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Preface to the Second
Edition

The first edition of the book has been completely revised and brought up to
date to present the latest ‘state of the art technology’ in modern electronics and
communication system including Radio, TV and Video Technology.

In order to make the book completely solid state oriented, the chapter on
vacuum tubes has been eliminated and all circuits using vacuum tubes have
been replaced by equivalent circuits using solid state devices. However, in
view of the fundamental importance of vacuum tubes and their continued use
in some special types of electronic equipment, a brief description of vacuum
tubes and their characteristics has been provided in the form of an appendix at
the end of the book.

A new format has been adopted by dividing the revised text into six parts
each containing chapters relevant to a particular topic, namely Introduction,
Semiconductor Devices and Circuits, Radio Transmission and Reception, Mono-
chrome and Colour Television, Audio and Video Systems, and Electronic Mea-
suring Equipments, Maintenance and Troubleshooting. Different parts of the
book and the order of chapters in each part has been so arranged as to facilitate
a progressive and systematic study of the various topics dealt with in the book.

For better comprehension and proper understanding of the subject by the
students, chapter summary and review questions are provided at the end of
each chapter as in the first edition. The scope and number of Review Questions
has been enlarged by including more numerical problems (with answers) and
adding objective type of questions like “True or False’ questions. The number
of solved examples in each chapter has also been increased.

A large number of illustrations, properly labelled sketches, and block dia-
grams have been used to aid the users of the book in understanding the text
fully.

The subject of Television has been very comprehensibly dealt with by ex-
panding the portion on Colour Television to include relevant topics such as
Satellite communication, Cable TV, Teletext, Video Recording, (VCR) and
TV games, closed circuit TV, etc.

A new chapter on Digital Electronics has been added keeping in view the
importance of digital electronics in modern electronic technology.

A separate chapter has been provided on troubleshooting, maintenance and
repair of electronic equipment for the benefit of those engaged in the maintenance
and repair of electronic equipment.



viii Preface to the Second Edition

Topics like Safety Precautions and Internet have been included in the form
of appendices at the end of the book.

The reader-friendly character of the book has been maintained by the use of
simple language and avoiding higher mathematics. The book is particularly
helpful for those who have no previous knowledge of electricity and electron-
ics.

The revised edition of the book is unique in providing under one cover all
that is latest on radio, audio and video technology.

In revising the book, suggestions and comments received from a large sec-
tion of teachers, engineers and technicians engaged in the professions have
been implemented to the maximum extent possible.

Further suggestions of improvement are most welcome.

S P SHARMA



Preface to the First
Edition

This book is intended to provide an elementary course in radio and television
technology for students who have no previous knowledge of electricity and
electronics. It has been specially designed to take the student step-by-step from
the principles of electricity and electronics to the application of these principles
to modern radio and television techniques. The approach is both logical and
progressive, so that one topic leads to another in a smooth and systematic
manner. Written in very simple and easy-to-understand language, the text can
be easily grasped by a reader of average ability. Mathematics has been held to
a minimum to make the book useful to as wide a range of readers as possible.
A large number of carefully devised illustrations and circuit diagrams inserted
at suitable places lend greater clarity to the text.

The book is aimed at providing a complete and comprehensive coverage to
the syllabus approved by the Central Government for trainees in the trade of
Mechanic (Radio and Television) being trained at the Industrial Training Insti-
tutes and other recognized centres under the Craftsmen Training Scheme of the
Government. A thoroughly practical approach, based on the use of indigenous
components and circuits, should make the book not only suitable as a textbook
for ITI students but also provide an ideal training manual for all other institu-
tions engaged in training raw hands in the art of ratio, TV and audio servicing.
Students of communication engineering at Diploma level will also find the
book interesting and informative.

The book can be broadly divided into three main parts.

The first part, comprising Chapters 1 to 11, explains the basic principles of
electricity and magnetism together with the properties of important circuit com-
ponents such as resistors, coils, capacitors, vacuum tubes and transistors. The
use of simple meters, explained in Chapter 7, has been introduced at a fairly
early stage to help in practical work.

The second part, consisting of Chapters 12, 13 and 14 describes the charac-
teristics of amplifiers, oscillators and power supply systems which form the
building blocks of all electronic circuits.

The third part includes Chapters 15 to 21 which are devoted to radio trans-
mission and reception and the application of electronic circuits to radio and TV
technology. This part provides useful information on the maintenance, servic-
ing and fault-finding procedures for radio, TV and other common electronic
equipment.



X Preface to the First Edition

Colour television has been given a special coverage in the book because of
its growing popularity in India. Chapter 21 has been entirely devoted to the
principles and practice of colour television with special reference to the PAL
system adopted in India.

Chapter organization in the book is such that the book can prove equally
useful for self-study and for classroom teaching. Each chapter is divided into a
number of short paragraphs carrying bold and prominent headings indicating
the topic under discussion. This will help the student select at a glance any
desired topic for study. A short summary at the end of each chapter provides a
review of the key concepts developed in the chapter. Each chapter ends with a
set of test questions including numerical problems with answers, meant for
self-examination by those preparing for various tests and examinations.

The book is supplemented by a set of five appendices containing additional
information and technical data. Appendix D on soldering and Appendix E on
printed circuit boards (PCB) should prove particularly useful for service me-
chanics and technicians.

With so much information and technical material packed in one volume, the
book will adequately meet the requirements of students, instructors and techni-
cians alike.

Suggestions for improvement will be gratefully accepted.

S P SHARMA
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chapter 1

Introduction to Radio
Communication Systems

Radio communication has made wonderful progress over the past 100 years.
Starting with the early experiments on radio waves performed by Hertz and
Marconi, the present state of the art in Radio Communication technology is a
big leap forward in the Radio Communication field.

This chapter contains a brief review of the various topics which will be
discussed in detail in other chapters of this book.

1.1 RADIO BROADCASTING

Sound broadcasting for entertainment and educational purposes constitutes the
biggest network of radio communication for circuits all over the world includ-
ing India. Amplitude Modulation (AM) Broadcast transmitters will continue to
provide the basic service for national as well as international large area cover-
age of broadcasting by the use of high power Long wave, Medium wave and
Short wave transmitters. The new generation of AM transmitters, either fully
transistorised for Medium Power Low Frequency (LF) and Mid Frequency
(MF) service; or single output tube type for short wave and high power MF and
LF broadcasting, based on low level digital processing and control, will prove
much reliable and economical service both from the consumption and opera-
tional points of view.

Use of Frequency Modulation (FM) services for internal broadcasting has
added another dimension to the information and broadcasting service.

1.2 TELEVISION

Rapid development of monochrome and colour television has completely revo-
lutionized the entire field of audio visual technology and has made television
one of the most effective means of entertainment, education and research.
Helped by such devices as Video Casette Recorder (VCR) (or video tape
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recorder (VTR)) and Closed Circuit Television (CCTV), TV finds wide appli-
cation in medical, scientific and industrial fields. Cable TV combined with
satellite communication system has made TV programmes available to wide
variety of subscribers.

1.3 SATELLITE COMMUNICATION

External coverage of TV programmes by satellites to replace the use of micro-
wave links and coaxial cables has made the relay of international sports events
and distribution of national programmes over large areas more economical and
technically viable. Satellite communication is useful for many other applica-
tions such as telephone circuits, weather forecasts and remote sensing, etc.

1.4 DIGITAL ELECTRONICS

Progressive replacement of analog technology by digital electronics and the
rapid growth of computer aided technology through digital electronics has
resulted in considerable improvement in the quality and control of Radio, Video
and Audio programmes.

1.5 SOLID STATE ELECTRONIC DEVICES

Solid state devices like transmitters and Integrated Circuits (ICs) have almost
completely replaced vacuum tubes in all electronic equipment including the
equipment used for Radio and TV Broadcasting and reception. This has greatly
improved the quality and performance of these circuits. Although the entire
electronic industry has become solid-state oriented, but the continued use of
vacuum tubes in certain specialized equipments like High Power Broadcast
transmitters, makes some basic knowledge of vacuum tubes and their circuits
useful, though not essential, for a modern electronic engineer.

1.6 AUDIO AND VIDEO RECORDING SYSTEMS

Both audio and video recording and playback techniques have considerably
improved particularly with the advent of tape recording. Extensive use of audio
and video recordings in Radio and TV broadcasting has not only resulted in
improved quality of these broadcasts but has also brought about better control
and care of operations in these broadcasts. Video and audio tape recorders
have become one of the most popular consumer items in electronic industry.
Improved designs in microphones and loudspeakers has not only improved the
quality of PA systems but has helped in the acoustic design of theaters, auditoria
and cinema halls. Use of digital recording techniques has popularised the use
of CD (Compact Discs) for long play quality recordings.

1.7 FUTURE TRENDS

Use of solid state scanning devices to replace the vacuum type picture tube and
the introduction of HDTV to improve the quality of pictures are some of the
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new trends in the design of TV sets. Use of stereophonic sound and 3-D
pictures in the telecasts are almost round the corner. Teletext, Video text and
FM Radio paging are some of the latest trends in future Radio and TV broad-
casting.

Figure 1.1 provides a view of the Radio Communication System and its off-
shoots which will be discussed in this book.

SUMMARY

There has been wonderful progress in Radio Communication over the past 100
years. This chapter contains a brief review of the various topics which will be
discussed in this book. These topics include Radio broadcasting, Television,
Satellite Communication, Digital Electronics, Solid state electronic devices,
Audio and Video Recording Systems. Use of solid state scanning devices,
HDTV, Teletext, Video text and FM Radio paging are some of the latest trends
in future Radio and TV Broadcasting.

RevieEw QUESTIONS

1. Give a brief review of the various topics under which progress has been
made in Radio Communication.

2. What are the future trends in Radio and TV broadcasting?

3. Give in a tabular form the Radio communication and allied subjects dis-
cussed in this book.



chapter 2

Fundamentals of Electricity
and Magnetism

2.1 ELECTRICITY—STATIC ELECTRICITY

The word electric is derived from the Greek term electron which means amber.
An amber rod when rubbed with a piece of fur or cat skin acquires the property
of attracting small pieces of paper or straw and is said to be charged with
electricity. Similarly, a glass rod rubbed with a piece of silk cloth also gets
charged with electricity. However, the polarity of the charge of electricity
acquired by a glass rod when rubbed with silk is opposite to the polarity of the
charge acquired by an amber or ebonite rod when rubbed with fur or cat skin.
The charged glass rod has positive charge and the charged ebonite rod has
negative charge. It can further be shown that a body charged positively attracts
another body charged negatively and repels a body charged positively. This is
illustrated in Fig. 2.1 where a positively charged glass rod attracts a negatively
charged ebonite rod suspended freely with a silk thread but repels a positively
charged glass rod. This can be explained by saying that opposite charges attract
and like charges repel each other.

Electricity produced by friction or by rubbing two bodies with each other is
called static electricity. It is a form of energy like heat, light, sound and me-
chanical energy. Any of these forms of energy can be changed into electricity
or vice versa. In fact, static electricity is produced as a result of the conversion
of mechanical energy due to friction into electrical energy.

2.2 ELECTRIC CHARGE AND ELECTRON

According to the modern concept of electricity, the production of electric charge
can be explained in terms of the transfer of a tiny and invisible particle from
one body to another called an electron which carries one unit of negative
charge. Another basic particle which carries one unit of positive charge is
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Glass rod

Glass rod
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Fig. 2.1 Attraction and Repulsion between Charged Bodies

called a proton. All matter in whatever form, solid, liquid or gas, basically
consists of electrons and protons. When electrons and protons exist in equal
numbers in a body, it exhibits neither positive nor negative polarity and the
body is said to be neutral. When electrons are removed from one body and
transferred to another body the two bodies get opposite charges. The body
from which the electrons are removed is left with an excess of protons and is
said to be positively charged. The body to which the electrons have been
transferred gets an excess of electrons and is said to be negatively charged. In
rubbing a glass rod with a silk cloth, electrons are transferred from the glass
rod to the silk cloth thereby producing an excess of electrons in the silk cloth
which gets a negative charge. The glass rod which loses electrons gets an
excess of protons or a deficit of electrons and thus has a positive charge. If the
glass rod and the silk cloth are again put in contact with each other, as in
Fig. 2.2, the electrons from the silk cloth return to the glass rod and both
become neutral again.

Positive

Electron

Fig. 2.2 How Bodies get Charged and Neutralised

For the transfer of electrons from one body to another, some force or energy
in the form of heat, light, chemical or mechanical energy is necessary. Thus, a
source of electricity has to be devised for converting any type of energy into
electric energy or electricity.
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Electrons and protons being the basic constituents of all types of matter, it is
the arrangement of these charged particles in a substance that determines the
electrical characteristics of that substance. In order to understand the electrical
properties of different types of matter, it is necessary to have some idea of the
structure of matter in terms of its basic constituents.

2.3 STRUCTURE OF MATTER

Matter can exist in the form of solid, liquid or gas as in the case of stone,
water and air. The smallest particle of matter that can retain the properties of
the original matter is called a molecule. A molecule can be split up into still
smaller particles called atoms which are the basic building blocks for all mat-
ter. Matter exists in the form of elements and compounds.

Elements: A molecule may consist of a group of two or more atoms. If all
atoms in the molecule of a substance are identical, the substance is called an
element. Carbon, silver, hydrogen, oxygen and copper are examples of ele-
ments. There are about 106 known elements of different types. An atom is the
smallest part of an element which will retain the properties of the element.

Compounds: 1f the molecule of a substance consists of two or more atoms
which are not identical, the substance is called a compound. Water (H,O) is a
compound because it consists of atoms of hydrogen and oxygen which are not
similar. In the same way common salt or sodium chloride (NaCl) is a com-
pound which can be broken into dissimilar atoms of sodium and chlorine.
Compounds are formed by a chemical combination of elements. The large
number of elements that exist in nature can combine with each other and form
any number of compounds.

An atom is the simplest particle of matter, but it contains within itself three
fundamental particles known as electrons, protons and neutrons. As already
stated, electrons are negatively charged particles with a unit negative charge
and protons are positively charged particles with a unit positive charge but
protons are much heavier than electrons. A proton is nearly 1840 times heavier
than an electron. A neutron is an electrically neutral particle which is almost as
heavy as a proton. It is the number and the arrangement of these particles in an
atom that determine its physical and chemical properties.

2.4 ATOMIC STRUCTURE

The three important particles constituting an atom are electrons, protons and
neutrons. These particles can combine in any number of ways to form an atom
but there is a specific arrangement that gives rise to a stable structure called the
atomic structure. Each stable arrangement of these fundamental particles makes
a particular type of atom. A different stable arrangement of electrons, protons
and neutrons will make a different type of atom with different physical and
chemical characteristics.

The best picture of an atom that explains satisfactorily most of the physical
and chemical properties of known elements was provided by a Danish scientist,
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Neils Bohr. According to Bohr, the structure of an atom is similar to our
planetary system in which planets like the Earth, Venus and Mars revolve
round the sun in different orbits. In the case of an atom, there is a central part
called the nucleus which contains all the protons with their positive charge.
The electrons with their negative charge revolve round the nucleus in rings or
orbits at different distances from the nucleus. In the neutral state of an atom
the number of electrons in orbit is exactly equal to the number of protons in the
nucleus so that the negative and the positive charges cancel each other. The
force of attraction between the positive charge at the nucleus and the negative
charge in the orbit is balanced by the mechanical force acting outward on the
rotating electron. This makes the electron stable while rotating in its orbit.
Neutrons which are neutral particles also form a part of the nucleus and though
they have no electrical properties they add to the weight of the atom.
The simplest case of atomic structure

is provided by the hydrogen atom. It con- Electron . Electron
sists of one proton in the nucleus and one S

. . . . Nucleus
electron revolving around it as in Fig.
2.3(a). The next possible arrangement is
with two protons at the nucleus and two
electrons orbiting round it as shown in Fig.

2.3(b). This is the atom of the element Electron
helium. (a) (b)

When there are more than one electron Fig 2.3 Atomic Structure (a) Hydro-
and one proton in an atom, all the protons gen (b) Helium

cling together in the nucleus like a bunch
of grapes but the electrons revolve round the nucleus in one or more orbits at
varying distances from the nucleus. The number of electrons in the orbit,
however, is always equal to the number of protons in the nucleus for a neutral
atom. The orbits of the revolving electrons are also called shells or energy
levels. These successive shells from the nucleus outwards are known as K, L,
M, N, O and P shells. Each of these shells can accommodate a maximum
number of electrons for stability which is given by the formula 2 x n*> where
n =1, 2, 3, 4, etc. respectively for shells, K, L, M, N and so on. For a K shell,
n = 1 and the maximum number of electron for K shell is 2. This is the case for
helium as shown in Fig. 2.3(b). The atomic struc-
ture of an element like helium which has all its
orbits full upto the maximum number of electrons
they can contain is that of an inert gas. Neon is
another example of an inert gas having a maxi-
mum number of 8 electrons in the L shell (n = 2)
as shown in Fig. 2.4

After any shell is complete with the maximum
number of electrons it can contain, the remaining
electrons arrange themselves in higher orbits—the
maximum number of electrons in the K, L, M, N,

Fig. 2.4 Neon Atom
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(a) (b)

Carbon atom—=6 electrons Copper atom—29 electrons
K = 2 electrons (complete) K = 2 electrons (complete)
L = 4 electrons (incomplete) L = 8 electrons (complete)

M = 18 electrons (complete)
N = 1 electron (incomplete)

Fig. 2.5 Carbon and Copper Atoms

orbits being 2, 8, 18, 32, etc. However, the maximum number of electrons in
the outermost shell does not exceed 8. Figures 2.5(a) and (b) show the structure
of carbon and copper atoms which have 6 and 29 electrons, respectively ar-
ranged in various orbits. It will be seen that the carbon atom has four electrons
in the outermost ring against the maximum number of 8 and shows a stable
structure. In the case of copper, however, there is only one electron in the
outermost ring which is not very stable. This electron is free to jump from atom
to atom and hence called a free electron. This forms a carrier of charge or
electricity.

2.5 ATOMIC NUMBER AND ATOMIC WEIGHT

The atomic number of an element is given by the total number of electrons
revolving round the nucleus or by the total number of protons in the nucleus.
The atomic number of carbon is 6 and that of copper is 29. The atomic weight
of an atom is the total weight of the atom compared to the weight of the
hydrogen atom. The atomic weight of an atom is indicated by the weight of
protons plus the weight of neutrons in the nucleus. Thus a carbon atom with an
atomic number of 6 has an atomic weight equal to 12 (6 protons and 6 neu-
trons). This simply means that a carbon atom is 12 times as heavy as an atom
of hydrogen which has an atomic weight of 1.

2.6 CONDUCTORS, INSULATORS AND
SEMICONDUCTORS

A study of the atomic structure of various elements shows that certain metals
like copper have a single free electron in their outermost shell which can easily
move from atom to atom and thus allow an easy flow of electricity through
them. Such materials are called conductors. In general, all metals are good
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conductors but certain metals are better conductors than others. Silver, copper
and aluminium are examples of good conductors. Silver is a better conductor
than copper but copper is mostly used as a conductor for wires because it is
less expensive than silver. Similarly, copper is a better conductor than alumin-
ium but the latter is being freely used as a conductor for electrical wiring
because the cost of copper also has gone up considerably compared to the cost
of aluminium. Because of their property to allow current to flow through them
with a minimum of opposition, the conductors are used for making various
types of cables and parts of electrical equipments and accessories like plugs,
sockets and switches.

Substances like glass, mica and rubber do not have a large number of free
electrons in their atoms and so do not allow current to flow through them
easily. Such substances are called insulators. As in the case of conductors
certain substances are better insulators than others. Mica is a better insulator
than rubber because it has fewer free electrons than rubber. Because they do
not allow electricity to flow through them easily, insulators are used to separate
conductors in electrical appliances so that electricity does not jump from one
conductor to another. In fact, insulators form as important a part of electrical
equipment and appliances as conductors themselves.

Conductors and insulators are relative terms. There is no sharp dividing line
between conductors and insulators. It is only a question of how freely the
electrons can move about in a material. No material is a perfect conductor and
no material is an absolute insulator. A good insulator is a bad conductor and a
bad insulator is a good conductor.

While conductors are useful for allowing the flow of electricity from one
point to another, insulators are able to store electricity in them and are em-
ployed as dielectrics for capacitors as will be discussed later.

Given below is a list of common conductors and insulators in the order in
which they conduct or oppose the flow of electricity through them:

Conductors Insulators
Silver Dry air
Copper Glass
Aluminium Mica
Zinc Rubber
Brass Asbestos
Iron Bakelite

There is also a class of materials like silicon, germanium and carbon in
which the electrons are neither very free to move about nor completely tied
down to the atom. These materials are neither conductors nor insulators and are
known as semiconductors. They partially allow the flow of electricity through
them. These elements have four electrons in their outermost orbit against the
maximum number of 8 which makes these orbits neither completely stable nor
very unstable. Semiconductors form the basic material for the construction of
transistors and other semiconductor components which have revolutionised the
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world of electronics because of the many advantages transistors possess over
their rival electronic components—the vacuum tubes.

2.7 CURRENT, VOLTAGE, RESISTANCE
AND POWER

2.7.1 Current

A neutral body can be charged with electricity by either removal of electrons or
addition of electrons to the atoms of the neutral body. The amount of charge,
positive or negative, depends on the number of electrons that are removed or
added to the body. The unit for the measurement of charge is called Coulomb.
It is equal to the charge on 6.28 x 10'8 electrons (or protons). A coulomb is a
practical unit of charge. When the free electrons in a conductor like copper are
made to move in a particular direction in the conductor, this flow of electrons
constitutes the electric current which is defined as the rate of flow of charge.
The practical unit of electric current is ampere (A) which is equal to one
coulomb per second (C/s). In terms of the movement of electrons, a current of
one ampere flowing through a conductor will mean the movement of 6.28 X
10'® electrons in one second across any section of the conductor.
Smaller units of current in practical use are milliamperes (mA) and micro
amperes (UA):
1A = 1000 mA = 10° mA
1A = 1,000,000 A
=10° uA
The alphabet I is generally used to represent current. The direction of cur-
rent is shown by arrows.

ExampLE: How many electrons will flow through a wire in 5 s if the current
flow is 10 mA?
1A = 1000 mA = 10° mA
1A = 6.28 x 10'® electrons per second
6.28x101'3

Im A = BT ER =6.28 x 10'3 electrons per second

10mA =6.28 x 10" x 10 = 6.28 x 10'¢ electrons per second
Number of electrons flowing in 5 s
=5x6.28 x 10'°=31.40 x 10'°

2.7.2 Voltage

Electrical current flows through conductors or wires in the same way as water
flows through pipes. In the water circuit shown in Fig. 2.6(a) water flows
through the pipes due to a difference of pressure between the input side and the
discharge side of the water pump while the amount of water flowing through
the pipes depends on the difference of pressure at the two ends of the water
pump. In the electrical circuit shown in Fig. 2.6 (b) the electrons are made to
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Water pipe

[ — 4
Water pump ‘
ﬁ. || —~——

(b)

Fig. 2.6 Analogy between Water Flow and Electric Current (a) Water Flow and
(b) Current

move in the copper wire by the electrical pressure provided by the battery. This
electrical pressure or electromotive force is provided between the negative and
positive poles of the battery due to the chemical action inside the battery cell.
The negative pole which develops an excess of electrons repels the free elec-
trons in the copper wire and the positive pole which develops deficiency of
electrons attracts the free electrons to its side and a current starts flowing
through the wire in the same way as water flows through the pipes. The greater
the difference of electrical pressure between the negative and positive poles of
the battery the greater will be the current flow. This difference of electrical
pressure which has been referred to as electromotive force (emf) is also known
as the voltage or potential difference (pd), and the unit for its measurement is
termed a volt (V). This is a practical unit for the measurement of voltage, pd or
emf. Units larger than a volt are called kilovolt (kV) and megavolt (MV).

1 kilovolt = 1000 V or 10° V
1MV = 1000,000 V or 10° V
We also come across units of voltage which are smaller than a volt. These

are millivolts (mV) and microvolts (#V).

IV=1000 mV or 10°mV

1V = 1000,000 £V or 10° 1V
The meter used for the measurement of voltage, pd or emf is called a Voltme-
ter. The letter E is used to denote voltage, pd or emf. The source of voltage is
represented by a cell or a number of cells (battery) as shown in Fig. 2.7.

ExampLE: A current of 10 mA flows through a wire when a voltage of 100 mV
is applied across it. Find the current that will flow through the wire when a
voltage of 1.5 V is applied to it.

1.5 V=15 x 10> = 1500 mV

Current through the wire with 1500 mV

- 1500 _
=10 x 58 = 150 mA
=150 _ 154

1000
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2.7.3 Resistance

The free electrons in a copper wire start moving under the influence of the
potential difference applied, resulting in the flow of current. The free electrons
do not, however, start moving in a particular direction without offering any
opposition. The opposition to the flow of current is called resistance. In a
material like copper, the atoms have a large number of free electrons and the
resistance is less. Compared to this, carbon has fewer free electrons and the
resistance will be greater than in the case of copper. Conductors have less
resistance than insulators. The unit of resistance is ohm (). A wire has a
resistance of 1 € when a potential difference of 1 V applied across it makes a
current of 1 A flow through it. The bigger practical units of resistance are
kilohm (k) and (MQ).

1kQ = 1000 Q or 10°Q

IMQ = 1000,000 Q or 10°Q

Resistance is denoted by the letter R. When a resistance R is connected to a
source of voltage £ by copper or any conductor, a current / flows through this
resistance as shown in Fig. 2.7. Such an arrangement is called an electrical
circuit.

R
— "V ————
e,
R
|
- | -

(a) (b)
Fig. 2.7 Electrical Circuit

2.7.4 Power

When a voltage is applied to a conductor, the electrons start moving in a
particular direction and a current flows through the conductor. The electrons
collide with other atoms of the conductor and produce heat. The amount of
heat developed depends on the applied voltage and the current. The production
of heat indicates that energy is consumed in the process of the flow of current
and work is done to overcome the friction due to the movement of the elec-
trons. The amount of work done in one second is called power. It is equal to
the product of current / and voltage E in a particular circuit. Thus

Power (P)=E x [ 2.1

The unit of power is watt (W). In the above formula P is equal to 1 W when
E=1Vand /=1 A. Thus the power consumed in a circuit is 1 W when the
voltage applied is 1V and the current flowing through the circuit is 1 A.

2.8 OHM’S LAW

The current flowing through a conductor increases when the electrical pressure
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or voltage applied across the conductor increases and the current decreases if
the voltage decreases. In other words, the current flowing through a conductor
is directly proportional to the voltage, provided the resistance of the conductor
is constant. Similarly, for the same voltage, the current decreases when the
resistance of the conductor increases and the current increase when the resis-
tance of the conductor decreases. In other words, the current is inversely pro-
portional to the resistance when the voltage is constant. Thus a definite rela-
tionship exists between the applied voltage E and the current / that flows
through a conductor with a fixed resistance R. This relationship was first estab-
lished by George Simon Ohm and is known as Ohm’s law after its discoverer.
Ohm’s law is expressed by the mathematical formula:

_E
I=% 2.2)

where / is in amperes, E is in volts and R is in ohms. By a slight mathematical
manipulation, this formula can be expressed in two other forms:

E=IxR (2.3)
E
R=2 (2.4)

Given any two of these quantities (£, /, R), the third one can be found out by
any of the three relations given above.
To determine current (I) when voltage (E) and resistance (R) are known: The
formula to be used in this case is Eq. (2.2).

Thus in the circuit in Fig. 2.8 the ap- 60
. . ——WWWWW———
plied voltage E = 12 V and resistance
R =6 Q; so the current / is given by: Al=7
1V 12v
[=¢5=2A i)

Current can be expressed in milliam- Fig. 2.8 Application of Ohm’s law
peres or microamperes when the resis- to (find / when E and R are
tance is in kilohms and megaohms. known)

ExampLEs: Find the current flowing through a circuit in which the applied
voltage is 12 V and the resistance of the circuit is
(1) 6k Q; (i) 6M Q

1= E=12V
R

(i) when the resistance is 6 kQ

_12r_ 12v _
1 =5k~ 60000 0.002 A or 2 mA
(i) when the resistance is 6 MQ
_ 12y 12y 12V

T6MQ  6000000Q 6x10°Q
=2x10°Aor2uA
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To determine the voltage E when the current I and resistance R are known:
The formula applicable in this case is Eq. (2.3).
In the circuit shown in Fig. 2.9 if the 60
current flowing is 2A and the resistance ———  AMAMAAMA————
62 the voltage is given by

E=2A%x6Q=12V p7=2A
This voltage which appears across the
two ends of the resistance is called the E=7
voltage drop and is denoted by IR. Fig. 2.9 To find E when [ and R are

ExampLE: Three resistances of value 6, Known

12Q and 18Q are connected across a voltage source as shown in Fig. 2.10. If
the current flowing through the circuit is 0.5 A find the voltage drop across
each resistor.

6Q 12Q 18Q

I=05A

\/oltage source

Fig. 2.10 See Example below

In this case:

I1=0.5 A; voltage drop = I X R

Voltage drop across 6Q2 = 0.5A X 6Q =3V

Voltage drop across 12Q = 0.5A X 12Q = 6V

Voltage drop across 18Q = 0.5A x 18Q =9V

Total voltage drop across the three resistors is the sum of the individual
voltage drops and is equal to the voltage of the voltage source:

Voltage of the voltage source E=3+6+9=18V
To determine the resistance R when the voltage E and the current I are known:
The formula to be used in this case is Eq. (2.4).

R will be in ohms, when F is in volts and / is in amperes. In the circuit in
Fig. 211 E=12V, =2 A,

_ 12y
SO R_TA 6Q2
R="7

—_—

| [

—

12v
Fig. 2.11 To find R when E and [ are Known
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When the current is in milliamperes and microamperes, the resistance will
be of a high value of the order of kilohms and megaohms.

ExampLE: Find the resistance of a circuit when the applied voltage is 12 V and
the current flowing is (i) 2mA; (i) 21A.

R=§, here E=12V
(i) when / =2mA
r= 12V _ 12V
2mA  2x107° 4

=%XIO3Q=6XIO3Q
=6 kQ

(i) when /=21 Aor2x10°A
_ 12y 12 60 — 6
Sx 105 = 5 X 10°2=6x10°Q
=6 MQ

A useful memory aid to Ohm’s law is given in Fig. 2.12. In the diagram the
quantity to be determined is covered with the thumb and the two exposed
letters in their relative positions give the value of the covered quantity. Thus
when [ is covered the result is given by E/R, when E is covered the result is
I x R and when R is covered its value is given by E/I. A practical form of the
memory aid is given in Fig. 2.13.

N

Amps [Ohms uh ke uA |MQ

Fig. 2.12 Memory Aid to Fig. 2.13 Practical form of Memory Aid
Ohm'’s Law

Equation (2.1) can be expressed in two other forms by applying Ohm’s law.
We know from Ohm’s law that £ = IR

P=ExI=I-R-1=PR (2.5)
- , _E . p_ E* 5 _E*
Similarly, from Ohm’s law [ = R s P= R R= R (2.6)

The power of an electrical appliance in watts is also known as wattage.

ExampLE: What is the wattage of an electric toaster which draws a current of
3A when used on a 230 V power supply?
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Power =E x I
where E=230Vand /=3 A
Wattage = 230 x 3 = 690 W

ExawmpLE: The resistance of an element of an electric room heater is 50Q2. How
much power will it consume on a 230 V mains supply?

_E?
P="%
where E=230V,R=50 Q
~ (9232
P= 50 = 1058 W

A watt is a small unit of electrical power. The bigger practical unit is the
kilowatt (kW) which is equal to 1000 W. A still bigger unit is megawatt (MW)
which is equal to 1000,000 W or 10 W. The units smaller than a watt are
milliwatt (mW) and microwatt (4W).

IW = 1000 mW or 10° mW
1W =1000,000 #W or 10°uW

The power of 1058 W in the above example can also be stated as 1.058 kW.

We use electrical energy for heating and lighting purposes. We have to pay
the electric charges according to the amount of electrical energy consumed.
Kilowatt hour (kWh) is the unit adopted for measuring the consumption of
electricity. The number of kilowatt hours or units of electricity consumed can
be calculated by the product of the power in kilowatts multiplied by the time in
hours for which the electrical energy has been consumed.

ExampLE: What is the energy consumed per day in kilowatt hours in a house-
hold using 6 electrical lamps of 100 W each which are lighted for 5 hours
everyday. What will the bill for energy consumption be in a month of 30 days
if the rate of electric charge is 25 paise per unit?

Power of six 100 W lamps =6 x 100 = 600 W
=0.6 kW
Energy consumed in 5 hours a day = 0.6 x 5 =3 kWh
Energy consumed in 30 days =3 x 30 = 90 kWh
= 90 units
Total charges for 90 units or 90 kWh at the rate of 25p per unit
90 x 25
~ 100

The power of an electrical motor is generally given in terms of a unit called
horsepower (hp). 1 hp is equal to 746 W.

Thus the horsepower of a 220 V electric motor taking a current of 5 A will
be

= Rs. 22.50

~220x5 1100 _
R TIETIE S
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Voltage-Current-Resistance-Power Relations A

practical representation of these quantities and their '@ £
relationship to other quantities is given in Fig. 2.14. R

The four basic quantities £, I, R and P discussed R 1 ﬁ’“\
earlier occupy each of the four segments in the in- \Q, PIRL o,
ner circle. Adjacent to each of these inner segments * /
are the segments of the outer circle which contains &5 2{

the three formulas representing that particular quan-

tity in terms of two other basic quantities. Thus P in
the inner segment is equal to £%/R, I’R and IE each
of which occupies one of three outer segments adja-
cent to the inner segment containing P. This is another useful memory aid for
the application of Ohm’s Law.

Fig. 2.14 E,/,Rand P
Relations

2.9 MAGNETISM
2.9.1 Properties of a Magnet

A magnet is a piece of iron or steel which has the property of attracting small
pieces of iron. In its natural form, a magnet was discovered as an iron ore
called magnetite. It was also called a loadstone or leading stone because it was
originally used to steer ships in a proper direction while on the high seas.

Two important properties of a magnet are:

1. It attracts small pieces of iron or other magnetic materials. Nickel and
cobalt are also magnetic materials.

2. When suspended freely in air by a silk thread, one end of the magnet
always points towards the geographical north of the earth, also called
the North pole, North-seeking pole or N-pole. The other end of the
magent which points towards the geographical south of the earth is
called the South-pole, South-seeking pole or S-pole.

In fact, the earth itself is a big magnet with one pole near the north geo-
graphical pole and the other near the south geographical pole. The magnetic
pole of the earth located near the geographical north pole is actually the south
pole of the earth magnet and it attracts towards
itself the North seeking or N-pole of any mag-
net suspended freely.

The ends of the magnet where attractive
force is greatest, are called the poles of the Fig. 2.15 Magnetism is
magnet. In a magnet, the magnetism is concen- Strongest near
trated near its ends or poles and its strength the Poles
gradually decreases towards the centre. This can be shown by dipping a magnet
in iron filings, when the thickest cluster of iron filing will be found to stick to
the ends, as shown in Fig. 2.15. The force of attraction is, therefore, strongest
near the poles of a magnet.

2.10 ATTRACTION AND REPULSION BETWEEN POLES

A piece of iron wire can be attracted by the north pole as well as by the south
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pole of a magnet. If, however, the north pole of a magnet 4 is brought near the
north pole of a freely suspended magnet B as in Fig. 2.16 (a), the north pole of
the suspended magnet will move away and get repelled. Similarly, when the
south pole of magnet A is brought near the south pole of the suspended magnet
B, the result will again be repulsion of the south pole of the suspended magnet.
This shows that like poles of two magnets repel each other.

Now hold magnet A4 near the north pole of the suspended magnet B as
shown in Fig. 2.16 (b). The north pole of magnet B will get more attracted
towards the south pole of magnet 4; similarly, when the north pole of magnet 4
is brought near the south pole of magnet B, the result will again be attraction.
This proves that unlike poles of two magnets attract each other. The result of
the above experiments can be summed by saying:

“Like poles repel and unlike poles attract each other”.

(s .

Fig. 2.16 Attraction (a) Repulsion and (b) between Poles

This force of attraction or repulsion between two magnetic poles depends on
the strength of each magnetic pole and varies inversely as the square of the
distance between the two poles.

2.11 MAGNETIC FIELD

The space round a magnet in which its influence can be felt is called the
magnetic field. This magnetic field is the strongest near the poles of the magnet
and gets weaker as we move away from the poles. A magnetic field is not
visible but its existence can be shown by the effect it produces on magnetic
materials like iron filings. Place a glass sheet on a bar magnet and sprinkle
some iron filings on the glass sheet. Tap the glass sheet on a bar magnet and
sprinkle some iron filings on the glass sheet. Tap the glass sheet gently with
your fingers and the iron filings will arrange themselves in a regular pattern of
lines from one pole to the other as shown in Fig. 2.17.

The lines along which the iron filings arrange themselves are called the
magnetic lines of force. These lines of force are very crowded near the poles
indicating that the magnetic field is very strong here. Each particle of iron
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Bar magnet

Glass sheet
T

Iron filings

Fig. 2.17 Magnetic Lines of Force

filings becomes a tiny magnet under the influence of the magnetic field of the
bar magnet and arranges itself along a certain magnetic line of force.

The magnetic field of any magnet can actually be
plotted with the help of a compass needle which
consists of a very small magnet pivoted inside a non-
magnetic case with a glass top, (Fig. 2.18). The nee-
dle can move freely on its pivot. Its north pole is
painted a permanent shade to distinguish it from the
south pole.

Take a sheet of paper and place a bar magnet on
it. Mark the boundary of the bar magnet with a Fig. 2.18 Compass
pencil. Place the compass needle near the north pole Needle
of the magnet and with a sharp pencil, mark the posi-
tion of the north pole of the compass needle when it %/N\
becomes steady. Move the compass needle slightly %
so that its centre now rests on the point marked earli-
er with pencil. The north pole of the compass needle
will now point to a different direction. Mark with the Fi .

. .. o ig. 2.19 Magnetic
pencil the new position of north pole. Go on shifting Field of a Bar
the compass needle from point to point, marking the Magnet
position of its north pole every time till you reach the
south pole of the bar magnet. Draw a smooth curve through all the points. This
curve represents one magnetic line of force. Starting from another point near
the north pole of the bar magnet, another magnetic line of force can be drawn.
In this way a number of magnetic lines of force can be drawn on both the sides
of the bar magnet and the entire magnetic field plotted as shown in Fig. 2.19.

The magnetic field plotted in Fig. 2.19 is similar to the pattern indicated by
the iron filings in Fig. 2.15. The iron filings actually arrange themselves along
these magnetic lines of force. These magnetic lines of force will crowd to-
gether near the poles where the magnetic field is the strongest.

The magnetic lines of force emerge from the north pole of a magnet and
passing through the surrounding medium these lines of force enter the magnet
at the south pole and again emerge from the north pole. These lines are contin-
uous curves and complete a circuit like the electron current which leaves the
negative pole of a battery and passing through the conductor returns to the
positive pole of the battery and through the battery back to the negative pole
again.

S=
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2.12 MAGNETIC FLUX AND FLUX DENSITY

The lines of magnetic force that emerge from the north pole of a magnet
comprise what is called magnetic flux and is generally represented by the
Greek letter ¢ (phi). A strong magnet provides greater flux than a weak magnet.

Flux density B is the number of magnetic lines of force that pass through the
unit area of a section perpendicular to the direction of the magnetic flux.

Mathematically, B = %
where A is the area through which a flux ¢ passes. Flux density B is measured
in terms of a unit called gauss (G). A gauss is equal to one line (also called

maxwell) per square centimeter.

ExampLE: A magnet produces a flux of 20,000 magnetic lines in a perpendicu-
lar area of 4 cm?. Find the flux density in gauss.

¢ = 20,000 lines

A=4cm?
B= 20’4?00 = 5000 G

The earth’s field strength produces a flux density B of over 0.2 G whereas a
strong magnet can produce a B of 50,000 G.

Gauss is the unit of flux density in the CGS (centimeter, gram, second)
system. In the practical system of units called the MKS (meter, kilogram,
second) system a bigger unit of flux called weber (Wb) is used. 1 Wb is equal
to 10 magnetic lines of force or maxwell. In the MKS system, the flux density
B will be measured in webers per square meter or Wb/m®.

2.13 MAGNETIC INDUCTION

A magnet has the property of imparting its magnetism to other magnetic mate-
rials like iron and steel. If a bar magnet is rubbed against a soft iron nail, the
latter becomes a magnet temporarily but loses its magnetism after some time.
Similarly, if a piece of magnetic material like soft iron is introduced in the
magnetic field of a permanent bar magnet, the soft iron piece becomes a
magnet without actually coming in physical contact with the bar magnet. This
phenomenon of producing a magnetic effect in a magnetic material without any
physical contact between the material and the magnet is known as magnetic
induction.

The soft iron piece placed near a permanent magnet becomes a temporary
magnet with one end becoming the south pole and the other end the north pole
as in Fig. 2.20.

Permanent magnet goftjron  Permanent magnet soft iron

S N S N N S N S
(a) (b)

Fig. 2.20 Magnetic Induction
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It may be seen that the north pole of the permanent magnet in Fig 2.20(a)
induces a south pole of opposite polarity in the soft iron piece. These two
opposite poles will attract each other and the smaller iron piece will be at-
tracted by the permanent magnet. If the permanent magnet is reversed in polar-
ity as in Fig. 2.20(b) its south pole will induce a north pole at the nearest end of
the soft iron piece and these two opposite poles will again attract each other.
This explains the fact that either pole of a permanent magnet attracts to itself a
small piece of soft iron. In fact, a permanent magnet first converts a piece of
soft iron into a temporary magnet by induction and then attracts it due to the
opposite polarity induced in the closest or nearest end of the soft iron.

Magnetic induction can be explained by the Molecular Theory of Magne-
tism. According to this theory, each particle or molecule of a magnetic sub-
stance like iron is a small magnet with a north pole and a south pole. These
molecular magnets lie at random in the unmagnetised state of the iron piece
when the field of any molecular magnet is being neutralised by the opposite
pole or field of the neighbouring molecular magnets. Thus, soft iron exhibits
no magnetic properties in its unmagnetised state as in Fig. 2.21(a).

N & @ S
%@ gj@

(a)

N_§] NS NS NSl NS
N_S]| N_S) N_S| N_s| N_s]
N_S]| N_S) N_S]| N_s| N_S]

(b)
Fig. 2.21 Molecular Theory of Magnetism

When a soft iron piece is placed in the magnetic filed of a permanent
magnet, the magnetic lines of force passing through the iron piece make the
molecular magnets line up in a particular direction with all the south poles
pointing in the direction of the north pole of the permanent magnet and all the
north poles pointing in the opposite direction. Thus, the iron piece gets
magnetised under the influence of the permanent magnet with the closest ends
having opposite polarities. When the bar magnet is removed, the piece of soft
iron will lose its magnetism because the molecular magnets will again try to lie
in a random manner destroying each other’s magnetism. The molecular theory
gets support from the fact that a magnet loses its magnetism if it is struck with
a hammer or heated over a flame. The molecular magnets get disarranged due
to agitation produced by hammering or by heat.

It is also observed that soft iron loses its magnetism easily when the
magnetising field is removed but steel retains magnetism for a long time even
after the magnetising force is removed. This property of retaining magnetism
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by a magnetic material is called retentivity. Steel has greater retentivity than
soft iron and hence steel is used for making permanent magnets.

2.14 PERMEABILITY

If a piece of soft iron is placed in a magnetic field, the lines of force get
concentrated in the soft iron piece as shown in Fig. 2.22. This property of a
material to concentrate magnetic flux is called permeability. The flux density in
a magnetic material is much more than if the same space is occupied by air or
vacuum. Any material that has high permeability gets easily magnetised due to

induction.
/m

N S3 NES

Fig. 2.22 Permeability of Soft Iron

Permeability of a material is measured relative to air or vacuum whose
permeability is taken as 1 G. On this basis the relative permeability of iron and
steel varies between 100 and 9000. Permeability is generally represented by the
Greek letter ¢ (mu).

2.15 MAGNETIC MATERIALS

Magnetic materials are classified in three main groups according to the mag-
netic properties exhibited by them.

2.15.1 Ferromagnetic Materials

Magnetic materials that get highly magnetised in a magnetic field are called
ferromagnetic materials. These materials posses high values of permeability
varying from 50 to 5000. This category includes iron, steel, nickel, cobalt and
certain alloys like alnico and permalloy. These are strongly attracted by a
magnet.

2.15.2 Paramagnetic Materials

These materials get only weakly magnetised in the direction of the magnetic
field and possess a permeability slightly greater than one. The list includes
aluminium, platinum, manganese and chromium. These are weakly attracted by
magnets.
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2.15.3 Diamagnetic Materials

These include bismuth, antimony, copper, gold, silver, zinc and mercury. In
this case the permeability is less than 1. They develop only weak magnetism
but in a direction opposite to that of a magnetic field. These materials will,
therefore, be actually repelled by a magnet and not attracted to it.

2.15.4 Ferrites

These are non-metallic materials which have a high permeability like iron.
These are ceramic materials and unlike iron they are insulator and have a very
high value of resistivity. Ferrites are used as core materials for high frequency
coils and transformers because of the low losses they suffer at high frequen-
cies.

2.16 ELECTRICAL CURRENT AND
MAGNETIC FIELD

If a conductor carrying electric current is held over a magnetic needle, the
north pole of the magnetic needle gets deflected at right angles to the current
carrying conductors as in Fig. 2.23(a).

Conductor

(a) (b)
Fig. 2.23 Magnetic Effect of a Current carrying Conductor

2.16.1 Magnetic Effect of a Current Carrying
Conductor

If the direction of the current is reversed, the north pole of the magnetic needle
gets deflected in the opposite direction as in Fig. 2.23(b). This shows that a
current carrying conductor develops around it a magnetic field whose direction
depends on the direction of the flow of current. The existence of a magnetic
field around a current carrying conductor can also be demonstrated by piercing
a copper wire through a piece of cardboard and sprinkling some iron filings on
the cardboard. If a current is passed through the wire from a battery and the
cardboard tapped gently, the iron filings will arrange themselves in concentric
circles around the wire as shown in Fig. 2.24.

If a small compass needle is taken around the wire and magnetic lines of
force plotted, they will also form concentric circle around the wire like the iron
filings. If the north pole of the compass needle is pointing in the clockwise
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direction with the current flowing up-
wards as shown in Fig. 2.24, the com-
pass needle will get deflected in the
anti-clockwise direction when the di-
rection of current is reversed.

These experiments show that a con-
ductor carrying current behaves like a
temporary magnet having its magnetic
field in concentric circles round the
wire and in a plane at right angles to
the current carrying conductor. The direction of this magnetic field depends
upon the direction of the current through these conductors.

If the straight wire used in the above ex-
periments is wound in the form of coil with a
number of turns, the magnetic lines of force
get concentrated inside the coil, the turns of
the coil adding their own magnetic field to
the total magnetic field which is quite strong
inside the coil as shown in Fig. 2.25.

The coil with the current flowing in its turns
behaves like a magnet with one end as north . g. 2.25 Magnetic Field in a
pole and the other end as south pole. Such a Coil
coil whose length is much greater than its
diameter is called a solenoid. The direction of the magnetic field inside the coil
is determined by the direction of the current flowing through the turns of the
coil. The strength of the field inside the coil, however, depends on the amount
of current / and the total number of turns N in the coil and is proportional to the
product NI. The product NI is known as ampere-turns.

Iron
filings

Card
board

Fig. 2.24 Magnetic Field round a
Current carrying Conductor

2.17 MAGNETIC POLARITY OF A COIL

A coil carrying current behaves like a bar magnet with the north pole at one
end and south pole at the other end. Whether a particular end becomes a north
pole or a south pole can be determined by a number of methods. Two of these
rules are given below:

2.17.1 End Rule

Look at the end of the coil. If the electron flow (current) is clockwise, the end
will have north polarity, if anti-clockwise, the end will have south polarity as in
Fig. 2.26.

(a) (b)
Fig. 2.26 End Polarity in a Current carrying Coil
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2.17.2 Left Hand Rule

Grip the coil or the solenoid with the k‘

left hand, wrapping the fingers round the S% ; / / l ( / l / l ‘ [ x / éN
coil in the direction of the electron flow.
The thumb will point in the direction of P
the north pole as in Fig. 2.27. Remem-
ber the electron flow is from the nega-
tive side of the voltage source through
the coil and back to the positive terminal.

Fig. 2.27 Left Hand Rule for the
Polarity of a Current
carrying Coil

2.18 MAGNETIC CIRCdIT

The magnetic field developed inside a solenoid depends on the ampere-turns
NI. The intensity of the magnetic field generally denoted by H will also be
determined by the length of the solenoid. A longer coil will have less intensity
at a point inside the coil or solenoid than a shorter solenoid having the same
ampere-turns N/. It can be proved that if the length of the solenoid is /, then

4r 1.256
H= o7 NI= =252 - NI 2.7)

If the coil is wound on a material with permeability &, the relation between
the flux density and the field strength H is as follows

u=2 2.8)

With a cross-section area 4 cm?, the total flux through the coil will be
Total flux ¢=B - A=uH - 4
Substituting the value of H from Eq. (2.7) above,

(1):/1- 1.2[56 'NI'A

1
or 1.256 - NI= ¢ - — (2.9)
i
Compare this equation with the Ohm’s law equation.
E=IR

where 1.256 NI corresponds to the electromotive force (emf) £ and is known as
the magnetomotive force (mmf). The unit of mmf in CGS units is gilbert (Gb).

The quantity /¢4 which corresponds to the resistance R is Ohm’s law is
called reluctance. ¢ corresponds to current / of Ohm’s law. Thus Ohm’s law
when applied to a magnetic circuit will be

mmf = flux X reluctance

The formula for reluctance, viz, I/u4 shows that reluctance is directly pro-
portional to length, inversely proportional to area of cross-section and inversely
proportional to the permeability. Thus, for the same magnetomotive force or
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for the ampere-turns NI, iron which has greater ¢ than air or vacuum, will have
less reluctance and will produce much greater flux than air or vacuum.

2.18.1 Air Gap in a Magnetic Circuit

When it is desired to concentrate the magnetic lines within the magnetic mate-
rial itself an annular ring of iron is used as a core material. The magnetic lines
of force form closed rings within the core itself and no flux leaks out of the
magnetic material which forms a close magnetic circuit. This type of coil is
known as Toroid or Torroidal coil. Since iron has high x, the reluctance of the
closed circuit is very small and only few turns of coil are able to produce high
flux inside the core material. If, however, a small air gap is allowed in the core
as in Fig. 2.28 (b), the reluctance of the core will now increase and greater
mmf will be needed to produce the same flux. In this case the magnetic lines of
force will spread into air space near the air gap and any magnetic material near
the air gap will have magnetism induced in it. This principle is used in mag-
netic tape recording where a strong magnetic field produced by audio currents
in the air gap of the recording head induces magnetism into the magnetic
material coated on the plastic tape which moves across the air gap of the
recording head.

Air gap
(a) (b)
Fig. 2.28 Effect of Air Gap in a Magnetic Circuit

2.19 ELECTROMAGNETIC INDUCTION

It has already been shown how a current carrying conductor or coil has a
magnetic field associated with it. This magnetic field is produced by the mo-
tion of electrons in the current carrying conductor. Similarly, if a conductor or
a coil is moved in a magnetic field, the free electrons in the conductor are set
into motion and a current flows into the conductor or the coil when the circuit
is closed. Electricity and magnetism are two interlinked phenomena and one
cannot be separated from the other. The production of electricity from magne-
tism and vice versa is termed electromagnetic induction, which has very wide
practical applications in the operation of electric motors and generators.

Electromagnetic induction can be demonstrated by the following simple
experiment.

Bring a bar magnet near a coil to which a sensitive microammeter (or a
galvanometer) is connected as in Fig. 2.29(a). The needle of the microammeter
shows deflection as the bar magnet is brought near the coil and the magnetic
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Fig. 2.29 How Electromagnetic Induction can be Demonstrated

lines of flux cut the coil. When the magnet is held stationary near the coil the
meter shows no deflection and the current flow stops. Now move the magnet
away from the coil as in Fig. 2.29 (b). The needle of the current meter again
shows deflection but in the opposite direction. The current flow stops again if
the magnet is held stationary. The effect produced is the same if the magnet is
kept stationary and the coil is moved towards or away from the magnet.

Furthermore, if the magnet is moved in and out quickly, the current pro-
duced is stronger than when the magnet is moved slowly. Also, with a stronger
magnet having greater flux density the current produced in the same coil is
stronger than when a weak magnet is used.

All the facts stated above are governed by a set of laws known as Laws of
Electromagnetic Induction. There are two important laws of Electromagnetic
Induction:

1. Faraday’s law 2. Lenz’s law

2.19.1 Faraday’s Law of Electromagnetic Induction
Faraday’s law is actually composed of two laws:

Law I

An emf is induced in a closed circuit whenever the number of magnetic lines of
force or the magnetic flux cutting the closed circuit changes.

The production of induced emf or current in a coil by moving a magnet near
it has already been explained. The same effect can also be produced by placing
two coils near each other as shown in Fig. 2.30(a). When the current flowing in
the first coil called primary is changed, the magnetic flux linking the second
coil called ‘secondary’ changes and induced emf is produced in it. The primary
current can be changed either by a switching arrangement or by connecting
some AC voltage across it. To enhance the effect of flux linkages the two coils
are sometimes wound on a common magnetic material called the core. This, in
fact, is the principle of transformers.

o ¢ 4

Induced Voltages indicating Transformer Action
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Law II

The magnitude of the induced emf depends on the rate of change of magnetic
lines of force or magnetic flux cutting the closed circuit.

A higher emf is produced if the rate of change, i.e. the change of magnetic
lines of force per second is higher. It can be proved that an emf of 1 V is
produced if the number of lines of force cutting a coil changes by magnetic
linkage of 10% lines per second. If the same change takes place in 1/10 of a
second, the voltage induced will be 10 V. The rate of change of flux can also
be increased by increasing the number of turns in the coil.

Summing up, we can say that the induced voltage will depend on the total
flux cutting the coil, the number of turns in the coil and the rate of change of
magnetic lines of force cutting the coil.

2.19.2 Lenz's Law

Lenz’s law determines the polarity or direction of the induced emf or induced
current. The law states that the direction of the induced emf or current is such
that its own magnetic field will oppose the change that produced the induced
emf or current. In Fig. 2.31 when the north pole of a magnet is brought near the
coil, the end of the coil facing the north pole also becomes a north pole due to
induced current and tries to repel the north pole of the magnet that is responsi-
ble for inducing the current in the coil. When the magnet is withdrawn from the
coil, the induced polarity is a south pole which tries to attract or bring back the
north pole that has induced this polarity. By application of the end rule or the
left-hand rule already described, the direction of the induced current in the
above two cases can be found.

Motion in Motion out
— e

(a) (b)
Fig. 2.31 Lenz's Law determines the Polarity of the Induced Voltage

It will be seen that in the two cases mentioned above there is opposition to
the change that induces the emf and work has to be done to overcome this
opposition. It is this work that changes into electrical energy. This is the Law
of Conservation of Energy.

2.20 MAGNETISATION—HYSTERESIS

A ferromagnetic material like iron or steel can be magnetised by winding a coil
round it and passing a current through this coil. As the magnetising force
which is proportional to the ampere-turns is increased, the magnetism or flux
produced in the magnetic material also increases but the magnetism or the flux
always lags behind the magnetising force and this phenomenon of lagging
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behind is known as hysteresis. This phenomenon arises from the fact that the
small molecular magnets, of which the magnetic material is composed, resist
any realignment produced by the magnetising force.

To overcome this resistance or internal friction of the molecular magnets,
work has to be done by the magnetising force and energy is expanded which
appears in the form of heat. This is called the hysteresis loss. When the
magnetising force is removed, the molecular magnets do not come back to their
original alignment but work has to be done again in demagnetising the material
by reversing the magnetising force. Heat is produced again. Any magnetic
material subjected to a cycle of reversing magnetising field results in the pro-
duction of heat called hysteresis loss. Steel and other hard magnetic materials
are subject to higher hysteresis loss than soft iron.

2.21 HYSTERESIS CURVE

The phenomenon of hysteresis can be studied by plotting a curve between the
magnetising force H which is given by the ampere-turns and the flux density B
which can be measured by special instruments. A B-H curve is shown in
Fig. 2.32.

+B Q
R

T -B
Fig. 2.32 Hysteresis Loop

As the magnetising force H is increased from O to the positive direction, the
value of B increases till a saturation point is reached at Q. If the current or H is
gradually reduced, the flux density B does not retrace the original curve but
falls along the curve QRST as H is reduced through O to its maximum value on
the negative side. It will be seen that when H is reduced to O, the magnetism B
is not reduced to O but has a value equal to OR. This magnetism which is left
in the magnetic material after the magnetising force H is reduced to O is called
residual magnetism and the property of retaining magnetism by a material is
called retentivity. Steel has greater retentivity than soft iron. Hence permanent
magnets are made of steel rather than of soft iron.

Again to bring the value of flux to O as at S, a demagnetising force equal to
OS in the reverse direction has to be applied. This is called the coercive force.
Steel requires greater coercive force than soft iron and so does not lose its
magnetism easily when subjected to external forces.
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By increasing the value of H in the positive direction, the curve TUVQ can
also be traced. The magnetising force has completed a cycle of changes from
zero to positive, back to zero and negative value and through zero again to
positive value. The curve so completed is the curve QRSTUVQ and this is
called the hysteresis loop. It can be proved that the area of the hysteresis loop
represents the energy loss or the hysteresis loss in the material and is a definite
factor to be considered in all equipment where changing currents produce
changing states of magnetisation.

2.22 TYPES OF MAGNETS AND THEIR USES

There are two types of commonly used magnets—permanent magnets and the
electromagnets.

2.22.1 Permanent Magnets

Permanent magnets are made of hard magnetic materials like steel. The mag-
netic material is magnetised during its manufacture by subjecting the material
to a strong inductive field. Cobalt steel, which is generally used for permanent
magnets, is able to retain its magnetism for a long time after magnetisation
because of its greater retentivity. Soft iron will only make a temporary magnet
and will lose its magnetism easily. Certain alloys of steel particularly almico
(alloy of aluminium, nickel, iron and cobalt with a percentage of copper and
titanium) is used for making good grade commercial magnets.

Permanent magnets are normally made in the form of bar magnets, (Fig.
2.33(a)) or as horse-shoe magnets (Fig. 2.33 (b)). These can also be made in
other shapes to suit special purposes.

S Keeper N
(a) (b)
Fig. 2.33 Types of Magnets (a) Bar Magnet (b) Horseshoe Magnet with Keeper

When in storage a piece of soft iron called a keeper is put across the two
poles as in Fig. 2.33 (b). A keeper forms a closed magnetic circuit with the
magnet and helps retain the strength of the magnet over a long period by
preventing any external magnetic fields from inducing opposite polarities in the
permanent magnet and thereby weakening its strength.

Permanent magnets find extensive use in permanent magnet loudspeakers,
dynamic microphones, pickups, head phones and measuring instruments like
multimeters.
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2.22.2 Electromagnets Soft iron Switch
An electromagnet is made by winding % l
a coil or a solenoid round a magnetic

material and passing current through the Battery =

coil from some external source or bat- Coil T E
tery as in Fig. 2.34. As soon as the

switch is made, the iron coil becomes a
magnet and can attract other pieces of
iron like nails. The electromagnet loses
its magnetism when the switch is opened and current stops flowing round the
coil. Soft iron forms a good material for the core of the electromagnet because
it gets easily magnetised and demagnetised. The strength of the magnet de-
pends on the amper-turns (NI) of the coil and the permeability of the core
material. Very powerful electromagnets which can lift tons of iron can be made
in this way.

Electromagnets are used in lifting magnets and in the separation of iron ore
and iron scrap from other non-magnetic materials, manufacture of relays, elec-
tric bells and buzzers. The record and playback heads in tape recorders are
nothing but electromagnets.

Fig. 2.34 Principle of an
Electromagnet

2.22.3 Relay

It is an electromagnetic device which can be used to switch on or switch off
one or more circuits by a remote control operation. It consists of a coil of wire
wound on a soft iron core as in Fig. 2.35. When a current is made to flow
through the coil from an external battery, the soft iron becomes a magnet and
attracts the iron piece called the armature. An armature is a piece of iron that
moves under the influence of a magnetic field. The iron is balanced on a pivot
so that when it is attracted by the electromagnet, the other end of it pushes
together or pushes apart some switch contacts thereby closing or opening some
other circuits. The number and types of these secondary contacts varies consid-
erably. As many as eight make and break contacts can be operated by one
relay. Relays find extensive use in broadcasting and television studios and also
in telephone exchanges.

1 1 A
a A

Contacts —<§ h Soldering points
B

Pivot B’

Armature

Iron core —/% o

Fig. 2.35 Electromagnetic Relay
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2.22.4 Electric Bell or Buzzer

An electric bell or a buzzer is also an electromagnetic device. An electromag-
net is used to produce the rapid back-and-forth motion of an armature which
has a hammer or clapper at the end that keeps striking a gong to produce the
continuous ringing sound (Fig. 2.36).

Hammer

Contact point— L Electromagnet

Spring—" Soft iron armature

Press button
¥ Battery

/4 [—

Fig. 2.36 An Electric Door Bell

When a door bell is pressed, the circuit is completed and the electromagnet
gets energised due to current flowing through its coil. The electromagnet at-
tracts the soft iron armature and the hammer attached strikes the gong thereby
producing a sound. When the armature is pulled away by the electromagnet the
contact strip is also pulled away from the contact point and this breaks the
circuit. The electromagnet gets de-energised. The spring pulls the armature
back and contact is made again. This action is repeated very rapidly so long as
the press button is kept pressed and a continuous ringing sound is produced by
the hammer repeatedly striking the gong.

In the case of a buzzer, however, there is no gong or hammer and the
buzzing sound is produced by the armature striking repeatedly against one end
of the electromagnet core.

SUMMARY

Electricity that is produced by rubbing substances with each other is called
static electricity. A body can be charged by friction either with positive elec-
tricity or with negative electricity. A positive charge on a body results from the
deficiency of electrons which are tiny particles charged with the unit of nega-
tive electricity. Protons are particles charged with a unit of positive electricity.
A negatively charged body contains excess of electrons or a deficiency of
protons. A neutral body contains an equal number of electrons and protons.
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Atoms are the building blocks for all matter which may exist in solid, liquid
or gaseous form. An atom consists of a nucleus at the centre which contains
protons and neutrons with electrons revolving round the nucleus in different
orbits. The number of protons in the nucleus is equal to the number of elec-
trons in the orbit. Each element has a fixed number of electrons in the orbit
round the nucleus. The physical and chemical properties are determined by the
atomic structure of the element. When the electrons in the outermost orbit of an
element are free to move about, the element can conduct electricity easily, and
is called a conductor. When electrons in the outermost orbit are not free to
move about the element is known as an insulator. A semiconductor is neither a
good conductor nor a good insulator.

Current is the rate of flow of charge in a conductor. The unit of current is
ampere. Voltage is the potential difference (pd) and electromotive force (emf),
the electrical pressure that drives a current through a conductor. The unit of pd
is volt. The opposition that exists in the flow of current is called resistance and
is denoted by the symbol R. The three quantities current. voltage and resistance
are connected by the formula /= E/R which is Ohm’s law. The other forms of
Ohm’s law are E = IR and R = E/I. Power is the rate at which work is done and
is given by the formula P = £ x /. The unit of power is watt. Kilowatt hour is
the unit for electrical energy.

Magnelis/n A magnet is a piece of iron or steel which attracts small pieces
of iron. When suspended freely, one end of magnet which always points to the
north is called the north pole and the other end the south pole. In the case of
two magnets, like poles repel and unlike poles attract each other. The space
around a magnet in which its influence can be felt is called a magnetic field
which is represented by magnetic lines of force starting from the north pole and
ending at the south pole. The total number of lines of force leaving the north
pole is called flux and flux density is the number of lines of force in a unit area
perpendicular to the direction of the lines of force. A piece of iron placed in a
strong magnetic field gets magnetised due to induction. The magnetic lines of
force get concentrated in the soft iron due to permeability.

A conductor or a coil carrying current behaves like a magnet, the polarity
depending on the direction of current flow. Similarly, a magnet moved near a
conductor or a coil induces an emf in the coil. The magnetism produced by the
current and vice versa is called electromagnetic induction and forms the basis
for the operation of electric motors and generators. Electromagnetic induction
is governed by Faraday’s Laws and Lenz’s Law.

There are two main types of magnets—permanent magnets and electromag-
nets. Permanent magnets are extensively used in permanent magnet speakers,
microphones, pickups and multimeters, etc. Electromagnets find extensive use
as lift magnets in relays and electric bulbs.
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Review QUESTIONS

1.

w

10.

11.

12.

13.

14.
15.

16.

17.

What is static electricity? What type of charge is acquired by a glass rod
when rubbed with silk?

. How will you show experimentally that similar charges repel and oppo-

site charges attract each other?
What is an electron? How does it differ from a proton?

. Define element and compound. Separate the elements from the com-

pounds in the following: copper, water, common salt, oxygen, alumini-
um, neon, hydrochloric acid.

. What is an atom? What are the particles present in an atom? Where do

these particles normally reside in an atom?

. Describe the atomic structure of an element with atomic numbers 8 and

12.

. Define conductors, insulators and semiconductors. Give two examples

of each.

Separate the following into insulators, conductors and semiconductors:
carbon, copper, silver, iron, germanium, glass, rubber, silicon, mercury,
mica, dry air.

. Define current, voltage and resistance. What is the practical unit for

each of these?

State Ohm’s law in all its three forms. What is the resistance of the

element in an electric press which draws a current of 2.5 A at 220 V.
(Ans: 88 Q)

What will the electric consumption bill be for the month of January in a

household using the following electrical appliances: (i) 1 kW electric

room heater for 4 hr a day, (i) %kW electric toaster for 2 hr daily;

(ii1) 2-100 W lamps and 3-60 W lamps for 5 hr a day.
Electricity is charged at 20 paise per unit. (Ans: Rs. 42.70)
What is power? What is the relation between horsepower and watt.
Show that 1kW is equal to 1.34 hp.
What is the resistance in each of the following cases:

(1) 1200 W dissipated with 230 V.

(i) 10 uA with 12V
(iii) 5 hp across 120V

(Ans: (1) 40.33Q, (i) 1.2 MQ  (iii) 3.86Q)

What is a magnet? Describe the two properties of a magnet.
Given a magnet and a magnetic needle, how would you proceed to
determine the polarity of the magnet?
What is a magnetic field? How can the magnetic field of a bar magnet
be plotted experimentally.
What is flux density? A flux density B of 5000 G/cm? is produced in a
cross-sectional area of 4 cm? What is the total flux ¢ produced by the
magnet? (Ans. 20,000 G)
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18

19.

20.

21.

22.

23.

. The distance between two magnetic poles is halved. Will the force of
attraction or repulsion be (i) halved, (ii) doubled, (iii) reduced to one
fourth, or (iv) increased four times.
What is magnetic induction? How can this phenomenon be explained
on the basis of the molecular theory of magnetism?
Define electromagnetic induction. A current of 200 mA flows through a
coil which has 2000 turns and is 0.2 m long. Find the field intensity A
in Gb/cm. (Ans: 25.12 Gb/cm)
State Faraday’s Laws of Electromagnetic Induction. Give two examples
of the practical application of these laws.
Separate into (i) ferromagnetics, (ii) paramagnetics, and (ii) diamagnetics
the following metals: nickel, steel, aluminium, bismuth, alnico, chromi-
um, antimony,
State whether True or False with brief reasons.

1. A neutron is much heavier than a proton.
Mica is a much better conductor than copper.
Wattage of two resistors increases when connected in series.
Steel has greater retentivity then soft iron.
Hysteresis loss is the production of heat due to a magnetising
cycle, (Ans: 1 False 2. False 3. True 4. True 5. True)

nhwb



chapter 3

DC and AC Voltages and

Currents

3.1 DIRECT CURRENT AND ALTERNATING

CURRENT

We know how current flows through a
circuit consisting of a voltage source,
conductor and load. If the voltage
source is a battery with positive and
negative poles, the electron current
flows from the negative pole, through
the conductors and the load back to
the positive pole of the battery as shown
in Fig. 3.1.

Conductor

Battery =

Load

+

Conductor
Fig. 3.1 Direct Current (DC)

So long as a steady potential difference exists between the terminals of a
battery, a steady current will flow through the circuit in the same direction. A
current that flows always in the same direction without changing or reversing
the direction of the flow is called a direct current or DC. A direct current needs
a DC source of voltage like the chemical voltage source, or a battery. Direct
current is the earliest form of the current and laws like Ohm’s law mainly

pertain to direct current and voltages.
If, however, the voltage source is an
alternator in which the polarity at the
two terminals of the source changes
from positive to negative and vice ver-
sa at regular intervals and will alter-
nately flow in one direction and then
in the reverse direction depending on
the polarity of the terminals of the volt-
age source as shown in Fig. 3.2. This

+ - e 4
Alternator(~ % Load
o))

Fig. 3.2 Alternating Current (AC)
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type of current which reverses direction at regular intervals is called alternat-
ing current or AC. An alternating current requires an AC voltage source or an
alternator.

It might appear that because of the property of reversing direction continu-
ously, AC may not be of much practical use because the useful effects pro-
duced by it while flowing in one direction might be undone when it flows in
the opposite direction. This is, however, not the case. The effects produced by
current like heat and light do not depend on the direction of the flow of
electrons. In fact, this reversal of direction by AC is its biggest advantage. It is
this reversal of direction that makes transformer action possible and lends to
AC much more flexibility than possessed by DC. The advantages of AC so
much out-weigh the advantages of DC that AC is rapidly replacing DC in most
practical applications so that more than 90 per cent of the electric power
consumption in the world today is from AC voltage sources.

3.2 VOLTAGE SOURCES

A voltage source is a device that produces electricity by converting some other
form of energy into electrical energy. By its action the voltage source merely
creates a potential difference (pd) or electromotive force (emf) between two
terminals by building up opposite charges on these terminals. When an electri-
cal appliance like an electric bulb or a heater is connected across the two
terminals of the voltage source, a current flows in the circuit and electrical
energy is consumed to produce different types of effects. The forms of energy
that are generally converted into electrical energy are chemical energy, heat
energy, light energy and magnetic energy. Various types of voltage sources are,
therefore, based on one or the other type of energy conversion mentioned
above. Some of the common types of voltage sources or power sources are
described in the following paragraphs.

3.3 DC VOLTAGE SOURCES

3.3.1 Chemical Voltage Sources—Batteries

A chemical voltage source is one of the most important sources of electrical
energy. It is a self-contained voltage source and does not need any outside
energy like heat, light or mechanical energy to produce electricity. All the
electrical energy supplied by a chemical source of voltage is produced by
chemical action within the source itself. Chemical voltage sources normally
exist in the form of batteries and cells of various types. These batteries or cells
are extensively used as portable sources of power in portable radio and TV
sets, flash lights, photoflash lamps, hearing aids, electronic watches and clocks
and in electronic measuring instruments. Batteries are also used as sources of
electrical power in automobiles, trams, acroplanes and ships. In fact, a battery
is the most versatile voltage source in use today.
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3.3.2 Types of Batteries

A battery is a combination or group of cells connected to each other to supply a
voltage or current higher than that supplied by a single cell. A cell is the basic
unit of a battery. However, the terms ‘battery’ and ‘cell’ are more or less used
interchangeably. A cell or a battery is classified as a “primary’ or ‘secondary’
depending upon the manner in which the chemical energy is converted into
electrical energy. In a primary cell Fig. 3.3(a) the chemical energy is converted
into electrical energy directly with the help of the chemical materials contained
in the cell. A secondary cell must be charged with electrical energy first, to
enable it to convert the chemical energy into electrical energy. Because of its
action of storing energy supplied to it, a battery consisting of secondary cells is
often called a storage battery (Fig. 3.3(b)).

(a)
Fig. 3.3 Primary and Secondary Cells (a) Dry Cell (b) Storage Battery

Cells are further classified as wet cells or dry cells. A wet cell uses liquid
chemicals whereas a dry cell uses these chemicals in the form of a paste. It is
not dry in the real sense of the word. Primary batteries generally consist of dry
cells and are used in transistor radios and other electronic devices where a
limited current is required. The secondary batteries or storage batteries general-
ly use secondary cells and are employed where the current consumption is
heavy as in automobiles and aeroplanes.

3.3.3 Primary Cells-Voltaic Cells

When two different metals are immersed in a solution, the chemical action
between the metals and the solution results in the production of electricity.
Such an arrangement forms the basic primary wet cell and is called a voltaic
cell after its discoverer, Alessandro Volta. The metals in the cell are called
electrodes and the chemical solution is called the electrolyte (Fig. 3.4(a)). The
electrolyte reacts oppositely to the two different electrodes. It causes one elec-
trode to lose electrons and build up a positive charge and the other electrode to
gain an excess of electrons and develop a negative charge. The cell voltage is
the difference of potential between the two oppositely charged electrodes.
One form of basic primary wet cell is a cell in which zinc (Zn) and copper
(Cu) are used as the two electrodes and a solution of sulphuric acid (H,SO,) in
water, serves as the electrolyte as shown in Fig. 3.4(b). In this cell the electro-
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Electrodes
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(a) (b)
Fig. 3.4  Primary Cell (a) Simple Voltaic Cell (b) Construction of a Voltaic Cell and
Direction of Flow of Current

lyte breaks up into hydrogen (H") and sulphate (SOy) ions. The sulphate ions
which are negatively charged attack zinc and form zinc sulphate (ZnSO,) and
release electrons from zinc atoms. The zinc plate develops an excess of elec-
trons and becomes negatively charged. The positively charged hydrogen ions
(H") move towards the copper plate and attract a few electrons from the copper
plate thereby creating a deficiency of electrons which results in a positive
charge on the copper plate. Thus, a difference of potential is created between
the positive copper plate and the negative zinc plate which is the potential
difference or the emf of the cell. The value of this emf depends on the materi-
als used for the electrodes and the electrolyte. In the case of the zinc-copper-
sulphuric acid cell the emf developed is about 1.08 V.

When a load like a small flashlight bulb is connected across the two termi-
nals of the cell as in Fig. 34(b), the electron current flows from the zinc
terminal to the copper terminal through the lamp load and the lamp lights up.
On reaching the copper plate, the electrons get neutralised by the positive
hydrogen ions but more and more electrons are released at the zinc plate due to
chemical action. This cycle will continue so long as current is flowing through
the lamp and will stop only when the current is switched off or the zinc plate
gets completely dissolved in the solution.

A voltage cell suffers from two basic defects—(i) local action and (ii) polar-
ization.

(7) Local Actiorz Due to the presence of iron and carbon as impurities in the
zinc plate, small local voltaic cells are formed in the zinc plate itself and local
current flows even when no current is being supplied by the main cell. This
affects both the output and the life of the cell. Local action is prevented by
coating the zinc plate with mercury—a process known as amalgamation.

(7)) Polarizationn Neutral hydrogen gas produced at the copper electrode forms
a non-conducting layer round this electrode which interferes with the normal
working of the cell. This phenomenon is called polarization. This difficulty is
generally overcome by adding a depolariser like manganese dioxide to the
electrolyte which reacts with hydrogen to form water.
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A convenient form of voltaic cell is the Leclanche cell, in which the electro-
lyte is ammonium chloride, zinc is the negative electrode and carbon the posi-
tive electrode. The so-called dry cell is actually a Leclanche cell.

In this cell the electrolyte is not in a liquid form but is a paste of ammonium
chloride or sal ammoniac with powdered manganese dioxide and granular car-
bon. This is filled in zinc container which serves as the negative electrode. A
carbon rod is embedded in the centre of the cell and is the positive electrode.
Complete construction details of the dry cell are shown in Fig. 3.5.

Metal cap Metal cover

— Insulating washer

0

Sub-seal

. Carbon electrode
Expansion space

— Bobbin
Zinc can/

Complete cell
Separator — -

Metal bottom Bottom insulator

Fig. 3.5 Construction of a Dry Cell

A dry cell develops a voltage of 1.5 V. However, current supplied is depen-
dent on the size of the cell. A cell which is big will deliver more current than a
cell of smaller size but both will have the same voltage of 1.5V.

The electrolyte often leaks through the paper insulating covers and damages
the cell container. To avoid this leakage, leakproof cells are being manufac-
tured. These leakproof cells are encased in a steel jacket with a paper tube
between the steel jacket and zinc container for insulating purposes. The local
action that takes place even when no current is being drawn from a dry cell,
imparts it a limited shelf-life. Cells which have been stored for a long time
should be carefully checked for voltage and current before they are put to
actual use.

3.3.4 Combination of Cells (Battery)

Although the words, ‘battery’ and ‘cells’ are often used interchangeably, tech-
nically speaking a battery is a combination of two or more unit cells. A combi-
nation of cells to form batteries is used when the voltage, or current, or both,
supplied by a single cell is not enough. When a higher voltage than available from
a single cell is needed, cells are connected in series. To increase the current
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rating, cells are connected in parallel. When both voltage and current rating are
required to be increased, then a series-parallel combination of cells is used.

3.3.4.1 Series Combination

In the series combination of cells (Fig. 3.6(a)) the positive terminal of one cell
is connected to the negative terminal of the other cell, and so on. In this case
the voltages add up and the series combination is also called the series-aiding
combination. Thus, three 1.5 V cells will have to be connected in series for a
4.5 V dry battery (Figs 3.6 a and b). Since the same current flows through all
the cells in the series combination, the current rating of the combination does
not increase. In fact, the current rating of the combination will be the current
rating of the weakest cell.

=

=45\t

(a) (b) (c)
Fig. 3.6 Series Combination of Cells (a) 3 Cell Torch—Voltage 3 x 1.5 = 4.5V
(b) Actual Arrangement (c) Symbolic Representation

3.3.4.2 Parallel Combination

In a parallel combination of cells all the positive terminals are connected to
each other and all the negative terminals are also connected, as shown in
Fig. 3.7. The parallel combination is equivalent to a single cell with increased
size or electrodes and the electrolyte. Consequently, the current rating increases
but the voltage rating remains the same as for one cell. All the cells connected
in parallel should have the same voltage otherwise the cells with higher voltage
will supply current to the cells with lower voltage.

(a) (b) ©
Fig. 3.7 Parallel Combination of Cells

3.3.4.3 Series-Parallel Combination

A series-parallel combination is shown in Fig. 3.8. In this arrangement the
voltage as well as the current rating of the combination is three times the
voltage and the current rating of each individual cell.
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1.5V 1.5V 1.5V,

45V

1.5V 1.5V 1.5V, 45V

1.5V 1.5V 1.5V,

Fig. 3.8 Series-parallel Combination of Cells

For this arrangement the voltage and current rating of individual cells should
be the same.

3.3.5 Secondary Cells—Storage Batteries

A secondary cell is different from the primary cell in that its chemical action is
reversible, whereas in a primary cell it is not. In other words, a primary cell
converts the chemical energy built into it into electrical energy and in the
process destroys itself. It cannot be recharged or reactivated whereas a second-
ary cell just receives electrical energy from an external source and stores it in
the form of chemical energy during the process called charging. This stored
chemical energy is then released by the secondary cell as electrical energy
during the process of discharging, when the secondary supplies current to a
load. This cycle of charging and discharging can be repeated and the secondary
cell gives a much longer life than a primary cell.

Because of its property of storing electrical energy in the form of potential
chemical energy, the secondary cell is also called a storage cell. A battery
made from a combination of secondary cells is known as a storage battery.
Storage batteries or secondary batteries are used where high values of load
current are required as in the case of automobile batteries. The starting load
current for an automobile can be as high as 200 to 300 A. A secondary cell has
an output voltage of 2 to 2.2 V. As such, a 6 V automobile battery uses three
secondary cells in series combination and a 12 V automobile battery will use
six secondary cells in series. The rating of the secondary battery will depend on
the physical size of each secondary cell forming the battery.

3.3.5.1 Lead-acid Cell

One of the most popular forms of secondary cells used for storage batteries is
the lead-acid cell. It is formed by two electrodes both of lead sulphate (PbSO,)
immersed in an electrolyte which is pure distilled water as in Fig. 3.9. This
arrangement will not behave like a cell till the two electrodes are made dissim-
ilar and the electrolyte changed into one that will react with the electrodes.
This is done by a process called charging.

Charging For charging a lead-acid cell, a current is passed through the cell by
connecting the two electrodes to the positive and negative terminals of an
external source of dc voltage (Fig. 3.10) called a battery charger. A few drops



46 Basic Radio and Television

Battery
charger
Lead sulphate —| [+
= (" -~ -
— +
Spongy Lead
s I R EEI ] IS s b eroxide
i lead (Pb)™~ ;;:.4/ p(Pbélz)
S HO T H,0" H,80, ]
Fig. 3.9 Lead-acid Cell Fig. 3.10 Changing of Lead-acid Cell
(uncharged)

of sulphuric acid added to distilled water facilitates electrolysis and produces
positive H'ions and negative O’ ions from water (H,0). At the electrode
which is connected to the negative terminal of the battery charger, the positive
hydrogen ions (H') from water attack the negative SO, ions of the PbSO,
plate to form H,SO,. At the same time the positive lead (Pb) ions are
neutralised by the electrons from the battery charger and produce spongy lead
(Pb). When the process of charging is completed, the negative electrodes change
from PbSO, to Pb and the concentration of sulphuric acid in the electrolyte
increases considerably.

