UG PHS—0s
RLoc k-1

Ne £ \owk

Anelysis
And

Dev)ces



N A Utter Pradesh
F==y v Rajarshi Tandon Open University

Block

1

NETWORK ANALYSIS AND DEVICES

'UGPHS-05 |
Electrical Circuits
and Electronics

UNIT 1

Circuit Analysis

o TN

UNI'I 2
A.C. and D.C. C_ircuits

32

UNIT 3

Electron Devices

67

A
|
|
1




COURSE INTRODUCTION

Elcctronics plays a major role in almost every sphere of our life-our homes, factories,
offices, banks, shops and hospitals. It is being used more and more in cntertainment,
communication, defence, industrial- sector, medical sciences, instrumentation ete. Its
imporlance increases with every advance in technology and with the urge Lo
computerise human tasks and jndustrial processes. Electronies is a fast changing arca
and a thorough grounding in the subject fundamentals is absolutely necessary.

“Electrical Circuit and Blectronics’ is a 4-credit elective course in the Physies
discipline for students of Bachélor's Degree Programme. This course is intended for
any student who has had a physics course at 1042 level. The whole course covers
broadly the following four arcas:

1. Network Analysls and Devlces

In this topie there are three units: Unit 1-Circuit analysis:
Unit-2: DC and AC circuit; Unit 3-Blectron devices.

2.  Electronic Circuits

It has three units viz. Unit 4-Amplifiers; Unit 5-Oscillators;
Unit 6-Power supply.

3. Linear Integrated 'Circuils

There are three units viz. Unit 7-The operational amplifier; Unit 8-Application of
operational amplifier and Unit 9-Lincar IC-amoplificr and Voltage regulator.

4. Digital Electronies

This topic is covered in four units viz. Unit 10-Number systcm and codes; Unit
11-Fundamentals of Boolean Algebra and Flip Flops; Unit 12-Counter, Register,
memory circuit and Analog/Digital eircuit and Unit-13 Electronic Instruments.

One Jast word about how to study the course material.

Study Gulde

The best way 10 learn a subject is to solve problems. We have given many solved
examples, self-assessment guestions and terminal questions. Answer 10 SAQ's and
TQ's are given at (he end of each unit.

After reading a section of a particular unit ask yourself-What have I leamt Attempt all
self-assessment questions. Don't skip any of them as they are designed lo assess your
understanding of the subject. But don't get tempted to look at the answers given at the
end of each unit before you try out the SAQ's and terminal questions!

Some of the abbreviations vsed in the ext are Fig. for Figure, Sec. for Section, Bg. for
Equation, SAQ for self-assessment questions and TQ for terminal questions. For
example, Fig. 1.5 refers to fifth figure in unit 1. Similarly, Sec. 2.7 is seventh section
in unit-2 and Bq. 3.4 in the fourth equation in unit-3.

This is a 4-credit course which means that you have to put in 120 hours of work. Of
these, you should spend about 80 hours to study course material and solve SAQ’s and
TQ's. The remalning (ime is intedded for asséssment and counselling sessions. We
hope that you will enjoy the subject. We wish ¥ou success.

Some reference books, which you may find useful, are given below:

1. Electronic Principles - A.P. Malvh'lo

2.  Electronic for Sciences - TR. Vishwanathan, G.K. Mechta and V. Rajaraman
3. . Introductory Electronjr< for Scientists and Engineers - RK. ‘Simpson

4. Digifal Principles and Applications - A_P. Malvino, and D.P. Leach
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BLOCK 1 NETWORK ANALYSIS AND
DEVICES

In your School syllabus yon have studied the various laws to deal with simple electtic
circuits like Ohm's law and Kirctioff's laws. Sametimes the circuits are so complicated
" that these can’t be simplified using these laws or the calculations are very lengthy
which can be done at the cost of a lot of time. The Radio, Television, Computer ete.
contain very complicated circuits. To determine the curent in any elecment is very
complicated using above laws. In Unit | we will discuss some special kind of
networks and theorems which are very useful in reducing the complicated circuits to
simple fonn and then direct calculate the current in any cirenit element.

In Unit 2, you will study RLC resonant circuits, fitters, and attenuators,

In Unit 3 you will study various electronic devices. Some of these are already familliar '

to you in the Jower classes. These devices are the basic pillars of the foundation of
clectronics. Thus we will first recapitulate them before proceeding to the higher
devices like transistors, FET, MOSFET ctc. and their applications.
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UNIT 1 CIRCUIT ANALYSIS

Structure

1.1 Introduction
Objectives

12 Circuit Elements

1.3  Kirchoff's Laws

14  Complex Impendances

1.5  Current-voltage Source Transformations

1.6  Superposilion Theorem ‘
Statement of Superposition Theorem
Proof of Superposition Thearem

1.7 Reciprocity Theorem
Statement of Reciprocily Theorem
Proof of Reciproeily Theorem

1.8 Thevenin®s Theorem
Stetement of Thevenin's Theorem
Proof of Thevenin's Theorem

1.9  Norton's Theorem
Statement of Norjoa's Theorem
Proof of Norton's Theorem
A

1.10  Maximum Powecr Transfer Theorem
Statement and Proof of Maximum Power Transfer Theorem

1.11 - Summary
[.12  Terminal Questions

1.13  Solutions and Answers

1.1 INTRODUCTION

Developments in the ficld of electronics can be considered to be onc of the great
success storics of this century. Beginning with crude spark-gap transmitters and
“eat’s-whisker™ detectors at the turn of the century we have passed Lhrough a
vacuum tube era of considerable sophistication 1o a solid-state era in which flood of
stunning advances shows no signs of abating, '

In order to understand the marvels of clectronics, we must start with the study of
the laws, rules of the thumb and tricks that constitute the art of electronles 85 we
see It. It Is necessary to begin wlth 1alk of voltage, currrent, power and component
that make up electronic clreuits. To visuallse, in & simple manner, an electric circuit
.egnalsts of ks panis: (i) Encigy Source such u5° battery or generator (ii) the load’
or sink such as lamp or motor and (lil) connecting wires. The purpose of this clreut
is to transfer energy from source to the load. Using this example, we can define an
clectric netwark as baslcally interconnection of two or more simple elrcult clements
viz voltage source, resistors, inductors or capscitors. If the nétwork contains at least
one closed path, it 1s called an electric circuit. In this unit, we shall be studylng the
besic laws which govern the transfer of energy from source to load, some Important
theorems and aimplifications at which we arrive after going through these Jaws, In
order to understand functioning of a given electrle circult, which forms basis of any
modem electronic gadget. ’
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Objeclives

After studying this unit, you should be able to

e  cxplain the concepts of voltage and current sources,

o  apply Kirchoff’s law, Thevenin and Norton theorem to simplify given network,

®  statc and apply Superposition, reciprocity and Maximum power transfer
theorem to a given network.

1.2 CIRCUIT ELEMENTS

A network is a conneclion of elements to obtain a certain performance. In circuit
analysis, we are interested in elecirical networks in which passive elements such as
resistors, induclors and capacitors are appropriately connected to voltage and current
sourecs. These elements and sources are idealizations to actual elements and sources.
The idealization cnables an effective analysis of the network. The problem in
petwork analysis is 1o analyse the given network end to determine the voltages and
currents through various clements. Broadly, network clements may be classified into
four groups:

(i) Active or passive

(ii) Unilateral or bilateral
(iii) Linear or nonlinear
(iv) Lumped or distribuled

Active or passlve: Encrgy sources (vollage or current sources) arc aclive clements,
capable of delivering power 1o some external device, Besides cpergy sources there
ate many other components used in electronic circuits which fall under the category.
of active elements. These components can be classified into two: tubes ( both
vacuum tubes and gas tubes) and semiconductor devices which include junction
diode, transistor, field effect uunsistor, UFE, SCR, zcner diode etc.

The passive clements are those which are capable only of receiving power like
resistors, inductors, or capacitors. Some passive elements like inductors and
capacilors are capable of storing a finile amount of energy, and return it later to an
external element.

Bilateral or unilateral: We know that clectrical characteristics of passive elements
are best described by current-vollage relationship. In the bilateral elements, the
voltage - current relation is the same for current flowing in cither direction c.g.
resistors. In contrast, a unilateral element has diffferent relation between voltage and
cuirrent for the Iwo possible direction of current e.g., diodes. '

Llnear or non-linear: An clcment is said lo be linear, if it satisfics the linear
voltage — current relationship implying that if the current through the element is
scaled up by a factor, the voltage across the element also gets scaled up by the
same factor. For example, the V - I relation for resistor is ¥ = IR and is linear. All

. elements which does not satisfy this relation is called-nonlinear elements-such as

Diode. The V - I telation for diode is given by

I=L 7% -1

- which is clearly non-linear.

Lumped or disirlbubuted : The elemsnts which are separated physically arc known
as Lumped clements like resistors, capacitors or inductors. Distributed elements on
_the other hand sre those which are not separable for anelytical purposes for example
a trapsmission line which has distributed resistance, inductance and capacitance )

along its length,
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VI relations:
{a) Resistor : See Fig 1.1.
(i) V=IR = I=GV
where G = I/R= conductance and V & I are time independant voltage and current.

) Ve =i(R _
where ¥V (r) and i (7) are time dépendent voltage and current.
() Inductor : Sce Fig 1.2,
For inductor, the flux is given by
dai
=~ ¢=1L§

where L is coefficient of self inductance, Differentiating above expression with time,
we get

do_, di

de ds
As per Lenz's law, rate of change of flux is polential,

_p4di
V=L :

(i) For time independent voltage and current,

di
dr 0

SO =0

which implies that for DC voltages and currents, under steady state (after long lapse
of uime) condilions, the voltage across inductor wifl be zero implying, it will behave
as a short circuit.

oo
i Sicady State

Under DC volage .
» ° — o
Shon awrcuil

Fig. 1.2t V-I relatlonshlp for Inductor.

(i) For ume dependent voltage and current, the relalionship is given by

v =L%(?-

(c) Capacitors : See Fig 1.3. For a capacitor Qa ¥V
-Q=CV

where C is called capacity of capacitor. Differentiating with respect to time, we gel

dQ__dv

s ———

dr " dr
() For time independent current & voltage (i.c., for de)

av _ .
dr_o

This suggests that for time independent current and voltage, the capacitor under
steady state (after long lapse of time) will behave as open circuit because i = 0.

Cricull Annlysls

R
!
| —
' L
Vv
R
i)
)
vt}

Fig. 1.1z V-I relationship Tor
reslstor.
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Network Anslysis and Devices

Q - : .

I - . DCvoltage . =0
+1 - Under Siead, Sum_= ° o
v er Y Open circuit

c

Fig.1.3: V-1 relatlpnship for capacitor.

(ii) For timc dependent current and voltages the current - voltage rclationship is
given by : h

Y- 14 (5]
in=cCc T

(d) Energy sources:
There are two categories of energy sources.
(i) - Independent Energy Source
(ii) Dcpendent Encrgy Source

(0  Indepcndent Energy Source:

- As'you know independent energy source can be of two types: Voltage sources and

current sources. Independent voltage or current sources arc one for which voltage
and current are fixed and are not affected by other parts of the cireuit.

