to a load of 680 W produces a peak-to-peak ripple volt-

age of 500 mV. If the peak output voltage is 9 V, calculate the ripple factor for the rectifier.

Solution Given Data: RL = 680 W, Vr (P – P) = 500 mV, VP = 9 V

we have Vr(rms) = 
3

r(P – P) 500 10

2 3 2 3

V -¥
=  = 0.144 V

Vdc = VP – 
r(P – P)

2

V
 = 9 – 

3500 10

2

-¥
 = 8.75 V
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Now, ripple factor for the rectifier

r = 
r(rms)

dc

V

V
¥ 100%

= 0.144

8.75
¥ 100% = 1.65%

1.65%r =

Example 2.3

A half-wave rectifier supplying to a load of 680 W uses a transformer with a turns ratio of 4:1. If the 

primary voltage input to the transformer is 230 V, find the peak-inverse-voltage (PIV) across the non-

conducting diode.

Solution Given data: N1:N2 = 4:1, V1 = 230 V, PIV = ?

We have
1 1

2 2

N V

N V
=

i.e. V2 = V1
2

1

N

N

Ê ˆ
Á ˜Ë ¯

 = 230 ¥ 1

4
 = 57.5 V

The maximum secondary voltage is

V2(m) = 2 ¥ V2 = 2 ¥ 57.5 = 81.32 V

Now, in an HWR, the PIV across the nonconducting diode is the maximum voltage itself.

i.e. PIV 81.32 V=

Example 2.4

The circuit in Example 2.16 is converted to a centre-tapped FWR and the 

diodes used have a PIV rating of 100 V. Calculate the PIV across each 

non-conducting diode and comment on the safety of diodes.

Solution

(a) For HWR: V1 = 230 V, V2 = 57.5 V

   Vm = PIV = 2 ¥ V2 = 81.32 V

  The PIV rating of the diode is 100 V and hence the diode is safe 

(even when reverse biased).

(b) For FWR: V1 = 230 V V2A = 57.5 V and V2B = 57.5 V.

   Corresponding peak voltages are V2A(m) = V2B(m) = 2 ¥ V2A

    = 81.32 V

When the diodes are nonconducting, the PIV in a FWR is

= 2 ¥ V2A(m) = 2 ¥ V2B(m)

= 2 ¥ 81.32 = 162.64 V

The diodes have a PIV rating of 100 V each, but experience a reverse voltage of 162.64 V. Hence, 

diodes are not safe. In order that the FWR works without damaging the diodes, the diodes with a PIV 

rating greater than 162.64 V have to be used.

V1

V2A

V2B

Fig. Ex. 4 For Example 2.4
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Example 2.5

A full-wave rectifier connected to a load of 10 V is expected to deliver a dc power of 120 mW. Give the 

specifications of transformer.

Solution Given data: Vdc = 10 V, Pdc = 120 watts

Now Idc = 
3

dc

dc

120 10

10

P

V

-¥
=  = 12 mA

Also, secondary peak voltage

Vm = dc

2

Vp ¥
; from Vdc = 

p

m2V

Vm = 
10

2

p ¥
 = 15.71 V

The secondary rms voltage is

V2rms = 
m 15.71

2 2

V
=  = 11.1 V

Now, the transformer turns ratio is

1 1

2 2

230

11.1

N V

N V
= =

Example 2.6

A bridge rectifier uses a step-down transformer and ideal diodes. If the rectifier delivers an average 

output voltage of 41.4 V to a 480 W load find (i) transformer turns ratio, (ii) PIV requirement for diodes, 

and (iii) the average power delivered to the load.

Solution Given data = Vdc = 41.4 V, RL = 480 W Rf = 0, (i) N1/N2 = ? (ii) PIV = ? (iii) Pdc = ?

We have Vdc = 
m2V

p

i.e. Vm = dc 41.4

2 2

Vp p¥ ¥
=  = 65 V

The transformer secondary rms voltage is

Vrms = m 65

2 2

V
=  = 45.98 V

(i) Transformer turns-ratio

   

1 1

2 2

230 5

45.98 1

N V

N V
= = .

   
1 2: 5:1N N =

(ii) PIV rating required for each diode is > 65 V.
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(iii) Average power delivered to the load

   Pdc = 
2 2

dc

L

(41.4)

480

V

R
=  = 3.57 watts

   dc 3.57 wattsP =

Example 2.7

A capacitor fitter connected across the rectifier in Example 2.19 is expected to produce a ripple factor 

not more than 0.001. Estimate the site of the filter for Indian territory usage.

Solution Given data: RL = 480, r £ 0.001 and f = 50 Hz (Indian territory), C = ?

For an FWR, the ripple factor from Eq. (2.60) is

    C = 

L

1 1

4 3 4 3 (480)(50)(0.001)R fr
=

6.01 FC m=

Example 2.8

A series-biased clipper shown in Fig. Ex. 8(a) uses a Si diode with 

a forward diode resistance of 50 W. The input applied to the circuit 

is vi = 50 sin 300 t. Plot the output waveform for the circuit if Vref is 

nine times the cut-in voltage of the diode.

Solution Given data: vi = 50 sin 300 t, Rf = 50 W, R = 10 kW,

Vref = 9 ¥ Vy = 5.4 V   ({ Vy = 0.6 V)

The input and output waveforms are shown in Fig. Ex. 8(b). For Example 8.

p
2p 3p

p 2p 3p

wt

wt

6.0 V

Vref = 5.4 V

O

O

Vi

Vo

–50 V

50 V
Output voltage

Fig. Ex. 8(b) For Example 2.8

vovi
Vref

D 10 k

Fig. Ex. 8(a) For Example 2.8
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Chapter 3: Bipolar Junction Transistors

Example 3.1

The NPN transistor shown in Fig. 3.1 (a) has a charge flow of 108 holes/ms from base to emitter and 1010

electrons/ms from emitter to base. If the current meter connected to the base reads 16 mA, what are the 

emitter and collector current values?

Solution The emitter current IE is given by the net rate of positive charges into the emitter; 

IE = (1.602 ¥ 10–19 C/hole)(1014 holes/s) – (–1.602 ¥ 10–19 C/electron)(1016 electrons/s)

= 1.602 ¥ 10–5 + 1.602 ¥ 10–3 = 1.618 mA

Now, by applying Kirchhoff’s Current Law (KCL), we get

IC = IE – IB = 1.618 ¥ 10–3 – 16 ¥ 10–6 = 1.602 mA

Example 3.2

Determine the values of a and b for the NPN transistor shown in Fig 3.1 (a) by neglecting the leakage 

current. Assume the transistor has constant charge flow described.

Solution The flow due to holes is negligible; i.e. with the assumption that ICEO = ICBO = 0, we get

C E B

E E

C E B

B B

1.602 0.0616
0.99

1.602

1.602 0.016
99.125

0.016

i i i

i i

i i i

i i

a

b

- -
= = = =

- -
= = = =

Example 3.3

Determine the collector current for the transistor with a CB mode current gain a = 0.99, IB = 25 mA and 

collector-to-base leakage current of 200 nA. Assume the transistor has constant charge flow described.

Solution Given a = 0.99, then, from Eq. (3.11),

99
1

a
b

a
= =

-

Now, the collector current is 

IC = bIB + (b + 1)ICBO = 99(25 ¥ 10–6) + (99 + 1)(200 ¥ 10–9) = 2.495 mA

Example 3.4

Determine the emitter current for the transistor in Example 3. If the transistor leakage current is ne-

glected, find the resulting error in emitter current.

Solution The emitter current is

IE = 
3 9

C CBO 2.495 10 200 10

0.99

I I

a

- -- ¥ - ¥
=  = 2.518 mA
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Neglecting the leakage current, we have

IC = bIB = 99(25 ¥ 10–6) = 2.475 mA

so IE = C 2.475

0.99

I

a
=  = 2.5 mA

Then, the resulting error in emitter current is

2.518 2.5

2.518

-
 (100%) = 0.71%

Example 3.5

A certain bipolar junction transistor has IB = 100 mA and IC = 2 mA, Find (i) b, (ii) a, and (iii) emitter 

current IE.

Solution Given IB = 100 mA, IC = 2 mA

(i)
3

C

6
B

2 10

100 10

I

I
b

-

-

¥
= =

¥
 = 20

(ii)
1

b
a

b
=

+
 = 20/20+1 = 0.952

(iii) IE = IC +IB = 2 m + 100 mA = 2.1 mA

Example 3.6

In Example 5, if IB changes by +25% and IC changes by +30%, find the new value of b.

Solution Given IB increases by 25 mA and IC increases by 0.6 mA;

i.e. IB¢ = IB + 25 mA =100 mA + 25 mA =125 mA

IC¢ = IC + 0.6 mA = 2 mA + 0.6 mA = 2.6 mA

The new b value is b = 
3

C

6
B

2.6 10

125 10

I

I

-

-

¥
=

¥
 = 20.8

Example 3.7

If for a certain bipolar junction transistor, a = 0.99 and the base current is 100 mA, estimate collector 

current.

Solution Given IB = 100 mA and a = 0.99

We have 
0.99

99
1 1 0.99

a
b b

a
= = =

- -

Also,
C

B

I

I
b = , i.e. IC = b ¥ IB = 99 ¥ 100m = 9.9 mA
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Example 3.8

If for a certain bipolar junction transistor, collector current is 1 mA and base current is 10 mA, deter-

mine its a and b.

Solution Given IC = 1 mA and IB = 10 mA

b = 
3

C

6
B

1 10

10 10

I

I

-

-

¥
=

¥
 = 100

100/100 1 0.99
1

b
a

b
= = + =

+

OR IE = IC + IB = 1 mA + 10 mA = 1.01 mA

Therefore, a = 
3

E

3
C

1.01 10

1 10

I

I

-

-

¥
=

¥
 = 0.99

Example 3.9

If for a certain bipolar junction transistor, IE = 1 mA and IB = 10 mA, determine a and b

Solution Given IE = 1 mA and IB = 10 mA

IC = IE – IB = 1 mA – 10 mA = 0.99 mA

c

e

0.99 m
0.99

1 m

I

I
a = = =

c

b

0.99 m
99

10

I

I
b = = =

m

Example 3.10

A transistor amplifier connected in CE mode has a = 0.9 and IE = 10 mA, compute the values of base 

current IB, collector current IC, b and g.

Solution Given a = 0.9 and IE = 10 mA

0.99
9

1 1 0.99

a
b b

a
= = = =

- -

1 1 9 10g b= + = + =

C

e

I

I
a =

IC = a IE = 0.9 ¥ 10 mA = 9 mA

IB = IE – IC = 10 mA – 9 mA = 1 mA
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Example 3.11

A transistor amplifier connected in CE mode has b = 100 and IB = 50 mA, compute the values of emitter 

current IE, collector current IC, a and g.

Solution Given b = 100 and IB = 50 mA

a = 
100

1 101

b

b
=

+
 = 0.991

g = 1 + b = 1 + 100 = 101

IC = b IB = 100 ¥ 50 mA = 5 mA

IE = IB + IC = 50 mA + 5 mA = 5.05 mA

Example 3.12

A Ge transistor used in a circuit in CE mode has collector to base leakage current of 5000 nA. If the 

current gain for the transistor is 100, find its collector current with IB = 0.

Solution Given b = 100 and ICBO = 5000 nA = 5 mA.

With IB = 0, the collector current is only the collector-to-emitter leakage current; i.e.

ICEO = (b + 1)ICBO = (100 + 1)(5 ¥ 10–6) = 505 mA

Example 3.13

In Example 12, if the base current is increased to 40 mA, what is the resulting collector current?

Solution Given b = 100, ICBO = 5000 nA = 5 mA and IB = 40 mA.

IC = bIB + (b + 1)ICBO

= (100)(40 ¥ 10–6) + (101)(5 ¥ 10–6) = 4.505 mA

Example 3.14

An Si transistor used in a circuit in CE mode has collector to base leakage current of 3000 nA. If 

the current gain for the transistor is 50 and the collector current is 1.2 mA, find its base and emitter 

currents.

Solution

Given b = 50, ICEO = 3 mA, and IC = 1.2 mA

IB = C CEOI I

b

-

=
3 61.2 10 3 10

50

- -¥ - ¥
 = 23.94 mA

And, IE = IC + IB

    = 1.2 ¥ 10–3 – 23.94 ¥ 10–6 = 1.224 mA
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Example 3.15

An Si transistor used in a certain application has common base gain of 0.98 and ICBO of 0.005 mA. If 

the biasing circuit results in a IBQ = 100 mA, find the values of ICQ and IEQ.

Solution

b = 0.98

1 1 0.98

a

a
=

- -
 = 49

Now, ICEO = (b + 1)ICBO

= (49 + 1)(5 ¥ 10–6) = 0.25 mA

And, ICQ = bIBQ + ICEO

= (49)(100 ¥ 10–6) + 0.25 ¥ 10–3 = 5.15 mA

Also, IEQ = ICQ + IBQ

= 5.15 ¥ 10–3 + 100 ¥ 10–6 = 5.25 mA

Example 3.16

A Si transistor used in Fig. 3.30 has IB = 30 mA and a CB mode 

gain of 0.98. Neglecting the leakage currents, find b and the 

operating point.

Solution

Now, b = 
0.98

1 1 0.98

a

a
=

- -
 = 49

with ICEO = 0, we have ICQ = bIBQ

= (49)(30 ¥ 10–6) = 1.47 mA

with ICBO = 0,

IEQ = 
CQ 1.47

0.98

I

a
=  = 1.50 mA

The operating point Q(IBQ, ICQ, IEQ) = (30 mA, 1.47 mA, 1.5 mA)

Example 3.17

In the circuit in Fig. 3.31, the silicon transistor used has bdc = 100. If VCC = 10 V and VBB = 5 V, find 

the values of IC and VCE.

Solution When VCE = VCC; IC = 0

This results in Point A (10 V, 0 A)

When VCE = 0; IC = VCC/RC = 10/ 1K = 10 mA

This results in Point B (0, 10 mA)

Applying KVL on to the input side,

VBB – RB ¥ IB – VBE = 0

5V – 100K ¥ IB – VBE = 0

IB = 5 – 0.7/100K = 43 mA

IC = b ¥ IB = 100 ¥ 43 mA = 4.3 mA

VCE

VBB

iC

RC

C
+

+

–
+

–

–
VCC

E

iE

iB

BRB

Fig. Ex. 16 For Example 3.16
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Applying KVL to output side 

VCC – RC ¥ IC – VCE = 0

10 – 1K ¥ 4.3 mA – VCE = 0

VCE = 10 – 1K ¥ 4.3 mA = 5.7 V

This results in Point Q (5.7 V, 4.3 mA)

Therefore, Q-point is IBQ = 43 mA, ICQ = 4.3 mA and VCEQ = 5.7 V

Example 3.18

For the circuit in Example 3.29, draw the dc load line on output characteristics and indicate the Q-point.

Solution Marking the three points—Point A (10 V, 0 A), Point B (0, 10 mA) and Point Q (5.7 V, 

4.3 mA)—on the output characteristic, we get Fig. Ex. 18.

IC
(mA)

10 mA B

Q

A
0

5.7 V 10 V VCE (V)

4.3 mA

Fig. Ex. 18 For Example 3.18

Example 3.19

In the circuit shown in Fig. Ex. 19, a silicon transistor with b = 50 is used. Determine the operating 

point for the circuit.

Solution Given RB = 100 kW, b = 50, VCC = 5 V and RC = 1 kW

Let VBE = 0.7 V

Applying KVL to Base (input) Circuit

VCC – IB RB – VBE = 0

IB = (VCC – VBE)/RB = (5 – 0.7)/100K = 43 mA

IC = b, IB = 50 ¥ 43 mA = 2.15 mA

Applying KVL to collector (output) circuit,

VCC – IC RC – VCE = 0

VCE = VCC – IC RC = 5 – (2.15 mA ¥ 1K) = 2.85 V

And operating point is Q (2.85 V, 2.15 mA)

RC

1k

Q
100 k

+ VCC

RB

Fig. Ex. 19 For Example 3.19
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Example 3.20

For the circuit of Example 3.31, draw the load line.

Solution To draw the load line, obtain Point A,

Point B and Point Q:

When  VCE = VCC; IC = 0 and Point A (5 V, 0 A)

When   VCE = 0; IC = VCC/RC = 5/1K = 5 mA and 

Point B (0 V, 5 mA)

And operating point is Point Q ( 2.85 V, 2.15 mA)

Marking the three points Point A (5 V, 0 A), Point B

(0, 5 mA) and Point Q (2.85 V, 2.15 mA), we get the 

load line shown in Fig. Ex. 20.