At the positive electrode which is the electrode connected to the positive
terminal of the battery charger, the positive hydrogen ions (H") again combine
with negative SO, ions of PbSO, to form (H,SO,4). The electrons from the
positive electrode have to leave the cell for flow of current and this deficiency
of electrons is made up by the negative oxygen (O%") ions of water which
combine with the positive lead ions (PB*") of PbSO, to form neutral lead
peroxide PbO,. When the process of charging is completed the positive elec-
trode changes from PbSO, to lead peroxide PBO, and the concentration of
sulphuric acid in the electrolyte increases considerably. In other words in a
fully charged cell the negative electrode consists of spongy lead (Pb) and the
positive plate is lead peroxide (PBO,) and the electrolyte consists of a highly
concentrated solution of sulphuric acid H,SO,.

A fully charged lead-acid cell has an emf of about 2.2 V.

Discharging When a fully charged lead-acid cell is connected to a lamp load
as in Fig. 3.11, the electrical energy which was stored in the cell as chemical
energy during charging is released as electrical current flowing through the
lamp load which glows. The chemical processes in the cell are now
reversed when the electrons leave the negative electrode and pass through the
load to enter the cell again at the positive electrode. At the negative electrode
the spongy lead again reacts with SO, ions from the electrolyte and changes
into PbSO, which is deposited on the negative electrode. The positive hydro-
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Fig. 3.11 Chemical Processes involved in Charging and Discharging a Lead-acid Cell
(a) Charged Cell (b) Discharged Cell

gen (H") ions combine with oxygen ions to produce water which reduces the
concentration of sulphuric acid in the electrolyte. At the positive electrode also
the lead ions from PbO, react with SO ions to produce PbSO, and H" ions
combine with oxygen ions to produce water. As more and more current is
drawn from the cell, each electrode gets a deposit of PbSO, and the concentra-
tion of sulphuric acid in the electrolyte decreases. A stage is reached when the
cell cannot generate sufficient emf to supply the current to the load. The cell is
then discharged. Its emf falls to 1.75 V. However, the discharged cell can again
be charged with the help of a battery charger as already described and this
cycle of charging and discharging and recharging can be continued over long
periods of time till the electrodes crumble or become too thin to store any further
charge of electricity.

This reversible process in a lead-acid cell can be represented by the follow-
ing reversible chemical equation:

Pb + PbO, + 2H,SO, = 2 PbSO, + 2H,0

3.3.5.2 Construction of a Lead-acid Cell

The electrodes used in the actual construction of lead-acid cells are “formed”
outside by a special electrolytic process. Each electrode consists of a number of
elements called “plates” made of lead-antimony alloy on which the active
material which is lead oxide is pasted. A forming charge is given to these
plates coated with lead oxide to produce the positive and the negative poles. In
the forming process the active material changes to lead peroxide which forms
the positive (+) plate and spongy lead forms the negative (-) plate. In order to
give the electrodes a larger surface area for higher current rating, each elec-
trode is made of a group of plates. The plates of the negative electrode and
those of positive electrode are interleaved and separated by thin sheets of
porous non-conducting material called separators to prevent shorting of the
positive and negative plates (Fig. 3.12). The group of plates for each electrode
is connected to a lead strap that is attached to the associated lead terminal. The
entire assembly is enclosed in an acid resistant container which has a top cover
with a vent hole. The top is sealed with a sealing compound and the sulphuric
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Fig. 3.12 Construction of a Lead-acid Cell

acid solution of known specific gravity is poured into the cell through the filler
plug up to a level which keeps the plate assembly just submerged in the acid
solution. The cell then can be charged with a battery charger at the prescribed
rate.

3.3.5.3 Specific Gravity

The state of charge or discharge in a lead-acid cell is indicated by the concen-
tration of the sulphuric acid (H,SO,) in the electrolyte. The measure of concen-
tration of sulphuric acid is its specific gravity which is defined as the ratio of
the weight of one cubic centimetre of the solution to the weight of one cubic
centimetre of water.

Weight of 1 cc of sulphuric acid solution

Specific gravity = Weight of 1 cc of water

Pure concentrated sulphuric acid has a specific gravity of 1.835 which means
that it is 1.835 times as heavy as an equal
volume of water. When mixed with water
this specific gravity of the solution of sulphu-

(=)
ric acid decreases. The electrolyte of a fully %
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charged lead acid cell has a specific gravity
varying between 1.200 to 1.250 depending
upon the manufacture of the cell. A half
charged cell generally has a specific gravity
of 1.150 which falls down to as low a value
as 1.110 in the case of completely discharged
cell.

3.3.5.4 Hydrometer

The device or instrument used for measuring
the specific gravity of a solution is called a (a) (b)
hydr.orneter. A ba'ttery hydrometer as shown Fig. 3.13  Battery Hydrometer
in Fig. 3.13 consists of a glass syringe con- (a) Hydrometer
taining a calibrated float which dips lower or (b) Float
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higher into the electrolyte sucked into the glass tube of the syringe from the
lead-acid cell. The reading on the calibrated float against the level of the
electrolyte indicates the specific gravity of the electrolyte. In reading the spe-
cific gravity the decimal points are generally omitted and the specific gravity of
a fully charged cell which is 1.250 will be simply read as “twelve fifty” and
that of a half-charged cell which is 1.150 s “eleven fifty”, etc.

3.3.5.5 Battery Charger

The source of DC voltage for charging a storage battery is provided by a
battery charger. It consists of a rectifier unit which converts a 220 V AC supply
into a DC supply voltage suitable for charging a storage battery which is also
sometimes called an accumulator. The DC voltage required is slightly higher
than the voltage of the battery to be charged. The rate of charging can be
controlled and is indicated by an ammeter fitted into the battery charger. One
such battery charger is shown in Figs. 3.14(a), and 3.14(b) shows the circuit
diagram of a battery charger.

Al

(a) Battery charger (b) Circuit diagram of a battery charger
Fig. 3.14

ull-p
il
.

Irickle Charger A storage battery must be kept fully charged and should not
be allowed to remain in a discharged or partly charged condition for long to
avoid damage to the battery. For this purpose a small battery charger called a
trickle charger is connected across the battery to provide a small charging
current of a few milliamperes to the battery whether it is in use or not. This
keeps the battery fully charged. A trickle charger is particularly useful for
batteries which have to be kept out of use temporarily or for standby batteries
which are used only in emergencies. A trickle charger, however, cannot be
used for charging a new battery or for charging completely discharged batteries
where high rates of charging are required.

3.3.6 Current Rating—Capacity—Efficiency—
Precautions

A battery is rated in terms of the discharge current it can supply continuously
for a specified interval of time. The output voltage should remain constant at a
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minimum level of 1.5 to 1.8 V per cell over the entire period of time. A
common rating is based on an 8 hour continuous discharge and is measured in
terms of ampere-hours (A h). Thus a 100 A h battery can supply a current of
100/8 = 12.5 A based on an 8 h discharge. The same battery can supply more
current for a shorter time and less current for a longer time. The current rating
depends on the size and surface area of the electrodes. Current ratings vary in
the case of a lead-acid battery from 100 to 300 A h. A battery cell with a high
ampere-hour capacity is called a heavy duty battery. Efficiency is the Ratio of
capacity output to capacity input.

The “amphere-hour” efficiency is from 80-90 per cent and the “watt-hour”
efficiency is from 60-75 per cent.

Thus if a cell is charged at 10 amps for 16 hours, the input is 160 amps
hours.

The output would be about 160 x % = 128 amp. hours at 80% efficiency.

This would give a current of 9 amps for about 14 hours at an efficiency of

128 — 809
160 X 100 = 80%.

Precautions:
1. Give battery proper initial charge.
Give a new battery plenty of work and liberal charging.
Do not charge too much or too little or at very high or low rate.
Do not run batteries for low in voltage or specific gravity.
Do not let batteries stand too long completely discharged.
Charge once a week, if possible.
Keep plates covered with electrolyte, making up evaporation losses
with distilled water.
Test acid strength periodically.
Keep terminals and top of cell clean and dry and terminals coated with
vaseline.

3.3.7 Alkaline Cell—Nickle/(NiFe) Cell

This is also known as Edison cell. The electrolyte is a potassium hydroxide
(KOH) solution, the positive plate being formed of an oxide or hydroxide of
nickel held in a nickel-steel frame, negative plate consisting of pure iron (Fe),
in a container of welded steel.

No acid enters into working and the chemical action has been described as

Ni (OH), + Fe = Ni (OH), + Fe (OH),

During discharge the iron is oxidised to ferrous hydroxide Fe (OH),; during
charging the changes are reversed.

The Edison cell may be made of moderate size and have found considerable
use for traction work in small vehicle and aircraft, since they are much lighter
than the ordinary heavy lead acid accumulates.

Nownkwbd
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The electrolyte is 21 per cent solution of potassium hydroxide of specific
gravity 1.21, to which a little lithium hydroxide is added. The e.m.f. of such a
cell is 1.33 to 1.35 volts and is slightly dependent on the strength of potassium
hydroxide. The efficiency is low.

The advantage of iron cell is its indifference to violent **, to overcharging
and discharging ** rate.

3.4. ELECTROMAGNETIC VOLTAGE SOURCES—
GENERATORS

One of the most important sources of electrical power are the electromagnetic
sources called generators. No other source of electrical power can produce the
large amounts of electrical power that the generators can. Generators are rotat-
ing machines which convert mechanical energy into electrical energy with the
help of magnetism. A conductor or a set of conductors is rotated in a magnetic
field and voltages are developed in the rotating conductor due to magnetic
induction. The energy for the rotation of the conductors can be supplied by a
petrol or diesel engine, by a steam turbine, waterfalls or even by an atomic
reactor. Accordingly, we have diesel generators, hydro generators, thermal
generators and atomic generators.

3.4.1 Basic Principles of a Generator

If a conductor 4B is moved in a magnetic field as shown in Fig. 3.15(a), the
free electrons in the conductor are set into motion by the magnetic field and a
current is induced in the conductor in accordance with Faraday’s laws of elec-
tromagnetic induction. An excess of electrons is produced at one end of the
wire which becomes the negative pole and a deficit of electrons is produced at
the other end which becomes a positive pole. A meter connected across the two
poles A and B will show a deflection. The induced current flows in one direc-
tion when the conductor moves up, and in the opposite direction when the
conductor moves down. The direction of the current flow is given by the Left
Hand Rule for generators as shown in Fig. 3.15(b).

Direction of
motion

Conductor

moves up Direction of
magnetic field

N S

Direction of
—
current

(a) (b)
Fig. 3.15 Basic Principle of a Generator
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If the straight conductor is bent in the form of a loop ABCDEF, and the
same rotated in a magnetic field in the counter clockwise direction as in
Fig. 3.16 emf is induced in each side of the loop when it cuts the magnetic
flux. While the side 4B of the loop moves up, the side FE moves down. In
accordance with the left hand rule for generators given above, equal but oppo-
site emfs are induced in the opposite sides as the loop rotates. However, the
directions of the two emfs are such that they are in series with respect to the
open ends of the loop and the effective voltage across the two ends of the loop
is twice the voltage induced in either side of the loop. As the loop rotates in the
magnetic field, it cuts the magnetic flux at varying angles and the rate of
change of flux cutting the loop is different in different positions resulting in
varying amplitudes of the induced emf. Figure 3.17 shows the loop in different
positions during one complete rotation or revolution of the loop. When the
plane of the loop is perpendicular to the magnetic field as in positions 1 and 3
(0° and 180°) the sides of the loop are passing between the flux lines and the
rate of change of flux is minimum resulting in zero induced voltage. When the
plane of the loop is parallel to the magnetic field as in position 2 and 4 (90°
and 270°), the sides of the loop are cutting straight across the flux lines and the
rate of change of flux is maximum resulting in maximum induced emf. How-
ever, the direction of the induced emf is opposite in position 2 and 4 as per the
left hand rule. In all other positions of the loop the flux is cut at an angle and
the induced emf varies between the maximum and minimum.

Direction of rotation

Fig. 3.16 Production of emf by Rotating a Loop in the Magnetic Field

Direction of rotation

1 2 %3 4 5
:::ﬁ:gy:ﬁ:ﬁ:i: ::E Magnetic field
TTTn 2 A% G >

0° 90° 180° 270° 360°

Fig. 3.17 Voltage Generated by a Loop Rotating in a Magnetic Field
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3.4.2 Sine Wave

If the voltage produced by the loop at different angles during one complete
revolution or rotation is plotted in the form of a graph, it takes the waveform
shown in Fig. 3.17. The voltage starts at zero, increases to a maximum value
(90°) and then decreases till it reaches zero value again (180°). At this point the
voltage reverses polarity and increases again till it reaches its maximum again
in the opposite direction (270°). It then decreases till it reaches zero value
(360°). This cycle is then repeated at regular intervals of time. Such a wave-
form as described above is called a sine wave. This name is derived from the
fact that voltage generated at any point is proportional to the sine of the angle
between the magnetic field and the direction of motion of the rotating loop.

3.5 TYPES OF GENERATORS

There are two types of generators (i) direct current generators or DC genera-
tors, and (ii) alternating current generators or AC generators.

3.5.1 DC Generators

Basically all generators are AC generators, but the AC waveform or the sine
wave produced by an AC generator can be converted into DC form by the
commutator and brushes as in Fig. 3.18. A commutator consists of two semi-
cylindrical pieces of conducting material separated by an insulating material.
The brushes are made of soft conducting material that can easily slide on the
commutator surface. Each half of the commutator is connected permanently to
one end of the loop and the commutator rotates with the loop. Each brush
presses against one segment of the commutator. The brushes remain stationary
while the commutator rotates. The brushes press against opposite segments of
the commutator and every time the voltage reverses polarity, the brushes also,
switch from one segment to the other. This means that one brush always
develops positive polarity and the other, negative polarity with respect to each
other. Although the voltage developed across the brushes will be fluctuating as
in Fig. 3.19, it will always have the same polarity and is a DC fluctuating
voltage.

Direction of rotation

Commutator
Brush

Output voltage

0 90 180 270 360
Fig. 3.18 DC Generator Fig. 3.19 Output Voltage of a DC
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The variation in the voltage produced by a single rotating loop is called a
ripple which makes the output unsuitable for any practical applications. The
ripple can be reduced either by the use of a filter network or by the use of two
rotating loops arranged at right angles to each other. The two ends of each loop
are connected to two separate segments on the commutator which now has four
segments. Since the two loops are positioned at right angles to each other,
when the voltage in one loop is decreasing the voltage in the other loop is
increasing, and vice versa. This makes the output voltage across the two brush-
es more steady with less variation and less ripple than in the case of a single
loop. The output voltage waveform is shown in Fig. 3.20. By using more and
more loops instead of one, the ripple in the generator output can be further
reduced and the output voltage is very nearly a steady DC voltage as in
Fig. 3.21. The combination of loops and commutator is called an armature.
This is the rotating part of the generator and is also sometimes known as a
rotor. The magnetic field is produced by a permanent magnet or by means of
an electromagnet produced by field windings.

Average value
0.707 of peak value

VS | 4 P 25
7 7 7
\ N/ N/
\/ \/ \
\
1 Y \

0 90 180 270 360
Fig. 3.20 Output Voltage with two Loops at Right Angles

Output voltage

P e N N

Output voltage

| | | |
0 90 180 270 360

Fig. 3.21 Steady DC Voltage with more Loops then one

Dynamos A DC generator is also known as a dynamo. Small dynamos find
extensive use in automobiles for charging the storage batteries fitted into the
automobile. Since the speed of the dynamo varies with the speed of the auto-
mobile, a regulating device called a voltage regulator with a reverse current
cut-out relay is fitted with the dynamo to keep the voltage and the current
within safe limits at high speed and to disconnect the dynamo from the battery
at low speed to avoid the battery discharging through the dynamo and thereby
burning it out.

Small dynamos are also used with bicycles, scooters and motor-cycles main-
ly for lighting purposes.
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3.5.2 AC Generators

As explained earlier a conductor in the form of a loop when rotated in a
magnetic field produces a voltage which has the form of a sine wave as shown
in Fig. 3.17. This is the basic principle of an AC generator. An AC generator is
also called an alternator, because of the alternating voltage produced by it.
Unlike a DC generator, an AC generator does not use a commutator. A pair of
slip rings and a pair of graphite brushes enable the AC voltage produced to be
connected to the external load as shown in Fig. 3.22. One slip ring is connected
to each end of the rotating loop. The brushes remain stationary and one brush

= L7
Slip rings Brush
Fig. 3.22 AC Generator

presses firmly against each of the two rotating slip rings. The magnetic field is
either produced by a permanent magnet or by an electromagnet. This arrange-
ment of slip rings and brushes creates problems of insulation and sparking
when large output powers are involved. Therefore, in most practical generators
the field is rotated and the armature is kept stationary. In such generators
armature coils are fixed permanently around the inner circumference of the
housing of the generator while the field coils and the pole pieces rotate on a
shaft within the stationary armature. The number of poles used for producing
the magnetic field can also be more than two. The stationary armature has also
the advantage that it enables the generator to increase its speed for obtaining
higher output voltages. An armature consisting of a single loop produces very
small voltage. In actual practice the armature consists of a number of coils
each having more than one loop. If the armature coils are all connected in
series as in Fig. 3.23 the output of the generator at any instant is the sum of the

Armature coils

Rotating field

Armature’ coils
Fig. 3.23 Generator with a Stationary Armature (4 pole)
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voltages induced in individual coils. A genera-
tor having its armature wound in this way is
called a single phase generator. Greater effi-
ciency can, however, be obtained by connect-
ing the armature coils in other ways than in a
single phase generator.

If the armature coils are so wired and spaced
that the generator has two separate outputs that
differ in phase by 90°, the generator is called a
two phase generator. Each of the coils will have
its own pair of slip rings and brushes. In a
three phase generator (Fig. 3.24) there are three
equally spaced winding and the three output
voltages are all 120° out of phase with each other. Each winding is connected
to its own pair of slip rings. Three phase generators have great practical impor-
tance when large AC output powers are obtained from the generator.

Fig. 3.24 Three Phase AC
Generator

3.6 OTHER VOLTAGE SOURCES
3.6.1 Heat Generated Voltages—Thermoelectricity

Heat and electricity are both forms of energy. Heat energy can, therefore, be
converted into electricity. If a junction of two dissimilar metals like copper and
zinc is heated then a voltage appears across the colder ends of the metals.
Copper develops a positive charge and zinc develops a negative charge as
shown in Fig. 3.25. Electricity produced by heat is called thermoelectricity and
the combination of metals used for the production of thermoelectricity is known
as a thermocouple. RF meters used for the measurement of high frequency
currents make use of a thermocouple. Heat produced by the RF current passing
through a wire is used to heat the thermocouple. DC current so produced is
measured by a DC meter as in Fig. 3.26.

Wire heated /«—Thermocouple

by RF current ™\

~O)
(&
RF

Fig. 3.25 Production of Electricity by Fig. 3.26 RF Meter
Heating a Thermocouple
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3.6.2 Light Generated Voltages—Photoelectricity

Light is a form of energy and is supposed to consist of packets of energy called
photons. When a light beam containing photons strikes certain metals and their
alloys, electrons are emitted from the surface of the metal and are collected by
another electrode placed near the metal surface. The metal surface that loses
electrons develops a positive charge and the electrode that collects the elec-
trons becomes negatively charged. The electricity produced by light is called
photoelectricity and the electron emission produced by the action of light is
called photoemission. Materials like cesium, lithium, selenium, sodium, potas-
sium, cadmium and germanium that produce photoemission by the action of
light are known as photosensitive mate-
rials.

If the two electrodes, one consisting
of a photosensitive material and another
for collecting the electrons is enclosed N N N
in an evacuated glass envelope, it consti-  cgllector
tutes what is known as a photoelectric

Light
beam

Selenium

cell or PE cell (Fig. 3.27). Photoelectric N

cells are used in control devices, such as

exposure meters in photography, for o °
sound reproduction in talkies and also Fig. 3.27 Photoelectric Cell

in the manufacture of TV cameras.

3.6.3 Solar Cells

A solar cell makes use of the sun’s light energy to develop small voltages in a
photocell. A solar cell uses selenium as photosensitive material and iron as
backing for collecting the electrons emitted by selenium. Selenium becomes
the positive electrode and iron the negative electrode. Silicon is also used in
solar cells as photosensitive material. A solar cell can develop only a small
voltage of about 0.26V. To get sufficient output power from solar cells, a large
number of solar cells are connected together to form a solar battery which is
used as a power source for charging batteries in satellites.

3.6.4 Pressure Generated Voltages

. ) Pressure
When certain crystals like quartz, tour- l

maline and Rochelle salt are subjected to
external pressure, positive and negative
charges are built upon the opposite sides + + + +
of the crystal as shown in Fig. 3.28. These
charges are reversed when the direction - — — —
of force or pressure is reversed. Electric-
ity so produced by pressure is called pi-
ezoelectricity and the phenomenon is

Crystal
-

Fig. 3.28 Pressure Generated
Voltages-Piezoelectricity
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called the piezoelectric effect. A variable pressure like the one produced by
sound waves will produce variable voltages on the two sides of the crystal. The
voltages produced by the piezoelectric effect are extremely small but these can
be amplified to produce certain desired effects. Piezoelectric crystals are used
in the manufacture of crystal microphones, phono-pickups, loudspeakers and
headphones.

3.7 A COMPLETE ELECTRIC CIRCdIT

A complete electric circuit normally consists of the following:

L.

Voltage Source: Various types of voltage sources have already been
described. The most common type of voltage or power sources are the
storage batteries and the generators.

Conductors or the Connecting Wires: Conductors are necessary to pro-
vide a path for the current, or flow of electrons from the negative
terminal of the source through the connecting wires and the load, back
to the positive terminal of the source. No current can flow unless the
path is provided by the conductors.

3. Load: This is the device that uses electrical energy to produce some

useful effects like lighting a lamp, heating an electric iron, rotating a
ceiling fan or driving an electric motor. The term load is used for the
device that consumes electrical energy and also for the amount of cur-
rent or power drawn by the load from the source.

Switch: When a load is connected to the source by some connecting
wires and current flows from the negative terminal of the source through
the conductor and the load and back to the positive terminal of the
source, the circuit is said to be a closed circuit. If the complete path for
the current does not exist due to a break in the conducting wire or
otherwise, the circuit is called an open circuit. A device which is used to
‘Open’ or ‘Close’ an electric circuit is called a switch. Various types of
switches such as toggle switches, knife switches, push button switches,
and wafer switches are used in electrical and electronic circuits.

A complete electric circuit consisting of a source, conductor, load and switch
is shown in Fig. 3.29. In drawing the circuit diagram of electric or electronic
circuits, schematic symbols are used to represent the various parts of the cir-
cuit. A symbolic representation of an electric circuit is given in Fig. 3.30.

it

() Source  Conductor

ﬂ Load

Fig. 3.29 An Electric Circuit
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Fig. 3.30 Symbolic Representation of an Electric Circuit (1) Source (2) Conductor
(3) Load (4) Switch

3.7.1 Earth Return Circuits

Earths surface is a very good conductor. This fact is often utilised to treat
“earth return” as a part of the circuit. This not only simplifies a circuit but also
results in a lot of saving in wiring. Metal chassis in the case of electronic
equipment and hull of a ship can be used for this purpose.

For example in Fig. 3.31(a), the battery shown is being used to ring a bell.

The positive terminal of the battery is joined to the bell through a switch but
the connection from the negative battery terminal is taken by using an earth
return between it and the bell.

Similarly, in Fig. 3.31(b), the dynamo is connected to a number of lamps in
parallel through a single line wire but the return connection is made by earthing
the negative dynamo brush and one side of the switch. However, the insulation
of the single wire should be reliable to avoid earthing of the dynamo.

L
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(a) (b)
Fig. 3.31 Earth Return

3.8 ALTERNATING CURRENT (AC)

Alternating current has already been defined as current which reverses direc-
tion at regular intervals.

Advantages of Alternating Current

3.8.1 Reduction in Transmission Power Losses

The wires connecting the load to the voltage source carry the same current /
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that flows through the load. If these connecting wires have a resistance R, the
heat produced in these wires is /> R and represents wasted energy and is called
P R loss. This should be kept to the minimum.

For carrying electrical power from the generating station to the actual users,
thousands of miles of transmission lines have to be used and the /°R losses on
these lines can be considerably reduced if the current carried by these transmis-
sion lines is relatively small. In the case of AC power, the voltage E at the
generating end can be stepped up and the current considerably stepped down
for a fixed amount of power (E x I) and the I°R losses brought down to the
minimum. At the receiving end, the voltage E is stepped down and the current
stepped up again to the values actually required by the users of power. Thus,
the same amount of energy (£ X [) is transmitted over long distances, without
much waste of energy on the transmission lines. This cannot be done in the
case of DC power where the stepping up and stepping down of voltages and
current is not possible.

3.8.2 Conversion of Sound Waves into Electrical Voltages

AC not only reverses direction at regular intervals but its value or magnitude
also varies evert instant like the pressure of sound waves varies in air. This
makes it easy for sound waves to be converted into corresponding electrical
waves by means of a device called a microphone. This conversion of sound
waves into AC electrical voltages has made electrical communication possible.

3.8.3 Radiation of Energy for Radio Communication

Rapidly changing AC currents flowing through a conductor can radiate energy
in the form of electromagnetic waves which form the basis for radio and
wireless communication.

3.8.4 Running a Radio or TV Set

An AC source is necessary to produce resonance in electrical circuits contain-
ing inductance and capacitance for tuning a radio or TV set and other elec-
tronic circuits.

It would thus appear that AC not only can do all that DC can do but also
posses certain characteristics which DC does not. This does not, however,
mean that DC should be completely replaced by AC in all fields. DC is essen-
tial for the operation of vacuum tubes and transistors which form vital compo-
nents in all electronic equipments. Often we need to convert AC into DC for
the successful operation of such equipments.

3.9 AC VOLTAGE SOURCES

By far the best and the most common source of AC voltage is the AC generator
or alternator. The bulk of AC power consumed in the world is produced by
alternators. In an alternator, a loop or armature is made to rotate in a magnetic
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field. The voltage induced in the rotating loop or armature not only varies with
the angle at which the conductors of the loop cut the magnetic field but also
completely reverses polarity at the slip rings and brushes at the end of each half
revolution or twice during one complete revolution. By definition, the voltage
developed at the terminals of the loop is an AC voltage. The voltage induced in
the loop at different positions of the loop as it goes through one complete
rotation or revolution is shown in Fig. 3.32. AC voltages of low power can also
be produced by electronic devices called oscillators.
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Fig. 3.32 Production of AC Voltage

3.9.1 AC Waveforms

A waveform is the representation or picture of any voltage or current that
varies with time. Such a representation is generally constructed on a graph
paper where time intervals are represented along the x-axis and the value of the
current or voltage at particular instants of time are represented along the y-axis
on a suitable scale. A smooth curve passing through the points plotted on the
graph paper at different instants represents the waveform of the voltage or the
current as the case may be. An AC waveform of current or voltage with time
along the x-axis is shown in Fig. 3.33(a).

Since AC voltages are produced as a result of rotation of a loop in magnetic
field, the position of the loop at different times in the course of its rotation is
shown by angles in degrees or radian represented along the x-axis, and the
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Fig. 3.33 (a) AC Waveform with time along x-axis (b) AC Waveform with Angular
Rotation along x-axis

value of the current or voltage is again shown
along the y-axis as before. Such a waveform
is shown in Fig. 3.33(b). A complete rotation
is represented by 360° or 2 radians. A radi- @ One radian
an is the angle subtended at the centre of the
circle by an arc whose length is equal to the
radius of the circle as in Fig. 3.34. One radi-

an equals 57.3° if the value of 7 (pi) is taken Fig. 3.34 A Radian
as 3.1416.

3.9.2 Sine Wave

For the production of AC voltage by the rotation of a loop in a magnetic field
the rotating loop can be represented by a rod OA of fixed length equal to the
radius of the circle and which rotates in a counter-clockwise direction about the
end O representing the centre of the circle. The heights 4,, B, 4,0 and 438 of
the point 4 above the x-axis through O, represent the voltage or the current
generated in different positions of the rotating rod OA. This height is plotted on
the y-axis in different positions represented by angles shown along the x-axis.
The curve drawn through the various points representing the voltages at differ-
ent positions of the rotating rod is the AC waveform generated by the rotating
rod OA as shown in Fig. 3.35. This is the characteristic waveform that repre-
sents an AC voltage or AC current.

Fig. 3.35 AC Waveform produced by a Rotating Vector
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In any position of OA4, the angle through which the rod has rotated from its
initial position O4 is 6 and
A B
04,

The value of O4,, OA4,, OA,, etc. is fixed and hence the voltage produced at
any time is proportional to sin 6, € being the angle between the magnetic field
and the direction of motion of the loop. Hence an AC voltage waveform so
produced is known as the sine wave.

The characteristics of a sine wave are:

1. It starts from zero value and increases to maximum value in one direc-
tion. It then starts decreasing till it reaches zero value again. At this
point the voltage reverses polarity and increases till it reaches the same
maximum value in the opposite direction. It then decreases until it reaches
zero value again. This completes one cycle which is repeated again and
again.

2. A sine wave is symmetrical about the x-axis. The position of the wave
above the x-axis is exactly of the same shape, height and width as the
position below the x-axis. If a wave is not symmetrical about the x-axis,
it is not a pure sine wave and will not represent pure AC voltage or
current.

When a resistive load is connected across a sine wave or AC voltage
Fig. 3.36(a), the current that flows in the circuit is also a sine wave. Hence, a
sine wave can represent a pure AC voltage or a pure AC current. The wave
shape is the same in the two cases but the magnitude of the voltage or current
may be different as in Fig. 3.36 (b).

sin 8=

" Voltage
25
59 T Current
> E

<

o hir

Time— \ i ; 7
@) (b)

Fig. 3.36 Sine Waves representing AC Voltage and AC Current (a) AC Current
(b) Voltage and Current Waveforms

3.9.3 Sine and Cosine Waves

A sine wave is the basic form of AC voltage or current. This waveform is
produced by the rotation of the armature in a generator and the amplitude of
voltage generated at any instant is proportional to the sine of the angle of
rotation of the armature. In trigonometric values, the cosine of an angle varies
in the same way as the sine of the angle except for a shift of 90° in values. In
Fig. 3.37, a cosine wave is shown in dotted lines. It will be seen that the
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variations of the sine wave and the Cosine wave

cosine wave are the same but the / / Sine wave
maximum of the sine wave occurs IR o
90° after the maximum of the cosine ¢ /\ /
wave. In other words, the two wave E \‘ ’

forms are displaced in time by 90°. 0° 900\\1800 //2700 360°
Both the cosine wave and sine RN 4

wave are known as sinusoidal waves
or simple sinusoids. There are other
AC waveforms which are not sinu- Fig. 3.37 Sine Wave and Cosine Wave
soidal and these are called non-sinu-

soidal waveforms. Two important forms of non-sinusoidal waveforms that are
used in electronic work in general, but TV work in particular, are the square
waveform and the sawtooth wave-form and these will be briefly described here.

3.9.4 Square Wave

A square waveform is shown in Fig. 3.38. In 1 2
this type of non-sinusoidal waveform, the cur-
rent or voltage does not vary in magnitude
continuously but rises instantly from zero val- 3 6
ue to some maximum value at point 1. It then 0
stays steady at this maximum value for a peri-

od of time as from point 1 to 2. At the end of

this period of time the current or the voltage
suddenly drops down to zero value at point 3, _
reverses direction and suddenly or instantly Fig. 3.38 A Square Wave
rises to its maximum value in the opposite

direction at point 4. It stays at this negative value for a period of time and on
reaching point 5, again drops down instantly to zero value at point 6. This
waveform is repeated again and again at regular intervals.

Square waveforms are produced in electronics by switching circuits. The
voltage or current rises suddenly from the zero value to maximum value when
the switch is closed and stays at this value so long as the switch remains
closed. When the switch is opened the current or voltage falls to zero value.
When the switch is closed again with reversed polarity, the current runs to the
negative maximum and again stays at this value till the switch is opened again
when the current or voltage drops down to zero value.

4 5

3.9.5 Sawtooth Wave

This is another form of non-sinusoidal wave
which is shown in Fig. 3.39. The sawtooth
waveform derives its name from the fact
that it resembles the tooth of a common 3
wood saw. In this type of waveform the
rise of voltage from zero to maximum value Fig. 3.39 A Sawtooth Wave
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is linear and the drop from maximum to zero value is sharp. A linear change of
voltage or current is one in which the value of voltage or current changes by
equal amounts in equal intervals of time. Such a linear change is represented
by a sloping straight line.

In the sawtooth wave the voltage starts from zero and linearly increases to
its maximum value at point 1. It then instantly drops down to zero value at
point 2, reverses direction and again increases to its maximum value in the
reverse direction at point 3. From its maximum negative value it rises linearly
till it reaches zero value again at point 4. This cycle will be repeated at regular
intervals.

Sawtooth waves can be generated by electronic circuits and find many prac-
tical applications such as sweep voltages in cathode-ray oscilloscopes and for
the deflection of electron beams in television picture tubes.

3.9.6 DC Wave

We have seen that in an AC voltage or current both the magnitude and direc-
tion change and the direction is reversed periodically with the magnitude vary-
ing between zero and a certain maximum val- 34

ue in both directions. Such an AC voltage or o

current is represented by a sine curve. In the <1 DC Current
case of DC, however, both the magnitude and =

the direction remain constant without under- g0 I R
going any changes. A DC waveform would 314 12345
therefore be a straight line parallel to x-axis 24 Time —

and at a distance above the x-axis (positive 3

side only) representing the value of the current  pig 3.40 DC Waveform
or voltage as shown in Fig. 3.40.

In certain other types of current waveforms, the magnitude or value of
current varies but the direction never changes. The entire waveform remains
completely above the x-axis and never becomes negative. Such a current is
called a fluctuating DC. Sometimes the shape of a fluctuating DC resembles an
AC waveform and its behaviour is also more like an AC than DC. Two com-
mon forms of fluctuating DC are depicted in Figs 3.41(a) and (b).

Time ——

(a) (b)
Fig. 3.41 Fluctuating DC

Time —

Voltage or Current
Voltage or Current

A fluctuating DC sometimes appears as a combination of AC and DC as
shown in Fig. 3.42. Here the AC component of the combination varies with
reference to a DC level. In this fluctuating DC the waveform is similar to the
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AC waveform except that it is entirely on 3|

/AC Waveform
the positive side of the x-axis, though this is

not the reference level for the AC varia- o/ _______\_______ -
tions. Such combinations of AC and DC

waveforms occur in electronic circuits and 1—

the two can be separated by devices known 0 level

as capacitors and transformers as will be de-
scribed in the chapters to follow.

3.9.7 Voltage and Current

. . —2—
Values in a Sine Wave
The value of voltage or current remains con- —3—
Fig. 3.42 Combination of AC and

stant in DC, but in AC which is represented
by a sine wave the value of voltage or cur-
rent changes every instant and this value at any particular instant is called
instantaneous value. The maximum instantaneous value reached by the volt-
age or current is called the peak value or the amplitude of the voltage or
current. Figure 3.43 shows two maximum or peak values in each cycle—a
positive peak value and a negative peak value which occur at 90° and 270° of
the rotation of the loop generating the sine wave. A value known as peak-to-
peak value is twice the peak value on a sine wave. The peak-to-peak value is
the distance from the maximum positive value to the maximum negative value.

DC

Peak value
(Positive)
0 : T
kel 1
2 |
SN VAN : 270° 360°
g 90° Peak-to-Peak

value

Peak value
(Negative)

Instantaneous
value

Fig. 3.43 Instantaneous, Peak and Peak-to-peak Values in a Sine Wave

Although the three values of voltage or current (instantaneous, peak and
peak-to-peak values) mentioned above are generally useful in defining a sine
wave, there are two other values of AC voltage or current which are more
commonly used in connection with AC sine waves. These values are known as
average value and effective value or root mean square (rms) value.

Average Value The arithmetical average of the various instantaneous values
of voltage or current in a sine wave is obtained by adding together the values at
different angles in a half cycle and dividing the sum of the values by the
number of values taken. The half cycle over which this average is taken is also
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known as alternation. The average is always taken over one alternation or half
cycle and not over a full cycle. If taken over a full cycle the positive and
negative values in each half cycle would cancel out and the result will be zero.
It can be proved mathematically that the average value of a half cycle of a sine
wave is 0.637 of the peak value. Expressed as an equation
Average value (E,,) = 0.637 x Peak value (Ey).

For example, the average of an AC voltage having a peak value of 120 V will
be 120 X 0.637 = 76.44 V.

Effective Value or Root Mean Square (rms) Value The effective value
of an AC voltage or current is that value which will produce the same amount
of heat in a resistance as would be produced by DC voltage or current of the
same value. As the heat produced is given by the relation P = I°R or P = E*/R,
in calculating the effective value we get the average or mean of the squares of
instantaneous values by adding all the squares of the instantaneous values over
a half cycle and dividing by the number of values taken and then taking the
square root of this average value. The effective value so obtained is called the
root mean square or rms value.

It can be shown mathematically that the

Root Mean Square (rms) value (E,,) = 0.707 x Peak value (£)

Thus, the rms voltage for an AC with a peak voltage of 100 V will be

E,..=0.707 x 100 = 70.7V

When we speak of a line voltage of 230 V in our household electric supply, we
are actually referring to the rms voltage.

If we know the rms voltage or current in any circuit, the peak voltage can be
calculated from the following formula:

Peak voltage (E,) = X rms voltage (E,,)

_
0.707
or Ey = 1414E,
The peak voltage in an AC supply line with an rms voltage of 230 will be
E, =1414 x230=3252V

Any of the components or materials used in a 230 V AC circuit should be able
to withstand a peak voltage of 325 V or more.

Figure 3.44 shows the relationship between peak value, average value and
root mean square value.

ExampLE: Peak-to-peak voltage of a sine wave is 400 V. Calculate the average
value and the rms value of the voltage.
Peak-to-peak voltage = 400 V

Peak voltage @ =200V

Average voltage = 0.637 X peak voltage
E,, =0.637 x200=1274V
rms voltage = 0.707 X peak voltage
E...=0.707 x 200 = 141.4V
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|l«<— Alternation—
rms value

0.707 of peak o _
) |
! Peak value
' 270° 360° Y

90°  180°
Average value !
0.637 of peak |

G ———>

Sin @ e

Fig. 3.44 Relationship between Peak, Average and rms Values in a Sine Wave

3.10 OTHER IMPORTANT TERMS CONNECTED
WITH A SINE WAVE

Frequency A sine wave completes one cycle when its value varies from zero
to maximum and back to zero in the positive direction and again from zero to
maximum and back to zero in the negative direction.

The number of such cycles completed in one second is known as the fre-
quency of the sine wave. AC power supply in India has a frequency of 50
cycles per second which means the AC generator supplying power for house-
hold use and for industrial purposes completes 50 revolutions in one second. In
the U.S. the frequency of power supply is 60 cycles per second. Electronic
equipment like tape recorders and TV sets designed for use at 60 cycles per
second will not work satisfactorily, when used in India where the power supply
is 50 cycles per second or 50 c/s.

The unit of frequency is called hertz (Hz), which is equal to one cycle per
second. Radio waves have a much higher frequency which is expressed in
kilohertz (kHz) and megahertz (MHz).

Audio Frequency and Radio Frequency Alternating currents which have
lower frequencies ranging from 20 to 20,000 Hz are called audio frequencies
(AF) because they correspond to the frequencies of sound waves which can be
heard by the human ear. However, the actual range of audio frequencies sel-
dom goes beyond 16,000 Hz. Radio frequencies (RF) are frequencies much
above the audible range of frequencies and generally include frequencies from
3 to 30 MHz. Radio frequencies are also sometimes termed as high frequencies
(HF).

The time taken by a sine wave to complete one cycle is called its period. If T
is the period of a sine wave, then

T= % where fis the frequency in hertz.

The period of the AC power supply which has a frequency of 50 Hz is 1/50
seconds (s) or 0.02 seconds. Radio waves which have a much higher frequency
have a very low period generally expressed in microseconds (us). A radio wave
with a frequency of 1 MHz has a period equal to
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1 _ 1
1MHz 106 Hz
or 1075s which is 1us.

Wavelength All radio waves travel with a fixed velocity which is the same
as the velocity of light (3 x 10'° cm/s). The distance travelled by a wave in one
cycle is called wavelength (Fig. 3.45) and is usually expressed in metres or
centimetres. Since one cycle is completed in a time equal to the period of a sine
wave, it would seem that there is a definite relationship between the frequency
and the wavelength. The higher the frequency, the shorter the wavelength and
vice versa. Moreover, the frequency f, the wavelength A and the velocity ¢ of
the wave are interrelated according to the following formulas:

fxA=c
c
or A==
A
| Wavelength Wavelength
(0]
(@]
3
©
: /\ /\ /\
c
g
5
© \/ \/ \/
Time ——

Fig. 3.45 Wavelength

In the case of radio waves or electromagnetic waves, ¢ is equal to 3 x 10" cr/s.
Therefore

3x1010 3x108
= cm or

f f

Sound waves are also sinusoidal waves but the velocity with which sound

waves travel is not the same as the velocity of radio waves. Sound waves travel

with a velocity of about 330 m/s (1100 ft/s) in air under average conditions and

as such the wavelength of sound waves of a particular frequency will be shorter

compared to the wavelength of an electromagnetic wave of the same frequen-
cy. In the case of sound waves,

m

velocity (sound)

A(sound) = frequency

A(sound) = % m
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ExampLE: A sound wave and an electromagnetic wave both have the same
frequency of 1kHz. Calculate the wavelength in each case.
In the case of an electromagnetic wave

3><108m/s_3><108
~ 1kHz 103

=3x10° m or 300000 m
In the case of a sound wave

330m/s 330
A (sound) = === =033
1 kHz 103

Phase 1f two generators 4 and B start
rotating at the same time and with the
same speed, they will complete one ro- | A
tation in the same time and each will &
generate a complete sine wave. The two § \/Time
sine waves will not only begin simulta- -
neously but will also pass through the B
maximum values and zero values at the
same time as in Fig. 3.46. Two such \/Time
waveforms are said to be in step or in e
phase. Fig. 3.46 In-phase Waveforms

Phase Angle In a sine wave the instantaneous value of voltage or current
depends on the angle of rotation of the rotating loop or armature. This angle of
rotation is generally represented by the Greek letter @ (theta) and is called the
phase angle of rotation. The relation between the peak value of voltage and its
instantaneous value at any phase angle 8 is represented by the formula.

E

mst — Epic sin €

Thus, the value of voltage at phase angles of 90° and 270° will be maximum
positive and maximum negative respectively as sin @is 1 for 90° and —1 for
270°. The value will be zero at 0°, 180° and 360° as the value of sin 81is zero at
all these three angles. In this way any point on the sine wave can be referred to

by the particular angle.

Phase Difference If the two generators 4 and B referred to earlier do not
start rotating simultaneously but B starts a little later than A4, the maximum and
minimum of the two sine waves will not coincide and the maximum and
minimum of B will occur after the maximum and minimum of 4. The outputs
from the two generators are said to be out-of-step or out-of-phase. The phase
difference is the angle through which A4 has already rotated before B starts
rotating. If the two generators are moving with the same speed, the phase
difference is maintained throughout the complete cycle and in all successive
cycles.

The phase difference is expressed as a fraction of the cycle like half cycle,
quarter cycle or one-eighth cycle but a better way of expressing the phase
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difference is in terms of the angle of rotation in degrees. A complete rotation
being 360°, a phase angle of a half cycle is 180°, a quarter cycle of 90° and one
eighth of a cycle is 45°. In the case of two out-of-phase voltages or currents the
one that reaches its maximum and minimum values ahead of time is said to
lead and the one that is behind in time is said to lag. The angle of lead or lag is
the phase angle between the two out-of-phase voltages or currents.

One of the important cases of out-of-phase sine waves is the case where the
phase difference between the two sine waves is 90° as shown in Fig. 3.47. Here
the sine wave A that leads has reached its maximum value when the sine wave
B starts from zero. At any instant of time, sine wave 4 will have a value that
sine wave B will have at 90° or a quarter of a cycle later. Two such sine waves
with a phase difference of 90° are said to be in quadrature.

Sine wave B V Sine wave A

F o P
N v

\ ’
\ ’
\ ’
\ /

0° 90° \\180°\,\’27360°

Fig. 3.47 Two Sine Waves in Quadrature

Volts

Two sine waves whose phase angles are compared must have the same fre-
quency. The amplitudes of the two sine waves can, however, be different. We
can compare the phase difference of the two AC voltages, two currents or a
voltage and a current.

3.11 GRAPHICAL REPRESENTATION OF AC VOLTAGES
AND CURRENTS—VECTOR DIAGRAMS

There are two types of physical quantities—those that have magnitude only,
like rupees, apples and chairs and can be completely described by a number such
as Rs. 10, 9 dozen apples or 5 chairs. Physical quantities that have magnitude
only are called scalar quantities or simply scalars. Scalar quantities can be
added or subtracted arithmetically, Rs. 20 and Rs. 10 when added will always
make Rs. 30. Similarly, 12 apples less 8 apples will always make 4 apples.
The other type of physical quantities are those that have both magnitude and
direction and are called vector quantities. Force, velocity, AC voltage and
current are all examples of vector quantities. A velocity of 30 m/h has no
meaning unless the direction of motion is also mentioned. Take the case of two
trains, one moving with a velocity of 50 m/h and the other with a velocity of
40 m/h. If we want to know how far distant the two trains will be after half an
hour of starting from the same point, we must know the direction in which each
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train is moving besides knowing the magnitude of the velocity of each train.
Thus, if both the trains are moving in the same direction, they will be 5 m from
each other (50-40) after 1/2 hour. If the two trains are moving in opposite
directions, they will be 45 m (50 + 40)/2 from each other after 1/2 hour. If the
trains are moving in any other direction, the distance between them after half
an hour will depend on the angle between the two directions in which they are
actually moving. Similarly, if we want to study the effect of two forces acting
on a body, merely knowing the magnitude of the two forces will not provide
the correct answer. It will also depend on the direction in which each force is
acting. If two equal forces act on a body in the same direction, the effect will
be equivalent to a force of double the strength, but if the forces are acting in
opposite directions the effect will be nil, as the two equal and opposite forces
merely cancel each other out.

In an AC voltage, not only is the magnitude of the voltage different at
different instants in a cycle but its direction also changes from time to time. AC
voltage is, therefore, a vector quantity and so is AC current whose behaviour is
similar to that of voltage.

Vector Representation Since a vector has got both magnitude and direc-
tion, it can be represented by a straight line whose length, on a convenient
scale, indicates the magnitude of the vector and an arrow placed at the end of
the straight line indicates the direction of the vector. For example, a velocity of
30 m/hr in the west to east direction will be represented by a straight line 6 cm
(5 m to a cm) long drawn in the west to east direction with an arrow at the end
pointing in the direction of motion as in Fig. 3.48.

— >

Fig. 3.48 Vector representation of a Velocity of 30 miles per hour

In vector representation, the x-axis is generally taken as the reference line
and straight lines of appropriate length with arrow heads are drawn, making the
required angles with the reference line, to represent vectors in different direc-
tions. In Fig. 3.49(a) the vector is in the direction making an angle of 30° with

A

30° . \ 90" o
(a) (b)

Fig. 3.49 Vectors in different Directions
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the x-axis and, in Fig. 3.49(b), the two vectors are at right angles to each other.
So far AC voltages and currents have been represented by sine waves but it is
simpler to represent these quantities by vectors.

Addition and Subtraction of Vectors Like all other physical quantities,
vectors can also be added, subtracted, multiplied and divided. In electrical and
electronic work, we have to deal mainly with addition and subtraction of vec-
tors and, as such, only methods for the addition and subtraction of vectors will
be described here, the actual method depending on the relative direction of the
vectors concerned. Since the vectors have both magnitude and direction, the
methods for the addition and subtraction of vectors are geometrical methods
and not mere mathematical or arithmatical additions or subtractions as in the
case of scalars. A vector obtained by the addition or subtraction of vectors is
called the resultant.

Addition of Vectors

Addition of Vectors having the Same Direction When vectors having the
same direction are to be added, the magnitude of the resultant vector is ob-
tained by adding the magnitudes of the individual vectors. The direction of the
resultant is the same as the direction of the individual vectors as in Fig. 3.50(a).

Figure 3.50(b) represents the vectorial addition of the two batteries which
are connected in series and their voltages are in the same direction.

Vector A
Vector B
Resultant vector
(a)

E, =4V E, =6V

| f | f

[1]+ [1]+

—.—» —.—.—»
Eq Ex

L M

Resultant vector E=E; + E, =10 V
(b)

Fig. 3.50 (a) Addition of Vectors having the same direction (b) Vectorial Addition of
Two Batteries connected in Series-Aiding

Addition of Vectors having Opposite Direction When vectors having op-
posite directions are to be added, the magnitude of the resultant vector is
obtained by subtracting the magnitude of the smaller vector from the magni-
tude of the larger vector. The direction of the resultant vector is the same as the
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direction of the larger vector as in Fig. 3.51. An example of the addition of the
two vectors having opposite direction is two batteries £, and E, connected in
series opposing as shown in Fig. 3.52.

Vector A

> Resultant vector
Vector B —

Fig. 3.51 Addition of Vectors having Opposite Directions

E, =4V E, =6V
{1 i
—_— —_————
Vector E;, Vector E,

L MY

—_————
Resultant vector E = E; + E, = 2V
Fig. 3.52 Vector Addition of Two Battery Voltages in Series opposing

Addition of Vectors Inclined to Each Other To add vectors which have
directions making an angle with each other, the resultant is found by a method
known as the parallelogram method of vectorial addition. A parallelogram is a
geometrical figure whose opposite sides are parallel and equal in length.

The two vectors are made to form the two
sides of a parallelogram which is completed 's A

by adding the two remaining sides as in Fig. \\00\0‘ Tl .
3.53. The resultant vector is represented by Resultant S~
the diagonal of the parallelogram both in mag- \VK‘ e
nitude and direction. The length of the diag- Scto, 5 .- -7

onal gives the magnitude of the resultant on
the same scale as used for individual vectors
and the direction of the resultant is defined
by angle € made by the diagonal with the vector B.

In case of more than two vectors, the resultant of any two vectors is found
first and the resultant is combined with another vector and the process contin-
ued till the final resultant is obtained.

Fig. 3.53 Parallelogram method
of Vector Addition

ExampLE: Find the resultant of two AC voltages £, and E, at an instant when
their magnitudes are 5V and 3V respectively with E, leading E, by a phase
angle of 60°.

Draw a horizontal straight line 4B, 5 cm long to represent £, in magnitude
and direction. Draw another line 4D, 3 cm long making angle of 60° with AB
in the counterclockwise direction to represent E,. Complete the parallelogram
ABCD and join AC as in Fig. 3.54. Measure the length of AC in centimeters
and convert it into volts on the basis of 1 cm = 1 V. This will give the
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magnitude of the resultant of £, and E,. For D
the direction of the resultant, measure the an-

gle @in degrees which will give the direction p
of the resultant referred to the direction of AB. 4/
The magnitude and direction of the resultant
is given by the vector AC. A E,= 5V

Addition of Vectors at Right Angles to Each  Fig. 3.54 Vector addition of
Other. A very special case of addition of two AC Voltage

vectors is the one when the vectors are at right

angles to each other or when they are 90° apart. The resultant can be found by
the parallelogram method as explained above but a simpler solution is possible
in this case because the parallelogram becomes a rectangle and the diagonal of
the parallelogram which is the resultant becomes the hypotenuse of right an-
gled triangle whose two sides represent the vectors to be added as shown in
Fig. 3.55(a).

A
(?) \\@(\
I % b
D
6 a /]
E, =4V

(a)
Fig. 3.55 (a) Addition of Two Vectors making an Angle of 90° with each other
(b) Subtraction of Two Vectors

A mathematical solution is possible by the use of the well known Pythagore-
an theorem which states that in right angled triangle.
c? = a* + b? where c is the hypotenuse and a and b are the two sides of the
triangle.
Thus, if £, =4V and E, =3 V, and if E is the resultant,

2_ 12 2
E =E] +E,;

Resultant E=,/E12+E22 :\/42 +32 :\/16+9=\E=5V

The direction of the resultant 5 V is given by the angle &, whose value can
be calculated by using the relation

sin €= b_ % = 0.6. This is the sine of an angle whose approximate value
¢
from the trigonometric tables is 37°.
As will be explained later such cases of two vectors having a phase differ-
ence of 90° are quite important in electrical and electronic circuits using coils
and capacitors because a phase difference of 90° exists between the voltage

and current in these circuits.




76 Basic Radio and Television

Subtraction of Vectors The subtraction of two vectors is similar to the addi-
tion of vectors except that the vector to be subtracted is reversed in direction
by rotating it through 180° but keeping the same magnitude. The two vectors
are then added using one of the appropriate methods of vector addition already
explained. In Fig. 3.41(b) if vector E, is to be subtracted from vector E|, rotate
E, through 180°, so that E’, becomes equal but opposite to E’,. Find the
resultant of £, and E' by the parallelogram method of vector addition. The
diagonal E of the parallelogram will represent the resultant vector both in
magnitude and direction.

3.11.1 Ohm’s Law in AC Circuits

When an AC voltage is applied to a circuit containing only a resistance, the
voltage and current are in phase and Ohm’s law is applicable to the circuit in
the same way as in a DC circuit. However, in a DC circuit, there is only one
value of voltage or current but in an AC circuit the voltage and current values
can be peak, average, effective or instantaneous value. Hence while applying
Ohm’s law to a resistive AC circuit, care must be taken to use the same type of
value for the voltage and current. Ohm’s law can, therefore, have any of the
following forms in a resistive AC circuit.

DC values % =R

Einst =R

inst

Instantaneous values

E
Peak value Pk =R
pk

rms

=R

rms values
rms

av

=R

Average values
av

If voltage and current do not have the same type of values, they must first be
converted to the same type before applying Ohm’s law.

ExampLE: Find the value of the rms current flowing through a resistance of
10 © when an AC voltage having peak value of 100 V is applied across it.

Since rms current is required, the peak voltage must be converted to rms
voltage by the formula as

E\ns = 0.707 X Ep; E g for 100 V peak is 100 x 0.707 = 70.7 V

=707 _ 7074
10

rms

If the circuit is not purely resistive but contains inductive and capacitive
components also, the voltages and currents are not in phase and the application
of Ohm’s law involves the use of vectors.
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3.11.2 Power in AC Circuits

The power P dissipated in a DC circuit is given by the product of the voltage £
and the current / or
P=ExI

This formula holds true for AC circuits provided the voltage and current are in
phase which will happen in a resistive circuit. However, the value of power
will be instantaneous, effective, or peak depending on the type of value used
for voltage and current. Thus

P inst

Pegy = By X Logy

Py = Ep X Loy

E

st

X I.

st

If the AC circuit contains certain reactive components like coils and capaci-
tors, the voltage and the current are not in phase. There are times during the
cycle when the voltage is negative and the current is positive and vice versa.
During an interval when the voltage and current have opposite signs power is
fed back into the source, meaning thereby that there is less power consumed in
the external circuit than is indicated by the apparent power. The actual power
consumed in the external circuit is called the real power or true power and is
the product of voltage and current when these are in phase. The apparent
power is the power supplied by the source, which is less than the true power
because a part of this power is returned to the source.

3.12 POWER FACTOR

The ratio of the true power to the apparent power is called the power factor.

True power

Power factor= —————
Apparent power

This is always less than 1 in circuits which contain reactive elements and the
voltage and current are not in phase. Power factor is expressed as a factor such
as 1/2, or as a percentage such as 50%. In a purely resistive circuit, the voltage
and current are in phase and apparent power is equal to the true power. The
power factor is equal to unity or 100% which is the maximum value it can
attain. We can also write the above formula as:

True power = Apparent power X Power factor

If the phase difference between the voltage and current is 0, the power factor is
cos 0 and the above formula is also sometimes written as

True power = Apparent power X cos 0

In purely reactive (no resistance) circuits phase difference between voltage and
current is 90° and cos 90° = 0 or the power factor is zero.

Such circuits do not consume any power and are wattless circuits. In many
industrial concerns the use of electric motors considerably lowers the power
factor resulting in overloading of the generators due to the fact that the AC
power consumed is much less than the power supplied by the generators. To
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avoid this, improvement in the power factor is effected by connecting a suit-
able capacitor across the power line. This is called correcting the power factor.

SUMMARY

A current which always flows in the same direction without reversing its direc-
tion of flow is called direct current or DC but a current that reverses direction
at regular intervals is called alternating current or AC. Alternating current has
many advantages over direct current and the bulk of electric power consumed
in the world is AC power. The main source of AC voltage is an AC generator
or an alternator which produces by its rotation a waveform called a sine wave.
In a sine wave, the value of the voltage or current changes from instant to
instant and the maximum instantaneous value reached during a cycle is called
the amplitude or peak value. Other values like average value and effective
value can be derived from the peak value by known formulas.

One complete rotation of the loop producing a sine wave is called a cycle
and the number of cycles in one second is the frequency of the sine wave. The
distance travelled by a wave during one cycle is its wavelength. A voltage
source is a device for producing electricity by converting some other form of
energy into electrical energy. One important voltage source is a cell which
converts chemical energy into electrical energy. A primary cell called a voltage
cell converts chemical energy directly into electrical energy and cannot be
charged again. A secondary cell has to be charged first with electrical energy
which is stored in the cell as chemical energy and then released as electrical
current doing discharge by a reversible chemical action. A secondary cell is
also called a storage cell or accumulator. A battery is a combination of cells so
connected as to increase the voltage, or current, or both, beyond what is obtain-
able from a single cell. A dry battery is used when high voltage and low current
are required and an accumulator is used for low voltage but high current rating.
A storage battery can be charged and recharged any number of times by a
battery charger.

One of the most important voltage sources is the electromagnetic voltage
source called a generator which is the biggest source of electrical power pro-
duced in the world. A generator converts mechanical energy into electrical
energy with the help of magnetism. Generators are either DC generators called
dynamos or AC generators also known as alternators.

Other voltage sources are thermoelectricity, photoelectricity and piezoelec-
tricity. All these sources produce extremely low voltages and require amplifica-
tion by other electronic means.

RevieEw QUESTIONS

1. What is a battery? How many dry cells are required to construct a 45 V
dry battery having three times the current rating of a single dry cell?

(Ans. 90)

2. How many secondary cells are used in a 12 V storage battery having a

current rating of 120 A. How long would the above battery take to be

fully charged if the charging rate is 5 A. (Ans. 6, 24)
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10.

11.

12.

13.

14.

15.

. What is a generator? What is the difference between a thermal generator

and diesel generator?
What is a dynamo? Describe briefly its construction. Give an example
of a common type of dynamo.

. What is the difference between thermoelectricty and piezoelectricity?

Give examples of the practical use of each of these types of electricity.

. What is the difference between DC and AC? Give their relative advan-

tages.

What are the characteristics of a sine wave? Indicate which of the
following are sine waves:

1. Sound waves 2. Square waves 3. Sawtooth waves 4. Fluctuating DC
5. Light waves.

. Explain what is meant by peak, £, and average value of an AC volt-

age? How are these related to each other? Peak-to-peak value of an AC
voltage is 100 V. Calculate the effective value and average value of the
voltage.

(Ans. E o = 3535V, Average = 31.85 V)

. What is the peak value of the current flowing through a 100 W electric

bulb connected across a 230 V 50 Hz power line. (Ans. 0.615 A)
What is the wavelength of a broadcast station radiating at 1370 kHz?
How is this frequency useful for regional and local broadcasts?
(Ans. 219 m)
Define vector and scalar quantities. Which of the following are vector
quantities?
1. Acceleration 2. Kilograms 3. Dynes 4. Seconds.
Find the resultant of two voltages of magnitudes 8 V and 6 V having a
phase difference of 90°. (Ans. 10 V)
Define true power, apparent power and power factor. What is the power
factor in the following cases?
1. When the voltage and current are in phase.
2. When the voltage leads the current by 60°.
3. When the voltage leads the current by 90°.
(4ns. (1) 1, (2) 0.5, (3) 0)
Indicate by means of sine wave curves the relation between an AC
voltage leading its current by 90°. Show the same relationship by a
vectorial representation.
Correct the following statements with full justification:
1. Sound waves and radio waves are both electromagnetic waves and
travel with the same velocity.
2. Power factor can be made more than 1 by connecting a suitable
capacitor across the power line.
3. The higher the frequency of a sine wave the longer is its wave-
length.
What is average power dissipation in an AC circuit where the peak
voltage is 100 V and the peak current in 20 A? (4ns. Pyy = 811.5 W)



chapter 4

Passive Electronic
Components

I. RESISTORS

4.1 RESISTANCE

Resistance has been defined as the opposition to the flow of current. This
opposition comes from the electrons present in the atom of a material. In
materials like copper, the electrons are more free to move about than the
electrons in a material like rubber. In other words copper has less resistance
than rubber. Resistance is denoted by the symbol R and the unit of resistance is
ohm.

4.2 FACTORS DETERMINING THE RESISTANCE
OF A MATERIAL

The resistance of a material depends on a number of factors. These factors are
(1) length, (i1) area of cross-section, (iii) nature of the material, and (iv) temper-
ature of the material.

(i) Length The greater the length of a material, the greater the resistance
offered by it to the flow of current. Thus, if a copper wire of length / has a
resistance R, the resistance of length 3/ of the same copper wire will be 3R as
shown in Fig. 4.1. Resistance is directly proportional to the length [ of the
material.

R

L
3R
3L
Fig. 4.1 The Greater the Length, the Greater the Resistance
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(ii) Area of Cross-section A thicker material has greater area of cross-
section than a thinner material. The thicker a material the more plentiful is the
supply of electrons in it. Hence, it allows more current to flow and offers less
resistance than a thinner material with fewer electrons and more resistance.

Resistance is inversely proportional to the area of cross-section A of the
material.

The area of cross-section is generally expressed in square centimetres or
circular mils. A mil is equal to 0.001 inch or one thousandth of an inch. One
circular mil or 1 ¢ mil is the cross-sectional area of a conductor with a diameter
of 1 mil. A round conductor with a diameter of 0.002 inch will have a diameter
of 2 mil and its area in ¢ mil will be (2)? or 4 ¢ mil. A mil is a unit of length
whereas a circular mil is a unit of area. A ¢ mil is quite convenient for express-
ing the area of cross-section of round wires and is often used in Standard Wire
Gauge tables where the diameter and area of cross-section of different gauges
of wire are given in mils and ¢ mils respectively. The higher the gauge number
of a wire, the smaller is its cross-sectional area and greater the resistance of a
wire, the smaller is its cross-sectional area and greater the resistance of the wire
for a given length.

(iii) Nature of Material Specific resistance: Resistance also depends on
the nature of a material. A copper wire will not have the same resistance as an
iron wire of equal dimensions. The nature of a material is indicated by a
constant p (rho) known as the specific resistance or resistivity of the material.
Thus, the resistance R of a material | cm long and having an area of cross-
section 4 is expressed by the formula:

l
R =p—
pA
'\0@ 1cm
1cm
e
1cm A Sqcm

Fig. 4.2 One Cubic Centimetre

where p is the specific resistance of the material. In the above formula if / =
1 cmand 4 =1 cm? then R = p 1/1 = p. This gives us a definition of specific
resistance p. Specific resistance is, in effect, the resistance of 1 cm’ of a
material at a known temperature.

Specific resistance or resistivity of some important materials used in radio
and electronic work is given in Table 4.1

The specific resistance of metals is also expressed in terms of standard wire
size with length equal to 1 ft with a cross-sectional area of 1 ¢ mil. This
specific resistance is expressed as ohms per circular mil ft as indicated in
Table 4.1.
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Table 4.1 Specific Resistance of Some Important Materials

Material Resistivity at 20°C

Ohms per C mil ft Micro-ohms per cm’
Aluminium 17 2.83
Brass 45 7.5
Carbon (graphite) 400-1100 33-18
Copper 10.37 1.72
Iron 59 9.8
Molybdenum 34 5.7
Nickel 60 10
Phosphor bronze 70 11.5
Silver 9.8 1.63
Tungsten 33 5.51
Nierhrome 650 108
Manganin 290 48
German silver 185 31

Metals like silver, copper and aluminium have less value of specific resis-
tance and are used as conductors for various types of wires and cables. Tung-
sten and iron have high specific resistance and are used as resistance wires.
Certain alloys like nichrome and manganin also have high specific resistance
values and are used as elements for heaters, toasters, electric irons and also for
winding high value resistances.

ExawmpLE: Calculate the resistance of 50 ft of copper wire having a cross-sectional
area of 509.5 ¢ mil.

oL
R=p y
p =10.37Q per ¢ mil/ft; / = 50ft
A =1509.5 ¢ mil
il 10.37x 50
R=1037Q om0t __

ft 509.5cmil  509.5
= 1Q (approx.)

(iv) Temperature The resistance of a conductor also depends on the tem-
perature of the conductor. This dependence of resistance on temperature is
indicated by « (alpha) which is known as the temperature coefficient of resis-
tance. It indicates how much the resistance changes with the temperature.

o can have positive, negative or zero value. When « is positive, the resis-
tance of the material increases with temperature. Most metals like copper,
silver, tungsten have positive «. It therefore, becomes necessary to state the
temperature at which the material will have the specified value of resistance.

A negative value of o means that resistance will decrease with an increase
of temperature. Materials with negative « will have lower resistance at higher
temperatures and higher resistance at lower temperatures. Some conductors
like carbon, germanium and silicon have negative ¢. This has important practical
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applications in the form of thermistors which are carbon resistors with a nega-
tive temperature coefficient of resistance. These are used to compensate for
any changes in the resistance of wire conductors that take place with an in-
crease of temperature.

Certain alloys of metals like manganin and constantan have zero ¢ which
means that the resistance does not change with temperature. These are used in
precision wire wound resistors whose resistance does not change with a change
of temperature.

4.3 RESISTORS

A resistor is an electronic component which has a known value of resistance. A
resistor is specially designed to introduce a desired amount of resistance in a
circuit. A resistor is used either to control the flow of current or to produce a
desired voltage drop. Resistors are, perhaps, the most common components
used in electronic and electric circuits.

4.4 TYPES OF RESISTORS

Resistors are of two types—carbon resistors and wire-wound resistors.

Carbon Resistors These can be either carbon composition resistors or car-
bon film resistors.

(a) Carbon Composition Resistors are made by —C @

mixing granules of carbon with a binding mate- S e (.

rial and moulded in the form of rods as shown in

Fig. 4.3. Wire leads are inserted at the two ends —S@_
and the package is sealed with a non-conducting  Fig. 4.3 Carbon Resistors
coating.

(b) Carbon Film Resistors are types of carbon resistors made by depositing
a carbon film on a ceramic rod. The value of the resistance is set by cutting a
spiral groove through the film. The groove adjusts the length and the width of
the ribbon so that the desired value of the resistance is reached.

Carbon resistors are available in values varying from 1€ to 20 MQ.

Wire-wound Resistors These are made
by wrapping a known length of wire of a
nickel-chrome alloy called nichrome over
a form made of ceramic (Fig. 4.4). Ad-
vance and manganin wires are also used
for the construction of wire-wound resis- Fig. 4.4 Wire-wound Resistor
tors. All these materials have a much high-

er resistivity than copper. After taking out leads the entire winding is coated
with a protective coating. Since the length of wire required increases with the
ohmic value of the resistance, the range of these resistors is from less than 1 Q
to several thousand ohms. These resistors are used in circuits carrying high
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current when relatively high amounts of power are dissipated. Wire-wound
resistors are used in precision instruments where stable and accurate resistance
values are required.

4.5 RESISTOR RATINGS

There are three factors that determine the rating of a resistor. These are
(1) resistance value, (ii) tolerance, and (iii) power rating or wattage.

(i) Resistance Value This is the value of the resistance expressed in ohms,
e.g. 10Q, 1 kQ or 10 MQ. This resistance value is either written or stamped on
the body of the resistor as in the case of wire-wound resistors. In the case of
carbon resistors (film), the value of the resistance is indicated by a colour code
which is described below.

(ii) Tolerance This is the variation in the value of the resistance that is
expected from the exact value indicated. 10% tolerance in the case of a 1000 Q
resistor will mean that its value can vary from 900 Q to 1100 Q. Tolerances of
5%, 10% and 20% are common for carbon resistors. Wire-wound resistors are
more exact in value and their tolerances are low.

(iii) Wattage This is the maximum amount of heat in watts that can be
dissipated by a resistor without damage to it. The physical size of a resistor
gives an indication of its wattage. The larger the size of a resistor, the higher
will be its wattage rating.

,%,1 or 2W.
SW to sever-

1
g’
Wire-wound resistors are available in higher wattage ratings fro
al hundred watts.

Wattage is a very important rating of a resistor for use in a particular circuit.
Low wattage resistors can be used in transistor circuits but comparatively high-
er wattage ratings are required for valve or tube circuits.

4.6 COLOUR CODE FOR CARBON RESISTORS

Carbon resistors generally have a low wattage of value

RN

The ohmic value and the tolerance of a carbon resistor is indicated by a colour
code. Ten colours are used to represent each of the digits from 0 through 9 as
indicated below in Table 4.2.

Table 4.2
Colour Digit Colour Digit
Black 0 Green 5
Brown 1 Blue 6
Red 2 Violet 7
Orange 3 Gray 8
Yellow 4 White 9
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In the case of carbon resistors having axial leads, the colour bands are
printed near one edge of the resistor as in Fig. 4.5(a). Reading from left to
right, the first colour band indicates the first significant figure; the second band
the second significant figure and the third band indicates the multiplier (x10)
or the number of zeroes to be added after the two significant figures. The
tolerance is indicated by the fourth band or by its absence. A gold band indi-
cates 5% tolerance, silver band 10% tolerance and no band 20% tolerance.
Thus a resistor of 47,000 Q2 with a tolerance of + 5% will have the colour code
shown in Fig. 4.5(b).

Ist Band
2nd Band
3rd Band
4th Band Yellow
Violet
_O — Orange
Gold
Gold—5%
Multiol Tolerance Silver—7%
ultiplier ono
2nd Significant fig. | \© Pand—20% 47000 Q + 5%

1st Significant fig.
(a) (b)
Fig. 4.5 (a) Colour Code for Carbon Resistors (b) 47000 Q + 5%

ExampLE: What is the value and tolerance of a carbon resistor which has the
following bands starting from the left: blue, black, green and silver.

Ist band is blue, so first significant figure is 6

2nd band is black, so second significant figure is 0

3rd band is green, so number of zeroes is 5

4th band is silver, so tolerance is + 10%
Therefore, the resistor value is

6000000 + 10%
which 1s SM Q + 10%

For resistance values under 10, use is made of the fractional multipliers 0.1
(gold) and 0.01 (silver). When the third band is gold, the resistance value
indicated by the first two bands is multiplied by 0.1. Thus, if the first and
second bands are green and violet respectively and the third band is gold, the
resistance value is 56 X 0.1 = 5.6 Q. If the third band is sliver, the resistance
value would be 56 x 0.01 =0.56 Q. A complete colour code scheme for carbon
resistors is given in the Table 4.3. Carbon as well as wire-wound resistors can
be either fixed resistors or variable resistors.
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Table 4.3 Colour Code Chart for Resistor

— ) —
Y

Y Y Y

Colour 1st Band 2nd Band 3rd Band 4th Band
Ist 2nd Multiplier  No. of zeros Tolerance

Significant fig Significant fig to be added

Black — 0 XI None

Brown 1 1 X10 0

Red 2 2 X100 00

Orange 3 3 X 1000 000

Yellow 4 4 X 10000 0000

Green 5 5 X 100000 00000

Blue 6 6 X 1000000 000000

Violet 7 7 X 10000000 0000000

Grey 8 8 X 100000000 00000000

White 9 9 X 1000000000 000000000

Gold — — X 0.1 — + 5%

Silver — — X 0.01 — + 10%

No band — — — — +20%

4.7 VARIABLE RESISTORS

The most common type of variable resistor is known as the potentiometer or
simply POT as shown in Fig. 4.6(a). This is the type used as a volume control
in radio and TV sets. The resistance value can be varied by the rotation of a
shaft fixed at the end. A volume control is generally combined with an ON-
OFF switch for power supply which can be operated from the common shaft.
Figure 4.6(a) shows the construction of a potentiometer. In this potentiometer a
Movable arm

Carbon
resistance strip

Potentiometer Terminals
(a)
l -
—WWWA\— —\WWWA— -
Fixed Variable

(Potentiometer) Variable Tapped
(b)
Fig. 4.6 Variable Resistors (a) Potentiometer (b) Symbols for Variable Resistors
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movable contact slides over a strip of carbon. The resistance between terminals
1 and 3 is fixed and is the maximum value marked on the body of the potenti-
ometer.

When the movable arm slides from left to right or clockwise the resistance
between points 1 and 2 increases and that between points 2 and 3 decreases,
see Fig. 4.6(a). The variation of resistance is not uniform in the case of carbon
potentiometers. For uniform variation of resistance and for precision work,
wire-wound potentiometers are used. These have wire-wound elements in place
of carbon strips.

Figure 4.7 shows the use of a potentiometer as a 1
voltage divider. The voltage to be divided is applied
between points 1 and 3 and the variable voltage will %

appear between 3 and 2. Point 3 becomes common 12 v
to input and output voltages. A potentiometer can be

used as a Rheostat when the purpose is to vary only 3
the resistance value in the circuit. In this case only
the end terminals, i.e. 1 and 2 or 2 and 3 are used.
Carbon preset potentiometers are trimming potenti-  Fig, 4.7 Potentiometer
ometers for preset resistance controls with provision as a Voltage
for further adjustment. These are used for radio and Divider
television appliances.

When continuous variation of the resistance is not required, a tapped resis-
tance is used. Fixed taps are provided at a number of points on a wire-wound
resistance. A sliding contact on a bare wire resistance will vary the resistance
in any of the convenient steps.

Symbols used for various types of resistors are shown in Fig. 4.6(b).

4.8 RESISTORS IN COMBINATIONS

Resistors can be connected in combinations in a number of ways to obtain
some desired effective value of resistance and wattage. Some of the important
methods of combining two or more resistors are (i) series combination,
(i1) parallel combination, and (iii) series-parallel combination. The effective
resistance of the combination in any particular case can be found out by the
application of Ohm’s law.

4.8.1 Series Combination

Resistors are said to be connected in series when they are connected end-to-end
in successive order as shown in Fig. 4.8(a). When such a series combination is
connected to a battery with voltage E, Fig. 4.8(b), there is only one path for the
electrons to flow from the negative to the positive pole of the battery and this is
through each of the resistors. The same number of electrons flow through each
of the resistors and hence the current flowing through each resistor is the same.
The voltage drop will, however, depend on the value of each resistor and the
amount of current flow.
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Y A R, R, R,
e [ e—
E

Battery
(a) (b)

Fig. 4.8 Resistor in Series (a) Actual (b) Schematic

If E|, E, and E; are the voltage drops across R;, R, and R; respectively, then by
Ohm's law:
E, =1IR,,E,=IR,, E;= IR,
The total voltage drop is equal to voltage E of the battery. In other words,
E=E +E,+E;=1IR,+ IR, + IR,

=I (R, + R, + Ry) @.1)
If R, is the effective value of the resistors R, R,, and R; in series, we have
E=IR; (4.2)

Combining equations (4.1) and (4.2)
R;=R,+ R, + Ry
The total effective value of resistors in series is equal to the sum of the individ-
ual resistance values. Thus, three resistance of value 5Q each, connected in-
series in a circuit can be replaced by a resistance of 15Q.
The order in which the resistors are connected in series arrangement does
not alter the current through the circuit.

ExampLE: Three resistors of value 5 Q, 10 Q and 15 Q are connected in series
across a 6 V battery. Find the current flowing through the circuit and voltage
drop across each resistors.

Ryp=5+10+ 15 =309

- £ _ 6V _
"R, 300" 0

The voltage drop across 5 Q is IR =5 x 0.2 V =1 V. Similarly the voltage drop
across 10 Q is 10 X 0.2 =2 V and that across 15 Qis 15 X 0.2 =3 V.

52 10Q 15Q

6V
Fig. 4.9 Series Arrangement of Heaters in an AC/DC Radio Receiver
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4.8.2 Parallel Combination of Resistors

Two or more resistors are said to be connected in parallel when one end of
each resistor is connected to the positive pole and the other end to the negative
pole of the common battery or voltage source. Figure 4.10(a) shows the actual
connection and Fig. 4.10(b) is the schematic diagram of a parallel connection
of resistors. The main electron stream leaving the negative terminal of the
battery divides itself into three parallel streams of electrons or current flowing
through each of the three resistances. These are called the branch currents, the
value of each current depending on the resistance in the branch. The higher the
resistance in the branch, the smaller the value of the branch current. All these
branch currents again add up to form the main stream of electrons or the total
current that returns to the positive pole of the battery and back to the negative
pole through the battery itself. This cycle continues so long as the voltage is
applied to the combination. In other words, the total current /; flowing through
the circuit is the sum of the branch current /,, I,, /5.

= § R, : Ry £Rs = Rs
+ 1 +T
(b)
Fig. 4.10 Resistors in Parallel

ILi=L+L+1I (4.3)
Applying Ohm’s law we have:
I = Ri where Ry is the total or effective resistance of the parallel combina-

T
tion
E F E

also 11:R7T,12 :Eandlz’:Ri:’

Substituting in Eq. 4.3

E E E E
= == =y =
RT Rl R2 R3
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1 1 1 1
- == 44—
or R, "R, R, R (4.4)
In other words this only means that in a parallel combination of resistors the
reciprocal of the total effective resistance (1/R;) in the circuit is equal to
the sum of the reciprocals (1/R, + 1/R, + 1/R;) of individual resistances in
parallel.

ExampLE: A parallel combination of three resistors of value 10 Q, 15 Q and
30 Q is connected across a 30 V battery as in Fig. 4.11. Find the (i) total
effective resistance of the combination, (ii) total current flowing in the circuit,
and (iii) current flowing through each branch of the circuit.

-
| R R R
0V %69 §1§Q § 300
i
[ sa 1| 2a 4| 1A
13 o o
1= 42
+1

Fig. 4.11 Example 3 Resistors in Parallel

L _ 1, 1,1
O R TR R, R
L_1,1,.1_6
R, 10 715730730
Ry =5Q
(i) Total current I, = 307
T
-30 _
- 5Q =64
. 30V
(iit) Current in R, branch 7, 100 3A
. 30V
urrent in R, branch 7, 150 2A
. 30V
urrent 1n R; branch /3 300 1A

Ip=1,+ L+ I;=3A+2A + 1A = 6A
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Case of two resistors in parallel
(i) When there are only two unequal resistors in parallel, Eq. 4.4 becomes

1 1 1 Ry +R,

R, R, R, R XR,
_ Ry XR, 45
o "TR +R, (+)
(i1)) When the two resistors are equal, Eq. 4.5 becomes
R-R R-R
Ry - A_R (4.6)

“R+R_ 2R 2
The total resistance of two equal resistors in parallel is equal to one-half the
resistance of each.

4.9 CONDUCTANCE

In parallel circuits we have to deal with reciprocals of resistances. The recipro-
cal of a resistance is called conductance and is denoted by the symbol G. Thus,
-1
=%
The unit of conductance is mho (7J). This unit is also called Siemen.
Equation 4.4 in terms of conductance becomes

Gr=G,+G,+ G+ ..
Working with G is more convenient than working with R in parallel circuits.
This avoids the use of reciprocals.

For three resistors of value 5 Q, 10 Q and 20 Q connected in parallel as in
Fig. 4.12, the values of G,, G, and G; work out to be 0.25, 0.15 and 0.05T,
respectively. Current is proportional to conductance G for any applied voltage
say 20 V,

R1 R2 R3
0.2+ 0.1 +0.05 %59 g 100 § 200
GT =0.350 G, G, G,

020G | 016G | 050

T

Fig. 4.12 Solution of Parallel Circuits by Using G in place of R

I;=ExXxG=20x035=7A

L, =ExG =20x02=4A

L =ExG,=20x0.1=2A

L =E X G;=20V x 0.05Q2 = 1A
L +L+L=T7A
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Common practical applications of the parallel circuit are the various house-
hold electrical appliances like electric lights, electric fans, electric irons etc. All
the appliances are connected in parallel with the mains supply as shown in
Fig. 4.13. Each of these appliances draws its own current from the mains
depending on its resistance, but the total current is supplied by the common
mains supply line. If due to any reason, the total current exceeds a certain
predetermined value a fuse in the main supply is blown off and the mains line
is permanently disconnected to avoid any damage to the building or to any of
the electrical appliances. A fuse is only a thin wire made of either aluminium,
tin coated copper or tin wire which melts as soon as the current exceeds the
carrying capacity of the fuse wire. Fuses of various ratings starting from a
fraction of a milliampere to hundreds of amperes are available. Sometimes
fuses are also introduced in individual parallel circuits, in addition to the main
fuse, so that any defect in one circuit will blow off its individual fuse and will
not affect the working of other circuits connected in-parallel.

220V

G
Light
Fan Iron

Fig. 4.13 Household Electric Appliances as Parallel Circuits

Principle of Shunts Two resistors in parallel are also said to be shunt-
connected. The smaller resistor is said to be a shunt across the bigger resistor.
Thus the principle of a shunt is useful in the construction of an ammeter with
different ranges. By putting a shunt of suitable value in parallel with the inter-
nal resistance of the meter, only the current required for full-scale deflection is
allowed to pass through the meter and the rest of the current passes through the
shunt. The scale is calibrated in terms of the total current and not the current
passing through the meter.