An idcal voltage source is a two terminal element in which the voltage V is
completely independent of the current i, through its terminals. The representation of

. ideal voltage source is shown in Fig. 1.4, '

> ‘o) —»—0 4
l-n v
+ a
v, CD Vo=
o S — - - i,
) ' ®) ©

Fig. 1.4 Idesl voltage source,

If we observe V - I characleristics [or an ideal volmge source as shown in Fig. 1.4(c), at
any time, the value of the terminal voltage V, is constant with respect o the current
value i, . But for a practieal voltage source, its internal resistance is in series with
the source as shown in Fig. 1.5 and its terminal voltage falls as the current through
it increases. The terminal voltage depends on the source current because,

Vierminal = Vs~ is R.

—0 ' - —» i
Fig. ];5: Praciical vollage source.

An ideal independent current source is a iwo terminal element in which the cuttent
is completely independent of the voltage Vs sacross its terminals. The representative
of ideal current source is shown in Fig. 1.6.

Ere
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(Ideal)
Fig. 1.61 Ides) current source.

In practical current sources, the internal resistance is shown in paralle] with the
source as shown in Fig.1.7. In this case, the magnitude of current falls, as the
voltage across its termirals increases. The terminal current is given by

V
Lermtna™ is - [f']

'—'Ilcrrni.nll
—0

Fig. 1.7: Pruciical current source,

Dependent Sources

In case of dependent sources (voltage or current), the source voltage or current is
not fixed but is dependent on the vollage or current existing at some other location
in the circuit. These sources mainly oceur in the analysis of equivalent circuits of
active devices such as transistors, The symbols for dependent circuit voltage and
current sources are shown in Fig. 1.8.

g

Dependent Volwge Source Dependent Current Source
(@) ' (b)

Fig. 1.8: (a) lilependenl vollage source (b) dependent current source.

1.3 KIRCHOFF’S LAWS

~ There ate two fundamental Jaws which are satisfied by electrical networks. These
are Kirchoff"s Current Law (KCL) and Kircholl’s Voliage Law (KVL). These form
the basis of circuit analysis. You have already studied these laws at the school level.
However, we will recapitulate them as they are very important for circuit analysis. -

Kirchoff’s Current Law (KCL)

It states that the algebrajc sum of currents at a node (or junction ) is equal to zero.
Altemnate form of KCL are:

Cricult Annlysis
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Network Aralysls and Devices 10 ic sum of currents entering a node = 0

Algebmic sum of currents leaving a node = 0
or sum of currents enlering a node = sum of cuments lcaving a node

In order to apply KCL, we have to make a convention for currents because we have
to take algebraic sum.

~ Conventlon ; All entering currents arc treated positive (+) and lc&ving' cutrcnts as
~ negative (-).

Example 1
In Fig. 1.9. write KCL for the various nodes (currents arc marked).
Solution

Clearly 1, 2, 3, 4, 5 represents nodes, we shall now write KCL for all the nodes.

AL
-—

e
L
5
Flg. 19:
At node 1, —i; - i+ :}-= o fusing conventions slated earlier]

Atnode 2, i, ~i,=0 E
Atnode 3, —ip=ig=i;=iy=0

At node 4, ig+ig+i,=0

Atnode 5, iy*iy—i, ~i =0

It is very interesting to note that the KCL at node 5 can be oblained simply by
summing the KCL equations for all the othex nodes (1 to 4). We observe the
following from this exercise:

(i) It is enough to write KCL for ali nodes but one.

(i) The KCL for the excluded node is not independent as it can be obatined from
the KCL written for the other nodes.

Remember :-Ii is sufficienl to wriie' KCL for (n - 1) uodes {or-a fwivoets haviog «-

nodes.
- Kirchofi’s Voltage Law (KVL)

It states that the algébralc (with proper sign) sum of voltages in a closed network is
zero. In order to apply this law, we must know the magnitude and polarity of all the
voliages in that closed network. In order to make our life simple, we follow a
convention that for any passive element (R, L or C), if current is czatering at a

10 terminal, it will have +ve potential and the terminal where current is leaving is
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Any passive Element
I ———
; . R.LorC —»

Fig .1.10. 1 Conventlon for KVL.
regarded as —ve potentlal. (See Fig. 1.10)

As an example we apply KVL in a network shown in Fig. 1.11 with marked voltage
polarity given along with their values :

Fig. 1.11x

Applying KVL, we get,

Vot (+ V) +(V )+ (-Vp) =0
We have used V, as reference voltage.
Remember :

1.  Once you have chosen reference potential always come out from +ve terminal
of that potential 1o move into other parts of network. Sometimes it may be
clockwise or anticlockwise. You need not worry about it .

2. In order to determine the proper sign of voltages, you follow the following :

While coming out from +ve terminal of ref. pot, if you encounter first the +ve
terminal of next element, treat it as —ve. But if you encouter -ve terminal of
the next element, treat it as +ve.

Simplifications bosed on KCL, KVL

In circuit analysis, the commonly used simplifications based on KCL and KVL are
as follows: ) :

1. The same curmcnt flows in elements connected in seres.
2. The same voltage exists actoss elements connected in parallel.

3. A resistor R connected across a voltage source ¥, has 2 voltage V, nnd hence
the current in that resistor element is V,/R.

4.  An element in series with a current source I, has a cwrent I flowing Lhmngh
it, so that the voltage across such a resistor clement is V= LR

Example 2

Tn_the circulis shown In Fig.1.12, ghtein the indicated variable, Usc simpiifications
listed above. '

Solution:

(a) R, andR, are in Series and hence, have the same current 1. Apply K™/,
Ve-RiI-RylI=0

= Vi=Ri*R)I ' ' ()

Cricult Analysly
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Network Analysis and Devices
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@ @

Also, Vos Ry T ' @)
Solving (1) and (2), we get

&)
R+Ry)

\'_I:his is ‘voltage dlvider® action,

V2= V.s

(b) Since Ry and R, are In parallel, they have same voltage V across them, Apply KCL,

Leg+d @

R R

Vv

Also, L= % ) @)

T AT

solving (3) and (4), we get

R

IZ-I_, '__‘—(Rl +R2)

This result is known as “‘current divider™ action.

T e 2T T SRR R

(c) Notice that R, and R, arc in series so thal (R + Ry) is in paraliel with R, -
Hence, the current in ( R, + R3 ) can be found out using current divider
principle and is given by

I=] Rl z
T (R +Ry+ Ry) i

Also, V,=~RyI

Ry Ry
-" ———— e .
" (R * Ry + Ry)

- {d) The circuit is the same as in (a) except for the resistor R across V..R draws a -

|4
curent f » Hence the current drawa from ¥, is now :

Vs Vs
Il =t —
12 : R (R +RY




(¢} The citcuit is same as in (b) except for the resistor R In series with L, Also R,
and K, are in parsllel.

R Ry
Ri+Ry

Vi=LR+1,

SAQ 1
Determine V for the circuit shown in Fig. 1.13.

;e
a 0 .
10V == 10 v
B 3V :_1_ _

Fig. 1130

SAQ 2

In the circuit shown in Fig. 1.14, determine R so that i = 1

20
MW

'

i=1A ‘
Ig=24A D gR () Vg=2V

Fig. 1.14:

14 COMPLEX IMPEDAN CES

\
So far the discussions hiave been confined to resistive cirenits. Resistance restricts
the flow of curreat by opposing free electron movement. Each element has some
resistance, for example, inductance has some resistance and capacitance also has
some resistance. In resistive clement, there is no phase difference between voltage
and current whereas in inductive eireuit, voltage leads over cusrent and in

capacitative circuit, current lcads over voltage. The comlex impedance of a network
is given by '

Z=R+jX
where Z = Complex Impcdance
R = Resistance

X = Reactance

[Z] =vZZF =V B2+ x*

X _ Imaginary part -
and LZ R~ Realpan (as shown in Fig. 1.15)

Cricult Apalysds
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Network Aunalyals aond Devices Imaginary

(R. jX)

O R Real
Fig. 1.15:

Example 3: In RL newwork as shown in Fig. 1.16
Z= R+ joL

®

Fot

T V: [

<

L]

Flg 1.16: RL-network

| z| =¥ B+ ? %

wl
L Z R

Example 4: In RC network as shown in Fig. 1.17

1 i
= —_ R_._-.-
z R+ij ol

|Z|=v B+ 2 and sz—méR

mz

o

v=v,
Fig. 1.171 RC nelwork.

1.5 CURRENT-YOLTAGE SOURCE TRANSFORMATIONS

We have studied earlier that an independent epergy source is either of voltage type
or of current type. Moreover, a practical source is non-ideal in nature. We can

_ represent a practical voltage source by an ideal voltage source having a series
impedance (generally, a resistance), as shown in Fig. 1.18a. Also we can
approximate a practical current source by an ideal cumrent source with a shunt
impedance [Fig. 1.18b].

These representations account for the fall in terminal voltage with an increase in
output current (due lo decrease of load impedance) for the voltage source, and for a
fall in the oulput current with an increase of load resistance for the current source.
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Cricult Analysis
Zl
ANV oa o——0a
+
() ;CP gzl
Ob — Cb
® : ®

Fig. 1.18: A practical form ol' (@) vollage source (I:] current source.

In many nelwork analysis problems, it is fournd that the conversion, of voltage
source into an equivalent cutrent source or vice versa, i.c., source transformation,
makes the problems considetably simpler. In this section, we shall derive the
conditions for the equivalence of practical voltage and current sources.

Let us consider Fig. 1.19a, whete a voltage source is shown connected 1o a Joad Z.
The current, delivered to the load, is given by

|4 :
h=z,77, A
AN ——2 o
' 1 Iy L
+
T
v ng d) § zl' Zf
R b
(@) (b)

Fig. 1.191 (a) Voltege nnd (b} current source with lcad Z .
Now, if we connect the same load Z; across the current source as shown in Fig.

1.18b then the current delivered to the load is given by

Z;
zf + Zl

5 = 1 ‘ _ (1.2)

In case the (wo energy sources ate equal, then the respective current, del.wered to Z,
must be equal;ie, I, =1 .1- From Egs. (1.1) and (1 .2), we have

14 Z I -
- ZV"'_ZI- _Z'- +zl - \I-J)

Eq. (1.3) will be satisfied, if
I= ZK and Zy = Z; - (1.4)

Statement of the Conversion Principle

A constant voltage source of voltage V and series impedance Zy is equivalent to the
- conslant current source of current, I = V/Zy and shunt impedance Zy, . . n 15

114
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Network Anpalysis snd Devices

1.6 SUPERPOSITION THEOREM

The basic priciplc of superposition states that if the effect produced in 2 system is
directly proportional to the cause, then the overall effect, produced in the system
due to the number of causes acting jointly, can be determined by superimposing
(adding) the effects of each source acting separately. It is important for us to note
that the above principle form the foundation of many engineering systems, such as
the broadeasting system, audio system ete. For example, in a large orchestra, we
would like the net response of the system to be the sum of individual responses of
each instrument played separately. In other words, good fidelity of the system
depends 'upon the validity of the superposition principle.