Example 3.21

In the circuit shown in Fig. Ex. 21, a silicon transistor with b
= 50 is used. Find IC and VCE. Draw the dc load line on output 

characteristics and indicate the Q-point.

Solution Given RB = 240 kW , b = 50, VCC = 12 V, RC = 2.2 

kW and VBE = 0.7 V

Applying KVL to base (input) circuit

VCC – IB RB – VBE = 0

IB = (VCC – VBE)/RB = (12 – 0.7)/240K = 47mA

IC = bIB = 50 ¥ 47 mA = 2.35 mA

Applying KVL to collector (output) circuit

VCC – IC RC – VCE = 0

VCE = VCC – IC RC = 12 – (2.35 mA ¥ 2.2K) = 6.83 V

And operating point is Q (6.83 V, 2.35 mA)

Example 3.22

For the circuit in Example 3.33, obtain the Q-point

and draw the dc load line on output characteristics.

Solution To draw the load line, obtain Point A,

Point B and Point Q:

When VCE = VCC; IC = 0 and Point A (12 V, 0 A)

When VCE = 0; IC = VCC/RC =12/2.2K = 5.45 mA 

and Point B (0 V, 5.45 mA)

And operating point is Point Q (6.83 V, 5.45 mA)

Marking the three points Point A (12 V, 0 A), Point B

(0, 5.45 mA) and Point Q (6.83 V, 5.45 mA), we get 

the load line shown in Fig. Ex. 22.

2.85 V 5V

A

Q

VCE (V)
0

2.15 mA

5 mA
B

IC
(mA)

Fig. Ex. 20 For Example 3.20

VCC

12 V

+V

C2

10 mF

Rc

2.2 k

Q

R1

2.40 k

C1

10 mF

Fig. Ex. 21 For Example 3.21

Ic
(mA)

B

Q

5.45 mA

5.45 mA

A
0

6.83 V 12 V VCE (V)

Fig. Ex. 22 For Example 3.22
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Example 3.23

For the circuit shown in Fig. Ex. 23, obtain the operating point and 

draw the dc load line.

Solution Given RB =1.5 MW , let b = 50, VCC = 30 V and RC = 5 kW
Let VBE = 0.7 V

Applying KVL to base (input) circuit

VCC – IB RB – VBE = 0

IB = (VCC – VBE)/RB = (30 – 0.7)/1.5 ¥ 106 = 19.5 mA

IC = b IB = 50 ¥ 19.5 mA = 0.975 mA

Applying KVL to collector (output) circuit

VCC – IC RC – VCE = 0

VCE = VCC – IC RC = 30 – (0.975m ¥ 5K ) = 4.875 V

Example 3.24

For the circuit in Example 23, draw the dc load line.

Solution Given to draw the load line:

When VCE = VCC; IC = 0 and Point A (30 V, 0 mA)

When  VCE = 0; IC = VCC/RC = 30/5K = 6 mA and 

Point B (0 V, 6 mA)

And operating point is Point Q (4.875 V, 0.975 mA)

Marking the three points—Point A (30 V, 0 A), Point B (0, 6 

mA) and Point Q (4.875 V, 0.975 mA)—we get the load line 

shown in Fig. Ex. 24.

RB

1.5 M

+ VCC

30 V

Rc

5 k

Q

Fig. Ex. 23 For Example 3.23

B

Q
A

4.875 V 30 V

0.975 mA

6 mA

Ic
(mA)

VCE (V)
0

Fig. Ex. 24 For Example 3.24
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Chapter 4: BJT amplifiers, Feedback and Oscillators

Example 4.1

For the single-stage CE amplifier in Fig. 4.6, if R1 = 82 kW, R2 = 18 kW, RE = 1.2 kW, RC = 4.7 kW,

b = 100 and the supply voltage VCC = 12 V, obtain the dc conditions.

Solution Given VCC = 12 V, b = 100, R1 = 82 kW, R2 = 18 kW

RE = 1.2 kW and RC = 4.7 kW

Generally, for an amplifier,

VCE = CC 12 V

2 2

V
=  = 6 V

VE .
CC 12 V

10 10

V
=  = 1.2 V

VC = CC 12 V

2.5 2.5

V
=  = 4.8 V

Now, IC = C

C

4.8

4.7 k

V

R
=

W
 = 1.02 mA

We have b = 
C

B

I

I
, i.e. IB = 

3
C 1.02 10

100

I

b

-¥
=  = 10.21 mA

There, the dc conditions for the circuit is Q(ICQ, IRQ, VCEQ) = (1.02 mA, 10.21 MA, 6 V)

Example 4.2

For Example 1, draw the load line and mark the Q point.

Solution The extreme points on the load line are

A(IC max, 0) .
CC

C

, 0
V

R

Ê ˆ
Á ˜Ë ¯

= (2.55 mA, 0) and

B(0, VCE max . (0, VCC) . (0, 12 V)

The dc load line is drawn and the Q-point may be marked 

as in Fig. Ex 2

Example 4.3

An amplifier produces an output of 40 W. If the amplifier gain is 33.9 dB, find the input power to the 

amplifier.

Solution For an amplifier, the power gain

From Ex 4.4, AP = 10 log o

in

P

P

Q

B

A

IBQ = 10.2 mA

VCE (V)
4.8 V 12 VO

1.0 mA

2.55 mA

IC (mA)

Fig Ex 2 For Example 4.2
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i.e.
o

in

P

P

Ê ˆ
Á ˜Ë ¯

 = anti log 
P

10

AÊ ˆ
Á ˜Ë ¯

i.e.    Pin = 
( )33.9

10

o

P

40

antilog
10

P

A
e

=
Ê ˆ
Á ˜Ë ¯

in 0.016 WP =

Example 4.4

Calculate the gain for the multistage amplifier shown in Fig. Ex. 4.

Solution From Eq. (4.4), we have Amplifier gain

AP = 10 log o

in

P

P

Ê ˆ
Á ˜Ë ¯

 dB

        = 10 log 
0.316 W

0.001 W

Ê ˆ
Á ˜Ë ¯

 = 25 dB

Example 4.5

A multistage amplifier has a power gain of 50 dB, obtain its Neper gain.

Solution From Eq. (4.4)

AP = 10 log 
o

in

P

P

È ˘
Í ˙
Î ˚

 dB

i.e.
o

in

P

P
 = Anti log 

P

10

AÈ ˘
Í ˙Î ˚

 Neper

= P
50

10

È ˘
Í ˙Î ˚

 Neper

o

in

148.41 N
P

P
=

Example 4.6

In example 1, find the voltage gain if the circuit has input impedance of 2.2 kW
Solution From Eq. 4.44(a), the voltage gain

     AV = b
C

i

R

R
 = 100 ¥

3

3

4.7 10

2.2 10

¥

¥

V 213.64A =

A1 A2 A3
1mw 316 mw

Fig. Ex. 4 For Example 4.4
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Example 4.7

The mid-band gain of on RC coupled amplifier is 100 dB. The amplifier has 97 dB gain at 120 Hz and 

120 kHz. Find the bandwidth of the amplifier.

Solution Amid = 100 dB,

3 dB frequencies are f1 = 120 Hz and f2 = 120 kHz

\ BW = (f2 – f1)Hz = (120 kHz – 120)

BW 120 kHz@

Example 4.8

Find the figure of merit for the amplifier in Example 7.

Solution Amid = 100 dB and BW = 120 kHz

\ GBW = (Amid ¥ 3 dB BW)

= (100 ¥ 120 kHz)

GW 12000 kHz=

Example 4.9

Find the effective input impedance in Example 4.13 if the input impedance without feedback is 15 kW
Solution Zin = 15 kW, b 0.02

Form Eq. (4.54), Zif = Zin (1 + bA)

= 15 k (1 + 5000 (0.02))

6
if 1.52 10Z = ¥ W

Example 4.10

Find the effective output impedance in Example 4.16 if the Zo = 2 kW without any feedback.

Solution Zo = 2 kW, b = 0.01.

From Eq. (4.60),

    Zof = 
3

o 2 10

1 1 10,000 0.01

Z

AB

¥
=

+ + ¥

= Wif 19.8Z
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Chapter 5: Communication Systems

Example 5.1

A carrier of 10 MHz and 150 V is amplitude modulated to a depth of 60%. Calculate the amplitude of 

the modulating signal.

Solution Depth of modulation m = 0.6 or 60%.

Using the ‘m’ expression from Eq. (5.6), 
m m

c 150

V V
m

V
= =

We have, information amplitude Vm = 0.6 ¥ 150 = 90 V

Example 5.2

A carrier of 10 MHz and 150 V is amplitude modulated to a depth of 30%. Calculate the side band 

frequencies and the bandwidth of AM output if the modulating signals frequency is 10 kHz.

Solution The USB frequency is fUSB = fc + fm = (10 ¥ 106 + 10 ¥ 103)

= 10.01 ¥ 106 Hz

and the LSB frequency is fLSB = fc – fm = (10 ¥ 106 – 10 ¥ 103)

= 09.99 ¥ 106 Hz

Now, Bandwidth = 2 ¥ fm = 2 ¥ 10 ¥ 103 = 20 ¥ 103 Hz

Example 5.3

A certain AM generator produces an output signal represented by v = 200(1 + 0.2 sin 6500t) sin 6.28 ¥
[10]≠6t]. Find all the information available about the modulated and modulating signals.

Solution Comparing the AM expression with Eq. [5.4 (a)],

v = VØc (1 + m sin wØm t) sin wØc t], we have the carrier amplitude VC = 200, carrier frequency wc = 

6.28 ¥ 106, modulating signal frequency wm = 6500 and the modulation index m = 0.2.

Example 5.4

In Example 3, find the information signal frequency and the modulated signal frequency.

Solution Comparing the AM expression with Eq. [5.4 (a)],

v = VØc (1 + m sin wØm t) sin wØc t], we have wm = 6500 rad/s and wc = 6.28 ¥ 106 rad/s

Now, 
m

m 1035 Hz
2

f
w

p
= =

¥
 and 

c
c 999.5 kHz

2
f

w

p
= =

¥

Example 5.5

In Example 3, find the side-band frequencies and the depth of modulation.

Solution Comparing the AM expression with Eq. [5.4 (a)],

v = VØc (1 + m sin wØm t) sin wØc t], we have m = 0.2, fm = 1035 Hz and fc = 999.5 ¥ 103 Hz.

Now, the USB frequency is fUSB = fc + fm = (999.5 ¥ 103 + 1035)

= 1000.54 ¥ 103 Hz
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and the LSB frequency is fLSB = fc – fm = (999.5 ¥ 103 – 1035)

= 999 ¥ 103 Hz

Depth of modulation m = 0.2 or 20%. 

Example 5.6

In Example 3, find the bandwidth and the amplitude of the information signal.

Solution Comparing the AM expression with Eq. [5.4 (a)],

v = VØc (1 + m sin wØm t) sin wØc t], we have m = 0.2, fm = 1035 Hz and fc = 999.5 ¥ 103 Hz.

Now, bandwidth = 2 ¥ fm = 2 ¥ 1035 = 2070 Hz.

Depth of modulation m = 0.2 or 20%

Using the ‘m’ expression from Eq. (5.6), 
m m

c 200

V V
m

V
= =

We have, information amplitude Vm = 0.2 ¥ 200 = 40 V

Example 5.7

If the carrier signal power of an amplitude modulated signal is 50 W then, calculate the maximum total 

transmitted power.

Solution We have from Eq. (5.15),

Pt = 
2

c W1
2

mP
Ê ˆ

+Á ˜Ë ¯

Pt will maximum at m = 1 and the corresponding value is

Pt = 
1

50 1 = 75 W
2

Ê ˆ+Ë ¯

Example 5.8

A carrier signal of 10 V amplitude is modulated by an information signal to a depth of 80%. Calculate 

the Vmax and Vmin for the modulated wave.

Solution We have from Eq. (5.6),

m = 
m m

c

, i.e. 0.8 =
10

V V

V
i.e. Vm = 8 V

From Eq. (5.7), Vm = 
max min

2

V V-
;

This implies

Vmax – Vmin = 2Vm =16 V

From Eq. (5.9), Vc = 
max min

2

V V+
;

This implies

Vmax + Vmin = 2Vc = 20 V

Solving these equations, Vmax = 18 V

and Vmin = 2 V
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Example 5.9

If the modulated output of Example 7 is transmitted using an antenna having a radiation resistance of 

10 kW, calculate the side-band powers.

Solution We have from Eq. (5.14),

PSB = 0.25 Pc W

= 0.25 (50) W = 12.5 W

Example 5.10

If a 400 W carrier signal is amplitude modulated to a depth of 45%; calculate the total transmitted 

power of the modulated wave.

Solution We have from Eq. (5.15),

Pt = 
2 20.45400 440.5 W1 1

2 2
c

mP
Ê ˆ Ê ˆ= =+ +Á ˜ Á ˜Ë ¯ Ë ¯

Example 5.11

A carrier signal is frequency modulated by a message signal and the resulting FM output is v = 250 sin 

(100 ¥ 106 t + 10 sin 2050t). Obtain all the features of the message, carrier and the output.

Solution We have from Eq. [5.27(b)], v = A sin (wct + b sin wmt);

Comparing this with the FM output, Vc = 250 V

Message frequency wm = 2050 rad/s and carrier frequency wc = 100 ¥ 106 rad/s

Now, 
cm

m c327 Hz and 15.92 MHz
2 2

f f
ww

p p
= = = =

¥ ¥
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Chapter 6: Linear Integrated Circuits

Example 6.1

An open-loop gain of a differential op-amp is 20,000. The two inputs read 5 mV and 10 mV, calculate 

its output.

Solution From Eq. (6.7), the gain of the amplifier

Ad = 
o o

6 6
id 10 10 ~ 5 10

V V

V - -
=

¥ ¥

Vo = 20000 ¥ 5 ¥ 10–6 = ± 0.1 V

Example 6.2

A 10 mV input signal is connected to an inverting input of an op-amp and its other input is grounded. If 

the open-loop gain is 200,000, find the output voltage of the amplifier.

Solution From Eq. (6.7), the gain of the amplifier

Ad = 
o o

6
id 10 10 ~ 0

V V

V -
=

¥

Vo = 200000 ¥ 10 ¥ 10–6 = –2 V

Example 6.3

An op-amp summer circuit uses equal resistances RF = R1 = R2 = R; if the two input sources are V1 = 

5 V and V2 = 10 V then find the summer output.

Solution From Eq. [6.38(a)] and referring to Fig 6.19(a), the output voltage of the amplifier

Vo = 
1 2

F
1 2

V V
R

R R

È ˘
- +Í ˙

Î ˚
 = –15 V

Example 6.4

An inverting summer is configured to determine the average of the two input signals. If RF is chosen as 

1 kW then, find the values of R1 and R2, required at the inputs.

Solution From Eq. [6.38(a)] and referring to Fig 6.19(a), the output voltage of the amplifier

Vo = 
1 2

F
1 2

V V
R

R R

È ˘
- +Í ˙

Î ˚

The circuit is averaging the two input signals and this results in R1 = R2 = 2 kW.
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Example 6.5

If the summer circuit in Example 3 is of non-inverting type then find the summer output.

Solution From Eq. [6.40(b)], Eq. (6.41) and referring to Fig. 6.20, the output voltage of the amplifier

Vi2 = 
1 2

2 2

V VÈ ˘
+Í ˙Î ˚

 = 7.5

Vo = 
F

i2
1

1
R

V
R

È ˘
+Í ˙

Î ˚
 = +11.25 V

Example 6.6

For an inverting amplifier, Ri = 100 kW and Rf = 600 kW. What is the output voltage for an input of –3 V?

Solution From Eq. (6.24) and referring to Fig. 6.14(a), the output voltage of the amplifier

o
1

3

3

o

600 10
3

100 10

18 V

f

i

R
V V

R

V

= -

È ˘¥
= ¥ -Í ˙

¥Í ˙Î ˚
=

Example 6.7

The input to a differentiator is a sinusoidal voltage of peak value 5 mV and frequency 2 kHz. Find the 

output if R = 100 kW and C = 1 mF.

Given

Vi = 5 sin 400 pt mV

For differentiator Vo = 
idV

RC
dt

-

On solving Vo = –2000p cos 4000 pt mV
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Chapter 7: Digital Electronics

Example 7.1

Use truth table to prove the following Boolean equation:

A¢ ◊ B¢ + A ◊ B¢ + A ◊ B = A + B¢

Solution Referring to the given equation, the following table may be prepared.