4.10 SERIES-PARALLEL COMBINATION OF
RESISTORS

A series-parallel combination of resistors contains a combination of series
connected and parallel connected resistances as shown in Fig. 4.14. To find the
total effective resistance Ry of the circuit, the two parallel resistors R, and R;
are reduced to an equivalent resistor by use of the formula R = R, X Ry/R, + R;.
This equivalent resistance R is added to the series resistor R, to get the total
effective resistance in the circuit. The current can be found by the application
of Ohm’s law.
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B Aa A %'2
12V R,$6Q Rs;f 3Q

b
r

Fig. 4.14 Series-parallel Combination of Resistors

In the above case:
R, XR; 6x3 18
"R, +R, 6+3 9
R;=R, +R=4+2=06Q
_E 12V
R, 6Q
A slightly more complicated series-parallel arrangement is shown in Fig. 4.15.

2Q

Current 1y =2A

Ri
6Q

18V R, R4

Fig. 4.15 Another Series-parallel Arrangement

In this case the equivalent resistance of R, + R; in series is § +4 =12 Q and
R, and Rj in-series is 4 + 2 = 6 Q. These two resistances of 6 €2 and 12 Q are
in parallel and are equivalent to a resistance of 6 X 12/6 + 12 = 72/18 =4 Q.
This equivalent resistance of 4Q2 is in series with R, which is 6 Q.

The total effective resistance of the series parallel combination is

6Q+4Q=10Q

1
Current [, :% =1.84

A circuit of the above type is also called a network.

Wattage of Resistors in Combination The total resistance of a combi-
nation of resistances depends on whether the resistances are connected in series
or in parallel but the total wattage of a combination of resistances is always
equal to the sum of the individual wattages of the resistors irrespective of the
fact whether the combination is a series combination or a parallel combination
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or a series-parallel combination. This is because the total physical size of the
combination increases with the addition of each resistor. Two resistors of
100 1 W each will have a total resistance R, of 200 € and a total wattage of
2 W when connected in-series as in Fig. 4.17(a). The same resistors will have
R, of 50 Q when connected in parallel as in Fig. 4.16(b) but the total wattage
again will be 2 W. This fact can be used to obtain a desired value of resistance
with a higher wattage rating by combining resistors in series or in parallel
combinations.

R
1W
100 Q@ 200 Q

Ry =2W R, R, 50 O
R, g1w TW R=2w

1w 100 Q 100 Q
100 Q

(a) (b)
Fig. 4.16 Total Wattage of a Combination of Resistors

4.11 KIRCHHOFF’'S LAWS

Ohm’s law is applicable to relatively simple circuits, containing a single volt-
age source and a few resistances arranged in series, parallel, or series-parallel
arrangement. In the case of complex circuits containing more than one voltage
source and the components connected at random in many branches, it becomes
difficult to analyse such circuits by the application of Ohm’s law alone. The
laws that help solve such complex circuits are known as Kirchhoff’s laws after
the German scientist Gustav Kirchhoff. These laws which are two in number
are described below.

Kirchhoff’s Current Law This law states that the sum of currents entering
a point in a circuit is equal to the sum of currents leaving that point. This law
follows from the fact that charge cannot accumulate at any point in a conduct-
ing path. The number of electrons entering is equal to the number of electrons
leaving the point. If the direction of current entering point P in Fig. 4.17(a) is
taken as positive, the sign of currents leaving the point will be negative. Thus
I;=01+1, or I;,-1,-1,=0
In the case of Fig. 4.17(b)
L+L=1; o I+L,-1;=0
If the algebraic signs of the currents are kept in view, Kirchhoff’s Current Law
can also be stated as follows:
The algebraic sum of the currents entering and leaving any point in a circuit
is equal to zero.
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l> l>

(a) (b)
Fig. 4.17 Kirchhoff's Current Law

Kirchhoff’s Voltage Law The total sum of IR voltage drops in a closed
loop is equal to the sum of the voltage sources in the loop.

A loop is a closed path around which current can flow from any starting
point back to the same point.

In finding the sum of the voltage drops round a loop, due regard must be
paid to the signs of the current and voltage drops in the loop. If the current or
the voltage acting in the clockwise direction is taken as positive, the current or
voltage drop acting in the opposite direction must be taken as negative. In
determining the polarity of the voltage /R drop in a resistor, it may be remem-
bered that the point where the electron current enters gets the negative polarity.

With the signs of the various voltages taken into account, Kirchhoff’s Volt-
age Law can also be stated as follows:

The algebraic sum of the /R voltage drops and voltage sources must be
equal to zero around a closed loop.

The closed loop shown in Fig. 4.18 has two voltage sources V; and V, and
three /R drops IR, IR, and IR; with their polarities marked in the figure.

IR, V,
MWWV

_R1 +

Vi= Q I R, IR,
Rs

+ -
AN

IR;
Fig. 4.18 Kirchhoff's Voltage Law

il
—1l1

According to Kirchhoff’s Voltage Law
Vi—IR = V,—IR,— IRy =0
This equation can also be written as
Vi—Vy=IR,+ IR, + IR, 4.7)

From this equation we have to find the value of 7 if we know the values of V,,
V,, R, R, and R;.

Thus if V, =12 V, V, =6 V and R, = 2Q, R, = 4Q, Ry = 6Q then
substituting these values in (4.7) we get
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12V -6V =Ix2+1x41%x6

or 6V =121
_6 _
or =17 = 0.5A
Kirchhoff’s Voltage Law can also be expressed by the simple equation.

XV=ZXIR (4.8)
where the symbol X means ‘the sum of’. Thus

XV=V +V,+ V;+ .. (algebraic sum of all voltage sources)
and X IR=I1R,+ LR, + L1R;... (algebraic sum of all /R drops)

Application of Kirchhoff’s Laws In solving complex circuits, it often
becomes necessary to apply both Kirchhoff’s laws simultaneously as will be
clear from the following example:

ExampLE: Find the current /;, /, and /5 flowing through the resistors R,, R, and
R, respectively in Fig. 4.19.

Fig. 4.19 Example

Applying Kirchhoff’s Current Law to current entering and leaving point B,

L=1+1, 4.9)
Applying Kirchhoff’s Voltage Law to the loop ABEFA,
Vi=ILR,+ LR, (4.10)
Similarly, applying Kirchhoff’s voltage law to the loop BCDEB
Vy= LR, + 4R, (4.11)

Substituting Eq. (4.9) in (4.10) and (4.11), we have V, = [|R, + (I, + L,)R;
Vy=DhRy + (I + DRy

Simplifying
Vi=QR + R+ LR, (4.12)
Vy= Ry + R+ 1Ry (4.13)
Substituting the values of V|, V,, R, R, and R; in equations (4.12) and (4.13)
12 =101, + 21, (4.14)
6 =06l + 2], (4.15)
Further simplifying these equations
6=>5I+1, (4.16)

3=3L+1, 4.17)
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Multiplying equation (4.16) by 3

18 = 151, + 31, (4.18)
Substracting Eq. (4.17) from (4.18)
15 =141,
15
I, =— =1.07A
vl
Substituting the value of 7, in Eq. (4.17)
3=3L+1.07
3-1.07 1.93
I = = _—= =
2 3 3 0.64A

L=1+1,=107+064=171A
II. INDUCTORS

4.12 INDUCTANCE

Inductance is defined as the property of a circuit or a component like a coil
which opposes any changes in electron flow or flow of current.

The inductance provides an opposition to the sudden building up or sudden
decay of current through a coil or inductor by setting up an opposing emf. This
opposing emf developed by an inductor due to changes in its own current is
called self induced emf. Its value will depend on the inductance of the coil.
Inductance is a basic property of the coil itself and indicates how much voltage
can be induced in it by a change of flux linkages. A coil possesses inductance
in the same way as a resistor possesses resistance. Coils or inductors are de-
signed and constructed for a known value of inductance. The main factors that
determine the inductance of a coil are the number of turns and the core materi-
al, but the diameter and the spacing of turns also play a role in this regard.

4.13 JUNITS OF INDUCTANCE

The unit of inductance is the henry (H). This is named after the famous scien-
tist Joseph Henry who performed a lot of experiments with coils.

A henry is defined as the inductance that will develop a voltage of one volt
across it when the current changes at the rate of one ampere per second. In
other words, if a coil has an inductance of 1 H, a current change of 1 A/s will
induce a voltage of 1 V in the coil.

Iron-core coils in electronic equipment have high inductance values ranging
from 10 to 30 H but in some cases of iron-core chokes and in high power
transmitting equipment, the inductance value may range as high as several
hundred henrys.

Air-core coils used in radio and TV equipment have low values of induc-
tance. Two smaller units of inductance are used for expressing low values of
inductance. These are millihenry (mH) and microhenry (#H). A millihenry is
one thousandth (1/10%) and a microhenry is one millionth (1/10°) of a henry. In
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other words, 1000 mH is equal to 1 H and one million or 10°® #H is equal to
1 H. Thus 5 H will be 5000 mH or 5 x 10° MH. The inductance of peaking coils
in TV receivers may vary from 50 to 500 uH.

4.14 COILS—TYPES AND CLASSIFICATION

There are many ways of classifying coils or inductors.

1. Classification According to Core Material There are air-coils and
iron-core coils depending upon the type of material used for the core of the
coil. Air-core coils have generally air for the core material but even those coils
which are wound on non-magnetic materials like rods of ceramic or plastic
materials are called air-core coils. Similarly, coils having magnetic materials
other than iron for the core are called iron-core coils.

2. Classification According to Frequency There are audio frequency
and radio frequency coils. Audio frequency coils are generally iron-core coils
known as chokes. These chokes are either used as filter chokes for providing
smooth DC in radio and TV receivers or as modulation chokes in transmitters
for modulating the carrier.

Filter chokes used in radio and TV receivers are coils wound on iron core
with several hundred turns and may sometimes weigh 2 to 3 /b. The filter
chokes and modulation chokes in high power transmitters, however, are much
larger in size and the iron core itself may sometimes weigh several hundred
pounds.

Radio frequency coils may be small coils consisting of only one or two turns
as in the case of TV tuners or may consists of several hundred turns of wire
wound on a form of about an inch diameter as in the case of a medium wave
band of a radio receiver. Both perform the same function. When used with a
capacitor they select the desired radio frequency signal and reject all others.

Radio Frequency Chokes (RFC) are small chokes used to offer opposition to
flow of RF currents. These may consist of one or two turns and may be self
supporting or they may consist of several hundred turns wound on a form of
some non-magnetic material. The higher the frequency the less the number of
turns required for the RFC.

3. Classification Based on the Method of Winding Coils sometimes
have different types of windings. These could be single layer, multilayer, honey-
comb, pancake or pie-section type, meant for special types of circuits.

Coils can be of fixed or variable types. In the case of the variable inductors,
the inductance can be varied either in steps from tappings on the winding or
made variable by a moving slug of a special magnetic material which can be
moved in and out of the winding to vary inductance. This is also called perme-
ability tuning.

Some of the common types of coils used in radio and TV receivers with
their circuit symbols are shown in Fig. 4.20.
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£

(b) (c)
Fig. 4.20 Types of Coils (a) Iron-core (b) Air-core (c) Adjustable Iron-slug

4.15 INDUCTIVE REACTANCE

If the value of the DC voltage applied to a coil or an inductor is suddenly
changed, the self induced counter emf opposes this change of current. It does
not allow the current in the coil to reach its new value simultaneously with the
applied voltage. The current is said to lag the applied voltage.

If an AC voltage, which is continuously changing, is applied to the above
coil, the self induced voltage will have a polarity opposite to the applied volt-
age and will tend to limit the flow of current in the coil. But for the induced
counter emf, the current in the coil will be limited only by its resistance. The
opposing emf appears as an AC voltage drop across the coil produced by the
opposition offered by the coil to the flow of AC current. This opposition to the
flow of AC current is called inductive reactance. It is measured in ohms and
represented by the symbol ;. Inductive reactance is different from resistance
in the sense that it opposes only AC and not DC.

The value of the counter emf and hence the value of the inductive reactance
will depend upon two factors—the inductance of the coil and the rate of change
of current which is determined by the frequency of the applied voltage. The
inductive reactance X, is given by the formula:

X, =2nL
where

X, is the inductive reactance in ohms

fis the frequency in hertz

L is the inductance in henrys

7 is a constant equal to 3.14

ExawmpLE: Find the inductive reactance of a 10 H choke coil at a frequency of
50 Hz.

X, =2ngL
here f=50Hz, L =10 H
and 2r=2x3.14=06.28
Therefore X, =628 x50 x 10 = 3140 Q

4.16 MUTUAL INDUCTANCE

If two coils are so situated that some of the flux produced by one coil cuts the
turns of the other coil, the coils are said to be mutually coupled or they are said
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to possess mutual inductance. For the coils to possess mutual inductance they
are either wound on the same core or they are merely placed over each other.

Any change of flux in one coil will induce a voltage in the other coil.
Mutual inductance M is measured in henrys like the inductance of a coil. The
greater the value of M, the greater is the voltage produced in one coil due to the
current change in the other coil.

Mutual inductance between two coils will be 1 H when a rate of change of
current of 1 A/S in the primary coil produces a voltage of 1 V in the secondary
coil.

The degree of magnetic coupling is referred to as the coefficient of coupling
and is represented by the letter £. If all the lines from one coil cut the turns of
the other coil, £ equals one and these coils are said to be completely coupled.
In practice, however, k is always less than one.

M=kL L,
where M = Mutual inductance in henrys
k = coefficient of coupling
L, and L, are the inductances of the individual coils in henrys.
Air-cored coils are said to possess “close” coupling even when the coeffi-

cient of coupling is 0.5, while a coefficient of only a few hundredths represents
“loose” coupling.

4.17 COILS IN SERIES AND PARALLEL

Coils can also be connected in series and parallel combinations like resistors.
In the series arrangement shown in Fig. 4.21, the total inductance of the combina-
tion L will depend upon whether the coils are having any mutual inductance or
not. Where there is no mutual inductance between the coils, the total induc-
tance is the sum of individual inductances.

L=L+L,+Ly+ ..

Two coils, one with an inductance of 10 H and the other with an inductance
of 5 H, when connected in series without mutual inductance will have a total
inductance of 10 + 5 =15 H.

When two coils connected in series have a mutual inductance M and the
coils are so connected that the flux linkages due to current in one coil add to

- L —
(a) (b)
Fig. 4.21 (a) Coils in Series (b) Coils in Parallel
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the self linkages of the other coil, the total inductance L of the combination is
given by the formula:

L.=L +L,+2M
If, however, the flux linkages of one coil oppose the self linkages of the other

coil, which will be the case if the connections of one of the coils are reversed,
the total inductance of the combination is given by the formula

Ly=L, +L,-2M
In the case of the parallel combination indicated in Fig. 4.21 (b)

1 1 1 1
1,71, + I, + I +...
For two inductors L, and L, connected in parallel, the simplified formula will
be
L, xL,
T L +L,
which is the same as the formula for two resistors connected in parallel. Thus,
two inductances of 10 H each, when connected in parallel will have a total
inductance of 5 H, which is less than the value of either inductance. In practice
however, it is preferable to use a single coil of the required value rather than
connecting coils in parallel to reduce the value of inductance.

4.18 PHASE RELATIONSHIP

In a pure inductance (coil without resistance) the application of AC voltage
results in the production of self induced voltage or counter emf which does not
allow the current in the inductor to reach its maximum value simultaneously
with the maximum value of applied _»Zerq_

voltage. There is a delay or time lag 7
between the applied voltage reaching Tax.

this maximum value and the current Max. =~ Max.
reaching its maximum value. This de- 0° 90° 180° 270° 360°
lay which results from counter emf de- N

pends on the rate of change of cur- Dec—" Iné
rent. This rate of change is different
at different parts of a sine wave as
shown in Fig. 4.22.

It will be seen that the rate of change which is maximum when the current
starts at 0° begins to decrease as the sine wave progresses towards 90°. At this
stage the current has reached its maximum value. From here the rate of change
starts increasing again and reaches its maximum value again when the sine
wave passes through 180° and crosses over to be negative side.

At the 0° point where the rate of change of current is the maximum (actual
value 0) the applied voltage will be passing through its maximum value. As the
current approaches the 90° point, its rate of change becomes zero (actual value

Fig. 4.22 Rate of Change at different
Parts of a Sine Wave
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also falls to zero value. From this it would

maximum) and therefore, the applied voltage ‘ /I
appear that the applied voltage reaches its max- /

imum value 90° before the current reaches its 0% 90°\180 . /RO 360°
maximum point. The current is said to lag the ‘ A <

applied voltage by 90° or the voltage is said to E

lead the cqrrent by 90°. A combined picture of Fig. 4.23 Phase Relation-
a current sine wave and a voltage sine wave in ship of Voltage
an inductance indicating the current lag of 90° and Current in an
is shown in Fig. 4.23. Inductance

The phase relationship between the current
and applied voltage in an inductor can also be indicated by vector diagrams as
in Figs 4.24 (a) and (b).

E
90°

90°

(a) (b)
Fig. 4.24 Vector Representation of Phase Relationship Between Current and Voltage
in an Inductance

4.19 RL CIRCUITS

So far we have treated a coil as a pure inductance. This means that the coil has
inductance only and no resistance. This is, however, not true in actual practice.
All coils are wound from wires which must have some resistance. In addition,
there may be some other resistance connected separately in series with the coil.
Generally, for calculation purposes, the resistance of the coil and the external
resistance are lumped together and shown as a single resistance R, as in the
Fig. 4.25. The coil will then have only inductive reactance X;. If an AC voltage
E is applied across the circuit, the same current / will flow through R and X;.
The voltage drop Ej across the resistance R will be in phase with the current
but the voltage drop E; across the reactance X; will be leading the current as
shown in Fig. 4.26.

The total voltage drop across the combination of R and X cannot be found
by merely adding E and Ey,; (E, + Ey;) because of the phase difference of 90°
between the two voltages. The resultant voltage E, which is the applied volt-
age, can be found only by adding Ej and Ey; vectorially as in Fig. 4.26. This
vectorial addition can be done either by completing the rectangle ABCD and
measuring the length of the diagonal AC and converting this length into volts
from the same scale as used for E, and E);, or the resultant can be found by
using the formula.
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A Er D
Fig. 4.25 RL Circuit Fig. 4.26 Vectorial Addition of Ey
and Ey;

E=JE}+E},

Let us make this clear by taking a numerical example:
If E,=30 V and E,; =40 V, E will not be 30 + 40 =70 V but

E =4/(30)% +(40)? =,/900 +1600 = /2500 = 50 V

Thus, the resultant voltage £ is not 70 V but 50 V which is the vector sum
of 30 V and 40 V.

4.20 Q OF A COIL

The ratio of the inductive reactance (X;) to the internal resistance (R) of a coil
is known as Q of the coil. Expressed as an equation

X L
0=%
0 of a coil is a pure number and is not expressed in any units.

Thus, a coil with X, equal to 200 Q and R equal to 5 € has a Q value of
200/5 = 40. Q indicates the merit or the ability of a coil to develop induced
voltages under the influence of magnetic fields. A high QO coil will develop a
higher voltage across it than a low Q coil under the same conditions. The Q of
the coil plays an important part in the design of RL circuits for electronic

equipment.
4.21 IMPEDANCE

The total opposition offered by the combination of X; and R to the flow of
current is called impedance. This is the vector sum of the opposition offered by
the resistance R and the inductive reactance X; because R and X, are out of
phase with each other. Having found the impedance Z by the vector sum
method, it is easy to calculate the current / by application of Ohm’s law:

-E

VA

ExampLE: Find the current flowing through a series combination of resistance
R =60 Q and inductive reactance X; = 80 € when an AC voltage of 50V is
applied across the combination

R=60Q,X, =80 Q
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Z =R + X2 = [(60)% +(80)2 = /3600 + 6400
=/10000 = 100 Q

E _ 50
=====05A
Current / 100 0.5

4.22 TRANSFORMER ACTION

A changing magnetic flux produces a counter emf in a coil due to self induc-
tion. If there is another coil wound on the same core or placed in close
proximity to the first one, the changing magnetic flux will cut the turns of the
second coil and so induce a voltage in the second coil. There will thus be a
transfer of energy from one coil to another through the magnetic flux linkages.
This is the principle of transformer action.

Basically, a transformer consists of two or more coils either wound on the
same core or placed close enough so that magnetic lines of force from one coil
will cut the turns of the other coil. These coils are called windings. The coil to
which the input voltage is applied is called the primary winding. The other coil
in which the voltage is induced due to the changing magnetic flux is called the
secondary winding (see Fig. 4.27).

Induced
current

Magnetic lines of force
linking (a) and (b)

Secondary

Primary —= g Secondary

Fig. 4.27 Primary and Secondary Windings of a Transformer

4.23 SOME TECHNICAL TERMS

Turns Ratio The changing magnetic flux from the primary winding cuts
each turn of the secondary winding and induces a small emf in it. The emfs
induced in individual turns add up to form the total induced voltage. The
magnitude of the induced voltage will be proportional to the total number of
turns in the secondary winding compared to the total number of turns in the
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primary winding. The ratio of the number of turns in the primary to the number
of turns in the secondary is called the turns ratio.

Turns ratio = —2

s
where N, is the number of turns in the primary winding.
N, is the number of turns in the secondary winding.
Turns ratio is a very important characteristic of a transformer. A transformer
with 2000 turns in the primary winding and 1000 turns in the secondary wind-
ing has a turns ratio of two to one which is also written as 2:1.

Voltage Ratio Since the voltage induced in a winding depends on the num-
ber of turns being cut by the magnetic flux, the ratio of the voltage in the
primary winding to the voltage in the secondary winding will be the turns ratio.

E N
p _p
Thus E N

N

N

where  E, is the voltage in the primary winding.
E is the voltage in the secondary winding.
N, and N are the number of turns in the primary winding and the
number of turns in the secondary winding respectively.

If the number of turns in the secondary winding is greater than the number
of turns in the primary winding, the transformer is called a step up transformer.
A transformer with a turns ratio of 1:2 is a step up transformer. In this trans-
former a voltage of 110 V applied to the primary winding will appear as 220 V
in the secondary winding as in Fig. 4.28. A step down transformer is one in
which the number of turns in the secondary is less than the number of turns in
the primary winding. A transformer with a turns ratio of 5 : 1 is a step down
transformer.

1:2 Secondary

Primary
110 V 220V 110V 22V
500 Turns 100 Turns

1000 Turns 500 Turns
Fig. 4.28 (a) Step Up Transformer (b) Step Down Transformer

Current Ratio Tf there are no losses in a transformer, the input power E,x1I,
will be equal to the output power E; X [ where [, and I  are the currents
flowing in the primary and the secondary windings respectively. Therefore,

or - =7
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p _'p
But E "W, as already proved
I K NP
So 7 =
I, N,

Combining the two relations for voltage ratio and current ratio, we have a
combined formula for the two ratios

N, _ £, _ 173

N, E; I,
When expressed in words the above formula will mean that whereas the volt-
age ratio is directly proportional to the turns ratio, the current ratio is inversely
proportional to the turns ratio. It means that in a step down transformer the
voltage in the secondary winding is less than the voltage in the primary, but the
current in the secondary winding is more than the current in the primary. The

reverse is the case with a step up transformer.

ExampLE: A mains transformer has a 240 V primary winding and a 12 V
secondary winding for a low voltage supply unit. How much current can be
drawn from the secondary for a 250 mA current in the primary?

I, E

We use the equation T ==

s P
1,=250 mA = 0.250 A
E,=240 V E,= 12V

N

< 0250 _ 12
’ Ix 240
or 1,-0250 x 22 —50 A

4.24 TRANSFORMER LOSSES

Transformer Efficiency So far we have considered an ideal transformer in
which there are no losses and the input power is equal to the output power. In
practice, this is not the case. All transformers have some losses due to various
causes. These losses appear in the form of heat and the output is always less
than the input. Methods are adopted in the design and construction of trans-
formers so that the losses are reduced to a minimum thereby increasing the
efficiency of a transformer.

The efficiency of a transformer is the ratio of the output power to the input
power

Output power  E X I
Input power  E » X1,

Efficiency =
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Efficiency is generally expressed as a percentage.
Output power

Percentage efficiency =
Input power

100

Thus a transformer with an input power of 100 W and output power of 90 W
has an efficiency of 90%. Most iron-core transformers have an efficiency of
over 90% and the first grade transformers are better than 90% efficient.

Transformer Losses There are four types of losses in a transformer. These
are (i) copper loss, (ii) flux loss, (iii) eddy current loss, and (iv) hysteresis loss.
The causes of these and the methods adopted to reduce these losses in trans-
formers will now be described.

(i) Copper Loss This loss is due to the resistance of the wire used for the
windings and is expressed as /°R, where I is the current in the winding and R is
the resistance of the winding. This loss is also sometimes referred to as “/
squared R” (I*R) loss. This loss would be reduced by using a thicker gauge of
wire for the windings.

(ii) Flux Loss or Flux Leakage This loss is caused when all the flux lines
associated with the primary winding of a transformer do not pass through the
secondary winding. The flux lines that do not pass through the secondary result
in a flux loss as in Fig. 4.29. This loss is also referred to as flux leakage. Flux
loss can be reduced by placing a core of a suitable magnetic material in the
transformer to improve flux linkages. This, however, creates the problem of
eddy currents and hysteresis loss. Apart from the power loss, flux leakage can
induce undesirable voltages in neighbouring coils and transformers. This is
prevented by suitable placement of transformers in electronic circuits or by
screening the neighbouring coils and components.

Flux
—
Primary / .
6) Secondary
—e
—

Fig. 4.29 Flux Leakage

(iii) Eddy Current Losses The iron core of transformers is a conducting
material. Due to the changing flux that cuts the core, emf is induced in the core
material resulting in the flow of small local currents called eddy currents.
These currents also produce a loss which is similar to the /R loss.

Eddy current losses are reduced by using for core material thin strips of
silicon steel called laminations. These laminations are coated with insulating
varnish so as not to provide any paths for the eddy currents. These laminations
are available in £ and [/ forms (Fig. 4.30) to facilitate assembling a laminated
core for the coils wound on a former.
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(a)

Fig. 4.30 Core Laminations

Slugs made out of powdered magnetic materials mixed with an insulating
binding material are also used to reduce eddy current losses. These slugs can
be moved in and out of the coils to vary their inductance value.

(iv) Hysteresis Losses Depending on the frequency of the applied AC,
the core material gets magnetised and demagnetised and changes polarity a
number of times in one second. This change of polarity is opposed by a mag-
netic friction called hysteresis and so represents a loss. Hysteresis loss cannot
be completely eliminated. It can be reduced by using suitable core materials
like soft iron and silicon steel.

The last three losses are due to properties of the core material and are called
“core losses”. In other words, the main causes of transformer loss are copper
loss and core loss.

Transformers used in radio and TV equipment are broadly classified as
(i) power transformers (ii) audio frequency (AF) transformers (iii) radio fre-
quency (RF) transformers.

4.25 POWER TRANSFORMERS

Power transformers are also called mains transformers and are meant to operate
on the mains AC supply of 50 or 60 Hz. These transformers are meant to
supply various operating voltages required in radio receivers and other elec-
tronic equipment. This transformer has one primary winding and a number of
secondary windings as shown in Fig. 4.31. The standard colour code employed

Red High vol
o Hi oltage
£ L, Red-Yellow 0" Y2ua0
o secondary
Black F; Red o centre tapped
Yellow o
L Rectifier
L 3 Yellow filament
]
Green
Black 58 - o Filament
4 Green o heater No. 1
Slate o
58 L - Filament
5 ate o heater No. 2

Fig. 4.31 Power Transformer Colour Coding
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by EIA (Electronic Industries Association) for power transformers is also shown
in Fig. 4.31. Some manufactures use their own colour codes which must be
ascertained before the transformer is connected in the circuit.

4.25.1 Audio Frequency (AF) Transformers

Audio frequency transformers or AF transformers are meant to operate on
audio frequencies of 20 Hz to 20 kHz. These transformers are similar to power
transformers but the core material is a nickel-iron alloy of high permeability
specially made to operate over the wide range of frequencies without causing
much distortion. AF transformers are used in audio amplifiers for interstage
coupling, for coupling microphones to amplifiers and for coupling amplifiers to
speakers. Audio amplifiers use both step up and step down ratios. In the final
power output stage of a radio receiver, the audio transformer is a step down
transformer used to match the high output impedance of the amplifier to the
low (3 to 8Q) impedance of the speaker. Since a transformer can serve as a
step up or step down device for voltage as well as currents, it can also serve as
a step up or step down device for impedance which is only the ratio of voltage
to current. The formula to be used for impedance matching is

Np_ Zp

N, \Z,
where Z, and Z; are the impedances in the primary and secondary, and N, and
N, are the number of turns in the primary and secondary respectively (see

Fig. 4.32).

Amplifier Primary % ' g Secondary Speaker

Fig. 4.32 Impedance Matching with a Transformer

ExampLE: What is the turns ratio of a step down transformer required for
matching 8000 Q output impedance of an audio amplifier to the 5 € voice coil
impedance of the speaker.

No _ |Z» _ [8000 _ [1600 _ 40
N, Z, 5 1 1
N

Therefore, the turns ratio N—p =40:1

N
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4.25.2 Radio Frequency (RF) Transformers

RF transformers are meant for operation at very high frequencies compared to
AF transformers. At high frequencies or radio frequencies the eddy current
losses become excessive with nickel-iron laminated cores.

To reduce eddy current losses, the RF transformer is either made an air-core
transformer or a powdered iron-core transformer. The powdered iron core or
dust-iron core is in the form of a slug which is threaded so that it can be moved
into or out of the coil for tuning purposes. This form of tuning is called
permeability tuning. Radio frequency transformers are used for interstage cou-
pling and for coupling a signal to and from an antenna. In most cases, the
secondary has a variable capacitor across it to form a series resonant circuit at
the desired frequency. This results in a series resonant voltage step up even
when the turns ratio is 1 : 1. This phenomenon will be explained under series
resonance.

4.25.3 Intermediate Frequency (IF) Transformers

IF transformers or intermediate frequency transformers are special types of RF
transformers designed to operate at a fixed frequency called the intermediate
frequency or IF. In modern superheterodyne radio receivers the IF commonly
used is 455 kHz but in TV receivers it is much higher. The two windings are
either both tuned (Fig. 4.33) or at least one of these is tuned to the IF frequency
by associated capacitors and adjustable dust-iron-cores.

Fig. 4.33 IF Transformer (a) Screened IF Transformer (b) Circuit Symbol for IF
Transformer

The magnetic coupling between the windings is crucial in selecting the pass
band and is set to allow certain frequencies above and below IF also to pass
through along with IF. This is necessary to include side bands corresponding to
higher audio frequencies. IF transformers are enclosed in metallic cases for
screening as in Fig. 4.33. Provision is made for adjustment of the capacitors or
the dust-iron-core for alignment purposes.

4.25.4 Auto Transformers

In an auto transformer, the same coil is used to provide turns for the primary
and the secondary windings. When the whole coil is used as the primary and a
part of the coil as the secondary, it becomes a step down transformer as in
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Fig. 4.34(a). In a step up transformer the entire winding is used as the second-
ary as in Fig. 4.34(b). Auto transformers are sometimes provided with fixed
taps or a variable tap for variation of the secondary voltage.

Secondary

Secondary Primary

(a) (b)
Fig. 4.34 Auto Transformer (a) Step Down (b) Step Up

An auto transformer is different from a conventional transformer in the
sense that there is no isolation between the primary and the secondary wind-
ings.

I1l. CAPACITORS

4.26 CAPACITOR-DEFINITION

A capacitor or a condenser is an electrical device for storing electrical energy
by allowing electrons to accumulate on a metallic surface. This electrical charge
can then be released in the form of a current into the circuit of which the
capacitor forms a part. Like resistors and inductors, capacitors are also impor-
tant components used in radio, TV and other electronic circuits.

In its simplest form a capacitor consists of two metallic surfaces separated
by a finite distance. The space between the two metal plates is filled with an
insulating material which may be air (or a gas) as in Fig. 4.36(a), or liquid or a
solid as in Fig. 4.35(b). This material separating the two plates of a capacitor is
called the dielectric. Air is also a dielectric and when there is nothing between
the plates except air, the capacitor is said to have air as a dielectric. In fact,
various types of capacitors used in electronic equipments are named after the
dielectric used in their construction like paper capacitors, mica capacitors,
ceramic capacitors, electrolytic capacitors, and so on.

<—Die|ectIriC

(a) (b)
Fig. 4.35 Formation of a Capacitor (a) Air Dielectric (b) Solid or Liquid
Dielectric
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4.27 CAPACITOR ACTION

Figure 4.36(a) shows a capacitor with the two metallic plates 4 and B having
air as a dielectric. The capacitor can be connected to a battery through a switch
S. When the switch S is open, no electrons can flow from the negative terminal
of the battery to plate 4 of the capacitor. As soon as the switch § is closed as in
Fig. 4.36(b), electrons from the negative terminal of the battery rush to plate A4.
There will be a surplus of electrons built upon plate A.

Electron
current
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¥
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0+

Electron current
(a) (b) (c) (d)
Fig. 4.36 Charging and Discharging a Capacitor

Since like charges repel, the electrons on plate 4 will repel the electrons on
plate B and drive them back into the positive terminal of the battery E. At the
same time, the positive charge on the positive terminal of the battery will also
pull out electrons from plate B, leaving a deficiency of electrons on this plate.
The positive charge on B will attract further electrons from the negative termi-
nal of the battery on to plate 4. There will thus be a surplus of electrons on
plate 4 which will get negatively charged. Similarly, the deficiency of electrons
on plate B will make it positively charged. This flow of electrons which consti-
tutes a current will continue till plate 4 becomes as negative as the negative
terminal of the battery and plate B becomes as positively charged as the posi-
tive terminal of the battery. If the switch S is now opened as in Fig. 4.36(c) the
surplus of electrons on plate A4 and the deficit of electrons on plate B of
the capacitor will stay. The capacitor is said to be charged to the voltage of
battery E.

If plate A of the capacitor is now connected to plate B of the capacitor
through a copper wire as is Fig. 4.36 (d), the surplus electrons from plate 4 will
rush to plate B and neutralise the positive charge on this plate. When the
voltage of plate 4 becomes equal to the voltage of plate B the capacitor is said
to be discharged. This discharge current can be made to pass through a coil or
a resistor and made to perform one or other of those wonderful tricks that
electronic circuits are capable of performing. If the capacitor is connected to an
AC voltage, the charging and discharging process will be performed a large
number of times, depending on the frequency of the AC voltage.
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4.28 CAPACITY

The amount of water that a water storage tank can hold depends on its size.
Similarly, the amount of electrical charge that a capacitor can hold depends on
its electrical size. This electrical size of a capacitor is called its capacity or
capacitance.

When a capacitor is charged, it builds up a voltage which opposes the
original voltage that is trying to charge the capacitor. Capacitance is also the
property of a circuit that opposes any change of voltage in the circuit. It may be
noted that an inductance opposes any change of current in a circuit.

In terms of charge and voltage, capacitance C can be expressed by means of
the formula

c-2
E
where QO = charge in Coulomb
and E = voltage in volts

In other words, the capacitance of a capacitor is the charge it will hold for
every unit of potential to which its plates are charged.

QO =1 Coulomb, £ =1V, then C will be 1

The unit of capacitance is called a farad (F). This is the capacitance of a
capacitor that will hold a charge of 1 Coulomb when the potential difference
between its plates is 1V.

dnits of Capacitance The farad, as defined above, is a large unit of capac-
itance. Similar units of capacitance, known as microfarad (#F) and micro-
microfarad (uuF), are used in actual practice. A micro-microfarad yuF is also
called a picofarad (pF). The relation between a farad and the other smaller
units mentioned above is as given below

1 F = 10°uF

1 F = 10'% yuF(pF)

LuF = 10° yuF(pF)
The conversion of one unit of capacitance to another sometimes involves mul-
tiplication and division by decimal fractions and should be carefully done.

ExampLE: Find the charge on a 1000 uF capacitor when charged to a voltage of
24 V.

c-2
V
C = 10004F = 11%060 F =1000 x 100 F
= 0.001 F

0=CV=0.001 x 24
= 0.024 Coulomb
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4.29 FACTORS AFFECTING CAPACITANCE

The capacitance of a capacitor depends on the following three factors: (a) the
area of the plates, (b) the distance between the plates, and (c) the dielectric
material.

Area of the Plates The capacitance of a capacitor is directly proportional
to the area of the plates forming the capacitor. If the area is doubled the
capacitance is also doubled and if the area is halved the capacitance also
becomes one half.

Distance Between the Plates The capacitance is inversely proportional
to the distance between the plates. In other words, the greater the distance
between the plates, the smaller will be the capacitance of the capacitor.

Dielectric Material The type of material used as dielectric between the
plates of a capacitor also affects the capacitance. Thus, a capacitor with mica
as the dielectric will have a greater capacitance than a capacitor with air as the
dielectric. The property of the dielectric which affects the capacitance is called
the dielectric constant.

The higher the dielectric constant of the material between the plates, the
larger will be the capacity of the capacitor.

The dielectric constants of some of the common dielectric materials are
given in Table 4.4.

Table 4.4 Dielectric Constants of Some Common Materials

Air 1.00
Castor oil 4.7
Mica 5-9
Glass 4.5-7.00
Bakelite 4.5-7.5
Paper 2-2.3
Porcelanin 5.5
Quartz 1.5
Water 81

4.30 VOLTAGE RATING

Capacitors are designed and manufactured to operate at a certain maximum
voltage which depends on the distance between the plates of the capacitor. If
the voltage is exceeded, the electrons jump across the space between the plates
and this can result in permanent damage to the capacitor. The maximum safe
voltage is called the working voltage. This working voltage (WV) is marked on
the capacitor in the case of bigger capacitors and indicated by a colour code in
the case of capacitors having low values of capacitance. In the case of valve
type radio receivers and TV receivers, capacitors with a working voltage of
200 to 600 V are used. In transistor receivers, however, capacitors with 6 or 12
V working voltage are commonly used.
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In electrolytic capacitors for filter circuits of a power supply, peak voltage is
also marked in addition to the WV. The output from a rectifier tube is a
pulsating DC, where peak voltage during a part of the cycle will be much
higher than the DC voltage. The capacitor should be able to stand this peak
voltage also. Thus an electrolytic capacitor marked “450 V DC Wkg, peak
volts 500 is meant for use in a filter circuit where the DC voltage is 450 V and
the peak voltage does not exceed 500 V. A capacitor with a lower voltage
rating should not be used in place of a capacitor with a higher voltage rating.
However, a capacitor with a higher voltage rating can be substituted for a
capacitor with a lower voltage rating, if the physical size of the capacitor is not
a problem.

4.31 TYPES OF CAPACITORS

Capacitors are either fixed or variable capacitors. A fixed capacitor is one in
which the value of the capacitance cannot be varied. The capacitance value
remains fixed. On the other hand, in a variable capacitor the design is such that
the capacitance value can be varied within certain limits. Both types are com-
monly used in radio and TV circuits.

4.31.1 Fixed Capacitors

Fixed capacitors use dielectric materials other than air. In fact, the fixed capac-
itors are classified according to the type of material used as a dielectric in their
construction. The various categories of fixed capacitors are

1. Paper capacitors

2. Mica capacitors

3. Ceramic capacitors

4. Electrolytic capacitor

1. Paper Capacitors Paper capacitors are made by taking two sheets of tin
foil and placing a sheet of paper between them as shown in Fig. 4.37. The foil
and paper are then rolled in the form of a cylinder and wire leads are attached
to the foil sheets that come out at both ends. The entire cylinder is then encased
in cardboard coated with wax or put in a plastic cover.

| «— Plate—1

Waxed paper

\ Plate—2

Fig. 4.37 Paper Capacitors

Modern paper capacitors are completely enclosed in a mylar type of material
to make them moisture proof. These are known as moulded paper capacitors or
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mylar paper capacitors. The range of paper capacitors extends from 0.0005 xF
to 1 or 2 uF.

2. Mica Capacitors Mica capacitors are
constructed by thin metal sheets or tin foils,
arranged one over another and separated by
thin mica sheets placed between the metal
sheets. By combining alternate metal sheets,
two sets of metal plates are formed to which Fig. 4.38 Mica Capacitors
separate terminals are connected as shown in

Fig. 4.38. The complete unit is enclosed in a moulded ceramic or Bakelite case
with terminals coming out at each end. Mica being brittle, these capacitors
cannot be rolled into tubular form and are generally available in rectangular
shape.

Mica capacitors are specially suitable for use in RF circuits. These capaci-
tors are more expensive than paper capacitors of the same capacity. High
voltage capacitors (5000 V and above) used in radio transmitters are generally
mica capacitors.

Silver-mica capacitors are made by depositing a thin film of silver on both
sides of a mica sheet by a chemical process. Several such silver-coated mica
sheets are connected in parallel to obtain the required value of capacitance.
Mica capacitors are made with capacitance values ranging from a few pF to
10,000 pF or so.

3. Ceramic Capacitors Ceramic capacitors are commonly available in
three different types—disc, tabular and button type as shown in Fig. 4.39.

QICELLID

Tabular Button
Fig. 4.39 Ceramic Capacitors

Disc capacitors are more economical to use than other types. These vary in
capacitance from 1 pF to 1 uF. Voltage rating is normally 500 V but ceramic
capacitors of 1000 V rating are also available.

4. Electrolytic Capacitors There are two types of electrolytic capacitors,
the wet type and the dry type.

A wet electrolytic capacitor basically consists of an aluminium electrode
placed in a solution of borax contained in an aluminium container as shown in
Fig. 4.40. When a DC current is passed through the solution, a thin oxide film
is formed on the aluminium electrode connected to the positive side of the DC
supply.

The current stops flowing as soon as the positive plate is completely covered
by a thin oxide film. A capacitor is formed in which the positive aluminium
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Wet electrolytic Dry electrolytic
(a) (b)
Fig. 4.40 Electrolytic Capacitors (a) Wet Electrolytic (b) Dry Electrolytic
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Electrolyte

electrode is one-plate, the thin oxide film the dielectric and electrolyte the
negative plate, but actually the aluminium container which is in contact with
the electrolyte serves as the negative plate of the capacitor.

In the case of the dry electrolytic capacitors, the electrolyte is made in the
form of a paste or a jelly. A piece of gauze soaked in the electrolyte paste is
placed between the anode and the cathode. The anode is treated chemically to
form an oxide layer as dielectric, before the capacitor is assembled. The cath-
ode or the negative plate is only a pure aluminium sheet touching the electro-
lyte. These capacitors are known as aluminium electrolytic capacitors. Howev-
er, tantalum plates are used in place of aluminium when the size of the capaci-
tor is a consideration. Tantalum electrolytic capacitors are expensive and are
not used in radio and TV circuits.

Dry electrolytic capacitors can be rolled into tabular form like paper capaci-
tors. Electrolytic capacitors are polarised and have a positive and negative
polarity. So while connecting in a circuit, the terminal marked + (positive)
should be connected to the positive side of the voltage source. Failure to do
this may damage the capacitor. The polarity is either marked on the capacitor
by + sign or the polarity is indicated by coloured leads. A red lead usually
indicates positive polarity. Sometimes, more than one capacitor is enclosed in
the same metal container and this container serves as the common negative; the
positive terminals are brought out through an insulated washer or cover.

4.31.2 Variable Capacitors

Variable capacitors are so designed that the capacitance value can be varied
continuously within fixed limits. The variable capacitors may use air as the
dielectric as in the case of gang capacitors. However, in the adjustable type of
capacitors known as trimmers and padders, the dielectric is a solid material like
mica.

1. Gang Capacitors In this case the capacitance is varied by varying the
overlapping area between two sets of plates. One set remains stationary and is
called the stator. The other set of plates can be rotated by means of a shaft and
is called the rotor. Whereas the stator is insulated from the frame, the rotor is
generally connected directly to the shaft and gets automatically grounded when
mounted on a metal chassis or frame. Figure 4.41(a) shows a two-gang capaci-
tor commonly used in modern valve type receivers. Gang capacitors used in
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Rotor
Slotted

/_end plate

Shaft

Flat spring
for grounding
rotor shaft

Ball bearings

Stator

Terminal lug Lug
(a) (b)
Fig. 4.41 Gang Capacitors (a) Two-gang Capacitor for Tube Type Receivers (b) Gang
Capacitor for Transistor Receivers

transistor type receivers are miniature type (Fig. 4.42(b)) with the entire unit
enclosed in a plastic cover. 3-gang and 4-gang capacitors are also used in
certain special types of receivers where the number of stages to be tuned
simultaneously is more than two.

2. Trimmers and Padders These are small adjustable types of capacitors
using mica as the dielectric. Trimmers are used for finer adjustments of a
resonant circuit in which the main tuning capacitor is much larger. The mov-
able plate is of spring material which can be moved closer to or away from the
fixed plate by means of a screw electrically insulated from the movable plate,
as shown in Fig. 4.42.

Adjusting screw

Adjusting screw

Trimmer Trimmer

Fig. 4.42 Trimmer Capacitors

Most gang capacitors are fitted with their own individual trimmers, one for
each section of the gang. Trimmers can also be mounted separately. In some
cases, the trimmers and padders are miniature air dielectric capacitors like
single tuning capacitors.

4.32 COLOUR CODING OF CAPACITORS

Colour coding of capacitors is very similar to the colour coding of resistors,
except that in the case of capacitors the temperature coefficient is also to be
indicated in addition to the capacitance value and the tolerance figures. In
some capacitors the DC working voltage is also indicated by colour coding.
The capacitance value of electrolytic and paper capacitors is generally marked
on the capacitor itself. However, the capacitance value of small mica and
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ceramic capacitors is indicated by colour coding. The colour code recommend-
ed by EIA is given in Table 4.5.

Table 4.5 Colour Coding of Capacitors

Colour Capacitance in Picofarads Tolerance Characteristics
Significant Figure Multiplier
Black 0 1 +20(M) A
Brown 1 10 + 1(F) B
Red 2 100 + 2(G) C
Orange 3 1000 + 3(H) D
Yellow 4 10,000 ce E
Green 5 — +5() F
Blue 6 — — —
Violet 7 — — —
Grey 8 — — —
White 9 — — —
Gold — 0.1 +5(J) —
Silver — 00.01 + 10(K) —

Tolerance is also sometimes indicated by the letters given in brackets. Letter
designations like 4, B, C,.... indicate the temperature coefficient which is the
amount of change in parts per million per degree centigrade (ppm/°C) of the
nominal value at 20°C or 68°F. Detailed values of each characteristic are
generally given in separate tables. Letters N and P are also used to indicate
negative and positive temperature coefficients.

Methods of applying the above colour coding in mica and ceramic capaci-
tors is as indicated in Fig. 4.43.

Always Ist significant
white (EIA) figure 2nd significant figure
R

¢ 4 )
\

Tolerance  Multiplier

— 4

Class
(Temp. Coefe.)
Temp. coefficient
1st | Significant
2nd ] figure

1st }Significant

Temp. coefficient l—2nd figure

Multiplier
Tolerance

Multiplier
Tolerance
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1St}3i9”iﬁca”t 1st |Significant  2nd Significant
2ndffigure 2nd}figure figure
- Multiplier 1t Signi-
Multiplier ficant A
Temp. Tolerance figure
coefficient
Disc ceramic Disc ceramic Ceramic (Button)
(5—dot system) (3—dot system)
(b) Ceramic

Fig. 4.43 Colour Coding of Capacitors (a) Mica (b) Ceramic

Mica Capacitors: Six dots are used. The first dot is always white indicating
EIA colour code. These are read from left to right in a clockwise direction.
Ceramic Capacitors Both colour dots and colour bands are used in the case of
ceramic capacitors.

4.33 CAPACITORS IN COMBINATION

Capacitors arranged in series and parallel combina- C4

tions do not behave in the same way as resistors or c

inductors do when arranged in similar combinations. 2

Take the case of three capacitors C;, C,, and Cj \_:C;ﬂ
E

arranged in a parallel combination as shown in
Fig. 4.44.

If the voltage E is applied to the combination, each
capacitor will be subjected to the same voltage E but
the charge flowing into each capacitor will be propor-
tional to its capacity. The total charge O taken by the
combination will be the sum of the charges Q,, O, and O, taken by the individ-
ual capacitors C,, C,, C; respectively.

0=0,10,+ 0
Now C :% by definition of C.

-

Fig. 4.44 Capacitors
in Parallel

If Cr is the total capacitance of the combination.
CrXxE=C/XE+CXE+CyXE
=EX(C+ G+ G
Cancelling E from both sides of the equation we get
Cr=C +C+ Gy

So the total capacitance of the combination is the sum of the individual capaci-
tances.

Thus, if a 4 uF capacitor is combined in parallel with an 8 u#F capacitor, the
total capacitance of the combination will be

4uF + 8uF = 12uF
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Compare this with the case of resistors where this formula applies to resistors
in series.

If the three capacitors C,, C,, and C; are ,%1 ,%? ,I|E_|I3
arranged in series as in Fig. 4.45 the total voltage 1l 1l 1l
E is the sum of the voltages £, E,, and E; across G G G
individual capacitors C,, C,, and Cj respectively.

The capacitors being in series, the same cur- - E >
rent will flow through each, and each will get the Fig. 4.45 Capacitors in
same charge Q. Series

E=E, +E,+E;
gﬁ_Q+Q+Q_ SN N
G G G

If there are only two capacitors in series, it can proved that
C, xC,
TC +C,
Thus if the 4 uF and 8 uF capacitors mentioned in the earlier example are
connected in series, the capacitance of the combination will be

_C1 x C, _4x8 32
T +C, 448 12 200
Notice that this formula, in the case of resistors, is applicable to resistors in
parallel.

Cr

4.33.1 Voltage Ratings of Capacitors in Combination

The working voltage of a parallel combination of capacitors is the lowest
working voltage of any of the capacitors in the parallel combination. If two
capacitors connected in parallel have 600 and 400 V as the working voltages,
the working voltage of the combination will be 400 V only.

In the case of a series combination, however, the working voltage of the
combination is the sum of the working voltages of the individual capacitors.
Thus, in the case of the above two capacitors with working voltages of 600
and 400 V, the working voltage of the combination in series will be 600 V +
400 V = 1000 V.

ExampLE A 0.05 uF 250 V capacitor is connected in series with a 0.1 uF
450 V capacitor. Find the capacity and the working voltage of the combination.
Applying the formula
C, xC,
T7C ¥ G,

~0.05x0.1 _0.005
770.05+0.1 0.15

=0.033 uF
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Working voltage of the combination = 250 + 450
=700 V
The combination is equivalent to a 0.033 uF, 700 V capacitor.

4.34 CAPACITIVE REACTANCE

Let us see what happens when an AC voltage is applied across a capacitor as in
Fig. 4.46. During the negative half of the cycle, the electrons from the negative

pole of the generator will flow to the plate 4
which gets an excess of electrons and gets
negatively charged. These electrons repel the _ | { I 1
electrons from plate B and drive them into & 1A
the positive pole of the generator which also  + FFFHAFF B
attracts these electrons. Plate B gets positive-
ly charged due to a deficiency of electrons. gig. 4.46 Flow of AC Current
An electron current flows through the circuit Through a Capacitor
in the direction shown by the arrow. During
the positive half of the cycle the process is reversed and plates 4 and B get
charged to the opposite polarity and a current flows through the circuit in the
opposite direction. Thus, an AC current flows through the circuit even though
no electrons jump across the capacitor, which behaves like a conductor in this
case. If, however, a DC source is connected across the capacitor, a current
flows only momentarily and stops as soon as the capacitor is charged to the
voltage of the DC source. Thus, a capacitor allows an AC current to flow
through it while it blocks the DC current. This is the most important property
of a capacitor and is made use of in different ways in radio and TV circuits.
A capacitor does not allow the to-and-fro motion of the electrons without
offering any opposition. The opposition offered by a capacitor to the flow of
AC current through it is called capacitive reactance. This opposition is mea-
sured in ohms and is represented by the symbol X,. The value of the capacitive
reactance X, is given by the formula

1
T age
where f= frequency of the AC supply and
C = the capacitance of the capacitor in farads.

It can be seen from this formula that the higher the frequency the lower is the
capacitive reactance. Also, the bigger the capacitor, the smaller the value of the
capacitive reactance. It is interesting to note that the behaviour of capacitive
reactance (X,) is exactly opposite to that of inductive reactance (X;) which
increases both with frequency and the value of inductance L.

ExampLE: Find the capacitive reactance of a 1000 yF capacitor at 50 Hz. What
will be the capacitive reactance of this capacitor at 100 Hz?
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f=50Hz, C = 10004F = 100 x 10~°F

Y = 1 __ 10¢
¢ 6.28x50x1000x10°6 314 %103
=32 Q
At 100 Hz, the capacitive reactance will be
X, = ! Q=_10°
©6.28x100%1000x10°° 628x103
= 1.6Q

Thus when the frequency is doubled, the capacitive reactance is reduced to one
half.

4.35 PHASE RELATIONSHIP

We have seen earlier that in an inductive circuit the current flowing through
the inductor lags the voltage by 90°. The reverse is the case in a capacitive
circuit. In a capacitive circuit, the current leads the voltage by 90°. The relation
between the current and the voltage in a capacitive AC circuit is shown in
Fig. 4.47. The explanation is simple. In the beginning of the AC cycle, there is
no voltage developed across the capacitor and the current flowing is maximum.
When the AC voltage across the capacitor builds up, the current decreases and
drops to zero value by the time the capacitor is fully charged. As the voltage
starts falling, the current starts rising in the opposite direction and reaches its
negative peak when the voltage reaches zero. During the other half of the AC
cycle, the same process is repeated in the negative direction, the current always
reaching its maximum 90° ahead of the voltage.

Voltage Er
/ B e
N P W
A // N R
o[ 80 BN .~ 270/360 <. .- S C——lE¢
Current
Fig. 4.47 Phase Between Current and Fig. 4.48 RC Circuit

Voltage in a Capacitive Circuit

When an AC voltage is applied across a series combination of a resistor R
and a capacitor C as shown in Fig. 4.48, the same current flows through R and
C. There is a voltage drop Ej across the resistor R and a voltage drop £, across
the capacitor C. The current / flowing through the resistor R and the voltage
drop Ej across the resistor are in phase. However, the same current / flowing
through the capacitor C and the voltage drop E, across it are not in phase. The
current in this case leads the voltage £, by 90°. These relations are shown in
Fig. 4.49.

In order to find the total voltage drop across the combination of R and C, we
cannot simply add E, and E, because these are not in phase. The resultant total
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Changing discharging

m
m
Pyl
% of max. V

D C Time constant
(a) (b) (c)
Fig. 4.49 Vector Addition of Ef and E,.

voltage drop E can be found by adding E, and E, vectorially as shown in
Fig. 4.49(b). The resultant can be found either by completing the rectangle
ABCD and measuring the length of the diagonal AC or by the use of the

formula:
E=E? +E}

Thus if £, =30 V and E, = 40 V the total voltage drop will be

E =/(30)? +(40)% =,/900 + 1600

=4/2500 =50V
and not merely 30 +40 V=70 V

An RC time constant reflects the relationship between time, resistance and
capacitance. The time it takes a capacitor to charge and discharge is directly
proportional to the amount of the resistance and capacitance. The time constant
reflects the time required for a capacitor to charge to 63.2% of the applied
voltage or to discharge by 63.2%.

Impedance When a current flows through the series combination of resis-
tance R and the capacitance C, the total opposition offered by the combination
to the flow of current is the impedance Z. Since the voltage developed across
the resistor is proportional to the resistance R and the voltage developed across
the capacitor is proportional to the impedance Z. The resistance R and the
capacitive reactance X, have the same phase relationship as the voltages E, and
E_ across them. To find the impedance Z, the resistance R and the capacitive
reactance X, must be added vectorially and the total impedance in the circuit Z
found by the formula

Z=\|R>+ X2

Since X, = 1/27fC where f is the frequency of the applied voltage, the above
formula becomes

2
7= R+ 1
2rx fC
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The same result can also be obtained A ri B
by the rectangle method as shown in

XC //?27(\

ExawmpLE: Find the current flowing thro-
ugh the circuit when a 10€2 resistance is
connected in series with a 100 uF D C
capacitor and an AC voltage of 120 V Fig. 4.50 Impedance of an RC
at 50 Hz is applied across the combina- Circuit

tion.

1 1
H X, = - =320 .
ere ¢ T 27fC T 6.28% 50 % 0.0001 approx

R=10Q
Z =J10)2 +(32)? =,/100 +1024 = V1124 = 33.5 Q approx

“E_120 364

Z 33.5
4.36 LR, CR AND LC CIRCUITS

So far you have studied the properties of resistors (R), coils (L) and capacitors
(C) and the behaviour of these components in circuits when used singly or in
combination with each other. When resistor (R) and inductor (L) are used
together, the combination is called an RL circuit. A circuit in which a resistor
(R) and a capacitor (C) are combined together is called an RC circuit.

One of the most important combinations is, however, the circuit in which
the inductance (L) and the capacitor (C) work together. This circuit is called
the LC circuit and forms the basis of resonant circuits used in radio and TV
receivers.

SUMMARY

Resistance of a material is the opposition to the flow of current. Factors that
determine the resistance of a material are length, area of cross-section, nature
of the material and its temperature. At a fixed temperature, the resistance R is
given by the formula

/
R=p i
where p is the specific resistance, [/ the length and A is the area of cross-
section. Specific resistance is defined as the resistance of a cubic centimeter of
the material. Resistance of certain materials increases with temperature and in
certain cases it decreases with temperature.

A resistor is an electronic component having a known value of resistance.
There are two types of resistors, carbon resistors and wire-wound resistors A
resistor can either be a fixed resistor or a variable resistor. Potentiometers and
rheostats are variable resistors. The three ratings of a resistor are its ohmic
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value, its tolerance and its wattage. In the case of small resistors, the ohmic
value and tolerance are given by a colour code and the physical size indicates
the wattage. The rating of wire-wound resistors are marked on the body of the
resistor.

When resistors are connected in series the total value of the combination is
the sum of the individual resistances. In a parallel combination the reciprocal
of the total value is equal to the sum of the reciprocals of individual resistors.
The wattage of a combination of resistances is always the sum of the individual
wattages whether the resistances are connected in series, in parallel or in any
other combination.

Kirchhoff’s two laws—the Current Law and the Voltage Law—are helpful
in solving complex circuits which cannot be easily solved by applying Ohm’s
law.

Inductance is the property of a coil that determines the amount of opposing
emf produced in the coil due to a given change in the magnetic flux linkages.
Inductance is a basic property of a coil in the same way as resistance is a basic
property of a resistor.

The unit of inductance is henry but smaller units called millihenry and
microhenry are also used. 1 H = 10> mH = 10° x H.

Coils are classified either according to the core material used or according
to the frequency of the input signal used. Thus there are air-core coils and iron-
core coils. Similarly, there are audio frequency (AF) and radio frequency (RF)
coils.

The counter emf induced in a coil does not allow the current to reach its
maximum value at the same time as the applied voltage. The current lags the
voltage by 90°.

The opposition offered by a coil to the flow of AC current is called induc-
tive reactance. This is represented by X, and its value is given by the formula
21fL.

The inductance of a circuit can be varied by connecting inductors in series
and in parallel in the same way as resistors are concerned in series and in
parallel.

The total voltage drop across an RL circuit is the vector sum of the individ-
ual voltage drops across the resistor and the inductor.

Transformers 1f two coils are placed near each other, the changing flux in
one coil will cut the turns of the other coil and induce a voltage in it. This is the
principle of transformer action.

The coil to which the input voltage is applied is called the primary winding
and the coil in which voltage is induced is called the secondary winding. The
ratio of the number of turns in the primary to that in the secondary is called the
turns ratio. It is this turns ratio that determines the voltage induced in the
secondary due to a given voltage applied to the primary. A transformer is a step
up transformer or a step down transformer depending on whether the turns
ratio is greater than or less than one.
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The efficiency of a transformer is the ratio of the output power to input
power. The efficiency is less than one due to losses in the transformer. Trans-
former losses are broadly classified as copper losses and the core losses. Cop-
per losses are the I’R losses and the core losses include losses due to flux
leakage, eddy current losses and hysteresis losses.

Transformers are classified as power transformers, audio frequency (AF)
transformers and radio frequency (RF) transformers.

Auto transformers are transformers which use the same coil to provide turns
for the primary and the secondary windings.

A capacitor or a condenser is a device for storing electrical energy. The
amount of electrical charge that a capacitor can hold depends on its electrical
size. This electrical size of a capacitor is called its capacity or capacitance.

Farad is the unit of capacitance but smaller units of capacitance known as
microfarad and micro microfarad (picofarad) are also in use. One farad is equal
to 10° microfarads of 10'? micro microfarads.

Capacitance is directly proportional to the area of the plates and the dielec-
tric constant and inversely proportional to the distance between the plates.

There are two main types of capacitors—the fixed capacitors and the vari-
able capacitors. Fixed capacitors are available as mica capacitors, paper capac-
itors, ceramic capacitors and electrolytic capacitors. Examples of variable ca-
pacitors are gang capacitors and trimmer capacitors. Whereas the value of
electrolytic and paper capacitor is either marked or stamped on the capacitor
itself, the value of small mica and ceramic capacitors is indicated by colour
coding.

Total capacitance increase when capacitors are connected in parallel and it
decreases when capacitors are connected in series. The voltage rating of capac-
itors connected in series increases.

Opposition offered by a capacitor to the flow of AC current is called capac-
itive reactance and is measured in ohms. The capacitive reactance X, is given
by the formula X, = 1/2zfC.

In a capacitive circuit the current leads the voltage by 90°. The series imped-
ance of a capacitive circuit is found by the vector addition of the resistance
and the capacitive reactance.

RevieEw QUESTIONS

1. What is resistance? On what factors does the resistance of a wire
depend?

2. What is specific resistance? A heater element of resistance 10 € is to be
wound with nichrome wire having an area of cross-section of 1 mm?. If
the specific resistance of nichrome is 108 u€/cm?, what length of wire
will be required for the purpose? Ans: 926 cm

3. What is the effect of temperature on the resistance of a material? Name
two materials that have negative coefficient of resistance.

4. What are the two types of resistors? Give the relative merits and demer-
its of each type.
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5.

11.

12.

13.
14.

How will the resistance of a wire vary if,
(a) the length of the wire is halved,
(b) the area of cross-section is doubled,
(c) the specific resistance is made three times,
(d) the temperature is raised.
Give the circuit symbols for a
(a) fixed resistor,
(b) variable resistor,
(c) tapped resistor,
(d) potentiometer.

. Give the colour code for the following:

(i) 100k Q + 5%
(i) 470 Q + 10%
(i) 10 M Q + 20%
(iv) 5Q+ 10%

. What value of resistor is indicated by the following colour code:

(i) Orange, orange, red, silver.

(i) Brown, green, green, gold.
(i) Orange, white, yellow, no band.
(iv) Red, red, gold, gold.

. Describe the use of a potentiometer as a voltage divider.
. Select the correct answers.

(a) In a series combination of resistors:
(1) The voltage across each resistor is the same.
(i) The current flowing through each resistor is the same.
(i1ii)) Wattage of each resistor is the same.
(b) In a parallel combination of two equal resistors:
(1) The voltage across each resistor is the same.
(i1) The current in each branch is the same.
(iii) The total effective resistance R; is double the value of each
resistor.
(iv) The total effective resistance is half the value of each resis-
tance.
(v) The total wattage of the combination is half the wattage of
each resistor.
Define inductance of a coil. Give the unit of its measurement.
Convert into millihenrys the inductance of a 0.01 H coil. (4ns. 10 mH)
What is counter emf? How does it depend on the value of the induc-
tance?
What is an iron-core coil? Is it necessary for the core to be iron?
What is inductive reactance? How is it calculated?
Find the inductive reactance of a 10 H coil at 500 Hz. What will the
inductive reactance be at (a) 1000 Hz (b) 200 Hz?
(4ns. 31,400 Q (a) 62,800 Q (b) 12,560 Q)
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15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

What is the phase relationship between the current and voltage in an
inductive circuit? Does the current lag behind or lead the voltage?
What is the series impedance of an RL circuit in which R = 10 Q and
X, =15Q7 (Ans. 18€2)
What is transformer action and what is turns ratio? What is the output
voltage of a transformer with a turns ratio of 5:1 when a voltage of
120 V is applied to the primary winding? (Ans. 24 V)
What is a step down transformer? State whether the transformer with
the following turns ratio is a step down transformer or a step up trans-
former: (a) 1 : 5, (b)40:1,(c) 1: 1.
What are transformer losses? What are core losses?
What is the efficiency of a transformer? Why is the efficiency of a
transformer always less than 100%? A mains transformer has one pri-
mary and two secondary windings. A current of 0.5 is drawn by the
primary when a voltage of 200 V is applied. One of the secondary
windings draws a current of 300 mA at 250 V and the other secondary
draws a current of 2.5 A at 6.V. Calculate the efficiency of the trans-
former. (Ans. 90%)
What is an auto transformer? What is its weakness?
What is capacitance? What are the factors affecting the capacitance of a
capacitor? If the distance between the plates of capacitor is increased,
will the capacitance increase or decrease?
Name the unit of a capacitance and define it. Find the capacitance in
farads of a 1000 W F capacitor.
What is a variable capacitor? Give an example of a variable capacitor
with a solid dielectric.
Give the formula for the total capacitance of two capacitors connected
in series. A 50 uF 6 V capacitor is connected in series with a 100 uF
12 V capacitor. What is the total capacitance and voltage rating of the
combination? (4Ans. 33.3 uF, 18 V)
What is capacitive reactance? How is it calculated? Find the capacitive
reactance of a 0.1 uF capacitor at 500 Hz and at 200 Hz?

(Ans: 3184.7 Q, 7961.7 Q))



chapter 5

Resonance and Filter
Circuits

5.1 RESONANCE

It has already been seen that in a circuit containing only inductance the voltage
leads the current by 90° but in a circuit containing only capacitance the voltage
lags behind the current by 90°. Thus we find that in one case the voltage leads
the current and in the other case the voltage lags behind the current by the
same phase angle of 90°. In other words, the phase angle between the inductive
and capacitive voltages is 180° and the two voltages oppose each other.

In circuits where coils and capacitors are used together, the two more or less
oppose each other. In some of these circuits the inductive effect is greater than
the capacitive effect and the circuit will act like a coil and the voltage will lead
the current. If the capacitive effect is greater than the inductive effect the
circuit will behave like a capacitor and the voltage will lag behind the current.
If, however, the inductive effect of the coil is exactly equal to the capacitive
effect of the capacitor, the two effects will cancel each other out and the
voltage and current will be in phase. Such a circuit is called a resonant circuit
and the phenomenon is called resonance. Resonant circuits are quite important
in Radio and TV receivers because these resonant circuits enable one to sepa-
rate various stations and make the selection of the desired station possible.

5.2 TYPES OF RESONANT CIRCdITS

There are two types of resonant circuits—series resonant circuits and parallel
resonant circuits. In series resonant circuits, the capacitor and the coil are
connected in series, and in parallel resonant circuits the two components are
connected in parallel. These resonant circuits will now be described in detail.

5.2.1 Series Resonant Circuits

Consider first the simple case of a coil L and a capacitor C connected in series.
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An AC voltage E at a frequency F is applied across the combination as shown
in Fig. 5.1(a).

PR I

b
(a) (b)

Fig. 5.1 Series Resonant Circuit

@,

Since L and C are in series, the same current will flow through L and C. The
voltage E; developed across L will be leading the current / by 90°. The two
voltages will be opposed to each other as shown in Fig. 5.1(b). If the values of
L and C are so chosen that the inductive reactance X, is equal to the capacitive
reactance X at the given frequency, the circuit will neither be inductive
nor capacitive but will behave like a resistance. The value of the impedance
(X, — X,) or the reactance will be theoretically zero and a very high current will
flow through the circuit. The circuit is then said to be resonant at this fre-
quency where X; = X.. However, in actual practice a coil will always have
some resistance R and the current flowing at resonance will be limited by the
value of resistance R.

5.3 FREQUENCY OF RESONANCE

X, (2zfL) increases with frequency and X- (1/27fC) decreases with frequency.
At a certain frequency the two reactances X; and X will be equal. This is the
frequency of resonance or the resonant frequency.

At resonance X, =Xc
_ 1
or 2xf,l = 27f,C
where f; is the frequency of resonance
) _ 1
" 4r’LC
PR
* 2z/LC

In this formula f; will be in hertz when L is in henrys and C is in farads. This
formula helps us to make some important calculations regarding resonant cir-
cuits. In the circuit given, if

L=100mH=0.1 H

C=1uF=10°F
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we can calculate the resonant frequency f, by substituting the values of L and C
in the formula

f = 1
* oz JIC
£ = S S
" 2z J01x10-6
12 = 1 _ 1
O T 4x2 %x0.1x10°  39.44x0.1x10-°
= 253550

Jo= /253550 =503 Hz

Thus the frequency of resonance is about 500 Hz.

This formula also helps us to select suitable values of components required
for resonance at a particular frequency as in the following example.
ExampLE: What is the value of the capacitor required to be connected in series
with a 10 H choke coil so that the combination resonates at 50 Hz.

1
In the formulae fp=——-—
" oxJLC
f,=50Hz L=10H, C=?
50— 1L
27 A10x C
) S —
(50) 472 x10x C
_ 1
2500_4><9.86><10><C
1 1

C

T 25004010 1000000

=1x10°F=1uF
So a 10 H choke coil and a 1 u F capacitor will resonate at a frequency of
50 Hz.

5.4 LCR RESONANT CIRCUITS

As mentioned earlier, a pure inductance or coil (without resistance) is not
obtainable in practice. Any coil will have some resistance depending upon the
size of the wire used. Even the capacitance and the connecting leads in an LC
circuit will have resistance. So any resonant LC circuit is actually an LCR
resonant circuit in which resistance R plays an important part. Let us study the
properties of an LCR resonant circuit of the type shown in Fig. 5.2. Since R, L
and C are in series, the impedance of the circuit will be given by the formula

Z=\|R* +(X; - X()?
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Fig. 5.2 LCR Resonant Circuit (a) Actual Circuit (b) Vectorial Representation

If the circuit is resonant to the frequency of the applied voltage E, then
X; = X, and the impedance of the circuit Z=,/R? + O? =R

The circuit is resistive and the current 7 is given by Ohm’s law
_E_E

Z R

The voltages across L and C are equal and opposite in phase and they cancel
out leaving only the resistance R in the circuit. A vectorial representation of
this effect is given in Fig. 5.2(b).

In the circuit shown, if R = 120 Q is in series with a 100 mH coil and a 1 uF
capacitor, the resonant conditions can be examined for a 240 V, 500 Hz gener-
ator connected across the RLC combination.

X, =27fL =628 x 500 x 0.1 =314Q

1

1 1
€7 27fC "~ 6.28x 500 x 0.000001
If the values of X; and X calculated above are rounded off to a common
value of 316 €, we find that X; = X,.. The circuit is, therefore, resonant at this
frequency. X; and X being of opposite phases, if we call X; positive, X will
be given the negative sign (—) and the impedance of the circuit will be

Z:\/(120)2 +(316-316)* = 120 Q

Actually, the resistance 120 Q may be the sum of the resistance of the coil
(10 ) and the resistance (110 €2) placed externally in the circuit. These resis-
tances are generally lumped together and shown as one resistance R for calcu-
lation purpose.

E 240V
Current [ =—=——=
Z 120Q

Voltage across the coil (£,)=/7xX; =2 x316 =632V
Voltage across capacitor (E) =L X X, =2 x 316 =632 V.
These two voltages are equal but opposite as shown in Fig. 5.2 (b).

It is important to notice that the voltage developed across the coil (£;) and
the voltage developed across the capacitor (£.) are both several times greater
than the applied voltage E. This phenomenon is called resonant voltage step-up.
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The lower the value of resistance in the circuit, the higher is the voltage step
up. In a practical resonant circuit, we have only a coil and a capacitor in series
and the only resistance in the circuit will be the resistance of the coil.

As O = X;/R, O will be higher if R is low. There will be more resonant
voltage step up in a high Q coil than in a low Q coil. To sum up, in a series
resonant circuit,

(1) there is low impedance and high current.

(i1) the voltage across the coil and the capacitor is several times the value of

the source voltage.

5.5 RESONANCE CURVES

A certain combination of L and C resonates at a particular frequency when the
capacitive reactance becomes equal to the inductive reactance. At this frequen-
cy the impedance of the circuit is minimum and the current flowing is the
maximum.

When the frequency is lower than the frequency of resonance the capacitive
reactance is greater than the inductive reactance. The circuit will then behave
like a capacitive circuit with current leading the voltage. If, however, the fre-
quency of the applied voltage is higher than the resonant frequency the induc-
tive reactance is greater than the capacitive reactance and the circuit behaves
like a coil and the voltage will lead the
current. In either case the impedance of

the circuit will be minimum only at reso- é 2.0

nance. It will be higher both above and © 1.5

below the resonant frequency. According- g 10

ly, the current is maximum at resonant § 0.5

frequency and is less at frequencies higher ——
and lower than the resonant frequency. The 100 300 500 700 900 1000
variation of current with frequency is Frequency in Hertz
shown in Fig. 5.3. Such a curve is called Fig. 5.3 Resonance Curve

a resonance curve.

Changing the resistance has an important effect on the shape of the reso-
nance curve. If the Resistance is high, Q of the circuit is low and the curve is
broad. Series resonant circuits are used to select one frequency and reject all
other frequencies. A high Q circuit is more selective than a low Q circuit.

L and C can be varied in a number of ways to get resonance at a particular
frequency. The ratio of inductance L to the capacitance C is called the L to C
ratio. In a series resonant circuit a high L to C ratio will give a sharper reso-
nance curve than a low L to C ratio.

A series resonant circuit is also known as an acceptor circuit.

5.6 PARALLEL RESONANT CIRCUITS

In a parallel resonant circuit, the inductance L and the capacitance C are
connected in parallel and the same voltage appears across both L and C as
shown in Fig. 5.4.
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Fig. 5.4 Parallel Resonant Circuit

Resonance will occur when the inductive reactance X is equal to the capac-
itive reactance X
or X =Xc

For fixed values of L and C, the resonance will occur at a frequency given
by the formula
1

Jo 2zJLC
This formula is the same as that discussed in the case of series resonance.

The behaviour of a parallel resonant circuit is exactly opposite to that of a
series resonant circuit. Whereas the impedance of a series resonant circuit is
minimum at resonance and the line current high, the impedance of a parallel
resonant circuit is maximum at resonance and the line current minimum. Since
the coil and the capacitor in a parallel resonant circuit are connected in parallel,
a current /;, will flow through the inductive branch and a current /- will flow
through the capacitive branch. The values of these currents depend upon the
inductive and capacitive reactances of the two branches. At resonance these
two currents are theoretically equal. In the capacitive branch the current leads
the voltage and in the inductive branch the current lags behind the voltage by
90°. The currents will be 180° out of phase with each other. In other words, the
currents in the inductive and capacitive branches flow in opposite directions.
This means that during half the cycle the capacitor discharges through the coil
and the electric energy is stored in the coil in the form of a magnetic field
during the other half of the cycle, the coil releases this electrical energy in the
form of current and charges the capacitor with this current. Thus the coil and
the capacitor pass current back and forth between them inside the resonant
circuit. This is called the circulating current.

A coil has some resistance and the connecting leads also have some resis-
tance. This resistance is kept very low. There can be very high currents flowing
back and forth between the coil and the capacitor. There is always some loss of
energy in the form of heat because of this resistance. This loss will be made up
by a low current that will be supplied by the generator. This current is called
the line current.

5.7 BANDWIDTH OF A RESONANT CIRCUIT

In a resonant LC circuit the maximum effect is produced at the resonant
frequency fr. However, other frequencies close to the resonant frequency are
also effective. There is a band of frequencies above and below the resonant
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frequency which also produce some resonance effects. The width of the reso-
nant band of frequencies, centered around fr, is called the bandwidth of the
resonant circuit, Fig. 5.5(a) represents a series resonant circuit whose reso-
nance curve is shown in Fig 5.5(b).

f
R |
'wvs» | fi m f
: 70.7%
VE 2L
'} T — T 1
C 0 20 40 60 80 100

Frequency
(a) (b)

Fig. 5.5 (a) Resonant Circuit (b) Resonance Curve

At frequencies f; and f, the response of the circuit is 70.7% of the maximum
response at the resonant frequency fr. If the bandwidth is represented by Af,
then

Bandwidth Af=f, — £,

Circuit with high O have a sharp resonance curve and the bandwidth is low
but circuits with low Q are less sharply lined and have a broader bandwidth.
There is, thus, a relationship between the bandwidth Af and the Q value of a
tuned circuit. This relationship is given by the formula

S
Af = 0
or N Q=fr

When stated in word the relationship will mean that the product of bandwidth
and the QO of a resonant circuit is equal to the resonant frequency of the circuit.
The bandwidth is expressed in the same units as the resonant frequency. It is
generally written as BW.

ExawmpLE: Find the Q of a circuit which is resonant at 1000 kHz and has a BW
of 10 kHz.
In this formula

AfO=fr
_ S
Or _A—f
If fr=1000 kHz, BW = Af = 10 kHz
1000 kHz
0= ——=100
10 kHz

Thus the Q of the circuit is 100.
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5.8 TUNING

Tuning is the process by which an LC circuit is made to resonate to different
frequencies over a given range of frequencies by varying either L or C. When
the resonance is obtained by the variation of capacitance C it is called capaci-
tive tuning and when the inductance L is varied to obtain resonance it is called
inductive tuning.

A common example of capacitive tuning is the tuning of a radio receiver to
different stations whose carrier frequencies are marked on the dial of the radio
receiver. The tuning is done by the variation of the capacitance C of a variable
air capacitor for a fixed value of the inductance of the coil L. Figure 5.6 shows

1000 kHz
106 pF

540 kHz 1620 kHz
C =360 pF C =40 pF
Q o

—H
C =40 to 360 pF

90000090

L=239mH

Fig. 5.6 Medium Wave Tunning

how an LC circuit is turned over the medium wave band of 540 to 1620 kHz
for a fixed value of L(239 uH), the value of C at any frequency of resonance is
calculated from the formula
T
27 JLC

It may be noted that the lowest frequency of 540 kHz corresponds to the
highest value of C = 360 pf and the highest frequency of 1620 kHz is turned
when the capacitor is at its lowest value of 40 pf.

The tuning ratio which is the ratio of the highest frequency to the lowest
frequency is inversely proportional to the square root of the ratio of lowest
value of C to the highest value of C.

In this case

max frequency 1620 kHz

Tuning ratio = — =
min frequency 540 kHz

1 1

Cmin 40pf
C 360pf

max




138 Basic Radio and Television

ZLZﬁzg
\F 171
9

ExampLE: The tuning ratio of frequency in an LC turned circuit is 2:1. Find the
ratio of the variable L.

As stated above, the tuning ratio in frequency is inversely proportional to
the square root of the ratio of the lowest value of L to the highest value of L.

Turning ratio = % =

R
Lmin L min
L max

L 2
max :(2) A4
L 1 1

Thus the ratio of the value L in this case is 4:1.
This ratio will also be the ratio of the variable C.

5.8.1 Slug Tuning

Slug tuning or permeability tuning is the tuning in which the value of L or
inductance of the LC tuned circuit is varied by moving a ferrite core slug up
and down the winding of the coil. Slug tuning is used in the tuning of IF
transformers (IFTs) in a radio transistor circuit.

5.8.2 Electronic Tuning

In this type of tuning use is made of the properties of a varactor diode (varicap)
whose junction capacitance varies inversely as the reverse bias applied across
the junction of the diode. The varactor diode is connected in parallel with a
capacitor of the LC circuit and the DC reverse bias is applied through a vari-
able resistor (pot) to provide a control for fine tuning, Fig. 5.7 shows the circuit
for electronic tuning. DC reverse bias is applied through the resistor R; from a
DC battery. R, is an isolating resistance and R, is the resistance that varies the

{if =
R3
R2 C1
I
e il
D C,=+ L
R, AN

Fig 5.7 Electronic Tuning with a Varactor Diode
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reverse bias on the diode D and hence serves as the fine tuning control. C,
blocks the DC supply but it is almost a short at the high frequency of operation
and the diode capacitance is virtually in parallel with main tuning capacitor C,.
At very high frequencies of operation capacitor C, is not required and the
capacitance of the varactor diode is enough to provide the necessary capaci-
tance for tuning.

This type of tuning is often used in the RF tuned circuits of a TV receiver’.

5.9 FILTER CIRCUITS

Filters are devices meant to separate out components that are mixed together.
Filters are either mechanical or electrical. Mechanical filters separate particles
from liquid or small particles from large particles. Electrical filters separate out
components of different frequencies. Electrical or Electronic filters will be
described in this section.

Electronic filters make use of frequency sensitive components L and C
because of the opposite frequency characteristics. X; increase but X decreases
with higher frequencies. Depending on the filtering action required these com-
ponents are arranged in different configurations, for separating audio frequen-
cies from radio frequencies or vice versa. The most common types of configu-
rations are L, T and 7z types as described below. Resistance R, in this configu-
ration represents the load resistance in which the filtered frequencies develop
the required voltage.

5.9.1 Classification of Filters

Depending on their functions, the filter circuits can be broadly divided into
three types viz low-pass filters, high-pass filters and band-pass filters as de-
scribed below:-

1. Low Pass Filters: A low pass filter allows the lower frequency compo-
nents to pass through and develops the output voltage across the load resis-
tance R;. Three types of configuration for low pass filter are shown below.

With the applied input voltage having differ-
ent frequency components, the low pass filter
action results in max low frequency voltage
across R; while most of the high frequency volt-
age is developed across the series choke L or
the resistance R. In Fig. 5.8(a) the use of both
the series choke and by pass capacitor improves (a) Inverted L

C— R

— o Input ¢
'_

L oOutputo—|

200090 200000 0000090

[ L L J,
T f ‘r ‘r

(b) T-type (c) wtype
Fig. 5.8 Low Pass Filters Circuits
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filtering action by providing sharper cut off between the low frequencies that
can develop voltage across R; and the higher frequencies are stopped from the
load by producing max voltage across R;. Similar action takes place in t-type
filter in Fig. 5.8(b) and the Il-type filter in Fig. 5.8(c).
Attenuation This is the ability of the filter to reduce the amplitude of the
undesired frequencies.