As the superposilion principle is only applicable on lincar actworks and systems, it
is important for us to first clearly understand the term ‘linear* before proceeding
with the formal presentation and proof of the superposition theorem.

We can call a device linear, if it is characterized by an equation of the form :

Y= mx (1.5)

Where m is a constant, For example, a wire-wound inductor is linear device ; and jts
vatiables are V and i. Eq. (1.5) also implies that y is proportional to x, (You should
clearly note that the general superposition principle stated carlier is dependent of
proportionality). A Nelwork / system, which contains only linear devices (or
clcmcqls), is called a linear network { system.

1.6.1 Statement of Superposition Theorem

In a linear network, having several sources (which include the equivalent source duc
to inilial conditions), the overall response, at any point in the network, is equal to
the sum of individual responses of each source considered separately, the other
sources being made inoperative.

Remarks

(1) We observe that the theorem basically implies that the total response in a
linear circuit is a proper summation of the partial responses of the sources,
considered one at a time.

(2) By the term source, we include all the vollage and current sources and also the
cquivalent source constituted by the initia! conditions in the nciwork.

(3) We make the source inoperative by (a) short-circuiting the voltage sources and
replacing them by their series impedances and by (b) open-circuiting the
current sources and substituling them by their shunt impedances.

(4) The lincar network comprises of independent sources, lincar dependent sources
and lincar passive elements fike resistors, inductors, capacitors and r
transformers. Morcover, the components may cither be time-varying or
time-invariant,

(5) W find tat the tmain advanlnge of superposition iheorem iies in the fact that
it allows selution of networks withoul the nced of setting up large number of
cireuit equations. This is possible as only one source is considered at a time.

(6) The superposition thcor;:ﬁ secms_ 1o be so appatent that one tends to apply it
at places where it is not applicable.

1.6.2 Proof of Superposition Theorem

Let us consider a linear network N having L independent loops. The loop equaticns
are :

TN aNEI IS T
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Zyh+ZpL++2, I =E,
Ly h+Zph++2Z, I =E, (1.6
Zuh+Zp Ly +Z, I =E

Ths solution of Eg. (1.6) is of the following form :
L=YyE+Yp B+ +Y, E

h=TnEtInE+-+Yy E 1.7
L=YLE+YpE+-+Y  E

Now we apply the superpostion theorem.

First we assume all E’s, except E,, to be zero. This will give current in loop 1 as
Y11E|, inloop 2 as ¥y, E;, etc. Similarly, when all the sources cxcept E, are made
Inoperatlve, the current in loop 1 is Y|, E, , loop 2 is Y E; , and so on. The
procedure is repeated in tum for the remaining sources Ey, E,, ctc. On applying the
superposition principle, the individual responses are added together to give the
resulting responses. For example, we have for the first loop

L=Y B+ Y B+ + Y Ef

But this result is the same as that obtained by solving the simultaneous Eq, 1.7. A
Slimilat proof, can be given based on junction method,

S5AQ 3
Using the superposition theorem, find the current (I) in the branch AB of Fig. 1.20.
' A
1
40 40
40
+
24V 10A
B
Fig. 1.20:

1.7 RECIPROCITY THEOREM

_The reciprocity phenomenon is commonly found in nature. Besides in clecirical
circuit we also ohserve this phenomenon in mechanics, acoustics, etc. When it is
applicable to & physical system, we can interchange the excitation and the response
poluts without chunging the response, of the system, to a given excitation, It finds

- “wide utility In’the analysis and design of systems and also in the area of
measurements. For a better understanding, let us consider the example of a telephone
line between two subscribers X and ¥, If the telephone circuit comprises permissible
elements, then the reciprocity theorem permits us to assume that the ransmission .
from X o Y is identical to that from Y to X. This greatly simplifies, in practice, the
design and tesling of the line.

Criculit Analysis




Network Anaiyss and Devlees 7.1 Statement of Reciprocity Theorem

Reciprocity theorem states that if we consider wo loops A and B of a reciprocal
network N, and if an jdeal voltage source, E, in'loop A, produces & current 7 in loop
B, then an ldentical source in loop B will produce the same current I in loop A.

The dual is also true. If we consider two node palrs AA’ and BB’ of a reciprocal
network N and an ideal current source of I amp applied to the node — pair AA’
produces a voltage V at the node — pair BB’ then an identical current source at BB’
will produce the same voltage V at AA'.

- Remarks

(1) A reciprocal network comprises of linear Ume-jnvariant, bllateral, passive
clements. It is applicable to resistors, capacitors, inductors (including coupled

' Inductors) and transformers. Howcver, both dependent and independent sources
are not permissible. Also, we are considering only the zero-state response by
taking the initial conditions to be zero. In this sepnse, the theorem is more
restrictive than the superposition theorem. .

(2) The superposilion theorem seems to be more obvious to most people and, hence,
is easily acceptable. As pointed out eatlicr, we have to be more carcful not to
apply it at the wrong place. On the other hand, the reciproeity theorem is far less
obvious,

1.7.2 Proof of Reciprocity Theorem

Let us consider a network N having only one energy source driving a voltage E,.

We can number the loop in which the source is present as 1 and that in which the
response is to be determined as 2. The second Bquation from Eq. (1.7) gives

L=Y) E (1.8)
Next we reduce E; (o zero and place a voltage source E; in loop 2. Now, the first
of Bq. (1.7) gives

L=YnE (1.9)

In case the two sources are identical, i.e., E) = E;, then I will also be equal to L
provided that Yo = Y3, As ¥, = Y5, in all linear, bilateral networks, we have
proved the reclprocity theorem.

SAQ 4

In the circuit of Fig. 1.21, determine the current in the 4-ohm resistor. Verify the
reciprocity therorem. - '

+
V= 5Q NS - 40

Fig. 1.21

Also, find the change in current in the 5-ohm resistor, when the points of excitation
and response dre interchangéd. -~ = ’ C o T
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1.8 THEVENIN’S THEOREM

Thevenin's theorem is one of the most important theorems In Circuit Theory. It -
provides us with a powerful technique of calculating the response in a -complicated
nctwork, particulatly when one part of the actwork (gencrally called the load) is
varying, while the remaining parts remain fixed. In addition, it also helps us in
geuting a beteer insight of any lincar network as scen from the terminals across
“which the load is connected. .

1.8.1 Statement of Thevenin’s Theorem

A two-terminal linear active network may be replaced by a voltage source in serles
with an jmpedance. The emf of the voltage source (V') is the open-circujt voltage at
the terminals and the impedance (Z) is that viewed at the terminals when all the '

generators, in the network, have been replaced by their internal impedances.

I
I
l g
Nework ) Linear * ‘ I A.rbil:'rary
N T aclive Y ! load (B)
i network (A) ” o
! b I '
I i
b e e
g 1.22: Original network,
Thevenin's equiva-lcnl. ' -
’ network (C)
P T TTTTTTTN 1
1 1
} Lo, i
1 —— VW~ ? >
| 4
- A .
: : Arbirrary
I )VQ Vi ~ Load
! i (B) ;
[ =1 )
I I T .
I I8 | .
* I T :
I

Lol
|
|
I
I
|
I
1
1
!
)
|
I
|
|

Fig. 1.2 Thevenin equivalent of Fig. 1.22.
Explanations and Remarks

Let us consider the network N shown in Fig. 1.22. It consists of two patts : g linear
active network A and an arbitrary network B, called the load. We assume that the -
only interaction, between the two-netwarks, is through the load current (I}, i, no
magnetic coupling or coupling through dependent source is present between A and . -
B. According to the Thevenin's theorem, we can replace the active network A by
the Thevenin's equivalent gencrator and a series impedance. The voltage of this
generator (V) is the open-circuit voltage across, a-b, when the load is disconnected.
It Is caused by the energy sources, in A, Including the Initial conditions. { This
- voltage iz thie one which o VTVM rzecrds acrdss a-b). The equivalcnt series - - - -
impendance (Zy) is the impedance across a-b when all the independent sources are
reduced to zero by replacing the voltage sources by short-clrcults, open- i
circulting the current sources and setting the intitial conditions to zero. The - f
dependont sources -are left unaltered. (In fact; an impedsnce bridge across a-b will
measure this impedance Zg). The Thevenin's cquivalent of Flg. 1.22.-Is shown in Fig.
1.23, In case the Joad B simply consists of an effective impendace Z; , the load °
current is given by - ) : o 19
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we should take note of the following points.
(i) We only require network A to be linear : it may include time-varying elements,

(i) We place no resiriction on the load except that :

(1.10)

(a). It had no coupling with A except for the load current an&

(b) the complete network had a unique solution.

1.8.2 Proof of Thevenin’s Theorem

Let us consider the circuit of Fig. 1.24, where the active network A ( having an
open-circuit voltage Vj is driving a current into a passive load B. We assume the

load current as I, the effective impedance, offered by the load as, Z;.

Next, a voluage sonrce E,| 13 Introduced in series wlth the load, as shown in
Fig. 1.24. It is adjusted such that the current J becomes zero. Under such a

Linear Lincar
aclive active
neiwork network
(A) (A)
(a) ()
| s 1
I A A
Li H ——AWWY O—»
1near z' 1 :
aclive (B) . E + :
nclwork T ] () E, =V, H
(A) - ol E, =V, : - :
+ = ' I !
E=-V, : - _é— Thevnin's
{c) e e —— 1 equivalent
i () nelwork

Fig. 1.24) Clrcults required in the proof of Thenvenin's theorem.

condition, the network is practically under-open circuit condition : and the
balancing voltage required is E, = V5.

Now we place another voltage souree E; in opposition to E; but equal in magnimde,
ie., E,=-V, This results in a current . Since the net voltage across E; plus E, ,
is zero, the circuits of Fig. 124a and 124c arc equivalent : and I’ =I. This also
jmplies that the current, due to E, alone (aftet making the sources in A inoperative
and replacing it by its impedance Zy ), is given by

E Va
Zy+vZ, Zy+Z,

The process 15 depleted in Flg. 1.24d, where the network A has been replaced By a
voltage generator of voltage V, and ‘a-series impedance Z, . This proves Thevenin’s

theorem for passive load.

I=

.15}

In case the loed is avtive, Thevenin's theorem is still valid. The proof is based on )
the lines of passive load, with the difference that now we have to apply voltage
source E, so as to balance the combined effects of Vy and ihe voltage due to the
external network and make the resulting load current zero. This, in turn implies that
E, is either the sum or difference (in case Vg and the voltage due to external

network are opposed) of the open-circnit voliages of the networks A and B.

TELTICT
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This shows that the Thevenin's cquivalcnt network, Le. V,and Z, ; is the same
whether the'load is active or passive. Thus, the Thevenin's theorem is valid for an
arbitrary load.