A B A¢B¢ + AB¢ + AB A + B¢

0 0 1 1

0 1 0 0

1 0 1 1

1 1 1 1

Looking at the last two columns, the Boolean function is proved.

Example 7.2

Use truth table to prove the following Boolean equation:

A ◊ B ◊ C + A¢ ◊ B ◊ C + A¢ ◊ B ◊ C¢ = B ◊ C + A¢ ◊ B

Solution Referring to the given equation, the following table may be prepared

A B C ABC + A¢BC + A¢BC¢ BC + A¢B

0 0 0 0 0

0 0 1 0 0

0 1 0 1 1

0 1 1 1 1

1 0 0 0 0

1 0 1 0 0

1 1 0 0 0

1 1 1 0 0

Looking at the last two columns, the Boolean function is proved.

Example 7.3

Prove the Absorption theorem in Boolean postulates:

Solution The Absorption theorem in Boolean postulates states

A + A ◊ B = A

A + A ◊ B = A ◊ 1 + A ◊ B

= A ◊ (1 + B)

= A ◊ (1)

= A
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Example 7.4

Simplify the following Boolean switching function:

F = AC¢ + AB¢C + ABCD + ABD¢

Solution  F = AC¢ + AB¢C + ABCD + ABD¢
= AC¢ + AB¢C + AB(CD + D¢)
= AC¢ + AB¢C + ABC + ABD¢
= AC¢ + AC(B¢ + B) + ABD¢ = AC¢ + AC + ABD¢
= A(C¢ + C) + ABD¢ = A + ABD¢ = A(1 + BD¢) = A

Example 7.5

Simplify the following Boolean switching function:

F = ABC + A¢D + B¢D + CD

Solution  F = ABC + A¢D + B¢D + CD

= ABC + (A¢ + B¢)D + CD

= ABC + (AB)¢D + CD

= ABC + (AB)¢D
= ABC + (A¢ + B¢)D

F = ABC + A¢D + B¢D

Example 7.6

Simplify the following Boolean switching function in Example 5 using K-map and verify.

Solution The 4-variable K-map may be drawn and the switching function may be entered as shown;

The quad formed around CD becomes redundant and the resulting output expression F = ABC + A¢D + 

B¢D matches with that in Example 5.

Example 7.7

Simplify the following Boolean switching function using K-map:

f(A, B, C, D) = A(C + D)¢(B¢ + D¢) + C(B + C¢ + A¢D)

Solution The 4-variable K-map may be drawn and the switching function may be entered as shown;
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The resulting output expression is f(A, B, C, D) = AC¢D¢ + A¢CD + BC

Example 7.8

Simplify the following Boolean switching function using K-map.

f(A, B, C, D) = Sm(2, 3, 4, 5, 7, 8, 10, 13, 15)

Solution The 4-variable K-map may be drawn and the switching function may be entered as shown;

The resulting output expression is f(A, B, C, D) = A¢BC + A¢CD + A¢B¢C + AB¢D¢ + B¢CD¢ + BD

Example 7.9

Simplify the following Boolean switching function using K-map.

f(A, B, C, D) = Sm(0, 3, 5, 6, 9) + Sd(10,11, 12, 13, 14, 15)

Solution The 4-variable K-map may be drawn and the switching function may be entered as shown;

The resulting output expression is f(A, B, C, D) = A¢B¢C¢D¢ + B¢CD + BC¢D + BCD¢ + AD
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Example 7.10

Simplify the following Boolean switching function using K-map:

f(A, B, C, D) = A ◊ B ◊ C + B¢ ◊ C ◊ D¢ + A ◊ D + B¢ ◊ C¢ ◊ D¢

Solution The 4-variable K-map may be drawn and the switching function may be entered as shown;

The resulting output expression is f(A, B, C, D) = B¢D¢ + AD + AC

Example 7.11

Write out the truth table and draw the circuit corresponding to the Boolean function .Y AC AB= +
Solution        Truth table    Logic Diagram

Example 7.12

Write out the Boolean expression for Y AC AB= +  in fundamental sum of products (SOP) form.

Solution The product terms (which contain all of the input variables) are called fundamental product 

terms or ‘canonical’ SOP terms.

Using the truth table written out for this function in Example 1, we can write

.Y ABC ABC ABC= + +

Example 7.13

Express the Boolean expression Y AC AB= +  in fundamental sum of products (SOP) form.

Solution The alternate canonical SOP form of the given expression Y AC AB= +  is Y = S(0, 1, 3)
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Example 7.14

Draw the logic circuit to implement the fundamental sum of products expression below and then mini-

mise it to obtain the simplified Boolean expression .Y ABC ABC ABC= + +

Solution

(a) Circuit for unsimplified expression

( ) ( )

ABC ABC ABC ABC ABC ABC ABC

AB C C AC B B

AB AC

+ + = + + +
= ◊ + + ◊ +
= +

(b) Circuit for simplified expression

Example 7.15

Minimise the logic expression below and draw the logic circuit for the simplified expression 

.Y ABC ABC ABC= + +

Solution

( ) ( )

Y ABC ABC ABC

ABC ABC ABC ABC

AB C C A A BC

AB BC

= + +
= + + +
= + + +
= +

Example 7.16

Minimise the logic expression below and draw the logic circuit for the simplified expression 

.Y ABC ABC ABC ABC= + + +

Solution

( ) ( )

( )

Y AB C C AB C C

AB AB

A B B

A

= + + +
= +
= +
=
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Example 7.17

Simplify using Boolean laws:

F AC ABC AC= + +

Solution F = (A¢ + C¢) + ABC + AC; Using De Morgan’s law (Similarly, readers are required to list

out all applicable laws in each step)

= (A¢ + AC) + (C¢ + ABC) = (A¢ + C) + (C¢ + AB) = (C + C¢) + (A¢ + AB) = (1) + (A¢ + B) = 1

Example 7.18

Simplify using Boolean laws:

F AB ABD ABD ACD ABC= + + + +

Solution F = AB¢ + AB(D + D¢) + (A¢ + B¢ + C¢) + A¢BC¢; Using De-Morgan’s law(Similarly, the

reader is required to list out all applicable laws in each step)

= AB¢ + AB(1) + (A¢ + B¢ + C¢) + A¢BC¢
= A(B¢ + B) + (A¢ (1+ BC¢)) + B¢ + C¢ = A (1) + (A¢ (1)) + B¢ + C¢
= (A + A¢) + B¢ + C¢ = 1

Example 7.19

Simplify using Boolean laws:

F BD BCD A BCD= + +

Solution F = B (D + CD¢) + A(B¢ + C¢ + D¢) = B(D + C) + A(B¢ + C¢ + D¢)¢ = BD + BC + AB¢ + AC¢
+ AD¢

Example 7.20

Simplify using K-map:

F(A, B, C, D) = Â (1, 4, 5, 6, 12, 14, 15, 16)

Solution F(A, B, C, D) = BC¢D¢ + A¢C¢D + BCD¢ + ABC
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Example 7.21

Simplify using K-map:

F(A, B, C, D) = Â (0, 1, 2, 4, 5, 7, 11, 15)

Solution F (A, B, C, D) = A¢B¢D¢ + A¢C¢ + A¢BD + ACD

Example 7.22

Simplify using K-map:

F(A, B, C, D) = Â (2, 3, 10, 11, 12, 13, 14, 15)

Solution F(A, B, C, D) = A¢B¢C¢ + AC + AB

Example 7.23

Simplify using K-map:

F(A, B, C, D) = Â (0, 2, 4, 5, 6, 7, 8, 10, 13, 15)

Solution F(A, B, C, D) = B¢D¢ + A¢C¢D + BCD¢ + ABC
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Example 7.24

Design equations for a 4-bit BCD to Excess-3 code converter are given in below:

Z = D, Y = C ≈ D, X = B ≈ (C + D), W = A + B(C + D)

Write the function table and draw the logic diagram.

Solution The function table for a 4-bit BCD to Excess-3 code converter is shown in Table Ex. 24.

Table Ex. 24 BCD to Excess-3 code converter and vice-versa

B C D Excess 3

A B C D W X Y Z

0 0 0 0 0 0 1 1

0 0 0 1 0 1 0 0

0 0 1 0 0 1 0 1

0 0 1 1 0 1 1 0

0 1 0 0 0 1 1 1

0 1 0 1 1 0 0 0

0 1 1 0 1 0 0 1

0 1 1 1 1 0 1 0

1 0 0 0 1 0 1 1

1 0 0 1 1 1 0 0

The resulting circuit diagram is shown in Fig. Ex.24.

Fig. Ex.24 Logic diagram of BCD to Excess-3 code converter
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Example 7.25

Design equations for a 4-bit Excess-3 to BCD code converter are given below:

D = Z, C = Y ≈ Z, B = X ≈ YZ, A = W(X + YZ)

Write the function table and draw the logic diagram.

Solution The function table for a 4-bit Excess-3 to BCD code converter is shown in Table Ex.24.

The resulting circuit diagram is shown in Fig. Ex.25.

Fig. Ex.25 Logic diagram of EXCESS-3 to BCD code converter

Example 7.26

Convert 15(16) into its equivalent decimal number.

Solution  15(16) = 1 ¥ 161 + 5 ¥ 160

= 16 + 5 = 21(10)

Example 7.27

If B8(16) = X(10), find the value of X.

Solution  B8(16) = B ¥ 161 + 8 ¥ 160

= 11 ¥ 16 + 8 = 184(10)

i.e. X = 184

Example 7.28

What is the hexadecimal equivalent of 24(10)?

Solution

16 24 24(10) = 18(16)

1-8
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Example 7.29

If 513(10) = X(16) then find the value of X.

Solution

16 513 513(10) = 201(16)

16 32  –1

2     –0

i.e. X = 201
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Chapter 9: Transducers

Example 9.1

A parallel-plate capacitive transducer has plate dimensions of 25 mm ¥ 35 mm separated by a distance 

of 0.35 cm. A pressure applied to it produces a diaphragm movement of 0.06 cm; find the capacitance 

of the transducer if the un-pressured capacitance of the transducer is 370 pF.

Solution From Eq. (9.1), we may write

C1 = 
0

1

r

d

e e
Farads  and  C2 = 

0

2

r A

d

e e
Farads

Now,
1

2

C

C
 = 

0

1 2

0 1

2

r

r

A

d d

A d

d

e e

e e
=

i.e. C2 = C1 ¥ 1

2

d

d
 = 370 ¥ 10–12 ¥

0.35 cm

( 0.35 0.06 ) cm-
 = 446.5 ¥ 10–12

Example 9.2

In Example 1, if the value of C1 is 200 pF without any dielectric in between the plates. Find the value 

of the dielectric constant needed to produce the same displacement.

Solution From Eq. (9.1), we may write

C1 = 
0

1

r

d

e e
Farads  and  C2 = 

0

2

r A

d

e e
Farads

Now,
1

2

C

C
 = 

0

1 2

0 1

2

r

r

A

d d

A d

d

e e

e e
=

i.e. C2 = C1 ¥ 1

2

d

d
 = 200 ¥ 10–12 ¥

0.35 cm

( 0.35 0.06 ) cm-
 = 241.38 ¥ 10–12

Now, C2 =
0

2

r A

d

e e
Farads

er = 
12 2

2 2

12 6

241.38 10 ( 0.35 0.06 ) 10

8.85 10 ( 25 35) 10n

C d

Ae

- -

- -

¥ ¥ ¥ - ¥
=

¥ ¥ ¥ ¥

er = 
3

4

79.0963 10

8.75 10

-

-

¥

¥
 = 90.396
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Example 9.3

Find the sensitivity of a LVDT that produces an output voltage of 5 mV across its output terminals, if 

the core movement is 0.5 mm.

Solution From Eq. (9.6b), we may write

S = 
3

3

5 10 mV
10

mm0.5 10

-

-

¥
=

¥

Example 9.4

Find the pressure value required to produce an output voltage of 89 V in a piezoelectric transducer 

given the voltage sensitivity of the crystal is 0.05 V-m/N and the thickness of 1.5 mm.

Solution From Eq. (9.9), we may write

P = 
o

3

89

0.05 1.5 10

V

g t -
=

¥ ¥ ¥

P = 
6

2

1.87 10 N

m

¥

Example 9.5

Find the Poisson’s ratio for a strain gauge using an iron wire with a gauge factor of +4.198. Neglect all 

the piezo-resistive effects.

Solution From Eq. (9.12), the gauge factor may be written as

GF = 1 + 2x

Now, the Poisson’s ratio is

x = F 1 4.198 1

2 2

G - -
=

x = 1.599

Example 9.6

A resistance wire strain gauge with a gauge factor of +2.00 is strained by applying a stress, resulting 

in a 0.5 mm deformation. If the length of the wire is 100 cm, find the percentage change in the gauge 

resistance.

Solution From Eq. (9.11), the strain of the gauge is given by

Œ = 
3

2

0.5 10

100

L

L

-

-

¥D =  = 500 ¥ 10–6

From Eq. (9.11) for the gauge factor, the percentage change in resistance is given by

R

R

D
 = GF ¥ Œ = 2 ¥ 500 ¥ 10–6 = 0.001 = 0.1%

The percentage change in resistance is only 0.1.
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Example 9.7

The resistance of a thermistor used in an application at 25°C is 10 kW. Find the resistance of the therm-

istor if its temperature is doubled given the temperature co-efficient is –0.05/°C.

Solution From Eq. (9.13), the new resistance value is

R2 = R1(1 + a (t2 – t1))

= R1(1 + a Dt) = 10 ¥ 103 (1 + (–0.05(50-25)))

R2 = 2.5 ¥ 103W

Example 9.8

Calculate the output voltage developed across a Hall-effect transducer used for the measurement of a 

magnetic field of strength 0.55 Wb/m2. The current flowing through the germanium Hall conductor of 

2 mm thickness is 3000 mA and the Hall co-efficient is –8 ¥ 10–3

2

.
Wb

m

V m

A

a -

-

Solution From Eq. (9.14), the output voltage developed is

Vb = 
3

3

0.55 3 18 10

2 10

-

-

¥ ¥ ¥

¥
 = –6.6 V

Example 9.9

Calculate the sensitivity of the LVDT if an output voltage 2 mV is produced when the core of LVDT 

moves through a distance of 0.5 mm.

Solution From Eq. [9.5(a)], the sensitivity of the LVDT is

S = 
3Output voltage 2 10 4 mV

5
Core displacement 0 mm

-¥
= ◊ =

Example 9.10

Calculate the LVDT core displacement if the output voltage developed across the terminals of LVDT is 

1.5 V. The sensitivity of the LVDT is 2 mV/mm.

Solution From Eq. 9.5(a), the sensitivity of the LVDT is

S = 
3Output voltage 2 10 2 mV

5
Core displacement 0 mm

-¥
= ◊ =

2 mV

mm
 = 

3Output voltage 1.5 10

Core displacement d

-¥
=

d = 
31.5 10

2 mV

mm

-¥
 = 0.75 mm
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Chapter 10: Field Effect Transistors and Other Devices

Example 10.1

The drain resistance of a FET is 2200W; the drain-source voltage changes by 5 V with VGS = –2 V. Find 

the change in drain current.

Solution From Eq. (10.2),

DID = 
DS

d

5

2200

V

r

D
=  = 2.273 mA.

Example 10.2

In Example 2, if VGS changes by 2 V, find the value of transconductance.

Solution From Eq. (10.3),

gm = 

3
D

GS

2.273 10

2

I

V

-D ¥
=

D
 = 1.14 m

W

Example 10.3

In examples 1 and 2, what is the resulting amplification factor?

Solution From Eq [10.4(a)]

m = rd ¥ gm

= (2200 ¥ 1.14 ¥ 10–3) = 2.5

Example 10.4

In example 1, the drain-source voltage is increased and the device surpasses the ohmic region. If the 

device VP = 4 V and IDSS = 10 mA, find ID.

Solution From Eq. (10.1),

ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

= 10 ¥ 10–3

2
2

1
4

-Ê ˆ-Ë ¯-
 = 2.5 mA

Example 10.5

In Figure 10.7 of example 10.4, find VD, VG and VS.

Solution  VD = VDSQ = 7.31 V

VG = VGS = –1.5 V and

VS = 0 V
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Example 10.6

In example 10.4, the device is damaged and replaced by a new FET. The values of IDSS and VP are only 

half of the first device; find the operating point.

Solution IDSS (2) = 
DSS(1)

2

I
 = 5 mA and

VP (2) = 
P(1)

2

V
 = –4 V.