Cut-off Frequency: The frequency at which the attenuation reduces the out-
put of the filter to 70.7% of the response is the cut-off frequency.

Pass Band and Stop Band In a low pass filter, all frequencies that lie
below the cut-off frequency are in the pass band of the filter and frequencies
above the cut-off frequency constitute the stop band for the filter. Figure 5.9
below shows the response of the low pass filter with a cut off frequency of
15 kHz.

Cut-off frequency
Voltage ﬁ

across band
’/_ Stop band

- Pass band—

0 15 kHz
Frequency — >

Fig. 5.9 Frequency Response of a Low Pass Filter Reducing the Cut Off
Frequency (15 kHz) and the Pass Band and Stop Band of the Filter

High Pass Filter A high pass filter allows all frequencies above the cut off
frequencies and cannot develop appreciate voltage across the load. A high pass
filter circuit of T-type is shown in Fig. 5.10(a). In this the high frequency
components of the input voltage can develop very little voltage across the R;
series capacitors C, and C,, allowing most of the voltage to develop across the
load R;. The inductance across the line has higher reactance with increasing
frequencies, allowing the shunt impedance to be not lower than the load resis-
tance R;. For lower frequencies R; is effectively short circuited by the lower
inductive reactance across the line.

Cut-off
C, C, ( frequency

l | {| l Stop band

(@)
= §. s Pass band
o L RL S [e) -
=
1 T

Frequency ——>

(a) (b)
Fig. 5.10 High Pass Filter
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Figure 5.10 (b) gives the response of the high pass filter with the cut-off
frequency and the pass band and stop band indicated there on.

Band Pass Filters A high pass filter combined with a low pass filter to form
a band pass filter is shown in Fig 5.11. In this case the frequencies between the
cut off frequencies of high pass filter and the cut off frequencies of the low
pass filter form the pass band of the band pass filter. Band pass filters are
useful at radio frequencies for filtering a certain band of frequencies. A tuned
circuit provides a convenient method of band pass filtering. The pass band
depends on the Q-value of the tuned circuit.

Stop band of

high pass profile Stop band of
Voltage y 4 low pass profile

across band

-—Pass band—

Frequency —— »
Fig. 5.11 High Pass Filter

Constant K Filter In a filter circuit (say of L-Type) the values of inductance
and capacitance can be designed to make the product of X; and X constant at
all frequencies. This enables the filter circuit to present constant impedance at
the input and output terminals. A constant K filter can be high pass or low pass.

M-Derived Filter This is a modified form of constant K filter. The ratio of
the filter cut off frequency to the frequency of infinite attenuation is called the
m factor of the filter circuit. The m-derived filter can be a high pass or a low
pass, filter. Such a filter has the advantage of providing a very sharp cut-off.

SUMMARY

Resonance When the inductive reactance of a circuit equals its capacitive
reactance, the two cancel each other out and the circuit behaves like a resis-
tance. The circuit is said to be a resonant circuit and the phenomenon is called
resonance.

There are two types of resonant circuits—series resonant circuits and paral-
lel resonant circuits. In a series resonant circuit the impedance is minimum at
resonance and the current is maximum. In a parallel resonant circuit, the im-
pedance is maximum and the current is minimum. The frequency of resonance
in both the cases is given by the formula

_ 1
2xLC

fo
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Resonant circuits are extensively used in radio and TV receivers.
A relationship exists between the bandwidth Af'and the Q value of the tuned
circuit and is given by the formula

r . L
Af :g where fr is the resonant frequency of the circuit.
Tuning Tuning is the process by which an LC circuit is made to resonate
over a given range of frequencies. Methods commonly used for tuning are
capacitor tuning, slug tuning and electronic tuning.

Filter Circuits Filters are devices meant to separate out components that are
mixed together. Electrical filters separate out components of different frequen-
cies. Filters are classified as low pass filters, high pass filters and band pass
filters.

Review QUESTIONS

1. What is resonance and what is resonant frequency?

2. What is the formula for calculating the frequency of resonance of an LC
circuit. A 20 H choke coil and a capacitor are to the resonated at 50 Hz.
What is the capacitance of the capacitor required (ans 0.5 uf)?

How is series resonance different form parallel resonance.

Describe some commonly used methods for tuning.

What is a filter circuit? Give the classification of filter circuits.
Describe a band pass filter.

Nonk
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Semiconductor
Diodes and Transistors

6.1 INTRODUCTION

Semiconductor diodes and transistors are solid-state devices which have gained
tremendous importance in every field of the electronic industry. Transistors
have brought about a complete transformation in electronic technology. New
equipments and gadgets have been made possible and old ones made more
compact, reliable and economical. A transistor can perform almost the same
functions as an electronic tube or a valve. However, because of the many
advantages possessed by a transistor over its counterpart, the electronic tube;
the former has almost replaced completely the latter in all branches of electron-
ics except those applications requiring very high output powers (above 1 kW)
and high frequency operation. Some of the advantages possessed by transistors
compared to vacuum tubes are: (a) small size and rugged mechanical construc-
tion; (b) No filament or heating power required and less heat formation;
(c) easy operation in any position and a very long life. Basic to the study of
transistors is the study of semiconductor materials.

6.2 SEMICONDUCTORS

A semiconductor is a material whose electrical properties lie between those of
a conductor and an insulator. Germanium and silicon are the most commonly
used semiconductors. In their pure crystalline form, both germanium and sili-
con are insulators or bad conductors of electricity. However, when small quan-
tities of certain impurities are added to these crystals, their electrical properties
are modified and they become partial conductors or semiconductors. This pro-
cess of adding controlled quantities of certain impurities to the pure crystals of
germanium and silicon is known as doping.
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6.3 N-AND P-TYPE SEMICONDUCTORS

An atom of silicon (or germanium) has four electrons in its outermost shell
called valence electrons as shown in Fig. 6.1.

Valence electrons

Valence electrons

\

O
O

O
.‘

cim s
G
b =i

Covalent bonds

Fig. 6.1 Silicon Atom Fig. 6.2 Silicon Crystal Lattice Showing
Electron Pairs or Covalent Bonds

In their pure crystalline form or intrinsic form, as it is called, the atoms of
the semi-conductor materials like silicon arrange themselves in a crystal lattice
structure. In a crystal lattice, each atom shares its outermost or valence elec-
trons with those of an adjacent atom forming what are known as an electron-
pair or covalent bonds between the atoms as shown in Fig. 6.2. With these
covalent bonds, the electron pairs are so strongly bound to each other and to
the nucleus, that no free electrons are easily available to allow any conduction
of current through the material which in its intrinsic or pure form behaves as a
nonconductor of electricity.

When silicon in its pure form is doped with a pentavalent (five electrons in
the outermost shell) atoms like arsenic or antimony, four of its five valence
electrons form covalent bonds with the valence electrons of four adjacent sili-
con atoms, but the fifth valence electron of arsenic remains unattached and
becomes a free electron (Fig. 6.3). Thus, a silicon (or germanium) crystal
doped with arsenic (or antimony) develops an excess of free electrons and is
called an N-type semiconductor. Arsenic which donates its electrons to silicon
is called a “donor” atom or ‘donor’ impurity.

If silicon is doped with a trivalent (three electrons in the outermost shell)
atom like indium, the three valence electrons of indium form covalent bonds
with the valence electrons of three adjacent silicon atoms but one valence
electron from the adjacent silicon is unable to form an electron pair bond. As a
result one electron is missing or an electron valency exists in the crystal lattice
of silicon. This electron vacancy or absence of an electron is called a hole. The
same conductor so formed has a deficiency of electrons or excess of holes and
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Arsenic atom Indium Atom
Fig. 6.3 Formation of N-type Semi-con- Fig. 6.4 Formation of ‘Holes’ in a
ductor (Silicon ‘Doped’ with P-type Semiconductor (Sili-
Arsenic) con ‘Doped’ with Indium)

is called a P-type semiconductor (Fig. 6.4). Indium is called an acceptor atom
or acceptor impurity because it can accept an electron from an adjacent cova-
lent bond.

Current Flow through Semiconductors An N-type semiconductor has
an excess of free electrons. These free electrons act as current carriers when an
electric field or a voltage is applied across an arsenic doped silicon crystal.

In the case of P-type semiconductors, the ‘holes’ indicating absence of
electrons behave like positively charged particles when an electric field is
applied across the crystal. Under the influence of the field an electron from an
adjacent electron pair bond breaks loose and falls into a hole near the positive
pole of the battery. This creates a new hole that can accept another electron
which has broken loose from its electron pair bond. This process continues and
constitutes a movement of electrons towards the positive pole of the battery
and the movement of holes towards the negative terminal of the battery. As the
holes reach near the negative terminal, electrons from this terminal enter the
crystal and neutralise the holes. At the same time, the loosely held electrons
that filled the holes are pulled away by the positive terminals thereby creating
new holes. The movement of holes in one direction and the movement of
electrons in the opposite direction, however, constitutes a current flow in the
same direction. Thus, in a semiconductor, the current conduction is the result
of the movement of holes inside the crystal and the movement of electrons
through the external circuit and the battery.

6.4 P-N JUNCTION DIODE

A P-N junction diode is formed by combining a P-type semiconductor with an
N-type semiconductor. The P-N junction so formed exhibits the interesting
and useful property of offering a low resistance to current flow in one direc-
tion. The P-N junction has the same rectifying characteristics as a vacuum
diode and is widely used as a detector in electronic circuits including radio and
TV receivers.
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A P-N junction cannot be formed by simply putting together a P-type and an
N-type semiconductor. The construction of a P-N junction diode involves spe-
cial manufacturing techniques of various types. In one method, a single crystal
is grown from a melt which contains impurities of one kind at the start but in
the middle of the process impurities of the opposite kind are added to the melt
in sufficient quantities, so that the type of the material grown thereafter is
changed. This is the grown junction diode. In the second method, a small ‘dot’
of indium is fused on a germanium immediately below the surface resulting in
the formation of a P-N type junction between the P-region and the body of the
N-type germanium.

Figure 6.5 shows the constructional details of a point-contact diode used as
a small signal device in radio, TV and tape recorders and other electronic
circuits.

-«——— Cathode holder

\

Solder pellet ——————»

2,

——— Germanium wafer (cathode)
Cat whisker (Anode)

-« Glass envelope

1 A% /Pltl‘ll

)

S
\\

l«— Anode holder

Fig. 6.5 Construction of a Germanium Point Contact Diode (Courtesy: BEL)

6.5 OPERATION OF A SEMICONDUCTOR DIODE

Figure 6.6(a) is a representation of a P-N junction diode and Fig. 6.6(b) is its
circuit symbol.

In the circuit symbol, the terminal marked ‘anode’ is connected to the P-type
material while that marked ‘cathode’ is connected to the N-type material. The
arrow head also indicates the direction of conventional current flow in the
diode. The cathode end of a diode is usually marked by a circular band or by a
plus (+) sign as in Fig. 6.6(c).

The operation of a P-N junction diode can be explained by the fact that there
is a movement of holes and electrons even when no external voltage is applied
across the junction. Electrons and holes in the junction area combine leaving
certain ions uncovered or unneutralized. These uncovered ions set up a field
called the barrier field or barrier potential. This barrier potential drives the
remaining electrons and holes away from the junction, which in turn uncovers
more ions and so on. This barrier potential is equivalent to a small battery
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P N
+ - P-type N-type
O O o——p——o
Anode Cathode
—_—
Direction for conventional
current flow
(a) (b)
N ) —+—) @ g+ )

Cathode lead Cathode lead ©)

Fig. 6.6 Identifying Cathode Lead (a) Arrow Pointing Towards Cathode (b) Cathode
Marked by Circular Band (c) Cathode Marked by + Sign

across the junction as in Fig. 6.7. This barrier potential depends on the nature
of the semiconductor material and is 0.7 V in the case of silicon and 0.3 V in
the case of germanium as in Fig 6.7.

P N P N

+ + + + +
+ o+ + o+ o+

+ o+ o+ o+ +
+ o+ +++

o ]

0.3V 0.7V
(@) (b)

Fig. 6.7 Barrier Potential (a) Germanium Barrier Potential (b) Silicon Barrier Potential

For any current to pass through the P-N junction, the barrier potential must
be overcome by application of some external voltage or battery to oppose the
barrier potential. This is called biasing the P-N junction diode.

6.6 FORWARD BIAS AND REVERSE BIAS

A P-N junction is said to be forward biased if an external battery is connected
across the junction so that the polarity of the external battery is opposite to the
barrier potential as in Fig. 6.8. This lowers the barrier potential and allows easy
flow of current through the diode as explained below.

Free electrons from the negative terminal of the battery repel the free elec-
trons in the N-type material and these electrons move towards the P-N junc-
tion. The holes in the P-type material are also repelled by the positive terminal
of the battery and move towards the junction. At the junction the free electrons
and holes combine and are lost in the process. However, the current carriers
lost in these combinations are replenished by new current carriers resulting
from the separation of electron hole pairs. The free electrons produced in the
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Fig. 6.8 Forward Bias

P-type material are attracted by the positive terminal of the battery and flow in
the external circuit as shown in Fig. 6.8. This is a continuous process and
constitutes a current flow by electrons in the external circuit but inside the
diode both holes and electrons carry currents.

The increase of current with the increase of applied voltage in the case of a
silicon diode is indicated graphically by its volt-ampere (V-I') characteristics as
in Fig. 6.9. It will be noted from the graph that current increase is very little
with increase of forward bias below 0.7 V. For voltage equal to or above 0.7 V
the diode permits flow of current and even a slight increase in forward bias
results in a large increase of current. The silicon diode is then said to have a
low forward resistance.

40 -
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V (volts) =4
Fig. 6.9 Volt-ampere Characteristics of Fig. 6.10 Reverse Bias

a Silicon Diode

A P-N junction diode is said to be reverse biased when the external voltage
or battery connected across the P-N junction aids the barrier potential as in
Fig. 6.10. Since the barrier potential is actually raised by the reverse bias, there
is practically no flow of current through the diodes.

The free electrons in the N-type material are attracted away from the P-N
junction and the holes in the P-type material are similarly attracted away from
the P-N junction by the negative terminal of the battery and there are practical-
ly no holes or electron carriers left in the neighbourhood of the P-N junction
and the current flow stops completely. However, a minute current of the order
of a few microamperes still flows through the diode as a result of the minority
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carriers liberated due to the thermal energy in the crystal. The reverse current
remains low with increase of reverse bias till the breakdown voltage is reached
when the current suddenly shoots up. This phenomenon is called Zener action
of the diode and the current is known as a Zener current. The breakdown
voltage when the current suddenly shoots up is the Zener voltage.

Zener Diodes Zener diodes are silicon
diodes which are designed for a specific
reverse breakdown voltage. Figure 6.11 shows
the typical current-voltage characteristic of a
zener diode. 201510 5 0.5 1

With forward bias the Zener diode behaves —+——=== —
like a closed switch and the forward current \ Vz
increases with increase of forward bias. When, Knee
however, the diode is reverse biased, a small point
reverse current flows and remains practically
constant with an increase of reverse bias till the
Zener voltage V, is reached. When this hap-
pens the reverse current abruptly increases to a
very high value as a result of the covalent bonds near the junction breaking
down and releasing a large number of electron hole pairs in the form of an
avalanche.

Zener diodes are widely used in electronic circuits as voltage regulators and
voltage reference standards. When the avalanche-current flows, the voltage
across the diode remains constant. Figure 6.12 (a) shows the circuit symbol for
a Zener diode and the use of a Zener diode as a voltage regulator is shown in
Fig. 6.12 (b).
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Fig. 6.12 Zener Diode in Circuit (a) Circuit Symbol of a Zener Diode (b) Zener Diode
as a Shunt Voltage Regular

The Zener diode is connected in parallel with the load resistance to keep the
output voltage (V,,,) across the load R; constant within specific limits. The
variations of voltage may either be due to the change in DC supply voltage
(V;,) or the changes in load resistance or load current. The value of R depends
on design considerations, such as constant output voltage (V,,,) required and
the load current variations.



152 Basic Radio and Television

The ratings of the Zener diode and its specifications provided by the manu-
facturers include Zener voltage, Zener current limits, maximum power dissipa-
tion, maximum operating temperatures, maximum Zener impedance, reverse
leakage current and the nature of the material like silicon from which the Zener
diode is manufactured.

Besides the Zener diode, there are a number of other special types of diodes
which find useful applications in electronic circuits. Some of these diodes are
briefly described below.

6.7 OTHER TYPES OF SEMICONDUCTOR
DEVICES

Tunnel Dijodes A tunnel diode is a
P-N junction device which differs from the
junction diode and the Zener diode in the
sense that it has a high percentage of Al A AV Y {
impurities in its semiconductor elements.
As a result of heavy doping, the charge
carriers are able to pass through the deple- (g) (b) (‘(’:) (3)
tion layer near the junction by a process

called “tunneling”. The device permits both ~ Fig- 6.13  Circuit Symbols for Vari-
forward and reverse current with the very ous Type.s of Diodes (a)
. . Tunnel Diode (b) Varactor
qnportapt feature .that it present§ a nega- Diode (c) Varistor Diode
tive resistance region for a specific range (d) LED

of forward voltages. In this negative resis-

tance region, the current decreases with increase of applied voltage. Because of
this characteristic of negative resistance, tunnel diodes are used as amplifiers
and oscillators particularly at low power microwave frequencies to avoid radia-
tion effects. The circuit symbol for a tunnel diode is given in Fig. 6.13(a).

Varactor Diodes A reverse-biased diode junction behaves like a capacitor
because the reverse bias keeps the charges separated away from the junction
and the depletion zone. Moreover, the capacitance at the junction can be con-
trolled by the reverse bias applied to the diode which makes the depletion
zones wider or narrower as the reverse bias is varied. Such a voltage sensitive
capacitor is called a varactor and finds extensive use in television circuits as a
fine frequency control. The circuit symbol for a varactor is given in Fig. 6.13(b).

Varistor Diodes A varistor consists of two junction diodes of opposite
polarities connected as shown in its circuit symbol in Fig. 6.13(c). A varistor is
generally used as shunt across the collector in transistor circuits as a protection
against sudden jumps of voltage either of a positive or of a negative nature.

Light Emitting Diode (LED) P-N junctions made of certain special mate-
rials like gallium compounds emit light as a result of energy released by the
recombination of charges. Radiations of red, green or yellow light are emitted
when a forward bias of the order of 1.2 V is applied from special types of cells.
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LED units are arranged in segments which are switched on or off by digital
control circuit to produce a display of various combinations of digits from 0 to
9. LEDs find extensive use in electronic watches and many electronic metering
devices. Figure 6.13 (d) shows the circuit symbol of LED.

Liquid crystal displays (LCD) which depend on the ambient light for their
light emitting properties, need a much less load current than LED displays.

6.8 JUNCTION DIODE AS A RECTIFIER

A diode presents a high resistance in one direction and a low resistance in the
other direction. It can, therefore, be used as a rectifier for converting AC into
DC. Power supply circuits using diodes as rectifiers are commonly used in
transistor radios, tape recorders and record players as eliminators for the mains
operation of these equipments.

There are two methods of rectification: (i) half-wave rectification, and
(i1) full-wave rectification.

6.8.1 Half-wave Rectification

This is the simplest method of rectification as shown by the arrangement in
Fig. 6.14. When the transformer secondary voltage is on its positive half cycle
the diode CR, is forward-biased and current flows through the load R; and a
voltage is developed across the load. When the secondary voltage is on its
negative half cycle, the diode is reverse-biased and no current flows through R,
and no voltage is developed across it. The input and output waveforms are as
shown in Fig. 6.14, only the positive peaks are obtained and the negative peaks
are suppressed. Thus, we get a pulsating DC as the output voltage, the average
value being 0.318 (1/7) of the peak value. The pulsating DC can be converted
to steady DC by the use of filter circuits described earlier.
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Fig. 6.14 Half-wave Rectifier Circuit and Waveform

6.8.2 Full-wave Rectification

A generally more useful and efficient method of converting AC into DC is to
recover both the positive and negative portions of the AC input voltage. The
circuit for this method, known as full-wave rectification, is given in Fig. 6.15.
With the polarities shown, the CR, diode is forward-biased and conducting and
the CR, diode is reverse-biased and non-conducting. The situation reverses
itself when the polarity of the transformer secondary voltage E reverses itself
on the next AC half cycle. Since each diode conducts only half the time on
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Fig. 6.15 Full-wave Rectification

alternate half cycles, a load current of double the rating of each diode can be
obtained. The frequency of the pulsating DC output is double the frequency of
the input waveform. Full-wave rectifiers have a smoother output voltage than
half-wave rectifiers. With filtering, the load current can be made quite smooth.

6.8.3 Bridge Rectifier Circuit

The centre tap circuit was the most popular full-wave rectifier till the advent of
low cost highly reliable and small sized silicon diodes. This has made the
bridge circuit shown in Fig. 6.16 the most popular circuit today. The reason for
this is a reduction in transformer size for the same available output power as
for a centre tap circuit. In the centre tap circuit, the current is drawn through
opposite halves of a secondary on alternate half cycles whereas the bridge
circuit uses the entire transformer secondary during both half cycles allowing
higher output power before core saturation than the centre tap circuit for an
equivalent sized transformer.

O

Fig. 6.16 Bridge Rectifier

The obvious disadvantage is the need for twice as many diodes as that for
the CT version. However, because of the availability of low cost semiconductor
diodes, the bridge circuit is still the most economical. Diodes CR; and CR;
being forward-biased conduct during the positive half cycle of the input AC
and diodes CR, and CR, do not conduct because of their being reverse-biased.
The direction of conventional current flow is shown by full-line arrows in
Fig. 6.16. During the negative half cycle, diodes CR, and CR, are forward-
biased and CR, and CR; are reverse-biased and the direction of current flow is
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indicated by the dotted arrows. It may be noted that the direction of conven-
tional current is the same through the load R; which develops a pulsating DC
output voltage of the waveform shown in the figure.

6.9 TESTING A DIODE

The property of a diode presenting a low resistance when forward-biased and a
high resistance when reverse-biased can be used to test a diode with a multim-
eter used as an ohmmeter. It may be remembered that a multimeter working in
the ohmmeter position has a battery connected inside the meter which can
either forward bias the diode or reverse bias it, depending upon whether the
negative or the positive terminal is connected across the diode as shown in
Fig. 6.17 (a) and the resistance of the diode noted. The connections of the
meter of the diode leads are then reversed as in Fig. 6.17 (b), and the resistance
noted again. If the resistance of the diode is significantly greater in one direc-
tion than in the other, the diode is in good condition. If the test shows direct
continuity or the same amount of deflection on both sides, the diode is defec-
tive and needs replacement.

Low resist. High resist.
o i E o o % i o

Multimeter

Multimeter

ro+
rO+

Cathode lead (g) (b) Cathode lead

Fig. 6.17 Testing a Diode (a) Methods of Connecting Multimeter Probes to Diode
Leads (b) Diode Leads Reversed

The above test can also be used to identify the leads of an unmarked diode
or when the markings on the diode are not clearly visible. For this the polarity
of the multimeter or ohmmeter lead must be determined by checking with a DC
voltmeter or another multimeter. Then the lead of the diode which shows low
resistance when connected to the negative lead of the meter is the cathode lead.

It is useful to remember that in certain multimeters the terminal marked
negative (—) on the meter is actually connected to the positive terminal of the
battery inside.

6.10 TRANSISTORS

A transistor is a three-element semiconductor device formed by placing two
P-N semi-conductor junctions back-to-back as shown in Fig 6.18. The two
inner segments of N- or P-type material are actually combined into a single
segment which is lightly doped and made thin compared to the two outer
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Fig. 6.18 Transistor as a Combination of Two Junction Diodes

segments as in Fig. 6.19. Three distinct regions of the material are actually
combined into a single segment which is lightly doped and made thin com-
pared to the two outer segments as in Fig. 6.19. Three distinct regions of the
material are formed in this way and are called Emitter, Base and Collector,
represented by letters E, B and C respectively. Two different types of transis-
tors are formed depending upon whether the N-type material is sandwiched
between two sections of the P-type material or the P-type material is sand-
wiched between two section of the N-type material. The two types of transis-
tors are known as PNP and NPN type.

Emitter Base Collector Emitter Base Collector
P N[ P N |[P| N
B|B
E C E C
(@) (b)

Fig. 6.19 Emitter, Base and Collector in a Transistor (a) PNP Transistor
(b) NPN Transistor

PNP Transistor 1In this type of transistor, a thin layer of N-type material is
surrounded by two comparatively thicker layers of P-type semiconductor mate-
rial. The middle layer is called the base (B), the left layer the emitter (E), and
right side layer is called the collector (C) as shown in Fig. 6.19 (a) which also
indicates the circuit symbol used for the PNP type of transistor. Notice that the
arrow for the emitter points inwards towards the base.

NPN Transistor 1In this type of transistor a thin layer of P-type material is
sandwiched between two comparatively thicker layers of N-type semiconduc-
tors. The construction and the circuit symbol are shown in Fig. 6.19 (b). The
arrow for the emitter points outwards away from the base.

6.11 CONSTRUCTION OF A TRANSISTOR

A transistor is a combination of two P-N junction diodes. Accordingly, it is
constructed either as a grown junction or as a fused junction crystal. Transis-
tors are called silicon transistors or germanium transistors depending upon
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whether the basic material used for its construction is silicon or germanium.
Figure 6.20 shows the constructional details of a low frequency germanium
output transistor. After completion of the assembly, the wires are bounded to
the electrodes and connected to their respective pins. The entire unit is then
enclosed in either a metal can or a plastic case which is filled with some inert
material and sealed to prevent any moisture getting in. In most cases the tran-
sistors are manufactured with flexible leads and are meant to be soldered
directly into the printed circuit boards.

Germanium wafer

N . Nickel tab
Emitter pellet

W

Collector Pellet

-<—Can

Glass Glass to metal
Lead wires seal header
47

Fig. 6.20 Construction of a Low Frequency Germanium Output Transistor (Cour-
tesy: BEL)

6.12 SYMBOLIC IDENTIFICATION OF
TRANSISTORS

In schematic diagrams the transistors are identified as PNP or NPN type by
their circuit symbols as given in Fig. 6.21. In PNP type transistors, the emitter
arrow points inwards towards the base and in the NPN type, the emitter arrow
points outwards away from the base. It is interesting to note that the direction
of the arrow indicates the direction of flow of conventional current and is
opposite to the direction of electron current flow inside the transistor.

C C
- Collector - Collector
Base " Base "
E - Emitter E -«— Emitter
(a) (b)
Fig. 6.21 Circuit Symbol for Transistors (a) PNP Type (b) NPN Type

6.12.1 Type Number Codes

To distinguish one transistor from another, transistors are generally given a
type number. In American transistors, letter N indicates a semiconductor with a
numerical prefix for the number of junctions. Thus IN will indicate a diode,
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2N a transistor, and so on. The digits that follow will indicate the specific type
as in 2N137. Certain other types of transistor are labelled as 254 for PNP and
28C for NPN types. Type designation codes for most Indian and European
semiconductor devices like diodes and transistors generally consist of two
letters followed by a serial number. The first letter distinguishes between junc-
tion and non-junction devices and also gives an indication of the semiconduc-
tor material like germanium, silicon and gallium, arsenide, etc. The second
letter indicates the class and main application. The serial number consisting of
three figures or one letter and two figures is meant to indicate the use for which
the device is designed. For example, AC128 is a germanium (A) transistor
for AF applications (C) and BF194 is a silicon (B) transistor for HF applica-
tions (F).

6.12.2 Identification of Leads

For the identification of the leads of a transistor, certain standard methods are
used by the manufacturer for arranging these leads in the base of the transistor.
When the three leads are arranged in a line as shown in Fig. 6.22(a), these can
be identified as emitter, base and collector in the order shown. However, the
collector spacing is kept greater than the spacing of the other leads. When the
three leads are equidistant as in Fig. 6.22 (b), a coloured dot (red or green) is
painted on the case close to the collector lead.

Coloured dot
Emitter. Collector

Base
Base

(a) (b)
Fig. 6.22 Identification of Transistor Leads

Neither the identification codes nor the arrangement of leads in the base
indicate whether a particular transistor is of the PNP or NPN type. This infor-
mation together with other technical data is available in transistor manuals or
application notes supplied by the manufacturers. These manuals also supply
information regarding the use of transistors in various types of circuits. Manu-
facturers generally provide a schematic diagram indicating the position and
identification of each lead.

Figure 6.23 indicates the bottom view of some of the common transistors
used in radio receivers and television circuits. Transistors in a metal case are
often provided with a fourth lead called shield(S) which is internally connected
to the case as in Fig. 6.23 (d) (BF 167/173).
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Fig. 6.23 Bottom View and Positioning of Leads in some Common Transistors
(a) BC148B (b) AC 128 (c) BF 194B, BF 195C, BF 195D (d) BF 167/173

6.13 TRANSISTOR OPERATION

A transistor is a combination of two P-N junctions so arranged as to have a P
or N type semiconductor sandwiched between opposite types. The middle sec-
tion called the base forms two separate junctions with the outer sections known
as emitter and collector. When the emitter-base junction is forward biased and
the collector-base junction is reverse-biased, the emitter supplies charges, ei-
ther holes or electrons, which pass through the base and are collected by the
collector. The base exercises necessary control on the flow of collector current.

PNP Transistor 1In Fig. 6.24 (a), the emitter-base junction of a PNP transis-
tor is forward-biased by a small battery B-1 and the collector-base junction is
reverse-biased by a bigger battery B-2. The holes in the p-region on the left are
repelled by the positive terminal of the B-1 battery and under the influence of
the electric field, these holes cross over to the N-region or the base region
which is comparatively thin and is lightly doped. A majority of the holes are
able to drift across the base region and enter the collector region. A small
number of holes, about 5 per cent, are lost in this area due to recombination
with electrons. The holes that cross the base-collector junction into the collec-
tor region are attracted towards the collector by the negative polarity of the B-
2 battery. As each hole reaches the collector electrode, it is neutralised by an
electron from the negative terminal of the B-2 battery. For each hole that is lost
by combination with an electron in the base region and the collector region, an
electron is released near the emitter electrode by the breaking down of a cova-
lent bond and the electron so liberated by the positive terminal of the B-1

P N P N P N
O» Ow |0 | O= o= |o=O O
¥ ¥ | ¥ ¥ = = =
Q> O
+e Q™ Q ¥ € ) € el,
LB h @ h |B2 = L B1o=e [O%™ 9" |B2Z
7= Emitter \Collector = T Emitter \ Collector =
Base T Base T
(@) (b)

Fig. 6.24 How a Transistor Operates (a) Operation of a PNP Transistor (b) Operation
of a NPN Transistor
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battery. The new hole formed by the breaking down of the covalent bond then
moves towards the emitter-base junction and this process goes on and on.

It is clear from the above that conduction within the PNP transistor is the
result of hole conduction and the conduction in the external circuit is the result
of electron movement. It is also clear that the collector current is less than the
emitter current by an amount (5 per cent) proportional to the number of
electron hole combinations occurring in the base area.

NPN Transistor 1In this case again, the emitter-base junction is forward-
biased and the collector base junction is reverse-biased as in Fig. 6.24(b). The
polarities of the B-1 and B-2 batteries are reversed compared to the polarities
in the case of a PNP transistor. The free electrons in the N-type emitter region
are repelled by the negative polarity of the B-1 battery and these electrons are
able to cross the barrier potential at the emitter-base junction and enter the P-
type base region which is thin and lightly doped. Excepting a few electrons (5
per cent), which combine with the holes in the base region, the rest of the
electrons are swept over to the collector electrode by the positive potential of
the B-2 battery and enter the positive terminal of the B-2 battery. For every
electron that leaves the collector electrode, an electron from the negative termi-
nal of B-1 battery enters the emitter region and is pushed toward the emitter-
base junction. Thus the conduction in this case is entirely due to electrons, both
inside and outside the transistor.

It is, therefore, clear from the above explanation that the majority carriers
are holes in the case of PNP transistors, whereas in the NPN transistors, the
majority carriers are electrons. In both cases, the collector current is less than
the emitter current by an amount equal to the recombination of holes and
electrons.

The above explanation for the operation of a transistor indicates that there
are three type of currents that flow in a transistor circuit. These currents are, the
emitter current /;, the base-circuit 7, and the collector current /.. Figure 6.25
indicates the direction of flow of these currents in the NPN type of transistor.

NPN

Fig. 6.25 Current Flow in an NPN Transistor

Furthermore, it is clear that most of the charge carriers supplied by the
emitter are able to diffuse through the comparatively thinner and lightly doped
base and reach the collector electrode, thus constituting the collector current /..
Only a very small percentage (less than 5 per cent) of the charges recompense
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in the base region to provide the very small base current /5. These facts can be
quantitatively represented as follows:
Ip=1-+1; (6.1)

ExaMpLE: In a transistor circuit, /; = 10 mA and /; = 200 x# A. Find the value of
I From Eq. (6.1)
Io=1;—-1Iy
=10 mA - 0.2 mA = 9.8 mA
(In this case I, =200 #A = 0.2 mA).

6.14 TRANSISTOR AS AN AMPLIFIER

The operation of a transistor as an amplifier is based on the fact that base
current (Iz) in a transistor can control the collector current (/). The base
current can be varied by variations of forward bias and this will produce
corresponding variations in the collector current. Here the action of a transistor
can be compared to the action of a triode valve, where the grid bias controls the
anode current. The only significant difference between the operation of the two
electronic devices is that whereas the triode valve is a voltage operated device,
a transistor is a current operated device.

The emitter-base junction in a transistor is forward-biased and, as such, the
input impedance (resistance) is low. On the other hand, the base-collector
junction is reverse biased and the output impedance is very high. Any input AC
signal will either oppose or help the forward bias and as a result the base
current will either decrease or increase. This will produce corresponding varia-
tions of collector current in the external output circuit. A high value of load
resistor (R;) in the collector circuit will produce a varying voltage drop across
the load resistor. This voltage drop will be generally greater than the input
signal voltage variations and the input signal will appear as an amplified volt-
age in the output circuit.

A transistor has only three elements or electrodes. The input voltage can be
applied between any two electrodes and the output voltage is also available
between the other two electrodes. Since there are only three electrodes avail-
able, one of the electrodes will be common between the input and the output.
There are thus, three possible methods of connecting a transistor in an ampli-
fier circuit. These are (i) common-base (CB) circuit, (ii)) common-emitter (CE)
circuit, and (iii) common-collector (CC) circuit. All the three configurations
are shown in Fig. 6.26 for a PNP transistor.

1. Common Base (CB) Circuit Figure 6.26(a) shows a common base
circuit of a PNP transistor in which the base (B) is the common or grounded
electrode. The input signal is applied between the collector and the ground
(base). Vi supplies the forward bias and V- the reverse bias for the transistor.
The input has a low resistance because of high 7, and the output resistance of
the circuit is high. The circuit has no current gain because /- is less than /.. As
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Fig. 6.26 PNP Transistor as an Amplifier-CB, CE and CC Configurations (a) Com-
mon Base (CB) (b) Common Emitter (CE) (c) Common Collector (CC)

such, the circuit is seldom used in actual practice. The main characteristics of
the circuit are:

1. It has no current gain but voltage gain can be high.

2. It has a low input resistance but high output resistance.

3. The output voltage is in phase with the input voltage.

2. Common-emitter (CE) Circuit In the CE circuit shown in Fig. 6.26 (b),
the input single is applied between the base and the emitter which is the
grounded or common terminal. The output is taken between the collector and
the emitter (ground). In this case, the current flowing in the input circuit is /,
which is much less than /. As a result, the input resistance of a CE circuit is
much higher than that of a CB circuit. Since /- is much greater than /5 the CR
circuit has a high current gain but the same voltage gain as in a CB circuit.
Because of the combined advantages of voltage gain and current gain, the CE
circuit is the one most commonly used in amplifier circuits. When used as a
multistage amplifier, the CE circuit does not overload the previous stage be-
cause of its high input resistance. The disadvantage with this circuit is that it
needs bias stabilisation to avoid amplification of reverse leakage current in the
CE circuit. The CE circuit possesses the following characteristics.

1. It can provide both current gain and voltage gain.

2. It has a high input resistance compared to a CB circuit.

3. The output voltage is 180° out of phase with the input voltage.

4. It needs bias stabilisation to avoid damage due to amplification of

reverse leakage current.

3. Common Collector (CC) Circuit In this circuit, the collector is con-
nected to the ground through the reverse bias battery V-~ which is supposed to
have practically no internal resistance. The input voltage is applied between the
base and the ground (C) and the output is available between the emitter and
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ground (C). Thus, C is the grounded or common electrode. There is no voltage
gain because the bypassed resistor R; in the emitter circuit provides 100 per
cent feedback.

6.15 STANDARD LETTER SYMBOLS FOR
TRANSISTORS

In order to distinguish between various types of voltages and currents (dc and
ac) in a transistor (or vacuum tube) circuit, standard letter symbols are used to
represent these quantities. In general the capital letters 7 and [ are used for
average dc values. Double subscripts such as V. are used for voltages that do
not change. The value that change with time are represented by letters like v
and 1. Table 6.1 gives the standard letter symbols for various voltages in a
transistor circuit.

Table 6.1 Standard Symbols for Transistor Voltages

Definition of voltage Symbol

Collector Emitter Base
Supply voltage Vee Ve Vg
Average dc voltage Ve Vi Vg
AC component Vv, v, v
Instantaneous value v, Vg Vg
RMS value of a componet V. v, v,

A similar table can be prepared for standard symbols for the current values
for different electrodes in a transistor.

Other symbols that are commonly used are ICBO which means the current
between the collector and base when the third electrode i.e emitter is open.
BVCBO indicates breakdown voltage, collector to base when the emitter is
open.

6.16 CURRENT GAIN IN TRANSISTORS—ALPHA
(c) AND BETA () CHARACTERISTICS

A transistor is a current operated device. Any change of current in one circuit
affects the current in the other circuit.

o (Alpha) In common base (CB) circuit, a change in emitter current Al will
result in a corresponding change Al in the collector current. The relation
between the two currents is expressed by a control characteristic « (alpha),
which is defined as the ratio of a change in collector current A/ to the corre-
sponding change in emitter current A/, with the collector to base voltage Vg
remaining constant. Expressed mathematically,

Al
a="°¢ (Vp constant) (6.2)
AIE
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Since the collector current in a CB circuit is slightly less than the emitter
current, ¢ is less than one in this case. It lies between 95 to 99 per cent. Thus,
in a CB circuit, there is no current gain. Actually, there is a current loss.
However, the circuit exhibits voltage and power gain.

B (Beta) Inthe common emitter (CE) circuit, the current gain is represented
by the Greek letter S (beta) and is defined as the ratio of the change in collector
current /- resulting from the change in base current /; with the collector to
emitter voltage (V-;) remaining constant. Thus,

Al
b= N—C (V¢ constant) (6.3)
E

I being greater than [, [ is always greater than one. A transistor with = 50
means that 50 times more current is flowing through the collector than through
the base.

It has already been established in Eq. (6.1) that

Ip=1.+1Iy
Representing the changes in emitter current, collector current and base cur-
rent by Al , Al-and Al respectively Eq. (6.1) can be written as

Al =Al-+ Al (6.4)

or Al = Al — Al (6.5)
Al Al

The ratio Al = Al — Al (6.6)

Dividing the numerator and denominator of the right-hand side of Eq. (6.6) by
Al, we have

Ale - _ Alc /(1 _Ale ] 6.7)

AIB AIE AIE
We know that the ratio AI/Al; (V5 constant) is « and the ratio Al /Al (Vi
constant) is A Substituting in Eq. (6.7) we get
a
=% 6.8
p=1% (638)

Knowing the value of ¢ in a transistor, the value of f can be derived from
Eq. (6.8). Thus if &= 95% (or 0.95), the value of f=0.95/1 — 0.95 = 0.95/0.05
= 19.

Similarly, a transistor with an o of 0.99 will have S equal to 99.

6.17 CHARACTERISTIC CURVES FOR
TRANSISTORS

A transistor is a non-linear device and as such the relation between the various
electrode voltages and currents is best expressed by curves known as character-
istic curves. These curves are generally supplied by the manufacturers and help
in determining the performance of a particular transistor.
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Figure 6.27 (a) is an experimental arrangement for determining the /- versus
V- characteristics of a transistor in CE configuration with a fixed value of /; in
each case. A family of curves obtained in a typical case is shown in
Fig. 6.27(b). /- is measured for different values of collector to emitter voltage
Vep while I is kept fixed at a particular value. For another curve the value of
15 is changed to a different value and the same process of noting /. for differ-
ent values of V is repeated.

-50 —400upA
—300uA
PNP 40 - .
z —200upA
£ -30
© IB = —-100uA
Vee —20 —
VBE -10
= 2 -4 —6 -8 —10 12 —14 —16

V¢ Volts
(a) (b)
Fig. 6.27 Characteristic Curves for Transistors (a) Experimental Set Up for /- Versus
Ve Curves (b) Family of Characteristic Curves

It is possible to determine the value of £ from these curves. Thus, for fixed
Vep=—4V, I-= 10 mA when [ = 100 #A and for the same fixed value of V-,
(4V) I~ = 18 mA when I; =200 u A. From these values we can work out A/
and Aly as follows:

Al =18 mA — 10 mA = 8 mA

and ALy =200 gA — 100 zA = 100 uA
Al 8 mA
f="F= =80
Al, 0.1mA

o can then be determined from the relation f= /(1 — @)
In this particular case when = 80,

_
80_1—a
80-80 o=«
81 o= 80
a:%: 0.9 approx.

6.18 TRANSISTOR ANALYSIS—LOAD LINE

The characteristic curves shown in Fig. 6.28(b) have been drawn with the ex-
perimental setup as in Fig. 6.28 (a) when there is no load in the output circuit.
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In order that this circuit behaves as an amplifier, an external load (resistance or
impedance) in the output circuit is necessary as shown in Fig. 6.28(a).

Saturation
region
g4
lg3
R _5(34_ g2
< i
£ -40
© =30+ Q |
B1
—20 4
—10-
LLLLLILI AL ETTSB L o
-2 -4 -6 -8 -10-12-14-16-18-20
Vg volts
(b)
Fig. 6.28

The resistance R; has linear characteristics compared to the non-linear char-
acteristics of the transistor and can be represented by a straight line AB super-
imposed on the characteristics of the transistor. The straight line AB which
can be used to analyse the behaviour of the circuit with the load R; is called the
load line.

How to Draw the Load Line The end points A4 and B of the load line
can be determined if the value of the load R; and the value of the supply
voltage V- are known. For point B the value of /. = 0 and the value of
Ver = Vee — 1o X R;. The point B has the co-ordinates (¥, 0). For point 4,
Vep =0, Vep=0=Vee— IR,

_Vee

=R,

Ie

V.
So the point 4 is ﬁ, 0
R,
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V.
The straight line joining the two points A (CC, 0] on the current axes and

L
the point B (V¢ () on the voltage axes is called the load line. For V=20V
and R; = 5, the two points on the dc load line will be 4 (4, 0) and B(0, 20).
For any value of /., the corresponding V-, must be on the load line which
takes into account R; voltage drop.

Q-point The point where the load line intersects the curve for the base-bias
current (/) is called the Q point or Quiescent point.

This point specifies the static dc values without any ac signal input. This
point which is also called the operating point for an amplifier is so chosen that
it lies in between the saturation collector current and cut off collector current.
This is necessary to avoid distortion in the output of the amplifier.

After selection of the operating point an ac voltage is applied to the input.
Due to this voltage the base current (/z) varies from time to time. As a result
the collector current and collector voltage also vary with time. These variations
of collector current and voltage can actually be plotted on the characteristics of
the transistor.

If the operating point Q, is very near to the saturation region both the output
voltage and current are clipped at the positive peaks as shown in Fig. 6.29 (a).

It the operating point Q, is very near to cut off region, the output signal is
clipped near the negative peaks as in Fig. 6.29 (b).

Output current

o |
Clipping /' I, Iy Ic B

\/L\ Output current Q,
Qi \ Q

‘ \/ - /\\T/ &
< Clipping > Vee
> q

(a) (b)
Fig. 6.29 (a) Clipping at Positive Peak (b) Clipping at the Negative Peaks

o

@

It is only if the operating point is at Q that the output is without distortion as
shown in Fig. 6.30.

It is however necessary that the input signal should not be too large to avoid
clipping of the output voltage both at the positive and negative peaks.
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Input
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Fig. 6.30 Output Distortion

6.19 h-PARAMETERS FOR A TRANSISTOR

A transistor is a three-terminal device. The input and output to a transistor
requires two terminals each. Since there are only three terminals available it
becomes necessary to make one terminal common both to the input and the
output as shown in Fig. 6.31. In this Fig. (1, 3) are input terminals and (2, 3)
are output terminals.

i ip
+ — -t
O————01 20————O
v4 Input 3 v, Output
O O O

Fig 6.31 Common Terminal in a Transistor

Terminal 3 is the common terminal. The four variables involved in this
transistor circuit are the input voltage and input current (v, i;) and the output
voltage and output current (v,, i,). The relation between these four variables
can be represented by the following two equations:

vi=hy i+ hyv, (6.9)
Iy =hy iy + hyy vy (6.10)

The parameters h,,, h,,, hy; and h,, which are used to relate the four vari-
ables in the above equations are called h-parameters or hybrid parameters.
These are called hybrid parameters because these are generally defined by
mixture of constants having different units.

The h-parameters are convenient for specifying the characteristics of transis-
tors and these can also be measured easily. To define the h-parameter in terms
of the variables mentioned above the two equations have to be solved under
specific circuit conditions as explained below:

If the output terminals (2, 3) are shorted v, = 0 and

vi=hyi (hpvy,=0)
and iy=hy i (hy v, =0)
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Form these equations we have

\Z . .
by =— = Input impedance, being
1 v, =0
the ratio of voltage to current
i
hy = zi = pure number
1 v, =0

Similarly, if the input terminals are kept open then i; = 0, the two equations
become

vy =l vy
and iy =hyy vy
from these equations we have

v . .
hy, = — = pure number, being the ratio of two voltages
21i,=0
i . S .
hyy =2 = ratio of current to voltage which is admittance
Vali <o
=

That the h-parameters are really hybrid in nature is shown by the fact that
voltage current

hy = po— h and has the units of resistance (€2) and £,, = voltage = h,

voltage

———— is apure
voltage P

and has the units of admittance or mho ( ©3 ). However, A, =

current
current
number. These have no units. Quite often the manufacturers specify the transis-
tor characteristics in terms of h-parameters which can be easily measured.

An additional suffix e added to h-parameters sometimes indicates that the
transistor is being used in the CE mode. In this case the terminal is the base
terminal and terminal 2 is the collector terminal. With this notation the two
equations (6.9) and (6.10) take the form

vy = h iy + hy - ev, (6.11)
ic = hfeib + hcs Ve (612)

Applying Kirchoff’s voltage law to equation 6.11 and Kirchoff’s current law
to equation 6.12, the complete h-parameter equivalent of a transistor can be
represented by the Fig. 6.32.

The h-parameters at a given operating point can be determined from the
static characteristics of the transistor.

6.20 o AND g CUT-OFF FREQUENCIES

number = h, and h,, = = h; (forward current ratio) is also a pure

The frequency response of a junction transistor at higher frequencies is limited
by its internal capacitances and the finite time taken by the charge carriers to
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Fig. 6.32 Complete h—equivalent of a Transistor

diffuse through the base region. The upper frequency limit for a transistor is
called the « (alpha) cut-off frequency and is defined as the frequency at which
the value of ¢ drops down to 0.707 of its value at 1 kHz. For small signal
transistors used in RF circuits, « cut-off frequency is around 300 MHz.

[ cut-off frequency can also be defined in the same manner.

6.21 TRANSISTOR BIASING

Transistor circuits discussed so far have used two voltage sources or batteries,
one for the emitter-base bias (forward bias) and the other for the base-collector
bias (reverse bias). However, there are practical methods by which we can
eliminate the need for two separate batteries. A number of methods are avail-
able for doing this but the simplest is the potential divider method. In this
method, the base-bias voltage is obtained from a potentiometer formed by two
resistances R, and R, connected across the main battery as shown in Fig. 6.33.
The values of R, and R, can be calculated from Ohm’s law.

R. R
R, + R, ~
= Voo = Vee
- +
R, R,
= =
NPN transistor PNP transistor

(a) (b)
Fig 6.33 Potential Divider Method of Transistor Biasing

6.21.1 Transistor Bias Stabilisation—Thermal Runaway

Transistors in general, and germanium transistors in particular, are very sensi-
tive to increase in temperature. As the temperature of a semiconductor rises,
due to dissipation of heat at the collector junction, an increasing number of
electrons in the crystal are set free producing an increase of collector current
unrelated to the emitter or base current. This leakage current, though small,
can cause a further rise in the collector temperature which releases still more
electrons which further increase the electron current. This process, called
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thermal runaway, is a cumulative effect which can cause permanent damage to
the collector junction resulting in an internal short-circuit to the base. The
effect is not so marked in silicon transistors, which can be used at much higher
temperatures than their germanium equivalents. Most transistors manufactured
these days are silicon transistors.

One method to prevent damage to the transistors is the use of heat sinks
which are metal structures and when attached to the transistor radiate heat from
the collector junction. Use of heat sinks becomes

necessary only in the case of power transistors ° +6V
which develop enough heat during normal opera- R Ry
tion to be unbearably hot in spite of their not
having any filament or heater. R, R

Heat sinks can minimise stabilisation problems 1 o -6V
but cannot eliminate them. One of the simplest = Ground

methods is to provide a stabilising resistor be- Fig. 6.34 Bias Stabilisation
tween the emitter and the common point as shown by Self-bias Re-
. . sistor
in Fig. 6.34.

Resistance R develops a self-bias due to IR drop which has a polarity
opposite to forward bias and acts as a reverse bias for the base-emitter circuit
and automatically compensates for change in temperature.

6.21.2 Bias Stabilisation with Thermistors and Diodes

Thermistors are special types of resistors whose resistance decreases with tem-
perature compared to copper or tungsten resistors which have a positive tem-
perature coefficient (resistance increasing with temperature). These tempera-
ture compensating components when suitably connected in the circuit as in
Fig. 6.35 (a), can be used for bias stabilisation in a transistor circuit. Stabilisation
can also be achieved with a compensating diode when connected to control the
bias current in the base circuit as in Fig. 6.35 (b).

o+ 6V
1

3 ﬁ—w 6V

Thermistor

(Neg. Temp 69 Diode —»\
Coe
i o—6V

_
S i A&
5

5 wh

Fig. 6.35 Bias Stabilisation with Thermistors and Diodes (a) Thermistor for Bias
Stabilisation (b) Bias Stabilisation with a Diode
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6.22 FIELD EFFECT TRANSISTOR(FET)

The transistors described so far were two junction devices known as bipolar
transistors because their operation depended on the action of two types of
charge carriers, holes and electrons. There is another type of transistor, called
filed effect transistor (FET), which is a unipolar device because its operation
depends on the action of only one type of charge carrier. Field effect transistors
are of two types-the Junction type FET (JFET) and the Metal Oxide Semicon-
ductor type (MOSFET).

6.22.1 JFET

The main body of a JFET consists of an N-type (or P-type) material known as
the channel and the other three elements are the Source (S), the Gate(G) and
the Drain (D) as shown in Fig. 6.36(a). The P-type material which is embedded
on both sides of the channel forms a junction with the N-type channel but the
other two terminals, source and drain, are only ohmic contacts on the two sides
of the channel. When the two gates are connected internally, the device is a
single-gate FET, as in Fig. 6.36 (a), but when separate leads are provided for
the two gates a dual-gate FET is formed. Circuit symbol for N-channel JFET
is shown in Fig. 6.36 (b). For the P-channel JFET the arrow will be pointing
outwards.

Drain

Gate B @ G

Source

(a)

TVGG

S

(c) (d)

Fig. 6.36 JFET Circuit Symbol and Operation (a) Construction (b) Circuit Symbol for
N-channel JFET (c) Operation of JFET (d) Reverse Bias on Gate Reduces
Channel Width
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In a JFET, the drain (D) corresponds to the collector, source (S) to the
emitter and the gate (G) to the base of a bipolar transistor but the two types
operate on different principles. When a voltage V), is applied between the
drain and the source as in Fig. 6.36 (c), the free electrons in the N-channel are
attracted by the positive terminal of the battery and electrons from the negative
terminal enter the channel to replace those leaving the drain. This current can
be controlled by the reverse bias V; applied to the gate. The channel, which
has already been made narrow by the physical presence of the P-material, is
further reduced in width by the electric field produced at the gate by the
reverse bias voltage in Fig. 6.36 (d). This restricts the flow of current through
the channel. If the reverse bias gate is made sufficiently high, the drain current
is completely cut off due to blocking of the channel. It is the negative voltage
on the gate that controls the drain current /,, and not the gate current.

The main advantage of JFET is that it has got a very high input resistance of
the order of megaohms and is less sensitive to temperature changes. The disad-
vantages are less gain for a given bandwidth and smaller power rating com-
pared to a bipolar transistor.

6.22.2 MOSFET or IGFET

The construction of the Metal-Oxide Semiconductor Field Effect Transistor
(MOSFET) as shown in Fig. 6.37 is slightly different from that of the JFET
already described. In MOSFET, the bulk of the material is neutral or lightly
doped silicon which is known as substrate on which the rest of the structure
is built. Deposited on the N-channel is a thin film of silicon-dioxide (SiO,)
which insulates the N-channel from the gate (G), which is a thin metallic film

Drai
rain D
«——— Substrate
G
Gate N P B
Silicon Dioxide
(Insulator)
Source
(a)
D D
B B
S S
G G
N-Channel P-Channel

(b)
Fig. 6.37 MOSFET Construction and Circuit Symbols (a) Construction of MOSFET
(b) Circuit Symbol for MOSFET (Depletion Type)
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deposited on the silicon-dioxide insulator. The gate is insulated from the body
of the FET and, as such, the MOSFET is also known as insulated gate FET or
IGFET. Ohmic contacts are brought out for the gate, drain, source and the
substrate as in Fig. 6.37(a). Figure 6.37 (b) shows the circuit symbols for a
MOSFET.

The drain current 7, is controlled by the voltage on the gate. When the gate
is made positive the MOSFET operates in the enhancement mode and when the
gate is negative, it is the depletion mode. The insulated gate forms an electro-
static device with a very high input resistance of the order of several megaohms.
To avoid a build up of static charges, the leads of an IGFET are kept shorted
with a shorting ring when not used in a circuit.

Figure 6.38 shows the use of IGFET as an amplifier. This circuit corre-
sponds to the CE circuit of a bipolar transistor and is known as the common-
source configuration. Other possible configurations are common gate and com-
mon drain corresponding to CB and C configurations respectively in bipolar

transistors.
0
G B
p
S R
1 +
Input signal @ iYDD Output
“r O

Fig. 6.38 IGFET as an Amplifier

The main advantages of FET are a very high input impedance and its not
being very sensitive to temperature effects. Field Effect Transistors, therefore,
find wide applications in low power audio amplifiers, electronic timers and test
instruments.

6.22.3 Other Semiconductor Devices

Silicon Controlled Rectifier (SCR) A silicon controlled rectifier (SCR)
is a four layer semiconductor device having three external connections. These
connections are the anode, the cathode and a control connection called the
gate. Figure 6.39(a) is a representation of NPNP SCR and Fig. 6.39(b) gives its
circuit symbol. The SCR is a solid state rectifier which does not conduct
appreciably even when forward-biased till the anode voltage reaches or ex-
ceeds a value called the forward break over voltage. Once the forward breakover
voltage is reached the SCR is switched on to a highly conductive state and the
voltage drop across it comes down to as low a value as one volt. In this highly
conducting state, the current in the SCR is limited only by the supply voltage
and the load resistance. The flow of current continues till the circuit is inter-
cepted for a brief moment as in a thyratron. In actual practice, the SCR is
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Cathode

K
T Q G (short lead)

B—O Gate

T | 2|70 | Z2

T O A (case)
(b)

Anode
(a)
Fig. 6.39 Silicon Controlled Rectifier (SCR) (a) Representation (b) Circuit Symbol

operated at a voltage slightly less than the forward breakover voltage and then
it can be switched on by a small trigger pulse applied to the gate. This is a
novel method of rectifier operation where low levels of gate current (1.4 V, 30
mA) can control high levels of anode current. SCRs are manufactured in vari-
ous capacities starting with low current SCRs with less than 1 A anode current
to high current SCRs which can pass anode currents of hundreds of amperes.
This property of control over powerful currents by means of small Gate pulses
makes the SCR useful for many relay, switching and control applications.
Typical applications are the lamp-dimmer circuits and the speed control cir-
cuits in motors.

The silicon controlled rectifier (SCR) belongs to a family of semiconductor
devices called thyristors which are generally used in switching and control
circuits.

6.22.4 Thyristor

This is a general name for gate controlled rectifiers. Two special types are
TRIAC and DIAC.

TRIAC The TRIAC is a bidirectional SCR. There is no anode or cathode in
the TRIAC, as current can flow in either direction between terminals 1 and 2.

Terminal 1 2 f GATE O Terminal 1
N N GATE
P
N
A A
P N
Terminal 2 O Terminal 2
(a) Construction (b) Symbol

Fig. 6.40 The TRIAC—A Gate Controlled Rectifier
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DIAC This is also bidirectional between main terminals 1 and 2 but it does
not have a gate: there are just three layers.

6.22.5 Unijunction Transistor (UJT)

UJT has an emitter and two connections to the base, without a collector termi-
nal. UJT is not used as a transistor amplifier but only as a switching device.

O Base 2 E
P-emitter O N bar
O Base 1

(a) Construction (b) Symbol
Fig. 6.41 Unijunction Transistor (UJT)

B2
B1

6.23 TESTING A TRANSISTOR

A transistor is a combination of two junction diodes. Each junction can be
tested as a diode with a multimeter used as an ohmmeter. The transistor leads
are first identified and the ohmmeter leads are connected between the base and
the emitter after the ohmmeter has been adjusted for either the R x 10 or the
R x 100 range. Resistance reading is noted in this position. The ohmmeter
leads to the base and the emitter are then reversed as in Fig. 6.42 and the
resistance reading noted again. If the resistance value is significantly higher in
one direction than in the other direction, the base-emitter junction can be
assumed to be in good condition. The ohmmeter leads are then applied to the
base-collector junction and the above procedure is repeated. If any of the above
tests show either a direction continuity or an infinite resistance, the transistor
has either an internal short or an open junction and should be rejected. Finally,
the test is also repeated between the emitter and collector leads when the order
of resistances in the two directions will be considerably higher.

i

+
?
%EB% c c

Fig. 6.42 Transistor Testing

MEENR
— +
? ?

BE

It is important to remember that the R X [ range should not be used while
testing low power transistors with a multimeter as the high current supplied by
the ohmmeter in this position can damage the transistor. If the transistor under
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test is already connected in a circuit, it should be tested after isolating it from
the circuit by disconnecting the base lead.

Transistor testers are available which can not only test a transistor but can
also measure its current gain and other parameters. Most transistor testers can
perform either in-circuit or out-of-circuit tests.

6.23.1 Transistor Troubles

Transistor troubles are mainly due to internal short circuit. Although transistor
testers are available to test the transistors in and out of circuit, for open circuit,
short circuit leakage and /3 tests. However, open and short circuit tests can be
easily performed with a multimeter.

The types of tests that can be performed with a multimeter are

(1) In-circuit tests: These tests are performed on a transistor which is already
soldered into a circuit. These tests consist of voltage measurements to deter-
mine if the junctions are in lact and the transistor is conducting properly.

Check the forward bias by measuring the base to emitter voltage by putting
the voltmeter leads directly across their terminals. Vi should be about 0.2V
for germanium and 0-6 V for silicon transistors.

If the reading for BE is zero, the base emitter junction is short-circuit. If the
Ve 1s 0.8 V or higher the base emitter junction is probably open.

Substitution by a new and tested transistor is the best way to correct faults in
an in-circuit suspected transistor.

(1) Out-of-circuit tests: These tests are meant to test each transistor junction
as a diode.

Check the resistance between base and collector and reverse the leads. Do
the same thing between base and emitter. The resistance will be very high
when the junction is reverse biased very low when the junction is forward
biased.

Avoid the use of R X [ scale in the multimeter to avoid damage to the
transistor junction particularly in the case of low power transistor.

The actual reading of resistance in these tests depends on the ohmmeter
range selected and the type of transistor. Reverse resistance is in front in the
case of silicon transistors.

6.23.2 Identifying the Leads of a Bipolar Transistor

If the terminal markings on a transistor are not known and also if the identifica-
tion or number of the transistor is defaced or erased, it is possible, with an
ohmmeter to identify the base, emitter and collector terminals and to find the
type of the transistor, i.e. pnp or npn.

(1) Make resistance measurements between each pair of leads both in the
forward and reverse bias direction. A low resistance of about 250 ohms shows
forward biasing of the junction.

The highest forward bias reading is obtained between the emitter and the
collector.
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The third lead which is not connected to the ohmmeter is the base lead.

(i1) To identify which of the two unknown leads is collector and which is
emitter, it is necessary to know whether the transistor is pnp or npn type. If the
ohmmeter indicates forward resistance when the negative lead is connected to
the base, the transistor is pnp type. The transistor is npn type if the forward
resistance is indicated with the positive lead of the ohmmeter connected to the
base.

(iii)) Now carefully observe the polarity that gives lower resistance indica-
tion.

In the case of pnp transistor the lower resistance indication is obtained with
the negative lead of the ohmmeter connected to the collector. The positive lead
of the ohmmeter will give lower resistance when connected to the collector in
the case of npn type of transistor. Having established the identity of collector
lead, all the three leads, viz. base, collector and emitter have been identified.

6.23.3 Transistor Testers

Various types of transistor testers ranging from simple ‘good-bad’ indicating
types to those using programmed testing are available.

The more commonly used battery operated types of testers provide for the
measurements of open, shorts, alpha, beta and facilitates for measurement of ac
current and leakage currents at various junctions.

The indicators used are either meters or simply a neon-lamp indicator.

6.24 PRECAUTIONS IN THE USE AND
HANDLING OF TRANSISTORS

1. Transistors, though rugged and sturdy in construction, can be easily dam-
aged if not handled with care. Small power transistors have flexible leads
which are very fragile and can easily break if not handled carefully.

2. Unlike vacuum tubes, transistors are not able to tolerate any over-loads
and are instantly damaged. Any accidental shorting of base-collector leads
in an operating condition is likely to damage the transistor. Care should
be taken to avoid such shorting of leads while taking voltage measure-
ments on a live transistor.

3. Excessive heat can damage a transistor. Soldering a transistors in circuits
should be done quickly and the use of low wattage soldering irons of 30
to 35 W rating is recommended.

4. To avoid transistors being damaged due to transients, the power should
be switched off before inserting or removing the transistor from the cir-
cuit.

5. Voltages applied to the collector and emitter leads should be of correct
polarity and should not exceed the specified limits.

6. While testing transistors with a multimeter, R X [ range should not be
used to avoid damage to the transistor due to excessive current.

7. While testing with a signal generator, the output from the signal genera-
tor should be kept low in the beginning and gradually raised, if necessary.
The use of a capacitive coupling in the generator leads is recommended.



Semiconductor Diodes and Transistors 179

SUMMARY

Transistors are replacing vaccum tubes in every field of electronics because of
their small size, rugged mechanical construction, long life and non-dependence
on heating power. Transistors are made of semiconductor materials whose
electrical properties lie between those of conductors and insulators. Germa-
nium and silicon are the most commonly used semiconductors. In their pure
crystalline form germanium and silicon are insulators but when doped with
certain impurities like antimony or indium, they become semiconductors. Sili-
con doped with antimony becomes a P-type semiconductor but when doped
with indium becomes an N-type semiconductor. In P-type semiconductors, the
conduction takes place through positive charge carriers called holes while in
N-type semiconductors the charge carriers are electrons.

A P-N junction is formed by combining a P-type material with an N-type
material. It is either of the grown type or of the fused type. A P-N junction has
the important property of offering a low resistance to current flow in one
direction and a high resistance in the opposite direction.

A P-N junction is forward-biased when a positive potential is applied to the
P-region and negative potential to the N-region. In this condition, the external
potential lowers the barrier potential and allows conduction. When reverse-
biased by applying negative potential to the P-region and positive potential to
the N-region, it offers a very high resistance. A P-N junction diode which
conducts during positive half cycles of AC and does not conduct during nega-
tive half cycles is used as a rectifier for conversion of AC into DC and as a
detector of modulated waves.

A zener diode is a reverse-biased P-N junction diode which, operated in the
breakdown region, is useful as a voltage regulator. A tunnel diode is a P-N
junction which presents a negative resistance region for a specific range of
forward voltages and is useful as an oscillator at microwave frequencies. Varactor
diodes behave like capacitors whose capacitance can be varied by variation of
reverse bias. Varistor diodes are used to prevent sudden jumps of voltage in
transistor circuits. LEDs and LCDs are diodes which are useful electronic
diodes because of their light emitting properties.

A transistor is a three terminal semiconductor device formed by placing two
P-N junctions in a back-to-back fashion. When the N-type material is sand-
wiched between two P-type regions, the transistor formed is a PNP transistor.
When the P-type material is sandwiched between two N-type regions the tran-
sistor so formed is the NPN type.

Like a diode, a transistor is also constructed either as a grown junction or as
a fused junction crystal.

In a transistor, the centre region is called the base and the two outer regions,
are called the emitter and the collector respectively. Type numbers are given to
transistors to distinguish one type from another and standard methods are used
by manufacturers for the identification of the leads of a transistor.
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For the operation of a transistor the emitter-base junction is forward-biased
and the collector base junction is reverse-biased. Battery polarities used for the
operation of PNP transistors are opposite to the polarities for the operation of
NPN transistors.

The fact that the base current /5 in a transistor can control the collector
current /- makes it suitable as an amplifier like a triode vaccum tube. In a
transistor amplifier circuit, the input signal can be applied between any two
electrodes and the output can be obtained between the other two electrodes.
There being only three electrodes, there are three possible ways of using a
transistor as an amplifier. These are the common base (CB), common emitter
(CE) and the common collector (CC) configurations.

The CB configuration provides no current gain, has low input resistance but
high output resistance and the output voltage is in phase with the input voltage.
The CE configuration is the one most commonly used. It provides both current
gain and voltage gain, has a high input resistance and its output voltage is 180°
out of phase with the input voltage. It needs stabilisation. The CC configura-
tion known as the emitter-follower circuit, has a voltage gain of less than one
and it provides a high input impedance and a low output impedance making it
useful as a matching device.

A transistor is a current operated device in which change of current in one
circuit affects the current in the other circuit. The ratio of change of collector
current to the change of emitter current is called ¢ and the ratio of the change
of collector current to the change in base current is called S o and f are
connected by the relation

ﬂ:a

l-«o

Thermal runaway is the cumulative increase in collector current caused by
the leakage current which increases with rise of temperature. Heat sinks and
other bias stabilisation methods are used to prevent damage to the transistor
due to thermal runaway.

Load line is a straight line on the characteristic curves of a transistor that is
used to analyse the behaviour of the transistor.

Q point or operating point of an amplifier is so chosen as to avoid any
distortion in the output of the amplifier.

h-parameters for a transistor are the hybrid parameters which are used to
relate the four variables of a transistor (v, i;) and (v,, i,) are called h-param-
eters.

Field effect transistors (FETs) are unipolar semiconductor devices whose
operation depends on the action of only one type of charge carriers. FETs are
of two types, junction FET (JFET) in which the main body consists of N-type
or P-type material known as the channel and the other three elements are the
source (S), Drain (D) and the Gate (G). In JFET, the drain current can be
controlled by the application of reverse bias to the Gate. JFET has a very high
input resistance and is useful as a small power amplifier.
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In the Metal-Oxide Semiconductor FET (MOSFET) the Gate is insulated
from the channel by a layer of silicon dioxide and this is also known as
insulated gate FET (IGFET). This type of FET has even higher input resistance
than the JFET.

Although rugged in construction, small power transistors have very fragile
leads and should be handled carefully. Transistors are also damaged by exces-
sive heat while soldering, a sudden urge of current due to accidental shorting
of leads while measuring voltages on transistors in operation.

Review QUESTIONS

1.

Why are transistors replacing vaccum tubes in the electronic industry?

2. What is doping? How is an N-type semiconductor formed by doping and

12.
13.
14.

how does it differ from a P-type semiconductor?

. What property of a junction diode makes it suitable for rectification?

Draw the circuit of a full-wave rectifier using silicon diodes.

How is a PNP type transistor constructed from two PN junctions? Draw a
diagram indicating the biasing for the proper operation of a PNP transis-
tor.

What is meant by thermal runaway in a transistor? Give two methods of
preventing thermal runaway in transistors.

. What property of a transistor makes it suitable as an amplifier? Draw the

circuit of a CE configuration with NPN transistor and describe its charac-
teristics.

. Define o and g and indicate by a formula the relation between the two

constants. The characteristics of a transistor indicate that with V-, =5V,
the values of /- corresponding to [ values of 50 A and 75 uA are
4.5 mA and 9.5 mA respectively. Calculate the value of fand .

(Ans. =200 o= 0.9)
What is FET? Describe the working of a MOSFET. Why is it called
IGFET?
Fill in the blanks:
(a) When the arrow in a transistor circuit symbol points towards the base,

the transistor is type.
(b) A P-N junction diode is forward-biased when the P-section is made
with respect to the N-section.

(c) The Emitter = Base junction of a transistor is biased and the
collector base function is biased.

(d) The FET is while a junction transistor is bipolar.

(e) A CC circuit has input resistance and output resis-
tance.

(f) In a transistor the current controls the current and
transistor is a operated device.

What precautions are necessary in the use and handling of transistors?
What is a load line? How is it used to describe the behaviour of a transistor.
What are h-parameters? How are these parameters used to relate the
various parameters of a transmitter?
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Integrated Circuits

7.1 DEFINITION

Integrated circuits (ICs) are small packages containing dozens of circuit com-
ponents such as diodes, transistors, resistors and capacitors formed into or
mounted on the surface of a block of semiconductor material by special manu-
facturing processes. These components are arranged or “integrated” into
specific circuits on extremely small wafers called “chips”. These chips contain-
ing several transistor circuits are only tiny bits to begin with but the size
becomes relatively bigger when packaged and provided with terminals and
leads. Even as a complete package, the size of an IC is comparable with the
size of a normal transistor package. Figure 7.1 shows two IC packages of
different shapes.

CA 3065
BELAX - b - TAA - 570

BEL CA-3065
(@)

TAA - 570
(b)
Fig. 7.1 IC Packages (a) BEL 3065 (b) TAA 570

One single IC can replace a number of complex circuits or stages in a TV
receiver, radio receiver or in other electronic circuits. This has introduced a
new trend of circuit fabrication in the electronic industry. In circuit construc-
tion, ICs provide the advantage of extremely reduced size and weight com-
bined with reliability and economy in component and assembly cost. In addi-
tion to their use as audio and RF amplifiers in radio and TV circuits, the IC
chips are also used in electronic calculators, watches and digital computers.
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7.2 CONSTRUCTION OF ICs

ICs are constructed as monolithic ICs and thin or thick film ICs.

Monolithic ICs In this type of IC all the components like diodes and tran-
sistors are formed out of a single P or N type wafer called substrate. The
process is a diffusion process which causes impurities to spread out into given
areas of the wafer or the substrate.

Thin or thick film ICs In this type, the components are formed by the
deposition of certain materials upon the substrate. In the thin film type, the
substrate is ceramic or glass and all the components are formed on this insulat-
ing platform by an evaporation process. In the thick-film type, however, R and
C are formed on the substrate itself but transistors are then added as discrete
chips.

Hybrid ICs consists of components which are both of monolithic and film
type.

7.2.1 Classification

As for their functional use, ICs can be classified as linear or Digital ICs. Linear
ICs generally contain circuits operating on the linear portions of the character-
istics so that input and output waveforms are similar. Linear ICs are mostly
used in linear audio and RF circuits. Digital ICs are for pulse circuits employed
in calculators and digital computers.

Complete circuit details and applications of a particular IC are generally
available in application notes furnished by the manufacturers. Figure 7.2 is a
functional diagram of an IC-CA4 810 used as an audio amplifier for radio
receivers. Other applications of the IC include stereo amplifiers, Hi-Fi amplifi-
ers and audio amplifiers for TV receivers.

320 uF
100 Q N WRY,
1

o T AMW———
6V T 1
6.
10 uF
Vi b 68K
© v 1000 4F
330K —
6.4V
470Q f 270 pF
it £10 80
15pF  10004F
- 6.4V p
180 6V 1.5nF = 0.1uF
TREBLE

Fig. 7.2 0.5 W Audio Amplifier for a Radio Receiver (Courtesy: BEL)

Linear Integrated Circuits A linear integrated circuit is an IC in which the
output is proportional to input. These ICs are mainly designed for dc amplifi-
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ers, audio amplifiers, RF amplifiers, IF amplifiers, power amplifiers, differen-
tial amplifier etc.
An important class of linear ICs is the operational amplifier (op-amp).

7.2.2 Operational Amplifiers (Op-amps)

Basically an operational amplifier is a high gain direct coupled amplifier. These
amplifiers were originally used in analog computers to perform certain mathe-
matical functions such as addition, subtraction, integration and differentiation
and hence the term operational amplifier was used. However, these days the
operational amplifier refers generally to a high gain amplifier together with its
feedback circuits.

An operational amplifier is a complete amplifier circuit constructed as an IC
on a single silicon chip. Inside the package there are a number of transistors
and other components integrated to form a single unit. Monolithic construction
leads to a very small size, balancing of temperature effects, reduced cost and
improved reliability by elimination of much of inter-connecting wiring etc.

Characteristics of an op-arnp The following are the main characteristics
of an ideal op-amp. 1. Infinite gain 2. Infinite input impedance 3. Zero output
impedance 4. Infinite bandwidth 5. Zero rise and fall times for Quiescent point,
zero voltage output level for a zero input level. 6. Infinite common mode
rejection (CMMR) 7. Insensitivity to ageing 8. Insensitivity to power supply
voltage variations.

7.2.3 Typical Applications of op-amps

(i) Notation Symbolically an op-
amp is represented by a triangle as
shown in Fig. 7.3(a).

The triangle indicates the direction B . c
of signal flow. A and B are the signal
input connections and C the output sig-
nal connection. The (—) minus input is
the inverting input and (+) plus input is the non-inverting input.
Identification: The following information is generally indicated on the package
of the op-amp.

(1) Device type—u A710

(i) Package type—T (Mini DIP-numero)

(iii)) C—Temperature
Package Type—generally represented by one letter:

— Dual-in-line package (Herrnatic ceramic)
— Flat pack

Metal can package
— Metal power package (TO-66 outline)
— Metal power package (TO-3 outline)
— Dual-in-line package (Moulded)

A -

Fig. 7.3 (a) Symbol for an op-amp

2 el Rl
|
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R — Min-DIP (Hermeic Ceramic)
T — Min-DIP (Moulded)
U  — Power package (Moulded-To-220 outline)

Temperature range
Three basic temperatures ranges in common use are

C — Commercial- 0 to + 70°C

M — Military - 55 to + 85°C

V  — Industrial — 20 to + 85°C
— 40 to + 85°C

ExampLE: £ A 725 HC
Indicates a ¢z A 725 type operational amplifier in a metal can package with a
commercial temp. range capability (0 to 70°C).

7.2.4 Practical Applications

(a) As a Summing Amplifier Let the voltages V,, V,, V3, etc. be applied
to the inverting input terminal of the op-amp as shown in Fig. (7.4).

R,
Vi WA
R, Ro
V, AAMAA ANMMA
Rs
V3 —_—AN————

Fig. 7.4 Summing Amplifier

It can be shown that

R, R, R,
Vo=—|—WN+—V, +—V, (7.1)
R, R, R,
If Ry =R, = Ry = R, then V, =— (V, + V, + V3) and the virtual ground is
really the summing point for all input circuits.
This circuit is very useful in analog computers and can be used to solve
linear equations.

(b) As an Inverting Amplifier Tf A is the closed loop gain of the Amp,
then

A Y R,

Given

nooRr
This is an important fact that the gain of an inverting op-amp depends only on
the feedback resistors R, and R;. The minus sign only shows that the output
signal is inverted i.e. 180° out of phase with the input signal.
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MW
——O0V,
V‘I

Fig. 7.5 Inverting amp

IfR, =3 kand R, =30 k
30k

then = =
3k
(c) As a Non-inverting Amplifier The closed loop gain A of the non-

10

inverting amp. is given by.

Fig. 7.6 Non-inverting amp

R
A =1+=% and if R, =30 k and R, = 3 k, then
1

a=1+3 -=1+10-1
(d) As an Integrator An integrator is basically a low pass filter whose
output is proportional to the product of the amplitude and duration of the input.

In other words it denotes the area under the voltage-time curve of the output

signal.

0

;R

Fig. 7.7 Integrator
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In the circuit shown for integrator

1
RC
(e) As a Differentiator A differentiator circuit shown in Fig. 7.8 produces

an output signal which is proportional to the rate of change of the input signal.
R

A

Vo =———[v -dt

wb—o o
-+

Lo
I

Fig. 7.8 Differentiator

(f) As Active Filter An op-amp is widely used as an active filter element

because reasonably valued capacitors and resistors may form filters operating
at frequencies as low as 0.01 Hz.

(g) Low Pass Filter Figure 7.9 shows a low pass filter which will start
roll-off at 12 dB/octave. The high pass filter can be easily formed by inter
changing the capacitors and resistors as shown in Fig. (7.10).

G4

) ‘i
l LR, R,

Fig. 7.9 Low Pass Filter

R,
AW
C, C,
T
Vin R,
R
R, °

Fig. 7.10 High Pass Filter

njf—o i
=

m
o
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function of Q

Figure 7.11 shows a multiple feedback band pass filter. Filter bandwidth is a

Where

I 0
Fig. 7.11 Bandpass Filter

BW (bandwidth) = fo
fo = resonant frequency
BW = Bandwidth at 3dB point

(h) As a Voltage Regulator The circuit is shown in Fig. 7.12. The regu-
lated output voltage may be varied by varying R, or R,

vvvvv

q

——o0
\Z

transistor used as an emitter follower can be connected at the output
input.

Fig. 7.12 Voltage Regulator
If the load current is more than the output capability of the op-amp,

VR

to minus saturation and vice versa with less than one mV change across its

'l|||—O
}@ -

(i) As Comparator The comparator circuit of Fig. 7.(13) is used to switch
at any reference level. The output can be made to switch from plus saturation

Fig. 7.13 Comparator
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(j) As a Divider op-amp as a divider is shown in Fig. 7.14.

—oVo

Vio—+
R,

Fig. 7.14 Divider Circuit

v
Vy=—'  where
0™ Divider ratio

divider ratio = Ry
R +R,
(k) As a Square Wave Generator The circuit shown in Fig. 7.15 gener-

ppEpEpE

ates an output voltage of square waveform.
R2

Ra

il — ,_‘

Rb

Fig. 7.15 Square Wave Generator

The frequency f of the square wave is given by
1
= f =04
f IR,C or = 0.473

where B = R
R, +R,
(1) As a Sine-Wave Generator Figure 7.16 is simple Wien Bridge circuit
that produces a sine wave whose output amplitude is controlled by the potenti-
ometer R, with R, = R, and C, = C,, then frequency of oscillation f'is given by

_ 1
/= 27R,C,

Diodes can be used to reduce distortion in the output.
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{1
C4
Fig. 7.16 Sine Wave Generator

7.3 DIFFERENTIAL AMPLIFIER (DA)

A Differential Amplifier is a direct coupled linear IC amplifier which finds
wide applications in measuring instruments such as oscilloscopes and record-
ing instruments where flat response from dc to megahertz range is required. It
is called a differential amplifier or difference amplifier because any of its
available outputs is essentially proportional to the difference between the two
input signal voltages.

Figure 7.17 gives the basic schematic diagram of a differential amplifier.

Input 2

R; $ RE

VEE
Fig. 7.17 Differential Amplifier

The basic circuit consists of two NPN transistors O, and O, with two inputs
and a single output. The circuit is symmetrical, i.e. the two transistors O, and
0, have identical characteristics.

The collector load resistors R;; and R;, are equal and the emitter resistor
Ry is common to both transistor. The two input circuits are also identical i.e.
vi=v,and R = R,.

There are several modes or parallel combinations of input and output signals
but two most common modes are (i) common mode operation (ii) differential
mode operation. These two modes of operation will be discussed now.
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(i) Common Mode Operation The output signal is proportional to the
difference between the two input signals i.e.

Vo—A4 (v —v,) (7.2)
Where A is the gain of each transistor and v, and v, are the input signal

voltages relative to ground. When the two input signals are in the same phase
and the amplitudes are equal, then

vi—v,=0 (7.3)
and Vour = A (Vl - VZ)
—4(0) =0 (7.4)

This means in the common mode the differential amplifier rejects the common
mode signal and the output as common mode is zero.

(ii) Differential Mode Operation 1In this mode the two input signals are
equal in amplitude but opposite in phase (180°) i.e.
V==V, OF V) =— 1
Vo = AL — (7] = 42w (7.5)
Thus, in the differential or non common mode of operation the DA gives an
output which is equal to twice the gain (4) times the input signal.