1.9 NORTON’S THEOREM

Norton’s theorem provides the dual of Thevenin's theorem. In fact the only variation
is that the thevenin's equivalent generator and the series impedance are replaced by
an equivalent current gencrator and & shunt admitance. The replacement is In
accordance with the source transformation. The transformed network is called the
Norton’s cquivalent network. The various steps, in obtaining the Norton's cquivalent
network, are shown in Fig. 1.25. We now give a formal statement of the theorem,

1.9.1 Statement of Norton’s Theorem

A two-tcrminal linear active network may be replaced by a current source of value
I and & shunt admittance Yg. The current I Is the short-circuit current between the ‘
terminals ab; and ¥ (= 1/Zy) is the admittance viewed at the terminals when the
sources in the active network, including those due to initial conditions, are made
ingctive and replaced by their internal impedances.

The Norton's equivalent circuit is obtained from the Thevenin's equivalent circuit
with the following relationships:

Va
I = e——
"%
and
1 .
Yy Z_ﬁ | (1.12)

Sometimes, the two theorems are treated as one and called the Thevenin-Norton
Eguivalent Network Theorem.

1.9.2 Proof of Norton’s Theorem

Norton’s theorem can be proved independently. However, here, we shall prove this
theorem by using the results of Thevenin's theorem and source transformation,

| I H .
I a i
1 _MMI_?_'—
' . N
—g—ui_‘ I ! Arbit-
Lienar * Arbit- i V°< i e
N aclive I Load (B)
& v rary I - !
“"z’:‘; e my : i
e | | b
b T & ] ' b Thevenin's equivalent
network
{a) &)
s W
[ oS -
' Y o I
I 1
: | : Arbit-
| =z | ol (B
[ lo=VoiZ, : Load (B)
! . |
e e—_____ib

"Nerlon’s equivalent nelwork

- {c)
Fig- 1.251 (@) Ordgina] network N (b) Replacement of acUve network A by the Thevenin's equivalent
nelwork {c) Replacement of active netwark by Norion’s equivelent network.
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G) 1 ohm (i) 5 ohm

Cousider the network N of Fig. 1.25.

Is Thevenin's equivalent is obtained as outlined in Scction 1.8 ; and the resulting
circuit is shown in Fig. 125b. Now we transform the Thevenin's equivalent network
into a current source. The resuling current generator with shunt impedance is shown
within the dotted lines in Fig. 125¢ and satisfies Eq. (1.12). This verify Norton’s -

theorem. . .

Now, by following an approach similar to the one uscd for proving Thevenin's

_ theorem, try to prove Norton’s theotem independently.

SAQ §

For the circult shown In Fig. 1.26 calculate the current in branch a-b when R, has
the following values : ' -

50 10Q

wv_“() . Owv

~"Fig, 1261 Clrcuit for SAQ 5.

’

1.10 MAXIMUM POWER TRANSFER THEOREM

The problem of transferring maximum power to load is of great significance to
Electronics and Communication Bngineers. We have shown a general system, where
V is the energy source, Z is the associated source impedance and Z, is the lozad to
which the power is to be transferred. In fact, in complicated systems, ¥ and Z
represent the Thevenin®s equivalent network on the source side. Some examples, of
general systems, where maximum power transfer is significant, are broadecasting
system, radar and space communication.

1.10.1 Statement and Proof of Maximum Power '_I‘ransfer Theorem

The optimum load impedance Z;,, for the maximum power transfer is equal to the
complex conjugate of the soutce impedance Z,, l.ec.,

]

L =2, (1.13)

Consider the steady state operation of the system shown in Fig. 1.27 at the angular

frequency @ of the source V. For simpliclty, we shall write Z, for Z;()) and Z, for
Z;(j)

I

AAAN - O—»—
zs'
+
i O

=)

I

"
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Also, let

z.f = R.i =jxs
and
Z! = Rj =jX, (1.14)

where R, and R; are the real paris and X, and X; are the imaginary parts of Z,
and Z, respectively. The average power, delivered to the load, is given by

P=[LPR, (113

Here the load current is given by

I Vs 1.16
= ZS-I-Z, - ( . )

where V, and I, arc r.m..s. values.

The substitution of 1, in Eq. (1.15) gives

PV, |* —
VAV AY
R.
=| V. |2 ! 1.17
| ¥ 1 Rov R + (K1 X (1.17)

In this process, we are given V,, R;and X, , and we have to select &; and X; so that
the power transfer, to Lhe load is maximum. Let us concentrate on the denominator
of Eq. (1.17). We first consider the reactive term. It is evident that (X, + X,—)z term
will become zero when X;= - X, This implies that, if X, is inductive, then X; must
be capacitive. This choice reduces Bq. (1.17) o

Rk
(R, + R)*

Now in order to maximize Eq. (1.18), we determine the partial derivative of P with
respect to K; and equate It to zero, i.e.,

P=|V,|? (1.18)

aP
oR, =0,
On using Byg. (1.18) we have

oP o (Ri+ RY: 2 (R + R) R;
ar Vel a =0
- OR; . (R;+ R)

On simbl.ificalion of the above, expression, wahget

R =R,.
Therfore, the condition, for the transfer of maximum power, is given by

Rf'_-R_, aqu,j = —.X_,_ o _ _ (1.19a)
or

Ziw =Ry X% =2, . _ (1.39b)

1.11 SUMMARY

. Kirchoff™s laws state that :

(1) In an electric network the algebraic sum' of the current at a junction point
is zero.

Cricult Analyeis
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(2) In & closed loop the algebraic sum of the polcnual difference across each
citeudt component is zero.

The superposition theorem is valid only for linear networks. It is useful when
the network has a large number of energy sources as it makes possible to
consider the effect of each source separately. The theorem states that, in a
linear, network, the overall response, including the equivalent of initial
conditions, js equal to the sum of individual responses of cach source
considered separately.

The reciprocity theorem states that in any passive lincar; bilateral network
containing bilateral linear impedances and sources of emf the ratio of a voliape
E introduced in one mesh to the current 7 in any other mesh is the same as the
ratio obtained if the position of E and I are interchanged.

-Thevenin's theorem states that in any two terminal network of fixed resistance

and consiant sources of emf, the current in a load resistor connected to the

" output terminals is equal (o the current that would exist in the same resistor if

it were connected in scries with (a) a simple emf whose voltage is measured at
the open-circuited network terminals and (b) & simple resistance whose
magnitude is that of the network looking back from the two terminals into the
nelwork with all the sources of emf replaced by their internal resistance.

Norton’s theorem states that any Lwo-terminal linear network containing encrgy

sources and impedances can be replaced by an equivalent circuit consmu.ng of

a current source I in parallel with an admiltance Y,

The maximum power transfer theorem states that the condition for the
transmission of maximum power to the load (optimum load matching), is that

-the load impedance must be the complex conjugate of the source impedance,

ie, Z= Z: .

1.12 TERMINAL QUESTIONS

In Fig. 1.28, the equivalent circuit of an electronic amplifier is shown.
Calculate its output voltage.

r, = 66 kL)
§R1=l9? kQ Ry = 100 k2

Fp=39.6

l

Using superposilion theorem, determine the current in the given network shown

in Fig. 125,
v E

Fig. 1.29:

Fig. 1.28:

=F= ey | e e =T e e 70 ey ErTeo et e m 1mu=ﬂmrurw




3.  Solve the network shown in Fig. 1.30 for the branch curreat using Norton’s _ Cricult Analyds

theorem. /
4Q A B a6
ANV . . ANV )
v = fz]ém = wv
C
Fig. 130

4. A length of a uniform wire of resistance 10 ohm is bent into a circle and two
points at a quarter of the circumference apart are connected with battery of
internal reslstance 1 ohm and emf 3 volt. Find the cutrent in the different parts
of the circuit.

1.13 SOLUTIONS AND ANSWERS

SAQ's
1. Writdng KCL at node 1,

10-V_¥+3 ¥
3 2 1

Solving this gives V=1,

2.  For deterinining the current i due to the current source, we replace voltage
source by a short circuit. The corresponding circuit is shownin Fig. 1 3l
and the current i, is given by

2 _ 4

W e R*2T7+R

For determining the current i, due to voltage source, the current source is

replaced by open circuit. The cormresponding circuit is shown in Fig. 1.31(b)
and the current i, is given by

. __2
13 2+R -

Applying Superposition theorem we get

l'l + llz mi=]
20 20
AW AN
. . . ‘ - ‘. é' H
2A Volt Current source i C
® iz s s WMI #Els Dav
l -—
(#) ®

¥ig, 131,
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- + =1
2+R 2+R

~2+r ' .

- 1=2+R

- R=4Q

3.  Let us first consider the response due 1o the voltage source when the current
source is rendered inoperative by open-circuiting it. The resulting circuit is
shown in Fig. 1.32(a). The current [,, due 1o the voltage source, is

=24 _
L=750"3A

. For determining the response only duc to the current source, we replace the
voliage source by a shortcircuit. The corresponding circuit is shown in
Fig.1.32(b) and the ‘current in AB Is

4

[=10, ~5A
L
A
r
fy h
4aQ 4Q 4Q .
40 40
+ Open
Sh
24V T ot 10 A
B
(a) )

Fig. 1.32: Clrcnit after making (a) current source Inoperative (b} voltage source inoperative.
0 No'w applying superpaosition principle, we have
I=sL+5=8A '
( We urge you to verify the result by the Nodal ant;lysis).

4, The branch current I, 1) and I, are :

20
I 4 S5A
_20_
L=2=10A
and
20 -
L= =10A
!
5 f +
=0V
v 5Q 20 -
a0

C
C

26 ] Fig. 133
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For the verification of reciprocity theorem, we replace the original source by a

- short-circuit and introduce an equivalent source in the branch contsining the

4 ohm resistor. The resulting circuit is shown in Fig. 1.33. The total current,
drawn from the battery, is '

25
Now &ll the current will pass through the short-circuit, 11.0.

I'=5A '
and

I =L=0A.

As I'=1=35 A, the reciprocity theorem is verified. Also, the changes, in
cutrents in the 5- and 2-ohm resistors, arc from 4A and 104, respectively to
zero amp (cach).

We solve the problem by using Norton's theorem. The resistor R,y Is assumed
to be the load and we determine the Norton's equivalent of the remajning
circuit.
The current Jg Is obtained by finding the current in the short-circuit placed
between points a and b. Thetfore, from Fig. 1.34(a) we, have
10 . 20 ' \
Ig =Iab=_§'+ﬁ=4A
T a
5Q 10Q ol
AANAY AW ~
a .y -
fov 119 (Oaov §sn glﬂﬂ Iy=4A §R9=3.33Q
b —
Ob
| b
() (b) ) {c}
Flg. 1.34: Resulting Clmults at varlous sleps In the analysly of SAQ 5.
We next calculate the resistance Ry across the terminals a-b, after ma]i‘ing the .
voltage sources inoperative by replacing them with short-circuits. The resulting
circuits shown in Fig. 1.34(b). Now, we have
Ry=Ryy=2220-3330hm
The Norton®s equivalent network, along with the load, is shown in Fig. 1.34(c).
The curient in ihe branch »-b s given by -
Lp=ly——r7—
b0 Re+ Ry
[+l
When R, = 1 ohm.