From Eq. (10.5); VGS = –VGG = –1.5 V

From Eq. (10.1);

ID = IDSS

2

GS

P

1
V

V

Ê ˆ
-Á ˜Ë ¯

= 5 ¥ 10–3

2
1.5

1
4

-Ê ˆ
-Á ˜-Ë ¯

 = 1.953 mA

IDQ = 1.953 mA

From Eq. (10.8);

VDS = VDD – IDRD

= 12 – (1.953 ¥ 10–3 ¥ 1.2 ¥ 103)

DS 9.66 VV =

The operating point Q(IDQ, VDSQ) = (1.953 mA, 9.66 V)

Example 10.7

In example 6, find VD, VG and VS.

Solution From Fig. 10.7.

VD = VDSQ = 9.66 V

VG = VGG = –1.5 V and

VS = 0 V

Example 10.8

In example 10.5, find VD, VG and VS.

Solution From Fig. 10.10

VD = VDS + VS where VS = IDRS

i.e. VS = 1.6 ¥ 10–3 ¥ 1 ¥ 103 = 1.6 V

i.e. VD = VD + VS = (9.12 + 1.6) = 10.72 V

VG = 0 V
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Example 10.9

In example 10.5, if RS is increased fourfold, find VD, VS and VG

Solution New RS¢ = (1 + 4)RS

= 5 kW
VS = ID ¥ RS = 1.6 ¥ 10–3 ¥ 5 ¥ 103

= 8.0 V

VD = VDS + VS

= (9.12 + 8.0) = 17.12 V

VG = 0 V

Example 10.10

In example 10.8, find VD and VS.

Solution From Fig. 10.14,

VD = VDD – IDRD

= (16 – 2.43 ¥ 10–3 ¥ 2.4 ¥ 103)

VD = 10.17 V

VS = ID ¥ RS

= (2.43 ¥ 10–3 ¥ 1.5 ¥ 103) = 3.645 V

Example 10.11

In example 10.8, if the device is replaced by another FET with IDSS and VP values doubled, calculate 

the new operating point.

Solution For the new device

IDSS = 16 mA and VP = –8 V

Equation (10.24) may be re-written as

IDSS (1.455)2 + IDSS (375 ID)2 – IDSS [2(1.455)(375 ID)] = 0

2250 ID
2 – 19.46 ID + 33.8 ¥ 10–3 = 0

Solving for ID, we get ID = 2.41 mA

Also, VGS = VG – IDRS = –1.79 V

VDS = VDD – ID (RD + RS) = 6.6 V

The operating point Q(IDQ, VGSQ, VDSQ) = (2.41 mA, –1.79 V, 6.6 V)

Example 10.12

In example 10.27, find VD and VS

From Fig. 10.14, 

VD = VDD – IDRS = 16 – 2.41 ¥ 10–3 ¥ 1.5 ¥ 103 = 12.39 V

VS = IDRS = 2.41 ¥ 10–3 ¥ 1.5 ¥ 103 = 3.62 V
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Example 10.13

In example 10.10, find VD and VS

Solution From Fig. 10.16,

VD = VDD – IDRD

= (24 – 1.6 ¥ 10–3 ¥ 6.2 ¥ 103)

VD = 14.08 V

VS = IDRS

= 1.6 ¥ 10–3 ¥ 1.5 ¥ 103

= 2.4 V

Example 10.14

A relaxation oscillator constructed using UJT of example 10.15 uses R = 10 KW and C = 1 mF. Calcu-

late the approximate frequency of oscillation if VBB = 10 V.

Solution From Eq. 10.38; f
C

1

T
M  and From Eq. 10.40

TC = RC loge
1

1 n

È ˘
Í ˙-Î ˚

= 10 ¥ 103 ¥ 1 ¥ 10–6 loge
1

1 0.6

È ˘
Í ˙-Î ˚

TC = 9.163 mS

f @
3

C

1 1

9.163 10T -
=

¥
 = 109.1 Hz

f = 109 Hz





Chapter 1:  Semiconductor Physics and 
PN Junction

1.1 Classify solid materials based on electrical properties

Ans Solid materials may be classified into the following three types: 

(i) Insulators, (ii) Conductors, and (iii) Semiconductors.

1.2 What do you mean by atomic number?

Ans The number of protons or electrons in an atom is called the “atomic 

number”.

1.3 Give the atomic number for silicon, carbon and aluminium.

Ans The atomic number for silicon is 14, for carbon it is 5, and for 

aluminium it is 13.

1.4 What do you mean by forbidden energy gap?

Ans The energy gap between the conduction band and the valence band 

is called ‘forbidden energy gap’. In conductors this gap is zero; in 

insulators, it is too high; and in semiconductors, it is reasonably small.

1.5 Give the forbidden-energy-gap value for silicon and germanium 

semiconductors.

Ans The forbidden energy gap for silicon is 1.12 eV and for germanium it is 

0.72 eV.

1.6 The reverse saturation current is germanium is more than in 

silicon. Why?

Ans The velence electrons in germanium are at higher energy level 

(4th shell) compared to silicon (3rd shell). Thus, germanium produces 

more electron-hole pairs them silicon (the valence electrons require 

less energy to become free), and hence the reverse saturation (leakage) 

current is more in germanium.

Quiz Questions 
(Short-answer
Questions)
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1.7 What do you mean by intrinsic and extrinsic semiconductors? Explain

Ans The semiconductor in its pure form is called intrinsic semiconductor. Silicon and germanium are 

intrinsic semiconductors and have 4 valence electrons.

   The semiconductor with an impurity added to it to increase its conductivity is called an extrin-

sic semiconductor.

1.8 What is doping? Explain

Ans The process of converting an intrinsic semiconductor into an extrinsic semiconductor is called 

doping. In other words, the process of adding impurity to an intrinsic semiconductor to change 

its conductivity is called doping.

1.9 Name a few impurity (dopent) materials that are commonly used.

Ans The dopents are of two types;

(a) Donor type or pentavalent impurity: Phosphorous, Arsenic, Antimony, etc.

(b) Acceptor type or trivalent impurity: Indium, Gallium, Aluminium, etc.

1.10 How are P-type and N-type semiconductors produced? Explain

Ans Addition of a pentavalent impurity to an intrinsic semiconductor results in an N-type semicon-

ductor.

   Similarly addition of a trivalent impurity to an intrinsic semiconductor results in a P-type

semiconductor.

1.11 In equally doped extrinsic semiconductors, N-type has larger conductivity than p-type

semiconductor. Why?

Ans Electrons are the majority carriers in N-type semiconductors, and mobility of electrons is greater 

than holes at a given level of doping. This results in increased conductivity of N-type semicon-

ductors.

1.12 What is the effect of increasing temperature on the conductivity of semiconductors?

Ans Semiconductors have negative temperature coefficient (a) and hence increase in temperature 

results in increased conductivity and reduced resistivity.

1.13 An unbiased PN junction has no current flowing through it. Why?

Ans When a PN junction is formed, it results in a depletion region across the junction. This in-turn 

stops free electrons from N-type and free holes from P-type to cross the junction. Hence, there 

will be no current flow.

1.14 Leakage current in germanium is more compared to silicon. Why?

Ans The valence electrons in germanium are at a higher energy level (4th shell in Ge and 3rd shell is 

Si) compared to silicon. Thus, even at a small additional energy. Ge results in large electron-hole 

pairs compared to Si. Hence, Ge has more leakage current compared to Si.

1.15 Silicon is a widely used semiconductor as compared to germanium. Justify.

Ans For a given amount of biasing (additional energy), the leakage current/reverse saturation current 

is less in Si material when compared to Ge material. This makes Si more suitable for applications 

than Ge, and hence Si is widely used.

1.16 Draw the VI characteristics of a biased PN junction and mark salient parameters on the curve.

Ans The VI curve of a PN junction is shown in Fig. Q1.16.
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  Legend:

(i) VFB: Forward break-over voltage 

or knee-voltage

(ii) VRB: Reverse break-over voltage

(iii) Forward dynamic resistance Rd

=
Ak

D

V

I

D
W

D
(iv) Forward static resistance 

  Rf = 
D

D

V

I
W

(v) Vr = VFB: Cut-in or knee voltage

(vi) Reverse resistance

  Rr = 
RB

R

V
M

I
W

1.17 On a common scale, draw the VI characteristics of Si and Ge PN junctions.

Ans The VI characteristics of Si and Ge PN junctions is shown in Fig. Q1.17.

Fig. Q1.17 VI characteristics of Si and Ge PN junctions

1.18 Define forward resistance of a PN junction.

Ans For a forward biased PN junction, two forward resistances may be defined:

(i) Static forward resistance (Rf) defined as the ratio of forward voltage (VF) to the correspond-

ing forward current (ID)

  i.e.  Rf = D

D

V

I
W

  Normally, Rf is very small and will be in the order of few tens of ohms:

Fig. Q1.16 VI characteristics of a PN junction
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(ii) Dynamic forward resistance (Rd), defined as the ratio of change in forward voltage (DVD or 

DVAk) to the corresponding change in forward current (DID).

  i.e.  Rd = D

D

V

I

D

D
W

  Normally, Rd is very small (Approximately = Rf)

1.19 Define reverse resistance of a PN junction.

Ans It is defined as the ratio of reverse voltage (VRB) to reverse current IR.

  i.e. Rr = RB

R

V

I
 MW

  Normally, reverse resistance Rr will be very high and will be in the order of a few mega ohms.

1.20 Write the current equation for a PN junction diode.

Ans The diode current equation is

  ID = IO
/[ 1]TV Ve h -  amperes where IO is the reverse saturation current for the diode.

1.21 Comment on the diode current equation.

Ans The diode current equation is given in Q.1.20. Here, the reverse saturation current IO is a very 

small value. IO is of the order of nano-amperes (hA): v is the voltage across diode; for possible 

values, I increases exponenetially and for negative values of v, I is almost IO as indicated in the 

Fig. 1.42 h is a constant equal to 1 for Ge and 2 for Si. VT is the voltage equivalent of temperature, 

dependent on Boltzmann constant k, charge of electron q and temperature T.

1.22 Name the capacitances associated with the biased PN junction diode.

Ans A conducting PN junction diode has two capacitances associated with it; CD diffusion 

capacitance under forward biased condition and CT transition capacitance under reverse biased 

condition.

1.23 What is an ideal diode?

Ans A diode is one which has zero forward resistance (Rf = 0), zero cut-in voltage (Vg = 0) and infinite 

reverse resistance (Rr = μ).

1.24 Can an ideal diode be used as a switch?

Ans Yes, an ideal diode is a closed switch when forward biased and an open switch when reverse 

biased.

1.25 Draw the equivalent circuit of a PN junction diode.

Ans The equivalent circuit for a PN junction diode is shown in Figure Q. 1.25

Vs

Rf

Ideal

A A

Rr = D0

IdealIs

Is

   (a) Forward biased (b) Reverse biased

Fig. Q1.25 Diode equivalent circuit
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Chapter 2: Diode Applications

2.1 What do you mean by cut-in voltage of a diode?

Ans In a forward-biased diode, the minimum anode-cathode voltage (VAK) required for recognizable 

diode current flow is called cut-in voltage (Vx)

2.2 What is the effect of temperature on Vg?

Ans Vg  reduces with increase in temperature (–ve a)

2.3 List the value of cut-in voltage for Si and Ge diodes

Ans The cut-in voltage for

Si diode Vg  (Si) = 0.6 V and

Ge diode Vg  (Ge) = 0.2 V

2.4 List various blocks of a regulated power supply (RPS)?

Ans An RPS contains a step-down transformer, a rectifier, a filter and a regulator.

2.5 What are the main functions of the above listed blocks of a RPS?

Ans Functions of various blocks of an RPS (i) Step-down transformer Æ Provides isolation between 

high tension voltage (230 V) and user side; steps down the voltage (ii) Rectifier Æ converts ac i/p 

to dc o/p (iii) Filter Æ improves quality of dc o/p and reduces ripples (iv) Regulator Æ Regulates 

o/p dc against load and line variations.

2.6 Sketch the VI characteristics of an Si diode and a Ge diode on common axes and mark 

various parameters on the curves.

Ans  

Vx(si) = 0.6 V

Vx(Ge) = 0.2 V

ID(Cf)

ID(Ge)

ID

(A)

O

Breakdown

voltageVRB(Si)

VRB(Ge)

Vak

(V)

Fig. Q2.6 VI characteristics of Si and Ge diodes

2.7 What the importance of load line?

Ans A load line indicates the operating point for the circuit. The zero-signal values of diode current 

and anode-cathode voltage forms the dc loadline for diode circuit.

2.8 What is a converter or rectifier?

Ans A converter is a circuit which converts the input ac signal into output dc signal.

2.9 How do you classify rectifier circuits?

Ans Rectifier circuits are broadly classified into two types: (i) Half-wave rectifiers (ii) Full-wave 

rectifiers.

2.10 What is the major difference between a half-wave rectifier and a full-wave rectifier?

Ans A half-wave rectifier converts only one-half cycle of input ac into dc, but a full-wave rectifier 

converts both half-cycles of input ac into dc.
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2.11 List the disadvantages of a half-wave rectifier as compared to a full-wave rectifier.

Ans Disadvantages/drawbacks/limitations of an HWR;

(i) Converts only one half-cycle of i/p ac to o/p dc and hence less conversion efficiency is only 

40.6%

(ii) The output contains more ac components than the dc components and hence ripple factor is 

high upto 121%

(iii) The transformer utilization (TUF) is very low and is only 28.7%

2.12 Compare the performance of the two full-wave rectifier circuits.

Ans The two FWR circuits; the centre-tapped FWR and the bridge-type FWR have

(i) the same conversion efficiency of 81.2%

(ii) the same ripple factor of 48%

(iii) bridge-type FWR uses 4 diodes against 2 diodes in centre-tapped type.

(iv) The PIV rating of diodes in a centre-tapped FWR is twice that of bridge-type FWR 

(2Vm against Vm)

(v) The TUF is 69.3% in

2.13 What is the role of a filter in a dc power supply?

Ans The o/p of a rectifier is a pulsating one and contains more ripples. In order to reduce the ripples 

and smoothen the o/p, filters are used.

2.14 In the construction of filter, capacitors (c) are connected in shunt and inductors (L) in series 

with load; explain why?

Ans For filter construction, always L is connected in series, because, an inductor allows dc to flow 

through and blocks ac components. Similarly, C is connected in shunt with load, because, a ca-

pacitor allows ac to ground and routes dc components to load.

2.15 List different types of filters that are generally used.

Ans Different filters that may be used are (i) C-filter, (ii) L-filter (iii) LC or choke input filter (iv) CLC

or p filter.

2.16 Which is the best filter to use and why?

Ans A CCL-filter or a p-filter is the best filter to use; because it offers smooth output (more dc) and 

better ripple factor.

2.17 What is the function of a voltage regulator? Explain.

Ans A regulator in an RPS is to maintain a steady output voltage against any changes in the input line 

voltage (line regulation) or changes in the load demand (load regulation). A regulator maintains 

this over a range of Vin or IL.

2.18 Define regulation for a power supply.

Ans Regulation is defined as change in output voltage from no-load condition to full-load condtion.

   Regn = NL FL

FL

V V

V

-
¥ 100%
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2.19 Classify regulators that are used in a power supply.

Ans (A)
Voltage regulators

Series voltage regulators

    Shunt voltage regulators

  (B)
Current regulators

Series current regulators

    Shunt current regulators

2.20 What is the role of a zener diode connected after a filter in an RPS?

Ans A zener diode in an RPS acts as a regulator that provides constant output voltage against line and 
load variations.

2.21 List at least one advantage and one disadvantage of a zener regulator.

Ans Advantage: A zener regulator is very simple and cheap.
  Disadvantage: A zener regulator output voltage is fixed to zener voltage Vz and offers poor 

regulation.

2.22 What is the role of a diode voltage multiplier?

Ans A voltage multiplier circuit is used to increase the input voltage value. A voltage doubler 
increases the i/p voltage by two fold, a tripler increases it by threefold, and so on.

2.23 A voltage doubler uses Vm sin w t as its i/p; what is its o/p?

Ans The output of the doubler is V = 2Vm = 2VP.

2.24 Name at least two different wave-shaping circuits using diode.

Ans Clipping circuits and clamping circuits are the two wave-shaping circuits using diodes.

2.25 What is the main role of clipping circuit?

Ans A clipping circuit is used to remove or clip one or more parts of an input ac waveform; the re-
maining part of the input signal is passed to output undistorted.