Common-Mode Rejection Ratio (CMMR) The advantage of the DA is
that it has no output for the input signals applied to O, and O, in the same
phase i.e. in common mode. As an example any variations in the supply volt-
age will be applied in the common mode and will be rejected. In other words,
the circuit amplifies differential signals but rejects common mode signals.

The effectiveness of a DA (i.e. gain for differential signals and rejection for
common mode signal) is expressed by a factor called Common-Mode Rejec-
tion Ratio (CMMR).

CMMR. = A4, _ Differential gain

‘A, ~ Common mode gain

when A, = Differential gain
A, = Common mode gain

The CMMR value is therefore an index, the effectiveness of a DA, the
higher the ratio the better the DA.

Common-Mode Rejection Ratio (CMRR) is sometimes expressed in dBs.
Typical values of CMRR for op-amps. are 80-100 dBs.

The degree of common mode rejection depends on the balance of two
stages.

Off-Set Voltages This is the amount of differential voltage output with no
input. The off-set should ideally be zero but if the stages are not perfectly
balanced, the variations of temperature and pick up of stray signals may also
cause off set.

7.4 APPLICATIONS OF LINEAR ICs

Linear ICs are mostly used in analog circuits. An analog signal has continuous
variations corresponding to the desired information. Sine wave is an example
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of an analog signal. On the other hand pulse or digital circuits operate between
the two discrete states of ‘off” and ‘on’.

Some of the important applications of linear ICs are given below.

(1) Audio amplifiers—These are used in pairs in stereo amplifiers.

(i1) IF amplifier (Intermediate Frequency Amplifiers) used in AM, FM and
television receivers using envelope detection for 4.43 MHz or 3.58
MHz). As sub carrier regeneration amplifiers or demodulators for colour
TV receivers.

(iii) Operational amplifiers—this has been described in detail in this chapter.

(iv) Voltage regulators

(v) Choppers—To chop a dc waveform into ac segments for easier amplifi-
cation and then convert back into the dc form.

In addition separate IC chips are available for electronic calculators, elec-

tronic watches, video game units and for TV receivers etc.

7.5 FABRICATION OF A MONOLITHIC IC

Let us consider the construction of a simple circuit of the type shown in
Fig. 7.17 (a) on a single chip of silicon as shown in Fig. 7.18 (b).

R C
C E o CB E (R—l FC
ST T
P Wafer
B (b)

(a)
Fig. 7.18 (a) Circuit (b) Construction with Transistor (NPN) and R and C

The steps taken in the construction of the above IC are briefly given below.
(a) The silicon crystal is first cut into thin wafers about 10 ml. thick and
having a diameter of about 1.5 to 2 in as shown in Fig. 7.19.

Wafers (10 ml)
(Silicon Crystal Hﬂmﬂ

;@ Chip

Silicon Wafers 1Z - NPN Transistor
p
11
Diameter
50 ml
== |=<—— Resistor R
(b) One chip (c)

Fig. 7.19 (a) Silicon Crystal, (b) Slice, (c) Chip Manufactured with Components
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The steps described are not for just one chip, but these steps simultaneously
produce as many as 625 chips into which the wafer is cut and each chip is
mounted in a separate package.

(a)

(b)
(©

(d)

(©)

)
(g

Each wafer is polished to a mirror finish by acid elching and a thin layer
of silicon dioxide (SiO,) is formed on the wafer by oxidizing the wafer
in dry oxygen.

The thin glass protects the silicon surface and serves as a barrier to the
doping of semi-conductor junctions.

A thin uniform coating of a chemical called photoresist is now depos-
ited on the SiO, layer. This is a liquid that will harden when exposed to
ultraviolet light through a mask placed over the photoresist. The oxide
coating is opened in a window pattern by photochemical techniques to
allow ‘doping’ when necessary. The wafers are now ready for diffusion
process.

The silicon wafers are now heated in a furnace containing a gaseous
boron (acceptor) atmosphere. The P impurities diffuse into silicon turn-
ing the N-type material into a P-type channel. This will result in the N-
type material resisting on P-type substrate under the SiO, layer.

The P-type base of the transistor is now diffused into the collector using
the same masking process as described above. This also results in the
diffusion of the resistor taking place in the adjoining island.

The N-type emitter is now diffused into the base following the same
diffused photoresists and masking process.

Finally, metal contacts with different diffused areas are provided again
following the same SiO, layer, photoresist and marking process to pro-
vide access to different diffused layers. Final shape of the wafer is
shown in Fig. 7.20.

Collector
. Base ——— Resistor terminals
Emltter—|
o] o) o) O O O (o]

7

P-type substrate

Fig. 7.20 The Cross-section of the Wafer before Metalization

Metallic paths needed to inter-connect components in the IC are provided by
aluminium printed wiring. These terminals are at the edges of the chip where
the wires are bonded for connection to the external leads. These chips are
finally tested by a computer controlled process and defective chips rejected.

The chips are separated by cutting the wafer with a thin diamond point
similar to the one used for cutting glass.



194 Basic Radio and Television

This process of separating the wafer into individual chips is called “DIC-
ING”.

Each chip is then mounted in a plastic case or package which may be in the
form a round TO-5 case with 8 terminals or Dual-in-line form (DIP) with its
terminal as shown in Fig. 7.21.

(a)
Fig. 7.21 (a) TO-5 8-terminal Package, (b) Dual-in-line Sixteen Terminals Package

The terminal leads on the package are connected to the internal electrodes
on the chip with 1.5 ml wire of either aluminium or gold. Connections are
made either by ultrasonic bonding or thermo-compression bonding.

7.5.1 Fabrication of Integrated Circuit Components

The integrated components fabricated on the IC chips include transistors, di-
odes, resistors and capacitors. The advantages of integrated components are
miniaturization and matched characteristics for the components.

Integrated Transistors (Bipolar) NPN construction as described above
is the most common for bipolar transistors. The P substrate forms a reverse
diode with the P collector. Also the P substrate could be the collector for PNP
transistor with the adjacent N and P layers. The combination, then could form a

complementary pair of NPN and PNP transistors.

Integrated Diodes An N-type diffusion into c Anode O

the P substrate can provide diode junction where
required. This is essentially the same as the emit- .
ter-base junction on a transistor. Therefore, the B NPN
diode junction can also be provided by joining
transistor collector to base, serving as the anode.

Integrated Resistors Resistors are obtained Cathode O
utilizing the resistivity of the diffused films of Fig.- 7.22 NPN  Transistor
metal laid on a substrate. The values obtained Cf)nneCted as a
are describe by the term “sheet resistance”. For a Diode

given thickness we can refer to “ohms per square” of the sheet. Typical values
run from 50 to 250 ohms per square” of sheet depending on the thickness of
P type diffused material and from 50 to 10 K ohms per square for thin films.
The tolerance on monolithic resistors is + 30 to = 50 per cent.
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Integrated Capacitors There are two types of integrated capacitors, the
junction type and the MOS type. In the junction type the capacitance is across
the depletion zone of a PN junction with reverse bias. Typical values are 0.1 to
0.1 pf per square ml with reverse bias of 5V. If an area of 100 square ml is
used out of 2500 sq ml on a chip the C value will be 10 to 40 pF.

For the MOS type of capacitor the N* layer forms the botton plate, the SiO,
insulating layer is the dielectric and the aluminium metalizer serves as the
opposite plate as in Fig. 7.23.

Al
T s % s10
[ I I I/ /I /I/ |I [ [ I/ 2
L N+
P+ P+
N

=]

Fig. 7.23

The capacitance value of 3 to 30 pF depends just on the dielectric of the
plate area. The + sign or N+ or P+ indicates heavy doping.

Supply Voltage for ICs The linear IC units use 15 to 40 V as typical value
of voltage with 3 to 15 volts for digital IC units with monolithic construction.
Usually, positive polarity is required for collector voltage on NPN transistors.

SUMMARY

Integrated Circuits or ICs are small packages containing dozens of components
such as diodes, transistors, resistors and capacitors which are mounted or inte-
grated in specific circuits by a special manufacturing process on the surface of
small wafers called ‘chips’. ICs are constructed as monothilic ICs and or thin
film ICs. Hybrid ICs consist of components which are both of monothilic and
film type.

ICs can be classified as linear and digital ICs. Linear ICs are mostly used in
linear audio and RF circuits, and digital ICs are employed in pulse circuits.

Typical example of linear IC is an operational amplifier (op-amp). Its impor-
tant applications are as a summaring amplifier, inverting amplifier, Non-invert-
ing amplifier, integrator, differentiator, active filter, low pass filter, voltage
regulator, comparator, devider, square wave generator and sine wave generator.

A differential amplifier (DA) is a direct coupled linear IC amplifier which
finds wide applications in measuring instruments.

Fabrication of monolithic ICs consists of a number of steps like cutting the
silicon crystal into the wafer, polishing, coating with photoresist material, dop-
ing, healing where necessary. Finally these are mounted into plastic packages
of different shapes and sizes.
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Review QUESTIONS

A I e I S e

What is an IC? How are ICs useful in electronic Circuits.

. Distinguish between Monolithic and thin or thick film ICs.

. How are ICs classified, give examples of each class.

. What is an Operational Amplifier? Give its main characteristics.

. Described an Op Amp as an (i) Invertor (ii) Differentiator and (iii) Integrator.
. Describe a Differential Amplifier. What are its two common modes of

operation.

. Give briefly the various steps taken in the construction of a monolithic

IC.

. Describe briefly the process of fabrication of circuit components on IC

Chips.

. Answer True or False.

(a) Digital ICs are used in computers.
(b) Differential Amplifier is an RC coupled amplifier for use in measur-
ing instruments.
(c) CMMR is an indication of the effectiveness of a DA.
(d) A linear IC is better suited for pulse circuits than a digital IC.
(e) Digital ICs use higher voltage than linear ICs.
Ans. (a) True (b) False (¢) True (d) False (e) False.



chapter 8

Digital Electronics

8.1 ANALOG AND DIGITAL SIGNALS

There are two types of signals in electronics and communication system. The
Analog signals and the Digital signals.

In analog signals the value of the signal varies continuously over its full
range from its minimum to its maximum value. The word analog indicates a
similarity (analogy) between a real thing like a voltage, current and frequency
and the representation of the real thing. Such quantities are generally read by
the swing of a needle or a pointer on an analog meter. Figure 8.1(a) indicates the
waveform of an analog signal.

(0] (0]
(o)) ()]
) 3
© o
S /\/ S
Time ——> Time——>
(a) (b)

Fig. 8.1 (a) Analog Signal, (b) A Typical Digital Signal

A digital signal is represented by discrete numbers and has only two levels 0
and 1 and also sometimes known as low and high levels. The word digital has
its origin from the digits of fingers which have been used by man from early
times for making simple arithmetical calculations like addition and subtraction
etc. A digital signal is shown in Fig. 8.1(b) and can be represented by an
electronic switch which has either an on position or an off position.

Digital meters provided with read out devices are much simpler compared to
analog meters which always introduce an element of personnel error in the
value read by different persons.

Digital signals have the advantage that these can be used for communication
over long distances without being distorted by noise and other interference.
Morse signals were used originally to avoid noise and distortion.
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A common use of digital circuits is in counting devices. These applications
include the important fields of computers, electronic calculators, clocks and
various types of test equipments.

The reduced cost of integrated circuits (ICs) which are widely used in digital
electronic circuits explains the wide use of digital voltmeters, digital panel
meters and other read out devices in recent years.

The important principles involved in the use of panel digital circuits will be
discussed in this chapter.

8.2 NUMBER SYSTEMS

Digital techniques are based on counting system using discrete units. Various
number systems are employed in digital electronics of which the most impor-
tant are the Decimal and the Binary systems.

8.2.1 Decimal System

The digits used by various systems are 0, 1, 2, 3,4, 5, 6, 7, 8, 9. The number of
digits used by any system is called the base or the radix. For example the
decimal system makes use of all the ten digits from 0 to 9 and it has a radix 10.
The base or the radix is generally indicated by a subscript as in (324),,. Al-
though the decimal system has only 10 digits, it can be used to represent any
number or any magnitude by taking into account the positional value of each
digit.
(324),, =300 + 20 + 4
=3 x10°+2 x 10" +4 x 10°

It will be seen that for numbers greater than 1 the first place to the left of the
decimal point is for count of digits alone, from 0 to 9. The second place is for
count of 10, the next place is for count of 100 (10%) and further next for 1000
(10)°. Places to the right of the decimal point can be used to represent fractions
less than 1, then it-will decrease in multiples of 1/10 or 107",

For example (3472.53),, is represented as

(3472.53);, = 3000 + 400 + 70 + 2 + 05 + 03
=3x103+4x102+7x10'+2x10°+5x 10" +3 x 102

8.2.2 Binary System

This system makes use of only two digits 0 and 1 which represent the two
levels of a binary system. The radix or base is 2 as in (1100),. As in the
decimal system, the binary system can be used to represent any number. The
first place to the left of the binary point can be only 0 or 1. The second place is
in counts of 2!, the third place in counts of 2> with successive places for counts
of 23, 2* and so on.
(1100), =1 x 23 +1x22+0x2' + 0 x 2°
=8+4+0+0

= (12)y9
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As in decimal system, places to the right of the binary point can be used for
fractions less than 1. The values, however decrease in multiple of 1/2 instead of
1/10.

For example (101.11), can be represented as

(101.11), =1 x 22+ 0 x 2!+ 1 x 20+ 1 x 271+ 1 x 272
=4+0+1+05+0.25
= (5.5

Thus the binary number (101.11), is the equivalent of decimal number

(5.75)o.

8.2.3 Binary to Decimal Conversion

The digits in decimal as well as binary system have positional values or weights.
In the decimal system the weights are units (10°), tens (10'), hundreds (10%),
thousands (10°) and so on. The sum of all digits multiplied by the positional
weights gives the total amount being represented.

In the binary system only two digits 0, 1 are used and the positional weights
are powers of 2 instead of powers of 10 as in 2% (units), 2! (twos), (2%) fours,
(2%) eights and (2*) sixteens and so on.

The decimal equivalent of binary number is the sum of all binary digits
multiplied by the weights (2°, 2!, 23 etc).

Table 8.1(a) shows the weights for a few decimal numbers and (b) binary
numbers.

Table 8.1
51710134/ dgits 1|1 ]00] 1| digits
10* 10 [10? |10 | 10° | weights 241 2% |22 | 2! | 20 | weights
(a) Decimal weight (b) Binary weight

As in Table 8.1(a).
510 +7x10°+0x 102 +3 x 10" +4 x 10° = 57034
In the same way from (b)
Ix2%+1x22+0x22+0x2'+1x2°=16+8+0+0+1=25

So binary (11001), is equivalent to decimal 25. For conversion of binary to
decimal the following steps may be followed.
1. Write the binary number.
2. Write the binary weights 1, 2, 4 and 8 under the binary digits.
3. Cross out any weight under a zero.
4. Add the remaining weights.

ExampLE 1: Convert binary (1101), into decimal
1101 < binary number
8421 «— weight
8401 < Multiply
841 « Cross out zero
8+4+1=13 «— Add
so (1101), is equivalent of 13.
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ExampLE 2: Convert (111), into decimal
111 <« binary
421 «— weight
421 « multiply
4+2+1=7Add
so (111),=7
ExampLE 3: Convert (1100), into decimal
1100 < binary
8400  « weight
8+4+0+0=12 Add
Binary Fractions: The digits to the right of the binary point have the positional

weight of % (2-1 ),%(2 -2 ),%(2 -3) and so on

1/2 1/4 1/8 | 1/16 | -1.32
2—1 2—2 2—3 24 2—5

Binary point.

Thus 0.101 has a decimal equivalent

0.101
0.12+1/4+1/16=05+0+0.125 = 0.625

ExampLE 4: Convert binary (1011.11), into decimal
1011.11
8421.1/2 1/4
8+0+2+1+0.5+0.25=(11.75),

8.2.4 Decimal to Binary Conversion

The simplest method to convert decimal numbers into binary is by successive
divisions by 2 and writing down the quotient and its remainder. The remainders
when read from bottom to top gives the binary equivalent of the decimal
number. The method is explained below.

ExamrLE 1: Convert (13),, into its binary equivalent

2113

216 remainder 1

213 remainder 0

211 remainder 1
0 remainder 1

(13), = (1101),
for check up

1101=8+4+0+1=13
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ExamrLE 2: Convert (43),, into its binary equivalent

2| 43

2121 remainder 1

2|10 remainder 1

215 remainder 0

212 remainder 1

201 remainder 0
0 remainder 1

(43),0 = (101011),
Check up. 101011 =2°x 1 +2*x 0+ 23 x 1 +22x 0+ 2! x 1 +2°x 1
=32+0+8+0+2+1=43
The two sides of the equation balance.
As for the fractional part of the binary number, we multiply by 2 and record
a carry in the integer portion as below. Carries taken in the downward direction
are the binary fraction as shown below:
Convert 0.625 into binary fraction
0.625 x 2 = 2.5 with a carry of 1
0.25 x 2 = .50 with a carry of 0
0.50 x 2 = 1.0 with a carry of 1
By taking the carries downward we have

0.625 = .101
Also 101 = Lx1+Llxo+lxi
: 2 4 g

=0.5+0+.125=0.625
8.3 BINARY ARITHMETIC

The arithmetic processes of addition, subtraction, multiplication and division
are also performed with binary numbers but using only two digits 0 and 1 as
explained below.

8.3.1 Binary Addition
The following rules apply to binary addition

Rule 1 0+0=0
Rule 2 0+1=1
Rule 3 1+0=1
Rule 4 1 + 1 =10 (This is to be read as 0 with carry 1)
ExampLE 1: Add 101 and 110
101
_110
1011

In the first column 1 + 0 = 1, in the second column 0 + 1 = 1, in the third
column 1 + 1 =10, i.e. 0 with carry 1.
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ExawmpLE 2: Add (1011), and (110),
(1011),
(110),
(10001),

8.3.2 Binary Subtraction
The following rules apply to binary subtraction

Rule 1 0-0=0
Rule 2
1-0=1
Rule 3 I-1=0
Rule 4 10-1 =1
ExampLE 1: Subtract (101), from (111),
111
- 101
010
This can also be checked up as below
11 is 7
101 is -5
010 is 2

The process of subtraction sometimes involves a lot of borrowing from
adjacent columns and the results can be negative also, when numbers of larger
magnitude are subtracted from numbers of smaller magnitude as in the follow-
ing example.

ExawmpLE 2: Subtract (111), from (100),

100 firstcol. 1 -0=1
-111 second col. 1 —0 =1
- 011 thirdcol1 -1=0

Here we subtract the number of larger magnitude from the smaller one and
prefix the —sign in the result or check up (110), is 4 and (111), is 7, so the
difference is 3 with a minus sign (-3).

8.3.3 Binary Multiplication and Division

Rules for binary multiplication

Rule 1 0x0=0
Rule 2 O0x1=0
Rule 3 Ix0=0
Rule 4 Ix1=1
ExampLE 1: Multiply (111), by (101),
111
x 101
111
000
111

100011
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Check (111), is 7 and (101), is 5
7% 5=35and (100011),is 1 +2+0+0+0+32=35
Binary division is similar to division of decimal numbers.

ExawmpLE 2: Divide (1100), by (10),
110

10]1100
10

10
10
00
Check: (1100), is 12 and 10 is 2 and hence 12 divided by 2 is 6 i.e. 110 and
the remainder is zero.

8.4 LOGIC AND SWITCHING CIRCUITS

A GATE is a circuit with one or more input signals but only one output signal.
An example of a logic gate is the circuit shown in Fig. 8.2. This circuit consists
of two switches A and B in series which are used to light up a bulb with the
help of a battery V. The bulb will light up only when both the switches A and
B are closed.

The bulb will not light up if either
A or B or both switches are open. The
logic gate formed by these two switch-
es with two inputs and one output,
which is the condition for lighting the
bulb, is called the AND gate or func-
tion. The relationship between input and Fig. 8.2 Logic Gate
output is a logic function. When sym-
bols like A and B are used to represent various switching conditions, the
system is called symbolic logic. This symbolic logic represents a special type
of mathematics called Boolean algebra named after its inventor George Bool-
ean, an English mathematician of eighteenth century. Practical use of the Boolean
algebra was, however, made by Claude Shannon of Bell Telephone Laborato-
ries who made use of the symbolic logic for simplifying telephone switching
circuits. In Boolean algebra a variable can be either 0 or 1 this means that a
signal voltage can be either low or high.

The basic logic functions or gates are AND and OR with their inverted or
negative functions NAND and NOR. These will now be described.

8.4.1 AND Gate

A symbolic representation of AND gate is given in Fig. 8.3.

This represents a symbolic function with two inputs A and B and the output
represented by A - B =A X B = AB which in Boolean algebra indicates
multiplication of A X B and not addition of signals representing A and B.

In actual practice diodes and transistors are used to represent these symbolic
functions. Figure 8.4 shows the electronic circuit of an AND gate.

A B

Bulb

il —
<

il ]s
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+5V
D4
Ao }/ R
Ae— A B=AB ) c
Be ]
Bo i
D,
Fig. 8.3 Symbol for AND Gate Fig. 8.4  Electronic Circuit of AND
Gate

This circuit with two inputs and one output makes use of two diodes D, and
D, which act as switches which are ON when forward biased and off when
reverse biased.

In this circuit the input can be either low (ground) or high (+5V). When
both inputs are low both diodes conduct and the output voltage is low due to
current flowing through R. If one of the inputs is low and the other high, the
diode with the low input conducts and this brings the output to a low value.
The diode with the high input is reverse biased or cut off.

When both inputs are high both diodes are cut off, there is no current in the
resistor and the output C is high. More than two inputs can also be used for
one output. This will require the use of 3-diodes.

The action of a logic gate can be represented by a TRUTH Table which
summarises the various possible combinations of input signals to a logic gate
with the resulting output for each combination. In these tables binary 0 stands
for low voltage and binary 1 stands for high input. A TRUTH Table for AND
gate is given below.

Table 8.2 Truth Table for AND Gate

A B C
0 0 0
0 1 0
1 0 0
1 1 1

All possible combinations must be listed in the truth table. For two variables
with two input symbols, the combinations are 22 = 4, with three variables there
are 2° = 8 combinations and so on.

8.4.2 The OR GATE

The OR gate has two or more input signals but only one output signal. Figure
8.5(a) shows a representation of OR gate with switches A and B in parallel.
The bulb will light up when either or both of the switches are ON. The bulb
will be OFF only when both the switches A and B are OFF.

Figure 8.5(b) is the symbol for 2 input OR gate. This also shows that OR
gate performs a logic addition.
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A
Y
B A Ae—K
iV B A+B R
v = pe—FK— £
@ (®) D, ()

Fig. 8.5 (a) Representation (b) Symbol (c) Diode Circuit
Table 8.3 Truth Table for OR Gate

A C
0 0
0 1

1 1
1 1

The + sign does not mean addition as in arithmetic. In symbolic logic the +
sign means an OR function. This means all inputs must be off to turn OFF the
output.

Figure 8.5(c) shows how an OR gate can be built with-two diodes. If both
inputs are low, the output is low. If either input is high the diode with the high
input conducts and the output is high.

Table 8.3 is the Truth Table for the OR gate. Binary O stands for low
voltage and binary 1 for high voltage. Notice that one or more inputs produce a
high output, this is why the circuit is called an OR gate.

An OR gate can have as many inputs as desired with one diode added for
each additional input.

— 0= oW

8.4.3 Inverters

An inverter is a gate with only one input signal and one output signal, the
output state is always the opposite of the input state.

An NPN transistor in CE configuration, is an inverter as shown in
Fig. 8.6 (a). Figure 8.6(b) is the logic symbol for an inverter.

The inverter function is also called negation. The logic symbol for inversion
or negation is a bar over the function to indicate opposite state. For instance A

+5V

R,
Volt (&)

R, A .
VIN(A)

(a)
Fig. 8.6 Transistor Inverter (b) Inverter Symbol
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means not A. In binary numbers inversion of 0 is 1 and 1 can be inverted to 0.
The inversion also applies to ON and OFF states. In Fig. 8.6(b) input A to the

amplifier with 0 circle is 4 in the output.
The two negative functions NAND and NOR gates will now be described.

8.4.4 NAND Gate

Figure 8.7 (a) shows the symbol for a NAND gate which is nothing but an
AND gate with inverted output. The circle in the output of the AND symbol
shows inversion. In logical terms a NAND gate is an AND gate followed by an
inverter as shown in Fig. 8.7(b).

Ae— | AB Ae— | A6
B e—] Be— |

(a) (b)
Fig. 8.7 (a) Symbol Nand Gate (b) Logical Meaning (c) Truth Table

Table 8.4 Truth Table of NAND Gate

A B AB
0 0 1
0 1 1
1 0 1
1 1 0

The NAND gate has two or more input signals but only one output signal.
All input signals must be high to get a low output—indicated by the truth table
of a NAND gate in Table 8.4. In terms of the circuit the NAND gate must have
both inputs ON to have the output in the OFF state.

8.4.5 NOR Gate

The standard symbol for a NOR gate is shown in Fig. 8.8(a). The logical
structure in Fig. 8.8(b) shows that it is only an OR gate followed by an inverter.

Table 8.5 Truth Table-NOR Gate

A B A+B
0 0 1
0 1 0
1 0 0
1 1 0

(a) (b)
Fig. 8.8 Nor Gate (a) Standard Symbol (b) Structure
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The NOR gate has two or more inputs but only one output. All inputs must
be low to get a high output as indicated by the truth table of a 2-input, NOR
gate in Table 8.5.

8.5 BOOLEAN ALGEBRA

As stated earlier, the Boolean algebra was invented by George Boolean to
solve certain logic problems and the practical use of this mathematics was
made by Shanon in analysing the operation of telephone relays which have two
states either ON or OFF. Today the Boolean algebra plays an important role in
computer circuit analysis and designs. Digital circuits mainly consist of the
function AND, OR.INVERTER and their combinations. How Boolean algebra
helps to analyse and realise various digital circuits will now be described.

In Boolean algebra letters like 4, B, C etc. are used to describe inputs and
outputs for logic functions and the equations formed with these letters are
known as word equations. For example the inverter circuit in Fig. 8.9 has an

input 4 with output Y.
The word equation for this circuit is, A—l>o—~y

Y=Not 4= 4 Fig. 8.9

Inverter
because 4 is for not A.

Since the variable A can be 0 or 1 (low or high), If 4 =0, then Y =NOT 0 =
1. Similarly if 4 =1, Y=NOT 1 = 0.

The word equation Y= 4 is read as Y equals NOT A. 4 is also called the
complement of A.

Y=14 (8.1)

is the standard equation for an inverter. Similarly
we can write word equation for OR gate and AND B
gate as explained below. y

Word equation for the two input OR gate is Fig. 8.10 OR Gate
shown in Fig 8.10.
Y=4O0RB (8.2)
Given the values of 4 and B we can solve the equation. If 4 =0 and B=0
then Y=0 OR 0 =0.
This means that the output from an OR gate is 0 when both inputs are 0.
Now take the case where both inputs to the OR gate are high or 1. i.e.
A=1and B =1, then
Y=10R1=1
In Boolean algebra the + sign stands for OR operator and so equation can be
written as
Y=4+B
This is the standard way of writing the output of an OR gate and the
equation will be read as “Y equals 4 OR B”.
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Thus we find that the Boolean algebra helps us to find the output of a logic
OR gate when the inputs to this gate are known.

ExampLE: Find the output of the OR gate if
i)4=0and B=0 (i)A=1land B=1

(1) Y=4+B=0+0=0
Which will be read as O OR 0 O gives 0.
(i) Y=A4A+B=1+1=1

is 1 OR 1 gives out 1 OR one gives out one
In boolean algebra + sign does not mean ordinary addition as in decimal
number but + sign stands for OR addition in logic circuit.
AND gate
The word equation for the AND gate shown in Fig. 8.11 is

Y=4 AND B (83) A
In boolean algebra this equation can be written g y

as
Fig. 8.11 AND Gate
Y=4-B=A4B

because the AND operation stands for multiplication. This is the standard way
of writing the AND equation and this will read “Y equals 4 AND 5.

Given the values of 4 and B, the output of AND gate can be formed with the
help of boolean algebra as below:
Case 1 Both inputs low i.e. A =0, B=0

o Y=4B=00=0
or 0 ANDED with 0 gives 0 or low output.
Case 2 If A is low (0) and B is high (1)

Y= 4B = 0.1 = 0, the output is low
Case 3 If A =high (1) and B is low (0) then Y= 4B = 1.0 = 0, output is low.
Case 4 If both inputs are high 4 =1, B=1then Y=4 - B— 1.1 =1 which
means 1 ANDED with 1 gives 1 which is a high output.

These results are the same as indicated by the truth table for AND gate
shown under 8.4.1.

The three logic gates viz. the Inverter, OR gate and the AND gate are called
decision making elements because they can recognize some input words while
disregarding others. A logic gate recognizes a word when its output is high, it
disregards a word when its output is low.

Positive And Negative Logic 1In positive logic 1 stands for the more
positive of the two voltages whereas in negative logic 1 stands for more nega-
tive of the two voltages. For example, if the two voltage levels are 0 and — 5V,
the positive logic will have binary 1 stand for OV and 0 for — 5V. In negative
logic however, binary 1 will represent —5V and binary 0 will stand for OV.

Normally positive logic is used with positive supply voltages and negative
logic is used with negative supply voltages.
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8.6 De MORGAN’S THEOREMS

Laws of Boolean algebra pertaining to various logic gates have been general-
ized by Augustus De Morgan in the form of two identities known as DC
Morgan’s theorems.

1. De Morgan’s First Theorem The theorem states that
A+B=A4AB (8.4)
In words the theorem says that the complement of a sum equals the product

of the complements. A graphic representation of the theorem is given in Fig.
8.12.

A+B AB

-

Fig. 8.12 De Morgan’s First Theorem

The left side in Fig 8.12 is an OR gate and the right hand side is an AND
gate with inverted inputs also known as the bubbled AND gate in which the
inverter triangles have been replaced by two bubbles at the input of the AND
gate. The bubbles are a reminder of the inversion that takes place before
ANDing.

Table 8.6 is a Truth Table for the De Morgans first theorem.

Table 8.6
A B A+B | AB
0 0 1 1
0 1 0 0
1 0 0 0
1 1 0 0

The last two columns in the table are identical for all possible combinations
of 4 and B which proves the theorem.

If both inputs are low (0), the AND gate has high inputs and therefore, the
final output is high (1). If one or more inputs are high, one or more AND gate
inputs must be low and the final output is low.

The above theorem is equally applicable to more than two inputs.

De-Morgans Second Theorem De-Morgans second theorem for two
inputs states that
AB=A+B (8.5)

In word this means that the complement of a product equals the sum of the
complements. Left hand side of identity represents a NAND (Fig. 8.13 (a)) and
the right hand side stands for an OR gate with inverted inputs.
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A— __ _
AB A+B
B—

(b)

Fig. 8.13

Figure 8.13 (b) can be reduced to Fig. 8.13 (c) which is a bubbled OR gate,
the bubbles indicate the inversion that takes place before ORing. De-Morgan’s
second theorem boils down to the

fact that (a) and (b) in Fig. 8.14 A — A-B o
are equivalent. B_— Q> A+B
This indicates that a NAND gate @) (b)

?ni a bubbled OR gate are equiva- Fig. 8.14 De-Morgans Second Theorem
ent.
To Prove De-Morgans second theorem we can take all possible combina-

tions of the values for 4 and B, find the values of 4B and 4 + B and show that

these are equal.
(i) When A =0and B=0

A4-B=0-0=0=1
A+B=0+0=1+1=1
(ii)) When 4 =0and B=1

(iii)) When 4 =1 and B=0
A-B=1-0=0=1
A+B=1+0=0+1=1

(iv) When 4 =1and B=1
A-B=1-1=1=0
A+B=1+1=0+0=0

Since there are no other input combinations the second De-Morgans theo-
rem stands proved.
The above results are also summarised in the truth table in Table 8.7.
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Table 8.7 Truth Table for De-Morgan Second Theorem

AB A-B |A+B
00 1 1
01 1 1
10 1
11 0 0

The last two columns of the table are the same.

De-Morgans theorems are useful in changing Boolean expressions to equiv-
alent forms. For applications of these theorems change plus signs to multiplica-
tion signs and vice versa and take the complements of individual terms rather
than the entire expression.

For 4 + B, change the + sign to a — sign to get 4. And to get 4 - B take the
complement of each term.

ExampLE: Apply De-Morgans second theorem to the following identity.
A-B=A+B

Solution:
De-Morgans second theorem states that complement of a product equals the

sum of the complements. 4 - B is the complement of 4 - B which is the product

of 4 and B. So the complement of 4 - B is the sum of the complements of A
and B.

A-B=A+B

4 is called the double complement 4 and the double complement of a variable
is equal to the variable itself.

A=4 if A=0 then
A=0=1=0
If4=1
1=0=1
So A-B=4+B=A4A+B

and this proves the identity.

8.7 EXCLUSIVE—OR GATE

Figure 8.15 (a) shows one method of building an exclusive OR gate, abbrevi-
ated as XOR gate.

The upper AND gate forms the product A4 -B and the lower AND gate

A- B, therefore the boolean equation for the output is given by.

Y=AB+ AB
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Figure 8.15 (b) is the standard symbol for an exclusive OR gate.

P.E

A o—

:j:::>__-y=AB+AB

>
wl| |® w
>
w|

(a)

A
y
B
(b)
Fig. 8.15 (a) Exclusive OR Gate (b) Symbol for 2-input Exclusive OR Gate

The truth table for the exclusive OR gate is given in Table 8.8.

Table 8.8 Truth Table for Input XOR gate

A B AB+ AB
0 0 0
0 1 I
I 0 I
I 1 0

The output is high when 4 or B is high but not both. This is why the circuit is
known as an Exclusive OR gate because output is 1 only when the inputs are
different.
Logical Symbol and Boolean sign

Figure 8.15(b) is the standard symbol for a 2-input XOR gate with equation
y=A XOR B which can also be written as y = 4 + B where + sign stands for
XOR addition. This is read as “y equals 4 XOR B”.

8.8 EXCLUSIVE NOR GATE

The exclusive NOR gate abbreviated XNOR is logically an XOR gate
followed by an inverter. Figure 8.16 (a) is the circuit and (b) is the symbol for a
XNOR gate, because of the inversion on the output side the truth table of an
XNOR gate is the complement of an XOR gate truth table as shown in
Table 8.9.
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A A
y y
B B

Fig. 8.16 XNOR Gate (a) Circuit (b) Symbol

Table 8.9 Truth Table for XNOR Gate

A B Y
0 0 1
0 1 0
1 0 0
1 1 1

8.9 THE UNIVERSAL BUILDING BLOCK

Boolean expressions can be used to build logic circuits and logic circuits can
be reduced to Boolean expressions. To build a logic circuit from any Boolean
expressions we can use OR gates for the + sign, AND gates for — sign and
NOT circuits for the overhead bars. This means that OR, AND and NOT
circuits are the basic building blocks for all logic circuits. The real building
block is, however, the NAND gate because it can be used to build all the three
gates mentioned above i.e. OR, AND and NOT gate as shown below.

(i) Building NOT circuit from NAND gate

This can be done by connecting all inputs together as shown in Fig. 8.17 (a).
The simplified symbol for the NOT gate is shown in Fig. 8.17 (b).

(a) (b)
Fig. 8.17 NAND Gate as an Inverter

ExAMPLE:
If4=0
A-A4=0-0=1=4
f4=1
A-A=1-1=1=0
(i1) Converting a NAND gate to AND gate. This is shown in Fig. 8.18 (a).
The output of the first NAND gate is AB which is complemented by the
second NAND gate to produce AB. This double complement of AB is equal to
AB as mentioned earlier in the chapter.
(iii) Converting a NAND gate to OR gate.
This is shown in Fig. 8.18 (b). The first two NAND gates invert 4 and B to
produce 4 and B. The two input NAND gate produces an output of 4 - B,
then
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A— AB x
AB A— A
B——I
(a) _} + B
B —DT
(b)

Fig. 8.18

A-B=A+B=A+B
as per De-Morgans second theorem.

The above examples prove that any logic circuit can be built using only
NAND gates.

8.10 LOGIC CIRCUITS

The logic gates described earlier can be realized and built with the help of
components like resistors, capacitors, diodes and transistors, both junction type
and FET. A diode is switched on by applying forward bias. The conducting
diode is a short circuit with no resistance and internal voltage drop of less than
1 V. Applying reverse bias to a conducting diode cuts it off. It is an open
circuit with very high resistance.

Similarly a transistor can be switched on by applying enough forward bias
to produce saturation. The transistor output voltage is very low with the collector
saturation voltage less than 1V.

When the transistor is cut off without any output current, output voltage is
high and this voltage is equal to supply voltage as there is no IR drop in the
load R;. A transistor in the CE configuration is also an inverter. It negates a
logic function from the input at the base to the output at the collector.

All these components are generally combined on a chip to form an Integrat-
ed Circuit (IC). Most logic functions are available in the form of IC chips.

8.10.1 Types of Logic Circuits

Depending on the type of components used for their manufacturer, the various
logic circuits can be divided into two main categories or families known as
Bipolar and MOS families. The first category fabricates bipolar transistors, in a
chip and the second MOSFETs. Bipolar technology is preferred for SSI and
MSI because it is faster. MOS technology is prevalent in the LSI field because
more MOSFETs can be accommodated in the chip of the same area.

8.10.2 Compatibility

Two logic devices are said to be compatible when the output of one device can
be connected to the input of another device belonging to the same logic family.
Compatibility permits a large number of different combinations.
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A list of logical circuits that fall under the two main categories i.e. Bipolar
and MOS families is given below.

8.11 BIPOLAR FAMILIES

RTL —  Resistor-Transistor logic
DTL — Diode-Transistor logic
TTL —  Transistor Transistor logic
ECL —  Emitter Coupled logic.

RTL using resistors and transistors family was the first to be introduced.
DTL uses diodes and transistors, once popular is now obsolute. TTL uses
transistors almost exclusively and is perhaps, the most popular family of SSI
and MSI chips. ECL is the fastest logical family and used in high speed
technology.

8.12 MOS FAMILIES

This comprises the following families:-

P MOS — p-channel MOSFETs
N MOS — n-channel MOSFET
C MOS — Complementary MOSFET.

P MOS is becoming obsolete whereas N MOS is largely used in LSI field,
which includes microprocessors and memories. C MOS a push pull arrange-
ment of n and p-channel MOSFETS is extensively used where low power
consumption is required as in pocket-calculators, digital wrist watches etc.

8.13 DEVICE NUMBERS

7400 Series In the line of TTL circuits is the most widely used of all
bipolar ICs. This TTL family contains a variety of SSI and MSI chips that
allows you to build all kinds of digital circuits and systems.

By slightly varying the design of the circuit the manufacturer can alter the
number of inputs and the logic function. For example 7400 with four 2 input
NAND gates is one package and 7402 has four 2-input NOR gates, the 7404
has six inverters and so on.

5400 Series Any device in the 7400 series works over a temperature range
of 0° to 70°C and over a range of 4.75 to 5.25 V. This is adequate for commercial
applications. However, the 5400 series, primarily meant for military applica-
tions, has the same logic function as the 7400 series except that it works over a
temp. range of — 55 to 125°C and over a supply range of 4.5 to 5.5 V. The
5400 series are rarely used commercially because of the much higher cost.

8.14 SPECIFICATIONS OF LOGIC FAMILIES

The specifications provided for the various logic families by the manufacturers
contain many terms which are unique to digital electronics. Some of the impor-
tant specifications must be defined before describing the characteristics of
individual logic families.
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FAN-IN and FAN-OdT The fan-in of a logic circuit is the number of
inputs that the logic circuit can handle. For example, an eight input gate re-
quires one unit load per input and hence its fan-in is 8.

The fan-out of a circuit is the number of unit inputs that can be driven by a
logic element. If a gate has a fan-out of 6, this means it can drive six unit inputs
and still maintain its logical 1 and logical 0 output voltage specifications.

Noise Immunity This is defined as the max. induced noise voltage a TTL
device can withstand without a false change in the output state.

8.14.1 TTL Device

Figure 8.19 (a) shows two TTL devices connected together with the dividing
device having an output of 0.4 V in the low state or worst case. If no more
voltage is induced into the connecting wire, the input to the second device is
0.4V. If, however, an induced voltage of 0.4V is developed in the wire with a
polarity that it adds to the input of the second device making this input the
higher than low state input voltage as per specifications of the device, the
second TTL device could undergo a false change output voltage under the
worst case conditions.

TTL Device |94V 04V o0 bevice

(a)

0.4V
TTL Device |04 @ *0-8 | 7L Device

(b)
Fig. 8.19

Similarly false triggering can also take place in the high state as shown in
Fig. 8.20.

TTL Device |24V _+(" = 2V| TTL Device
_/

Fig. 8.20 False Triggering to Low State

If the worst case TTL output of first device is 2.4 and if 0.4 V of more
voltage is induced on the line which is of opposite polarity to the output
voltage of first device, then the input voltage to the second device is 2V which
is less than the min. voltage required for high state input. The second TTL
device will be on the verge of a false change in output state. The first voltage is
more than 0.4 V, the second TTL could falsely trigger to the opposite state
under worst conditions.
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8.15 PROPAGATION DELAY

Propagation delay time is the time that elapses between the change in input
state and the resulting change in output state. The propagation delay line for the
TTL gate is of the order of 10 ns (10 x 10%s). If a number of TTL devices are
cascaded, the total propagation delay time is equal to the sum of the individual
propagation times. Thus if three TTL devices, each with a propagation delay
time of 10 ns are cascaded, the total propagation delay time will equal 30 ns.

8.16 LOGIC CIRCUITS

8.16.1 Resistor-Transistor Logic (RTL)

RTL family was the first to be introduced. An RTL NOR gate is shown in
Fig. 8.21(a). The symbol of RTL is shown in Fig. 8.21(b)

+
B o—~aan
o C
A Q1 QZ A C
B—|
1 (b)
(a) =
Fig. 8.21

If input A is high, Q;, will conduct, pulling pin C, the output to ground.
Similarly, if B is high C will be pulled to ground through O,. The circuit has a
propagation delay of 12 ns and a fan out of 4.

The RTL circuit can be used for NAND and NOR gates.

8.16.2 Diode-Transistor Logic (DTL)

These circuits use diode gates with a CE transistor amplifier as an inverter
stage.

The DTL circuit in Fig. 8.22 (a) is a NAND gate.

The diodes D, and D, with R, form an AND gate. Both inputs V; and V,
must be high with positive voltage at the cathode to cut off the diodes to allow
point C to rise to V,. When only one diode is cut off, the other conducting
diode keeps the gate output low, close to ground potential.

R, isolates the loading effect of this slow series from base to emitter. C, is
the speed up capacitor. Fast variations in gate voltage can be compiled through
C.

The output voltage of the diode AND gate is the input V' to the base of the
NPN transistor O,. Without any input voltage from the gate, O, is cut off by
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Va
[ ]
RA
Dl C1
—X [
C R,
lV1 =0or+3V

D,
lv2=00r+3v

Fig. 8.22 NAND Gate in DTL CIRCUIT

negative base voltage from—/V, through R,. Then the collector voltage is high
at +V . without any collector current. ¥, therefore is high at the state 1.

However, positive drive at the base makes O, conduct and as a result V', drops
to the O state.

D5 is a diode clamp which holds the high state of V. at the clamping level

V,. Any V. greater than 7, makes D; conduct and the collector is effectively
connected to V.

Figure 8.23 is a NOR gate in DTL circuit.

_VA VBB
% Ra R,
D, o
. N Lk .
v,z -3voitVT ¢ R,
1 orov Vg i
D,
V,= —3 Volt D
_T_ or OV

Fig. 8.23 NOR Gate in DTL Circuit

In this the diodes of the OR gate are reversed from the AND gate of
Fig. 8.22, the transistor is a PNP transistor instead of NPN.

Note that with the positive logic ground potentials is the 1 state compared
with =3V for the O state.
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Without any input voltage to the diodes point C is the ground potential
through the conducting diodes. When both diodes pass -3/ to point C it is at 0
state. When only one diode has -3} input the short circuit through the other
conducting diode without input can ground point C for 1 state.

Vout 18 low when O, conducts and high when it is cut off.

V. for the NOR gate is inverted from an inclusive OR gate. The output is at
1 when both inputs are at 0.

8.16.3 WIRE OR Circuits

Both RTL and DTL have a capability called wire OR. Since the output is
effectively a transistor, two outputs can be wired together, producing a low true
OR function. This saves on the total package needed for the design
Fig. 8.24(a).

8.16.4 Standard TTL NAND Gate

A standard TTL NAND gate is shown in Fig. 8.24(b). The multi-input transis-
tor is a typical of all 7400 series gates and circuits.

Fig. 8.24(a) Wired OR (RTL Logic)
o +5V

Fig. 8.24(b) Standard TTL NAND Gate
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Each emitter acts like a diode and therefore O, and 4 kV resistor act like a
2-input AND gate. The rest of the circuit inverts the signal and the entire
circuit acts like a 2-input NAND gate.

TOTEM Pole Connection The output transistors O3 and O, form a totem-
pole connection, typical of most TTL devices. Either Q5 or O, is on. When Q5
is on, output is high, when Q, is on the output is low. When Q; is on, it acts
like an emitter follower (high output) and when Q, is saturated, the output is
low. In either case the output impedance is very low. This is important because
it reduces the switching speed. In other words, when the output changes from
low to high or vice versa, the low output impedance means a short RC time
constant. This short time constant means that the output voltage can change
quickly from one state to the other.

8.17 MULTIVIBRATORS

A multivibrator is also a relaxation oscillator like the blocking oscillator but
without the use of a transformer for providing the feedback. A multivibrator
consists of two RC coupled amplifier stages in which the output of one stage is
applied as input to the other stage, as shown in Fig. 8.25. Since each amplifier
stage produces a 180° phase-shift, the signal applied to the input of each stage
is in phase with the original input and this helps produce oscillations.

Vce

Q1 C1

Q, ’7 output
i

——1

ul]
(¢
N

Fig. 8.25 Basic Multivibrator

Multivibrators are useful devices for generating square waves and pulses
where the frequency can be controlled by voltages injected from outside. The
waves generated by multivibrators are also very rich in harmonics.

Multivibrators are classified either according to the system of feedback em-
ployed or according to the stability conditions obtaining in its operation. The
classification according to the feedback method includes.

8.17.1 Collector Coupled Multivibrator

As shown in Fig. 8.25, the collector of (), drives the base of O, and the
collector O, drives the base of O, through RC coupling.
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8.17.2 Emitter Coupled Multivibrator

In this type the collector of O, drives the base of O, but is coupled back to O,
only through an emitter resistor which is common to both stages.

The classification of multivibrators according to stability conditions includes
the following:

1. Free-running or Astable Multivibrator

When neither of the two stages is stable but remains alternately cut off and
conducting at the MV repetition rate, the MV is a free running or astable type.
The frequency of an astable multivibrator can be controlled by external
synchronising pulses. The multivibrator tends to adjust the frequency of its
oscillations so that the ratio of the external synchronising frequency and the
multivibrator frequency is an integral ratio which can be either unity or less or
greater than unity.

2. Monostable or “One-shot” Multivibrator

This type of multivibrator has only one stable state. An external pulse is re-
quired to initiate action when the multivibrator goes through one cycle of
operation and returns to its original stable state, when the external pulse is no
longer present. In this type of multivibrator, one of the MV transistors is biased
to a voltage more negative than cut-off bias for the collector supply employed.

3. Bistable Multivibrator or Flip-flop Circuit

This type of circuit which has two stable conditions is also known as the
Eccles-Jordan trigger. This is a direct coupled two-stage amplifier in which the
output of the second stage is connected to the input of the first stage. When an
external pulse is applied to the base of the non-conducting transistor, the sys-
tem jumps almost instantly from one stable state to the other resulting in a
trigger or flip-flop action.

Both the monostable and bistable multivibrators are driven oscillators or
trigger circuits which need an external driving pulse to start the operation and
maintain it.

8.18 FLIP-FLOP

A flip-flop circuit is only a bistable type of multivibrator in which each stage
can change abruptly between cut off and conduction. The circuit can stay in
either state indefinitely till a trigger pulse arrives to change that state.

When the flip-flop is in either state it remains that way till a trigger pulse
changes that state. This condition is one stable state. It flips to another state on
arrival of the input pulse and this is also a stable state. The current behaves like
a toggle switch, which remains in one state till it is toggled to the opposite
state.

Figure 8.26 shows a general form of flip-flop with input and output termi-
nals. The input terminals are labelled set (S) and Re-Set (RS) for set and reset

pulses. The output terminals are labelled Q and its negative Q.
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Inputs
SET (§)o—— ———————90Q
FLIP-FLOP
RESET (RS) o———— —o Q

Fig. 8.26 Flip-flop with Reset-Set (RS) Inputs

8.18.1 RS-Flip-flop from Logic Gates

Figure 8.27 shows the formation of the RS-Set flip flop formed by the combi-
nation of two Nand gates. Two NOR gates can also be combined to form a
flip-flop.

S °7:N1 a
R N, o Q

Fig. 8.27 Formation of Reset-Set Flop from Nand Gates

8.18.2 Clocked RS Flip-flop

The flip-flop cannot change position unless a clock-pulse is provided. It is,
therefore, necessary to provide an additional terminal for clock pulses as shown
in Fig. 8.28.

So——— - 6 Q
FLIP-FLOP _
Clock (C) 00— — Q
R o
Fig. 8.28

The clocked type is a synchronous FF as the operation is timed by the clock
pulses.

8.18.3 J K Type Flip-flop

Various types of clocked flip-flops are available but J K type flip-flop is the
most common type because it has no ambiguous state.

Figure 8.29 shows 7476 type of J K flip flop.

In a clocked-flip flop either the S or R input can toggle the output, as long
as both are not same. The condition of both S and R low is not permitted. The
condition of both S and R high allows J and K clock inputs to toggle the
outputs.
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Jo——4 15——oQ

FFI )

Clocko—— 1 14— Q
16 3 o
Ko l ;
R =

Fig. 8.29 J K Type Flip Flop Type 7476

For the clock-pulses every two changes result in one cycle of change in the
FF output. Therefore the circuit is a divide by two or binary flip flop.

8.19 REGISTER

A register is a memory device for storing digital data. There are two types of
registers.

Buffer Register A buffer register is the simplest kind of register. All it does
is to store a digital word.

Shift Register A shift register is a memory in which information is shifted
on position at a time when one clock pulse is applied. The data can be shifted
in either direction i.e. left or right. When the data is shifted to left it is called a
left shift register and when shifted to right it is a right shift register. This data
shifting or both shifting is essential for certain arithmetic and logic operations
in computer technology. A counter is a form of register.

8.20 COUNTERS

A counter or binary counter is a chain of flip-flops in which each divides by 2.
The successive flip-flops divide in multiples of two. The division is in the
frequency of the clock-pulse input. Since each flip-flop divides the frequency
by factor of 2, the flip-flop is called a divide-by-two circuit. Since each flip-
flop divides the clock frequency by 2, n flip-flops will divide the clock fre-
quency by 2". Figure 8.30 shows a counter with three flip flops and it is a
divide by three counter.

Reset |FF-1 [FF-2 |FF-3
Clock [ | Q QA & Q=
input » Clock ae p Clock Qe » Clock B
K K Q
+5V —e F }
Set

Fig. 8.30 Ripple Counter (Divide by Eight)

There are two types of counters, a ripple counter and a synchronous counter.
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8.20.1 Ripple Counter

In a ripple counter the carry moves through flip-flop like a ripple on water.
Figure 8.30 is a ripple counter.

However where the carry moves through a chain of n-flip-flops, the overall
delay time is n, 1,. As such, the ripple counters are too slow for certain applica-
tions. To get over the problem of ripple-delay, use is made of a synchronous
counter.

8.20.2 Synchronous Counter

In this type of counter the clock pulses drive all the flip-flops in parallel.
Because of this simultaneous clocking, the correct binary word appears after
only one propagation delay time rather than three as in Fig. 8.30 above.

SUMMARY

The electronic communication signals can be divided into two types—the ana-
log signals and the digital signals. In analog signals the values of the signal
varies continuously over its full range from its minimum value to its maximum.
value over its full range of values. A digital signal, however, is represented by
discrete numbers, and has only two limits 0 and 1. Digital signals are less prone
to noise and interference than analog signals. A common use of digital circuits
is in numerical counting. These applications include the field of computers,
electronic calculators, digital clocks and various types of measuring equipment.
Digital electronics makes use of binary numbers, binary arithmetic, logic gates
and switching circuits, other topics discussed in this chapter include Truth
tables, Boolean Algebra, Basic logic circuits, Diode gate circuits, Diode Tran-
sistor logic (DTL), Transfer-Transistor logic (TTL) Multivibration, flip-flop
circuits and counters.

RevieEw QUESTIONS

1. Explain the difference between an analog and a digitial signal. Give
examples.

2. What is a binary system? Convert (13),, into its binary form.

What is a logic gate? Define fan-in and fan out factors for a logic gate.

4. Compare the following pairs of logic gates (a) AND with OR
(b) AND with NAND (c) OR with NOR.

5. What is a Truth Table? Use a Truth Table to show that (4) (B) =

A+ B.
6. Explain what is meant by negation or inversion. Describe the two
negative functions NAND gate and NOR gate.
7. State De-Morgans theorems. Give the truth tables for these theorems.
Explain what is meant by a Universal Building Block. Give examples.
9. What is meant by compatibility in logic circuits. Give the names of
two main categories of logic circuits.

w

o0
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10.

11.
12.

What is Diode-Transistor Logic (DTL). Explain with a diagram the
working of DTL.

What is a multivibrator? Describe briefly two types of multivibrators.
What is a counter? Describe two types of counters and give their
practical applications.



chapter 9

Amplifiers

9.1 AMPLIFIER—DEFINITION

Vacuum tubes and transistors are active components which can be combined
with passive components such as resistors, capacitors and inductors to form
what are known as electronic circuits. An amplifier is an electronic circuit that
produces an enlarged version of a small signal fed into the circuit. The termi-
nals where the small signal is applied form the input and the terminals where
the enlarged signal appears is the output. Figure 9.1 shows the block schematic
of an amplifier with the input and output terminals marked. One terminal is
generally common to both input and output and is grounded to the chassis. Any
of the three electrodes in a transistor could form the common or grounded
terminal, giving rise to the common-base (CB), common emitter (CE) or com-
mon collector (CC) configurations. The characteristics of the amplifier will
depend on the configuration used in a particular circuit.

oO——0 o oO—4—o0
Amplifier

Input Output
Common

O © © O

Fig. 9.1 Block Schematic of an Amplifier

Amplifiers of different types form the building blocks for a complete circuit
of a radio or television receiver.

9.2 CLASSIFICATION

9.2.1 Classification According to Power-voltage and
Power Amplifiers

In a voltage amplifier, the output voltage is many times greater than the input
voltage. The components in a voltage amplifier are selected to give high gain
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or amplification which is the ratio of the output voltage to input voltage.
Voltage amplifiers form the earlier stages of complete amplifier circuits in
radio and TV receivers where the voltages received are extremely small and
need amplification before being really useful or effective. Voltage amplifiers
are also sometimes called pre-amplifiers. Power amplifiers are similar to volt-
age amplifiers but the power developed in the output circuit or the load is very
high compared to input power. A power amplifier may have some voltage gain
also but the main consideration is the power output which is the product of the
current and voltage. The vacuum tubes or transistors used in power amplifiers
are capable of drawing large currents and generally get hot during operation
and need cooling. Power amplifiers are used in the output stages of Radio, TV
and other electronic equipments. Power amplifiers may develop only few milli-
watts of power as in small transistor receivers or hundreds of kilowatts of
power as in the case of high power broadcast transmitters.

9.2.2 Audio Frequency Amplifiers

The word ‘audio’ pertains to the sense of hearing in human beings. Audio
frequencies are pressure variations in air which are within the hearing capabil-
ity of a human ear. The range of audio frequencies extends from 20 to 20,000
Hz. This range, however, varies with age and the individual. The sound fre-
quencies, as such, cannot be amplified by electronic amplifiers. These sound
frequencies must be converted into electrical frequencies or variations before
these can be amplified. This conversion from sound pressure variations to
equivalent electrical variations is effected by means of a microphone.

Audio amplifiers are, therefore, amplifiers which are suitable for the ampli-
fication of electrical frequencies lying within the audio frequency range of 20
to 20,000 Hz. Audio frequency (AF) amplifiers are mainly used in the output
stages of radio receivers and sound sections of TV receivers for driving loud-
speakers to produce sound. AF amplifiers are also used in record players, PA
systems, tape recorders, stereo system and other Hi-Fi equipments.

9.2.3 Classification of Amplifiers—According to Bias

The mode of operation of an amplifier is decided by the fixed bias (Vpgp)
applied for a particular value of the collector voltage (V). Depending upon
the mode of operation, the amplifiers are classified as Class A, Class B, Class
AB and Class C amplifiers.

Class A Amplifiers A Class A amplifier is so biased in relation to the
input voltage that the collector current flows throughout the complete cycle
(360°) of the input signal voltage. The amplifier operates on the linear portion
of the characteristic and output waveform is a true replica of the input wave-
form. The transistor neither cuts off nor saturates during the complete range of
the input signal. Figure 9.2 is a schematic diagram of a Class A amplifier.
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—~nput | Class A Output
Amplifier

Fig. 9.2 Class A Amplifier

Because of their linear operation, Class A amplifiers have a high quality
output with low distortion. However, Class A amplifiers have low power out-
put and the efficiency is also low (25-35 per cent). The efficiency is the ratio of
the power output to power input. Class A amplifiers are, therefore, used mostly
as voltage amplifiers or drivers in the earlier stages of an audio amplifier. Class
A amplifiers are also used as output stages in audio amplifiers where the
quality of the output is the main consideration.

Class B Amplifiers In a Class B amplifier, the base bias is adjusted to cut
off, so that the collector current flows only for half the cycle (180°) of the input
signal voltage and remains cut off during the other half cycle of the input.
When there is no input signal, the transistor does not conduct and there is
no current flow in the amplifier. Figure 9.3 is a representation of a Class B
amplifier.

Input Class A i EOutputi E

e Amplifier time

Fig. 9.3 Class B Amplifier

It will be noted that amplification takes place only during the positive half of
the input signal and the output waveform is not an exact replica of the input
waveform. The amplifier produces high distortion although the efficiency is
comparatively high (50 to 60 per cent). These amplifiers are not suitable as
audio amplifiers because of the high distortion.

In order to make a Class B amplifier suitable for use in audio amplifiers, two
Class B amplifiers are so connected that their outputs, when combined, form a
complete replica of the input waveform as shown in Fig. 9.4. Two Class B
amplifiers operated in this fashion are said to operate as a push-pull amplifier.

Output from Amp.-A

Input Two stage
L —<~ | (Class B
amplifier

Output from Amp.-B
Fig. 9.4 Push-pull Amplifier

In push-pull operation one Class B amplifier amplifies the positive half and
the other Class B amplifier amplifies the negative half of the input signal. The
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two outputs are so combined that the output waveform exactly corresponds to
the input waveform. For successful operation of a push-pull amplifier, the
inputs to the two Class B amplifiers must be 180° out of phase with each other.
There are several methods of arranging out of phase inputs to push-pull ampli-
fiers. Also the two transistors used in the two branches of the amplifier must
have identical characteristics.

Class B push-pull operation combines the advantages of high output and
low distortion. It draws current only when the input signal is applied. This
means less drain on the power supply compared to a Class A amplifier which
draws a constant current even without signal. In view of the economy in power
consumption, push-pull Class B amplifiers are mostly used in battery operated
transistor radio receivers where power consumption is a major consideration.

Class AB Amplifiers The mode of operation of a Class AB amplifier is
such that the collector current flows for more than half but less than the
complete cycle of the input signal voltage. At low signal levels these amplifiers
automatically operate as Class A amplifiers with low distortion and at high
signal levels they provide higher output with increased efficiency. Class
AB amplifiers, therefore, combine the advantages of Class A and Class B
amplifiers.

Class C Amplifiers In a Class C-amplifier the transistor is biased much
below cut off, so that the transistor conducts during less than half of each cycle
of the input (Fig. 9.5). When there is no signal the transistor remains com-
pletely cut off. There is no resemblance between the input and output wave-
forms. As such, the amplifier output is highly distorted and not suitable for use
as an audio amplifier. A Class C amplifier, however, provides high output and
extremely high efficiency (70 to 75 per cent). It is, therefore, used in oscillators
and in the output stages of high power transmitters where efficiency is a major

consideration.
Output
Input Class C /\ P /\

Amplifier

Fig. 9.5 Class C Amplifier

9.3 TRANSISTOR AMPLIFIERS

A transistor can perform almost the same functions as a triode vacuum tube.
Transistors possess many advantages over vacuum tubes and most amplifiers
these days are transistor amplifiers particularly the audio amplifiers.

A transistor is a current controlled device and the basic principle underlying
the operation of a transistor as an amplifier is that the base current (/) controls
the collector current (/). For satisfactory operation of a transistor the bias
conditions have to be such that the emitter-base junction is forward-biased and
the collector-base junction is reverse-biased. Of the three configuration, CB,
CE and CC, in which a transistor can be connected, the CE (common-emitter)
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configuration is the one that is most suitable for the audio amplifiers. Com-
pared to a CB amplifier, the CE amplifier possesses many advantages like
higher input impedance, lower output impedance and ability to provide current,
voltage and power gain. In view of these advantages the CE amplifier is the
most widely used amplifier in audio, TV and other applications.

The amplifying action of a CE amplifier is mainly due to the fact that a
small increase in base current (Alz) can produce a much higher increase in
collector current (Al-) and the current gain fis given by the relation:

Al
’B:FZ (E,, constant) 9.1)

Small changes in base current produced by the input signal will result in bigger
changes in the collector current and correspondingly bigger voltage drops in
the load resistor R; placed in the collector circuit to provide voltage amplifica-
tion. Figure 9.6 shows the circuit of an NPN transistor connected as a CE
amplifier. The input signal is applied between the base and emitter through the
coupling capacitor C; whereas the output signal is taken from the collector via
another coupling capacitor C,. The battery E,, provides the forward bias for
the base emitter circuit and R, controls the base current to fix the operating
point for the amplifier. The reverse bias for the collector-emitter junction is
provided by the battery £, and R, is the load resistance in the collector circuit
across which the output voltage E_, is developed.

C,
1
c NPN R
I f) [+ o
' & =Ee Eout = IRL
Input Ry Q
. ™IN +
signal =Ey

Fig. 9.6 Transistor as a Common-emitter Amplifier

When the operating point of the amplifier is fixed by the base current, a
sinusoidal signal current imposed on the steady base current causes the base
current to increase and decrease according to the variations of the input AC
signal current. The resulting base current has a sinusoidal waveform. The
changes in base current produce correspondingly bigger changes in the collec-
tor current. The current flowing through the collector circuit also has a sinusoi-
dal waveform, provided the transistor is operated on the linear portion of the
characteristics. The sinusoidal base current and the sinusoidal collector current
are in phase. The sinusoidal collector current i, flowing through the load resis-
tance R; will produce a sinusoidal voltage i, X R;, which is the output voltage
produced by the CE amplifier. The output voltage E,, will, however, be 180°

out
out of phase with the base current i as in the case of a triode amplifier.
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If the CE amplifier is overdriven to nonlinear portions of its characteristics
due to a bigger input signal swing, the resulting output waveform will not be
sinusoidal and the amplifier output will be distorted as in Fig. 9.7.

AR

/ \ Output signal

/
W

) Egg——— >
( | Input signal

Fig. 9.7 Overdriven CE Amplifier

Collector Current (l.)

If a PNP transistor is used for the amplifier instead of the NPN transistor in
Fig. 9.6, the bias polarities will be reversed and the effect of signal polarities
will be just the opposite. However, the amplifying properties of the circuit will
remain the same.

Biasing Methods for CE Amplifiers An important property of a CE
amplifier is that it is quite suitable for base biasing from a single power supply
source rather than the use of two bias batteries as in Fig. 9.6. This is made
possible because in a CE amplifier the base and collector bias polarities are the
same. Figure 9.8 shows two practical methods of biasing a CE amplifier from a
common power supply source.

In the arrangement of Fig. 9.8(a), the base bias is determined by the voltage
divider formed by R, and the base-emitter resistance (Rp;) drawing current
from battery E.. R; is a stabilising resistor which prevents thermal runaway by

1 -

it
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o
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a1

Input

) + (b

Fig. 9.8 Biasing a CE Amplifier with a Single Supply Source
(a) Common Supply with DC Stabilisation
(b) Potential Divider with DC Stabilisation
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developing a voltage whose polarity is opposite to the forward bias applied to
the base. Any increase in the collector current causes a larger voltage drop
across R; which reduces the base current thereby bringing down the collector
current. The bypass capacitor C; prevents any AC signal voltage developing
across R; which would otherwise oppose the input signal voltage and reduce
the gain of the amplifier. Figure 9.8(b) is the potential divider method of
biasing the base emitter junction in an NPN transistor amplifier. With the
polarity of voltage developed across R; as shown, the difference between the
emitter voltage and the base voltage provide the bias voltage for the base bias
current. Resistor Ry compensates for the temperature changes and any variation
of f with different transistors of the same type number.

The voltage gain of a CE amplifier is the ratio of the output voltage e, to
the input voltage e;,

Voltage gain = Cou

This voltage gain can be measured experimentally with a VITVM and an
audio oscillator. The audio oscillator, set for 1000 Hz, is connected at the input
of the amplifier and its voltage adjusted for a value of say 0.5 V with the help
of the VTVM connected across the input. The VTVM is then connected across
the output terminals and the output voltage measured on the appropriate scale. If
the output voltage is say 10 V, then the voltage gain of the amplifier at 1000 Hz
is equal to 10 V/0.5 V = 20.

9.4 MULTISTAGE AMPLIFIERS

Amplifier Coupling Methods Where the amplification provided by a sin-
gle amplifier is not sufficient to be applied directly to an output device such as
a loudspeaker or the recording head of a tape recorder, it becomes necessary to
increase the amplification by connecting together two or more stages of ampli-
fiers in such a way that the output signal of one amplifier serves as the input
signal for the second amplifier, and so on. Two or more amplifiers connected
in this fashion are said to be connected in cascade. For connecting two amplifi-
ers in cascade certain coupling methods are required to be used. There are four
coupling methods in general use which are applicable to both the vacuum tube
amplifier and transistor amplifiers. These methods are (i) resistance-capaci-
tance (RC) coupling, (ii) impedance-coupling, (iii) transformer coupling, and
(iv) direct coupling, RC coupling and transformer coupling are the most popu-
lar methods of coupling in audio amplifiers.

9.4.1 RC Coupling

In the RC coupled amplifier shown in Fig. 9.9, the signal voltage developed
across the load resistor R; of O, is coupled into the base of O, through the
coupling capacitor C, which also isolates the base circuit of O, from the collec-
tor of O,. When two or more stages in an amplifier are connected together, the
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o} +ECC

0 — E¢¢

Fig. 9.9 RC Coupled Transistor Amplifier

transistors in the first, second and subsequent stages are represented by O, O,,
03, respectively. The two RC coupled stages in the above amplifier are identi-
cal. Each stage has a potential divider method of base biasing with bias
stabilisation provided by suitable resistors (R, R,) and bypass capacitors (C,, C3)
in the emitter circuit. C, couples the output signal from 0, to its output load.

If the reactance of the coupling capacitor C, is negligibly small at the fre-
quencies of the input signal, the base resistance Rs comes in parallel with the
load resistance R; of Q). As a result the actual load resistance for Q; which
supplies the voltage that determines the value of signal current flow in the
input base circuit of O, is reduced. This means that the RC coupling changes
the output voltage of O, from its original value before coupling.

RC coupling has the advantage of providing excellent audio quality over a
wide range of frequencies and is also cheap compared to other methods of
coupling. This method of coupling is widely used in audio amplifiers.

9.4.2 Impedance Coupling

Impedance coupling derives its name from the fact that in the collector circuit
of the amplifier, an inductor coil or a choke having impedance is introduced in
place of the load resistance as shown in Fig. 9.10. The output from the first
stage is coupled on to the base of the next stage in the usual way through a
coupling capacitor. The coil L has a low DC resistance and its inductive reac-
tance 277/ varies with frequency. It is, there-

0

fore, possible to get a large value of load 3 =11\,
. . . ! H L LS ‘ CcC
impedance and correspondingly higher out- R, C, = c
. . T 4
put AC voltage without any excessive DC H ;—| o
voltage drop that occurs in the case of RC
coupling. However, the amplification is rath- R c c
er non-uniform being high at higher frequen- 2 T 2 T °
cies and low at lower frequencies. This type o—

of coupling is rarely used. Fig. 9.10 Impedance Coupling
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9.4.3 Transformer Coupling

Of all the coupling methods used in amplifiers, transformer coupling is by far
the most popular coupling method. The interstage transformer not only pro-
vides a coupling method but also provides a means for matching the output
impedance for the first stage to the input impedance of the next stage. Proper
impedance matching ensures the maximum transfer of power from one stage to
the next. Interstage transformer also provides the required isolation between
the DC collector voltage of one stage and the base of the next stage without
coupling capacitors. Moreover, the primary reactance has a high impedance
and low DC resistance as in the case of impedance coupling. This permits the
use of the higher output voltage from the transformer. This output voltage from
the first stage can even be stepped up with a suitable step up transformer.

Figure 9.11 illustrates a typical transformer coupled transistor amplifier.
Transformer 7 is the interstage coupling transformer where 7, is the output
transformer which enables proper matching conditions to be provided between
the output impedance of the amplifier and the impedance of the load which
may be a loudspeaker or any other device. The two transistor amplifier stages
0, and Q, are conventional CE amplifiers using PNP transistors and a poten-
tial divider biasing arrangement with bias stabilisation. NPN transistors can be
used with suitable circuit modifications.

T,
HE Output

E
cc,

=IIIIII)—_|_

(b) T
Fig. 9.11 Transformer Coupled Amplifier

Transformer coupling will normally provide a non-uniform amplifier re-
sponse with peaks at high frequencies due to resonance between the secondary
reactance and the inter-electrode capacitances and the shunt capacitances of the
windings. Unless suitably designed, the transformer coupled amplifier will not
provide the type of response expected of a high quality audio amplifier. High
quality with a transformer coupled amplifier will mean larger size, more weight
and high cost of equipment.

9.4.4 Direct Coupling

Figure 9.12 is the circuit of a direct coupled transistor amplifier. The collector of
0, is directly coupled to the base of Q,. Direct coupling saves the cost of
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Input

Fig. 9.12 A Direct Coupled Amplifier

components used for coupling the amplifier stages. Elimination of the frequen-
cy sensitive components like transformers and capacitors results in much im-
proved frequency response in direct coupled amplifiers.

Direct-coupled amplifiers are useful for the amplification of pulse signals.

9.5 CHARACTERISTICS OF AN AMPLIFIER

9.5.1 Frequency Response of an Amplifier

The frequency response of an audio amplifier is the ability of the amplifier to
equally amplify the signal voltages in the audio range of frequencies (20 to
20,000 Hz). The frequency response is generally expressed as a graph plotted
between the frequency on the x-axis and the voltage gain or output along the
y-axis. A typical frequency response curve for an audio amplifier is shown in
Fig. 9.13.

Output

fs b
0 50100 1000 2000 5000 1000015000
Frequency Hz ——

Fig. 9.13 Typical Frequency Response for an Audio Amplifier

The bandwidth of the amplifier is represented by the flat portion of the
frequency response curve indicating a uniform response. The bandwidth is
defined as the difference between the frequencies f, and f;, where the gain of
the amplifier is 0.707 of the maximum gain at any frequency. Thus, if the gain
of the amplifier drops down to 0.707 of the maximum gain (at 1000 Hz) at
/1 =50 Hz, and £, = 12,000 Hz, the bandwidth of the amplifier is

f>,—f1 =12000 Hz — 50 Hz = 11950 Hz

The larger the bandwidth of an audio amplifier, the better is quality of the
sound reproduction with this amplifier. Audio amplifiers used in Hi-Fi equip-
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ment have a much larger bandwidth than the audio amplifiers in radio or TV
receivers.

Frequency response is a very important characteristic of an audio amplifier.
It can be measured experimentally with the help of the set up shown in Fig.
9.14. A voltage input of say 1 V is applied at the input of the amplifier from an
AF signal generator and this voltage is kept constant at 1 V with the help of a

o =
AF Signal
Genelgator aﬂ Amplifier V*out %) VT VM Output
O o|H——t+ ' o

Fig. 9.14 Measuring the Frequency Response of an Amplifier

VTVM, for the entire range of frequencies over which the frequency response
of the amplifier is measured. Starting from a low frequency of 30 Hz, a voltage
of 1 V is applied at the input at each frequency and the output voltage is
measured across the output terminals with the help of the same VIVM or
another VITVM using an appropriate range. The output for the same constant
input voltage is taken at shorter frequency intervals of about 50 Hz up to say
500 Hz and then at bigger intervals of about 1 kHz at frequencies above 500
Hz up to 10 to 12 kHz. A graph of output voltage versus frequency is then
plotted as in Fig. 9.15.
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Fig. 9.15 Frequency Response Curve on a Semi-log Paper

The frequency range being very large (10 to 10,000 Hz), cannot be easily
indicated on linear graph paper. For plotting frequency response semi-log graph
papers are used. In these graph papers the scale along the x-axis is logarithmic
whereas the scale along the y-axis is linear. Frequencies like 10, 102, 103, 104,
can be conveniently represented on the log scale whereas the output voltages
can be represented on the linear scale along the y-axis. A frequency response
curve plotted on a semi-log graph paper is shown in Fig. 9.15.

An examination of the shape of the frequency response curve indicates that,
compared to the middle range of frequencies, the gain of the amplifier shows a
downward trend both at the higher frequencies and at the lower frequencies.
The loss in gain at high frequencies is due to the shunting effect produced by
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the inter-electrode capacitances of the tubes (Transistors), and the stray wiring
and other distributed capacitances. The response at low frequencies (below 100
Hz) is limited by the coupling capacitance and the value of the bypass capaci-
tors.

9.5.2 Distortion and Noise

An amplifier is said to possess distortion when the output waveform produced
by the amplifier is different from the input waveform. The quality of output is
different from the input quality and does not sound natural. Amplifier distor-
tion is of three types: (a) frequency distortion, (b) phase distortion, and (c)
amplitude distortion.

(a) Frequency Distortion When the amplifier is not able to amplify a
complete range of frequencies, the distortion is known as frequency distortion.
If the output is deficient in HF, the sound will appear to be boomy or bassy. If
the low frequencies are not properly amplified the sound is tinny.

(b) Phase Distortion The phase shift produced by the various capacitive
coupling elements in an amplifier is not the same for all frequencies and as a
result the output waveform is different from the input waveform. This is called
phase distortion. Phase distortion is not very important in audio amplifiers
where it cannot produce any audible effects but this type of distortion is impor-
tant in video amplifiers used in TV receivers.

The response of an amplifier to tramsients, which are sharply rising and
suddenly changing waveforms, depends on its frequency response and its phase-
shift characteristics. An amplifier with a poor transient response cannot repro-
duce satisfactorily the sound of drums and other percussion instruments.

(c) Amplitude Distortion Amplitude distortion is the result of operating a
tube or a transistor on the non-linear portion of its characteristics. In this case,
the relative amplification produced in the two halves of a sine wave is not the
same, and the sine wave gets flattened and clipped either at the top or at the
bottom. Such a distorted waveform can be shown to be the combination of a
fundamental sine wave frequency and its multiple frequencies, called harmon-
ics. The amount of distortion depends on the number and the amplitudes of the
harmonics. This type of distortion is also known as harmonic distortion.

9.5.3 Noise

Besides the desired voltages applied to the input of an amplifier for amplifica-
tion, there are always some undesirable voltages which are either produced
internally by random movement of electrons in tubes, transistors, resistors and
other components, or are induced into the circuit externally from components
like transformers and chokes. These unwanted voltages called noise also get
amplified with the actual signal voltages and can reach alarming proportions to
completely mar the quality of output from the amplifier. The amount of
noise or noise level is kept very low by design methods, including choice of
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components and their placement in circuit. Signal-to-noise ratio is another
important characteristic by which the quality of audio amplifiers is judged.

One of the methods used to improve the frequency response and signal-to-
noise ratio in audio amplifiers and to reduce distortion is the use of negative
feedback.

9.6 FEEDBACK IN AMPLIFIERS

Feedback is the process by which a portion of the output energy (current or
voltage) is transferred to the input of the amplifier. When the feedback voltage
or current is in phase with the input signal and aids it, the feedback is called
positive or regenerative feedback. If, however, the energy fed back is opposite
in phase to the input signal, the feedback is negative or degenerative feedback.

Positive feedback increases the gain of the amplifier which starts oscillating
when the positive feedback is sufficiently large. Positive feedback forms the
basis of an important type of circuits called oscillators which will be described
later. Negative feedback reduces the gain of the amplifier and in the process
makes the amplifier stable. Negative feedback plays an important part in audio
amplifiers because it improves the frequency response of the amplifier and
reduces noise and distortion.

The operation of a feedback amplifier can be explained by the block dia-
gram shown in Fig. 9.16. In this case, the feedback is applied by feeding a
fraction S of the output voltage back to the input signal voltage. The path over

Input Output
In——— o eout
Amplifier
Beour - Y
Beout

" Feedback Loop
Fig. 9.16 Feedback Amplifier

which the feedback is applied is the feedback loop. With feedback, the actual
input to the amplifier becomes e, + [, If 4 is the voltage gain of the
amplifier without feedback the new input with feedback when amplified by the
gain A will become the output voltage e, or in mathematical terms,

(ein + ﬂeout)A =~ Cout (92)
Dividing both sides of the equation by e;,

€out — € out
1+ 4 Z A e (9.3)
If the voltage gain with feedback is represented by 4’, then
’ eout
A =— 9.4)

e.

m
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Substituting this value in Eq. (9.3), we get
(1 + pA") A= A’, which when simplified gives
A’ = voltage gain with feedback = 4/(1 — SA) 9.5)
In the case of negative feedback, fraction [ is negative, and the expression
for the voltage gain with feedback becomes

, A A
A (g0 1+ i (9.6)
This indicates a decrease in the gain of the amplifier.
When a large amount of feedback is applied, #4 will be large compared to 1
and Eq. 9.6 will reduce to

a=1 9.7)

B

This is a very significant relation. It means that with large negative feed-
back, the voltage gain of the amplifier becomes independent of the actual gain A4
of the amplifier. As a result, the amplifier gain becomes stable and is practically
independent of supply voltage fluctuations, ageing of tubes and transistors and
differences in tubes and transistors due to replacement. A large amount of
negative feedback also improves the frequency response because the gain is
controlled only by the nature of S, and with a resistive feedback loop, the gain
will not vary with frequency as long as the feedback is negative.

The feedback can be made selective by designing the feedback loop with
capacitive and inductive components and any desired frequency response ob-
tained. Feedback circuits can, therefore, provide the tone control in audio am-
plifiers. Feedback circuits are also used in record players and tape recorders for
providing necessary compensation or equalisation.

9.6.1 Negative Feedback Circuits

There are two practical methods of applying feedback in audio amplifiers.
These are the voltage feedback and the current feedback.

(a) Voltage Feedback 1In a single amplifier, the output is 180° out of
phase with the input voltage and a portion of the output voltage can be tapped
and applied directly to the base of the transistor as in Fig. 9.17. This is voltage
feedback because the feedback is derived from the output voltage. Resistances
R, and R, form a voltage divider across the output voltage and capacitor C

Fig. 9.17 Voltage Feedback
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blocks the DC voltage from the base. The AC voltage developed across the
resistor R, is applied to the base via the secondary of the input transformer.
The fraction of the output voltage actually applied as negative feedback is
Ry)I(R, + R,) and this is the fraction mentioned earlier. This type of feedback is
commonly employed in the output stages of audio amplifiers particularly those
using high power transistors. The reduction in gain caused by negative feed-
back has to be made up either by increasing the input signal voltage or by
introducing extra stage of amplification.

(b) Current Feedback In current feed-
back the negative feedback applied to the base
is developed across a resistor R, in the emitter
circuit due to the plate current flowing through
this resistor as in Fig. 9.18. This resistor R, is
similar to the self-bias resistor but without the
bypass capacitor. Figure 9.18 is a transistor =

ampliﬁer .usil.lg an unbypassed resistor in the Fig. 9.18 Cu:rent Feedback
emitter circuit to provide current feedback. in a Transistor
With negative feedback the effective input sig- Amplifier

nal is the difference between the applied in-

put signal and the signal developed across the emitter resistor R,. The current
feedback results in the increased input and output impedance and lower stage
gain.

In a two-stage amplifier, the output voltage in the second stage is in phase
with the input signal and hence the degenerative feedback cannot be applied by
a portion of the output signal fed back directly into the base (or grid) of the
first stage. In this case a portion of the signal from output stage (QO,) is coupled
back to the emitter of input stage (Q,) as shown in Fig. 9.19. The unbypassed
emitter resistor R, develops its own negative feedback and the signal feedback
via R;Cj is in phase with this voltage. The total input signal is the difference
between the input signal ey and the sum of the in phase feedback voltages
developed across R,. The fraction of the output voltage fed back () can be
calculated from the voltage divider consisting of R;, C; and R,.

Fig. 9.19 Two-stage Negative Feedback Amplifier



Amplifiers 241

(c) Emitter Follower When the entire load
of an amplifier is connected in the emitter cir-
cuit as R; in Fig. 9.20 and the output voltage is
taken off the resistor R;, the circuit is known as
emitter follower. The name emitter follower is
derived from the fact that in this type of circuit
the voltage developed across R; follows the sign
(in-phase) of the input signal. As can be seen
from Fig. 9.20, a emitter follower works on the
principle of current feedback, as the negative
feedback voltage developed across R; is due to
the emitter current flowing through this resis-
tor. Moreover, the entire output voltage (e,
developed across R, is fed back into the base
circuit as degenerative feedback. In other words, fin this case is one as can be
seen from the expression for gain of the amplifier with feedback, the emitter
follower has a gain less than one or it can at the most equal one. Although a
emitter follower has no voltage gain, it can have considerable power gain.