=.4%x3.33 _4x3.33

a~333+10 433 0704
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Network Analysis and Devices (i) When R, =5 obm.
__4x333 4x333

b"333+50 833 oA '

I

Answer of TQs

1. In this problem, We are required to calculate the voltage at the output of the
amplifier. As a first step, we replace the voltage source £, and the series
reaisior Ip by an equivalent current generator, shown in Fig. 1.35. The current

of the equivalent source is

E
f=—= 39.6 A=0.6mA.

» 66 10° o I S

As the three resistances are in parullel after the source trasformation. The
cquivalent resistance is given by

TONIRE IR 5

Flg. L.35:
1 1 1 1

B —+—

Ry 7, R R
On substituting the values and simplification, we get
R,,=312kQ

The output voltage is

V,=0.6x1072x31.2% 10°
iec., V,= 18.72vols

2.  Superposition theorem for three emf are as follow :

=

Tt ey (HH‘HWY-WFFL‘{W..-u.-u-.|

RPN _ ém %19 : :
I 0 212 230 mg ; gln gm lng ém y gm
1 . : o

= WV — 10V 1

10V .|. ) =
(&) ©

Fig. 1.361 () First emf, [b)_ second eml;, (c) Third emL

=
ST R T

the resistance between the point A and B is given as

=—+ =2.33 ]

o L
ol L
G} =

1
Ryp
RAB - 0.429'&

28 _ The equivalent resiStance across 10V battery in Fig. 1.36(a) is given as




Rr=1+ R, =1+0.429=1429

using chm's law, we can calculate current

,_10__10

U~ R, 1428 A

The voltage drop across AB is
Vip=I' Ryp=7.00%0.429=3V

The branch currents in Fig. 1.36(a) are

I3"%"3A

14'=-%=1A

Similarly we can calculate the branch Current in Pig. 1.36(b). The branch
current in Fig. 1.36(b) are

I"=6A
L"=14A
L"=6A
I =2A

and the branch current in Fig. 1.36{c) can be caleulated In similar way, wﬂch
will be as follows:

I'"=12A
=12 A
L"=30A
If"=6A
From the above equation, we get

Lh=h'-L"-I'""=7T-6-12=-11A
L=-L'+L"+L"=-3+14-12=-1A
I-_:,=-Ig'—Ig”+13"'=-3—6+_30—21A
L=l + I+ =1+2+6=9A

3. The Norton’s eguivalent is given by Fig, 137

I=75+10=175A

+%+ -1 .. R=1Q

e
|
P

17.5

IZ-T=8.75A

The voltage drop from C to A is 30 - 17.5 = 12.5 V. Then

30-175=125V

Cricult Analyais
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() Fe  Im  Za

f R
17.5 A (T) g 10
Rg 137.
n=2331254

and the voliage drop from C 1o B is 40 - 17.5 is 22.5 V. Then I is glven by

13=-2i—'5=5.625A

4. See fig. 1.38 total resistance of the wire ABC = 10 chm

Resistance of the portion AB, r; =10 x % =2.5 and resistance of the portion
ABC,

rz=10;<%=7.59

Thesc iwo resistance r; and ry are in parallel. Therefore their resultant resistance R
is given by

- 10 _3
"25%7.5 15

Intemnal resistance of battery
r3=1ohm
Total reslstance in the circuit

RT-R"' r3

=m

’.
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Rr=241-Zopy

oca ¥ _3%8 24
Total currcnlt: Ry 23 23

Let the currents in the portion AB and ACB be iy and i, respectively. The potential
difference between A and B is V- Vg

Vi=Va=rxij=ri,

25!1 -7512 or il -31.2

s e _._24
But iy tig=i 23A

3iy+ iy =22
24 1 6

or, . :2-’5?!;"5-3-1\

i1 =3 =57 A.
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UNIT 2 A.C. AND D.C. CIRCUITS

Structure
2.1 Introductioh
Objective

2.2  Recall Complex Impedance

2.3 Resonant Circuits
Series Resonant Circuit
Impedance and Phase Angle of Serles Resogant Circuit
Voltages and Current in a Series Resonant Circuit
Bandwidth of RLC Circuit
Parallel Resonance
Q Factor of a Paralle] Resonant Circuit

2.4  Impedance Maltching

2.5 Theoty of Passive Filters
Constant X Low Pass Pilter
Constant K High Pass Fliter
Band Pass Fillers

2.6 Attenuators
T-1ype Altenuslor
Z-type Altenuator
Lattice Attenuator

2.7 Summary
2.8  Terminal Questions

2.9 Solutions and Apswers

2.1 INTRODUCTION

In this unit you will study the practical application of some circuits of passive
clements. The most important among these are resonant circuits. The series resonant
citcuils are used to offer a low impedance and the parallel resonant cireuit 10 offer
high impedance at a desired frequency. In cvery day life we sce that by moving &
knob in a transistor radio we can get the programme from a desired station. This is
achieved by filters, which allows to select desired frequencies from a signal (source)
having wide range of frequencies. In order to reduce or stop power at the output at
desired frequencics without loosing power in the circuit (reactive elements) we use
altenuators. We have leamnt in maximum power transfer theorem, that the maximum
power from a source to a load is ansferred when certain impedance condilions are
satisfied (matched impedance). It is not always possible to have a source and a load
to which power hos to be delivered satisfy the matched impedance conditions. This
is achieved by using special impedance matching circuit so that the source at lts.
‘oulpul sées’a matéhied impedanee and the load 16 which power his to be delivered
sces a matched impedance at its inpui. Resonant circuits, fillers, attenuators and
impedance matching circuits find applicalions in Instrumentalion, telemetering
equipment ele., where it js necessary lo transmit or attenuate a limited range of
frequencies. The topics of this unit, [ind wide applications in ¢ommunication world
and hence are very important.

Ob]Jcctives
After going through Lhis unit, you will be able to

®  cxplain complex impedance,

T e T T.muuum‘u

I AT B e T |- TS T

[




,

®  describe resonance pheromenon in scrics and paralle] resonant circuits,
e  cxplain concept of impedance matching,

®  explain characterisics of low pass, high pass and band pass filters and their
desigus, and

] describe altcnuators.

2,2 RECALL COMPLEX IMPEDANCE

You bave already Icarned that in the resistive element, there is no phase difference
between the voltage and current whercas in case of pure inductors, the voltage leads
over current by mf2 and in pure capacilors, the voltage lags bebind the current by
nf2. Almost all the electric circuits offer impedance to the flow of current.
Impedance is the vector sum of Inductive reaclance, capacitative reactance and
resistance.-

Consider the RL scrics circuit shown in Fig.2.1. If we apply the real function
Vin cos wt to the circuit, the response may be J/, cos of. Similarly, if we apply

R jUJL
AW 4115

7N

i

)
S

v i) = Vm I

Fig. 2.1: Serles RL network

imaginary [unction jV, sin @t to the same circuit, the response will be j I, sin wr. If
we apply a complex function, which is the combination of real and imaginary
functions, we will get the complex response. The complex function s ¥, e/ - Vet
(cos wr + j sin wr). Applying KVL (Kirchoffl's Voltage Law) to the eircuil shown in
Fig. 2.1, we get . '
V,.e f°°'=Ri(:)+L[§—:]

This is a first order lineer differential equation with constant cocfficient and can be
casily solved. The simplest way 1o solve is-to-choosc a trial solution- for i(r).as-:

im=1,e™

Il this happens o be a solution of the differential cqualion, then it must satisfy it
completely. By subsliluting, we get

Vel =RI e+ LT joe/®
TV m (Rt jal) I,

Sy Vn
T (R+jol)

, V, .
i(F) = Jar M el
) = Ine {R+ jolL) €

Impedance is defined as he ratio of voltage to current as follows :

AC, and D.C. Clrculls

#
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V Jaod

‘V i m .
=R+

; (r) ] o R+joL

Complex impedance (Z) is the 1otal opposition offered by the circuit elements to ac
current and can be displayed on the complex plane. In the expression for Z, the
resistance R is the real part of the impedance, end the reaclance X; is the unagmary
part of the impedance. The resuliant of R and X; is called the complex impedance

as shown in Fig. 2.2. This is called impedance diagram. From Figure, it is clear that

Amaginany 4
o

z X

9 -

% R B Real
Fig- 2.2: Impedance diegram of RI network.

|Z]=Y R+ (wL)® and angle 'a-uuf‘[i’é

R ] Here, impedance is the vector sum of

resistance and induclive reactance.

Z=R+jol
=|Z|LZ
Where 1Z| =VR*+? 2 .
. =1f el
and LZ =g/t [R]

This enn be deduced as follows

" Let R=Acos6

and wlL=Asing
‘Squaring & adding, we get
R+ 0*I% = A% (cos? 0 +sin® 0)

A=VR+o?2

Asind ol o -ifek
also, Acos® R = 8=t [R]

Clearly, Z=A(cosB +jsin8)=Aej°

=VR+u?I? -'“’“[ ]—|2|z_z

Similarly, if we consider RC series circuit, as shown in Fig. 2.3, and apply complex
voltage v (1) = V,, e s
the cirenit showsn ‘we get,

C
R i

i{t)
©

v = de'-'.ﬂ‘?'
Fig. 2.3: Serdes RC network.

» W gect, complex response as shown below : Applying KVL in

T8 AT R R .‘[umu...—“




v elot= Rig + -é,— _|'.' () dr

As v - I relation for capacitor is given by

dv, (1)
dr

iM=C—/—
—r v.(t) = l.l.:'(r)dr °
[ C -
Taking - trial solution of the above equatidn,as

i) =1, '™ we get

Ve dot = Igln;e!”+%Im[j%]ej”-[RIm—mLc Im]e"“

- . ~
m wC|™ A (R-j/el)

ejmr = V.(r)
R- J/mC) (R~ j/uC)

HG R
The impedance Z = —-((3 R —j/aC
Here, the impedance Z consists of resistance (R), which is real part, and capacitve
reactance X = m—lc which is imaginary part of the impedance. The impedance
diagram iz shown in Fig. 2.4. From this diagram, the impedance

0 >

e
Imaginary
Fig. 2.4t Impedance dlagram for series RC nelwork.