2.26 What is the role of a clamping circuit?

Ans A clamping circuit is used to shift the input signal above or below the given reference level with-
out actually altering its original shape.

2.27 Why a clamper is also called a dc restorer circuit?

Ans A clamper is also called as a dc restorer or dc re-inserter because of the reason that the circuit 
re-introduces dc conditions to the input signal.

2.28 A two-level clipper has reference voltages Vref = ±2 V; if the input voltage is sinusoidal, 

crossing the reference voltages (well above ±2 V), what is the shape of an output?

Ans Since the input crosses reference voltage on either side, the output is approximately a square 
wave as shown in Fig. Q. 2.28.

p

p

2p

2p

i/po

0/p +2V

–2V

0

wt

wt

Fig. Q. 2.28
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Chapter 3: Bipolar Junction Transistors

3.1 Define in your own words a transistor.

Ans (i) A transistor is a three-terminal, two-junction semiconductor device, generally used to in-

crease the strength of an input, signal.

  (ii) Transistor means ‘transfer of resistance’ which in turn means high resistance offered at 

input is transformed into low resistance at output.

  (iii) A transistor is a semiconductor device that is referred to as two back-to-back connected PN

junction diodes.

3.2 Name the different types of transistor you know.

Ans Bipolar Junction Transistor (BJT), Field Effect Transistor (FET) and Uni Junction Transistor 

(UJT) are some of the popular transistors.

3.3 Name the three terminals of a BJT.

Ans Base (B), Emitter (E) and Collector (C) are the three terminals of a BJT.

3.4 Name the two junctions of a BJT.

Ans Base-Emitter (BE or input) junction and the Base-Collector (BC or output) junction are the two 

junctions in a BJT.

3.5 Name the two types of charge carriers in a BJT.

Ans In a BJT, there are two types of charge carriers—the majority charge carriers and the minority 

charge carriers.

3.6 Name two different types of popular BJTs.

Ans The two popular BJTs that are commercially available are NPN and PNP transistors.

3.7 Draw the basic structure and the corresponding circuit symbols of the two transistors.

Ans Transistor structure and the corresponding symbols are given in Fig. Q3.7.

Q
B

E

PNP

B

E
E

Q

C C

C

BC

B

NPN
E

(i) Transistor

structure

(a) NPN transistor (a) PNP transistor

(ii) Symbol (i) Transistor

structure

(ii) Symbol

Fig. Q3.7 Bipolar junction transistors

3.8 Comment on the doping levels of E-B-C of a BJT.

Ans An Emitter which is largest of the three terminals is heavily doped, since it has a supply of large 

number of charge carriers (electrons in NPN and holes in PNP type). The base is thinnest of the 

three and is lightly doped. The collector is medium in width and is moderately doped.

3.9 Name the three popular configurations of BJT.

Ans A BJT may be connected in a circuit in one of the following three configurations:

(i) Common Emitter Configuration

(ii) Common Base Configuration

(iii) Common Collector Configuration
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3.10 What is a load line?

Ans A load line for any device represent the relationship between the device voltage and the cor-

responding device current. Figure Q3.10 indicates the two load lines generally possible for any 

device. (Refer Q. 2.7 also)

Iamps

IQ

O VQ

dc load line

ac load line

Q(V, I )

V volts

Fig. Q3.10 Load line for a device

3.11 Define operating point (Q-point) for a BJT.

Ans The quiescent point or operating point (Q-point)

for a BJT represents the zero-signal values of the 

collector-emitter voltage VCE and the corresponding 

value of collector current IC.

   As indicated in Figure Q3.11, VCE(max) with IC = 0 

and IC(max) with VCE = 0 represent the extremities 

of the dc load line. Every point on the load line 

represents a Q-point.

3.12 What are the benefits of common collector (CC) configuration?

Ans A CC configuration offers high input impedance, low output impedance and a good current am-

plification.

3.13 What are the important applications of CC configuration?

Ans A CC configuration is useful in impedance matching, current amplification, buffering, etc.

3.14 What are the benefits of common emitter (CE) configuration?

Ans A CE configuration offers a good voltage amplification, a moderate current amplification and 

hence a good power amplification.

3.15 What are the important applications of CE configuration?

Ans A CE configuration is useful in applications like amplification, oscillation (signal generation), 

power amplification, etc.

3.16 What are the drawbacks of common base (CB) configuration?

Ans A CB configuration has low input impedance, high output impedance, very less current 

amplification.

3.17 What are the advantages of CB configuration?

Ans A CB configuration offers good voltage amplification and suited well for high-frequency 

applications.

IC(A)

ICQ

O VCEQ VCE(max)

VCE (V)

dc load line

IC(max)

Q(VCEQ, ICQ)

Fig. Q3.11  BJT operating point and load line
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3.18 What is an amplifier?

Ans An amplifier is a circuit that is used to increase strength of a weak signal.

3.19 If a transistor is used for amplification. What are the biasing conditions of transistor 

junctions?

Ans In order that a transistor works as an amplifier, its base-emitter junction should be forward biased 

and base-collector junction should be reverse biased.

3.20 Define operating point (Q-point) for a transistor.

Ans The Q-point for a BJT is the zero-signal values of collector current IC and collector-emitter 

voltage VCE ie Q(VCEQ, ICQ). The Q-point lies on the BJT load line with ordinates ICQ and VCEQ.

3.21 Name different biasing methods available for transistor circuits.

Ans The following are the four important transistor biasing methods in use:

(i) Fixed bias (ii) Feed-back bias or Collector-base bias (iii) Self-bias (iv) Potential divider bias

3.22 How do we measure the performance of a transistor biasing method?

Ans The performance of a transistor biasing circuit is measure using the performance parameter 

called the stability factor.

3.23 Define stability factor.

Ans Stability factor for a biasing circuit may be defined as the variation of the collector current IC due 

to variations in three parameters of BJT, namely current gain, leakage current and base-emitter 

voltage.

3.24 Which biasing method is the best and why?

Ans Potential divider or voltage divider or self-bias with potential divider is the best biasing method. 

A potential-divider bias offers very small variation of collector current or, in other words, a good 

stability factor, and hence is the best method.

3.25 Can we use a transistor as a switch?

Ans Yes, a transistor can be used as a switch.

3.26 How can you use a transistor as a switch?

Ans A transistor when operated in cut-off (open switch) region and saturation (closed switch) region 

acts as an electronic switch.

3.27 What is an emitter follower?

Ans The CC configuration of a BJT is referred to as an emitter follower.

3.28 What are the salient features of an emitter follower?

Ans An emitter follower has unity voltage gain, very high input impedance, very low output 

impedance and good bandwidth.

3.29 Name important applications of an emitter follower.

Ans An emitter follower finds its applications in impedance matching, current amplification and 

buffering.

3.30 What advantage do the bias compensation circuits.

Ans Bias compensation circuits offer good stability and minimise the gain loss.
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Chapter 4: BJT amplifiers, Feedback and Oscillators

4.1 What is an amplifier?

Ans An amplifier is a circuit that uses a weak input signal and produces a strong output signal. It is 

important that the shape of the input signal is to be maintained.

4.2 What are different parameters for the input signal that an amplifier may strengthen?

Ans An amplifier may increase the input voltage or input current or power (both voltage and current) 

at the output.

4.3 Classify amplifiers based on frequency of operation.

Ans (a) Audio Frequency (AF) amplifiers

  (b) Radio Frequency (RF) amplifiers.

4.4 Classify amplifiers based on the parameter amplified for the input signal.

Ans (a) Voltage amplifiers

  (b) Current amplifiers

  (c) Power amplifiers

4.5 Write the expressions for AV and AI in dB.

Ans  AV = 10 log o

in

V

V

È ˘
Í ˙
Î ˚

   AI = 10 log o

in

I

I

È ˘
Í ˙
Î ˚

4.6 Write the expression for AP in dB.

Ans AP = 10 log o

in

P

P

È ˘
Í ˙
Î ˚

 = 20 log 
o

in

I

I

È ˘
Í ˙
Î ˚

 = 20 log 
o

in

V

V

È ˘
Í ˙
Î ˚

4.7 Classify the amplifiers based on number of amplification stages used.

Ans (a) Single-stage amplifiers

  (b) Multistage amplifiers

4.8 Write the overall gain equation for a multistage amplifier in terms of stage gain.

Ans Overall gain

   A = A1 ¥ A2 ¥ ... ¥ AN

  where A1, A2, … are stage gains of N-stages.

4.9 If the individual stage gains are in dB, then write the overall gain expression for a 

multistage amplifier.

Ans Overall gain

   A = (A1 + A2 + ... + AN)dB

  where A1, A2 … are stage gains in dB.



4.10 Classify the amplifiers based on the location of operating point on the load line.

Ans (a) Class-A amplifiers

  (b) Class-B amplifiers

  (c) Class-C amplifiers

  (d) Class-AB amplifiers

  (e) Class-D amplifiers

4.11 Classify the amplifiers based on the type of coupling used to interconnect two stages.

Ans (a) Direct-coupled amplifies

  (b) RC coupled amplifiers

  (c) Transformer-coupled amplifiers

4.12 Name the two types of Class-A amplifier.

Ans (a) Series-fed Class-A amplifier

  (b) Transformer-coupled Class-A amplifier

4.13 What is the maximum theoretical conversion efficiency of a Class-A amplifer?

Ans (a) For Series-fed Class-A, hmax = 25%

  (b) For transformer-coupled Class-A, hmax = 50%

4.14 What is the maximum theoretical conversion efficiency of a Class-B amplifier?

Ans For Class-B, hmax = 78.5%

4.15 Name any two advantages of push-pull amplifiers.

Ans Push-pull amplifiers

(i) offer very high conversion efficiency

(ii) eliminate even harmonies is the output and hence reduce distortion.

4.16 List different features of Class-C operation.

Ans In a Class-C operation,

(i) the output/collector current IC flows for less than 180° of input.

(ii) IC flows in the form of pulses and hence good conversion efficiency.

(iii) Lesser the conduction period (IC flow) more will be efficiency for the amplifier.

4.17 In a Class-AB operation, can we achieve a conversion efficiency more than that in a Class-B 

operation?

Ans No, that is not possible. The conversion efficiency of a Class-AB amplifier may be close to 

78.5%, but not more than that.

4.18 List at least two advantages of complementary amplifier.

Ans A complementary-symmetry amplifer

(i) eliminates the i/p and o/p transformers.

(ii) minimizes distortion in the o/p (humming due to transformers is eliminated)

4.19 What is the distortion that we observe in a Class-B amplifier?

Ans A complementary-symmetry amplifier has the “Crossover distortion” in the output.

4.20 Indicate through waveforms the crossover distortion in a Class-B amplifier.

Ans Refer Fig. 4.12.
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4.21 Draw the frequency response of an amplifier and mark important points on the response.

Ans Refer Fig. 4.16.

4.22 Draw a simple block diagram to explain the principle of feedback.

Ans Refer Fig. 4.22.

4.23 What are the advantages of negative feedback?

Ans Refer section 4.8.

4.24 Give the classification of oscillators.

Ans Refer Section 4.10.

4.25 Give two examples each for AF oscillators and RF oscillators.

Ans (a) AF oscillators—RC phase shift and wein bridge oscillators

  (b) RF oscillators—Hartley and colpitts oscillators
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Chapter 5: Communication Systems

5.1 A modulation process involves two different signals, name them.

Ans The two signals used in modulation are

(i) modulating signal or message signal

(ii) modulated signal or carrier signal

5.2 What is modulation?

Ans The process of changing the characteristics of the carrier signal according to variations in the 

information (message) signal is called modulation.

5.3 Name the important components of a communication system.

Ans The source of information, transmitter, receiver, channel and destination are components of a 

communication system.

5.4 Draw the simple block diagram of a communication system.

Ans Refer Fig. 5.2.

5.5 Draw the block diagram of a wireless communication system.

Ans Refer Fig. 5.3.

5.6 What is the medium of communication (i.e. channel) in a wireless communication system?

Ans Free space or air is the medium (channel) of communication in a wireless communication 

system.

5.7 Name some of the important blocks of a digital communication system.

Ans Refer Fig. 5.4.

5.8 Draw the block diagram of a simple digital communication system.

Ans Refer Fig. 5.4.

5.9 List some advantages of modulation.

Ans Some of the advantages of modulation are

(i) signal can be transmitted over longer distances,

(ii) modulation reduces interference or mixing of signals,

(iii) multiplexing of signals is possible, and

(iv) better utilization of resources is possible.

5.10 What is amplitude modulation?

Ans Changing the amplitude of the carrier (high frequency) signal according to the instantaneous 

changes in amplitude of the information (low frequency) signal is called amplitude modulation.

5.11 Write the expression for AM output.

Ans Refer Eq. [5.5 (a)].

5.12 Represent graphically the AM output expression and indicate clearly all relavent 

information.

Ans Refer Fig. 5.6.



Quiz Questions (Short-answer Questions)  533

5.13 What is modulation index? Explain.

Ans Modulation index is the ratio of amplitudes of modulating wave to modulated wave,

  i.e. m = 
m

c

V

V

  It indicates the depth of modulation or percentage of modulation.

5.14 Write the expression for modulation index in terms of Vmax and Vmin of Am output.

Ans Modulation index m = 
max minm

c max min

V VV

V V V

-
=

+

5.15 How many side bands are there in an AM output? What are they?

Ans An AM output contains two side bands called the Lower Side Band (LSB) and the Uppar Side 

Band (USB).

5.16 Express the total power transmitted in an AM signal in terms of modulation index and 

carrier power.

Ans Refer Eq. (5.15).

  Here m = modulation index and Pc = carrier power.

5.17 What is the amount of power contained in each sideband of an AM output?

Ans Refer Eq. (5.14).

5.18 Is the bandwidth (BW) of AM signal dependent on carrier frequency? Write the expression 

for BW of AM signal.

Ans No, BW is dependent only on information signal frequency ‘fm’ and is given by BW = 2fm.

5.19 What is the effective modulation index for an AM signal, when multiple information signals 

are used?

Ans Refer Eq. (5.18).

5.20 Write the expression for total power transmitted in Q. 5.19.

Ans Refer Eq. (5.19).

5.21 Name a few popular AM schemes.

Ans These are many popular AM schemes in use; DSB-FC, DSB-SC, SSB are some of them.

5.22 In a DSB-FC system, name the signal components contained in the output.

Ans DSB-FC means double-side-band full carrier AM output; hence, it contains a carrier signal and 

the two side bands, namely USB and LSB.

5.23 In a DSB-SC system, name the signal components contained in the output.

Ans DSB-FC means “double-side-band suppressed carrier” AM output; hence, it contains the two 

sidebands, namely USB and LSB, but no carrier.

5.24 In an SSB system, name the signal components contained in the output.

Ans SSB means “single-side-band” AM output; hence it contains only one side band, either USB or 

LSB, and no carrier signal.
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5.25 Compare bandwidth required for a DSB-FC and a DSB-SC AM system.

Ans Both DSB-FC and DSB-SC AM systems need a bandwidth of 2fm for transmission.

5.26 Compare the bandwidth requirements of DSB-SC and SSB systems.

Ans A DSB-SC system needs a bandwidth of 2fm, while an SSB system needs a bandwidth of only fm.

5.27 What is the power contained in an SSB output in terms of total power transmitted.

Ans An SSB output contains 25% of total power transmitted at m = 1.

5.28 Explain angle modulation?

Ans Frequency modulation (FM) and phase modulation (PM) are together called angle modulation.

5.29 What is frequency modulation?

Ans Changing the frequency of the carrier signal according to instantaneous changes in the amplitude 

of the message signal (amplitude of carrier is unchanged) is known as frequency modulation.

5.30 What is the bandwidth needed for FM transmission?

Ans FM transmission needs ideally infinite bandwidth; but using Carson’s rule, it is approximately 

2(d + fm)

5.31 What is demodulation? Explain.

Ans Demodulation, or detection, is the process of recovering the message signal from the modulated 

output. It is the reverse process of modulation.

5.32 Name any two types of radio receivers.

Ans (i)    TRFM Tuned Radio Frequency radio receiver.

(ii) Superheterodyne radio receiver.

5.33 In a superheterodyne radio receiver, if fs and fo are mixer inputs, express the mixer output 

in terms of inputs.

Ans Mixer output is (fo + fs).

5.34 Name the modulation techniques used for audio and video signals in a television system.

Ans FM for audio signal and AM for video signal.
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Chapter 6: Linear Integrated Circuits

6.1 What are linear Integrated Circuits (ICs)?

Ans Linear ICs are those which use time-varying input and produce time-varying outputs.