As a result of high degenerative current feedback an emitter follower devel-
ops a very high input impedance and a low output impedance. This makes the
emitter follower a very good impedance matching device like a transformer.

Figure 9.20 is the circuit of an emitter follower. It is actually the common
collector (CC) amplifier in transistor as already discussed. The voltage gain is
less than unity but it exhibits current and power gain. It has impedance charac-
teristics similar to a cathode follower in a valve circuit and serves as a useful
impedance matching device.

Fig. 9.20 Emitter Follower
Circuit

9.7 POWER AMPLIFIERS

9.7.1 Difference Between a Voltage Amplifier and a
Power Amplifier

A voltage amplifier raises the voltage level of the input signal and does not
develop any significant amount of power in the output. On the other hand, a
power amplifier is meant to raise the power level of the input signal. It can
supply a large amount of output power to the load which is generally a loud-
speaker in audio power amplifier. A voltage amplifier normally precedes a
power amplifier. The larger the input voltage, the greater is the output power of
the power amplifier. This is the reason why power amplifiers are also called
large signal amplifiers.

A power amplifier does not amplify power. It merely converts the dc power
supply to the amplifier into an ac output signal which supplies power to the
load. Its action is controlled by the input ac signal.
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9.7.2 Single Ended Power Amplifier

A single ended power amplifier is a power amplifier that makes use of only one
transistor compared to a push-pull power amplifier (described later) which uses
two transistors. A single-ended power amplifier is shown in Fig. 9.21. The
input comes from a voltage amplifier called a pre-amplifier and the output is
supplied to the load R; through the transformer which not only couples the
output of the amplifier to the load R; but also matches the output impedance of
the amplifier to the impedance of the load R;.

&/

Input (=

Fig. 9.21 Single Ended Amplifier

Such single ended amplifiers are commonly used in the power output of
radio receivers, television receiver, tape recorders to drive a loudspeaker, which
has an impedance of about 8§ ohm. The transformer T is an impedance matching
transformer which matches the output impedance of the amplifier which is a
few thousand ohm to the low impedances (8 ohm) of the loudspeaker to ensure
maximum transfer of power from the amplifier to the loudspeaker. Impedance
matching transformers have already been described in Part I-Chapter 2.

9.7.3 Push-Pull Amplifiers

A push-pull amplifier makes use of two transistors either in Class A or Class B
configuration.

A Class B push-pull amplifier consists of two identical transistors which are
biased approximately to cut-off and are so operated in circuit that the two bases
are excited with two equal but opposite (out of phase) voltages from the input
signal. When operated in this manner, one of the transistors amplifies the
positive half-cycles of the signal voltage while the other one amplifies the
negative half-cycles. The amplified half cycles are then combined in the output
transformer in such a manner as to produce an amplified reproduction of the
input voltage. A schematic diagram of a simple push-pull amplifier is shown in
Fig. 9.22(a) and an equivalent circuit is shown in Fig. 9.22(b).
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% Output R

Fig. 9.22 Push-pull Amplifier (a) Schematic Diagram (b) Equivalent Circuit

A push-pull amplifier possesses the following advantages:

1. There is no DC saturation of the core of the output transformer because
the DC plate currents flow through the output transformer in opposite
directions due to the two transistors. This reduces the size of the output
transformer.

2. As the AC signal frequency current does not pass through the common
supply, the push-pull amplifier has no regenerative effect on other stag-
es. The common emitter resistor for the two transistors does not require
a bypass capacitor.

3. It has less amplitude distortion in the output due to cancellation of all
even order (2nd, 4th, etc.) harmonics.

4. Any AC hum or ripple currents from the DC power supply sources
balance out in the circuit and there is no hum in the output.

5. A Class B push-pull amplifier without input signal draws very little
collector or plate current resulting in great economy in battery power.
The system is, therefore, suitable for battery operated equipment includ-
ing transistor radio receivers.

Push-pull amplifiers can be either Class A or Class B amplifiers. However,
push-pull amplifiers are mostly operated as Class B or Class AB in audio
circuits because of higher output and increased output efficiency for a given
tube or transistor type.

9.7.4 Transistor Push-pull Amplifiers

Two transistors can also be connected in a push-pull circuit. A Class B push-
pull amplifier can handle a signal amplitude approximately twice as large as
that of a Class A power amplifier and, as a result, can deliver more than double
the output power from a single-ended Class A amplifier. Moreover, a Class B
push-pull amplifier has a lower power dissipation rating of one-fifth of the total
output load power and its no signal current or quiescent current is very low.
Because of these advantages, transistor push-pull circuits find extensive use in
communication transmitters, high power audio amplifiers, and battery operated
devices like transistor radios.
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Fig. 9.23 Composite Characteristics of Push-pull Amplifier

9.7.5 Transformer—Coupled, Push-pull Amplifiers

The conventional method of connecting two transistors in a transformer cou-
pled push-pull circuit is shown in Fig. 9.24. A centre-tapped input transformer
T, is used to supply two signals equal in amplitude but opposite in phase to the
bases of the transistors @, and (O, which is a matched pair of NPN type
transistors. The outputs from the two transistors are combined in an output
transformer 7, which also serves as a matching transformer for matching the
load R; to the output impedance of the push-pull amplifier. The load R; is
generally a loudspeaker with 3-5 € impedance.

=

T

Input

.
i

Fig. 9.24 Transformer-coupled Push-pull Amplifier

The voltage divider R, and R, provides the forward bias for the two NPN
transistors O, and O, and the values of R, and R, are selected for Class B
operation. When an AC input signal is applied to transformer 7', transistor O,
conducts during the positive half-cycle of the input signal voltage and a current
1, flows through one half of the primary of 7,. O, remains cut off when O,
conducts. During the negative half cycle of the input voltage, O, conducts and
0, remains cut off. A current /-, flows through the other half of the primary of
T, but in the opposite direction. However, when the current /-, is increasing,
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the current I, is decreasing and vice versa. As a result, the magnetic fields
induced by the two collector currents are in the same direction and the voltage
induced in the secondary of 7, is much higher than that induced by each
current alone.

In actual practice, the two transistors are not biased to complete cut off but
the biasing voltages are so adjusted that a small collector idling current (quies-
cent current) flows through O, and O, even without signal. This is to prevent
what is known as crossover distortion.

Crossover Distortion 1In a Class B push-pull amplifier using silicon tran-
sistors, if the two transistors are biased to cut off with zero bias on the base-
emitter junction, the incoming signal voltage must rise to the barrier potential
voltage of about 0.7 V before the transistor O, can start conducting. In the
same way the action of O, on the negative half cycle is complimentary and it
will also not conduct till the negative voltage reaches a value of approximately
—0.7 V. There is, therefore, a period of time 7 between the positive and nega-
tive half cycles of the input voltage when no current flows through the circuit.
There is thus a gap between the time when one transistor shuts off and the
other is turned on and this produces a clipping effect on the output voltage
waveform as shown in Fig. 9.25. The output voltage waveform does not re-
semble the input waveform and the output is distorted. This type of distortion is
called crossover distortion.

(a) (b)
Fig. 9.25 Crossover Distortion in Class B Push-pull Amplifiers (a) Input Waveform
(b) Output Waveform

To eliminate crossover distortion, the transistors in a Class B push-pull
amplifier are not biased to complete cut off but are slightly forward-biased to
allow a small amount of collector current to flow even in the absence of signal.
Although the operation of the amplifier does not remain strictly Class B it is
still known as a Class B push-pull operation.

9.7.6 Complementary Symmetry Push-pull Amplifiers

A PNP and NPN transistor with identical electrical characteristics is said to
form a complementary pair. A push-pull amplifier with a complementary sym-
metry can be arranged as in Fig. 9.26.

Initially, the two transistors Q; (NPN) and O, (PNP) are equally biased so
that each draws the same amount of current in the absence of the signal. When
an input signal with a sinusoidal waveform is applied to the common base, the
NPN transistor Q) is turned on during the positive alternation while the PNP
transistor O, is cut off and remains reverse-biased during the positive alterna-
tion. Only the positive half of the output current waveform is reproduced by
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Fig. 9.26 Complementary Symmetry Push-pull Amplifiers with Current Waveforms

0,. During the negative alternation, however, the NPN transistor Q, is tuned
on when it is forward-biased while the NPN transistor O, is reverse biased and
remains cut off during the negative alternation. (,, therefore, reproduces the
negative half of the output current waveform. The two halves of the output
current wave flowing through the common emitter load R; in opposite direc-
tions produce an output voltage which has the same waveform as the input
signal. Transistors O, and O, complement each other and the arrangement is
called complementary symmetry. Moreover, complementary symmetry push-
pull amplifiers can be either Class A or Class B type.

The complementary symmetry circuit described above makes use of two
power supplies but the arrangement shown in Fig. 9.27 uses only a single
power supply source. Symmetrical voltage dividers R, and R, are used for the
two transistors so that the top dividers provide a forward bias to (), and the
bottom dividers a forward bias to O, which allows a small idling current to
flow through the circuit to avoid distortion.

= Ecc

Fig. 9.27 Complementary Symmetry Push-pull Amplifier with Single Power Supply
Source

Due to the symmetry of the entire circuit, the points X and Y form the DC
voltage mid-points for the battery, and whereas the base of Q, is positive with
respect to its emitter Y, the base of the Q, is negative with respect to Y which is
also the emitter of O,. When the input signal is applied at X through C,, it is
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equally divided between the bases of O, and QO,. The transistor O, is turned on
during the positive alternation while O, is cut off, and the transistor Q, is
turned on during the negative alternation when O, is cut off. The rest of the
action is the same as in the case of the circuit with two power supplies. The
output voltage is developed across the load R; which in the case of comple-
mentary symmetry audio amplifiers is the voice coil of the loudspeaker. The
emitter-follower design of the circuit permits low impedance loudspeaker to be
connected directly between the emitter and the ground and the capacitor C, can
be eliminated by proper design of the circuit. Complementary-symmetry Class
B push-pull amplifiers are often used as output stages in audio amplifiers. One
great advantage of this type of amplifiers is that it permits the operation of
Class B amplifiers without the use of input and output transformers. This
reduces cost and improves the quality of the audio equipment.

It may be mentioned that complementary symmetry circuits have to be care-
fully designed to prevent thermal runaway. Unless special stabilisation meth-
ods like diode stabilisation are adopted, any imbalance or leakage in the power
transistors can result in repeated failure of the output power transistors.

9.8 RF AMPLIFIERS

Audio amplifiers are amplifiers which are meant to equally amplify all frequen-
cies lying within a wide range of frequencies called audio frequencies (20 Hz
to 20 kHz). There is no selection of any particular frequency or rejection of
other frequencies. When used at higher frequencies, above the audio range,
these AF amplifiers become less efficient. However, there is another type of
amplifiers called RF (radio frequency) amplifiers which select and amplify a
particular high frequency or a narrow band of high frequencies above the
normal audio frequency range. RF amplifiers are commonly used in radio and
TV circuits which operate on specific radio frequencies assigned to their re-
spective transmitters. Both transistors and vacuum tubes can be used in RF
amplifiers with only slight modifications in design.

9.8.1 Tuned RF Amplifiers

Tuned circuits are used for the selection and efficient amplification of a specif-
ic radio frequency or a narrow band of frequencies in conjunction with transis-
tor or vacuum tube amplifiers. A tuned circuit is only a resonant circuit formed
by an inductor and a capacitor connected in parallel or in series as shown in
Fig. 9.28.

In the circuit in Fig. 9.28(c), the voltage induced in the coupled secondary is
in series with L and C and the circuit is a series-tuned circuit.

Properties of resonant circuits have already been described but for the sake
of continuity it may be mentioned again that at resonance a series resonant
circuit has minimum impedance and maximum current and a parallel resonant
circuit exhibits maximum impedance and minimum line current at the frequen-
cy of resonance.
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Fig. 9.28 Tuned Circuits (a) Parallel Resonant Circuit (b) Series Resonant Circuit (c)
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(a) (b)
Fig. 9.29 Selectivity and Bandwidth in a Parallel Tuned Circuit

(a) Effect of Q on Selectivity
(b) Bandwidth of a Parallel Tuned Circuit

A parallel resonant circuit also known as a fank circuit is often used in RF
amplifiers and it develops a high voltage across it at the applied resonant
frequency. At frequencies above and below the resonant frequency, the imped-
ance and hence the voltage developed across the resonant circuit decreases.
The extent to which these conditions change at frequencies above and below
resonance, determines the ability of the circuit to select certain frequencies in
preference to other frequencies. This ability to discriminate between frequen-
cies is also known as selectivity and depends on the Q-factor (X;/R) of the
circuit. The larger the Q of the circuit (less resistance) the greater the selectiv-
ity of the circuit as explained in Fig. 9.29. In a parallel tuned circuit, the
bandwidth or bandpass is the frequency range (f, — f;) between two frequencies
/i and £, at which the circuit impedance is 0.707 times the value of impedance
at the resonant frequency f, as seen in Fig. 9.29(b).

The bandpass or bandwidth can be calculated from the formula

Bandwidth (f, — £,) in Hz = /;

where f, is the resonant frequency in Hz.

Whenever a resonant circuit is tuned to different frequencies as in radio and
television, L or C can be made variable as in Fig. 9.30.

The frequency to which the circuit is tuned in a parallel position of C or L is
given by the formula

.
27\ LC
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(a) (b)
Fig. 9.30 Variable Tuned Circuit (a) Variable C (b) Variable L

A sharply tuned circuit with a large O will gen-
erally have small bandwidth. In radio and TV
circuits, the Q of a tuned circuit can be low-
ered and bandwidth increased by putting a shunt
resistor of suitable value across the tank circuit L —C R
as in Fig. 9.31.

9.8.2 Practical RF Amplifiers

Practical RF amplifiers used in radio and TV
receivers generally have a tuned or resonant
circuit both in the input and the output. Both
the input and output tuned circuits can be made
variable, if necessary. Furthermore, the tuned
circuits in the input and the output of the RF amplifier must both be tuned to
the same frequency. When a new band of frequencies is to be amplified, the
two circuits are retuned to the new frequencies. Figure 9.32 gives the simpli-
fied circuit of an RF amplifier in a radio receiver.

Fig. 9.31 Lowering the Q of a
Tuned Circuit by
Shunt Resistance R

/) 4 T,

N7 c Output
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Fig. 9.32 RF Amplifier with Transformer Coupling

The input from the antenna is inductively coupled to the tuned circuit L,C|,
which develops the maximum input signal for the base at the tuned frequency.
Other frequencies develop practically no signal voltage at the input. The output
signal voltage is developed across the tuned circuit L;C; and again maximum
signal output voltage is developed at the tuned frequency. C; and C; are
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variable capacitors which are normally

ganged to keep the input and output tuned C
circuits always tuned to the same frequency.
R; and Cj in the collector circuit are meant ;é Cs L,

for RF decoupling. The output is obtained
by transformer coupling at the secondary of
the transformer 7, and this output can be

applied as input for the next stage of ampli- Fiq. 9.33 C " B+C i ;
. . . ig. 9. apacitor Coupling o
fication, if any. In certain cases the output RF Amplifier

signal is capacitively coupled to the next
stage as in Fig. 9.33.

The output load impedance is provided by the parallel resonant circuit (L;C;)
in the output circuit which offers a high impedance to the AC component of
the plate current whereas it offers a low impedance to signal currents that are
not of the resonant frequency. Thus, only a particular radio frequency or a
narrow band of radio frequencies is amplified.

At very high frequencies on which TV circuits work, the capacitance be-
tween the windings of the coil is generally enough to produce resonance at
these high frequencies and a separate capacitor is not necessary. The coil is
permeability tuned and can be tuned by moving into or out of it a ferrite or a
brass slug.

9.8.3 Types of RF Amplifiers

Tuned RF amplifiers are of two types: (a) voltage amplifiers, and (b) power
amplifiers.

Voltage Amplifiers 1n radio and TV circuits where very small RF voltages
have to be amplified, the RF amplifiers work as Class A voltage amplifiers
which means that the amplifiers are so biased that current flows throughout the
complete cycle of signal voltages.

In transmitters where large voltages at RF have to be amplified, the RF
amplifiers are power amplifiers in Class C operation. In Class C operation,
relatively large power outputs and efficiency can be obtained by biasing the
tube (transistor) to cut-off so that current flows for less than half the cycle of
operation. Any distortion in the Class C operation is mostly eliminated by the
resonant tank circuit by its fly wheel action.

9.8.4 Transistorised RF Amplifiers

Transistor RF amplifiers work more or less in the same way as tube amplifiers
by making use of tuned circuits both for the input and the output of the
amplifier. The only problem that arises in the case of transistor RF amplifiers is
the matching of the input and output impedances of the transistors to the
impedances of the tuned circuits. Transistors, particularly when used in the
grounded-emitter and grounded-base configurations, have low input imped-
ances and cannot be easily matched to the very high impedances of the tuned
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circuits, as is done in the case of vacuum tubes which themselves have high
input impedance. This difficulty is overcome by using tapped inductances (or
capacitances) in transistor RF amplifiers as in Fig. 9.34. The tapping makes it
possible to use the small impedance of the lower portion of the coil for match-
ing the low input and output impedances of the transistors.

VCC

N
T

VCC

Fig. 9.34 Transistor RF Amplifier

9.8.5 Single -tuned RF Amplifier

Figure 9.35(a) shows the circuit of a single tuned RF amplifier using a NPN
type bipolar transistor.

VCC

Ry Cc L
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—
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R,
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Fig. 9.35 Single-Tuned RF Amplifier
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The output is taken with the help of capacitor coupling but transformer
(induction) coupling can also be used.

Because of the advantage like very high input impedance and reduced inter
electrode capacitance, modern circuits make use of FETs and MOSFETs, in
these circuits. Either C or L can be made variable for adjusting the frequency
of the circuits.
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9.8.6 Double-tuned RF Amplifiers

This amplifier makes use of two tuned circuits as shown in Fig. 9.35. Induction
coupling is used.

Output

—_—
Fig. 9.35(b) Double-tuned RF Amplifier—Frequency Responses for Different Coeffi-
cients of Coupling.

The primary and secondary coils of the transformer are shunted by capaci-
tors which can be made variable. A bipolar transistor has been used in the
circuit but because of the low input impedance of such transistor, serious
limitations in performance are noticed. To avoid this, in the modern solid state
circuits, MOSFETs are generally used.

Advantages of a Double-tuned Amplifier A single tuned circuit pos-
sesses a high QO and is very selective but its bandwidth is reduced and this
results in very poor quality of reproduction.

In the double-tuned amplifier there are two tuned circuits inductively cou-
pled. A change in the coupling of two tuned circuits results in a change in the
frequency response. If the coupling between the two coils of the tuned circuits
are properly adjusted, the required selectivity gain and bandwidth can be ob-
tained.

Figure 9.35(b) shows the response of the circuit for different co-efficients of
coupling K. Most suitable response curves are obtained when optimum cou-
pling exists-between the two tuned circuits. Such circuits are generally used in
RF stages of wireless communication sets (Fig. 9.36).

B+

Fig. 9.36 Double-tuned Circuit for RF Stages of Communication Receivers
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SUMMARY

An amplifier is an electronic circuit that produces an enlarged version of a
small signal fed into the circuit. Amplifiers of different types form the building
blocks for a complete circuit of a radio or television receiver.

An audio amplifier is an amplifier that is suitable for the amplification of
electrical frequencies that lie within the AF range of 20 Hz to 20 kHz. Audio
amplifiers work as voltage amplifiers or power amplifiers depending upon
whether they are required to produce high voltage gain or high output power.

The operating conditions of an audio amplifier have to be so adjusted as to
give a distortion free output. When the operating conditions permit the flow of
current during the entire cycle of the input signal, the amplifier is a Class A
amplifier; if the current flow is only for half the cycle the amplifier operates as
a Class B amplifier. In a Class C amplifier the current flows for less than half
the cycle. Two Class B amplifiers connected together to produce a complete
replica of the input voltage are said to form a push-pull Class B amplifier.

Transistors can also be used as amplifiers like vacuum tubes. For satisfac-
tory operation of a transistor as an amplifier the bias conditions have to be such
that the emitter-base junction is forward-biased and the collector-base junction
is reverse-biased. Of the three configurations, CB, CE and CC in which the
transistor can be connected as an amplifier, the CE configuration is the one that
is most commonly used in audio amplifiers.

Two or more amplification stages are often coupled together to increase the
gain of the amplifier for feeding a loudspeaker. Coupling methods generally
used are RC coupling, impedance coupling, transformer coupling and direct
coupling. RC coupling and transformer coupling are the most popular methods
used in audio amplifiers.

Frequency response, distortion and noise level are important characteristics
of an audio amplifier which should have wide band frequency response, low
distortion and noise level. Frequency response, distortion and noise figures in
audio amplifiers can be improved by the application of a negative feedback.
Cathode followers in vacuum tube amplifiers and emitter-followers in transis-
tor circuits are amplifiers with a high percentage of negative feedback. Cathode
followers have a high input impedance and low output impedance and are useful
as impedance matching devices.

A push-pull amplifier is a combination of two Class A or Class B amplifiers
so connected that one amplifier amplifies the positive half and the other ampli-
fies the negative half of the input signal and the amplified halves are then
combined in the output transformer to produce an amplified replica of the input
voltage. Push-pull amplifiers give higher output with less distortion than a
single ended amplifier. In transistors, push-pull amplifiers having complemen-
tary symmetry with one PNP and the other NPN transistor are used which do
not need any transformers.
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Review QUESTIONS

1.

10.

11.

12.
13.

What is an amplifier?
What is the difference between a voltage amplifier and a power ampli-
fier?

. What is an audio amplifier?

Why is it necessary to convert sound waves into electrical frequencies
before amplification?

. Describe the operation of a transistor as an amplifier. What is the

phase relationship between the input waveform and the output wave-
form?

. What is the difference between a Class A and a Class B audio

amplifier?
How can Class B amplifiers be used as audio amplifiers?

. What is a push-pull Class B amplifier?

Describe the circuit of a Class B transistor push-pull amplifier (a) with
transformers, and (b) without transformers.

Explain three types of distortion in audio amplifiers.

What is crossover distortion in push-pull amplifiers and how is it
overcome?

. What is negative feedback in audio amplifiers?

Show that, with a large negative feedback, the gain of the amplifier
becomes independent of the actual gain without feedback.

What is a cathode follower? Describe the use of a cathode follower as
a matching device.

What is meant by the frequency response of an audio amplifier? How
is the frequency response measured and plotted as a graph?

What is an RF amplifier? How does an RF amplifier differ from an
audio amplifier?

Describe the use of tuned circuits in RF amplifiers.

Define the bandwidth of an RF amplifier. How does the bandwidth
depend on the Q of the tuned circuit?
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Oscillators

10.1 WHAT IS AN OSCILLATOR?

A body that performs a back and forth motion in a regular and uniform manner
is called an oscillator. The pendulum of a clock is a good example of a me-
chanical oscillator. Once the pendulum is started from its mean position at 4, it
swings to an extreme position B at the left, comes back to its mean position at
A, swings to another extreme position at C and again returns to the mean
position at 4 (Fig. 10.1). The pendulum is said to have performed one complete
cycle of oscillation. The number of such complete cycles of oscillations made
in one second is the frequency of oscillations and the maximum distance the
pendulum swings to one side from its mean position 4 is the amplitude of the
oscillations. If the energy lost due to air resistance is made up by the main
spring of the clock, the pendulum will keep on swinging indefinitely with the
same frequency and amplitude and thereby regulate the time of the clock. If,
however, no energy is supplied to the pendulum from the clock, the pendulum
will come to rest after performing a few oscillations. The motion of the
pendulum is a periodic motion and can be represented by a sine wave as in
Fig. 10.1 (b).

Distance
> from A

I
G

(a) ) ©

Fig. 10.1 Pendulum as an Oscillator, (a) Pendulum as a Mechanical Oscillator,
(b) Periodic Motion of the Pendulum Represented by a Sine Wave
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In electronic oscillators used in radio and TV, the electrons in a circuit are
made to perform an oscillatory motion similar to the motion of the pendulum
and such electronic devices can generate AC signals of any frequency starting
from a low frequency of a few hertz to very high frequency of several mega-
hertz. The frequency of the generated signal depends on the circuit constants.

To understand the principle of an electronic oscillator consider the arrange-
ment in Fig. 10.2 (a) where the capacitor C can be charged to the battery
voltage E by connecting the switch S to P,. When the capacitor discharges
through L, Fig. 10.2(b), the current flowing through the coil builds an expand-
ing magnetic field around it. After C has completely discharged, the magnetic

Py Py P,

j‘C L jgC L

T ’ ~_7
(a) (b)

Fig. 10.2 Principle of an Electronic Oscillator

] +
i

field collapses and as per Faraday’s laws, induces an emf in the coil L which
tries to maintain the flow of current through L in the original direction. This
electron flow charges the capacitor to opposite polarity as in Fig. 10.3(c).
Capacitor C again tries to discharge itself through L but the electron flow is
now in the opposite direction and another magnetic field in the opposite direc-
tion is built around L. This back and forth motion of electrons in the circuit
constitutes oscillations and the process
continues till all the energy given to the
circuit by the battery during the initial
charging of the capacitor is dissipated as L T¢C
heat due to I°R losses in the resistance of
the circuit. The energy which is alternately
stored in L and C diminishes gradually (@) (b)

after each oscillation, making the ampli-  Fig. 10.3 Damped Oscillations

tude of oscillations smaller and smaller LC Cireut f — 1
till the oscillations completely die down (@ reuit f = 2 LC
as shown in Fig. 10.3(b). Such oscilla- (b) Damped Oscillations

tions are known as damped oscillations.
The period of oscillations, however, remains the same. The frequency f at
which the LC circuit (also known as the tank circuit) oscillates is given by the
formula:

1

27\ LC

where f'is in hertz and L in henrys and C in farads.
In order to produce sustained continuous oscillations with constant ampli-
tude, it is necessary that the energy lost as heat during oscillations must be
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made up or restored to the circuit by external means. This can be done by
charging the capacitor at regular intervals by means of the switch S, but a better
method is to connect the tuned LC circuit to the input of an amplifier as in
Fig. 10.4. A portion of the amplified voltage is fed back inductively to the LC
tank circuit to maintain the oscillations.

10.2 TYPES OF OSCILLATORS
10.2.1 Armstrong Oscillator or Tickler Coil Oscillator

In the Armstrong oscillator, a coil L, called the tickler coil, is introduced in the
collector circuit of the transistor as shown in Fig. 10.4. The tickler coil is
inductively coupled to the tank coil L,
(usually both coils are wound on the
same coil (form) so that when the switch
S is closed, a surge of collector current
flowing through the coil L; induces a

voltage in L, and the tank circuit L,C is Q
shock-excited to generate oscillations at

a frequency determined by the constants R, C,
of the tank circuit. These oscillations

are applied to the input of the transistor

amplifier and the amplified voltage = B
through L, produces further feec'lbac'k N Eig. 10.4 Armstrong Oscillator or
the correct phase to the tank circuit to Tickler Oscillator

sustain the oscillations produced. This

process continues till conditions stabilise to produce sine waves at the desired
frequency. If the capacitor C, is made variable, oscillations at different
frequencies can be generated by the oscillator circuit. L,C, are the main
frequency-determining components. R,C; combination provides enough self-
bias to drive the transistor to cut off so that the transistor operates as a class C
amplifier. Current pulses are provided to the tank circuit during positive peaks
of oscillations through mutual coupling between L, and L, to sustain the
oscillations.

10.2.2 Hartley Oscillator

The Hartley oscillator is only a modification
of the Armstrong or tickler-coil oscillator.
In the Hartley oscillator, no separate tickler
coil is used but the tickler coil is formed out ~ C1£
of a part of the coil L in the LC tank circuit
as in Fig. 10.5.

The single tank circuit coil is tapped at a
suitable point so that the emitter current flow- Fig. 10.5 Transistor Hartley
ing through L, induces a kick voltage in L, Oscillator
to provide the starting feedback voltage. The
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amount of feedback voltage can be adjusted by moving the tap. Once the
oscillations start, the cycle is very much the same as in the Armstrong oscilla-
tor. The Hartley oscillator is widely used in radio and TV circuits because it is
easy to tune and is adaptable to a wide range of frequencies.

10.2.3 Colpitt’s Oscillator

The Colpitt’s oscillator is similar to the Hartley oscillator except that the tapped
coil is replaced by two variable capacitors C, and C, as shown in Fig. 10.6.
These two variable capacitors form a simple AC voltage divider. The amount
of feedback depends on the ratio of C; and C,. Capacitor C, feeds back the RF
voltage in the proper phase to the lower end of the tank; the amount of
feedback is adjustable by the capacitor C,. The radio frequency choke (RFC)
prevents the RF currents from flowing through the collector supply Ej,. The
frequency of oscillations is determined by the tuned circuit formed by the coil
L and the capacitance of the two capacitors C, and C, in series as in Fig. 10.6.

Fig. 10.6 Colpitt’s Oscillator

Colpitt’s oscillator is simple to operate and can be adapted to a wide range
of frequencies. It has better frequency stability than the Hartley Oscillator.

10.2.4 Crystal Oscillator

A crystal controlled oscillator, a crystal oscillator as it is called, makes use of a
property, known as piezoelectricity, possessed by certain crystals like quartz,
tourmaline and Rochelle salt. When subjected to mechanical pressure, the pi-
ezoelectric crystals develop a potential difference between their faces, the po-
larity of the charges developed depending on whether the pressure compresses
or stretches the crystal. Conversely, if an electric potential is applied to the
faces of the crystal, it will expand or get compressed depending on the polarity
of the applied electric potential. If the applied electric potential is a sinusoidal
AC voltage, the crystal will also start oscillating sinusoidaly and develop sinu-
soidal voltages in its faces due to the piezoelectric effect. The voltages so
developed can be applied to the base of a transistor to control the amount of
feedback.
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A crystal with its natural frequency of vibrations resembles a series reso-
nant circuit as shown in Fig. 10.7(a). However, when used in an oscillatory
circuit, the crystal slice is generally enclosed between two conducting plates
constituting a crystal holder. With the capacitance of the conducting plates the
crystal behaves like a parallel resonant circuit as shown in Fig. 10.7(b).

~ o
) —/
Cp

Il
;

L — 20000000 —|
R L C R L C

(a) (b)

Fig. 10.7 Crystal and its Equivalent Circuits (a) Crystal as a Series Resonant Circuit,
(b) Crystal with Conducting Plates Equivalent to a Parallel Resonant Circuit

The crystal, as a mechanical circuit resonator, can replace the LC resonant
circuit in a normal Hartley or Colpitt’s oscillator as shown in Fig. 10.8. This
circuit is known as the Pierce crystal oscillator. A portion of the energy from
the output is being fed back to excite the crystal.

A crystal oscillator has a sharply resonant j +Vee

circuit with a high O and hence it oscillates at é Rec
one fixed frequency which is extremely stable. Ce 9

Crystal controlled oscillators are mostly used ke
in broadcast transmitters and other communi-

cation equipments where very close frequency )<>Output

tolerances have to be observed. This property
of fixed frequency oscillations becomes a I
disadvantage where the frequency changes are

frequent and a different crystal has to be used

for every desired frequency. A variable
frequency oscillator is found more useful in
such applications. A crystal oscillator also  Fig. 10.8 Circuit of a Crystal
suffers from another limitation, that of low Oscillator

output power. Hence a crystal oscillator is most

useful where frequency stability and not the power output is the prime consid-
eration.

10.2.5 RC-Oscillators

The LC oscillators discussed so far produce only high frequencies. For the
production of low frequencies (say audio frequencies) we make use of RC
oscillators. There are two methods to provide positive feedback required for
converting an amplifier into an oscillator. The two methods are (1) Phase-shift
oscillator method and the (ii) Wien Bridge oscillator method.
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1. Phase Shift Oscillator Method A single stage amplifier not only
amplifies the input signal but it also shifts the phase of the signal through 180°.
If a part of this output signal is shifted through another 180° by an RC network,
the total phase shift amounts to 180° + 180° = 360° which is equivalent to a
phase shift of 0°. This is a positive feedback and the amplifier builds up
oscillations.

Figure 10.9 shows the circuit of a phase shift oscillator in which the output
of the transistor amplifier is fed back to the input of the amplifier through a
phase shift network consisting of three identical RC networks each providing a
phase shift of 60°, the total phase shift being 60 x 3 = 180°. The output of this
network is now in the same phase as the input to the amplifier. If the condition

1’ Vee

Output

RC network
Fig. 10.9 Phase-shift Oscillator

A =1 is satisfied the oscillation will be maintained. It can also be proved that
the frequency of oscillations in this type of oscillator is given by

fo=r—be
" 2arCV6
Further it can be shown that the feedback factor of the RC network is given
by

1
F=3
The above equation also signifies that for self-starting the oscillations Af
must be greater than 1 (A > 1). This implies that for the oscillations to start
the gain of the amplifier must be greater than 29.
By changing the values of R or C simultaneously in each section, the fre-
quency of the oscillations can be changed from 20 Hz to as high as 300 kHz.

2. Wien Bridge Oscillator Another method of getting a phase-shift of
360° is to use two amplifier stages each giving a phase shift of 180°. A part of
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this output is fed back to the input through feedback network which does not
produce any further feedback. This method is used in the Wien Bridge oscilla-
tor which can produce low frequencies in the range of 10 Hz to IMHz. A block
diagram of the arrangement is shown in Fig. 10.10.

A A i

Two stages of amplification

Frequency
selective network

Fig. 10.10 Block Diagram of a Wien Bridge Oscillator

Variable frequency operation requires the simultaneous operation of two
capacitors C; and C, which are shown as ganged in the frequency selective

network.
To improve the stability of the oscillator a certain amount of negative feed-

back is also provided. The circuit can easily be arranged in the form of a bridge
(Fig. 10.11) and hence the name Wien bridge. Resistances R; and R, provide
the desired negative feedback. A single block A represents the two stages of

amplification 4, and A4,.

ALt A

o

Fig. 10.11 Wien Bridge Oscillator

The ganged capacitors C, and C, are to change the frequency. The fre-
quency range of the oscillator can also be changed by using the different values

of R, and R,.
10.3 FREQUENCY MULTIPLIERS

A frequency multiplier is an RF amplifier which receives as its input any basic
sinusoidal frequency from an oscillator, like a crystal oscillator, but delivers at
the output, a frequency which is a multiple of the input frequency. A frequency
multiplier is a doubler, tripler, quadrupler and so on, depending upon whether
the output frequency is double, three times or four times respectively of the
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input frequency. Thus, if the input frequency is 1 MHz, a doubler will deliver
2 MHz, a tripler 3 MHz and a quadrupler 4 MHz as the output frequency.

Frequency multiplier stages are often used in AM transmitters operating in
the VHF range because it is difficult to design a stable oscillator that will
operate at such high frequencies. Frequency multipliers are often used in FM
transmitters which also operate in the VHF range.

A frequency multiplier is normally a Class C, RF amplifier which has a
parallel tuned circuit in the input and a tuned tank circuit in the output. Plate
current flows only during the positive peaks of the input signal, but the fly-
wheel action of the tank circuit produces sinusoidal output signals. The plate
current pulses for the fundamental or basic frequency reinforce the tank circuit
oscillators at the peak of every alternate sine wave in a doubler, and in a tripler,
these pulses will aid the peak of every third sine wave and so on. The frequen-
cy of the output signal is determined by the resonant frequency of the tank
circuit. A switch S, shown in Fig. 10.12, enables the particular tank coil for the
desired multiple or harmonic to be selected and the variable capacitor C,
allows final tuning to be achieved for the output frequency. The output can be
coupled to any succeeding stage either by inductive coupling or by RC cou-
pling. Push-pull amplifiers which can produce even order harmonics, are used
as doublers and quadruplers. Whenever greater power output and higher col-
lector efficiencies are required that can be made available by a single stage.

Quadrupler
Input * o
C .
C } 1 C, Tripler
Doubler § L
L,
Ly
+B

Fig. 10.12 A Frequency Multiplier Stage

Multivibrators A multivibrator is also a relaxation oscillator like the block-
ing oscillator but without the use of a transformer for providing the feedback.
A multivibrator consist of two RC coupled amplifier stages in which the output
of one stage is applied as input to the other stage, as shown in Fig. 10.13. Since
each amplifier stage produces a 180° phase-shift, the signal applied to the input
of each stage is in phase with the original input and this helps to produce
oscillations.

Multivibrators are useful devices for generating square waves and pulses
where the frequency can be controlled by voltages injected from outside. The
waves generated by multivibrators are also very rich in harmonics.

Multivibrators are classified either according to the system of feedback em-
ployed or according to the stability conditions obtained in its operation.
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Fig. 10.13 Multivibrator

When transistors are used in the circuits of multivibrators, the types are
called the collector-coupled multivibrator and emitter-coupled multivibrator.
The classification of multivibrators according to stability conditions includes:

Free-running or Astable Multivibrators When neither of the stages is
stable but remains alternately cut off and conducting at the MV repetition rate,
the MV is a free running or astable type. The frequency of an astable
multivibrator can be controlled by external synchronising pulses. The
multivibrator tends to adjust the frequency of its oscillations so that the ratio of
the external synchronising frequency and the multivibrator frequency is an
integral ratio which can be either unity or less or greater than unity.

Monostable or “One-shot” Multivibrator This type of multivibrator has
only one stable state. An external pulse is required to initiate action when the
multivibrator goes through one cycle of operation and returns to its original
stable state, when the external pulse is no longer present.

Bistable Multivibrator or Flip-flop Circuit This type of circuit which has
two stable conditions is also known as the Eceles-Jordan trigger. This is a
direct coupled two-stage amplifier in which the output of the second stage is
connected to the input of the first stage. When an external pulse is applied to
the base of the non-conducting stage, the system jumps almost instantly from
one stable state to the other resulting in a trigger or flip-flop action.

Both the monostable and bistable multivibrators are driven oscillators or
trigger circuits which need an external driving pulse to start the operation and
maintain it.

SUMMARY

A body, like a clock pendulum, which performs a back and forth motion in a
regular and uniform manner is called an oscillator. In an electronic oscillator,
the electrons in a circuit are made to perform oscillatory motions similar to that
of the pendulum thereby generating sine waves of any frequency depending on
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the constants of the circuit. Examples of such sine wave oscillators used in
radio and TV circuits are the Armstrong oscillator, Hartley oscillator, the
Colpitt’s oscillator, and the crystal oscillator. Besides the LC oscillators which
are mainly used for the production of high frequency, RC oscillators are used
for audio frequencies. These include the phase shift oscillator and the Wien
Bridge Oscillator.

Multivibrators are special types of oscillators useful for generating square
waves and pulses and are very rich in harmonics. Multivibrators when classi-
fied according to stability conditions are called Free running or astable
multivibrators, monostable or ‘one shot’ multivibrators and Bistable
multivibrators or flip-flop circuits.

Review QUESTIONS

1. What is an oscillator? Describe the principle of operation of an elec-
tron oscillator.
2. Draw the circuit of a simple Hartley oscillator and explain its working
and also mention its common applications.
3. What is an RC oscillator? Draw the circuit of a Wien Bridge Oscillator
and explain its working.
4. Explain the principle of a crystal oscillator and mention its practical
applications.
5. What is a multivibrator? Describe the principle of a free running or a
stable multivibrator.
6. State whether True or False with brief reasoning.
1. An oscillators is an amplifier with negative feedback.
2. The frequency of an oscillator increases with value of the capaci-
tor.
Wien Bridge Oscillator is basically an audio oscillator.
A crystal oscillator is a series reasonant circuit.
5. A frequency of 20 MHz will need an LC oscillator.
(Ans: 1. False, 2. False, 3. True, 4. True, 5. True)

B w
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Power Supplies

11.1 POWER SUPPLY SOURCES

The most common source of power supply these days is the AC mains, because
it is more efficient and economical to generate and transmit AC power. How-
ever, DC voltages/currents are required for the satisfactory operation of a wide
variety of electronic equipment using vacuum tubes and solid state devices,
such as transistors and ICs. Vacuum tubes require DC voltages for all elec-
trodes except the filaments, which may be AC or DC operated. It, therefore,
becomes necessary to convert AC into DC by means of a device called the
rectifier. The pulsating DC produced by the rectifier is changed into smooth
and steady DC by filter elements. A power supply system for electronic equip-
ment will consist of a transformer, a rectifier, filter elements, voltage dividers
and voltage regulators for maintaining the DC output voltage at a relatively
constant value under varying conditions.

11.2 BASIC REQUIREMENTS OF A POWER
SUPPLY SYSTEM

Figure 11.1 gives a schematic of the basic requirements of a power supply
system. These are discussed below.

AC Output DC Output Filtered Regulator
DC Output Output
On/Off _;P_ower '/ '/ Filter '/ Voltage
o—— Trans- Rectifier
AC/Input former il Elements Regulators 8
250V 50 No. R 38
L

Fig. 11.1 Basic Functions of a Power Supply System
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11.2.1 Power Transformer

A step-up or step-down transformer of the required rating is employed as
discussed in Part I. Chapter 4 Section 4.25.1.

11.2.2 Rectifiers

A rectifier converts AC into pulsating DC by eliminating the negative half
cycle of the AC voltage. A rectifier has to be a device with unidirectional
characteristics. An ideal rectifier actually works like a switch that closes with
zero resistance on the positive half cycle of the AC voltage and opens with
infinite resistance on the negative half cycle. A practical rectifier, however, has
a very low resistance during the conducting interval and a very high resistance
during the non-conducting interval. A diode possesses unidirectional character-
istics of this type and can work as a rectifier irrespective of its type. Various
types of diodes used as rectifiers are vaccum diodes*, semiconductor diodes or
metal rectifiers such as copper-oxide and selenium rectifiers. Semiconductor
diodes and metal rectifiers have become very popular in radio and TV equip-
ment because they require no filament heating. Some of the common methods
of rectification will now be discussed.

11.3 HALF-WAVE RECTIFICATION

The process whereby a rectifier conducts during only one alternation of the
input cycle is called half wave rectification. A single diode which allows
current to flow only during positive alternations of the AC voltage will act as a
half wave rectifier. The circuit of a half wave rectifier is shown in Fig. 11.2.

Diode

g + Output
as } " N\
—

—= Time t

Fig. 11.2 Half-wave Rectification: Semiconductor Diode as a Half-wave Rectifier

For a 50 Hz AC supply the polarity at the input changes every hundredth
second. Current flows during the positive alternation when the anode is posi-
tive with respect to the cathode. During the negative alternation there is no
current because the anode is negative with respect to the cathode. The plate
current flowing through the series connected load resistor R; will develop a
voltage across it making the cathode-connected end of R; positive. The voltage
developed across the load R; is a pulsating DC which has the same waveform
as the positive alternations of the input voltage as indicated in Fig. 11.2. The
pulsating DC produced in this way has to be filtered by suitable smoothing
circuits which are described later.

*Use of vaccum diodes has been retained in view of Hybrid (B/W) TV receivers still in use in many
cases.
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In half-wave rectification, half the input voltage is lost and the efficiency of
the system is low. Moreover, the half wave rectifier system requires elaborate
filtering arrangements to remove the low frequency ripple for obtaining a smooth
DC.

During the negative half cycle of the input AC voltage, when the diode is
not conducting, the actual voltage applied across the diode junction is the sum
of the negative AC input voltage at the anode and the DC output voltage at the
cathode, because the two voltages are in series aiding. The maximum voltage
that can be applied to a diode in the reverse direction without producing a
breakdown of the diode is called the peak inverse voltage (PIV) and is general-
ly specified by the manufacturers. This is about twice the DC output voltage.

11.4 FULL-WAVE RECTIFICATION

In full-wave rectification, two diodes are connected in such a manner that the
plate current flows through the load during the full cycle of the AC supply
voltage. The two diodes alternately supply rectified current to the load in the
same direction during both halves of the input. AC voltage, thereby filling up
the gaps appearing in the waveform of the half wave rectification. The circuit
of a full-wave rectifier is shown in Fig. 11.3.

. S . S
¢ Output wave
: [ avavaya
— AT
* |_ -7 Time —
<—-- - - -

Input

Fig. 11.3 Full-wave Rectification Full-wave Rectifier Using Semiconductor
Diodes

In this circuit the cathodes of the two rectifier diodes are connected together
and the common junction is connected to one end of the load resistor R;, the
other end of which is connected to the centre tap in the secondary of the
transformer. Each diode is connected between one end of the transformer and
the centre with the result that only half the transformer secondary voltage is
applied between the anode and cathode of each diode. Thus, the secondary
winding of the power transformer should be able to supply an end-to-end
voltage that is twice the voltage to be rectified.

As regards the actual functioning of the full-wave rectifier, the diodes D,
and D, conduct during successive half cycles of the input AC voltage, each
permitting current flow during one half cycle when the anode is positive with
respect to the cathode. The direction of electron current flow which is the same
through R, for each diode has been shown in Fig. 11.3. The frequency of DC
pulses known as ripple frequency is twice the frequency of the AC supply. This
makes it easier to design a filter circuit for smoothing than in the case of half-
wave rectification. Since both halves of the AC input cycle are rectified,
the efficiency of the full-wave rectification is higher than that of half-wave
rectification.
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Another advantage of full-wave rectification is that there is no DC satura-
tion of the core of the transformer because the DC pulses from the two diodes
flow in opposite directions through the secondary of the transformer and thereby
cancel each other out. This reduces the size and consequently the cost of the
transformer required for full-wave rectification. It may thus be seen that full-
wave rectification is a more suitable type of rectification as compared to half-
wave rectification and is therefore used as a standard circuits for a wide variety
of low power applications in electronics.

11.5 FULL-WAVE BRIDGE RECTIFICATION

The centre-tapped transformer required for the full-wave rectification described
earlier can be eliminated by use of four diode rectifiers in a bridge-type recti-
fier as shown in Fig. 11.4. The secondary of the transformer is connected to
diagonally opposite corners B and D of the bridge, whereas the load resistor R;
is connected to the other two corners. The operation of the bridge rectifier is
described below.

230 V
Input 50 Hz

Fig. 11.4 Full-wave Bridge Rectification

Output

During the positive half-cycle of the input AC voltage when B is positive
with respect to D, the diodes D, and D; are forward-biased and conducting,
whereas the diodes D, and D, are reverse-biased and non-conducting. The
electronic current flows through R;, D,, the transformer secondary winding and
through D; as shown by full-line arrows. During the negative half of the AC
cycle, however, D is positive with respect to B and the diodes D, and D, are
forward-biased, whereas D, and D, are reverse-biased. D, and D, conduct
during the negative half-cycle allowing current to flow through the load resis-
tance R; in the same direction as shown by dotted arrows. Thus, diodes D, and
D5 rectifying in series provide the positive pulses during the positive half-cycle
of the input and diodes D, and D, in series with each other provide the positive
pulses during the negative half cycle of the input AC. The bridge rectifier,
therefore, acts as a full-wave rectifier with the output waveform as shown in
Fig. 11.4.

A bridge rectifier has the advantage that it produces a voltage output that is
twice the output voltage obtained from a conventional full-wave rectifier using
the same power transformer. This is because in the bridge circuit the full
voltage of the secondary is applied to the two conducting diodes in each half
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cycle compared to the conventional full-wave rectifier in which the secondary
voltage is divided into two halves. The extra cost of using four rectifier diodes
in the bridge circuit is offset by the reduction in the cost of the transformer
because the entire current in each half cycle flows through the complete wind-
ing in opposite directions.

11.6 VOLTAGE DOUBLERS

Voltage doublers are rectifier circuits which are capable of delivering a DC
voltage that is twice the peak value of the applied AC input voltage. Voltage-
multiplying circuits can also be made to deliver DC output voltages that are
several times the peak input AC voltage. Such circuits are particularly useful in
equipments where a transformer with a sufficiently high secondary voltage will
be expensive and inconvenient.

Figure 11.5 shows the circuit of a full-wave

voltage doubler. In this circuit the rectified volt- X

ages of two half-wave rectifiers D, and D, are Dy +|¢ .

combined in series so as to produce an output R 4 -T

voltage that is twice the peak value of the input

AC voltage. 5 —1C:
During the positive half cycle of the input 30v~| & 2 T

AC voltage the anode of D, is positive with v

respect to its cathode and D; conducts and

charges the capacitor C, to the peak input volt- Fig. 11.5 \S/Ziﬁizn]?jil::ﬂ?rs

age with the polarity as shown. D, does not
conduct during this half cycle.

During the negative half cycle, D, conducts while D, does not. The capaci-
tor C, is charged to the peak value of the AC input voltage with the polarity
shown. The voltages across C, and C, are in series-aiding and add up to give
an output voltage across XY that is twice the peak AC input voltage.

Figure 11.5 uses semiconductor diodes without any power transformer. Such
transformerless voltage doublers are quite common in television receivers.

11.7 FILTER CIRCUITS

Various types of rectifier circuits described so far convert AC into a pulsating
DC only. The variations in the amplitude of the output voltage must be smoothed
out to make the rectified DC voltage suitable for satisfactory operation of
vacuum tubes, transistors and other electronic devices. The variations in the
output voltage, known as ripple, can be eliminated by the smoothing action of
certain circuits called filter circuits which are networks consisting of capaci-
tors, chokes and resistors.

The filter action of a capacitor depends on its property to oppose any chang-
es in the voltage applied across its terminals by storing up energy whenever the
voltage tends to rise and releasing this stored energy back as a voltage or as a
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current whenever its voltage tends to fall. A choke coil, on the other hand,
stores energy in the form of a magnetic field whenever the current flowing
through it increases and restores the same energy to maintain a steady flow of
current when the current flow through the coil tends to decrease. A choke coil
offers a high impedance to the ripple current while offering only a low resis-
tance of its winding to the flow of DC.

Filter circuits make use of the voltage stabilising action of a shunt capacitor
and the current smoothing action of a series choke. Depending upon whether
the first component in a filter circuit is a capacitor or choke, the filter network
is known as the capacitor-input filter or choke-input filter.

11.7.1 Capacitor-input Filter

The capacitor-input filter circuit commonly used in power supply systems is
shown in Fig. 11.6. This is known as a z-type filter because its configuration
resembles the Greek letter 7.

ov

Filter output
Fig. 11.6 Capacitor-input Filter Circuit

The input capacitor C, first gets charged to the peak value of the pulsations
from the rectifier output voltage. The capacitor tends to retain the charge
between successive pulses but discharges slowly through the choke L and load
resistor R. As a result, the output voltage tends to fall off between successive
pulsations though remaining substantially near the peak value as indicated by
the filter output waveform shown in Fig. 11.6. Any remaining fluctuations in
the rectifier output current are impeded by the series choke L and bypassed to
the ground by the output capacitor C,. Additional filter elements or higher
values of filter capacitors are necessary for further reduction of the AC ripple.
Since large capacitors are needed, electrolytic R
capacitors are invariably used on these filter o——  \wwawV——@
circuits. Filter choke values vary from 10 to
15H.

In many cases the choke L is replaced by a
resistor R as filter element in the CRC type
of filter .circu.its shown in Flg 11.7. Fig. 11.7 A m-filter Circuit Us-

A resistor is not as effective a filter element ing a Resistor as the
as a choke. Therefore, the use of a resistor in Filter Element

+
:C1
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place of a choke due to cost considerations or otherwise, will need large-valued
capacitors to compensate for the loss of the choke. CRC filters are used in
solid-state devices requiring low voltages. For CRC filtered supplies, capaci-
tors with as high values as 500 to 1000 uF are commonly used. For vaccum
tube devices requiring much higher voltages than the solid state devices, power
supplies of the CLC type are commonly used in which the filter capacitors have
a value of about 50 to 100 uF.

A characteristic of the capacitor-input circuit is that it provides maximum
voltage output to the load. However, the output voltage falls off rapidly with
increasing load current and the voltage regulation of this type of filter circuit is
not very satifactory.

11.7.2 Choke-input Filter

In a choke input filter circuit, a choke coil is connected in series with the
rectifier output as shown in Fig. 11.8.

Filter
Filter L % Filter Input
Input — Output
_ _ Filter
- " Output

g ||I||

(b)
Fig. 11.8 Choke-input Filter Circuit Showing the Input and Output Waveforms

The input series choke L offers a high impedance to the pulsations from the
rectifier output current but allows the DC current to flow through easily. Any
fluctuations that are still present in the current after passing through the choke
are bypassed around the load R to ground by the shunt capacitor C. However, a
negligible amount is still present in the output waveform of the filter as shown
in Fig. 11.8. It will be seen from the output waveform of the filter circuit that in
this type of filter the DC output voltage is not equal to the peak value of the
input pulsations as the choke coil does not allow the capacitor to charge to the
peak value when the load current is drawn. However, as soon as a small load
current is drawn, the voltage drops off to some lower value beyond which the
output voltage changes very little with the changes in the load current. Thus a
choke-input filter circuit provides a better regulation than a capacity input
filter.

11.8 POWER SUPPLY REGULATION

Regulation of a power supply is the variation of the output voltage with chang-
es in the load current. Regulation can be improved by connecting a resistor R
across the output of the filter circuit. This resistor R is known as a bleeder
resistor. The main purpose of the bleeder is to place a minimum load on the
rectifier under all load conditions and thereby improve the regulation of the
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power supply. Besides improving regulation, the bleeder resistor also helps in
rapid discharge of filter capacitors when the power supply is switched off and
this prevents any shock hazards. For good regulation, the bleeder current should
be about 15 per cent of the total current.

11.9 POWER SUPPLY SYSTEMS

A complete power supply system should be able to provide all the required
voltages for the satisfactory operation of electronic equipment using vacuum
tubes, transistors and ICs. These voltages can be DC or AC voltages, high or
low voltages and may be supplied by components suitably rated to meet the
current load requirements of the particular circuits for which these are in-
tended. Thus, in an equipment using vaccum tubes the power supply system
should be able to furnish the 4, B and C supply voltages required for lighting
the filaments, operating the plate circuit of the tubes and for producing the DC
grid bias voltages respectively.

A set of batteries as used in the case of portable or emergency electronic
equipment seems to be the easiest solution for the problem of providing a
power supply arrangement to produce the A4, B and C supply voltages. This
type of arrangement is, however, very cumbersome and uneconomical. A very
convenient method of devising a power supply stage for any electronic equip-
ment such as radio and TV receivers is by the use of supply mains easily
available everywhere. These supply mains may be AC or DC supply mains. In
certain areas, both AC and DC supply mains may be available. Accordingly,
there are two main types of power supply systems commonly used in Radio
and TV equipment. These two system are: the AC power supplies which are
meant for use on AC mains only and the AC/DC, systems.

11.10 VOLTAGE REGULATORS

What is Voltage Regulation? The ability of a power supply system to
maintain a constant output voltage in spite of changes in input voltage or
output circuit conditions is defined as the voltage regulation of the system.
Power supplies that have a low effective internal resistance are said to have
good regulation. An ideal power supply system should have an effective inter-
nal resistance of zero value. In practice, however, the internal power supply
resistance is considerably higher. It is dependent on such factors as the forward
resistance of rectifiers, the transformer winding resistance, the size of the filter
capacitors, whether the rectifier is a full wave or half-wave rectifier and the
frequency of operation.

The need for voltage regulation is particularly important in the case of solid
state transistor TV receivers which operate at relatively low dc voltages (4 to
60 V) but relatively high currents (4 to 1200 mA). The high current demands
of the TV receivers are responsible for the need for special regulator circuits
that keep the output voltage constant. Regulation also prevents damage to the
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circuit transistors from line voltage fluctuations. Moreover, fast acting regula-
tors can provide additional filtering for ripple reduction.
In voltage regulation the percentage of voltage regulation is given by

No load voltage — full load voltage

o 1 —
7o regulation Full load voltage

11.10.1 Types of Voltage Regulators

The following four types of voltage regulators are used in equipment using
sold-state devices particularly the soild state TV receivers.
1. Zener-diode regulator
2. Voltage regulating power transformer
3. Feedback Regulators
4. Switch Mode Power Supply (SMPS)
A brief description of each of the above voltage regulators is given below.

11.10.2 Zener Diode Regulator

Zener diode as a voltage regulator has already been briefly discussed in Chap-
ter 6 of Part 2.

It may be mentioned that with a reverse breakdown, the voltage across the
Zener diode is constant for a wide range of current values through the diode.
Zener regulators are commonly used as voltage regulators with ratings of 3 to
180 V.

The circuit in Fig. 11.9 is a Zener diode voltage regulator.

Rs (8)
(Regulating resistance)

DC input +

Regulated
(unregulated) Z, R, (25-40 Q
15 - 17V R VESPIZ A8 ) Ofg\’,m

o J?_ 0

Fig. 11.9 Zener Diode Voltage Regulator

In the circuit shown, reverse bias is used with positive voltage at the cath-
ode. The Zener diode is rated for 12 V breakdown voltage with a max-diode
current of 150 mA and 10W power dissipation. The series regulating resistance
Ry has the function of providing a voltage drop that varies with the load
current. However, there must be at least 12 V across the diode to provide
current through Z, so that it can operate in its breakdown mode.

11.10.3 Voltage Regulating Power Transformers

Constant Voltage transformers (CVT) are used in many circuits particularly in
colour TV receivers to provide voltage regulation. These transformers can be
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designed to regulate low voltage power supply for both line voltage and load
variation. A CVT also helps to suppress transients pulses if these appear on the
AC line.

The constant voltage tansformer is able to keep output voltage constant by
making the secondary winding a resonant circuit. Moreover, the primary and
secondary windings of a CVT are wound on a specially constructed core that
allows the primary to operate normally while the secondary is operated in
magnetic saturation. The secondary winding is forced into saturation by the
large series resonant circuit current flowing through the winding. An external
3.5 uf oil filled capacitor tunes the secondary to 50 or 60 Hz as the case may
be. In practice, TV receivers fitted with CVT regulators produce a good full
size picture even when the input AC line voltage drops down to as little as half
the normal line voltage.

11.10.4 Feedback Regulators

In this regulator, a sample of the output is fed back to a control stage which can
then regulate the circuit for constant output. A block diagram. of the circuit is
shown in Fig. 11.10.

Q
Series Regulated
regulator output

Ry

[

Unregulated
dc voltage from  Q,
power supply

Regulator| _ Sensing(11.8V)
driver voltage
Reference
Z voltage
11.2V

R, Adjustment

Rs

o
il AWM AN
o

Fig. 11.10 Feedback Regulator with Series Regulator Transistor

0, is the series regulator that provides output to the load. O, is the driver to
control the bias on ,. The driver has two input voltages, one is a reference
voltage of 11.2 V stabilized by the zener diode in its emitter circuit and the
other is the sensing voltage of approx. 11.8 V from a tap on the voltage divider
Ry, Ry, Ry across the output. The amount of conduction in the driver O, deter-
mines the bias on the regulator Q,. Moreover, the driver O, compares the
reference voltage of 11.2 V in the emitter to the sample voltage from R, which
is approximately one-tenth the output applied to the base. Any difference is
amplified to change the bias and conduction for the series regulator Q;.

11.11 SWITCH MODE POWER SUPPLY (SMPS)

Operational voltages for solid-state circuits are more critical than those re-
quired for tube type circuits. In modern TV receivers and other similar solid-state
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electronic circuits the use of ICs and modular construction is very common. To
meet the stringent dc requirements of these circuits, a new power supply sys-
tem has been introduced and is being used in all modern soild-state electronic
circuits. This voltage regulating system develops a start up voltage for the
horizontal oscillator. Once started the pulses from the horizontal oscillator are
used to develop the required operational voltages for the rest of the receiver.

Basic Principle of SMPS A block diagram. of the SMPS circuit is given
in Fig. 11.11.

Bridge Rectifier

j ; L L
Q 1 3 v,
220V AC 100 v
+
=—C,

On Off
Control

Fig. 11.11 Block Diagram of the SMPS System

The 220V AC input voltage is rectified by the bridge rectifier circuit and fed
to the filter capacitor C; to charge to 300 V DC. This DC voltage (300 V) is
connected through the switching transistor Q, to filter choke L. The switching
transistor works as a switch which turns fully ON or OFF. During OFF period
the energy stored across coil L; is delivered to condenser C, with rectifier
diode D, in series. The diode allows the capacitor C, to charge due to induced
voltage across coil L;. The voltage across the capacitor C, is the output DC
voltage connected to the load circuit. The unregulated dc supply is chopped by
switching element at a rapid rate of more than 15 kHz (15625 Hz). The result-
ant high frequency pulse train is transformer coupled to an output network
which provides final rectification and smoothing of the dc output. Regulation is
accomplished by control circuits which vary the duty cycle-on off period-of the
switching transistor and thereby control the output.

By making the switching frequency very high (more than 15 kHz) the values
of the filter elements (capacitors and coils etc) are reduced to low values.

The rectifier diode D, must be a fast switching or fast recovery diode as it
has to remove the negative induced voltage from the emitter of the switching
transistor. The switching transistor is a fast switching medium power transistor
such as 21413.

Advantages of SMPS SMPS possesses the following advantage over a
normal conventional regulated Power supply system.
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1. Due to the high switching rate of about 20 kHz the components like
transformer, inductors and filter capacitors are much smaller and light-
er than those required for line frequencies (60 Hz). This reduces both
the weight and cost of the equipment.

2. Switching transistors are only on-off devices and dissipate much less
power and efficiencies of the order of 65 to 85% can be obtained
compared to 30 to 40% for the linear supplies.

3. It can operate under a low ac input voltage. It has a relatively long
hold up period and will sustain even if the input power fails momen-
tarily.

However, SMPS is very expensive and has a complex circuitry. Electromag-
netic interference from the switching circuits necessitates special shielding of
the circuits and equipment and filter circuits to reduce noise and interference.

11.12 INVERTERS

Emergency Power Supply Systems An inverter is an emergency power
supply system, that supplies power to small household loads consisting of
lights, fans, TV sets and other small electrical appliances in case of power
supply failure. The emergency power supply comes from a set of battery accu-
mulators which forms a part of the inverter system. Figure 11.12 shows a block
diagram of an inverter system.

V A V A
ORORONO)
Supply { ______ Inverter |- - - | M} Load lamps,
Mains Tput “““ Circluit “““ 230V fans, TV etc.
230V, 50 Q o 50 W
o=~ —

Accumulator 24 V
Fig. 11.12 Block Diagram of an Inverter System

Normally, the household load is fed from the mains supply while it is on. In
this condition, the accumulators also get the charging current from a built in
rectifier system. When the main supply fails, a relay system operates and the
battery voltage gets connected to this inverter system which convertes the
battery DC voltage into an AC supply of suitable voltage and frequency and
this takes over the load for the duration of the power supply failure. As soon as
the power supply is restored the relay operates again, the system falls back to
its normal working. The charging of the batteries starts again and this contin-
ues till another power supply failure occurs.
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Meters and indicators lamps fitted into the cabinet give the required infor-
mation regarding the working of the inverter system.

Inverters of various capacities such as 200 VA, 500 VA and 1250 VA are
available in the market.

11.13 POWER SUPPLY TROUBLES

Defects in most electronic equipments can be traced to power supply troubles.
For troubleshooting, systematic measurement of AC and DC voltages at vari-
ous points of the power supply circuit is necessary. The result of these mea-
surements can give a clue to the actual trouble and help in isolating and
replacing the defective component.

If no output DC voltage is available from the power supply, the trouble
could be due to (i) open line cord or defective plug, (ii) blown-out fuse,
(ii1) defective power transformer, (iv) defective rectifier diode, (v) defective
filter capacitors, or (vi) open filter choke or filter resistor.

If no DC output voltage is available across C, but DC voltage is available
across C, the trouble is a shorted filter capacitor C,, an open filter choke or
resistor R; or a shorted bleeder resistor, if one is used. A resistance check of
these components will indicate the trouble. If the voltage across C is also zero,
the trouble may be shorted C,. Before isolating and checking C;, an AC volt-
age test across the secondary of the power transformer is necessary to eliminate
any possible defect in the line cord, fuse switch and power transformer. If there
is no AC voltage across the power supply but AC voltage is available at the
mains outlet socket, then a continuity check between the prongs of the power
plug and transformer primary after closing the switch will show if the line cord,
fuse, switch or the transformer primary is open and should be replaced. If all
components from the line cord through the primary of the transformer are
normal, the trouble is an open secondary winding in the transformer which
must be confirmed by a continuity check. If the AC voltage is available across
the secondary winding but no DC voltage is available either across C, or C,,
the trouble could be either a shorted filter capacitor C; or a defective rectifier
diode which should be replaced. An open centre tap on the secondary of the
transformer can also be the cause of the trouble.

If the DC output voltage is low, the trouble can be attributed to either an
increase in the load current or leaky electrolytic capacitors. A weak or defec-
tive rectifier diode can also be the cause of this problem. The defective compo-
nents including the filter capacitors should be replaced one at a time till the
output DC voltage and hum level, if any, are restored to their normal value.

This procedure to detect faults applies equally to AC-DC or transformerless
power supplies, except that the transformer troubles are eliminated in the latter.

SUMMARY

DC voltages required for the operation of electronic equipment using vacuum
tubes and transistors are generally obtained by the conversion of AC mains
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supply into DC by a process known as rectification. AC is converted into
pulsating DC by means of a device called the rectifier. A filter circuit consist-
ing of capacitors, chokes and resistors as filter elements changes the pulsating
DC into smooth and steady DC.

A rectifier is a unidirectional device which conducts only during the positive
half of the AC cycle and remains cut off during the negative alternation.
Diodes posses unidirectional characteristics and are used as rectifiers. Diodes
used as rectifiers may be either vacuum diodes or semiconductor diodes which
require no filament heating.

Rectification may be half-wave rectification using a single diode, conduct-
ing only during positive alternation of the input cycle or full-wave rectification
using two diodes so connected that the current flows through the load during
the full cycle of the input AC voltage. A bridge rectifier using four diodes
provides full-wave rectification without the use of a centre-tapped transformer.
Voltage doublers are rectifier circuits capable of delivering a DC voltage that is
twice the peak input AC voltage.

Filter circuits are used to convert pulsating DC into steady DC by smoothing
out the pulsations. Practical filter circuits combine voltage stabilising action of
shunt capacitors with the current smoothing action of a series choke coil. A
filter circuit is a capacitor-input circuit or a choke input circuit depending upon
whether the first component in the filter circuit is a shunt capacitor or a series
choke coil. A bleeder resistor across the filter circuit helps maintain a constant
output voltage for changing loads.

Voltage regulators of various types are used to prevent damage to transistors
due to fluctuations in the line supply voltage. Switch Mode Power Supply
System (SMPS) is now used in almost all modern solid state electronic circuits.

Inverters are emergency power supply system that supply power from accu-
mulators in emergencies. Troubleshooting in power supply systems is carried
out by systematic measurement of AC and DC voltages at various points and
resistance checking of the suspected components.

RevieEw QUESTIONS

1. Explain the function of power supplies in electronic equipment?

2. What is rectification? How the characteristics of a diode help in recti-
fication?

3. Explain the operation of a half wave rectifier? How is the pulsating
DC changed into steady DC?

4. What is full-wave rectification? Draw the circuit of a full-wave rectifi-
er using semiconductor diodes.

5. Draw the circuit of a bridge rectifier showing the direction of current
flow through various components.

6. Compare a conventional full-wave rectifier with a bridge rectifier.

What is a filter circuit and how does it function?

8. Explain the relative advantages and disadvantages of a choke-input
filter circuit and a capacitor-input filter circuit.

~
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10.

11.

12.

13.

What are the two common types of power supplies used in radio
receivers? Compare and contrast the two systems of power supplies.
What is a voltage regulator? Name some of the important voltage
regulators being used in modern electonic equipment.

What is SMPS? Explain with a block diagram the basic principle of
SMPS.

Explain whether True or False.

L.
2.
3.

4.
5.

A filter circuit converts AC into DC.
Full-wave rectification needs at least two diodes.
A bleeder resistor is used to improve the regulation of power
supply.
The primary of a CVT uses a resonant circuit.
A voltage doubler is not a rectifier circuit.
(Ans. 1. False, 2. True, 3. True, 4. False, 5. False)

What is an inverter? Explain its working with a block diagram.












chapter 1 2

Propagation and
Transmission of Radio
Waves

12.1 RADIO COMMUNICATION

Radio communication is the process of sending information from one place
and receiving it in another place without using any connecting wires. It is also
called “wireless” communication. Perhaps, the most important form of radio
communication is radio broadcasting, including television broadcasting. Radio
broadcasting not only provides home entertainment but also serves as a valu-
able educational aid. Other important applications of radio communication are
radio telephone, radio telegraph, police wireless, radio aids to navigation (both
air and sea), walkie-talkie and satellite communication. Radio communication
is based on the properties of a special type of radiation called radio waves.

12.2 RADIO WAVES—CHARACTERISTICS

Radio waves are produced by rapidly changing currents flowing through a
conductor. These radio waves spread out in space like ripples produced on the
surface of a pond when a stone is dropped into the water. When these fast
moving radio waves strike some other conductor placed in their path at a
distant point, they produce in the second conductor weak currents of the same
nature as the original current which produced these radio waves. Thus a com-
munication called radio communication is established between two distant points.

Radio waves belong to a particular type of waves called electromagnetic
waves, a form of energy resulting from a combination of electrical and magnet-
ic effects of rapidly changing electric currents. Although not visible to the eye,
radio waves travel with the velocity of light waves which is 186,000 miles per
second or 300,000,000 metres per second. In fact, both light and radio waves
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are electromagnetic waves. Other examples of electromagnetic waves are X-
rays, cosmic rays and gamma rays produced by radioactive substances.

Sound also travels in the form of waves but sound waves are not electro-
magnetic waves. Compared to electromagnetic waves, sound waves travel at a
much lower speed of 1,100 feet per second or 330 metres per second. This is
the reason why a flash of lightning is seen first and the sound of thunder
follows a little later.

12.2.1 Frequency and Wavelength

Figure 12.1(a) represents a complete cycle of a radio wave. The number of such
complete cycles performed by the radio wave in one second is called the
frequency of the radio wave. Figure 12.1(b) represents a wave which performs
three complete cycles in the same interval of time as that of the wave in
Fig. 12.1(a) to perform one complete cycle. The frequency of the wave repre-
sented by Fig. 12.1(b) is, therefore, three times the frequency of the wave re-
presented by Fig. 12.1(a). The unit of frequency is hertz (Hz) which is one cycle
per second. This unit is named after Henrich Hertz, who discovered radio waves.

«——————One cycle——>

(a)
Wavelength

/N
N2 Y2 Y

. I
— Time |
«—3 cycles——— >

(b)
Fig. 12.1 Frequency and Wavelength of a Radio Wave
(a) One Cycle (b) Three Cycles

Radio waves generally possess a frequency of thousands and millions of
hertz and are thus represented by larger units called kilohertz and megahertz.

1 kilohertz (kHz) = 1000 hertz (Hz) = 10 Hz
1 megahertz (MHz) = 1000,000 hertz (Hz) = 10° Hz

The wavelength of a radio wave is the distance travelled by the wave during
one complete cycle. As shown in Fig. 12.1(b), it is the distance between two
successive peaks in the same direction. Wavelength is usually expressed in
metres. The frequency, wavelength and velocity of radio waves are connected
by the following formula:
fA=c
where f= frequency in hertz
A= wavelength in centimetres
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¢ = velocity of light in centimetres per second
=3 x 10" cm/s
The above formula helps to convert frequency into wavelength and vice versa.
Every radio broadcasting station or television station is allocated a fixed
frequency for operation which is required to be maintained constant within
prescribed limits to avoid interference with neighbouring stations. Thus a broad-
casting station operating at 1000 kHz has a wavelength of

3x108
1000 x103

ExampLE: A broadcasting station is operating at 30 MHz. What is the wave-
length in metres?

=300m

. velocity of light in metres per second
Wavelength (4) in metres =

frequency in hertz

_ 300,000,000 _ 300
J (Hz) J (MHz)
In this case f= 30 MHz

so 1= 300
30 MHz

Radio waves of different frequencies are used for different purposes. Radio
broadcast stations normally operate at frequencies from a few hundred kHz to
30 MHz but television stations use frequencies above 40 MHz. A complete
range of frequencies over which radio signals can be transmitted for various
purposes and the classification of these frequencies is given later in this
chapter.

12.3 MODULATION

Every transmitting station is assigned a radio frequency (RF) called the carrier
which can travel over long distances in free space with the speed of light.
However, the human ear cannot respond to these high frequencies. If the radio
waves are to carry a message or information, some feature of the radio wave
must be varied in accordance with the information to be communicated. The
process by which the information is superimposed on the carrier is called
modulation. In the case of radio broadcasts the information or the message
generally consists of low frequencies in the range of 20 to 20,000 Hz. These
low frequencies are called audio frequencies because the human ear can re-
spond to corresponding sound frequencies in the same range.

Audio frequencies by themselves cannot travel long distances but when
superimposed on the carrier frequency, they can cover the same distance as the
carrier wave itself. A modulated wave is like an aeroplane carrying passengers
who could not have reached their destination without the help of the aeroplane.
In the case of television broadcasts the modulation frequencies are called video
frequencies which correspond to the visual information in the picture to be
transmitted.

=10m



286 Basic Radio and Television

For modulating a radio wave, the two important characteristics of the radio
wave that can be varied are the amplitude and the frequency of the carrier
wave. When the amplitude of the carrier is varied in accordance with the
variation in the amplitude of the modulating signal (audio frequency), the
modulation is called amplitude modulation (AM). If, however, the frequency of
the carrier is varied in accordance with the variation in the amplitude of the
modulating signal, the modulation is called frequency modulation (FM).

Both Amplitude and Frequency Modulation are used in radio and television
broadcasts. In television the picture transmission uses amplitude modulation
but sound transmission employs frequency modulation.

12.4 PROPAGATION OF RADIO WAVES

Radio communication is established between two distant points when radio
waves leaving a conductor of suitable length called a transmitting antenna are
picked up at the receiving end by another conductor of suitable length called
the receiving antenna. There are a number of modes or paths by which the
radio waves travel from transmitting antenna to receiving antenna. The more
important of these modes are:

1. Ground wave

2. Sky wave

3. Space wave

12.4.1 Ground Wave

A ground wave travels from transmitting antenna to the receiving antenna
along the surface of the earth. It is also known as the surface wave. The earth
being a good conductor of electricity absorbs electrical energy from the ground
wave as it glides along the surface of the earth. Energy is also absorbed from
the ground wave by intervening objects like trees, buildings and hills, etc. The
ground wave, therefore, gets weaker and weaker as it travels along the surface
of the earth till it becomes so weak that it is no longer useful. The distance over
which the ground wave can provide good communication is, therefore, limited.
The absorption of energy also depends on the frequency of the ground wave.
The absorption by the earth’s surface increases with the frequency of the radio
waves.

The ground wave provides the best and the cleanest reception within its
range. This reception is constant at all times of the day and is not affected by
seasonal or other changes in weather conditions. Ground wave propagation is,
therefore, used for local and regional broadcast service. The frequencies used
are low or medium frequencies up to about 1,600 kHz.

12.4.2 Sky Wave

The transmitting antenna sends out radio waves in all directions. A part of
these radio waves travels upward towards the sky and enters a region of the
upper atmosphere known as the ionosphere which consists of electrically charged
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particles called ions. The ionosphere acts like a huge mirror or reflector placed
in the sky and sends back to the earth a high frequency radio wave like a ray of
light reflected from a mirror. Such a radio wave that is reflected from the
ionosphere is called a sky wave, as shown in Fig. 12.2. A sky wave can cover
much larger distances than the ground wave and makes long distance radio
communication possible. In order to understand the propagation of sky waves,
we must first know something about the properties of the ionosphere.

Fig. 12.2 Sky Wave Formed as a Result of Reflection from the lonosphere

12.5 IONOSPHERE

The upper parts of the earth’s atmosphere are constantly bombarded by ultra
violet and many other types of radiations from the sun. These radiations not
only heat up the atmosphere but also produce negatively and positively charged
particles called ions. This highly ionised region of the earth’s upper atmo-
sphere is known as the ionosphere. This region is also known as the Kennelly-
Heaviside layer because it was first discovered by two scientists, A.E. Kennelly
and Oliver Heaviside of England.

The ionosphere, which extends from about 80 to 650 km above the earth,
actually exists in the form of layers at different heights above the surface of the
earth. These layers called D, E and F layers have different densities of ionisation.

The D layer which is actually a region extending between 50 and 90 km
above the earth is responsible for much of the day time absorption of high
frequency radio waves. At night this layer moves up and farther away from the
earth, thereby providing better coverage for high frequency radio waves which
cannot be received in the day because of attenuation by the D layer.

The E layer which is normally constant at a height of about 110 km above
the earth surface, may at times show variable ionisation between 90 and
130 km.

The F layer which exists at a height of about 220 km is actually a combina-
tion of two layers called F, and F, of which the F, layer is more variable with
typical heights lying between 250 to 350 km. At night the F, and F, layers
merge into one another to form a single F, layer.

The ionisation properties of these layers and their height above the earth
change from time to time. These changes take place not only between day and
night but also with different seasons of the year. The variations mostly follow a
regular pattern but sometimes sudden and irregular changes also take place
which disrupt radio communication at certain frequencies.
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12.6 PROPAGATION OF RADIO WAVES THROUGH
THE IONOSPHERE

When a radio wave enters the ionosphere and travels upwards through layers of
increasing ionisation density, it is reflected and gets bent earthwards like a light
ray passing from a medium of lower refractive index to one of a higher refrac-
tive index. The extent to which a radio wave bends will depend upon the
frequency of the radio wave and the ionisation properties of the layer at that
time. At frequencies below 30 MHz, the radio wave gets bent as it moves up
through the ionosphere and finally gets reflected back to the earth at a point C
(Fig. 12.3). The radio wave so reflected back to earth is called a sky wave and
it is this sky wave that makes long distance radio communication possible.
Sometimes the sky wave striking the earth at point C again gets reflected from
the earth and bounces back to the ionosphere from where it is again reflected
back to earth at a point still further away from the transmitting antenna. Each
of these hounces from the earth is called a hop. Very long distance communi-
cation extending to thousands of miles is sometimes accomplished in two or

more hops, by sky waves.
/ Apparent

Ground Ray
kip zone

}«——Skip distance—]
Fig. 12.3 Wave Propagation Showing Skip Distance, Skip Zone and Ground Ray

Radio waves of frequencies higher than 30 MHz are not normally reflected
from the ionosphere. They move straight into the ionosphere layers and get lost
due to absorption. As such, these waves are not useful for long distance radio
communication.

12.6.1 Skip Distance

The distance between the transmitting antenna and the nearest point to which
the sky wave returns after reflection from the ionosphere is called the skip
distance (see Fig. 12.3). Within this distance the only signals that can be
received are due to ground waves most of which are absorbed at high fre-
quencies.

There is a zone around the receiving antenna which is covered by neither the
ground wave nor the sky wave. Such a zone or belt is called the skip zone
(Fig. 12.3). Skip distance depends on the frequency of the waves, the time of
the day and the angle at which the wave enters the ionosphere. In order to keep
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the skip distance same for a particular receiving point for uniform reception
during the day and night, it becomes necessary to use different frequencies for
transmission during the day and night.

Space Wave Radio waves above 30 MHz are not reflected by the iono-
sphere. Radio waves at these frequencies cannot travel more than a few hun-
dred feet along the surface of the earth because of heavy absorption by the
earth. These waves travel from the transmitting antenna to the receiving anten-
na in space at about 15 km above the surface of the earth. This space is known
as the troposphere and the waves travelling through it are called space waves.
The space wave commonly consists of at least two components as shown in
Fig. 12.4. One of these, TR, travels directly from the transmitting to receiving
antenna and is called the direct wave, whereas the other TER, reaches the
receiving antenna as a result of reflection from the surface of the earth and is
called the reflected wave. The reflected wave undergoes a phase change of
180° on reflection from the earth. The two components will, therefore, add or
cancel each other out at the receiving point R depending on the distance 7ER,
travelled by the reflected wave.

Direct wave R
eflected wav

E

Fig. 12.4 Formation of a Space Wave

Space waves provide communication within the optical range or the line of
sight distances only. This range does not normally extend beyond the horizon
due to curvature of the earth. Hills, trees and tall buildings also obstruct these
waves. For communication to be possible, the transmitting and receiving anten-
nas should be able to see each other.

Frequencies above 40 MHz are used for television and FM broadcasts which
consequently have a line-of-sight range only.

To extend the horizon for greater coverage at these high frequencies, the
transmitting and the receiving antennas have to be raised to as great a height as
possible.

Radio waves at these high frequencies are called microwaves. These micro-
waves are used to provide links between two points for telephone communica-
tion. With the help of the communication satellites, which can be stationed at
suitable heights above the earth, these microwaves are also used for long
distance television broadcasts and other radio communication channels extend-
ing over thousands of miles.
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12.7 FADING

Fading is the name given to the phenomenon due to which the strength of the
radio signal received at a point fluctuates with time. The period of these varia-
tions in signal strength may be short or long. Fading is specially noticeable at
night for frequencies between 500 and 1,000 kHz and at distances of the order
of 160 to 1,600 km from the transmitter. Fading may be due to various causes
but one of the most common causes is that the direct ray and indirect ray may
reach a particular receiving point in opposite phases due to different distances
travelled by these rays. If the two rays are of comparable strength, they will
tend to cancel each other out resulting in fading.

Selective fading results when the components of a modulated wave fade in a
manner in which each is independent of the other. This results in distortion of a
received signal as its waveform is not the same as that of the transmitted signal.