121 =V B+ X2

J
ZRmC

\/i Sl

Example 1. In & circmt, consisting of 1 kQ resistor connected in series with 50 mH
coil, a 10V mms, 10 kHz sigpal is applwd. Find mpedanoe Z, current J, phase a.ngle

6, Vzand ¥},

A.C. and I.C. Circulta ‘
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Saolution. R=1kQ =1000Q
Xy =ol=2nfL
=6.28 x 10 x 10° x50 x 1072
-31400

Z=R+jul= 100|l+j3140

1Z} = (1000)% + (3140)° =3295.40Q

v,
Cuirent Im=—z—m -ﬁ% =3.03mA

ot [©L) o, -1 [ 31407 _
phase angle (0) = tan [R] tan [1000] 72.3%°
VR=Ims R=3.30% 107 x 1000=3.03 V

Vi =Jme(0L)=3.02% 107 x 3140=9.51 V

Example 2, A sinc wave generator supplics a 500 Hz, 10 V., signal 1o 8 2 kQ
resistor in series with a 0.1 pF capacitor as shown in Fig. 2.5. Determine the total
impedance Z, current J, phase angle 6, capacitive voltage Vc, and resistive voltage V.

0.1 pF
‘—'W\Iv——«—
IUV 500 Hz

g 25

1
Solutlon. X, -
© 2HC 3x3.14%14%500%0.1x 10°°

=3184.7Q

. | S
Totalilmpednnce Z R+_ij R TRFC R-jXe

= (2000-/3184.7) O

[Z] =V (2000)2 + (3184.7)% = 3760.62

r

-X
Phase angle (6) = tan [ —1 ]-l.a.n'l [___g]

RaC X
3184.7
= —tan [ 2000 ] ~-578T
Current (fy=—me .10, o o
1z| ~ 37600 = %

Capacitive voltage, V¢ =1X-=2.66x 107 x3184.7=8.47V
Resistive voltage, Vp=1IR=2.66% 107 x2000=5.32V

Remarks : You must have noled (hat the arithmetic sum of V- and Vp does not give
the applied voltage (10V). In fact, the total applied voltage is a complcx quantity




given by
Vs=(532-784DV=10L -578T V

'SAQ 1

.Determine the source voltage and the phase angle, if the voltage across the
resistance is 70V and the vull.age across the inductive réactance is 20V as shown in

Fig. 2.6.

R L
Tov 20V
S
v.!-'
Flg. 2.6

SAQ 2

Determine the source vollage and phase angle when the voltage across the resistor is
20V and the voltage across the capacitor is 30V as shown in Fig. 2.7.

R ¢
| w | It
0V 30V
)
"
Vg
Flg- 2.7:

2.3 RESONANT CIRCUITS

We call a circuit a resonant circuit if at e particular frequency called resonant
frequency the capacitive reactance X and inductive reactance X; are equal ie.,
X = Xc. In many of the electrical circuit, resonance is a very important
phendmcnon. The study of resonance is very useful, particularly in the arca of
communications. For example, the ability of -a radio-receiver to select a-cerlain
frequency, wansmitted by 2 station and Lo eliminate frequencies from other stations
is based on the principle of resonance. In this section we will study the cssentjal
features of Serics and parallel resonant cireuit.

2.3.1 Series Resonant Circuit

In a serics RLC circuit, the current lags behind, or leads the applicd voltage
depending upon the values of Xy and X . X; causes the total current._to lag behind

. the applied voltage, while X causes the total curreni jo lead over the- upplicd
voltage. When X; > X, the circuit is predorrunamly inductive and when X, > Xy, the

circuit is predominantly capacitive. However, if one of the parameters of the series
RLC circuit is varied in such a way that the current is in phase wilh the appllcd

" voltage, then' the ecircuil is said to bé in "resomance”. Consider a series RLC circoit.
shown in Fig. 2.8. The total impedance for the series RLC circnit is

oLt = R ol -
Z—R+;mL+ij R+ joL oC

=R+jXp—jXc=R+j(X;-X0)

A.C. nnd D.C. Clreulls
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r /T2 Lo

R L f-;
FVRT YV 4 V- 3

D

- VS
Fig. 2.8t Seriey RLC circult.

; 1
R+}[mL mC]

The circuit is said to be in resonance if the current is in phase with the applied
valtage, In & series RLC clrcult, “resonance™ occurs when X = Xc. The frequency at
which the resonance occurs is called the “resonant frequency™ When Xp =~ Xc, the
impedance in a series RLC circuit is purely resistive. At resonant frequency (), the
voltages across capacitance and inductance are equal in magnitude. Since they are

180" out of phase with each other, they cancel each otker, hence, zero voluage
appears across the LC combination.

At resonance, Xp=~X¢

Ll

: 2 O '
ie. ol C s

~2nfyl=ri—

2nfy C

~ A= m%c

1
ﬂj&u?.rrfl._c"

In a sedes RLC circuit, the resonance may be produced by verying the frequency,
keeping L and C constant, otherwise resonance may be produced by varying either L
or C for & fixed frequencey.

2.3.2 Impedance and Phase Aungle of a Series Resonant Circuit

As we have already seen in previous section, the impedance of a series- RLC: cireuit
is given by :

-

[T L [ TR R T, TSI M T T TR T L

(o 1
A R+;[mL m.C]

=Lkl

The variation of X; , X and Z with frequency is shown in Rig. 2.9. At zero
frequency, both X¢ and Z are infinitely large and X is zero because the capacitor
gcts as open circuit at zero frequency. As the [requency increases, Xc decreases and
Xy increascs. Since Xp is larger than X; at frequencies below the resonant frequency
(), Z decreases along with Xc. At resonant frequency (f), Xo =Xy and Z=R. At
frequencies above the resonant frequency, Xy is larger than X causing Z to increase.

{ﬂv‘ TFX W ITIT



XC L
Flg. 2.9: Variation of X; , Xzund Z wilh frequency.

The phase angle associated with total impedance in series RLC ecircuit is given by :

= 1apc]
¢ = lan R

The variation of phase angle with frequency is shown in Flg. 2.10 At a frequency

4

my

Phise
Angle
{O)

Capacilive _ InduclivF
flcads V' Flags ¥
Fig. 2.10 Varlntlnn of phase engle wiih frequency.

—t{y

below lhc resonant frequency, the current leads over source vollagc becnuse the
capacilive reactance is greater than the inductive reactance. The phase angle

decreases as the frequency spproaches the resonant value, and is 0° at resonance. At
frequencies above resonance, the current lags behind the source voltage, because the
inductive reactance is greater than capacitive reactance. As the frequency goes
higher, the phase anple spproaches + 90°,

2.3.3° Voltages and Current in a Series Resonant Cirenit

We know, in & series RLC neltwork
- 1
wl-—
Z=R+jloL-—L ="\/R“+ or-L) em_,[_;_c
/ wC ol
Y #ofor-2]
|Z|= R2+[mL-E]

A.C. snd D.C, Clreults




Network Analysls and Devices

40

Ve

I='JR2+[.:¢:—EIE]

Where ¥ and I are amplitude of voltage and current respectively. The variation of

—

impedance and current with frequency is shown in Fig. 2.11. As we have leamed in

F
r ; Impedance (£)
!

!

Impendimee
or
current

Current {f)

0 /.
Fig. 2.11: Varistlon of impedance and current with frequency.

previous scctions, at resonant [requency, the capacilive reactance is equal to —
induclive reactance, and hence the impedance is minimum. Because of the minimum
impedance, maximum current flows through the circuit. This value of current is
given by ’

V,
Ip = current at resobant frequency = TEQ

The voltage drop across tesistance, inductance and capacitance also varies with
frequency. At f=0, the capacitor acts as an open circuit and blocks current. Hence,
completc source voltage appears across the capacitor. As the frequency increases, Xc
decreases and X; increases, causing total reactance (Xe - X; ) to decrease. As a
result, the impedance decreases and the current increases. As current increases,
voltage drop across resistance, inductance and capacilance (Vp, ¥y & V) also
increases. When the frequency becomes cq%al to the resonant frequency (), the

impedence is equal to resistance (R) and hence current reaches its maximum value
and Vg is also of meximum value. At this [tequency, the voltage drop across

capacitance and inductance are cqual in magnjlude and opposite in phase. As the
frequency is inercased further, Xj continues to increase and X¢ condnucs to

decrease, causing the total reactance (X; - X ) to increase. As a result, there is
decrease in current. If the fre};ucncy is increased still further, the current approaches
zero, both Vg and V- approaches zero and ¥V approaches V. The response of
different voltage with frequency is shown in Fig. 2.12.

Vi

fe fo S

Fig. 2.12: Varlatlon of ¥, Vg and Vg wilh [requency.
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2.3.4 Band Width of a RLC Circuit - A.C. and D.C. Circuits

The band width of any-sgstem is defined as the range of frequencies for which the
~ Current or output voltage is equal t 70.7% of Iis peak value at the resonant
frequency. Fig. 2.13 shows the frequency response of a series RLC circuit. Here the

Vorl '|P.

[l /(L ) SO S S

fiorfe fo Horfy f
Fig. 2.13: Frequency respanse of RLC nelwork.
frequency £ is the frequency at which the current is 0.707 times the current at

resonant value, and it is called the lower cut off frequency. The frequency fz is the

frequency at which the current is 0.707 times the current at resonant value and js
called the upper cut off frequency. The band width (BW) is defined as :

BW=(f~fi)Hz
If the current at Py is 0,707 J,, the impedance of the circuit at this point is Y2 R,
and hence
L. o, L=R
o ! -
. ; ;
Similarly, wy L - ;;-E R L] 3
Equating these equation, we obtain
1 ; 1
(@) +ay) 1
@, +a,) L= = ;
o) L= ey © :
1
= @iegg
‘We know, m_2=L_ :
i 7, =Ic . :
Therefore, 0= o w, ' ) f
Adding equations for R, we get .
i 1
ﬂ]lc (IJIL+U]2L QZC—ZR
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T wamg) 1
-— +——.——-
~ (a0 L+=1—20 & = 2R
1 1
Since mz___,-c-._._
i 7e . mﬁL

Substituting these values, we oblain

R
Wy =W - z

=~ (Z-fo= 2::1.

BW (Baud width) = ZRL

From Fig.2.13 we have

fz fl 2,: L (21)

foofi = oL mdfimhh = 125

R
U Ry
R
+_.
Jo 4n L

The lower frequency limit f) =

The upper frequency limit £ =
Rearranging Eq. (2.1) (dividing both sides by f), we get

L~/ __R
fo ZE_ﬁ]L
Here an i.mpoi'tam property of a coil is defined. It is the ratio of the reactance of the

coil to its resistance. This ratio is defined as the Q of the coil. Q is known as
Quality factor or figure of merit, and is an indication of the quality of the coil.

XL _ 21'!};].
Q"% ~ R ‘
1_Fh-h _af
Clearly, 0T 7

Jo _ Resonant frequency
Af  Beand width

Clearly, a-hiéher value of @ results in a smaller band width and a lower value of Q
causes a larger band width.

2.3.5 Parallel Resonance

A parailel RLC network is shown in Pig. 2.14. Parzilel resonance occurs when
X = X; and the frequency ‘at which this occurs, is called resonant frequency. When

Xc = Xj, the two branch cusrents are equal (provided R =R; ) in magnitude and
180° out of phase with each other. Therefore,.the two current cancel each other and
the total current is zero. From Fig. 2.14, the totzl admittance (Y) is:
1 a1
Y Ry +joL " i
: Re

ol

-

¢ TR T T I R T

-
e oy LEAT L ST SETSEN Y

-

e T Ly
'




Fig. 2.141 Purallel RLC network.