6.2 Name few popular linear ICs.

Ans Operational Amplifier (op-amp), timer, phase-locked loops are some popular linear ICs.

6.3 What is an op-amp?

Ans An op-amp is a direct-coupled, high-gain, difference amplifier.

6.4 Name important stages of an op-amp.

Ans An op-amp mainly contains four stages; stage-1 and 2 are difference amplifiers, stage-3 is level 

shifter or level translater and stage-4 is driver stage (output stage).

6.5 List some of the characteristics of an op-amp.

Ans An op-amp is characterized by high gain, high input impedance, low output impedance, high 

bandwidth, low noise, high common mode rejection ratio (CMMR), etc.

6.6 Name the op-amp parameter that measures its ability to accept only difference in input 

signals.

Ans CMRR is the ability of an op-amp to reject all common-mode signals and accept difference in 

inputs.

6.7 Name the op-amp parameter that measures its ability to respond to high-frequency inputs.

Ans Slew rate

6.8 Name the op-amp parameter that measures its sensitivity to power supply variations.

Ans Power Supply Rejection Ratio (PSRR)

6.9 Name the op-amp parameters that makes it a better connector between source and load.

Ans Input impedance (Zi) and output impedance (Zo)

6.10 Explain common mode rejection ratio?

Ans CMRR of op-amp is defined as the ratio of differential mode gain Ad to common mode gain Ac.

  i.e CMRR = 
d

c

A

A

  It is the ability of the op-amp to reject the common mode input signals.

6.11 Explain what is slew rate.

Ans Slew Rate (SR) is defined as maximum rate of change of output voltage per unit time (expressed 

as volts per mS)

  i.e. SR = 
o

max

dV

dt
 V/mS

  It is the ability of an op-amp to respond to high-frequency input signals.

6.12 What are the important characteristics of an ideal op-amp?

Ans Refer Section 6.3 on Page 243.
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6.13 List some important applications of an op-amp.

Ans Some of the important applications of an op-amp are

  (i) amplifier, (ii) oscillator, (iii) regulator, (iv) active filter, (v) butter, and (vi) signals summing, etc.

6.14 What is the phase relationship between input and output in an inverting amplifier?

Ans Input and output are 180° out of phase.

6.15 What is the phase relationship between input and output in a non-inverting amplifier?

Ans Input and output are in phase with each other. (0° or 360° or n ¥ 360° out of phase).

6.16 What is the phase relationship and input-output relationship in a voltage follower?

Ans Input vi and out vo are equal and in-phase with each other. (Av = 1)

6.17 Draw the input-output waveforms for a buffer.

Ans Refer Fig. 6.18(b) and (c).

6.18 Write the output expression for an op-amp integrator.

Ans Refer Eq. (6.45).

6.19 The input to an op-amp integrator is square wave of frequency greater than the cut-off 

frequency; what is the output?

Ans f > fc, integrator acts as high-frequency discriminator and output is a triangular wave.

6.20 Write the output expression for op-amp differentiator.

Ans Refer Eq. (6.48).

6.21 The input to an op-amp differentiator is a triangular wave of frequency less than the cut-off 

frequency; what is the output?

Ans f < fc, differentiator acts as a low-frequency discriminator and the output is a square wave.

6.22 What is an instrumentation amplifier?

Ans A 3-op-amp difference amplifier that offers equal input impedance to the two inputs is called an 

instrumentation amplifier.

6.23 Write the expression for LTP and UTP of Schmitt trigger

Ans Refer Eq. [6.64(b)] and Eq. [6.65(b)].

6.24 Write the expression for hysterisis in terms of b and Vo for a Schmitt trigger.

Ans Refer Eq. [6.66(c)].

6.25 Input to the Schmitt trigger is a triangular wave, what is the output?

Ans Asymmetrical square wave

6.26 Input to the Schmitt trigger is a sine wave, what is the output?

Ans Asymmetrical square wave.

6.27 List the advantages of active filter.

Ans (i) offers gain to the output.

  (ii) offers high Zin and low Zo

  (iii) separation between pass band and step band is steep

  (iv) offers better frequency response and slew rate
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6.28 List the disadvantages of an active filter.

Ans (i) Two power supplies for op-amp.

  (ii) Filter cost is more

  (iii) Filter is bulky.

6.29 Classify the filters based on frequency response.

Ans (i) Low Pass filter (LPF)

  (ii) High Pass filter (HPF)

  (iii) Band Pass filter (BPF)

  (iv) Band Elimination Filter (BEF)

6.30 What is the slope of response for a first-order filter?

Ans 20 dB/decade

6.31 What is the slope of the response in a second-order filter?

Ans 40 dB/decade

6.32 What is the result of cascading an LPF (fCL) and an HPF (fCH)?

Ans Results in a BPF if fCL > fCH.

6.33 What is the effect of connecting parallely a LPF and a HPF suitably summing their 

outputs?

Ans Results in a BEF

6.34 Define quality factor for filter.

Ans Q-factor is defined as the ratio of cut-off frequency ‘fc’ to the bandwidth.

   Q = 
c

BW

f

6.35 What is the importance of Q-factor for a filter?

Ans Q-factor is the ‘figure of merit’ for the filter. It is the measure of selectivity for filter.

6.36 Name a few applications of the 555-timer.

Ans (i) A stable multivibrator

  (ii) Monostable multivibrator

  (iii) Capacitance meter

6.37 Name some important blocks of a PLL.

Ans (i) Phase detector

  (ii) Low pass filter

  (iii) Voltage controlled oscillator.

6.38 List a few applications of PLL.

Ans (i) Frequency multiplier

  (ii) Frequency translator

  (iii) AM detector

  (iv) FM detector

  (v) FSK detector
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Chapter 7: Digital Electronics

7.1 What is an analog signal?

Ans A signal whose amplitude changes as a continuous function of time is called an analog signal.

7.2 What is a digital signal?

Ans A signal whose amplitude is a discrete function of time is called a digital signal.

7.3 What is the circuit that converts a time-varying signal into discrete form?

Ans Analog to Digital Converter (ADC).

7.4 Name the circuit that converts digital signal into a continuous time signal.

Ans Digital to Analog Converter (DAC)

7.5 What do you mean be radix of a number system?

Ans The radix or base of a number system is the total number of digits used in that system.

7.6 Name two advantages of digital systems.

Ans Fast processing, compact in size.

7.7 Name two disadvantages of analog systems.

Ans Complex design, costly.

7.8 What is the radix of the octal number system?

Ans Radix 8.

7.9 List all valid digits of the octal system.

Ans 0, 1, 2, 3, 4, 5, 6, and 7.

7.10 What is the radix of the hexadecimal system?

Ans Radix 16.

7.11 List all valid digits of the hexadecimal system.

Ans 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, E and F.

7.12 Name few popular number systems in use.

Ans Binary Number System—Radix 2

  Octal Number System—Radix 8

  Decimal Number System—Radix 10

  Hexadecimal Number System—Radix 16

7.13 Name the methods used for signed number representation.

Ans (i) Sign magnitude representation

  (ii) Sign 1’s complement representation

  (iii) Sign 2’s complement representation

7.14 What is the most commonly used method of the above in computing systems?

Ans 2’s compliment method.
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7.15 With and Example, list advantages of number-base conversions.

Ans Decimal to hexadecimal conversion—Easy processing

  Hexadecimal to Decimal conversion—Easy understanding.

7.16 What is positive logic?

Ans 0 —logic low (Zero volts)
positive logic

1—logic high (Five volts)

Ô̧
˝
Ǫ̂

7.17 What is negative logic?

Ans 0 —logic high (Five volts)
Negative logic

1—logic low (Zero volts)

Ô̧
˝
Ǫ̂

7.18 Name the logic gate with n inputs that produces a logic high output only when all inputs are 

at logic high.

Ans AND gate.

7.19 Name the logic gate with n inputs that produces a logic low output only when all inputs are 

at logic low.

Ans OR gate.

7.20 Name the logic gate with single input which produces output that is a compliment of the 

input.

Ans NOT gate (Inverter gate)

7.21 Name the logic gate with n inputs that produces a logic high output when odd number of 

inputs are logical high.

Ans EX-OR gate

7.22 Name the logic gate with n inputs that produces a logic high output when even number of 

inputs are logic high.

Ans EX-NOR gate.

7.23 Name the logic gate with n inputs that produces a logic high output only when all inputs are 

logic low.

Ans NOR gate.

7.24 Name the logic gate with n inputs that produces a logic low output only when all inputs are 

logic high

Ans NAND gate.

7.25 Why are NAND and NOR called universal gates?

Ans Using NAND or NOR, any logic gate function can be realized; hence, they are universal gates.

7.26 List the advantages of switching function simplification

Ans Refer page 326.

7.27 Name a few important Boolean laws.

Ans Commutative law, Absorption law, Associate law, Distributive law, etc.
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7.28 Give example for each of the above.

Ans Refer Table 7.14.

7.29 Briefly explain the important terms associated with K-map.

Ans Refer page 329-330.

7.30 What is an essential prime implicant (EPI)?

Ans An EPI is a prime implicant that contains at least one minterm/maxterm that is not covered by 

any other prime implicant. The prime implicants which describe product terms/sum terms that 

must be used for all minterm/maxterm to be covered are called EPIs.

7.31 Broadly classify digital circuits and name one important differences between them.

Ans Digital circuits may be broadly classified into

(i) Combinational circuits

(ii) Sequential circuits

  The major difference between them is that sequential circuits passes memory, but combinational 

circuits do not.

7.32 Draw block diagrams to differentiate between combinational and sequential circuits.

Ans Refer Fig. 7.29.

7.33 List a few important combinational circuits that are essential building blocks of a digital 

system.

Ans Multiplexers, Demultiplexers, Encoders, Decoders, arithmetic circuits, etc.

7.34 List a few important sequential circuits that are essential building blocks of a digital system

Ans Latches, Flip-flops, etc.

7.35 Write the expressions for full adder outputs.

Ans Refer Eq. (7.26) and Eq. (7.29).

7.36 How do you convert a parallel adder into a parallel subtractor?

Ans By adding a ‘controlled inverter’ for B inputs.

7.37 Name some important flip-flops used in digital system design.

Ans SR flip-flop, JK flip-flop, T flip-flop, D flip-flop, etc.

7.38 What is ‘race-around condition’? Explain

Ans Refer Fig. 7.37(c), and Case 4 on page 340.

7.39 List methods to eliminate race-around problem.

Ans Refer page 340.

7.40 List at least two uses of D-flip-flops.

Ans (i) Registers—storage of data

  (ii) Counters

7.41 Name the application of T flip-flops.

Ans Counters realization.
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7.42 Name at least two applications of counters.

Ans (i) Event counting

  (ii) Delay generation

7.43 Classify counters broadly.

Ans (i) Ripple or asynchronous counters

  (ii) Synchronous counters

7.44 Name at least two applications of shift registers.

Ans (i) Date storage and shifting

  (ii) Conversion of serial data into parallel and vice versa.

7.45 List a few important applications of shift registers

Ans (i) Ring counters

  (ii) Twisted ring counters

  (iii) Pseudo Random Binary Sequence (PRBS) generators

  (iv) Sequence generator
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Chapter 8: Measuring Instuments

8.1 Name the important circuit parameters to be measured.

Ans Voltage, current and power.

8.2 Name the meters used to measure these qualities

Ans Voltage—voltmeter

  Current—ammeter

  Power—wattmeter.

8.3 Give equations for ac power and dc power in a circuit.

Ans Eq. (8.1) and Eq. (8.2).

8.4 List a few popular ammeter/voltmeter types.

Ans Permanent Magnet Moving Coil (PMMC) meter, moving-iron type, electrostatic type, rectifier 

type, etc.

8.5 What type of meter is suitable for dc measurements?

Ans PMMC meter, electrodynamometer, Digital multi-meter (DMM), etc.

8.6 What type of meter is suitable for ac measurement

Ans Induction type, electrodynamometer, DMM, etc.

8.7 Why is a mirror provided beneath the scale in a PMMC meter?

Ans To avoid ‘parallox’ error

8.8 What is the role of multiplier in a PMMC voltmeter?

Ans Rs—The series resistance or multiplier is to safeguard the meter and avoid excess current flow.

8.9 How do you estimate the value of Rs in a PMMC voltmeter?

Ans Refer Eq. (8.7).

8.10 How do you estimate the value of Rsh in a PMMC ammeter?

Ans Refer Eq. (8.10).

8.11 What is the role of Rsh in a PMMC ammeter?

Ans Protecting the meter from excess current flow.

8.12 How do you measure very small voltage or current in a circuit?

Ans Using a galvanometer.

8.13 What is a multimeter?

Ans An instrument used to measure voltage, current, resistance, both ac and dc quantities.

8.14 Name the important blocks of a DMM.

Ans Refer Fig. (8.8).

8.15 List various parameters that a CRO can measure.

Ans Voltage, current, frequency, time, phase angle, etc.
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8.16 Name the important blocks of a CRO.

Ans Refer Fig. (8.10).

8.17 Name the use of LT and HT supply in CRO.

Ans LT supply—for filament heating.

  HT supply—for focusing and acceleration the electron beam.

8.18 What is the role of time-base generator is CRO?

Ans The horizontal (time axis) movement of the signal, i.e. y-axis movement of the signal.

8.19 What is the role of aquadag coating?

Ans Recollection of unfocussed electrons and aligning them in to beam for re-focusing.

8.20 Write the equation for displacement of electron beam in a CRO.

Ans Refer Eq. (8.16).

8.21 On what parameters does the displacement ‘D’ depend?

Ans Length of deflection plates (l), distance between the screen and deflection plates (L), accelerating 

voltage (Va), plates voltage (Vd) and separation between plates (d ).

8.22 Write the equation for deflection sensitivity of a CRO.

Ans Refer Eq. (8.18).

8.23 List front panel controls of a CRO.

Ans Refer Table 8.2.

8.24 What are lissajous figures?

Ans The x-y pattern displayed on CRO by comparing an unknown signal with respect to a reference 

signal.

8.25 List uses of Lissajous figures.

Ans (i) Frequency measurement

  (ii) Phase measurement

  (iii) Time measurement
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Chapter 9: Transducers

9.1 What is a transducer?

Ans A transducer is a device used to convert one form of energy into another. For example, a 

loudspeaker-converts electrical energy into sound energy.

9.2 Name the two basic forms of a transducer.

Ans Sensor and actuator.

9.3 Brief the role of a sensor.

Ans A sensor is used to detect an input signal and report it in another form. For example a Light 

Dependent Resistor (LDR) detects the intensity of light input and reports it in the form of output 

current.

9.4 Brief the role of an actuator.

Ans An actuator gets actuated by the input and stands responsible for the output action. For example, 

a loudspeaker uses electrical signal as input and produces the audio sound output.

9.5 List different sensors and actuators.

Ans Refer Table 9.1.

9.6 Classify transducers based on input/output.

Ans Refer Section 9.2.

9.7 Classify transducers based on the power source for their operation.

Ans (i) Active Transducers (ii) Passive transducers

9.8 Classify transducers based on the generated output signal.

Ans (i) Analog transducers (ii) Digital transducers.

9.9 Classify transducers based on the application.

Ans Refer section 9.2.

9.10 Estimate capacitance ‘C’ for a capacitive transducer.

Ans Refer Eq. (9.1).

9.11 Estimate sensitivity ‘S’ of a capacitive transducer.

Ans Refer Eq. (9.2).

9.12 Estimate inductance ‘L’ for inductive transducer.

Ans Refer Eq. (9.3).

9.13 Estimate the sensitivity ‘S’ of a potentiometric transducer.

Ans Refer Eq. (9.7).

9.14 What is piezoelectric effect?

Ans Materials such as quartz (SiO2) when applied with a mechanical force produce electric field due 

to the deformation. This phenomenon is known as piezoelectric effect.
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9.15 Name the transducer that converts input light into equivalent resistance.

Ans Light Dependent Resistor (LDR)

9.16 Name the transducer that converts input temperature into equivalent resistance.

Ans Thermistor.

9.17 Name the transducer that converts input electrical voltage into output light.

Ans Light Emitting Diode (LED)

9.18 Establish the relationship between resistance (R), temperature (t) and temperature 

co-efficient (a) in a thermistor.

Ans Refer Eq. (9.10).

9.19 What do you mean by ‘a’-temperature co-efficient of a material?

Ans Variation of material resistivity (r) as a function of temperature variation is called the tempera-

ture co-efficient (a) of material.