Special methods of transmission and reception have to be adopted to avoid
fading.

12.8 RADIO WAVE TRANSMISSION

Figure 12.3 showed how radio communication was possible by radio waves which
are electromagnetic waves like light waves. These radio waves spreading out in
space from their point of origin travel at the speed of light 3 x 10'° cm/s in
vacuum) and can induce weak currents of the same frequency in any metallic
objects that fall in their way. When suitably modulated, these radio waves can
be used to convey information or messages from their point of origin to the
point of reception which may be thousands of miles away.

These radio waves get attenuated or weakened as they travel out in space,
partly due to the absorption of their energy by reflection and refraction in the
ionosphere, partly by the ground and partly by other objects which these radio
waves strike. The behaviour of radio waves of different frequencies is different
in so far as their reflection or absorption by other objects is concerned. The
propagation characteristics of radio waves of different frequencies mainly de-
cide the use to which these waves can be put to for communication purposes.
Radio waves have, therefore, been divided into categories or classes with
regard to their frequencies. Table 12.1 gives a summary of the classification of
radio waves, their propagation characteristics and their typical uses.

To understand how radio waves are generated and radiated into space, con-
sider alternating currents of suitable frequency fed into a conductor or wire of
suitable length called the antenna. Fast moving alternating currents produce a
moving electric field around the antenna. This field in turn produces a mag-
netic field at right angles to it. This combination of electric and magnetic fields
constitutes the radio wave or electromagnetic wave which is a form of radiant
energy.

A conductor carrying alternating currents will radiate a certain amount of
electrical energy in the form of electromagnetic waves provided the length of
the conductor carrying AC is comparable with the wavelength of the alternating
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Table 12.1 Classification of Radio Waves and their Propagation Characteristics

Class Frequency range Propagation characteristics
and typical uses
Very low frequency 10 to 30 kHz Low attenuation and propagation
(VLF) characteristics reliable all day—
used for long distance communi-
cation
Low frequency (LF) 30 to 300 kHz Day-time absorption more than

VLF—used for marine communi-
cation and navigational aids

Medium frequency 300 to 3,000 kHz High attenuation during day and

(MF) less attenuation at night—suitable
for broadcasting and marine com-
munication

High frequency (HF) 3 to 30 MHz Propagation characteristics vary

with time of day, season and fre-
quency used for long distance com-

munication
Very high frequency 30 to 300 MHz Line of sight propagation—not af-
(VHF) fected by ionosphere used for tele-
vision, FM transmission, radar, etc.
Ultra-high frequency 300 to 3,000 MHz Line of sight propagation—used for
(UHF) television and short distance com-
munication

Super-high frequency 3,000 to 30,000 MHz  The same as UHF
(SHF)

current flowing through it. Thus, a conductor carrying AC at 100 Hz will have
to be 3 x 10° m or 30,000 km long for electromagnetic waves at this frequency to
radiate appreciable amounts of energy. On the other hand, currents at 1,000 kHz
will need a conductor of only 300 m length which can be constructed practically.
It will be clear that HF waves can be conveniently radiated by a small radiator
while LF waves require a large radiator or antenna system for effective radiation
of electromagnetic energy in the form of radio waves. Waves having frequencies
below a minimum limit are not quite suitable for radio communication. This is
the reason AF produced by a microphone cannot be radiated directly even if
they are made quite powerful by audio amplification. Different transmission
characteristics possessed by radio waves of different frequencies are utilised in
various ways for radio communication purposes.

Low frequencies from 30 to 300 kHz are not affected by the ionosphere and
the ground losses are also very low at these frequencies. These frequencies can
provide very stable and dependable transmission throughout the day and night
and are quite suitable for radio broadcasting. However, longwave broadcasting
is not in use in India at present.
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Medium-wave frequencies from 535 to 1,605 kHz known as the broadcast
band. Due to absorption by the ionosphere, these waves cannot travel more
than 300 km during the day. However, the absorption is reduced at night and
the sky waves at these frequencies can be transmitted up to about 5,000 km.
Most regional broadcast stations, therefore, operate in the medium-wave band
or the broadcast band.

For short-wave frequencies between 1,600 kHz to 30 MHz the absorption
due to the ground is very good. The sky wave at these frequencies can, howev-
er, travel long distances up to about 20,000 km in one or more hops and these
short waves are used for overseas transmission over long distances. However,
the transmission provided by these frequencies is unstable and is affected by
changes in ionospheric conditions over the long distance path.

At frequencies above 30 MHz, the ground wave transmission is practically
impossible due to very high ground losses and the sky wave also penetrates the
ionosphere without being reflected back to the earth. Transmission at these
frequencies is possible only in a straight line connecting the transmitting and
receiving antennas. The characteristics of waves at these frequencies resemble
light waves and the curvature of the earth limits the transmission distance to
the line-of-sight distance only. These frequencies which are used for TV and
FM broadcasts provide very stable transmission signals which are not much
affected by outside disturbances.

12.9 MODULATION OF RADIO WAVES

Radio waves are only silent carriers and convey no messages unless some of
their characteristics are changed in accordance with the information to be
transmitted. The method by which some feature of the radio wave, also known
as the carrier wave, is varied in accordance with the information to be trans-
mitted is called modulation.

There are various ways of modulating a radio wave. One method is to turn
on and off a radio transmitter in accordance with a prearranged code like the
dots and dashes of the Morse telegraph code. This system of radio telegraphy is
the CW (continuous wave) system of radio transmission. However, for the
transmission of sound or pictures, the features of the radio wave that are varied
are the amplitude or the frequency of the carrier wave. Thus, the two most
important methods of modulation are the amplitude modulation and the fre-
quency modulation.

12.9.1 Amplitude Modulation

In amplitude modulation the amplitude of the radiated carrier wave is varied in
accordance with the variations of amplitude of the modulating AF wave as
shown in Fig. 12.5.

Amplitude modulation is used in radio broadcasting and radio-telephony,
where the carrier wave amplitude is modified according to the strength of the
audio signal produced by sound pressure variations on the microphone. In the
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(a) RF carrier wave (b) AF Modulating (c) RF amplitude modulated
signal carrier wave

Fig. 12.5 Amplitude Modulation of an RF Carrier (a) RF Carrier Wave (b) AF Modu-
lating Signal (c) RF Amplitude Modulated Carrier Wave

case of TV the modulation signal is the video signal produced by the TV
camera from the variations of light intensity in the televised scene.

In Fig. 12.5, a single AF sine wave has been used to modulate a sine wave
RF carrier. In actual practice, the audio signal produced by a microphone or the
video signal from a TV camera may not be a simple sine wave but a complex
wave of the form shown in Fig. 12.6 and the amplitude modulated RF wave
will also be of a complex nature.

(a)

(b)
Fig. 12.6 (a) Modulating RF Carrier with Signal from a Microphone (b) Modulated RF
Signal

For amplitude modulation, the two frequencies have to be mixed in a suit-
able manner. This can be done by impressing the carrier wave and audio signal
on a device or circuit which has non-linear characteristics. In other words, the
modulating device or modulator will possess the characteristics where the cur-
rent is not directly proportional to voltage. Vacuum tubes (or transistors) have
such non-linear characteristics and form very good modulators.

Sidebands When an RF carrier wave is modulated by an AF signal wave by
mixing the two frequencies in a modulator tube operated on the non-linear
portion of its characteristics, two new frequencies equal to the sum and differ-
ence of the combining frequencies are produced by the heterodyning process,
similar to the one described in the case of a superheterodyne receiver. Thus, for
each AF present in the audio signal, two new frequencies appear, one equal to
the carrier frequency plus AF and the other equal to the carrier frequency
minus AF. The two new frequencies which appear on either side of the carrier
frequency are called sidebands. For example, if a carrier wave with a frequency
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of 1,000 kHz is modulated with an AF signal of 1 kHz, the two sidebands
produced will be: 1,000 kHz + 1 kHz and 1,000 kHz — 1 kHz. The sideband
with the higher frequency (1,001 kHz) is called the upper sideband and the
sideband with the lower frequency (999 kHz) is called the lower sideband as
shown in Fig. 12.7.

Carrier Frequency

Lower side band

T

999 kHz 1,000 kHz 1,001 kHz
Fig. 12.7 Carrier and Sidebands in Amplitude Modulation

Upper side band

The bandwidth or channel width required for the transmission of a modulat-
ed wave is twice the modulating signal frequency which in the example given
is 2 kHz.

In sound broadcasting the carrier wave is modulated not with just a single
frequency, as in the previous case, but with a whole set of AFs constituting the
voice or music to be broadcast. Each frequency produces two sidebands and
the bandwidth required for the transmission of voice or music will be twice the
highest frequency contained in the actual programme to be broadcast. In the
radio broadcast of music, the highest radio frequency contained in the modulat-
ing signal may be as high as 10 kHz and the bandwidth of the transmitting
channel required will be 20 kHz. In the case of TV also the bandwidth of the
transmitting channel is twice the highest frequency contained in the video
signal. It will thus be clear that the tuned circuits in radio transmitters and
receivers must be so designed as to be able to pass a whole band of frequencies
rather than only the carrier wave frequency.

12.9.2 Power Relations in an Amplitude Modulated
Wave

According to Ohm’s law, P, the power is given by the relation

_r
P="

where V is the voltage and R is the resistance in the circuit.
An amplitude modulated wave consists of the carrier and the two side bands.
Thus, the total power P is given by the relation
P = Carrier Power (P,,) + Power in lower sideband (P;qz) + Power in
upper sideband (Pygp)
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Thus a 100% modulated wave contains 50% more power than an unmodulated
wave. All the extra power comes from the sidebands.

The transmitter should be capable of handling the extra power at 100%
modulation. Equation 12.1 above establishes a relation between the carrier
power and the sideband power at different values of modulation index.
ExampLE: An amplitude modulated transmitter radiates a total power of 400
Watts at 50% modulation. Calculate the power in each sideband.
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2
=P (1 +0.125)

=P.x1.125
_ 400 _
P.= 1125 355.6
2
Total sideband power = P mT =355.6 x 0.125
= 44.45 Watts
Power in each sideband = % = 22.22 Watts

Percentage Modulation In amplitude modulation the amplitude of the car-
rier wave is varied in accordance with the variations in the amplitude of the
modulating signal. The extent of variations in the amplitude of the modulated
wave can be expressed as the degree of modulation or depth of modulation,
which depends on the relative amplitudes of the carrier and modulated wave at
any instant during modulation. This degree of modulation is often converted
into a percentage called the percentage modulation.

In Fig. 12.8, E, represents the normal amplitude of the unmodulated carrier
wave and E, . is the maximum value of the modulated wave at any particular
instant, the percentage modulation is given by

. Emax EO
% Modulation = — 5 x 100%

Fig. 12.8 Percentage Modulation

When E,,, = 2E,, the modulation is 100 per cent as is clear from the above

, 1 .
formula. The modulation is 50% when E,, = 15 E, and so on. Modulation

above 100% is called overmodulation and results in a distorted output wave-
form.
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The power required to modulate a carrier wave depends on the percentage
modulation and the type of modulation. In amplitude modulation, the sidebands
produced carry a part of the power contained in a modulated wave. It can be
shown mathematically that the sidebands contain 50% as much power as the
unmodulated carrier so that the two sidebands together make the power of a
completely modulated wave 50% greater than the carrier power. A well-modu-
lated carrier has a much greater coverage than an under-modulated carrier
wave.

12.10 FREQUENCY MODULATION (FM)

Another method of transmitting information by modulation of the carrier wave
is frequency modulation or FM. In FM the frequency of the carrier wave is
varied in accordance with amplitude variations in the audio signal; the ampli-
tude of the carrier wave remains constant throughout. Figure 12.9 shows the
comparison between an amplitude modulated wave and a frequency modulated
wave. It will be seen that in AM the amplitude varies in accordance with the
audio modulation and the frequency remains constant, but in the case of FM
the frequency varies in accordance with the audio modulation and the ampli-
tude remains constant. This is the main difference between the characteristics
of the two systems of modulation.

(a)

it -

(b)
Fig. 12.9 Comparison between AM and FM Waves
(a) Amplitude Modulated Wave
(b) Frequency Modulated Wave

Frequency modulation possesses two main advantages over amplitude mod-
ulation. These advantages are:

1. The output from an FM signal is comparatively much less noisy than the
output from an AM signal. This is because all natural and man-made
noises like atmospheric, static, sparking from electrical machines, etc. can
produce only amplitude modulation of the carrier and these cannot produce
any effect on FM signals where the amplitude remains constant.

2. The quality of FM broadcasts is much superior to the quality of
AM broadcasts. For high fidelity broadcasts of music programmes, the
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modulating frequencies can extend up to 10 or 15 kHz. This requires a
bandwidth of 20 to 30 kHz which cannot be easily accommodated in the
broadcast band without making it overcrowded. To conserve the band-
width and to provide more channels in the broadcast frequency spectrum,
the maximum frequency range of music programmes has to be restricted to
only about 7.5 kHz, thereby sacrificing fidelity. However, FM broadcasts
are made in the VHF range of 88 to 108 MHz and a large number of FM
stations capable of transmitting the full audio band from 20 Hz to 15 kHz
can be operated in the same area without any difficulty.
The sound carrier in TV transmission is frequency modulated.

Modulation Index Tn FM the carrier frequency swings with the amplitude
variations of the modulating signal. The maximum permissible frequency swing
or frequency deviation has been fixed at £75 kHz, thereby allowing a maxi-
mum bandwidth of 150 kHz. The actual deviation varies with the degree of
modulation used by various services. In practice the degree of modulation or
modulation index in FM is defined as the ratio of the frequency deviation to the
modulating frequency, which is given by

Carrier frequency deviation

Modulation index = Modulating frequency

Thus for a carrier frequency deviation of £75 kHz and a modulation fre-
quency of 5 kHz, the modulation index will be 75 kHz/5 kHz = 15. The
modulation index will vary with the audio-modulating frequency.

Method of modulation or detection of FM waves are different from those
used for AM waves. In FM it is the frequency of the carrier that varies with
modulation and the detector for FM is a circuit whose output varies with
frequency. Such a detector circuit converts the variations of frequency into
amplitude variations and is called the discriminator. Methods of detection of
FM waves have been described in detail in Chapter 19 on television where FM
is used for the modulation of the sound carrier.

FM broadcasts are normally made on frequencies in the VHF range. These
waves resemble light waves and travel in straight lines. The distances covered
by FM waves are limited to line-of-sight distances only because of the obstruc-
tion caused by the curvature of the earth and other obstacles in the path of
these waves. However, with the increasing use of communication satellites, it
is possible to cover much wider areas with FM broadcasts.

12.11 RADIO TRANSMITTERS

A radio transmitter is a device used for generating HF radio waves called
carrier waves which can be modulated by the information to be transmitted.
The modulated carrier wave is then fed into a suitable antenna system for
radiation. The carrier frequency which is generally produced at a low level by
an oscillator is then amplified by a number of stages of RF amplification till the
required level of output power is obtained. This RF carrier is then suitably
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modulated by any one method of modulation described earlier depending upon
the type of information to be transmitted.

One method of modulation used in radio telegraph transmitters is to inter-
rupt HF carrier at regular intervals in accordance with a telegraphic Morse
code to produce the dots and dashes of the telegraphic system. A key is used
for closing and opening the transmitter circuit. The output of the transmitter in
such cases consists of continuous HF waves which can be made audible at the
receiving end by converting these into LF audio notes by a heterodyning pro-
cess. This type of transmitters are called continuous-wave (CW) transmitters.

For the transmission of speech or music as in broadcasting, the method of
modulation used is either amplitude modulation (AM) or frequency modulation
(FM). Transmitters using AM or FM system of modulation are also known as
radio-telephone transmitters.

12.11.1 Amplitude-modulated Transmitters

Amplitude-modulated (AM) transmitters are mostly used for the broadcast of
speech or music. These transmitters either operate on the broadcast band (535-
1,605 kHz) or medium-wave band and provide steady service over a limited
range. When used for long distance transmissions such as overseas broadcasts,
these transmitters operate on higher frequencies between 3 and 30 MHz and
are known as HF transmitters or short-wave (SW) transmitters. Figure 12.10 is
a block diagram of an amplitude modulated transmitter.

Transmitting Antenna

\T/

Crvstal RF RF Output T
rysta RF Buffer Intermediate Power |-
Oscillator Amplifier Amplifier Amplifier

Sound Source

>>>>> D—’— Amﬁﬁfier Modulator

Microphone
Fig. 12.10 Block Diagram of an AM Transmitter

An amplitude modulated transmitter can be divided into two main parts or
chains.

Radio Frequency (RF) Chain The RF chain consists of circuits connect-
ed with the production of RF carrier power of the desired strength, i.e. 1 kW,
10 kW, 100 kW and so on. The required frequency is generated at a low power
level by a stable oscillator, ordinarily a crystal oscillator. This is followed by a
chain of Class C amplifiers that raises the RF power to a level sufficient to
drive the final output power amplifier which is also a Class C amplifier. A
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buffer amplifier is generally inserted between the oscillator stage and the first
Class C intermediate amplifier to isolate the oscillator from the following
stages, thereby avoiding any changes in the oscillator frequency due to varia-
tions in the loading and coupling circuits of the power amplifier stage.

When the frequency to be radiated is higher than that can be obtained
directly from a crystal oscillator, harmonic generators or frequency multipliers
are used in the Class C chain. An arrangement for producing stable and steady
oscillator frequencies is called the master oscillator. The master oscillator is
capable of producing frequencies that can cover the various frequency bands
and conform to the internationally accepted standards of frequency deviation.
Thus, the RF chain in an amplitude modulated transmitter normally consists of
the master oscillator, buffer amplifier, multipliers and Class C amplifiers for
producing RF voltages of sufficient amplitude to drive the final class C power
amplifier.

12.11.2 Modulation Chain

In this chain AFs produced by the microphone in broadcasting studios are
amplified in different stages of audio amplification and made sufficiently pow-
erful to be able to modulate the Class C power amplifier to the required degree
of modulation.

In transmitters using vacuum tubes the modulation voltage can either be
injected into the final power amplifier directly or into any of the earlier Class C
stages which operate at a lower level. For high level modulation of the final
power amplifier, the modulating signal is inserted in series with the DC plate
supply voltage of the transmitter and the system is called plate modulation. If
the modulation voltage is injected into the control grid of the transmitter the
modulation is known as control grid modulation. Screen grid or suppressor
grid modulation results when the modulation is introduced into the screen grid
or suppressor grid respectively of the transmitter stage. The plate modulation,
being the most efficient and easily adjustable system is most commonly used in
high power transmitters. The final modulator amplifier is normally operated as
a Class B push-pull amplifier constituting a high efficiency Class B modulation
system.

When the final RF power amplifier is modulated by the audio signal, the
system of modulation is called Aigh level modulation. Modulation in any other
earlier stage is known as low level modulation. Modulating the oscillator stage
itself is to be avoided as this affects the frequency stability of the transmitter.

12.11.3 Collector Modulation

Modern High power AM transmitters normally use Vacuum tubes for the out-
put and penultimate stages but transistors are preferred for the earlier low
power stages.

All-transistor transmitters are also used for low power transmitters radiating
only a few kilowatts of RF power. Transistors in parallel are employed in such
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cases. However, for maximum power output push-pull transistor amplifiers are
used in almost all such cases.

Modulation methods employed in transistor transmitters are similar to those
used in tube transmitters. Thus collector and base modulation of Class C ampli-
fiers are used similar to Plate and grid modulation employed in Class C tube
amplifiers, the properties and advantages being similar in both cases. Figure
12.11 shows a transistor transmitter output stage employing collector modula-
tion. Simultaneous base and collector modulation is generally employed to
avoid collector saturation which prevents 100% modulation if only collector
modulation is used. Where FETs are used, drain and gate modulation is equally
feasible.
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Fig. 12.11 Collector Modulation in All Transistor Transmitter

12.11.4 Some Transmitter Problems

(a) Neutralization Triode transmitting tubes used in High-power transmit-
ters have an interelectrode capacitance (C,,) between the anode and the grid of
the tube. This capacitance tends to make the circuit unstable at high frequen-
cies due to feedback from the anode to the grid. The tube has a tendency to
oscillate. Circuits and methods employed to provide stability and freedom from
feedback are called Neutralizing Circuits. A number of circuits are available
for avoiding this feedback and one such circuit is shown in Fig. 12.12. This
circuit is suitable for push-pull amplifier which is most commonly used in AM
transmitters.

The circuit is self-explanatory. The principle of neutralization used in this
case is that of connecting each grid through a neutralizing capacitor C, equal to
the anode grid (C,,) capacity to a point which is at a potential with regard to
ground 180° out of phase with its anode circuit. Such a point is very conve-
niently constituted by the anode of the valve forming the other half of the push-
pull. The circuit gives perfect stability and complete freedom from feedback
for all frequencies at which the reactance of the leads is negligible.
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Fig. 12.12 Push-pull Neutralizing Circuit

12.11.5 Transmitter Cooling

In High power AM transmitters using big transmitting tubes, a part of the input
power to the transmitting tube is converted into RF power and the balance of
the power is dissipated as heat and has the effect of heating the anode and the
copper glass seals of the glass envelope. Unless steps are taken to cool the
anode and the glass-to-copper seals, the tube structure is likely to get damaged
due to over heating. Various cooling methods used to cool the transmitting
valves are described below.

Water Cooling 1In this method the anode is fitted with a jacket through
which water circulates. As the anode is at high potential above ground, it is
customary to feed the jacket through a long water path of high electrical resis-
tance generally provided by means of a rubber tubing arranged in a coil. The
use of distilled water and elaborate pumping arrangements for circulation of
water makes it a cumbersome cooling method. This method is not used in
modern transmitters.

The glass to copper seal has to be kept cool by air circulation during the
operation of the valve.

Air Cooling Most modern valves use air cooling for the anodes of the
valves. The anodes are provided with fins which are cooled by air. There are
two methods of air-cooling.

(1) Forced air cooling. In this method air is blown round the fins on the anode
and hot air is allowed to escape into the atmosphere.

(i1) Suction air cooling. In this method the air round the anode is sucked by
means of suction pumps and the draught so created cools the anode and the
surrounding seals.

The suction method has the advantage that it cools the enclosure of the
transmitter and the components mounted in the enclosure compared to the
blown method which throws hot air into the enclosure.
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Vapour Cooling 1In this method the anode is surrounded by a jacket which
contains a liquid with high specific heat. As the liquid evaporates it requires
large quantities of heat which is secured from the anode kept at the specified
temperature.

12.12 SINGLE SIDEBAND (SSB) TRANSMISSION

It has been shown earlier that when a carrier is modulated with a single sine
wave, the resulting frequency spectrum consists of a carrier and two side bands.
It has also been shown in this Section that total power contained in a modu-

lated wave is given by
2
P =P, (1 + "12)

where P is total power, P carrier power and m is the modulation index. At

100% modulation the total power Pp= P [1+;) = 3/2 Pc. The carrier

contains 2/3 of the total power but it contains no information. The carrier can
be suppressed without any detriment to information carrying capacity of the
modulated wave thereby resulting in a saving of 66% of the total power. The
carrier can, of course, be reconstructed at the receiver.

2
The power contained in the two side bands is P, mT and both the side

bands carry the same information and are mirror image of each other. If only
one of the side bands is transmitted it will result in a further saving of 50% of
the remaining power after the carrier is suppressed.

The system in which one of the sidebands is suppressed is called the Single-
sideband or SSB. If the carrier and one of the sideband is suppressed the
system is called Single Sideband Suppressed Carrier System (SSB-SC).

This system has many advantages and has been adopted by many communi-
cation systems. Besides saving considerable amount of power, it results in
bandwidth saving and can transmit good quality communication signal at low
power and narrow bandwidth.

The saving in power depends on the percentage of modulation. In broadcast
AM transmitters, the modulation percentage varies from 0 to 100% modula-
tion, with an average modulation of 30%. The saving effected at this average
modulation can be calculated as belows

Power in each side band

2
:pc.mT
If m=30% =0.3
2 2
P, .m= =M=£PC

4 4 4
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(:3)°
Total power at 30% =P |1+ —

= P 1.0425

1.0425—.0225
1.0425

_ 1.0200 _
1.0425

In other words, a 100 kW (Unmodulated carrier) transmitter using SSB-SC
transmission can save 98 kW of power at an average modulation of 30%. This
is a huge saving in maintenance cost of the transmitter.

Saving in power =

.98 which is 98%.

Suppression of Carrier 1In the production of a SSB-SC signal, the carrier
is first suppressed by a circuit known as the balanced modulator and one of the
remaining two sidebands is then filtered out.

Balanced Modulator Figure 12.13 gives the circuit of a balanced modula-
tor.

]
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Modulating Hg {1— _ ‘._g # bands
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|
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D,
Fig. 12.13 Balanced Modulator

It makes use of two diodes D, and D, which have non-linear characteristics.
The modulating signal is fed in push-pull and the carrier voltage in parallel.
The modulated output currents of the two diodes are combined in the centre
tapped primary of the push-pull output transformer and they therefore subtract
in the output. If the system is made completely symmetrical, the carrier fre-
quency will be completely cancelled or heavily suppressed if the system is not
completely symmetrical. The output of the balanced modulator thus contains
the two sidebands and some other miscellaneous components which can be
taken care of by tuning of the transformers secondary winding. Thus the final
output consists of only the two sidebands.

Removal of dnwanted Sideband Of the two sidebands present in the
output of the balanced modulator, one can be suppressed for the generation of
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the single-sideband suppressed carrier (SSB-SC) system. A number of methods
are available for the suppression of the unwanted band but only two of these
methods are discussed below.

(a) Filter Method of SSB-generation This method is simple but the
design of the filter is not. It is necessary to provide a filter cut-off of one side
which will separate signals differing by only twice the lowest modulating fre-
quency. Circuits have been designed using powdered iron-core inductors, quartz
crystals as resonators or mechanical resonant systems which perform satisfac-
torily in this regard.

Modulation

i Balanced i
; —»—1 Amplifier Filter | Output
input P Modulator P
(a) Carrier
Oscillator
Carrier
- f + f, +

(b) ©

Fig. 12.14 (a) Filter Generation of SSB, (b) Output Balanced Modulator, (c) Output
after Filter

The filter may be adjusted to select either the upper or the lower side band.
After filtering the desired frequency is obtained by frequency multiplication.

(b) SSB by Phasing Method Generation of SSB signal by the phasing
method requires two balanced modulators and two 90° phase shifter networks,
one giving a constant phase shift over the modulating frequency range,
the other providing a 90° phase shift over the range of carrier frequencies
expected.

As in the Fig. 12.15 the modulation frequencies are fed to the two balanced
modulators, one directly and other through 90° phase shift network. The carrier
is likewise supplied to the two balanced modulators in quadrature. The outputs
of the two modulators, consisting of sidebands only, are then added or subtract-
ed to give either the upper or the lower sidebands as output®.

* The input to the two modulators are

(1) @
Modulators Em sin @,t Em cos a,t
Carrier Ec sin .t Ec cos ajt

It may again be assumed that the modulators have parabolic characteristics given by

Z=ajed + ayed® + . . .
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Fig. 12.15 Phase-shift Method of SSB Production

SUMMARY

Radio or wireless communication is the process of sending information from one
place and receiving it in another place by means of radio waves. Radio waves are
disturbances produced in space by rapidly changing electrical currents flowing
through a conductor. Radio waves are electromagnetic waves which travel with
the velocity of light which is 18,6000 miles per second or 3 x 10'° cm/s. For
communication of information, high frequency radio waves have to be modulated
with low frequency waves corresponding to sound waves. These modulated
carrier waves strike a receiving antenna and produce in it similar high frequency
currents. These high frequency currents are selected, detected, amplified and
again converted into sound waves by a radio receiver. Depending on frequency,
radio waves travel from transmitting to receiving antenna either along the
surface of the earth as surface waves, or by reflection from the ionised layers of

For modulator (1) the two inputs are
for T, ed, = E, sinw, + E_ sin @,
for Tt, ed,=-E, sin®,, + E, sin @,
Using these inputs and assuming an output circuit resonant to ®,, the output of the balanced
modulator is given as,
Eo, = 2ka, sin E, [cos (@, + ®,)t — cos (@, — w),)t]
for modulator (2) the two inputs are
‘dy =E,, cos®, mt+ Eq cos,et .
€01 = Em m LT BC ¢’ | Both shifted 90°
e'dy =—E, cosw, mt+E- cosm,et
and again using the same process, the input of the second modulator may be written as
Eo, = 2ka, E, E, [cos (@, + w,)t + cos(@, — 0]
If the outputs of the two modulators are added
Eo, + Eo,= Ka, E, E, cos (w,, + ®,)t and the upper side band is obtained.
The subtraction of the two outputs gives the lower side band
Eo,— Eo, = Ka, Em Ec cos (0, — ®,)t.
K and £k are different constants.
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the ionosphere as sky waves or direct from transmitter to receiver as space
waves. Low and medium frequency waves travel as ground waves and have a
limited range due to absorption by the earth’s surface. High frequency waves
travel as sky waves and can cover very long distances. Very high frequency
waves, above 40 MHz used for television, travel straight from the transmitter to
receiver and have only a line-of-sight range. Communication satellites are used
to extend the range of these very high frequency waves called microwaves.
Fading is the phenomenon due to which the strength of the radio waves received
at a point fluctuates. Special methods of transmission and reception have to be
adopted to avoid fading. Radio waves are electromagnetic waves which travel
in space with the speed of light which is 3 x 10' cm/s. The propagation
characteristics of radio waves of different frequencies mainly decide the use to
which these waves can be put for communication purposes. Radio waves have
accordingly been divided into various categories or classes with regard to their
frequencies and propagation characteristics.

Modulation is the process by which certain characteristics of the radio waves
are varied in accordance with the information to be transmitted. The two im-
portant methods of modulation are amplitude modulation (AM) and frequency
modulation (FM). In AM the amplitude of the RF carrier wave is varied in
accordance with the amplitude of the modulating audio frequency. AM is
widely used in radio broadcasts and for picture transmission in TV broadcasts.
In FM the frequency of the carrier wave is varied in accordance with amplitude
variations of the modulating signal. FM is used for radio broadcasts and for the
sound channel in TV broadcasts. The quality of FM broadcast is superior but
the transmission range is limited to line-of-sight distances only.

A radio transmitter is a device for generating high frequency radio waves
which can be suitably modulated by the information to be transmitted. Depend-
ing on the type of modulation used, a transmitter is known as a continuous
wave transmitter, an amplitude modulated transmitter or a frequency modulated
transmitter. An AM transmitter normally consists of an RF chain where the
carrier waves are produced and amplified to the desired output power. In the
modulation chain the audio frequencies from the microphone are amplified and
made sufficiently powerful to be able to modulate the Class C amplifier.

Neutralization of triode transmitting tubes is necessary in high power trans-
mitters to avoid instability due to inter-electrode capacitance of the tube. Trans-
mitter cooling is another problem that has to be overcome by various methods
of transmitter cooling.

Single sideband system with suppressed carrier (SSB-SC) is commercially
used to save power as well as bandwidth. Balanced modulator is a device
commonly used for the suppression of carrier. A number of methods are avail-
able for removal of one of the sidebands.
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Review QUESTIONS

1.
2.
3.

o0

10.

11.

12.

13.

14.

15.

16.

17.

What is radio communication? Why is it called wireless communication?
What are radio waves?

What is the velocity of radio waves? How much time will a radio wave
take to travel around the earth if the circumference of the earth is 25,000
miles?

What is meant by frequency and wavelength of a radio wave? What is the
relationship between the two?

A radio station is broadcasting at 1,370 kHz. What is the corresponding
wavelength of the station?

. What is ionosphere? What are its different layers and how do they affect

radio communication?

What is fading? How can fading be overcome?

Define skip distance. How can skip distance be kept constant?

What are electromagnetic waves? How are these waves used for radio
communication?

What is the frequency range of the radio waves used for the following
purposes:

(i) Broadcasting, (ii) long distance communication and (iii) television.
What are two important types of modulation used for radio broadcasting?
Give their relative advantages and disadvantages.

What are sidebands in Amplitude Modulation? Calculate the frequency of
the sidebands when a 100 kHz carrier is modulated with a 500 Hz signal.
(Ans. 100.5 kHz 99.5 kHz)

Give the block diagram of an amplitude modulated transmitter and explain
the working of each unit.

Define modulation index both in the case of amplitude modulation and
frequency modulation. How is the modulation index calculated in each
case.

Derive a relation between the total modulated power and the unmodulated
carrier power in an amplitude modulated wave.

Calculate the carrier power of an AM radio transmitter which is radiating
10 kW of power at a modulation percentage of 60. (Ans. 8.47 kW)
What is single sideband system of radio transmission. What are its advan-
tages.

Calculate the percentage saving in power in a single sideband suppressed
carrier (SSB-SC) AM system when the modulation percentage is 50.

(Ans. 94.4%)

What is a balanced modulator? Explain the use of a balanced modulator in
the production of a SSB-SC signal.
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Transmission Lines and
Antennas

INTRODUCTION

The RF energy generated in the tank circuit of a transmitter has to be fed to a
transmitting antenna which is generally a wire or a mast situated at a consider-
able distance from the transmitter. The wires connecting the output of the
transmitter to the radiating antenna are called transmission lines. At higher
frequencies the length of the transmission lines becomes an appreciable frac-
tion of the wavelength being transmitted and these transmission lines are not
just connecting wires between the transmitter and the antenna but play a signif-
icant role in the efficient propagation and radiation of the RF energy. The size,
separation and general lay out of the system of wires determine their character-
istics. These characteristics will now be studied in detail.

13.1 TRANSMISSION LINES

A transmitting antenna is normally constructed in an open space and in most
cases is located several hundreds of feet away from the output stage of the
transmitter. The RF energy from the output stage of the transmitter has to be
transferred to the antenna by means of connecting wires known as transmission
lines or feeder lines. A transmission line may be a pair of parallel wires sepa-
rated by a certain distance (Fig. 13.1) or it may be a coaxial cable consisting of
a grounded outer conductor and an insulated inner conductor. A good transmis-
sion line should be able to convey RF currents from the transmitter to the
antenna without excessive losses and without itself radiating any energy. Trans-
mission lines are required even at the receiving end where the receiving anten-
na and the receiving equipment are generally located at separate places. The
RF energy at the receiving end being very small, prevention of RF losses on the
transmission lines is even more important.
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Fig. 13.1 A Parallel Wire Transmission Line

A parallel wire transmission line will also have distributed capacitance and
inductance as in the case of an antenna. When of a suitable length, the trans-
mission line will also form a resonant circuit at the frequency of the RF gener-
ator. Standing or stationary waves will be formed on the transmission line
which will start radiating electromagnetic energy in the same way as a resonant
antenna does. This is not desirable. To prevent undesirable radiation by a
transmission line, the two parallel wires constituting the transmission line are
brought close together to a separation of about 5 to 15 cm. Since the flow of
currents in the two wires is in opposite directions, the standing waves formed
on the two wires cancel each other out. In fact, the half-wave resonant antenna
can be considered as an extension of a resonant transmission line whose two
limbs have been spread apart to allow formation of standing waves which
result in radiation of radio waves by the antenna portion only. Figure 13.2
shows the distribution of current and voltage on an half-wave antenna con-
nected to a resonant transmission line. The radiation from the vertical leads of
the transmission line is mutually cancelled.

Fig. 13.2 Current and Voltage Distribution on a Resonant Line Connected to a
Halfwave Antenna
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13.2 CHARACTERISTIC IMPEDANCE

A transmission line has distributed capacitance and inductance all along its
length and presents a certain amount of impedance to the generator feeding RF
energy into it. This impedance is called the characteristic impedance or surge
impedance of the transmission line and is represented by Z. It can be calculat-
ed from the formula

L
where Z, = characteristic impedance

L = inductance per unit length of the line
and C = capacitance per unit length of the line.

If a transmission line is terminated in an impedance equal to its characteris-
tic impedance, all the energy travelling down the transmission line will be
absorbed and there will be no standing waves formed. Such a line behaves like
a line of infinite length which will allow no reflection of waves from the far
end and thus prevents loss of energy from the transmission line by radiation
due to standing waves. In actual practice the transmission line is connected to
the antenna in such a manner that the antenna itself presents an impedance to
the transmission line equal to the characteristic impedance of the same.

13.3 TYPES OF TRANSMISSION LINES

The type of transmission line most commonly used for feeding half-wave an-
tennas is the two-wire transmission line which has a characteristic impedance
of 500 to 600 Q depending on the size of conductors and the distance between
the two parallel conductors. In the case of a coaxial transmission line consist-
ing of a copper wire running along the centre of an outer and larger tube and
insulated from it by spacers, the characteristic impedance is much lower. A
coaxial transmission line having an outer tube diameter of 0.95 cm will have a
characteristic impedance of about 75 Q. The outer tube which is generally
earthed acts as a shield to prevent radiation. A twisted pair transmission line
consisting of two insulated wires twisted around each other has a characteristic
impedance of about 73 Q. A twisted pair transmission line has greater flexibil-
ity than a parallel wire line.

The impedance of the half-wave Hertzian antenna varies from 73 Q at the
centre to very high values at the end. Any of the transmission lines described
so far can be connected to suitable points on the half-wave antenna which
corresponds to the characteristic impedance of the transmission line. A prop-
erly terminated line becomes a non-resonant transmission line and may be of
any length.

For efficient transfer of RF energy from the transmitter to the antenna, the
transmission line input impedance must be properly matched to the output
impedance of the transmitter at one end and the output impedance of the
transmission line must be matched to the input impedance of the antenna at the
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other end. For this purpose, suitable coupling networks or impedance matching
devices have to be used at both ends of the transmission line. At the transmitter
end the coupling network generally consists of an air-cored transformer with
variable coupling between the primary and secondary windings to adjust the
loading of the line. At the antenna end, the coupling network may consist of a
combination of inductors and capacitors unless the transmission line can be
connected directly to the antenna as mentioned earlier. The arrangement nor-
mally adopted for matching in broadcast stations is shown in Fig. 13.3.
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600 Q Transmission Line
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5 i
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Transmission Line
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Fig. 13.3 Matching Transmission Line to Antenna (a) Two-wire Transmission Line
Matching (b) Coaxial Line Matching (c) Stub Matching

In the case of HF dipole antennas a quarter-wavelength of the transmission
line called the stub is attached to the non-resonant transmission line at a point
where the characteristic impedance of the line equals the characteristic imped-
ance of the stub, which acts as a coupling transformer between the transmis-
sion line and the antenna.

13.4 ANTENNAS—DEFINITION

In order that the high frequency energy produced in the tank circuit of
the power amplifier of the transmitter can be radiated into free space as radio
waves, the modulated RF carrier currents must be transferred to a wire
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structure called the antenna or aerial. The function of the antenna is to radiate
into space the strongest possible radio waves produced by the power amplifier
of the transmitter. For this the RF energy from the transmitter is transferred to
the antenna in a most efficient manner by connecting wires called transmission
lines. For reasons of efficient radiation of radio waves, in most cases the
antenna is located at a remote place from the transmitter. In such cases, the
transmission lines connecting the output stage of the transmitter to the antenna
carry the RF energy currents in the same way as the power transmission lines
connecting the generating station to the substation or distribution station carry
the 50 Hz low frequency power supply currents.

Whereas the function of a transmitting antenna is to convert the RF energy
into radio waves which travel in space with the velocity of light, the function of
a receiving antenna is to pick up these radio waves and convert them into HF
currents which are transferred to the radio receiver by means of transmission
lines. But for the different functions performed by the transmitting and receiv-
ing antennas, the two types of antennas have identical properties.

13.5 PRODUCTION OF E.M. WAVES

A wire in open space carrying HF currents can convert a part of the RF energy
into radio waves or electromagnetic waves under suitable conditions. The actu-
al mechanism of the conversion of RF energy into radio waves is rather com-
plicated and involves complex mathematical calculations. However, by making
certain reasonable assumptions, it can be shown that energy gets detached from
a conductor or a circuit whenever the current in the circuit changes. For this, a
wire or a conductor in open space can be considered to consist of a large
number of capacitors formed between the conductor and the earth and a large
number of small inductors or coils spread over the entire length of the conduc-
tor. When these capacitances and inductances are lumped together, the antenna
can be represented by a circuit consisting of a capacitor whose plates are
connected by a vertical wire having a certain amount of self-inductance as
shown in Fig. 13.4(a). The generator in the circuit represents the source of RF
energy which feeds the antenna and whose frequency is generally the resonant
frequency of the oscillatory circuit.

In order to study the phenomenon of detachment of energy from the antenna
in the form of radio waves, it will be necessary to consider the distribution of
electric and magnetic fields round the antenna wire during one complete cycle
of the applied RF voltage. Considering the distribution of the electric field first,
we may start the cycle when the capacitor is charged to its maximum potential
difference, making the top plate positive with regard to the bottom plate, and
the current in the wire is zero. At this moment the field around the antenna is
entirely electric with the lines of electric force connecting the positive charge
or the upper plate to the opposite negative charge on the lower plate as in
Fig. 13.4(b).
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Fig. 13.4 Production of Electromagnetic (radio) Waves (a) Antenna can be Repre-
sented by a Capacitor Whose Plates are Connected by a Wire with Self-
inductance (b) Capacitor Charged to Maximum Potential and Field Round
the Antenna is Entirely Electric (c) Current Flows and Electric Field Starts
Collapsing (d) New Electric Field Starts Building up before the First One
has Actually Disappeared

After the moment of maximum pottential difference in the cycle, the elec-
trons start moving upward, thereby constituting a flow of current. The electric
field starts collapsing and the ends of the lines of force tend to come together
along the wire as indicated in Fig. 13.4(c). As per Lenz’s law, the current
continues to flow even after the electric field has collapsed completely and the
capacitor starts getting charged in the opposite direction producing new lines
of electric force in the reverse direction to the earlier field. As a result of some
time lag between the collapse of the initial field and the changes in potential
responsible for the collapse, the new electric field starts building up before the
first one has actually disappeared. The first disturbance is driven outward in the
form of closed loops by the new electric field due to mutual repulsion as shown
in Fig. 13.4(d) where the direction of the lines of force in the inner surface of
the first and the outer surface of the second is the same.

In addition to the electric field, the circuit is also surrounded by rings of the
magnetic fields which are produced as a result of varying currents through the
wire. The intensity of the magnetic field depends on the current strength and
the direction also alternates with the current. However, in the immediate vicin-
ity of the current carrying wire, the magnetic lines of force are at right angles in
space to the electric lines of force. The two fields are also at right angles to the
direction of propagation of the waves. The electric and magnetic fields which
exist together are 90° out of phase in time and at right angles to each other in
space. The two fields moving together constitute what is known as an electro-
magnetic wave or a radio wave which travels in space with the velocity of light
of 3 x 10" cmy/s. Relative directions of the electric field (Z), the magnetic field
(X) and the direction of propagation of the wavefront (Y) are indicated in
Fig. 13.5.

13.6 ANTENNA AS A RESONANT CIRCUIT

An antenna circuit’s distributed inductance L, capacitance C and resistance R
can be represented by a tuned circuit as in Fig. 13.6. When coupled to a
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Fig. 13.5 Relative Directions of Electric Field, Magnetic Field and Direction of Propa-
gation of Radio Waves
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Fig. 13.6 Antenna as a Resonant Circuit

transmitter it will absorb the maximum energy for radiation when the equiva-
lent tuned circuit is in resonance with the transmitter frequency. It is thus clear
that for most efficient radiation of energy, the antenna wire length must bear a
definite relation to the wavelength of the radiated radio waves.

In a resonant circuit the capacitor charges and discharges every quarter
cycle of the resonant frequency. A centre-fed antenna of the type shown in
Fig. 13.7 will resonate with the tank circuit frequency of the transmitter if the
time taken by the electrons to reach the ends of the antenna rod and return to
the centre is the same as the time taken for the charging and discharging of the
tank circuit capacitor, which is the time for half a cycle of the tank frequency.
In terms of wavelength this is equal to half a wavelength, which means that the
length of each rod of the antenna should be a quarter wavelength or the length
of the entire antenna should be half a wavelength. Such an antenna is called the
dipole or half-wave antenna. Figure 13.7 shows the representation of a dipole
antenna with the current and voltage distribution along the length of the half-
wave antenna indicated on it.

The electron flow stops at the ends of the wire where the electrons pile up
and there is no current flow. Such a point is called the current node. The
electrical potential is the maximum (antinode) at these points. At the centre of
the antenna, the electrons have the greatest motion and there is no accumula-
tion of electrons giving rise to a point of minimum electrical potential or a
voltage node. The current is maximum at this point and a current loop is
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Fig. 13.7 Current and Voltage Distribution in a Half-wave Antenna (a) Horizontal
Dipole (b) Vertical Dipole

formed. Thus, we find that a current node appears at a point where there is a
voltage antinode and vice versa. This formation of nodes and antinodes of
current and voltage along the length of the antenna gives rise to what is known
as standing waves or stationary waves which are responsible for the electro-
magnetic waves leaving the antenna in the form of electric and magnetic lines
of force.

For calculating the length in metres of a dipole or half wave antenna for
operation at a particular frequency, we can make use of the formula connecting
the frequency, wavelength and the velocity of electromagnetic waves (light
waves) as already explained in Fig. 12.2. The following example will illustrate
the method of calculation to be adopted.

ExampLE Calculate the length of each rod of a dipole operating on a frequen-
cy of (i) 1000 kHz and (ii) 7.5 MHz.

The formula applicable in this case is

f-A=c (13.1)
where f= frequency of the wave
A= wavelength of the wave
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¢ = velocity of electromagnetic waves which is 3 x 10'%cm/s

Q) =100 kHz
c=3x%10" cm/s
A=2
3x1010
C
_eo X 34104
A= = 1000 %103 com

or 3 x 10°m =300 m

Total length of the dipole (/21) =150 m

Length of each rod (j) =75m
(i)  f=7.5MHz
310 3x104 30

_ _ _>50 3
A T5x100 = 75 75 x107em

=4000 cm =40 m

Total length of the dipole (/21) =20m

Length of each rod (j) =10m

The above calculations indicate that the length of a dipole antenna depends
on the frequency of operation. A dipole antenna of the type discussed above is
also known as a Hertz antenna after the name of its inventor, Heinrich Hertz.

13.7 EARTH AS REFLECTOR OF RADIO WAVES

From the above example, it will be clear that the length of a dipole or half
wave antenna becomes unmanageably large at lower frequencies in the broad-
cast band. This creates practical difficulties in the construction of transmitting
antennas, particularly of the vertical type. In such a case use is made of the
reflecting properties of the ground which acts like a reflector or electrical
mirror for radio waves. The length of the vertical dipole is made only a quarter
of a wavelength A/4 and one end of the antenna is grounded as shown in
Fig. 13.8. The reflected image of the vertical 4/4 antenna forms the other limit
of the vertical dipole and the two together behave like a normal half wave
antenna. Such an antenna is called a Marconi antenna after the name of its
inventor, Guglielmo Marconi.

In practice the actual length of the antenna is kept 5% less than the calculat-
ed length. This is due to the fact that the velocity of the electric current in the
antenna wire is about 5% less than the velocity of the radio waves.

The effective length of an antenna can, in certain cases, be increased or
decreased by connecting an inductor or capacitor in series with the antenna
wire as shown in Fig. 13.9. By connecting an inductance in series with the
antenna, the total inductance of the antenna increases, its natural frequency of



318 Basic Radio and Television

Voltage
Marconi
Antenna
A4
Current
7 TI7777747777777: Earth
/// I,
’ 1
Image voltage =, Image / Image current

7
/
/
7
7
’
z
-

.
.

7
|
|
|
|
|
|

! l
|
|
|
|
|
|

Fig. 13.8 Current and Voltage Distribution in a Marconi Antenna
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Fig. 13.9 Increasing or Decreasing the Effective Length of a Marconi Antenna

resonance decreases and the effective length of the required wire becomes
more than the actual length. However, when a capacitor is connected in series,
the total effective capacitance of the antenna decreases and the natural resonant
frequency increases, thereby making the effective length less than the actual
length of the antenna.

13.8 ANTENNA ARRAYS

A horizontal dipole of the type described earlier will radiate energy uniformly
in all directions in a vertical plane and its radiation pattern can be represented
by a circle drawn with the dipole at its centre as in Fig. 13.10(a). In the
horizontal plane it will radiate maximum energy in a direction at right angles to
its own line but no energy will be radiated in the direction of its own line. The
actual radiation pattern will be like a figure of 8 as in Fig. 13.10(b).



Transmission Lines and Antennas 319

Maximum Radiation

Radiation Pattern
Minimum Minimum
Radiation Radiation
Antenna Antenna
(a) Maximum
Radiation

Fig. 13.10 Radiation Pattern of a Horizontal Half Wave Antenna

The radiation patterns of antennas when drawn as a graph are also known as
polar diagrams. If two half-wave antennas are placed near each other, the
radiation from the two antennas may cancel out in certain directions and add up
in other directions thus forming a directional radiation pattern depending on
the distance between the two antennas and the relative phase of the currents
flowing in each antenna.

Two or more half-wave antennas stacked horizontally or vertically and suit-
ably spaced form an antenna array. Such antenna arrays are often used in
broadcasting to form radio beams which are directed towards the sky at a
particular angle to be suitably reflected from the ionosphere to cover certain
target areas.

Two popular types of antenna array are (a) Broadside array and (b) End-free
array.

(a) Broadside Array As indicated in Fig. 13.11 a broadside array consists
of a number of identical radiators (dipoles) equally spaced along a line and
carrying the same amount of current in phase from the same source.

Radiators (dipoles)

Support

Radiation pattern
Fig. 13.11 Broadside Array with Radiation Pattern

As indicated by the directional pattern on the diagram this array is strongly
directional at right angles to the plane of the array.

(b) End-Fire Array The physical arrangement of the end-fire array is shown
in Fig. 13.12. The arrangement of the radiating elements is the same as in the
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broadcast array. Each element contain the same magnitude of current but with
a progressive phase difference between these currents. The phase difference is
progressive from left to right, with each succeeding element lagging in phase
on the preceding element.

The directional pattern is in the plane of the array and not at right angles to
it. Moreover, the directional pattern is unidirectional and not bidirectional.

It is possible to combine several different arrays to obtain higher directional
pattern. Such combinations of arrays are often used in point to point relay
particularly for overseas broadcasting.

13.8.1 The Yagi-Uda Antenna Array

A Yagi-Uda antenna array consists of a driven element and one or more para-
sitic elements. Figure 13.13(a) shows the relative position and lengths of the
various elements and Fig. 13.13(b) indicates the radiation pattern produced by
the array.

As shown by the radiation pattern it is a relatively unidirectional array with
a moderate gain of about 7 dB. It is used as an HF transmitting antenna and

Reflector

Director

~A/10—>-=1 /10

0.554
il 3.45 C><>

Driven element

LN (a)

Fig. 13.13 (a) Yagi-Uda Array, (b) Radiation Pattern
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also as a receiving antenna for VHF Television frequencies. The back lobe of
the directional pattern can be reduced and front-to-back ratio of the antenna
can be improved by bringing the radiation closer but this will lower the imped-
ance of the array.

When used as a TV receiving antenna, the Yagi-Uda array makes use of
folded dipole. As used in practice, it has one reflector and several directors
which are either of equal length or decreasing slightly away from the driven
element. It is a compact and relatively broadband antenna most suited for TV
reception in the VHF range.

13.9 RESONANT AND NON-RESONANT ANTENNA

A resonant antenna is a transmission line whose length is an exact multiple of
wavelength and is open at both ends. A dipole antenna mentioned earlier is a
good example of a resonant antenna. Figure 13.14 shows three lengths for a
resonant antenna which are integral multiples of half-wave lengths. Current
distributions along the length of the radiator are also shown. The radiation
patterns of the resonant antenna are also shown below.

P /N
=112 N N AN
(a) (b) (c)

(a) Current distribution on resonant dipoles

1= A2 A=A A= 3m2
(a) (b) (c)
(b) Random pattern of resonant dipoles
Fig. 13.14

The radiation pattern depends on the length of the antenna. In the case of %

dipole, the radiation is maximum at right angles to it and eventually falls to
zero in line with the antenna. The radiation pattern is a figure of eight with its
axes at right angles to the dipole.

When the length of the dipole increases, to A, the polarity of current in one
half of the antenna is opposite to that on the other half. As a result, the
radiation at right angles to the antenna will be zero because the field due to one
half fully cancels the field due to the other half. The radiation pattern develops
four lobes, the max. of the lobe being at 54° to the antenna. As the length of
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the antenna increases to %, the current distribution changes and the radiation

pattern takes the shape shown in Fig. 13.14c. The number of the lobes in the
radiation pattern goes on increasing with the length of the antenna but the
angle of the largest lobe with the directions of antenna decreases. This property
is made use of in forming antenna arrays as will be explained later.

13.9.1 Non-Resonant Antennas

A non-resonant antenna corresponds to a non-resonant transmission line which
is correctly determined and on which only forward travelling wave exists and
there are no standing waves. The radiation pattern though similar to the reso-
nant antenna, is unidirectional. In fact there are half the number of lobes
compared to the resonant antenna. This is due to the absence of the reflected
wave, which otherwise combines vertically with the forward wave to create the

radiation pattern.
Voltage and current
distribution

Antenna
R
- (a

) (®)

Fig. 13.15 Non-resonant Antenna (a) Layout and Current Distribution, (b) Typical
Radiation Pattern

13.10 THE RHOMBIC ANTENNA

A very widely used non-resonant antenna array is the rhombic antenna shown
in Fig. 13.16.

This consists of non-resonant elements as arranged differently from other
antenna array. It is a planar rhombic which may be thought of as a piece of
parallel wire transmission line pinched-out in the middle. The four legs are

Radiation pattern

ir B )

Fig. 13.16 Rhombic Antenna with its Radiation Pattern
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considered as non-resonant antennas. This is achieved by treating the two sets
as a transmission line correctly terminated in its characteristic impedance at the
far end so that only forward waves are present. The radiation pattern is unidi-
rectional as shown in Fig. 13.16.

Since the termination absorbs some power, the rhombic antenna must be
terminated by a resistor which for transmission, is capable of absorbing about
‘one-third’” of the power fed into the antenna. The terminating resistance is
about 900 Q and the input impedance varies from 650 to 700 €.

A rhombic antenna is a multiband antenna capable of operating satisfacto-
rily over most of 3-30 MHz range either for reception or for transmission. It is
a widely used antenna array especially for point to point working in the HF
range.

13.11 TELEVISION TRANSMITTING ANTENNAS

TV signals are transmitted by space wave propagation and so the height of the
antenna must be as high as possible in order to increase the line-of-sight dis-
tance. Further, a TV transmitting antenna is omni-directional (radiating equally
in all directions) and to obtain an omnidirectional pattern in the horizontal
plane an arrangement known as turnstiles array is often used.

13.11.1 Turnstile Array

In this type of antenna two crossed dipoles are used in a turnstile arrangement
as shown in Fig. 13.17(a). These dipoles are fed in quadrature i.e. the currents

fed to them are 90° out of phase by using an extra % length in the feeder line

of one. Each dipole has a figure of eight pattern in the horizontal plane but
crossed with each other as shown in Fig. 13.17(b). The resultant energy of the
two dipoles is the vector sum of the two fields from each dipole 90° apart and
gives a constant vector sum in all directions. The turnstiles are stacked one
above the other for vertical directivity as shown in Fig. 13.17(c).

13.11.2 Dipole Panel Antenna System

Another antenna system that is often used for band I and band III transmission
consist of dipole panels mounted on the four sides at the top of the antenna
tower as shown in Fig. 13.18.

Each panel consists of an array of full wave dipoles mounted in front of
reflectors. For obtaining unidirectional pattern, the four panels mounted on the
four sides of the tower are so fed that the current in each lags behind the

previous by 90°. This is achieved by varying the field cable length by % to the

two alternative panels and by reversing of the polarity of the current.
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Fig. 13.18 (a) Panel of Dipoles, (b) Radiation Pattern of Four Tower Mounted Dipole
Antenna Panels
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13.12 FOLDED DIPOLE

An ordinary % dipole antenna has an impedance of about 72 € at the feed

point. This impedance increases to four times its value (72 X 4 = 288 Q) by
converting it into a folded antenna rod construction in which the half wave
dipole is joined at the ends by a continuous rod of the same length near and
parallel to it as shown in Fig. 13.19(b). If the diameter of the two rods is equal,
the current flowing in the folded dipole becomes one half and the impedance
increases to four times as shown below.

P=Zyx P (13.2)

1/4 1/4
( )

T 4 x2Z,
Zy,=72 Q
! (b)

(a)
Fig. 13.19 (a) Dipole Antenna, (b) Folded Dipole

where P = Power fed into the dipole, Z, the impedance at the feed point and /
the current flowing into the antenna. If the current is halved on the length being
doubled, and power input remaining the same, the new input impedance Z,, is
given by the relation

Ia%
P=12Z x () (13.3)
2
2
Z, (é) ~7,- P
J2
Zy g =4 P
or Z,=4 %,
If Zy, =172 Q as stated earlier

Z,=4x72=288 =300 Q

If the feeder line used also has an impedance of 300 Q as in the case of a
twin parallel wire feeder, the impedance matching becomes easier with a folded
dipole.

Moreover, the reaction of the folded dipole is lowered due to the paralleling
action of the fold and the Q of the combined length is lowered and this gives it
a larger bandwidth.

As a wideband antenna it is quite useful as a receiving antenna for TV
signals consisting of both the picture signal and the sound signal.
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Parasitic Elements The directivity of a dipole antenna can be increased by
placing additional rods or elements on either side of the dipole and parallel to
it. These rods or elements that have no electrical contact with the dipole are
called parasitic elements. Depending on their length and distance from the
dipole, these can act as reflector or director for the signal being received.

Reflector This is a parasitic element which is about 5% longer than the dipole
and placed at a distance of 0.25 A behind it. Being longer than the driver and
close to it, reduces signal strength in its own direction and increases it in the
opposite direction. This in effect amounts to reflection of energy towards the
driver element and is thus called a reflector.

Director This is a parasitic element shorter than the dipole by about 4 to 5%
and placed in front of the dipole at a distance of less than 0.25 A. This element
receives energy by induction from the driver dipole and tends to increase
radiation in its own direction and is, therefore, called a director. The number of
directors and its length can be varied to obtain increased directivity and broad-
band response.

Receiving Antennas A receiving antenna intercepts the radio waves radi-
ated by the transmitting antenna and absorbs energy from the electromagnetic
waves travelling past the former. The currents induced in the receiving antenna
have the same waveshape as the radio wave striking it and these currents are
transferred to the radio receiver by suitable transmission lines for detection and
conversion into sound waves. As a general rule a good radiator is a good
absorber also. The receiving antennas have the same properties and follow,
more or less, the same design considerations as the transmitting antennas ex-
cept for the magnitudes of the currents and voltages involved in the two cases.

A resonant half-wave antenna seems to be the obvious choice for a receiving
antenna whose purpose is to extract the maximum power from the radio waves.
Such half-wave antennas are actually used at higher frequencies where length
of the antenna is within practical limits. However, for reception in the broad-
cast band 535-1605 kHz, where the length of a resonant antenna is very large,
resonant antennas are not used in receivers but a built-in loop of wire is used
because the high-powered transmitters used in the medium-wave band provide
a sufficiently strong signal within the service area. It is only in the case of areas
far removed from the transmitter and known as fringe areas that a long length
of wire suitably strung between two points on the top of the building is used
for reception as shown in Fig. 13.20.

13.13 TELEVISION RECEIVING ANTENNAS

An antenna most suitable for the reception of TV signals is a resonant horizon-
tal dipole which can be conveniently constructed because of the VHF and UHF
band of frequencies used for TV broadcasts. A TV receiving antenna is a
directional antenna which is not designed for any particular frequency but is
meant to cover the entire band of TV frequencies containing both the picture
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Fig. 13.20 Receiving Antenna—inverted L Type

and sound carrier frequencies. The length of the half-wave antenna is a geo-
metric mean between the length of the highest frequency and the lowest fre-
quency in the regular TV band.

Impedance matching in the case of TV antennas is very important for maxi-
mum transfer of energy from the antenna to the TV receiver. A resonant dipole
has an impedance of about 73 Q at the centre and can be directly matched to a
coaxial cable transmission line which has practically the same impedance. In
practice, however, the dipole used in a TV antenna is a folded dipole which has
an impedance equal to four times the impedance of an ordinary dipole and can
be conveniently matched to a 300 € parallel-wire transmission line.

Besides the folded dipole which is the driven element a TV antenna makes
use of two parasitic conductors to increase its directivity. These are the reflec-
tor and the director. The reflector is a rod about 5% longer than the antenna
and is mounted behind the folded dipole at a distance of about A/4 from it. The
signals coming from the front side of the dipole strike the antenna first and
then the reflector. Currents are induced in both. The reflector reradiates these
currents so as to reinforce the currents induced in the folded dipole. The
received signal in the antenna is stronger than if there had been no reflector.
The signals coming from the back of the antenna strike the reflector first and
then the antenna itself. The signals reradiated by the parasitic reflector in this
case are out of phase with the signals striking the folded dipole from behind
and the two mutually cancel each other. The effect of placing the reflector
behind the TV antenna is to give it a clear directivity pattern.

The director consists of a straight rod mounted in front of the folded dipole.
The director is about 4% shorter than the dipole and is mounted about 0.1
wavelength in front of the dipole. The action of the director is similar to that of
the reflector and the entire antenna array gets a highly directive reception
pattern toward the direction of the transmitting station. More than one director
are sometimes used to increase the directivity of the TV antenna. The use of
reflectors and directors in a TV antenna not only increases its directivity but
also its gain and sensitivity. Figure 13.21 shows a modern TV antenna which is
a slightly modified form of Yagi-Uda antenna described in Fig. 13.21.
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SUMMARY

RF energy from the tank circuit of a transmitter is fed to the antenna by means
of connecting wires called transmission lines. A transmission line has to be
terminated by its characteristic impedance which depends on its distributed

capacitance and inductance and is given by the formula Z, = \% . Two wire

transmission lines have a characteristic impedance equal to 500 to 600
whereas the coaxial transmission lines have a transmission impedance of about
75 ohms.

The function of a transmitting antenna is to convert the RF energy into
radiowaves which travel in space with the velocity of light. An antenna forms a
resonant circuit at the frequency of transmission for maximum conversion of
RF energy into radiowaves. Two types of commonly used antenna are the
Hertz antenna or the dipole antenna and the vertical quarter-wave antenna
called the Marconi antenna with one end earthed.

Two or more halfwave antenna stacked horizontally or vertically and suit-
ably spaced form an antenna array which is used in broadcasting to form radio
beams which can be reflected from the ionosphere to cover certain target areas.

A non-resonant antenna is a correctly terminated transmission line which is
without standing waves. Rhombic antenna is a good example of a non-resonant
antenna.

A television transmitting antenna is an omnidirectional antenna which is
formed by dipole elements stacked suitably to give a omnidirectional radiation
pattern.
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A folded dipole is formed by joining the ends of a half-wave dipole with a

continuous rod of the same length. It has an impedance of 75 X 4 = 300 ohms.
It forms a useful part of a TV receiving antenna.

A receiving antenna intercepts radio waves and converts them into currents

at the same frequency. A half-wave dipole is mostly used for short-wave recep-
tion. For television receiving antenna a Yagi-Uda antenna array is most com-
monly used.

Review QUESTIONS

1.

2.

10.
11.
12.

What is a transmission line? Describe two types of transmission lines
commonly used with radio transmitters.

What is meant by the characteristic impedance of a transmission line? Why
is it necessary to terminate a transmission line with an impedance equal to
its characteristic impedance?

. What is the function of an antenna? How does an antenna behave like a

tuned circuit?

. Calculate the length of each limb of a half-wave antenna suitable for

radiating at a frequency of 1.5 MHz.

. What is the difference between a Marconi antenna and a Hertz antenna?

Which of them will be suitable for broadcast of medium wave frequencies?
What is an antenna array? Explain the difference between a broadside
array and an end-fire array. Show their directional patterns.

Describe a Yagi-Uda antenna array. Why is this antenna suitable for the
reception of TV signals?

. Explain the difference between a resonant and a non-resonant antenna.

Give examples.

. What is the main difference between a TV receiving antenna and a TV

transmitting antenna? Describe a turnstile antenna array and give its direc-
tional radiation pattern.

Describe a folded dipole and give its practical applications.

Describe the action of a director and reflector in a TV receiving antenna.
Fill up the blanks with words selected from the list given at the end of the
question:

(1) A good radiator is also a good of electromagnetic waves.

(2) A picture carrier in a TV signal is modulated and the sound
carrier is modulated.

(3) A non-resonant transmission line is one that is terminated with its
impedance.

(4) In a TV receiving antenna the is placed in front and the
is placed behind the folded dipole.

(5) The process of is the reverse of modulation.

(6) Frequencies in the range are suitable for only line-of-sight

communication.

List of words: Director, reflector, absorber, amplitude, frequency,
detection, VHF, characteristic.
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Radio Receivers

14.1 FUNCTIONS OF A RADIO RECEIVER

A radio receiver is required to perform three main functions. These are:

1. Selection of the desired frequency from a large number of modulated
carrier frequencies that strike the receiving antenna at one and the
same time.

2. Separation of the modulating audio frequencies from the modulated
carrier frequency by the process of detection or demodulation.

3. Conversion of AF currents into sound waves that can be easily heard
by the human ear.

In addition to the fundamental requirements mentioned above, a radio receiver
also contains circuits for RF amplification, frequency conversion and AF am-
plification. These circuits are meant to improve the performance of a radio
receiver and to get sufficient output power for driving a loudspeaker. Based on
these considerations, the main functions of a radio receiver can be indicated by
means of a block diagram of the type shown in Fig. 14.1. The block diagram

et o B ~

Antenna
RF AF
Selection amplifi- Detection amplifi-
cation cation
Sound
Speaker

Fig. 14.1 Block Diagram of a Simple Receiver
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also indicates the waveform of the radio waves as they pass through different
stages of the radio receivers.

14.2 AM AND FM RECEIVERS

Two methods of modulation used in radio broadcasts are amplitude modulation
(AM) and frequency modulation (FM). A receiver meant to receive amplitude
modulated waves is known as an AM receiver and a receiver designed for the
reception of frequency modulated waves is called an FM receiver. The circuits
used in these two types of receivers are not similar. In India, the radio stations
use mainly amplitude modulation for their radio broadcasts. As such, all do-
mestic broadcast receivers in use are of the AM type. Only AM receivers will
be described in this chapter.

Both AM and FM are used by TV stations. Whereas the picture signals from
a TV transmitter are amplitude modulated, the sound signals are frequency
modulated. FM receivers, therefore, form a part of TV receivers and will be
described in Chapter 19 on TV receivers.

14.3 CHARACTERISTICS OF A RECEIVER

There are three main characteristics by which the quality of a receiver can be
judged. These are selectivity, sensitivity and fidelity. These are also known as
the performance characteristics or the specifications of a receiver.

Selectivity Seclectivity of a receiver is its ability to select a desired signal
frequency without any objectionable interference from other neighbouring sta-
tions. It is a measure of the extent to which the receiver can reject all other
neighbouring stations and accept only the desired station. A good, selective
receiver will select the desired station and reject all other unwanted stations.
The selectivity is generally expressed in the form of a curve shown in Fig. 14.2.
In this curve, the strength of the input signal at the resonant frequency required
to produce a given output is taken as the reference and the strength of the
modulated carrier at neighbouring frequencies required to produce the same
output is plotted on the vertical axis. The sharper the selectivity curve, the
more selective a receiver is.

Millivolts

| |
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Fig. 14.2 Selectivity Curve
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The selectivity of a receiver increases with the number of tuned RF stages in
the circuit. A very selective receiver allows only a limited band of frequencies
to pass through. As such, many of the side bands do not appear in the output
and the quality of reproduction of the receiver suffers.

Sensitivity Sensitivity of a receiver is its ability to respond to weak signals.
This is expressed as the minimum voltage or power that must be applied to the
input of the receiver for getting a standard output of 0.5 W in the loudspeaker
or in a resistive load substituted for the loudspeaker. For measuring sensitivity,
the input RF signal must be modulated 30% at an AF of 400 Hz. Moreover, the
RF signal voltage is applied through an artificial antenna called a dummy
antenna. This dummy antenna creates the same input conditions for a receiver
as a real antenna installed on the roof top. It can be made by connecting an
inductance (coil) of 20 UH in series with a capacitance of 200 puf.

The sensitivity of a receiver is expressed in microvolts. The smaller the
input in microvolts the greater is the sensitivity of a receiver. A high grade
broadcast receiver will have a sensitivity of less than 10 uV. The sensitivity
curve for a standard broadcast receiver is shown in Fig. 14.3.
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Fig. 14.3 Sensitivity Curve for a Standard Broadcast Receiver

Fidelity Fidelity is the ability of a receiver to reproduce faithfully all the
audio frequencies with which the carrier is modulated. This is generally ex-
pressed as a frequency response curve shown in Fig. 14.4.

The fidelity of a broadcast receiver mainly depends on the response of the
audio stage but the tuned RF stages also limit the response of the receiver by

50 100 500 1000 2000 5000 10000
Modulation frequency Hz

Relative output

Fig. 14.4 Fidelity Curve
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not allowing the higher sidebands to be reproduced properly. Selectivity and
fidelity in a receiver are opposed to each other. Modern broadcast receivers are
capable of reproducing properly all modulation frequencies from 30 Hz to
about 8 kHz. However, the international regulations do not allow a bandwidth
of more than 5 or 6 kHz for broadcast purposes.

The noise level of a receiver is another important characteristic particularly
at shortwave bands. Noise produced in the receiver by its own circuits should
be sufficiently low so that even the weakest signals received can suppress this
noise.

14.4 TYPES OF RECEIVERS

The basic requirements of selection, detection and sound reproduction for a
receiver can be met by a tuned LC circuit for selection, a diode (or a crystal)
for detection, and a pair of headphones for sound reproduction. This was the
earliest and the simplest form of a receiver and was called a straight receiver.
It did not require a power supply and provided no amplification for the radio
frequencies or the detected audio frequencies. It could be used for listening to
only the local stations. The crystal set described earlier is a form of straight
receiver.

TRF Receiver The invention of the vacuum tubes or radio valves made it
possible to amplify the detected audio frequencies to drive a loudspeaker. With
the development of RF amplification techniques, it was possible to add one or
two stages of RF amplification before detection so that a sufficiently strong RF
signal could be delivered for detection by the diode. Thus, with RF amplifica-
tion before detection and AF amplification after detection, a new type of re-
ceiver known as the TRF or tuned radio frequency receiver came into exist-
ence. A TRF was the first practical type of receiver to be designed and con-
structed. A block diagram of a TRF receiver together with the waveform of the
signal at different stages in the receiver is given in Fig. 14.5.

A TREF receiver tends to be selective and its fidelity is not so good. Also, the
sensitivity of a TRF receiver varies with the received frequency. In spite of
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Sound
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Fig. 14.5 Block Diagram of a TRF Receiver
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this, a TRF receiver still finds good use in many special applications in the
field of radio communication.

However, the TRF receiver has been largely replaced by the modern super-
heterodyne receiver which possesses many advantages over all other types of
radio receivers.

14.5 SUPERHETERODYNE RECEIVER

A superheterodyne receiver is the most popular type of radio receiver. Almost
all modern radio receivers are of the superheterodyne type popularly known as
“superhet.” In order to get a clear picture of the working of a superheterodyne
receiver, it is best to refer to Fig. 14.6. Each block in this diagram represents a
definite stage in the working of a superhet. The function of each stage will be
described here briefly. However, the various stages will also be discussed in
detail later in the chapter. A picture of the waveform of the signal as it enters
and emerges from each stage is also shown in the block diagram. A brief
description of the functions of the various stages is given below.

Antenna Speaker
RF IF AF
; ; ; Detec- .
ampli- ={ Mixer = ampli- [ or ™1 ampli- | ]
fier fier ° fier
Sound
Local
A X loscillator]
A

Power
supply—(

Fig. 14.6 Block Diagram of a Superheterodyne Receiver

The antenna picks up the modulated carrier signals of all the stations which are
within the receiving range of the radio receiver. A tuned circuit in the RF stage
selects only the desired modulated carrier signal and rejects all other signals.

The selected signal is amplified by the RF amplifier stage before it is ap-
plied to the mixer stage. Most broadcast receivers, however, do not have this
RF amplifier stage.

In the mixer stage the incoming signal frequency is converted into a new
fixed frequency by the mixing or beating of this frequency with an unmodulated
frequency produced by a local oscillator. This new fixed frequency, which is
the difference of the frequency produced by the local oscillator and the incom-
ing modulated signal frequency, is called the intermediate frequency or IF. Its
value is fixed at 455 kHz for almost all broadcast receivers. Thus the frequency
generated by the local oscillator is always 455 kHz above the frequency of the
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station selected by the RF stage. In fact, the main advantage of a superhetero-
dyne receiver lies in having a fixed IF. It is much easier to design RF amplifiers
for a fixed IF than to design RF amplifiers for amplification of a whole band of
frequencies as in the case of a TRF receiver.

The IF of 455 kHz which contains all the modulation of the carrier, is
suitably amplified by a fixed-tuned amplifier called the IF amplifier. It is then
fed on to the detector stage.

The detector stage separates the audio component from the modulated IF
which is bypassed to ground. The audio frequencies so recovered are applied to
the audio stage for amplification. This detector is also known as the second
detector, the first detector being the mixer stage.

The audio stage generally consists of two audio amplifiers. The first amplifi-
er is a voltage amplifier and the second stage is a power amplifier, which
develops sufficient power to drive a loudspeaker. The loudspeaker converts the
electrical audio frequencies into sound waves of corresponding frequencies.

Voltages required for the operation of the various stages described above
are obtained from a built-in unit called the power supply source. This is gener-
ally obtained by rectification and suitable filtering of the mains 230-V 50 Hz
AC supply. In the case of battery-operated sets, the supply is obtained directly
from the batteries for which no additional filtering is required.

14.5.1 Circuit Details

Before describing the circuit details of the various stages of a superheterodyne
receiver, it is necessary to mention here that transistors are rapidly taking the
place of valves or vacuum tubes in all types of electronic circuits. Therefore,
present day radio receivers can be divided into two separate classes or catego-
ries—those using vacuum tubes or valves and known as valve radios and those
using transistors in place of valves and popularly known as transistor radios or
merely transistors. Circuit details are similar in both types of receivers but the
main difference is in the size and specifications of the components used. Be-
cause of the much smaller magnitude of voltage and current involved in the
case of transistor radios compared to valve type radios, the use of miniature
components has been possible in the construction of transistor radios. This has
resulted in considerable economy in the size and cost of transistor radios and
reasonably priced pocket size transistor radios are becoming more popular each
day.

14.5.2 Antenna Circuits

Modulated radio waves from different stations strike the wire of the receiving
antenna and produce in this wire RF currents of the same frequency as the
frequency of the arriving waves. These RF currents flowing through the prima-
ry L, of the transformer 7, induce similar currents in the secondary L, of the
transformer 7. The secondary coil L, can be tuned to resonance at the desired
frequency by the variable capacitor C, (Fig. 14.7(c)).
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Fig. 14.7 Antenna Coils (a) Tuned Antenna Circuit (b) Primary and Secondary of the
Transformer Wound on a Ferrite Rod (c) Antenna Coil as an Auto-trans-
former

The resonant voltages so developed are fed to the input of the RF amplifier.

To improve the efficiency of the transformer 7, the primary and secondary
of this transformer are wound on a ferrite rod made of a magnetic material of
high permeability as shown in Fig. 14.7(b). The ferrite rod is also known as the
loopstick. To further simplify matters, a single coil is wound on a form and
tappings provided at different points for tapping the secondary voltage. A
ferrite rod is then slid into the form and its position fixed to provide a good
pick up. This arrangement works as an autotransformer and provides a satisfac-
tory antenna coil for broadcast frequencies. The arrangement is shown in Fig.
14.7(c).

Actually the antenna itself possesses some stray inductance and capacitance
and its dimensions can be so chosen as to make it resonate at a particular
frequency. However, in present-day broadcast receivers the antenna is designed
broadly to resonate at the mid-frequency of the broadcast band. In fact, with
the strong signals received from most broadcast stations and the excellent
sensitivity provided by the modern heterodyne receivers, an external antenna is
not required particularly in the case of portable transistor receivers.

14.5.3 Radio Frequency Amplifier (RF Stage)

The desired RF signal selected by the tuned antenna circuits is applied to the
input of a radio frequency amplifier which is also called an RF stage. After
amplification by the RF stage, the modulated RF signal is passed on to the next
stage which may be another RF stage or the converter (mixer) stage. The RF
stage provides the following advantages:
1. It increases the sensitivity of the receiver because of additional ampli-
fication.
2. It improves the selectivity of the receiver due to additional tuned
circuits.
3. It eliminates the image frequency interference.
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4. Tt reduces the noise level because of a stronger signal fed to the con-
vertor stage.

5. It improves the AVC action because another controlled stage is added
to the RF chain. Broadcast receivers do not have an RF stage.

14.5.4 Special Features of a Superheterodyne
Radio Receiver

Besides the three characteristics of a radio areceiver viz. selectivity, sensitivity
and fidelity discussed earlier, the superheterodyne receiver possess certain fea-
tures which are peculiar to this type of receiver only. These features will now
be discussed.

(1) Image Frequency In a superheterodyne receiver, the intermediate fre-
quency (/F) is the difference between the local oscillator frequency (f,) and the
frequency of the received signal (fs;) or

fo—fs,=1IF (14.1)

If there is another signal fs,, whose frequency is higher than the local oscil-

lator frequency f,, by amount equal to the intermittent frequency /F, and if this

frequency fs, also manages to reach the converter stage, it will produce the
same /F as fs; and will be equally well received by the /F stage or

fo,— fo=1IF (14.2)
adding (14.1) and (14.2)

fsy — fs, = 2IF
or fsy = fs, + 2IF

This signal fs, where frequency is higher than the frequency of the signal
/51, by an amount equal to twice the intermediate frequency IF is called the
image frequency. Thus in an AM receiver with an [F of 455 kHz, a signal at
1000 kHz will be simultaneously received with its image frequency of 1000
kHz + 2 x 455 kHz = 1910 kHz. This is not desirable and steps must be taken
to reject this image frequency by suitably designing the RF stages of the re-
ceiver.

Image Frequency Rejection The most effective method of image fre-
quency rejection is to introduce a tuned RF stage between the mixer and the
antenna stage of the receiver and this stage will favour the desired signal and
discriminate against the undesired image signal. Both these factors will im-
prove image rejection ratio p as is clear from the following expression

_ gain at the desired signal (f5)
p= gain at the image frequency (f5,)

A single tuned circuit will increase the value of the numerator and decrease
the value of the denominator thereby effectively increasing the value of p. In
fact, the suppression or rejection of the unwanted image signal will be more
effective, the greater the number of tuned circuits involved before the mixer
stage.
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Another method of improving the image rejection ratio is to increase the
ratio of the intermediate frequency and the signal frequency by selecting a

+2
higher value of /F so that the ratio ﬁ—z [fofl
s

/5

of broadcast receivers which operate in the frequency range 535 to 1605 kHz
range, the /F value is generally 455 kHz and value of fs,/fs is large and the use
of tuned RF stages is not necessary in the case of AM broadcast receiver for
image frequency rejection. However the use of higher /F value becomes neces-
sary for frequencies above 3 MHz for improved image frequency rejection. FM
receivers which normally operate in the 88 to 108 MHz range, /F value em-
ployed is 10.7 MHz. In the case of TV receivers operating in the VHF and
UHF range the /F used is 38.9 MHz.

Image rejection depends on the front-end selectivity of the receiver and must
be applied before the [/F stage. Once the spurious frequency reaches the IF
stage, it becomes difficult to remove it from the wanted signal.

J becomes large. In the case

(2) Double Spotting Tt is a phenomenon that occurs in the HF or short-
wave ranges of a superhet radio receiver. In double spotting, the same station is
heard on two different points on the tuning dial of the receiver. This phenome-
non is similar to image reception, the difference being that in double spotting
the same signal f; is heard at two settings of the tuning dial but in image
reception two different signals f; and f;; are heard on one and the same setting
of the tuning dial. The phenomenon can be explained as follows.

When a signal f; is received, the local oscillator is tuned to a frequency
f. + f; or when local oscillator frequency is reduced, the same signal will be
received at a frequency given by f; — f,. The frequency difference between the
two tuning position on the dial will be (f; + f;) — (f; — f,) = 2f; indicating that the
second position of the same signal is that of the image frequency. The signal in
the second portion will be reduced in strength depending upon the rejection
ratio of the receiver p.

As a numerical example we may consider a strong signal received at 14.5
MHz, the local oscillator will be tuned to 14.5 + 455 = 15.145 MHz. The same
signal will again be received at 13.590 MHz when the local oscillator frequen-
cy will be 14.045 MHz. This is exactly 455 kHz below the frequency of the
original signal i.e. 14.50 kHz. The two signals will beat to produce an IF of
455 kHz and neither will be rejected by the IF amplifier. RF stage tuned to
13.590 MHz will reject the strong signal at 14.5 MHz and double spotting will
be avoided.

Since double spotting occurs at higher frequencies in receivers having poor
image rejection ratio, one solution to both the problems i.e. image rejection and
double spotting is to improve the sharpness or the selectivity of the RF amplifi-
er or to increase the value of IF or a combination of both.

Double spotting is not desirable in a receiver because a weak station may be
masked by the reception of a nearby strong station at the spurious point on the
dial.
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It is interesting to note that the spurious point being exactly 2f below the
correct frequency, the phenomenon of double spotting can be used to measure
the intermediate frequency (IF) of an unknown receiver.