__RimioL  Re+i/aC -
R+ o?I? 1 -
(o' 2) i o] |
I vif[—12eC ] [_oL
(R;+w? [ B+—L_| | B+e?L?
w2 :

["é_ e

At resonance (@ = wp) the imaginary part becomes zero, i.c.,

(l)oL I/CIJoC
R +ap 12 4=l
e ac

2y R
Sl LE
- afp-ge

R-L/C

This is general condilion for resonance. In special case, when Re =Ry, we get

1
“=JIC

o=
0 2xVIC

You ere advised to determine the resonant circuit for a “tank circuit” shown in

Fig, 215 Tank elrcult.

Fig. 2.15 and show that the resonzxut Irequency turns out 1o be

A.C. and D.C. Circulty
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As you will observe from the expression for impedance (reciprocal of admittance
which has been derived), it becomes maximum at the resonant frequency and /
decteases at lower and higher frequeneles as shown in Fig. 2.16 At lower
frequencies, X; is very small and Xc is very large and so the total impedance is
essentlally inductive. As the frequency lncreases, the impedance aiso Increases and
induelive reactance dominates till the resonant frequency is reached. At this point
Xy = Xoand the impedance is at its maximum value. As the frequency goes above
the resonance, the capacitive reactance dominates and the impedance decreases as
™ shown in Fig. 2.16.

V—— X, n X, —dt——— Xe>X, —¥

L

Fir. 216t Varlatlon of impedance wilh [requency.

2.3.6 Q factor of a Parallel Resonant Circuit

Now, let us consider a paralicl resonant circuit shown in Fig. 2.17. Thc total
admilttance (¥)-is

Y"G+}‘B
&
t.1ft Paralle] resconanl circull.
| 1 1 1
Y=gt/oCt L R”[ ©C-3L -

At resonant frequency (f=/fp), the imagina.ry part is zero ie.,

0, C - ——=0
- g i

1

- mo=_

VIC

R L LA e L l'ﬂ'll’l’!rl‘ﬂ‘ﬂ:.-lﬂﬂlmrl‘:'m R BYSETIE T

[Ee

mrosTm-

P
0 2m/IC
The voltege and current variation with frequency is shown in Fig. 2.17. Clearly, at

resonant frequency, the current is minimum because in parallel resonant circuit, the
44 impedance is maximum.




Vorl &

Fig. 2.1 Yariatlon of ¥ aud [ with frequency In a parallel resonant circult.
The band width (BW) ~f; - f;
For, paralle]l circuit, to obtain the lowet cut off frequency ( i)

0C-—5= -

o L

1

-1 1
0)2 CﬂzL R
2
1 1
-— = — o —_—
2RC [ZRC] LC
1
BYW - Wy - I(I:Il' 'kE
o 1
Also, — f-h=o: R
Jo 0y

The Quality factor Q =

Qg
1/RC

Ex.ample 3. Determine the resonant frequancey for the circuit shown in Fig. 2.18(a) -

B-f wp-a

™ Wy RC

100  0.5mH ‘“#F 100 01H 10uF
“I 1]

(a}

Fig. 2.18 (a) Example 3 (b) Example 4

Solution : The resonant frequency

AC, apd D.C. Circults
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1
=7

B 1
27Y10%x10°%0.5% 107

=225KHz

Example 4: Por the circuit shown in 2.i8 (b) determine the impedance at resonant
frequency, 10 Hz above resonant frequency and 10 Hz below resonant frequency.

Solution : At resonant frequency, X = X; and hence total impedance in a series
RLC resonant cirenit is purely reslstive.

Z=R= 100 at resonance . . ;

=159.2Hz .

-

o1 1
Re?onant frequency (/5) nvic 2 \*"0.1 w10 X 10'6

Given, fj=S;—10Hz=159.2-10=149.2Hz
L=fo+ 10Hz= 1592+ 10~ 169.2Hz

1 1
Now, Xe, o, C 2nfC

= 106.602

X, =oL=25f,L=9375Q

Xy, =a, L=2nf,L=10631Q"

Clearly, impedance at f; = 149.2Hz

Z =V R+ (X, - X P

=V 107+ (93.75 - 106.6" = 1628Q
Here, XCI > XL; » S0 Z; is capacitive. |

And impedance at 5= 169.2Hz

L= VR + (X - xcz)z_

=v 10% + (106.31 - 94.06)%) = 15.810Q

Clearly X; > Xc, at this frequency, so Z is inductive in nature.

-SAQ 3 In the circuit shown in i‘ig: 2.19 the inductance of 0.1 H“]:;a-vlng a Q of 5
is in parslle]l with capacitor. Determine the value of capacitance and coil
resistance at resonant frequency of 500 Hz ?

Fig. 2.1%:

SAQ 4 A series RLC circuit consists of 50 Q resistance, 0.2 H inductance and
: 10 pF capacitor with the applied voltage of 20 V. Determine the resonant
frequency. Find the Q factor of the circuit. Compute the lower and upper
frequency limits and also find the band width of the circuit.

L R N R I BT P
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2.4 IMPEDANCE MATCHING _

You have already learnt meximum power transfer theorem which states that the
maximum power is"delivered from source to load when load resistance is equal to
the source resistance. It is for this reason that the impedance matching between
circuits is so important. As an example, the apdio output transformer must match the
high impedance of the audio power amplifier and its output to the low Input

im ce of the speaker. But, maximum power transfer is not always desirable,
since ‘the transfer occurs at a 50% efficiency. For many a simations, a ‘maximum
voltage transfer is desired, which mcans that unmatched impedances are necessary. if
maximum power transfer s required, the load resistance should be equal to the
given source resistance. Maximum power transfer theorem can be applied to
‘complex impedance circuits. If the source impedance is complex then the meximum
power transfer occurs when the load impedance is complex conjugate of the source -

impedance.

Consider a circuit shown in Fig. 2.20 consisling of source impedance delivering
power to & complex load. Clearly, the current passing through the circuit is

. k]
O R X+ R+ XD

Z | R +jX,

Fig, 2.20: Maxdmum power transfer for mmpie.: Joad.
The magitude of current fg =|i{7) | is given by

Vo

L= [i(fy] =
0O e R e X

where Vo= Voel™ = | Vg| =V,

The power delivered to the load is given by

ViR,
P=I§RL=
7Y (Rg+ R + (X5 + X

Clearly, in the above equation, if Ry is kept fixed, the power becomes maximum

when
X;=-X;
under this condition, the po\;.'ér is givcn i)y
Ve R,

Mow, let us assume that R; is variable. In this case, the maximum power is
transferred when- the {oad resistance is equal to source re,sishince. If Ry =Rg and

XS == XL l]].C-II,
Zp =Ry +jX;

. *
=Rg-jXs=Zs

| ———
H e L T T PR v
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This meang lhatthemximumpowun'ansferoccurswhenthelmdlmpedame]s
equal to lhc complex conjugate of the zource lmpedance Zs .

"Example § : For the circuit shown in Fig. 2.21. determine the value of load

impedance for which source delivers maximum power. Calculate the value of the
maximum power.

(25 + 730) Q

Fig 221 Example 5,

Solutlon : As we know, the maximum power will be mnsfu-;éd to the load when
load impedance is complex conjugate of the source impedance i.c.

Z;~Zg=25-730
when Z; =25 - § 30, the current passing through the circult is

i)y = 5040 3040
25+j30+25 j30 50

Maximum power delivered to the load is

=1L0°

P=I3R =(1F x2§=25W

SAQS-

For the circuit shown in Fig. 2.22, the resistance Ry is variable from 2 Q to 25 Q.
Detennine what valuc of Ry results in maximum power transfer across the terminals
XY,

—M——IF-

50 £ 0° 9 R, =20Q

Fig. 2221

2.5 THEORY OF PASSIVE FILTERS

The wave filters were first invented by G.A. Campbell and O.1. Label of the Bell
Telephone laboratories. A filter is essentlally a reactive network that freely passes
the desircd -bands-of ‘frequencics while almost towlly suppressing all other bands, A
filter js constructed from purcly reactive elements, for otherwise the auenuation
would never become zcro in the pass band of the filter network. Filters differ from
simple resonant circuits (discussed in section 2.3) in providing a substantlally
copstant transmission over-the band which they accept: Ideally, a filter should = -
produce no attenuation in the desired band called the “pass band™ and should
provide infinite attenualion in all other frequencies called the “Stop band™, The
frequency which separates pass band and stop band is defined as the “Cut off
frequency™ (f). A filter may, in principle, have any number of pass bands-separated
by attenuation bands. However, they are classified into four common types : low

TS

-

RS- T P P

[
o

»

e HT R TEE
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pass, high pass, band pass and band rcject. In coming sections, we will discuss A.C. and D.C, Clreults

about these types of filters in detail. Before we get into these filters, we would like
to study the cquations of filter netwoeks. The study of the behavior of any filter
requires the calculation of its propagation constant G aunnunt:on(a). phase shift
(P) and its chamacteristic impcance (Zg).

T-Network ' i
Consider 2 symmetrical T-network as shown jn Fig. 2.23. As we know, if the image

impedance at port 11’ and port 22’ are equal to cach other, the i image impedance is

then called “Characteristic™ or “iterative impedance™ (Zy). Thus, if the network

shown in Fig. 2.23 is terminated In 2, , its input impedance will atso be Z, .

Clearly, the input impedance for this network will be :

2% 4 -
2 T 2
lo—MW——AWW—o
- %,
- %3 Z
o : 'J.
. r4
l?ll,wtﬂ:r-drlnl'l‘ndwrk
—%u[—%]
e
z, %2
-
Z.
—+L+Z,
2
Also, Zin=Z
z, !
2 -+
z Z‘[Z ] y
. Zo'?"' ’
?l+Z‘+Z°
242224222+ 22, 5+ 4% 2, S
AZ, +2Z,+ 2 Zg) S
AL =B+4Z, 7,
z
712)'7“7134
The characteristic mpedanco of a symmeirical T-network is,

.‘/ Z
zo‘ 2 4%

The characieristic impedance can be expressed in terms of the open clrcuft
meedancc Zpc and short cu-cmt impedance Zg- of the T-network

-z,

7 3%% _B+4z7

Clearly, ZSC_7+Z 27,742,
l"'zl 1

2

FET T,

L T —
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Z,
and ZDCE.?-*kI

ﬁ’zoc."zsc"zlzz‘“ij
= Zo=YZpc Zsc

By definition, the propagation constanst (y) of the T-network is given by (Sec

Fig. 2.24)

Fig 2241 Definttlon of propagation constant.