9.20 A material is said to have ‘passive a’; Explain.

Ans If the resistivity ‘r’ of the metal increases with the increase in temperature then the metal is said 

to have positive temperature co-efficient.

9.21 A metal is said to have ‘negative a’; Explain.

Ans If the resistivity ‘r’ of the metal decreases with the increase in temperature then the metal is said 

to have negative temperature co-efficient.
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Chapter 10: Field Effect Transistors and Other Devices

10.1 Name one mipolar and one bipolar device.

Ans (i) unipolar—Field effect transistor (FET)

  (ii) Bipolar—Bipolar junction transistor (BJT)

10.2 Name one current-controlled device and one voltage-controlled device

Ans (i) Current-controlled device—BJT

  (ii) Voltage-controlled device—FET

10.3 List all popular two-terminal electronic devices you know.

Ans PN junction diode, zener diod, light-emitting diode, point contact diode, tunnel diode, Schottky 

diode, Diac etc.

10.4 List all popular three-terminal electronic devices you know

Ans Bipolar Junction Transistor (BJT), Junction Field Effect Transistor (JFET), unipolar Junction 

Transistor (UJT), Metal Oxide Semiconductor Field Effect Transistor (MOSFET), Triac, silicon 

controlled rectifier (SCR), Light Activated SCR (LASCR), silicon Controlled Switch (SCS), 

Programmable UJT (PUT), etc.

10.5 Name some devices that are used for high power applications.

Ans Diac, Triac, SCR, SCS, etc.

10.6 Name one/two negative resistance devices.

Ans Tunnel diode, unijuction transistor, etc.

10.7 What is negative resistance property? Explain.

Ans According to ohms law, device current increases with increase in voltage; but, in certain devices 

increase in voltage decreases current. This results in negative slope for V-I curve and is called 

negative resistance of the device.

10.8 Graphically contradict conventional and negative resistance of devices.

Ans Figure Q10.8 indicates positive R and negative R.

0 0

(a) Convention R (b) Negative R

1/S1 = +R

(volts)

(Amps)

I
(Amps)

I

V (volts)V

y
yx

–x

1/S2 = –R

= S1

1
1

Slope S =
y

R x 2
1

Slope S =
y

R –x
=

Fig. Q10.8 Positive and negative resistances

10.9 Name one application of negative resistance.

Ans Negative resistance property is exploited in negative resistance oscillators.
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10.10 What specialty do you observe in a negative resistance oscillator?

Ans A negative resistance oscillator uses no feedback, but a negative resistance device.

10.11 Draw the circuit symbols for FET.

Ans Refer Fig. [10.1(c)].

10.12 Draw the VI curve for FET and mark salient features.

Ans Refer Fig. 10.3.

10.13 Write drain current equation for JFET.

Ans Eq. (10.1).

10.14 List important FET parameters

Ans Refer Section 10.2.1.

10.15 Draw the drain characteristics for an FET.

Ans Refer Fig. [10.4(a)].

10.16 Draw the mutual characteristics for a FET.

Ans Refer Fig. 10.4(b).

10.17 Name the current equation for JFET in the saturation region.

Ans Shockley’s current equation (Eq. 10.1)

10.18 Define drain resistance for a JFET.

Ans Drain resistance (rd) is the ratio of change in the drain-source voltage (VDS) to corresponding 

change in drain current (ID) at a given gate-source voltage (VGS). It is expressed in ohms (W).

rd = 

GS

GS

D V

V

I

D
W

D

10.19 Define mutual conductance for a JFET.

Ans Mutual conductance (gm) for JFET is defined as the ratio of change in drain current (DID) to a 

corresponding change in gate-source voltage (DVGS) at a given drain-source voltage. It is ex-

pressed in mhos (W)

gm = 

DS

D

GS V

I

V

D

D
.

10.20 Define amplification factor for a JFET.

Ans Amplification factor (m) for a JFET is defined as the ratio of change in drain-source voltage 

(VDS) to the corresponding change in gate-source voltage (VGS).

DS DS D

GS D GS

V V I

V I V
m

D D D
= = ¥
D D D

d mr gm = ¥

10.21 What is the physical significance of m?

Ans Amplification factor ‘m’ for a JFET signifies the ac amplification capability.
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10.22 For a JFET, the gate-source voltage at which device channel completely seizes is called 

what?

Ans Pinch-off voltage (VP).

10.23 FET needs biasing. Why?

Ans To fix-24, the operating point Q(IDQ, VDSQ, VGSQ), FET needs biasing.

10.24 List few popular FET biasing methods.

Ans Refer Section 10.2.2.

10.25 Explain the graphical method of obtaining Q-point for FET.

Ans Refer explanation on page 415.

10.26 Compare FET biasing methods.

Ans Refer Table 10.2.

10.27 State whether the following statements are true of false.

(i) FET is a voltage controlled device.

(ii) BJT is a current controlled device.

Ans Both (i) and (ii) are true.

10.28 State whether BJT offers high input impedance as compared to FET.

Ans FET offers very high input impedance compared to a BJT.

10.29 Why do FET circuit offers high input impedance?

Ans Input circuit of FET is reverse biased.

10.30 State whether FET has high noise immunity compared to a BJT.

Ans FET has high noise immunity than BJT.

10.31 Name few parameters that characterize FET.

Ans Transconductance (gm), drain resistance (rd) and amplification factor (m).

10.32 FET is less noisy compared to BJT; why?

Ans In FET, charge carriers need not cross junctions (unlike in BJT), hence device is less noisy.

10.33 What characters make FET suitable for Integrated Circuits (ICs)?

Ans Smaller size and low power consumption.

10.34 List a few applications of FET.

Ans Switch, amplifier, oscillators, dc-to-dc converters, voltage Variable Resistors (VVRs), etc.

10.35 Name an application where FET is used as VVR.

Ans FET is used as VVR or voltage dependent resistor (VDR) in automatic gain control (AGC) 

circuits of a television.

10.36 Draw the circuit and symbol of depletion MOSFETs.

Ans Refer Fig. 10.20, Fig. 10.22.

10.37 Give the commercially available FET number.

Ans BFW-10, BFW-11, 2N 5457
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10.38 Draw the circuit and symbol of enhancement MOSFETs.

Ans Refer Fig. 10.24 on page 432.

10.39 Name commercially available MOSFET.

Ans 2N 3797, 2N 4351

10.40 What is a silicon-controlled rectifier?

Ans A silicon-controlled Rectifier (SCR) is a rectifier with a precise control on the dc output voltage 

produced, i.e. control on the conduction angle. The device is built with silicon material.

10.41 How many junctions and layers does SCR have?

Ans SCR has three junctions (J1, J2, J3) and four layers (P-N-P-N).

10.42 Give the biasing conditions for J1, J2 and J3 of SCR.

Ans J1 and J2—need forward bias

  J2—needs reverse bias

10.43 Write structure and symbol for SCR.

Ans Refer Fig. 10.31 (a) and (c) on page 439.

10.44 Write the two transistor equivalent models for a SCR.

Ans Refer Fig. 10.31 (b).

10.45 Draw VI characteristics SCR and mark all features.

Ans Refer Fig. 10.32 (a).

10.46 Write the anode current expression for SCR.

Ans Refer Eq. (10.33)

10.47 List various turn-on methods for SCR.

Ans Refer SCR turn-on methods on page 440.

10.48 List different turn-off methods for SCR.

Ans Refer SCR turn-off methods on page 440.

10.49 Why is Germanium Controlled Rectifier (GCR) is not possible?

Ans Refering to anode current, Eq. (10.33); for SCR latching a1 and a2 need to be controlled below 

a value 0.5. This is not a reality in germanium material and hence no GCR.

10.50 List a few applications of SCR.

Ans Refer section 10.4.2.

10.51 Explain latching current (I1) of SCR.

Ans When SCR is in forward blocking state (Fig. 10.32), SCR anode current is almost negligible. 

Further increase in anode-cathode voltage (VAK), SCR starts conduction. The value of anode 

current when SCR starts conduction from forward blocking state is called ‘latching current’.

10.52 Explain holding current (Im) of SCR.

Ans Once SCR starts conduction, the two transistor analogy fails. In order to stop SCR conduction, 

VAK is reduced; reducing VAK reduces anode current. The value of anode current below which 

SCR fails to remain on is called ‘holding current’.
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10.53 Draw the structure and symbol of UJT.

Ans Refer Fig. 10.36.

10.54 Draw the equivalent circuit of UJT.

Ans Refer Fig. 10.37 (b).

10.55 Draw VI characteristics of UJT.

Ans Refer Fig. 10.37 (a).

10.56 Write the expression for ‘h’ of UJT.

Ans Refer Eq. (10.36).

10.57 List a few applications of UJT.

Ans Refer page 445.

10.58 Write the expression for peak voltage for UJT.

Ans Refer Eq. (10.37)

10.59 Write the expression for output frequency of a UJT relaxation oscillator.

Ans Refer Eq. (10.40)

10.60 Draw schematic symbol and VI characteristics of diac.

Ans Refer Fig. 10.39.

10.61 Draw the schematic, symbol and VI characteristics of Triac.

Ans Refer Fig. 10.41

10.62 What are the other names for a PUT?

Ans Complementary SCR (CSCR) or Silicon Unilateral Switch (SUS).

10.63 What do you mean by programmable UJT?

Ans Here, ‘h’ for the device is programmable.



Table A.1 Units and symbols

S. No. Physical Quantity SI Unit and Symbol

1 Frequency hertz, Hz: Cycles per second

2 Force newton, N: kg m /s2

3 Energy or Work joule, J: Nm

4 Power watt, W: J/s

5 Electric Charge coulomb, C: A s

6 Electric Potential volt, V: W/A

7 Capacitance farad, F: A s/V

8 Inductance henry, H: V s/A

9 Resistance ohm, W: V/A

10 Conductance mho or siemens, 

W

: A/V

11 Temperature degree Celsius, °C

12 Temperature degree Kelvin, K

Appendix

A
Important Tables
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Table A.2 Constant multipliers

Prefix Symbol Multiplier

tera T 1012

giga G 109

mega M 106

kilo k 103

hecto h 102

deca da 101

decci d 10–1

centi c 10–2

milli m 10–3

micro m 10–6

nano n 10–9

pico p 10–12

femto f 10–15

atto a 10–18

Table A.3 Constants

Quantity Value Equation

Charge of an electron (e) 1.602 ¥ 10–19 C

Velocity of light (c) 3 ¥ 108 m/s

Boltzmann constant (k) 1.38054 ¥ 10–23 J/K (8.62 ¥ 10–5 eV/K)

Planck’s constant (h) 6.625 ¥ 10–34 Js

Avogadro’s number (No) 6.023 ¥ 1026 (kg-mole)–1

Faraday’s constant (F) 9.652 ¥ 1026 (kg-mole)–1

Angstrom unit (Å) 10–10 m (10–4 microns)

Electron Volt (eV) 1.602 ¥ 10–19 J

Thermal Voltage (kT) 25.876 ¥ 10–3 V(at 300° K) kT = T/11600

Free space Permittivity (eo) 8.854 ¥ 10–12 F/m 107/4 P c2 F/m

Free space permeability (mo) 1.257 ¥ 10–6  H/m 4P ¥ 10–7 H/m

Centre of gravity (g) 9.81 m/s2

Free-space Characteristic Imp (Zo) 376.7 W (m
o
/e

o
)1/2  = 120P W
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Table A.4 Properties of silicon, germanium and gallium arsenide

Sl. No. Property Name Silicon Germanium Gallium Arsenide

1 Atomic Weight 28.08 72.6 144.63

2 Atomic Number 14 32 —

3 Crystal Structure Diamond Diamond Zincblende

4 Dielectric Constant(er) 11.8 16 10.9

5 Forbidden Energy Gap EG at 300 K(eV) 1.1 0.72 1.32

6 Minority Carriers Life Time(s) 2.5 ¥ 10–3 10–3 10–8

7 Work Function(V) 4.8 4.4 4.7

8 Melting point(°C) 1420 936 1250

9 Electron  Mobility at 300 K mn(m
2/Vs) 0.13 0.38 0.85

10 Hole Mobility at 300 K-mp (m 2/Vs) 0.05 0.18 0.04





Sl. No. Device Year Inventor Remarks

1 Vacuum-tube diode 1904 J A Fleming

2 Vacuum-tube triode 1906 Lee De Forest

3 Tetrode and pentode 1930

4 Amplification December

23, 1947

Walter H Brattain 

and John Bardeen

Important Inventions
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A

ac load line, 520

ac regulator, 90

Active filters, 271-279

Ammeters, 366

Multirange ammeter, 370

PMMC ammeter, 369

Amplification factor, 424, 425

Amplifiers, 110, 156

AF amplifiers, 157

Classification, 156-171

Complementary symmetry, 171

Current amplifiers, 157

Direct coupled amplifiers, 173, 174

Figure of merit, 167

Frequency response, 172

Multistage amplifiers, 158, 172

Power amplifiers, 158, 164

Push-pull amplifiers, 170

RC coupled amplifiers, 172, 174

RF amplifiers, 157

Single-stage amplifiers, 158

Theoretical efficiency, 167

Transformer-coupled amplifiers, 173

Voltage amplifiers, 157

Analog-to-Digital Converter (ADC), 265, 373, 374

Arithmetic Logic Unit (ALU), 2

ASIC, 2

Astable Multivibrator (AMV), 279, 280

Duty cycle, 282

Atomic structure; Si, Ge, GaAs, 3, 5

Attenuator, 373, 380

Avalanche breakdown, 21, 87

Avalanche multiplication, 22

Average voltage, 58, 66, 74

B

Backlash or hysteresis, 265, 266, 267, 268, 269, 270

Band Elimination Filter (BEF), 271, 278

Narrow-band reject filter, 279

Q or quality factor, 278

Wide-band reject filter, 279

Band Pass Filter (BPF), 271, 276

Q or quality factor, 277

Band-reject filter, 271, 278

Bandwidth, 246, 247

Bias circuits, 130-140

Emitter bias, 135

Feedback bias, 133

Fixed bias, 131

Potential divider bias, 137

Self-bias, 135

Two-battery bias, 130, 131

Voltage divider bias, 137

Bias compensation, 140

Bipolar junction transistors, 140–142, 420

Diode compensation, 140, 141

ICO compensation, 140, 141 

VBE compensation, 140, 141 

Temperature compensation, 141, 142 

Boltzmann’s constant, 20

Boolean algebra: 323-327

Boolean postulates, 323

De Morgan’s theorem, 325

Boolean simplification, 326

Maxterms, 326, 329

Minterms, 326, 329

POS terms, 326

SOP terms, 326

Buffer amplifier

Emitter follower, 142

Op-amp, 255

Index
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C

Cathode ray oscilloscope, 375-388

Aquadag coating, 377

Cathode ray tube, 376, 377

Dual trace oscilloscope, 387

Electron beam, 378

Fluorescent screen, 377

Frequency measurement, 385

Front panel controls, 380

Horizontal amplifier, 376

Lissajous figure, 383

Phase difference, 383

Sweep generator, 380

Time base generator, 380

Vertical amplifier, 376

XY recorder, 375

Charge carriers

Majority, 14, 15

Minority, 14, 15

Clamping circuits, 95-99

Clamping theorem, 99 

dc restorer, 95

Class-A, 164, 165

Series fed, 165

Transformer coupled, 166

Class-AB, 164, 171

Class-B, 164. 168

Class-C, 164, 171

Class-D amplifiers, 523

Clipping circuits, 93-95

Transfer curve, 94

Collector circuit efficiency, 167

Combinational circuits, 331

Common-mode rejection, 239

Common-mode rejection ratio, 239, 240, 241, 246, 

262

Common-Base (CB), 164

Common-Collector (CC), 164

Common-Emitter (CE), 164

Comparator, 265-270

Conductor, 9

Constant current source, 241

Controlled current source, 241

Conversion efficiency, 167

Counters, 345

Asynchronous or ripple counters, 346

Modulus of counter, 345

Moebi counter or Johnson counter or twisted ring 

counters, 352

Ring counters, 351

Synchronous counters, 349

Up/Down counters, 348

Covalent bonding, 5

Crossover distortion, 168, 169

Current controlled device, 114

D

dc load line, 128

Delay time, 143

Difference amplifier, 236

Differential amplifier, 236, 237

Differentiator, 260-261

High-pass filter, 260

Low-frequency discriminator, 260

Differential Amplifier (DA), 236, 237

ac analysis, 241

dc analysis, 240

Double ended, 238

Single ended, 238

Diffusion current, 16

Digital to Analog Converter (DAC), 373

Digital logic

Negative logic, 298

Positive logic, 298

Digitization or quantization, 298

Analog representation, 299

Digital representation, 299

DIAC, 460

Characteristics, 460

Symbol, 460

Diodes, 16–35

Biasing, 16-20

Capacitance

Diffusion (CD), 32

Transition (CT), 32

Clippers, 94

Current equation, 20

Depletion region, 23

Diffusion capacitance, 32

Dynamic resistance, 26

Equivalent circuits, 29-31

Ideal diode, 31

Light Emitting Diode (LED), 39

Load line, 54

Quiescent (operating) point, 55

Reverse recovery time, 33

Specifications, 34

Static resistance, 25

Testing, 34

Transition capacitance, 32
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Tunnel diode, 37