14.5.5 Tracking and Alignment in a Superheterodyne
Receiver

A superheterodyne receiver has a number of tuned circuits which must be
correctly tuned to their respective tuning frequencies if a station is to be re-
ceived properly. For ease of operation, the various tuned circuits are mechani-
cally coupled so that only one tuning control and dial are required for the
tuning of the receiver. This is called single dial tuning.

Satisfactory signal dial tuning of a receiver requires that all resonant circuits
in the radio frequency section of the receiver be tuned together and that their
resonant frequencies correspond to a predetermined standard printed scale. In
turn this means that no matter what the received frequency, the RF and mixer
input circuit must be tuned to it. Thus when capacitive tuning is employed,
exact alignment of the radio frequency circuit is obtained at the high frequency
end of the tuning range by the use of an adjustable tuned capacitor which is in
parallel with the coil as shown in Fig 14.8(a).

Padder

1Y
4l

éﬁig Coil i -

Trimmer =/ \ Gang
Trimmer

Fig. 14.8 (a) R.F. Circuit (b) Oscillator Circuit

Coall 7/

The local oscillator must simultaneously be tuned to a precisely higher
frequency than the frequency of RF section by an amount equal to the interme-
diate frequency. In capacitor tuning, this is generally achieved by using a gang
capacitor in which different sections are made as identical as possible. Track-
ing is thus obtained by using a coil of somewhat less inductance for the oscilla-
tor than for the RF side and also using with the oscillator coil series capacitors
called padders and parallel capacitors known as trimmers shown is Fig. 14.8(b).
By proper adjustment it is possible to obtain exactly correct tracking at three
frequencies in any tuning range. Any errors that exist are called tracking errors
and can result in an incorrect frequency being fed to the IF stage and the tuned
station will not correspond to the correct position on the dial. The three fre-
quencies of correct tracking called crossover frequencies are chosen in the
design of the receiver so that one frequency is just above the bottom end of the
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band as 600 kHz, the other a little below the top end at 1500 kHz and the third

at the geometric mean of the two i.e. /600 x 900 = 950 kHz. The results are
shown in Fig. 14.9.

+4
+2 T
¥ //___\« Proper tracking
AN A |
2 5 /,' A
-4 o — —
1---" Misaligned
-6
600 1000 1600
Frequency kHz
Fig. 14.9

If the maximum tracking error does not exceed 3 kHz with a range, the error
at other frequencies will be satisfactory.

14.5.6 Tracking and Local Oscillator Frequency

Broadcast AM receivers both in the broadcast range (540 to 1650 kHz) and the
short wave range up to 36 MHz make use of the Hartley and Colpitt type of
oscillators which generally operate at a frequency above the signal frequency
by an amount equal to the intermediate frequency which is normally 455 kHz
in domestic broadcast receivers.

It is possible to design a circuit where the local oscillator frequency is below
the signal frequency but this is likely to create practical difficulties in tracking
and alignment as explained below.

(a) Local Oscillator Frequency Above the Signal Frequency For a
Broadcast receiver operating in the 540 to 1650 kHz range the oscillator fre-
quency at the lower end will be 540 + 455 = 955 kHz and the local oscillator
frequency at the higher end of the range will be 1650 + 455 = 2105 kHz. This

2105
995
Normal tunable gang capacitors have a capacitance ratio of 10 : 1 for the

max. and min capacitance. The equivalent frequency ratio will be ? =32:1.
Thus the required frequency ratio of 2.2. : 1 is well within the tuning capabili-
ties of the variable capacitor. The entire frequency range can be tuned in one

sweep of the gang capacitor.

gives a ratio of max. to min. frequency of the oscillator as =2.2.
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(b) Local Oscillator Frequency Below the Signal Frequency In this
case the lowest oscillator frequency will be 540 — 455 = 85 kHz and the higher
frequency equal to 1650 — 455 = 1195 kHz giving a frequency ratio of 14 : 1
and the ratio is much beyond the tuning capabilities of the gang capacitor. It
will not be possible to cover the entire frequency range in one sweep.

This is the main reason for keeping the local oscillation frequency higher
than the signal frequency in all receivers with variable frequency oscillators.

Another reason for keeping the local oscillation frequency higher than the
signal frequency is that the tracking difficulties get minimized if the frequency
ratio rather than the frequency difference between the two frequencies is kept
constant.

In case (a) above the ratio of local oscillator frequency to signal frequency is

995 _ .. 2105 _
540 1.84 at the lower end of the band and it is 1650 1.28 at the upper
end.

In the case of (b) above these ratios would be 58;450 =6.35 and % =1.38.

The variation is much greater than in case (a) above and will result in much
greater problems in tracking.

14.6 MIXER STAGE

The mixer or convertor stage performs the following functions:

1. It tunes and amplifies the desired signal.

2. It generates or produces an unmodulated RF signal of its own at a
frequency higher than the frequency of the received signal.

3. It mixes the locally generated oscillator frequency with the received
signal to produce a new fixed frequency called the intermediate fre-
quency.

4. Tt maintains the same constant frequency difference between the local
oscillator frequency and the signal frequency to which the receiver is
tuned. This difference is the IF.

14.7 IF AMPLIFIER

The IF amplifier is an RF amplifier whose function is to tune and amplify the
voltages at IF. The input voltage for the IF amplifier is received from the IFT,
which is a transformer fixed-tuned to IF and is placed in the base circuit of the
IF amplifier transistor. After amplification by the IF amplifier, the IF voltage is
again selected by another transformer IFT, which is also fixed-tuned to IF and
is placed in the collector circuit of the IF amplifier transistor, IFT, will supply
the input for the next succeeding stage of the superheterodyne receiver. IFT,
which supplies the input for the IF amplifier is called the input IFT and IFT,
which selects the output from the IF amplifier stage is called the output IFT. A
well-designed IF stage with high gain IFT can provide an overall gain of 100 or
so. Two or three IF stages are used when higher gains are required. However,
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most modern superheterodyne receivers using transistors use two IF stages to
get enough gains.

An IF of 455 kHz has now been standardised for all broadcast type receivers
although some older models still use an IF of 175 or 260 kHz. An IF of 455
kHz provides better protection against image frequency interference than an IF
of a lower value. 455 kHz is a compromise value between high IF and low IF.

The circuit of a typical IF stage with input and output IFTs is shown in
Fig. 14.10.

—
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— T3 l [«
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Fig. 14.10 IF Amplifier Stage

14.7.1 IF Transformers

Each IF amplifier makes use of two RF transformers known as IFTs. The input
IFT (IFT,) couples the output circuit of the convertor stage to the input or the
base circuit of the IF amplifier and the output IFT (IFT,) couples the collector
circuit of the IF amplifier to the detector stage or to the input circuit of the
second IF amplifier if there are more than one IF stages.

An IFT actually consists of two inductively coupled windings which can be
independently tuned to the IF of the receiver, which is 455 kHz in most broad-
cast receivers. The tuning of the coils or windings can be done by means of
small variable mica capacitors or air-trimmer capacitors. In this case the IFT is
known as a trimmer-tuned IF transformer. In another type, the capacitors are
fixed but the tuning is done by means of movable dust iron core slugs. Such
IFTs are called permeability tuned or slug tuned IFTs.

14.7.2 IF Amplifiers—Choice of IF Frequency

The choice of IF in a receiver is very important because the IF stage is a vital
stage in a superhet receiver. Both the high and low value of IF have their
advantages and disadvantages. As such, the IF value is a compromise between
a high value and a low value.
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High value of IF results in poor selectivity and poor adjacent channel rejec-
tion necessitating the use of special sharp cut off filters in the IF stage. It also
increases tracking difficulties.

On the other hand a low value of IF results in following difficulties.

1. A poor image rejection ratio as is clear from Equation 14.2.

2. Cutting of the sideband due to sharp selectivity response. This affects
the quality of broadcasts.

3. The stability of the local oscillator needs improvement as any drift in
local oscillator frequency forms a high percentage of the low value of
IF.

4. IF must not fall within the tuning range of the receiver to avoid unde-
sirable heterodyne whistles.

The use of IF for various types of receivers has almost been standardised
with slight variations allowed in exceptional cases.

1. All AM receivers operating in the medium, high or even long range
(150 to 350 kHz) make use of the standard IF of 455 kHz. Variations
are, however, allowed within the range 438 to 465 kHz.

2. Certain special types of AM receivers like single sideband receivers
and communication receivers make use of two or more values of IF.
The ranges often used are 1.6 to 2.3 MHz or else above 30 MHz.

3. FM receivers operating in the frequency band 88-108 MHz invariably
use 10.7 MHz as the IF.

4. Television receivers operating in the VHF (54 to 223 MHz) and UHF
(470 to 940 MHz) use IF values varying between 26 to 46 MHz, the
exact value depending on the system used. PAL system uses an IF of
38.9 MHz for the picture signal and 33.4 MHz for the sound signal.

5. Microwave and radar receivers operating in the Gigahertz range (1 to
10 GHz) use 30, 60 or 70 MHz as IF depending on the application of
the receiver.

14.7.3 Adjacent Channel Selectivity

In Section 14.3, selectivity has been defined as the measure of the extent to
which the receiver can reject all other neighbouring stations and accept only
the desired stations. The selectivity of the RF stage of a receiver is a function
of the frequency and is best at low frequencies and gets worse as the frequency
increases. This is shown in Fig. 14.11.

Providing several sharply tuned circuits in the RF stage creates tracking
difficulties for these tuned circuits. Therefore, the selectivity of the RF stage is
left much wider than necessary for single channel operation and final selectivi-
ty is obtained in the design of the IF amplifier stage.

Adjacent channel selectivity is the ability of the receiver to avoid interfer-
ence from the sideband of the adjoining channels when the frequency spectrum
is overcrowded with a large number of channels. For getting the maximum
number of channels in the assigned spectrum, the channel distribution is made
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Fig. 14.11 Selectivity

as close together as possible. A channel separation of 10 kHz is typical of AM
broadcast stations in the MF and HF band. FM and television stations operating
in the higher frequency bands need much wide-spacings between adjacent
channels.

It should be possible for two stations to occupy adjacent channels with
minimum spacing between them and the receiver should be able to separate
them. For this the ideal IF channel band pass characteristics will be a flat
topped response within the pass band and sharp vertical cut off outside the pass
band providing infinite attenuation or rejection outside the pass band. How-
ever, practical filters with the ideal pass band characteristics are not possible
and adjacent channel interference to a certain minimum extent is unavoidable.
However, good quality broadcast receiver should be able to provide 60 to 80
dB of adjacent channel rejection.

Some of the methods adopted for providing adjacent channel selectivity by

the design of the IF stage are given below.
1. The simplest method is to use an IF amplifier consisting of two or more
stages with several under coupled IF transformers, all tuned to IF. Each stage
provides its own rejection and the total response is the product of the rejections
provided by each stage. With suitable selection of Q values, a 3 dB band pass
response is possible.

2. Stagger Tuning A much better
pass band characteristics than those
obtained by a single-tuned circuit can be
obtained without undue sacrifice of se-
lectivity by a process known as stagger
tuning. In this method an odd number of
tuned circuits are used and these are so
tuned that one circuit is tuned to the cir-
cuit frequency and the other two circuits £oAF fi £+ Af
are tuned successively to frequencies

Total response

Fig. 14.12
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which are above and below the centre frequency by a small amount Af. Thus if
one circuit is tuned to a frequency f, + Af, the other circuit is tuned to a
frequency f; — Af, f, being the centre frequency as shown in Fig. 14.12.

The overall response is the product of the individual response but it has
several peaks as shown on the top but this can be smoothened by adding more
tuned circuits tuned closer together.

3. dse of Double Tuned Transformers When two circuits are tuned to
the same frequency and then tightly coupled together as in IF transformer
shown earlier (Fig. 14.13) the overall response has a double hump as shown
below.

(a) Overconfined turned (b) Double tuned response
IF transformed

Fig. 14.13

The system has the advantage over the stagger tuned system that isolating
amplifier need only be placed between pairs of tuned circuits instead of be-
tween individual circuits thus reducing the number of amplifiers required.

IF band pass is more expensive communication receivers and other special
types of receivers makes use of IC (Integrated circuit) amplifiers and special
type of filters like criptal lattice filter and mechanical resonant filters. How-
ever, HF operational amplifiers are now available in IC form, allowing large
reduction in the size of the receiver. The entire receiver including the IF ampli-
fiers can now be built with the help of one or two chips easily available in the
market.

Permeability tuned IFTs are used in almost all modern broadcast receivers.
The entire IFT assembly including the coils and capacitors is enclosed in a
metal can which provides both support and shielding for the IFT assembly.
Holes are provided in the metal can at suitable places so that the trimmer
capacitors or the dust iron core slugs can be adjusted for tuning by passing a
screw driver or some other alignment tool through the holes without removing
the metal can. A view of the IFT assembly together with a schematic symbol
for each of the two types of IFT is shown in Figs. 14.14(a) and (b).

With each IF stage, two IF transformers containing four tuned circuits all
tuned to the IF of 455 kHz are added to the receiver chain. This makes the
receiver highly selective so that no other frequency except the IF can get
through. Since the IF of 455 kHz also contains the sidebands of the audio
frequencies with which the original carrier was modulated, for satisfactory
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reproduction, it is necessary that sideband cutting, which results from a very
selective circuit, should be avoided. This is done by broadening the response of
the IF amplifier. There are several methods of doing this but the most common
method is to adjust the coupling of two windings of the IFT by varying the
distance between the windings. The response becomes broader as the distance
between the two windings is reduced as shown in Fig. 14.15. The degree of
overcoupling is adjusted till the sidebands from 7 to 10 kHz above and below
the IF are able to pass through the circuit along with the IF. Such an adjustment
is made in the factory and cannot be easily changed afterwards.

-] 1 —
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XX L,
XXX L, b
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"~ 455 KkHz 455 kHz - 455 kiz

(a) (b) (c)
Fig. 14.15 Coupling in an IFT

14.8 DETECTOR STAGE

The output from the IF amplifier consists of the modulated IF at 455 kHz. This
IF is modulated with the same audio frequencies with which the original RF
signal picked up by the antenna was modulated. The amplified and modulated
IF is applied to the input of the detector stage. 1t is the function of the detector
stage to separate the audio frequencies from the IF (455 kHz). The audio
frequencies so separated are then applied to the audio stage which drives the
loudspeaker of the receiver to reproduce the same sound that was converted
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into electrical audio frequencies by the microphone at the studios of the broad-
casting station. Because of the nature of its function the detector stage is also
known as the demodulator. It is also sometimes called the second detector to
distinguish it from the mixer stage which was originally given the name of first
detector.

Another important function performed by the detector stage is to provide
automatic volume control or AVC for the superheterodyne receiver. AVC is
the process which helps maintain practically the same volume of sound from
the speaker whether the station received by the antenna is a strong local station
or a distant weak station. This will be described in detail later.

A detector stage in a modern receiver employs a diode in an half wave
rectifying circuit similar to that employed in a power supply source.

To draw an exact parallel between the half wave rectifier and the detector
stage of a receiver, the circuit of a simple detector stage with associated filter
circuits is shown in Fig. 14.16.

IFT,

From IF
Amplifier

——

Rectified IF Filtered DC
pulsating DC pulsating at AF

(bl M) =
(DAL

Input modulated IF
Fig. 14.16 Detector Stage

In this case the input for the diode is the modulated IF at 455 kHz in place
of the 50 Hz mains supply. The main difference, however, lies in the filter
section. In the filter section the resistance R replaces the choke and the capaci-
tors C; and C,, have a much lower value (0.001 u#F) compared to the value of
filter capacitors (20 uF) in the case of the rectifier for the mains supply. This
difference in the value of the filter capacitors in the two cases arises due to the
difference in the two frequencies (50 Hz and 455 kHz) to be rectified and
filtered. The higher this frequency the lower the value of the required filter
capacitor. Based on the principles described the circuit of a standard detector
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stage in a superheterodyne receiver is given in Fig. 14.17. This circuit performs
a number of functions besides detection.

The output from the IF amplifier is applied to the Anode of the diode from
the secondary of IFT,. The diode rectifies only on positive half-cycles of RF
and the rectified current flowing through R; and R, produces a voltage drop on
these two resistors. The RF portion of the rectified current is filtered by the
filter consisting of R; (47 k) and capacitors C,; and C), each of which is
0.001 wF (100 pF). Thus the voltage appearing across Rs is only the audio
component of the modulated IF. R; is a variable resistor (500 k€2) or a potenti-
ometer from which a suitable value of audio voltage can be selected and
applied to base of transistor O, which forms the first stage of audio amplifica-
tion. R serves as the manual volume control for the receiver. C, (0.15 uF) is
coupling capacitor for the first audio stage.

Manual Volume Control As mentioned above, the potentiometer R, helps to
supply variable audio input for the first audio amplifier stage and the output
from the audio stage can be controlled by rotating the shaft of the potentiom-
eter with a knob fitted at the end. The audio voltage actually applied to the base
of the transister Q, is the voltage between ground and the variable or sliding
point of the potentiometer. This potentiometer which is generally a carbon
potentiometer of 0.5 mQ value forms the manual volume control of the re-
ceiver. The manual volume control in modern broadcast receivers has also the
ON-OFF switch fitted in the same unit and is operated from the same common
shaft. A typical volume control with the switch connection is shown in
Fig. 14.18.

14.8.1 AGC (Automatic Gain Control)

One of the functions of the detector stage is to produce AGC or automatic gain
control for the ‘rf’ stage of the receiver.
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Fig. 14.18 Volume Control with On-off Switch

Almost all modern receivers are furnished with AGC (or AVC) which per-
mits tuning to stations of varying signal strengths without appreciable change
in the strength of the output signal. AGC thus irons out input signal amplitude
variations and the gain control does not have to be re-adjusted every time the
receiver is tuned from one station to another except when the disparity in signal
strength or the receiver sensitivity is very great. In addition, AGC helps to
smoothen out the rapid fading which may occur with long distance shortwave
reception. It also prevents the overloading of the last IF amplifier which might
otherwise have occurred.

How AGC is produced and applied can be explained with the help of
Fig. 14.19.
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Fig. 14.19 AGC Circuit of a Transistor Receiver

R,C; functions as a resistance capacitance filter that prevents the radio
frequency ripple voltage developed across R, from reaching the output-termi-
nal. Capacitor C, is for blocking the dc component of the rectified output from
the volume control potentiometer R, and must have a small reactance at modu-
lating frequencies compared to the value of R,. The combination R;C; is a
resistance capacitance filter proportioned to remove modulation components. It
provides a DC voltage propotional to the rectified carrier and free from modu-
lation components and suitable for AGC purposes. This dc voltage controls the
gain of the RF stages to keep it steady with the variations in the strength of the
RF signal.
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14.8.2 Simple AGC

In this system of simple AGC the overall gain of the receiver is varied automat-
ically with the changing strength of the signal to keep the output substantially
constant. A dc bias voltage derived from the detector is applied to a selected
number of the IF, RF and mixer stages in the case of vacuum tube receivers
which are voltage controlled. However, in the case of transistor receivers which
are current controlled devices, a bias current is fed back so that some power is
required for bias control. In this case the gain of the relevant amplifier is
controlled by variation of the base current, provided sufficient AGC power is
available.

14.8.3 Delayed AGC

Simple AGC discussed above does not provide ideal AGC characteristic for a
receiver because the gain is reduced by AGC action even when the output is
less than desired value. As a result, circuit modification involving a second
diode are sometimes used to make the AGC system inoperative until the signal
at the second detector reaches the desired level. A double-diode is used in the
case of tube type receivers but in the case of transistor receiver two separate
diodes are employed, one being the detecter diode and the other the AGC
diode as shown in Fig. 14.20.
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Fig. 14.20 Delayed AGC

\ Vol. Control

These diodes can be connected either to separate windings of the IF trans-
former as shown in Fig 14.20 or both to the secondary without too much
interference. As indicated a positive bias is applied to the cathode of the AGC
diode to prevent conduction until a predetermined level has been reached. A
control is often provided as shown, to allow manual adjustment of the bias on
the AGC diode and hence of the signal level at which AGC is applied. If
mostly weak signals are likely to be received, the delay setting may be quite
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high which means no AGC until signal level is fairly high. It is, however,
preferable to make it as low as possible to prevent over loading of the last IF
amplifier by unexpected stronger signals.

Various types of AGC characteristics are shown in Fig. 14.21.

+ No AGC
]

7

! Ideal AGC

/7~ Delayed AGC

Receiver output voltage

et Simple AGC

Incoming signal strength
Fig. 14.21 AGC Characteristics

14.8.4 Distortion In AM Detection

In diode detection described earlier, the capacitor C charges to the peak value
of the carrier voltage during the positive half cycle and then slowly discharges
through the load resistance R during the negative half cycle of the modulating
voltage. For the detected voltage to be an exact replica of the modulating signal
waveform, the change in capacitor voltage should be sufficiently rapid to fol-
low the modulation envelope. If it does not, amplitude distortion will result.
There are two types of distortions that are observed in practical diode detec-
tion. These are Diagonal clipping and Peak negative clipping.

Diagonal Clipping This can be explained with the help of Fig. 14.22. In
this, Fig. 14.22 (a) represents the normal diode rectification circuit and Fig. (b)
is its equivalent circuit.

Ce rd Ce
Dt {—e AW {[F—e--- '.
™ e ::C R ™ & R =cC Ré
(a) Circle (b) Equalved circle

Fig. 14.22 Diode Rectifier

In the above circuit, the capacitor C charges in series with the diode resistor
rd. Whenever the applied voltage exceeds the voltage across the capacitor C,
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the conduction starts and the capacitor charges through resistance rd which is
very small compared to R. The conduction starts at some point A in Fig. 14.23
and continues till point B in a manner indicated by line 4B. At point B the
source voltage at carrier frequency is falling faster than C can change and the
voltage e, across the capacitor becomes larger than e, and diode conduction
stops due to reverse biasing. The capacitor C then discharges through the
resistance R which is large compared to rd and time constant RC is large and
the voltage falls to C when the conduction starts again and the same process is
repeated. Thus, between B and C the capacitor discharges exponentially rather
than follow the modulation curve. This results in diagonal clipping. This type
of distortation does not occur below 60% modulation at the highest frequency
but the size of the filter capacitor becomes a limiting factor for a distortionless
detector circuit.

Fig. 14.23 Diagonal Clipping

It can be proved mathematically that distortion is not excessive if the time

constant RC does not exceed .
n ma
Where w,, is the modulation frequency (27f,) and m, is the modulation

index as defined in Chapter 12.

Negative Peak Clipping This is a distortion that results from the loading
effect of C, and R, [Fig. 14.22] C, is the dc blocking capacitor and R, repre-
sent the input resistance of the following AF stage. Capacitor C, is large
enough to allow the modulation component of the voltage to pass unattenuated
to R, and as a result C, maintains a constant voltage at the mean load voltage
of "=1 volt and V; follows the modulation envelope maintaining the relation-
ship V-V, = V,, = constant
However V cannot drop below the min. level set by

R
Vmin: Vce : R+R1
__R - v
R+R, when V,, =1V /\ .
) o ) m Negative
below this minimum level the capaci- 4y, peak
tor C, no longer follows the modula- t " clipping

tion envelope resulting in negative peak
clipping as shown in Fig. 14.24.

It can further be shown that the
max., modulation m should not

min

Fig. 14.24 Negative Peak Clipping

max
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Rl

R, +R

modulation of about 70%, without negative peak clipping can be achieved in
well designed practical diode detector circuits in AM Broadcasting system.

14.9 TRANSISTOR RADIO RECEIVERS

exceed the value max < to avoid negative peak clipping. A maximum

A transistor can perform practically all the functions of a triode vacuum tube
but it has many advantages over a triode valve. It is small in size, light in
weight, requires no heating power and works on low voltage. Because of these
advantages, transistors are rapidly replacing vacuum tubes in all electronic
equipment including radio receivers.

A transistor receiver is like any other normal receiver in which valves have
been replaced by transistors. With the use of transistors, the size and weight of
all other components required for the circuit is also considerably reduced.
Thus, reasonably priced pocket transistor receivers are now available in all
convenient shapes and sizes.

Except for some receivers meant to receive only local stations, all other
modern transistor receivers are of the superheterodyne type. A transistor super-
heterodyne receiver makes use of the stages which function in the same way as
the stages of a valve type receiver. However, there are certain differences in the
circuits employed in the two cases because of some basic differences between
the properties of transistors and vacuum tubes. In order to clearly bring out the
points of difference and similarity between the circuits used in the two types of
receivers, the circuit diagram of a standard transistor receiver is given in
Fig. 14.25. A brief description of the various stages and their functions is given.

14.9.1 Convertor Stage

A convertor circuit is shown in Fig. 14.26. In this, only one transistor serves as
a convertor but sometimes two separate transistors, a mixer and a local oscilla-
tor, perform the function of a convertor. The signal from the ferrite antenna
coil L, is fed to the base of the transistor Q. Resistors R, (6.8 K) and R, (39 K)
form a voltages divider across the battery for the emitter-base bias. Resistor R,
(3.3 K) in the emitter lead is a DC stabilizer. The oscillator coil is L, and it
feeds its local oscillations to the emitter of O, through capacitor C;. The tuning
and oscillator capacitors are ganged as in a tube receiver. The station signal to
the base and the local oscillator signal to the emitter mix to produce the modu-
lated IF signal at the collector which applies it to the IF transformer. Capacitor
C, (0.02 yF) is an IF decoupling capacitor to prevent IF signals from being fed
back to the base. Taps are used at the oscillator coil and the IF transformer
winding for impedance matching. Q, is a PNP transistor in which the collector
is at a negative potential with respect to the base.
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Fig. 14.26 Convertor Stage

14.9.2 IF Amplifier Stage

The IF amplifier stage is shown in Fig. 14.27. A transistor receiver normally
has two IF amplification stages compared to only one IF stage in a tube receiv-
er. This is due to the fact that a transistor amplifier has less gain than a similar
tube amplifier.

Q
IFT1 3¢ G IFT2
i IFT3 | _
T L’ E ﬁ ETO_Eetector

1

Fig. 14.27 IF Amplifier Stage

The IF signal (455 kHz) from the convertor is fed to the IF input transformer
IFT1. Transformers IFT1, IFT2 and IFT3 are permeability tuned transformers
with slug adjustments. O, and O, are PNP transistors and the bias voltages for
various transistor elements are arranged accordingly. Emitter components R,
and R, are DC stabilisers and are bypassed by capacitors Cs and C, respec-
tively to avoid negative feedback. AVC voltage is fed to the base of the first IF
transistor O,. Resistors R,, Rs, R, and Ry are voltage dividers to provide the
emitter base bias. Capacitors C, and C4 are decoupling capacitors. To prevent
oscillations of the IF amplifiers, capacitors C; and Cy are used as neutralising
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capacitors which couple the signal from the output back to the input in the
proper phase.

14.9.3 Detector Stage

A transistor receiver makes use of a semiconductor diode in its detector stage.
This diode has similar properties of detection and rectification as a vacuum
tube diode. Besides the detection of the IF signal, the diode also develops the
AVC voltage for the first [F amplifier. The diode detector (Fig. 14.28) receives
the modulated signal from the last IF stage. The diode load is made up of
resistor R, and volume control R;,. The tap between the diode and R,, is the
source of the AVC voltage. Capacitor C,, (0.01 uF) filters out any IF signal in
the detector output. Audio voltage in the AVC line is filtered out by R (5.6 K)
and C, (8 uF).

Q, _From Q; |FT3 D; Ry
To AF amplifier
IFT1 -~
L RITL
_ Ry
1 AVC
IC4 IC10

Fig. 14.28 Detector Stage

14.9.4 Audio Amplifier Stage

The AF stage normally consists of two audio amplifier stages—the audio driver
or voltage amplifier stage and the power output stage.

Audio Driver Since the detector output is insufficient to drive the audio
power output stage, an audio amplifier called the audio driver is placed be-
tween the two stages. This is generally a Class A voltage amplifier. A circuit
diagram of the audio driver is shown in Fig. 14.29.

The audio signal from the detector is fed to the base of the driver transistor
0, through the coupling capacitor C,; (8 pF). Resistors R, and R,; are the
voltage dividers for the base emitter bias. Resistor R, is the DC stabiliser
bypassed by capacitor C5 (20 uF), C,, (0.005 uF) is the RF bypass filter. C},
(30 uF) is an electrolytic capacitor and is shunted across the battery supply for
decoupling signals from all stages.

Power Output Stage The power output stage in a transistor radio receiver
is generally a Class B pushpull amplifier particularly in the case of transistor
receivers operated from batteries where power consumption is an important
consideration. It is known that a properly designed Class B amplifier using a
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Fig. 14.29 Diriver Stage

matched pair of transistors draws no current from the batteries when no input
audio signal is being received. There are a number of circuits in use for the
output stage but only two popular circuits will be described here. Figure 14.30
shows the circuit of a conventional Class B pushpull amplifier for the output

stage.

3
NIERlE

n 1]

Hot-Lead To Other Stages Battery

ji Ci2
Fig. 14.30 Pushpull Power Output Stage

The audio signal is fed to the bases of the output transistors Q5 and O, from
the driver stage through audio transformer 7). Since the transformer 7' has a
centre tap, the audio voltage applied to the bases of Qs and O, are 180° out of

phase, which fulfills the requirements for a pushpull amplifier.
Resistor Ry (15 €) is the DC stabilising resistor which provides negative

feedback, R, (7.5 K) and R g (330 ) provide the voltage divider for the
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emitter-base bias. Thermistor R,g is a stabiliser against thermal changes. R
(220 Q) and C}, (50 yF) form a decoupling filter. Capacitor C,5 (0.02 uF) is a
bypass capacitor across the primary of the output transformer 7, for bypassing
the higher audio frequencies. The output transformer feeds the output signal to
the loudspeaker or the earphone through the earphone jack. The output trans-
former also provides the impedance matching between the high output imped-
ance of the pushpull amplifier and the low impedance of the voice coil of the
loudspeaker.

Transformerless Output Stage A circuit without the output transformer
is being commercially employed for the output stage by some manufacturers of
transistor radio receivers. This results in reduction both in the cost and weight
of the receiver. A circuit diagram for such a transformerless output stage is
given in Fig. 14.31.

T A

Qs — 100 uF

Loudspeaker

G L v
[ F—= :

Rs

i

= 100 uF

Fig. 14.31 Pushpull Output Stage without Output Transformer

The input transformer 7, is of a special design and has two separate and
independent windings. The base voltage of the two transistors Qs and Q4 can
be adjusted by the values of R, R,, Ry and R, so as to allow a known value of
current to flow through the collectors. Resistors Rs and R, are for bias
stabilisation.

The signal voltages applied to the bases of Qs and O, by the two secondar-
ies of the transformer 7 are opposite in phase. The collector currents will also
vary according to the signal voltage applied to the two bases. These collector
currents will flow in opposite directions through the common load which in
this case is the loudspeaker. The voltage developed across the voice coil of the
loudspeaker is due to the difference between the two collector currents thereby
creating the same conditions as exist in a normal or conventional pushpull
amplifier.

It is interesting to note how impedance matching between the output imped-
ance of the pushpull amplifier and the loudspeaker impedance is achieved
without the use of a matching transformer. The two collector impedances are in
parallel and hence the output impedance of the combination is one half the
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output impedance of each collector circuit (assuming a matched pair) and one
fourth the output impedance of a normal pushpull circuit where the collector
impedances are in series. A reduction in the output impedance of the collector
can also be effected by suitable selection of the battery voltage (reverse bias).
Further, by selecting transistors with low output impedance and the loudspeak-
er of proper impedance value, it is possible to obtain good impedance matching
conditions. It will be seen from Fig. 14.31 that one side of the loudspeaker is to
be connected to the middle point of the battery which is not easily available. In
such a case, two electrolytic capacitors (100 to 400 uF) can be connected as
shown dotted in the diagram to obtain the mid-point of the battery.

The circuit diagram of a transistor receiver in which the power output stage
is without the output transformer is given in Fig. 14.32.

14.10 MULTIBAND RECEIVERS

The receivers described so far are single band receivers which are capable of
receiving stations operating on the broadcast band or medium wave (MW)
band which extends from 535 to 1605 kHz. The frequency band or the wave
band that can be covered is decided by the inductance of the coil and the
capacitance of the variable capacitor that form the tuned circuits in the antenna
section and the oscillator section of the convertor stage. In modern superhet-
erodyne receivers it becomes necessary to have a number of short wave (SW)
bands in addition to the (MW) band, so that stations broadcasting on SW
frequencies can also be received. A receiver which includes one or two SW
bands in addition to a MW band is called a multiband receiver.

One coil and a variable capacitor can be tuned over one band of frequencies.
For a second band of frequencies, a different coil with different number of
turns is required both for the antenna section and the oscillator section of the
convertor stage. The variable capacitors, which are parts of a two gang capaci-
tor will remain the same. Thus for changing from one wave band to another,
one set of coils and trimmers should be disconnected and another set of coils
and trimmers should be connected to the circuit, simultaneously in the antenna
section and the oscillator section of the convertor stage of the receiver. This
involves a number of switching operations that must be performed before a
waveband can be changed. This is done with the help of a special multicontact
switch known as the band change switch or a wave change switch or merely as
the band switch. The most common type of band switch used in multiband
receivers is the rotary band switch which will be described here.

14.10.1 Rotary Band Switch

A rotary band switch consists of movable and fixed contacts. The movable
contacts are known as poles and the fixed contacts are called positions. The
number of positions per pole is equal to the number of wave-bands in the
multiband receiver. The number of poles is determined by the number of termi-
nals in each set of a coil and a trimmer that has to be changed both in the
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antenna section and the oscillator section of the convertor stage. Thus, in a 5-
valve 3-band superheterodyne receiver without any RF stage, the number of
contacts that require changing for every wave change is two in the antenna
section and two in the oscillator section thereby requiring 4-poles with 3-
positions for each pole. The band switch required is a 4-pole three positions
switch or a 4-pole three way switch.

Each rotary band switch is made up of separate sections called wafers. A
wafer with fixed and moveable contacts is shown in Fig. 14.33.

Fig. 14.33 Wafer of a Band Switch

Fixed contacts MW, SW, and SW, are punched on a circular plate of fibre
or some other suitable insulating material. A smaller circular plate of the same
insulating material carries two semicircular metallic strips with projections on
one end, which will make contact with the positions MW, SW, and SW,, one
by one as the inner fibre plate is rotated with a central shaft. The fixed poles P,
and P, punched on the outer fibre plate remain permanently in contact with
their respective rotating metallic strips.

Two such wafers will be required for a normal three band radio receiver
with one medium wave band and two short-wave bands SW, and SW,. These
wafers are arranged one above the other in the form of separate decks sup-
ported by means of nuts and bolts passing through metallic sleeves. For a wave
change, the inner fibre plate can be rotated clockwise or counter clockwise by
means of a common central shaft with a knob fixed at one end. A metallic plate
with grooves is fixed on the top and this metal plate carries a leaf-spring and a
ball to keep the switch held firmly in a particular position of the switch.

Receivers having RF stages between the antenna and the convertor stage
and receivers having a larger number of wave bands require complicated rotary
band switches with larger number of poles and positions and consequently use
rotary switches for performing many auxiliary functions such as shorting the
coils not in use, lighting pilot lamps to illuminate selected wavebands and
connecting the pickup terminals to the audio section etc.

In a multiband transistor radio receiver, the switching arrangement for the
convertor stage is very much similar to the arrangement described. A three
band transistor receiver will require a 6-pole 3-way band change switch as
shown in Fig. 14.34.
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Fig. 14.34 Convertor Stage of a 3-band Transistor Receiver (Wiring Schematic)

In this diagram, two separate wafers have been shown, one for the antenna
section and the other for the oscillator section of the convertor stage. Each
wafer has three poles and three positions MW, SW, and SW, for each pole.
The poles for the antenna section wafer are A (antenna), B (base) and G (gang)
whereas the three poles for the oscillator section have been shown as C (collec-
tor), E (emitter) and G (gang).

A circuit diagram of a simple 3-band transistor receiver using six transistors
and one diode is shown in Fig. 14.35. Different poles of the band change
switch and the positions controlled by each pole are indicated in a schematic
way in the circuit diagram.

Some of the rotary band switches used in transistor radio receivers have
separate wafers for the poles and the positions. This however, does not change
the wiring arrangement for the band change switch.

Other band change switches in common use are the piano type band change
switch and the sliding type band change switch. Push button type of tuning
switches can be used to listen to certain selected stations without turning the
manual tuning control. Push button type switches are more useful than manual
tuning control. Push button type switches are mostly useful in automobile
receivers.
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14.11 FM RECEIVERS

Frequency modulation is extensively used in receivers operating in frequency
ranges much above that used for AM receivers. FM receivers are mainly used
for broadcasting, Television (sound only), Police radio and military systems.
VHF range from 108 to 118 MHz is specially reserved for FM Radio Broad-
casting. A block diagram of an FM receiver is given in Fig. 14.36.

Antenna
RF | [ 1. [T F |l _[. .1 [ Fm
section| Mixer == AMPL| Limiter/—- Detection
Local
Oscillator L
De- AF Aﬂi]
emphasis L.S
Network AMPL

Fig. 14.36 Block Diagram of FM Receiver

FM receiver is a superheterodyne type receiver and all stages upto and
including IF amplifier correspond to similar stages in AM receivers. The main
difference lies in the FM detection stage which is preceded by a limiter to
avoid excessive distortion due to unavoidable amplitude variations.

A stage wise description of the block diagram is given below:—

1. RF Section Tt consists of at least one RF amplifier to improve the signal-
to-noise ratio which will be low otherwise due to large bandwidth require-
ments. Tuned RF stages also help ensure good image rejection ratio.

2. Mixer Stage The Mixer stage makes use of FET and the local oscillator
uses bipolar transistors with the Colpitt and Clapp circuits being quite popular.
These oscillators operate in the VHF range and tracking is not a problem at
these high frequencies because the tuning frequency range is only 1.25:1 which
is much less than in AM broadcast receivers.

3. IF Amplifier The TF amplifier typically operates at a relatively high
frequency of 10.7 MHz and a bandwidth of about 200 kHz. This is the band-
width for broadcast receivers operating in the 88-108 MHz frequency range.

The receiver bandwidth varies with the type of service for which the re-
ceiver is intended. In frequency modulation broadcasts the standard provide for
a max. frequency deviation of 75 kHz corresponding to a total bandwidth of
150 kHz. However, in types of service like the Police Radio, where the main
objective is to obtain intelligible communication, frequency deviation as low as
15 kHz is often used.
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4. Limiter Stage 1In order to make full use of the advantages offered by
FM, it is necessary that any amplitude variation of the incoming signal must be
minimized by either introducing an amplitude limiting stage before the FM
detector or by employing a ratio detector or by a combination of both. An
amplitude limiter has already been described and a ratio detector which has
inbuilt propular amplitude limiting device is described below. An amplitude
limiter is only a clipping device which will keep the output of IF amplifier
constant despite changes in the input signal.

14.11.1 FM Detection

The main difference between an AM and FM receiver lies in the FM detection
process.

In FM detection the frequency variations of an FM signal are first converted
into AF amplitude variations similar to those that were originally responsible
for the frequency deviation as per definition of frequency modulation. The
conversion process should be efficient, linear and insensitive to amplitude
variations. The simplest method is slope detection.

Slope Detection In this method the FM wave is applied to a tuned circuit
which is tuned slightly away from the center frequency of the FM signal f,. The
selectivity curve of the tuned circuit and the variations of the input signal are
shown in Fig. 14.37.
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Fig. 14.37 Slope Detection

» Frequency

The output voltage developed in the tuned circuit will vary as the frequency
of the applied FM signal. The output voltage of the tuned circuit will vary in
amplitude as the frequency deviates away from the center frequency on both
sides of point P on the selectivity curve . The AM signal developed as a result
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of FM detection is then applied to a diode detector for AM detection to make it
suitable for use as an input signal for the AF stage. The method of slope
detection is neither efficient nor linear and reacts to amplitude variations.

A large number of other circuits are available for FM detection but the two
methods most commonly used are (a) the phase discriminator and (b) the ratio
detector.

The Phase Shift Discriminator (Foster-Seeley Discriminator) The
circuit of a phase shift discriminator is shown in Fig. 14.38.
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Fig. 14.38 Phase Shift Discriminator

The output from the IF amplifier and limiter is applied to the diode D, and
D, through the secondary winding L, of the transformer, 7. Both the primary
L, and the secondary L, of the transformer are tuned to the same IF frequency
of 5.5 MHz as used in TV receiver. The IF signal from the primary L, is also
applied to the center of the secondary winding L, through a capacitor C;. With
this arrangement the voltage applied to each diode is the vector sum of the
primary voltage and half the secondary voltage which are 90° out of phase
when the input frequency is 5.5 MHz. In this position equal voltages are
applied to the two diodes and the output voltages across R, and R, are equal
and opposite resulting in zero output voltage. However, when the IF frequency
deviates from the center frequency the phase difference of 90° between the
primary and half secondary voltages no longer holds, the voltages applied to
the two diodes are not equal and a difference voltage appears at the output. The
amount of output voltage depends on the frequency deviation and the sign of
the voltage depends on whether the deviation is above or below the center
frequency of 5.5 MHz. The frequency deviations of the original IF have thus
been converted into corresponding amplitude variations of the output voltage
which are amplified by the audio amplifier.

The phase-shift discriminator has the disadvantage that its output is sensitive
to amplitude variations and so needs a limiter stage to precede the detector
stage.

Ratio Detector A detector circuit which is not sensitive to amplitude varia-
tions and so does not require a limiter to be included in the circuit is shown in
Fig. 14.39. This circuit which is known as a ratio detector differs from the
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Fig. 14.39 Ratio Detector

circuit of the phase-shift discriminator in two respects (a) the two diodes D,
and D, are connected in series across the secondary of the transformer 7, and
(b) the output is taken between the ground and the center tap of resistance R,
and R,.

The primary as well as secondary of the transformer are again tuned to the
same center frequency (5.5 MHz) and the voltages applied to D, and D, have
the same phase relationships. However, the rectified voltages across the two
diodes will be the sum of the voltages. A large electrolytic capacitor Cy con-
nected across XY will get charged to this sum voltage and keep it constant. As
the frequency of the IF signal varies above and below the center frequency,
different voltage will be developed across the two diodes in such a way that
when one voltage increases the other voltage will decrease but the sum of the
two voltages will be substantially constant. An output voltage will be obtained
from the circuit only when the ratio of the two voltages developed by the
diodes varies and hence the name of the circuit as ratio detector. Because of its
high capacitance value (8-10 uF) and large time constant, the capacitor C, does
not allow any voltage to be built up across the output due to amplitude varia-
tions of the IF signal caused by noise or any other interferences.

A practical circuit normally used in TV receivers is shown in Fig. 14.40. In
this circuit, a tertiary (third) winding L, in the transformer 7 applies the pri-
mary voltage to the two halves of the secondary winding by inductive coupling.

T 1K
*——— >t AW\
0A79
;!L L - 68pF 22K =
! 2 1000
[ - AW pF
L, 0A79 1K
27K .
MW i |
= 330pF L 0.0022pF 0.022pF -
Il Il <

Fig. 14.40 Practical Circuit of a Ratio Detector



368 Basic Radio and Television

Series resistances in each diode lead are meant to improve linearity at higher
signal conditions. The filter circuit consisting of a resistor 27K and capacitor
0.0022 pF which attenuates higher frequency provides what is known as de-
emphasis. This is necessary to compensate for the boost given to the high
frequencies at the transmitter in FM by a process called pre-emphasis. This is
the de-emphasis circuit shown in the block diagram.

14.12 AF AMPLIFIER

The audio stage consists of an AF amplifier which includes a preamplifier and
a Power amplifier to feed a loudspeaker or two speakers if FM stereo system is
in use.

14.13 FM RADIO PAGING SERVICE

Paging means to “alert” or to ‘summon’ a person who is on the move. When
paging is done with the help of radio it is called radio paging or FM radio
paging when FM transmissions are used for radio paging. It is a one way
transfer of coded messages to the person concerned only. In other words when
a person is called or “paged”, other subscribers do not know what message was
sent to him. The radio paging is a specialised value added service with built in
selective calling features. When radio paging is carried out in accordance with
special Radio Data System (RDS) standards laid down by CCIR, it is called
FM-RDS-Paging Service.

FM-RDS Paging service is a wireless way of communicating with a person
who is in possession of a tiny set called “pagers”. A group of persons or
subscribers who have pager can avail of this facility of getting messages from
all over the city. Each pager has a 6 or 7 digit code number called “cap code”
and the messages are radiated by FM transmitter along with the capcode of the
pager as shown in Fig. 14.41.
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Fig. 14.41 FM-RDS-Paging Service

In paging network, paging control room collects the messages from the
paging subscribers manually or automatically through telephone network, stores
and forwards them to a FM transmitter where RDS encoder takes over the task
of transmitting the messages on a 57 kHz RDS sub-carrier.
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RDS paging service is being used in most advanced countries of the world.
All India Radio has also a network of 85 FM transmitters and more transmitters
are being installed. All India Radio has introduced FMRDS paging service at
Major FM centres at Delhi, Bombay, Calcutta and Madras and this service will
soon be extended to other important centres, like Pune, Hyderabad, Patna,
Jallandhar and Nagpur etc.

Full details of the FM stereophonic service mentioned above are available in
Chapter 22 under stereophonic sound systems.

14.14 COMMUNICATION RECEIVERS

A communication receiver is used for the reception of communication signals
rather than for entertainment and broadcast purposes. The receiver is designed
to receive low and high frequency signals (short wave reception) better than an
ordinary domestic broadcast receiver. Its sensitivity makes it suitable for many
other purposes like detector of signals in h.f. impedance bridges and signal
strength measurements.

A communication receiver shown in Fig. 14.42 is basically a superhetero-
dyne receiver which contains certain special features normally not included in
a domestic broadcast receiver. Some of these features are described below:

Oscillator 2nd
. | 1st IF | | Oscillator | | 2ndIF
RF section [ and detector Section and Detector Section
detector section Section

[ [

High IF Low IF
3rd
L— Detector |— AF Section
Section

Loud

Speaker

Fig. 14.42 Block Diagram of a Communication Receiver

1. Double Conversion or Triple Detection Here the incoming signal is
first transformed to a relatively high IF in the usual manner. After one or two
stages of amplification at this frequency the signal is then transformed to a
second and low IF (200 kHz) by means of a second mixer in association with a
local oscillator of fixed frequency (crystal oscillator).

Such an arrangement effectively suppresses image signals, since the high
value of first IF provides the desired image rejection ratio and the low value of
second IF (200 kHz) makes it possible to obtain high amplification per stage as
well as sharp discrimination against adjacent channel signals. The triple action



370 Basic Radio and Television

receiver provides a combination of greater image suppression and higher adja-
cent channel selectivity compared to an ordinary superhet receiver.

It is essential that high IF must come first otherwise the image frequency
will be insufficiently rejected at the input and will become so inter mixed with
the proper signal that no amount of high IF stages will make any difference
afterwards.

B.F.O. (Beat Frequency Oscillator) This required for reception of morse
code or pulse modulated RF carrier. This BFO is only an LC Hartley oscillator
operating at 1 kHz or 400 Hz above or below the last IF to produce a beat note
of that frequency. Since the signal is present only during a dot or a dash, only
then their beats are produced in morse code and the code can be heard satisfac-
torily. To prevent interference the BFO is switched off when normal reception
is resumed.

Squelch (Muting) System The AGC disappears in the absence of a carri-
er and the receiver aquires its maximum sensitivity and disagreeable amount of
noise is heard in the output of the receiver. This happens particularly when
waiting for a station to come up on the air or while tuning from one station to
the other. The “squelch” current enables the receiver output to remain cut off
during the absence of the carrier. Systems such as Police wireless, ambulances
and Coast guard radio stations in which a receiver must be kept tuned and
manned all the time, but transmissions are sporadic, are the principal beneficia-
ries of the squelch system. Such devices are also sometimes referred to as
“Muting” or Quieting systems, tuning silencers and “inter channel noise sup-
pressors”. The system is also known as “Codans” which is formed from the
first letters of the phrase “carrier operated device antinoise” systems.

The circuit actually consists of a dc amplifier to which AGC 1is applied and
which operates on the first audio amplifier of the receiver. When the AGC is
low or zero the dc amplifier draws current and the voltage drop across its load
cuts off the audio amplifier. When the AGC voltage becomes sufficiently
negative the dc amplifier draws no current and the bias to dc amplifier is
restored to its normal value, the audio amplifier now functions as if the squelch
circuit is not there.

Automatic Frequency Control (AFC) This is an arrangement for auto-
matically keeping the frequency of the local oscillator of the superheterodyne
receiver at the value required to produce the desired IF, in spite of the normal
tendency of the local oscillator of the superhet receiver to drift-with the line
voltage changes, component ageing etc.

A block diagram of the receiver AFC system is shown in Fig. 14.43.

The heart of the AFC system is a frequency sensitive device such as a phase
discriminator which produces a dc voltage whose amplitude and polarity are
proportional to the amount and direction of the local oscillator frequency error.

This dc control voltage is then used to vary automatically, the bias on a
variable-reactance device (Varactor) whose output capacitance is then changed.
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Fig. 14.43 AFC System

The variable capacitance appears across the local oscillator and the frequency
of the VFO (Variable Frequency Oscillator) is prevented from drifting. AFC is
extensively used in high frequency receivers where a small percentage drift
will affect the operation of the receiver. It is a feature of better Broadcast FM
equipment and is also used in military equipment.

SUMMARY

The three main functions performed by a radio receiver are the selection of the
desired station, the detection or demodulation of the RF signal and the conver-
sion of the AF currents into sound waves that can be easily heard by the human
ear.

A receiver can be an AM receiver or an FM receiver depending upon the
type of modulation used for the received signals.

Selectivity, sensitivity and fidelity are the three main characteristics of
a receiver. These characteristics depend on the type of circuit used for the
receiver.

A straight receiver uses only selection, detection and audio amplification for
its working. A crystal set is the simplest form of straight receiver which has a
tuned LC circuit, a crystal detector and a pair of headphones. It has no amplifi-
cation and does not need any power supplies. A TRF receiver uses selection,
RF amplification, detection and AF amplification. It is a complete receiver. A
TRF receiver has been largely replaced by the modern superheterodyne receiv-
er which has many advantages over all other types of receivers.

In a superheterodyne receiver, the frequency of the incoming signal is con-
verted into a lower fixed frequency called the intermediate frequency (IF). This
is done in the mixer or convertor stage where the incoming frequency is al-
lowed to beat or heterodyne with the unmodulated frequency produced by a
local oscillator. The difference frequency in the output of the mixer tube is the
IF which is selected by a fixed tuned IF transformer. This IF which is modulat-
ed and has a fixed frequency of 455 kHz is amplified by one or two stages of
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amplification and then detected by the detector to produce audio frequencies
which are amplified by the audio output stage to drive a loudspeaker. A super-
heterodyne receiver basically consists of the antenna, the RF amplifier, the
mixer or the frequency convertor consisting of a mixer and a local oscillator,
the IF amplifier, the detector, the AF amplifier and the loudspeaker. The detec-
tor also produces the AVC voltage for controlling the gain of the RF stages so
that the output does not vary with the strength of the received signal.

Transistors are rapidly replacing vacuum tubes in radio receivers. A transis-
tor receiver is more compact, portable and less costly. Most transistor receivers
are also superheterodyne receivers which function in a manner similar to that
of tube type superheterodyne receivers. There are some differences in the cir-
cuitry used in two types of receivers because of certain differences in the
properties of the vacuum tubes and transistors. Some of the transistor receivers
employ push-pull output stages without the output transformers thereby reduc-
ing the cost and the weight of the receiver.

Multiband receivers have one or two SW/MW band. Each band requires a
different set of coils and trimmers in the antenna and the oscillator section.
This change of coils is done with a band change switch of which there are
many types, the most common being the rotary switch.

FM receivers operating in the VHF range require special methods of FM
detection like phase shift discriminator and radio detection. Radio paging ser-
vice is a special feature of FM radio. Communication receivers are highly
sensitive receivers having special features like double conversion, AFC and
squelch (muting) system.

Review QUESTIONS

1. What are the main functions of a radio receiver?

2. Draw the circuit diagram of a crystal receiver set and explain its working.

3. What are the three main characteristics of a radio receiver? Explain the
meaning of each of these characteristics.

4. What is a TRF receiver? How is selectivity obtained in a TRF receiver?

5. What is a superheterodyne receiver? What are the advantages of a superhet
receiver over a. TRF receiver?

6. Draw a block diagram of a superheterodyne receiver and explain the func-
tion of each stage.

7. What is a converter stage in a radio receiver? Explain its working with a
block diagram.

8. What is IF in a superheterodyne receiver? Why does a transistor receiver
require more IF stages than a valve type receiver?

9. Draw the block diagram of a transistor radio receiver. What advantages
does it possess over a tube type radio receiver?

10. What is AVC or AGC in a radio receiver? What stages of the radio receiv-
er are controlled by AVC?

11. What is a multiband receiver? Explain the use of a rotary type band-change
switch in a multiband radio receiver.
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12.

13.

14.

15.
16.

17.

18.

Draw the diagram of a wafer of a rotary band-change switch with two
poles and three positions.
Explain the difference between negative peak clipping and diagonal clip-
ping in AM receivers.
What is image frequency?
Explain the steps taken for image frequency rejection in a radio receiver.
Give the block diagram of an FM receiver and explain its salient features.
What is FM radio paging service? Explain its working with a block
diagram.
Explain with a block diagram the main features of a communication
receiver.
State whether TRUE or FALSE with brief justification.
(a) A crystal receiver needs no power supply.
(b) The more the number of stages the less selective a receiver is
(c) The higher the IF, the lower is the image frequency.
(d) A communication receiver is more sensitive because it uses double
detection.

(e) FM radio has higher range than AM radio.

Ans. (a) True, (b) False, (¢) False, (d) True, (¢) False



MW




Chapter 15
Basic Principles of Television

Chapter 16
Colour Television—Fundamentals

Chapter 17
TV Cameras and Picture Tubes

Chapter 18

L> TV Broadcast Techniques—TV Studios and
Control Room

Chapter 19
L Television Receivers

Chapter 20
Applications of Television



chapter 1 5

Basic Principles of
Television

15.1 WHAT IS TELEVISION?

The word “television” is a combination of two words “tele” meaning “far” and
“vision” meaning “to see”. Thus, television means “seeing from a distance”.
Doordarshan is an apt Hindi translation of the word “television” which today
has come to mean “viewing of distant objects or events by means of electrical
transmission of radio waves”.

Basically, television broadcasting, known as felecasting is very much simi-
lar to sound or radio broadcasting. In radio broadcasting sound waves are
converted into electrical signals by a microphone and these electrical signals
are transmitted through space as modulated radio carrier waves. On reception
at the distant receiving end, the electrical signals are separated from the carrier
waves by an ordinary broadcast receiver and converted into audible sound
waves by a loudspeaker. In television, light signals from the object being
televised are converted into electrical signals by a television camera and trans-
mitted to distant points by radio carrier waves. The television receiver sepa-
rates the television signals from carrier waves and converts them into light
signals which form a picture of the televised object on the screen of the picture
tube. However, in the television system sound has also to be transmitted along
with the picture. Separate carrier waves are used for the transmission of picture
signals and sound signals but they are radiated by the same transmitting an-
tenna. At the receiving end, the same receiving antenna receives both carrier
waves but the television receiver converts these signals separately into sound
waves which drive a loudspeaker and light waves which produce a picture on
the screen of the picture tube. For the proper display of the picture and the
reproduction of accompanying sound, several controlling signals have also to
be transmitted. The details of these signals will be given in the following
sections.
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15.2 TELEVISION BROADCASTING SYSTEM

A block diagram of a complete TV system for the transmission and reception
of picture and sound signals is given in Fig. 15.1.

At the TV studio, the TV camera focuses an optical image of the scene on a
photosensitive plate in the camera and the picture elements of varying light
intensity are converted into correspondingly varying electrical signals by a
process of electronic scanning. The electrical signals so formed by scanning
the picture image by an electric beam are called video signals, “Video” is a
Latin word meaning “to see”. At this stage, certain synchronising signals meant
to keep the reassembly of the picture at the receiver in step with the scanning at
the studios are also added to the video information. The composite video signal
so formed is amplified by video-amplifiers and made sufficiently strong to
amplitude-modulate a picture carrier wave which is transmitted by the trans-
mitting antenna.

The sound picked up by the microphone is converted into electrical currents
at audio frequencies (AF) and is strengthened by the audio amplifier which
frequency-modulates a separate RF carrier whose frequency is generally 5.5
MHz above the frequency of the video carrier. The frequency modulated (FM)
sound carrier is radiated by the same transmitting antenna as used for the
transmission of the video or picture carrier. Thus, at the TV transmitting sta-
tion, two separate RF carriers, one for the transmission of picture signals and
the other for sound signals are radiated by a common transmitting antenna. The
picture (video) carrier is amplitude-modulated (AM) and the sound carrier is
frequency-modulated (FM).

At the receiving end, both the picture and sound carriers are intercepted by
the same receiving antenna and passed onto a wideband circuit called the
tuner. In the tuner two separate IFs for picture and sound signals are formed by
heterodyning with a local oscillator as in a superheterodyne receiver. The pic-
ture and sound IF frequencies are amplified by a common IF amplifier and then
detected by the video detector. At this stage, the sound IF of 5.5 MHz (the
difference between video and sound IF from the tuner) is separated and fed into
the sound channel where it is detected by a method of FM detection and the AF
is amplified and fed into the speaker to produce the sound as in a normal FM
receiver.

The video signal from the video detector stage is amplified by a video
amplifier and is used to modulate the electron beam in the picture tube to
produce a picture of the television scene. A portion of the composite video
signal is also fed to a synchronising separator where the synchronising signals
are separated from the video signal and applied to the deflection circuits to
keep the electronic scanning beam in the picture tube in step with the elec-
tronic beam at the transmitter.

The above method of obtaining the sound IF (5.5 MHz) by beating or
heterodyning the video and sound carriers is known as the inter-carrier system
and is the modern system used in TV receivers. The older method, where the
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sound signal is separated at the mixer stage itself and then handled separately
is known as the split sound system and is no longer in use.

15.3 SCANNING

Scanning is the process by which the optical image of the televised object
formed on the photosensitive plate of the TV camera is dissected or broken
into a series of horizontal lines by an electron beam. This electron beam sweeps
across each line at a uniform rate, then flies back to scan another line directly
below the earlier one and so on till the horizontal lines into which it is desired
to break or split the picture have been scanned in the desired sequence. After
this the electron beam flies back to its original position and starts the scanning
sequence again. The scanning process is repeated again and again. As the
electron beam sweeps across a line, it falls over portions of different light
intensities and is accordingly converted into electrical currents of different
amplitudes. The higher the illumination of a particular spot on the picture, the
greater is the amplitude of the corresponding electrical currents produced by
the TV camera. In this way current pulses are produced which correspond in
time sequence to bright and dark areas of the televised picture as they are
scanned by the electron beam. This electrical signal which corresponds to
variations of illuminations in the televised scene is the video signal which is
used to modulate the picture carrier for transmission to distant places.

At the receiving end also, a similar electronic beam traces out horizontal
lines on the fluorescent screen of the picture tube and by horizontal and verti-
cal scanning produces a uniformly lit rectangular area called the raster. When
the scanning electron beam of the TV receiver is modulated with the video
signal received from the transmitter, the raster is converted into a picture. In
order that the picture formed at the picture tube corresponds to the televised
scene, it is necessary that the scanning at the transmitter is completely in step
or in synchronisation with the scanning at the TV receiver. This is achieved by
sending certain command signals called synchronising signals or simply sync
signals along with the video signal. Any time the sync signals are not properly
received or applied to the scanning electron beam in the picture tube, the
picture gets distorted and changes into patterns of dark and bright horizontal
lines. We then say that the sync is out.

The scanning process in TV is very much similar to reading the page of this
book. The eye starts reading at the upper left-hand corner and travels to the
right across the first line of words. At the end of the first line, it quickly returns
to the left-hand side of the page and starts reading the second line and so on.
This process is repeated for each line, till the end of the bottom line of the page
is reached when the eye returns to the top and starts the same process for the
next page.

If it is required to describe the page to somebody on the telephone for
preparing a copy, then besides just reading out the wording in the manner
described above, it will also be necessary to announce the beginning and end
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of each line and each page to enable the person at the other end of the tele-
phone line to prepare an exact copy of the book, word by word, line by line and
page by page. These announcements or signals will then in a way correspond
to the sync signals in TV scanning.

15.3.1 Persistence of Vision

A TV picture cannot be transmitted as a whole like the motion picture where
the projector enables the complete picture to be projected on the cinema screen
by optical means. It, therefore, becomes necessary to transmit the TV picture
by scanning it bit by bit and line by line and assemble it at the picture tube
again by the same process. Even with this method of transmitting and assem-
bling the TV picture piecemeal, we get the impression of completeness and
continuity due to a phenomenon called the persistence of vision of the human
eye. It is a property of the retina of the human eye that any impression pro-
duced on the retina by a light ray will persist for a fraction of a second even
after the light source is removed. If within this short interval of persistence of
vision, which is generally about 1/16th of a second, a series of images are
presented to the eye, the eye will see all the images without any break and will
get the impression of continuity. When the electron beam strikes the face of the
picture tube at a particular point, this point continues to glow for a short period
even after the beam has moved to the next point and the persistence of vision
makes it possible to televise the picture element by element and when these
elements are scanned rapidly enough, they appear to the eye as one complete
picture.

In motion pictures the persistence of vision helps create and illusion of
continuous motion when the picture is projected at a repetition rate of 24
picture frames per second. This repetition rate, however, produces flicker when
one picture does not completely blend into the other. This flicker effect is
considerably reduced by using a rotating shutter to present each picture frame
twice which virtually makes the picture repetition rate 48 frames per second
and thereby eliminate flicker.

In TV, the persistence of vision not only helps produce a complete picture
from separate elements but also helps create the impression of continuous
motion the same way as is done in motion pictures. The picture repetition rate
used in TV is 25 per second in India (30 per second in America).

15.3.2 Flicker

For reducing flicker in television pictures, a special type of scanning called
interlaced scanning is used.

15.3.3 Interlaced Scanning

The scanning process described earlier in which the scanning electron beam
sweeps across each horizontal line in regular succession from top to bottom of
the picture is called progressive scanning. For continuity of motion each pic-
ture frame is scanned 25 times per second in India (30 times per second in
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America). The total number of horizontal lines into which a picture frame is
divided depends on the standard adopted. In India, the number of lines per
picture is 625 compared to 525 lines in America. This means that the total
number of lines scanned per second in India is 625 x 25 = 15625 lines (525 X
30 = 15750 lines in America).

The repetition rate of 25 pictures per second in television again creates the
problem of flicker. This problem is solved by a special method of scanning
called interlaced scanning as shown in Fig. 15.2.

1st field 2nd field
begins begins
A C
1* %313

1st field ends 2nd field ends

First field (Thick)
Second field —  (Thin)
Horizontal retrace ------ (Dotted)

Fig. 15.2 Interlaced Scanning

In interlaced scanning all the 625 lines are not scanned at a stretch but the
scanning process is divided into two stages called fields. Each field will con-

tain only half the total number of lines contained in one frame (i.e. 3 12% lines).
The scanning beam which now moves down at double the rate will scan only

alternate lines.” The scanning process starts at 4 when the first set of 312%
lines is scanned sequentially in the first (odd) field. Since each field contains a
half line, the scanning of odd lines will end at B when the beam will suddenly
flyback to point C and start scanning the even set of lines in the second (even)
field which will end at D. From here the beam will flyback to 4 and the
scanning process will start all over again. It can be seen that each picture frame

* The scanning lines on the screen appear slanting because the scanning beam slowly
moves down while sweeping horizontally across the screen.
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has been divided into two fields of 3 12% lines each, thereby making the picture
repetition rate double the frame repetition rate, i.e. 50 fields per second, where-
as the number of lines scanned per second remains the same. Thus, in inter-
laced scanning the problem of flicker is overcome without increasing the band-
width which goes up with the increase of total lines scanned per second. The
interlaced scanning used in India consists of 25 frames and 50 fields per
second. In America it is 30 frames and 60 fields per second.

In brief, the frequency of horizontal scanning is 15625 Hz and the frequency
of vertical scanning is 50 Hz. In other words, the horizontal and vertical scan-
ning oscillators must oscillate at these frequencies.

Synchronisation For proper reproduction of the televised picture at the
receiving end, it is essential that the scanning sequences at the transmitter
(camera) and receiver are completely in step with each other. In other words,
the scanning of each line and each field should start as well as finish simulta-
neously at the transmitter and TV receiver. The process by which the horizon-
tal and vertical sweeps at the camera and TV receiver are kept in step with each
other is known as synchronisation. This is achieved by sending sync signals
from the transmitter. These timing signals are in the form of rectangular pulses
used to control both the transmitter and receiver scanning.

Separate sync signals are required for the horizontal or line sweep and
vertical or frame sweep. Since the frequency of horizontal line scanning is
15625 Hz, this will also be the frequency of the horizontal sync signals. Simi-
larly, the frequency of the vertical sync signals will be the same as the field-
scanning frequency which is 50 Hz. To distinguish the line sync signals from
vertical or field sync signals at the receiver, their duration is kept different.
Whereas the duration of the line sync pulse is about 5.8 us, the duration of
each field sync pulse is about 26 us. To eliminate the difference between odd
and even fields and to help maintain proper interlace between the two fields,
equalising pulses are also transmitted before and after the frame sync signals.

Blanking As explained earlier under the section on scanning, at the end of
each field, the scanning beam quickly returns to start the scanning of another
line or field. The path followed by the returning electron beam is called re-
trace. The retrace is made invisible by a process known as blanking.

The scanning electron beam is suppressed or cut off during the retrace
period by blanking pulses transmitted with the picture. Horizontal blanking
pulses at 15625 Hz blank out the retrace from right to left for each line and
vertical blanking pulses at 50 Hz will blank out the retrace from bottom to top,
for each field. The scanning synchronisation is so arranged that the retraces
will occur during the blanking time only.

15.3.4 Video Signal

For the transmission of TV pictures by electromagnetic or radio waves, the
optical image of the object must first be converted into an electrical image.
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This is done by the TV camera. The optical system of the camera focuses the
image of the object on a photosensitive plate where, an electric charge pattern
corresponding to the light image of the object is formed. The electric charge
pattern or the electric image so formed is then scanned by the scanning process
already described to convert the charge pattern into an electric current whose
instantaneous value corresponds to the amount of light falling on the area being
scanned. The picture information obtained by scanning in the TV camera, also
known as the video signal, is transmitted as a modulation of the picture RF
carrier. The video signal is not transmitted alone but is accompanied by a
number of other signals or pulses which help in the proper reconstruction of
the picture at the receiving end, these pulses are blanking pulses, line
synchronising (horizontal) pulses, field synchronising (vertical) pulses, equalising
pulses, etc. as described earlier. A combination of picture signals and all the
controlling signals or pulses mentioned above is called a composite video
signal.

For the formation of a composite video signal, a blanking signal is imposed
on the electron beam at the end of each horizontal line. This completely cuts
off the electron beam from reaching the photosensitive plate at the TV camera
or the fluorescent screen at the receiver. A synchronising pulse, which is of a
shorter duration than the blanking pulse is then made to ride on top of the
blanking pulse as shown in Fig. 15.3. The horizontal sync pulse starts the
retrace process and causes the position of the scanning beam to shift from the
right to the left of the picture. A fraction of a second later, the blanking pulse
releases its hold on the picture tube and the electron beam starts scanning
again.
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Fig. 15.3 Video Signal (Horizontal Scanning) (a) Negative Transmission, (b) Positive
Transmission

Figure 15.3 indicates the relative amplitudes of the picture signal, blanking
signal and sync signal in the case of horizontal scanning. Of the 100% ampli-
tude available, 75 to 80% is used for picture information. The blanking signal
voltage is introduced at a level which completely cuts off the electron beam in
the picture tube and no light is produced on the picture screen. This level is
called the black level. The sync pulse which has an amplitude even greater
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(100%) than the blanking voltage takes the picture tube even below the cut-off
region and this is known as the blacker-than-black level.

Figure 15.3(a) shows that the brightest portions of the picture correspond to
the least amount of current flow. This is, of course, the reverse of what hap-
pens at the camera tube where the brightest portions of the scene produce the
maximum current. The blanking voltage, which should be more negative than
any portion of the camera signal is actually more positive and the synchronising
signals produce the largest current value. This type of video signal transmis-
sion is called negative picture transmission or negative modulation. The video
signal is in the reverse phase. It is like the negative of a photographic film in
which bright portions appear dark and vice versa. The video signal must be
reversed in phase before it is applied to the picture tube in the TV receiver.
Figure 15.3 (b) is a representation of the positive picture transmission in which
the phase of the video signal has been reversed. Negative modulation adopted
by India has the advantage that visible interference on the picture tube screen
produces black spots which are less annoying than the white blobs in positive
modulation system.

As far the vertical scanning, the scanning beam has to be shifted quickly to
the top of the picture after it has completed scanning the last line in a particular
field to enable it to start scanning another field. Since the distance to be
travelled is greater, a longer blanking signal is required to avoid the vertical
retrace being shown on the screen. The vertical synchronising pulses again ride
on top of the vertical blanking pulses. To avoid the horizontal oscillator control
getting out of step during the long duration of the vertical pulses, the vertical
pulse is broken up into smaller intervals called serrations. With the serrated
vertical pulse, both horizontal and vertical synchronising actions can go on
simultaneously. The waveforms of the two sync pulses being different, they
can be easily separated in the TV receiver.

15.3.5 Equalising Pulses

In interlaced scanning, the vertical pulse is inserted into the video signal once
when a horizontal line is half completed (first field) and again at the end of a
complete line (second field). In order that the vertical pulse oscillator receives
the sync voltage at the same time after every field, a series of 5 equalising
pulses is inserted into the signal immediately before and after the vertical sync
pulses and are known as pre-equalising pulses and post equalising pulses
respectively.

A composite video signal (positive picture transmission) is shown in
Fig. 15.4.

15.3.6 Aspect Ratio

The ratio of the width to height of the picture frame in a TV is called the aspect
ratio. The standardised aspect ratio is 4:3 which means that the width of the
picture will be 4/3 or 1.33 times larger than the height. Making the frame wider
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Fig. 15.4 A Composite Video Signal

than the height allows for motion in the scene which is usually in the horizontal
direction. The aspect ratio only fixes the proportions and the actual size can be
anything so long as the correct aspect ratio of 4:3 is maintained. For example,
for a picture frame which is 80 cm wide, the height should be 60 cm for the
correct aspect ratio to be maintained. If the correct aspect ratio is not main-
tained in the picture frame, the persons in the picture will look either too thin
or too broad.

15.4 BANDWIDTH REQUIRED FOR TV SIGNALS

As already explained, the conversion of light into electrical signals is done by
the TV camera at the transmitter. As the scanning beam moves over the photo-
sensitive plate, the portions affected by strong light produce higher current
amplitudes as compared to the portions affected by weak light. If the photosen-
sitive plate is broken up into a series of white and black squares called ele-
ments as in Fig. 15.5 (a), the scanning beam will produce a pulse of current as
it passes over a white element and this current will drop down to zero as the
scanning beam moves over a dark element. The waveform of the current ob-
tained by the scanning of one horizontal line is shown in Fig. 15.5 (b). One
maximum point combined with its successive minimum point will constitute
one complete cycle as in the case of the sine wave shown in Fig. 15.5 (c).

Since one pair of elements (white and dark) produces one cycle of the
electrical current, the number of cycles produced in one second or the funda-
mental frequency of the camera signal will be given by

Total no. of picture elements scanned /s
2

The fundamental frequency, which will decide the bandwidth of the video
signal can be calculated as follows: For equal resolution of the picture, both in
the vertical and horizontal directions, the picture elements in the horizontal and
vertical directions should be of the same width, but with an aspect ratio of
4 : 3, the number of picture elements in the horizontal direction will be 4/3
times the number of picture elements in the vertical direction. As shown in Fig.
15.5(a), the number of picture elements in the vertical direction is nine but the
number of picture elements in the horizontal direction is 9 X 4/3 = 12. The
width of a picture element in the vertical direction is the distance between two

Fundamental frequency = (15.1)
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Fig. 15.5 Video Signal Bandwidth Requirement (a) White and Black Elements on
Photosensitive Plate (b) Camera Signal, (c) Sine Wave

successive horizontal lines. Therefore, the number of picture elements in the
vertical direction will be equal to the number of horizontal lines in one picture
frame and with an aspect ratio of 4:3, the number of picture elements in the
horizontal direction will be 4/3 times the number of lines in one picture frame.
If n is the number of lines in one picture frame, the total number of picture
elements scanned in one picture frame is given by n x 4/3 n = 4/3 n*. Assuming
the number of picture frames scanned per second to be m, the total number of
picture elements scanned per second will be 4/3 n?.m.
As per Eq. (15.1), the fundamental frequency of the picture signal will be:

4/3n2 -m
2

Taking the practical example of the scanning system followed in India, i..e.
625 lines per frame and 25 frames per second, we have in Eq. (15.2).

n=625 and m=25

Fundamental frequency = (15.2)
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The highest frequency of the video signal is
% (625) x % — 6.5 MHz (approx.)

Thus in the system followed in India, a bandwidth of about 7 MHz is
theoretically required for the transmission of the picture signal. It may, howev-
er, be mentioned that the effective number of lines per frame is less than 625
because of the lines lost during the vertical blanking periods and certain other
factors. The highest video frequency in the signal works out to be 5 MHz
which provides adequate bandwidth for the video signal.

15.4.1 Factors Governing Bandwidth of TV Signals

Two factors that must be taken into consideration for working out the effective
number of lines in a frame are, the number of lines lost in the vertical blanking
period and the kell factor, as discussed below.

(a) Number of Lines Lost 1In the 625 line scanning system the total
number of line per frame is

625 x 25 = 15625

Scanning time for one horizontal line

_ 1
= 15625 0445

Out of this normal time scanning of 64us, 52us is the actual scanning time
for a line and 12us is the line blanking period as shown in Fig. 15.6.

I(H)

Trace Retrace

| l [
-~ 64 us —>:<—52 us —»:4(3—»:

Fig. 15.6 Horizontal Scanning

Vertical scanning period per field is

?10 seconds = 20 mili seconds

As per the standards laid down for this type of scanning, this period of
20 ms is again divided into two parts. The actual time taken by the scanning
beam to travel from top to bottom of the field is 18.720 ms and the remaining
period of 1.280 ms is the time taken by the beam to flyback to the top to
commence the next cycle. This is called the blanking period as shown in
Fig. 15.7
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Fig. 15.7 Vertical Scanning

1.28x1072 1280
64x1076 64

No. of lines traced in the two fields scanned in the interlaced scanning
system is 20 X 2 = 40 lines

These lines will not be visible as these are traced during the blanking period
and will not contribute towards picture formation on the screen. Therefore the
no. of active lines available per frame is 625 — 40 = 585 lines instead of the
actual number of 625 lines used per frame.

The number of lines scanned in the vertical direction is the vertical resolu-
tions.

No. of lines traced during the retrace period = = 20 lines

(b) Kell Factor In the earlier calculations, we have assumed that the picture
elements are equally spaced and that there is a uniform distribution of light all
over the frame. Actual distribution of light is not uniform but depends on the
nature of the picture. Statistical analysis and objective tests show that only
about 70% of the total lines are actually scanned and the rest 30% get merged
into each other due to the finite width of the scanning beam which does not fall
equally on two consecutive lines. Thus the actual number of lines resolved or
traced is obtained by multiplying the original number of lines by a factor
known as the kell factor or the resolution factor. The value of kell factor (k)
lies between 0.65 and 0.75. Different systems assume different values for the
kell factor. In our case, if we assume K = 0.7, the effective number of lines
Ne =585 x 0.7 =409.5 = 410.

If the horizontal and vertical resolution is to be the same, the total no of

410x 4

3~ 576

lines scanned will be

Fundamental frequency developed by scanning = 5776 =273 cycles/s

Total time for covering these cycles = 52 s
Time for each cycle (T) is given by,

52 x10-°
(=227

273



390 Basic Radio and Television

and the frequency of the square wave developed

1_ 273
T 52x10

The above value of the highest frequency f, can be found by the formula

=52 MHz = 5 MHz

No. of activeness X aspect ratio X kell factor(k)
h =

2 x time for tracing one line

In the case of 625 line system

585 x % % 0.70

p, =————=5MHz
2x52x107¢

The American system which uses only 525 scanning lines per frame, the
highest frequency developed is 4 MHz. This explains the fact the allocation of
Channel bandwidth in the case of American system (525/60) is only 6 MHz
compared to a bandwidth allocation of 7 MHz in the case of 625/50 system
used in India.

Example: Calculate the maximum frequency developed in the American
525/60 TV system, if the number of active lines is 485 and the duration of one
active line is 57us.

As per the above formula

485% % % 0.70
fi=— 3 ~4MHz
2x57x10-6

15.5 VESTIGIAL SIDE BAND SYSTEM

If the picture signal of 5 MHz bandwidth is allowed to amplitude modulate the
picture RF carrier, the upper and lower side bands produced will be of frequen-
cies equal to the carrier plus 5 MHz and the carrier minus 5 MHz. The total
bandwidth occupied by this amplitude modulated wave will be 10 MHz. In
addition, some bandwidth will also be required for the transmission of the
sound signal. With a bandwidth of more than 10 MHz for each channel, the
number of channels that can be accommodated in a frequency band will be
considerably reduced. Since both the side bands contain the same information,
the above difficulty can be solved by producing a modulated carrier with only
one complete sideband, the other sideband having been partially but not wholly
suppressed by a specially designed filter. Such a system of transmission is
termed as the vestigial or asymmetrical sideband system and is the standard
type of transmission system used in TV transmitters. This system has the ad-
vantage of requiring much less total bandwidth than does the amplitude modu-
lated wave system with its two full side bands.

A frequency spectrum of a complete TV channel employing the vestigial
side band system is shown in Fig. 15.8.
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Fig. 15.8 A Standard TV Channel

Taking the limit of the lower side band as zero frequency, the vestigial side
band extends up to 1.25 MHz, where the video carrier is located. The upper
video side band extends at full amplitude up to 6.25 MHz and with reduced
amplitude up to 6.75 MHz. The sound carrier is located 5.5 MHz above the
video carrier with a centre frequency of 6.75 MHz and has two side bands
extending up to a maximum of 100 kHz. For this small bandwidth, narrow
band FM with a maximum frequency deviation of +£25 kHz is used.

15.6 TELEVISION BANDS AND CHANNELS

Television signals are radiated at frequencies much higher than those used for
radio broadcasts. Frequencies above 40 MHz are used for broadcasting televi-
sion signals. The frequency bands that have been assigned for the use of TV
stations are as follows:

Band I 41-68 MHz Known as VHF (Very High Frequency) band
Band 11T 174-230 MHz Also a VHF band
Band IV 470-790 MHz Known as UHF (Ultra High Frequency) band

Band IT 88-108 MHz for FM broadcasts is not used for TV broadcasts. Only
Band I and Band III are used for TV transmitters in India. Each band is divided
into a number of channels. According to the standards adopted in India, a
channel is 7 MHz wide, whereas the American standards make use of 6 MHz
wide channels. The low frequency end of the channel is used for the AM
picture carrier and the HF end of the channel is used for the FM sound carrier.
The separation between the vision carrier and the sound carrier in India is 5.5
MHz. To take an example, the Delhi TV station operates in channel 4 of Band
I with a picture carrier of 62.25 MHz and sound carrier of 67.75 MHz. The
same channel can be shared by a number of stations provided these stations are
sufficiently wide apart to avoid any interference between them. The allocation
of TV channels to Indian stations in the two frequency bands used in India is
given in Table 15.1.
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Table 15.1 Allocation of TV Channels to Indian Station
(Courtesy: Doordarshan)

Band Channel  frequency Picture  Sound Allotted to
carrier  carrier
MHz MHz
1 1 41-47 Not used for TV —
2 47-54 48.25 53.75 —
3 54-61 55.25 60.75 —
4 61-68 62.25 67.75 Delhi, Bombay, Calcutta,
Madras, Srinagar, Lucknow
1T 5 174-181 175.25 180.75 Pune, Kanpur, Jaipur,
Bangalore

6 181-188 182.25  187.75 Trivandrum, Muzzaffarpur
7 188-195 189.25 194.75 Amritsar, Gulbarga,
Sambhalpur, Ahmedabad,
Madurai, Asansol, Panaji
8 195-202 196.25  201.75 —
9 202-209 203.25  208.75 Jullundur
10 209-216 210.25 215.75 Mussoorie
11 216-223 217.25  222.75 —
Additional 12 223-230 22425  229.75 —
Channel.

SUMMARY

Television means seeing from a distance and doordarshan is an apt translation
of the word television.

Television broadcasting or telecasting is similar to Radio broadcasting ex-
cept that in Television both sound and picture signals are transmitted through
separate carrier waves and received by a single receiving antenna. These are
reconverted into sound and video signals with the help of a loudspeaker and
picture tube.

Scanning is the process by which the televised scene is converted into
electrical signals for transmission and then reconverted into the picture with the
help of the picture tube. Interlaced scanning is used to avoid flicker in the
picture. In interlaced scanning each frame is divided into two fields with half
the number of lines (3121/2) in the Indian TV. Synchronising pulses are used
both for the line scanning and the field scanning. To avoid visible retrace on
the screen, blanking pulses are used both for lines and the fields.

With 625 lines and 50 fields, the fundamental frequency of the video signals
works out to be about 6.5 MHz. However, keeping in view the kell factor and
the lines lost during vertical blanking the actual frequency required is about
5 MHz. Double side band will need 10 MHz