Varactor diode, 39

Zener diode, 35

Double-ended input, 237

Drift current, 16

Dual Inline Package (DIP), 279

Dynamic in diode, 25

E

Electron, 3

Emitter-follower (EF) amplifier, 142-143

Energy-band diagrams, 7, 8

Esaki (tunnel) diode, 37-39

Equivalent circuit, 249

F

Fall time, 143

Feedback, 176

Current feedback, 177

Current series feedback, 180

Negative feedback, 176

Positive feedback, 176

Voltage feedback, 177

Voltage series feedback, 177, 179

Voltage shunt feedback, 178, 179

Field Effect Transistors (FET), 2, 419-450 

Bipolar device (BJT), 140–142, 420

BJT compared with, 437

Drain characteristics, 423

Figure of merit or GBW product, 438

FET symbols, 421, 425

FET working, 421

FET characteristics, 422, 423

Junction FET (JFET), 420

Load line, 423

Mutual or transfer characteristics, 423

N-channel FET (N-FETs), 420, 421

Noise immunity, 438

P-channel FET (P-FETs), 420,421

Unipolar device (BJT), 420

FET parameters, 422

Amplifier, 438, 439

Amplification factor, 424, 425

Drain resistance (rd), 423, 425

Voltage Variable Resistor (VVR), 438

Pinch-off voltage (VP), 422, 425

Saturation drain current (VP), 425

Transconductance (μ), 424, 425

FET biasing, 426-437

Fixed bias circuit, 426

Q-point, 426

Graphical analysis, 427

Filters, 53, 79-84

Active filters, 80, 271-279

Bleeder resistor, 84

C filters, 80, 82

Critical inductance, 84

Cut-off frequency, 271

Pass band, 271

Passive filters, 80, 271

Ripples, 53

Stop band, 271

Forbidden energy gap, 7

Frequency

Cut-off, 249

Gain bandwidth product, 172

Half power, 172

Response, 172

Full-wave rectifier, 56

G

Graphical circuit analysis of JFET, 427, 430, 437

H

H (or hybrid) parameters, 182, 183

Half-wave rectifier, 56

Half-wave rectifier average value, 58

High Pass Filter (HPF), 271, 274

First order, 274

Second order, 275

Hybrid (or h) parameters, 182, 183

Hysteresis or Backlash, 265, 266, 267, 268, 269, 270

I

Ideal diode, 31

Impact ionization, 22

Input bias current, 243

Input offset current, 244

Drift, 245

Input offset voltage, 245

Drift, 245

Input resistance, 245

Common mode, 245

Differential, 245

Input voltage swing, 245

Insulated Gate Junction FET (IGFET), 420 

Insulator, 9

Instrumentation amplifier, 263–264
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Integrator, 259–260

Frequency response, 260

High-frequency discriminator, 259

Low-pass filter, 259

practical integrator, 260

Integrated Circuit (IC), 2, 236

Interlaced scanning, 226

Inverter, 250-253

Closed loop, 251

Open loop, 250

Scale factor, 252

Inverting input, 237

Inverting amplifier, 250

Inverting summer amplifier (adder), 256

Ionization

Positive ion, negative ion, 7

J

Junction diode, 2

Junction field-effect transistor (JFET), 420, 426-432 

(See also FET)

Construction of, 421, 425

Junction transistor, 2

Bipolar device (BJT), 140–142, 420

FET symbols, 421

FET working, 421

FET characteristics, 422

Junction FET (JFET), 420

N-channel FET (N-FET), 420, 421

P-channel FET (P-FET), 420,421

Specification sheets, 440, 441, 442

Unipolar device (BJT), 420

K

Karnaugh map, 327

Don’t care terms, 330

Essential prime implicants, 329

Maxterms, 326, 329

Minterms, 326, 329

Octet, 330

Pair, 330

Prime implicants, 329

Quad, 330

Redundant groups, 330

L

Lattice, 3, 6

Level-detector circuit, 268

Light-emitting diode (LED), 39-41

Injection luminescence, 39

Radiative recombination, 39

Light Crystal Display (LCD), 41

Load line

BJT, 128–130

Class-A, 168

Class-B, 169

dc for BJT, 128

dc for diode, 54

diode, 54-56

Logic circuits, 331-352

Adder/Subtractor, 335

Arithmetic circuits, 332

Clocked SR flip-flop, 337

Combinational circuits, 331

Controlled inverter, 335

Counters, 345

D flip-flop, 343

Edge-triggered flip-flop, 344

Flip-flops, 336

Full adder, 333, 334

Half adder, 332

JK flip-flop, 339

JK master-slave flip-flop, 341

Latches, 336

Parallel adder (4-Bit), 334

Race-around condition, 340

Sequential circuits, 331

Shift registers, 349

SR flip-flop, 336

Switch de-bouncer, 337

T flip-flop, 343

Logic gates, 314-323

AND gate, 314

EX-NOR gate, 318

EXOR gate, 317

NAND gate, 319

NAND universal gate, 319

NOR gate, 321

NOR universal gate, 321

NOT gate, 316

OR gate, 315

Universal gates, 314, 319-323

Low Pass Filter (LPF), 271, 273, 284

First order, 271

Second order, 273

M

Metal Oxide Semiconductor FET (MOSFET), 420, 

440-450

Biasing, 445

Characteristics, 443, 445



Index 561

Construction of, 440, 444

Depletion MOSFET, 440

Depletion-mode operation, 443

Enhancement-mode operation, 445

Enhancement MOSFET, 440

Pinch-off region, 422

Pinch-off voltage (VP), 422

Shockley’s equation, 422

Specifications, 447-450 

Meters, 366-375

Modulation, 200, 202

Amplitude modulation, 203

Analog communication system, 201

Angle modulation, 213

Baseband transmission, 200

Carrier signal, 202

Carson’s rule, 218

Channel, 201

Communication system, 201

Demodulation, 202, 219

Demodulator, 202

Digital communication system, 202

DSB-FC modulation, 210

DSB-SC modulation, 211

Frequency Modulation, 214

Message or information signal, 200

Modulation factor or index, 204, 215

Modulator, 202

Modulated signal, 202

Phase modulation, 217

Receiver, 201

SSB modulation, 212

Transmitter, 201

VSB modulation, 212

Wireless communication system, 201

Multimeters, 272

Analog multimeters, 272

Digital multimeters, 273

Multivibrators, 236, 279

Astable Multivibrator (AMV), 279, 280

Monostable Multivibrator (MMV), 279, 283

N

Negative resistance devices, 39, 420

Negative resistance oscillator, 39, 420

Neutron, 3, 4

Non-inverter, 253-255

Feedback factor, 255

Non-inverting amplifier, 253

Non-inverting input, 237

Notch filter (BEF), 278

Number base conversions, 306-312

Binary to decimal, 307

Binary to hexadecimal, 310

Binary to octal, 309

Decimal to binary, 307

Hexadecimal to binary, 311

Octal to binary, 310

Number system, 300-314

1s complement representation, 303

2s complement representation, 303

Base or radix, 300, 301

Binary addition, 312

Binary number system, 301

Binary subtraction, 313

Decimal number system, 300

Hexadecimal number system, 305

Octal number system, 304

Sign magnitude representation, 302

O

Opto-couplers, 464

Operating (Q or Quiescent) point, (see Quiescent 

point)

Of bipolar junction transistors, 127

Of diodes, 55

Operational amplifiers, 236–279

Open-loop gain, 246

Output offset voltage, 245

Output voltage swing, 245

Oscillators, 183-190

AF oscillators, 183

Barkhausen’s criterion, 184

Colpitts oscillators, 186, 187

Crystal oscillators, 188

Damped oscillations, 184

Hartley oscillators, 186, 187

Negative resistance oscillators, 183, 420

Non-sinusoidal oscillators, 183

Positive feedback oscillators, 183

RC phase shift oscillators, 185

RF oscillators, 183

Sinusoidal oscillators, 183

Undamped oscillations, 184

UJT relaxation Oscillator, 457

Wein bridge oscillators, 185, 186

P

P-channel transistor, 420, 421

Parameter(s)

Hybrid (or h), 182, 183
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Peak Inverse Voltage (PIV), 22, 57, 64, 72

Permanent Magnet Moving Coil (PMMC) meter, 366, 

367

Phase comparator, 284

Phase Locked Loops (PLL), 236, 284

Phase shift of signals (RC phase shift), 185

Piecewise-linear equivalent circuit, 29

Pinch-off, 422

Pinch-off voltage, 422, 425

PLL applications, 286

AM detection or demodulation, 286

Frequency translation, 286

FM detection, 286

FSK detection, 286

PMMC Voltmeters, 367

Potential (voltage) divider bias, 137

Approximate method, 139

Exact method, 137

Power amplification, 158, 164

Power-supply block, 52

Filter, 53

Rectifier, 53

Regulator, 54

Transformer, 53

Power-supply rejection ratio, 246

Programmable UJT (PUT) or Silicon Unilateral 

Switch (SUS) or Complementary SCR (CSCR), 463

Characteristics, 463

Construction, 463

Symbol, 463

Proton, 3

Q

Quantization or digitization, 298

Quiescent point (Q-point)

Bipolar junction transistors, 127

Diodes, 55

R

Radio receiver, 222

Fidelity, 222

Image frequency, 225

Selectivity, 222

Sensitivity, 222

TRF receiver, 222, 223

Super-heterodyne receiver, 223, 224

Radio transmitter, 221, 222

Rectifier circuits, 56-84

Form factor, 62. 70, 77

Full-wave-centre tapped, 63-71

Full-wave-bridge, 71-79

Half-wave, 56

Peak factor, 62, 70, 77

Rectifier efficiency, 58, 66, 73

Rectifier-type voltmeter, 371

Regulation, 62, 70, 77

Regulators, 84-90

Reverse-breakdown voltage, 84

Reverse current, 20

Reverse recovery time, 144

Ripple factor, 60, 68, 75

Rise time, 143

Root-mean-square (rms) values, 58–73

S

Schmitt trigger, 265, 269

Feedback factor, 270

LTP-Lower Threshold Potential, 269, 270

UTP-Upper Threshold Potential, 269, 270

Self-bias circuit, 428

Q-point, 429

Graphical analysis, 430

Semiconductors, 9

Extrinsic semiconductor, 11

Intrinsic semiconductor, 10

N-type (donor) semiconductor, 12

N-type (acceptor) semiconductor, 12

Semiconductor diodes, 16–35

Semiconductor materials, 9-10

Shift registers, 349

Ring counters, 351

Serial In Parallel Out (SIPO), 350

Serial In Serial Out (SISO), 350

Shift register counters, 351

Parallel In Parallel Out (PIPO), 351

Parallel In Serial Out (PISO), 351

Twisted ring counters or Johnson counter or 

Moebi counter, 352

Silicon Controlled Rectifier (SCR), 420, 450

Applications of, 453, 454

Characteristics of, 452

Commutation of, 452, 453

Construction of, 451

Forward breakover voltage (VFBO), 451

Forward blocking state, 451

Holding current (IH), 451

Latching current (IL), 451

Shockley diode, 450

Specifications, 454, 455

Symbol of, 451
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Testing of, 453

Turn-on methods of, 452

Turn-off methods of, 452

Silicon Controlled Switch (SCS), 462

Applications of, 463

Construction of, 463

Symbol of, 463

Silicon Unilateral Switch (SUS), 463

Single-ended input, 237

Slew rate, 247-248

Specification sheet, 124

Stability factor, 129, 130, 132, 134, 136, 138, 139

Stability factor analysis, 129-140

Approximate method, 139, 140

Exact method, 137

Inverting, 256

Non-inverting, 258

Summing amplifier, 256

Storage time, 144

Subtractor amplifier, 268 

Subtractor or difference amplifier, 262

Summer, 256–259

Summer amplifier, 261–262

Square wave generator, 90

Switching period (frequency), 289

System On Board (SOB), 2

System On Chip (SOC), 2

System On Network (SON), 2

System On Package (SOP), 2

T

Television system, 225

Timer IC, 236, 279

Signetics Corporations 555, 279

Transducers, 393-411

Active transducer, 397

Actuator, 394

Capacitive transducer, 398

Contact transducer, 397

Delay transducer, 397

Hall effect, 407

Immersion transducer, 397

Inductive transducer, 399

Light Dependent Resistor (LDR), 395

LVDT, 400, 401

Modulating transducer, 397

Paintbrush transducer, 397

Passive transducer, 397

Piezoelectric transducer, 402, 403

Potentiometric transducer, 401

Reluctive transducer, 400

Resistive Temperature Detectors (RTD), 394

Sensor, 394

Strain gauge, 403

Tachogenerator, 395

Thermistors, 405

Thermocouples, 406

Transduction process,395

Wheatstone bridge, 404

Transformer Utilization Factor (TUF), 60, 69, 76

Transistors

Amplifiers, 110, 122

Amplifier gain, 123

CB configuration, 114

CC configuration, 121

CE configuration, 117

Current gain, 123

Current gain a, 116

Current gain b, 119

Current gain g, 121

Curve tracer, 127

Decibel gain, 123

Emitter (voltage) follower, 121

Power gain, 123

Saturation region, 118

Specifications, 124

Testing, 126

Voltage gain, 123

Transistor biasing

Fixed bias, 131

Feedback bias, 133

Self (emitter) bias, 135

Potential (voltage) divider bias, 137

Two-battery bias, 130

Transistor bias methods, 127–142

Leakage current, 113

Transistor curve tracer, 127

Transistor switch, 143

Transistor testing, 126

TRIAC, 461

Characteristics, 461

Symbol, 461

TRIAC light dimmer, 462

TV receiver, 227

TV transmitter, 226

Tunnel (Esaki) diode, 37-39

Tunneling, 37

Valley current (IV), 38

Valley voltage (VV), 38
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U

Ultra Large Scale Integration (ULSI), 2

Unipolar, 419, 455

Unipolar Junction transistor (See UJT)

Unity follower, 142, 143, 256

Unity follower amplifier, 142, 255

Unity-gain bandwidth (fU), 247

Uni-Junction Transistor (UJT), 455

Double base diode, 455

Negative resistance region, 456

Intrinsic stand-off ratio (h), 456

Peak voltage (VP), 456

Specifications, 457-469

Symbol, 456

UJT relaxation Oscillator, 457

Valley voltage, 456

V

Vacuum tubes, 111

Vacuum diode, 111

Vacuum pentode, 111

Vacuum tetrode, 111

Vacuum triode, 111

Valence

Trivalent, tetravalent, pentavalent, 5

Valley current (IV), 38

Valley voltage (VV), 38

Varactor diode, 32, 39

Varicap diode, 39

Very Large Scale Integration (VLSI), 2

Virtual ground, 246

Voltage controlled oscillator, 264, 285

Free running or centre frequency, 285

Lock range, 285

Capture range, 285

Capture state, 285

Phase detector, 285

Phase lock state, 285

Voltage divider bias circuit, 431

Graphical analysis, 437

Q-point, 432

Thevinized circuit, 432

Voltage multipliers, 90-93

Cockcroft-Walton voltage multiplier, 93

Dynodes, 93

Voltage doubler, 90, 92

Voltage quadrupler, 92

Voltage Controlled Oscillator (VCO), 236

Voltage divider bias, 137

Voltage follower

BJT, 142

Op-amp, 255

oltmeters, 366

Multirange voltmeter, 368

Series multiplier, 367

Rectifier-type voltmeter, 371

W

Wattmeters, 366

Z

Zener breakdown, 22, 35, 87

Zener diode, 35–37

Tunneling, 36

Zener voltage regulator, 84–89

ero-crossing comparator, 265-267

Hysteresis, 266

Inverting, 265

Non-inverting, 266
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