1 —Il
= lo
Y 2o A

Taking the mesh equation, we get

Z[‘
Ilzz-lg[?+zz+zo]
L 2t
- L oz :

- ZmzE-p-3

The ‘characteristic impedance of T-network is

z-Y —54‘ t7 2

Putting this in above equation and simplifying, we obtain :

¥
(€' -1)°= Ze

Z

- 12 =

Zye"

" ' %
Dividing both side by 2, we get

7 1727
By =142k
_ cosl 27,

Also  sinh7¥ =V cosh®¥ -1

Z R

F.n
Lkl |

[

A R T AAVOCTE U

-r,
L 1om

ol |
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n-network

Consider a symmetrical n-section shown in Fig. 2.25. When the network is
terminated in Z; at port 22, its input impedance is given by :

VA 1 . 2
| o————AWW * »
Zirl : <
22,3 22, Z

C 1 e —

Fig. 2.25: Symn;elrlml r-nelwork.

2
ZZQ[Zl Yoz azZ Z?_i_z;‘:‘]
7 =
in 2
R
By definition of chamcterstic impedance, Z;, =2,
2
P
Dt
z,+; Z?Z;o 27,
4z,
A
_ 2, %,
— ZD_ zl
1+—
- 4z,

The propagation constant of a symmelrical - network is same as that for a
symmetrical T-network and is given by

Sh,‘Y 1 !
= [ S ——

2.5.1 Constant-K Low Pass Filter
- ﬁ;r-deﬁnit.ion, a low p-ass (LP) filter is on-e- wi:.ich passes without attenuation all
frequencics upto the cut off frequency (/) and attenuates ali other frequencies

preater then f.. This attenuation characteristic of an ideal LP filter is shown in.

Fig. 2.26. A network, either T or  , is said lo be of the constant K-type if
Z; and Z; of the network satisfy the relation :

z,2,=K?

where Z, and Z, arc impedance in the T and = seclion as shown in Fig. 2.27 (a) and

A.C. apd D.C. Circults
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Li2=39.8mH 19.8 mH L=79.8 mH
— 11k - » 211k -
L2
==0.’§18 BF == ==Cf2=0.159 uF
.| 0.15% peF
(T-section) {x-section)

Fig. 229: T and x sectlon of low pass [ilter (Answer to Example 6)

2.5.2 Constant K-High Pass Filter

- By definilion, a high pass (HP) filter attenuates all frequencies below a designated
cut off frequency £., and pass frequencies above f;. Thus , the pass band of this

F 3

. a :
(Auenuation) Auf::::,uon Pass band

>/

0 fe
Pig. 230t Ideal charucteristic of a HP Fllter.
filter is the frequency range above f, and stop band is the frequency range below f.
The attenuation charecteristic of an ideal HP filter is shown in Fig. 2.30. Constant

K-high pass filter can be obtained by changing the position of series and shunt arms
of the network shown in previous section. The prototype high pass filters are shown

in Fig. 2.31 (a) and (b) where Z, -J_m# and Z, = joL.

c
L
2172"E=K2
2C 2C c
> || i o i
7 = :
—_— _— . 1
2 L322z, 2 x F2z, 2,3 U
@ |  ®

Fig. 2.31: Conslant X-type HP Niter {a) T sectlon (b) = section.

_1/.!';
K=Y ¢

The cut off frcqu‘ieﬁl;:lcs are given by Z, =0andZ, = -47

a .
Zi=0= - =0=0 o

The variation of reactances (Z; and Z,) with frequency are shown in Fig. 2.32. As

-

[P A T ey r‘r:nTnuawr-mn
i

ey A




scen from the figure, the filter transmits all frequencles between f=f, and f= oo, The

point f, from the graph is a point at which Z=—+4Z,. We know, _

& %
Reactance
N/
0 r >/

| z,
I
]

44— Stop i

band : Pass band

| .
! -4z,

Flg. 2.32: Varlation of reactances with frequency. oL

- 1
Also, LI
mp Y = i
51111:12 }f
£
In the pass band, 1(—4<0 a= Oorlhercgmnmwh.lch?<llsapassband
1| fe
with p = phase shift =2 sin” Tl
In the autenuation band i =1 = '&) 1
] 4% - f
Z b/
Here, o=2 cosh ! | —= | =2 cosh™' %
crc‘a [4%] o f

1s

ancl fi=-7

Example 7 : Design a high pass filter havmg a cut off frequency of 1 KHz with a
load resistance of 600 ohm.

Solution : Here, f; = 100Hz and XK'= 600Q

L=Roe 800 ooy
dnf, 4xxx1000°
20 2C C
i L | . I
i ] s ]
L , 2L 3 éu
T-section * . A-section ‘
(a) (b)

Mg 2.3

A.C. and D.C. Circulls
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c =0,133F

I |
4nKy,

T and = sections are shown in Fig. 2.33. ' .

2.5.3 Band Pass filter

By definition, a band pass filter is one which passes frequencics between two

designated cut off frequencies and attenuates all other frequencies. Fig. 2.34 shows

an ideal attcnuation characieristic of a band pass filter, A band pass filter may be

obtained by using a low pass filter followed by a high pass filter in which the cut
- off frequency of the LP filter is above the cut off frequency of HP Giter, the

F 3

: A'“’E‘;?“m Attcnvation | Pass Alenuation
band band band
>/
Jy ey

Flg: 234: Idcal attenuation charncteristle of a band pass Olier.

overlap thus allowing only a band of frequencies to pass. This is not economical in
praclice, it is more economical to combine 1he low and high pass functions into a
single filter section.

2C, 2C, ' G L
— N . —m .

L L

2 2
ol 1, %—‘—{ %u,,_ %l{ %ﬂa
N - - ®) )

(n)

Fig. 2.35r Band pasy fllter,

Consider, the circuit shown in Fig. 2.35 (a) and (b), each arm has a resonant cireuit
with same resonant frequency i.c., the resonant frequency of the series arm and the
resonant frequency of the shunt arm are made equal to obtain band pass
characleristics.

Clearly, for condition of equal resonant frequencies

LG=LG
2 -
. J o L C -l
Zl-Impedmccofscnesa:m-J[——-]
oC,
Z; = lmpedance of shunt_g@ﬁ[%]_
e e T TR 17o*s; |
ZZ_—_L,_ w?L,C -1
2 1-a?n g
As, Llcl-'LZCZ
L_L
4% e

(] where X is a constant. Thus the filter is a constant K-type.

1 e
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iz,
Z, =-4hl

- Zim-4Z,Z,=-4K°

Z
Pass band : -1<-—l<0|.l_x:l_a:cmol'fﬂequmcy

- Zy=ipK
f.c., the value of Z; at lower cut off frequency is equal 1o the ncgative of the Z; at
upper cut off frequency. .
It can be shown, f, = resonant frequency = Y/[ f;

SAQ 6
Determine cut off frequency for the LP filter shown in Fig. 2.36 (a) and (b).

. 40mH- 40 mH - 10mH
v oy
--I-OJMF‘ - -I—o.suF —I— 05 uF

{n) (b)
Pg L&

SAQ 7 ) o
Determine the cut bff feequency for the HP filter shown Fig 2.37 (a) and ().

6'21 uF 02 pF 4 [.;.F
— —— - [ .
0mH 100 mH - 23 100 mH
t
(a) (b
Fig. L3

A.C, and D.C. Circutts

2.6 ATTENUATORS . ]

An attenuator is a iwo port resistive network and is used to reduce the signal level
by a given amount In number of appllcation, it is necessary (o introduce a specified
loss between source and a matched load without altering the impedance relationship.
Altenuators may be symmetrical or asymmetrical, and can be either fixed or '
varisble. A fixed attenuator of constant attennation is called a “Pad”. Variable
attenuators are used as volume controls in radio broadcasiing, speed control of -fans
elc. Attenuators are also used in Isboratory to obtain a small value of voltage or
current for testng circuits. Attenuation is gencrally expressed in decibels (dB) or in
nepers. Attennation offered by & network in dB is given as follows:

P
Attenuation in dB = 10103,.,[;'-].
2

Where P, is input power and P, Is output power.
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nonesl)

il

By definition of propagatian constant , we get

I
Yml.
] L N

Here, y=a = ¢%=N
uslng this, we get

M-1
_RO[N 1/N] RO(z.v )

" - Roem+e'a./2
o2 _ a2

<R, e®+1 (N+1)

B 1 Bow-n

The expressions for R, and R, are called the design equations of the symmetrical
_®-attenuator.

Example 9 : Design & w-type attenuator to glve 40 dB attenmtlon and to have a
characteristic impedance of 100 Q.

Solution : We know,
. dB
N anulog[zo]
40
mﬂlog[zo]
=100

Ry(W-1) 9999

Ry = 10055100
~ 50009
N+1 101

Ry~ Ry =100%-5

=-1020

‘ 2.6.3 Lattice Attenuator

A symmet.ncnl remsla.nce lathce is s.hown in Fxg 2 40 (a) The series and the
diagonal arms of the network can be specified in terms of the characteristic
impedance Z; and propagation constant, y. We know that the charscteristic

impedance of-symmetrical-network is geometric mean of lhe open and short circuit
impedance of the network.

‘ The circnit of Fig. 2.40 (a)isrcdrawninFlg 2.40 (b) to calculate open and ahort

circuit impedances.

¢ At rrpnqn—-rr

Pa e




R+ Rz 2R R,
Hence, L=Ry=VZpcZgr = '/ Rl -y
VR R,

“In Fig. 2.40 (b), applying kirchoff's laws, we get”
V=1 Ro = ~DR+LRy+(I+ L) R,
LRy=R (I, +L)+LR, |
Ij (Ro-R) =L (R + Ry)

L _Ri+Ry 1+R/Ry
L Ry-R 1-R 7R,

g

1+VR
e = : Rz [pul.tmg Ry = ‘,_I?E]
J &
1-¥ &
2

=+ o =Propagatinn Constt.

- 1+ITR,
| T-VR, /R,
Ry
1+_§0_ _
Also, from N= R
1
1-==
Ry
N-1
-t Rl:R°[N+1]

also, R, =R, [-NTI

AC, asd D.C. Circulis
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Network Aualysls sud Deviees gy nte 10; Design a symmetrical lattice attenuator to have characteristic
impedance of 100Q and attenuation of 20 dB.

Solutlon: Given Ry =100 and attenuation = 20 dB

We know, N=anlilog[g'—;] = amilog[ig] 10

From deslgn equations for symmerrical Jattice network

_p [N-1)_ o0 10-1 _ 900 _
Rf—&,[”ﬂ] 100% == = 82.54Q

N+1 10-1_900
R,- RO[N 1] 100% == " =82.54Q ‘
11 1100 _
100x - = 0= = 122220

The resulting lattice attenuator is shown in Fig. 2.41.

- R, =823540

Ry = 82,540
Fig. 241:
5AQ 8
Design a2 T-type atienuator 1o give an aitenuation of 20 dB and to work in a line of
800 Q
SAQ 9

Design a n-type attenuator o give an alienuation of 20 dB and o have characteristic
impedance of 500 Q. '

SAQ 10

Design a symmetrical lattice type attenuator 1o give attenuation of 100 dB and 1o
have characteristic impedance of 1000 L.

2.7 SUMMARY

e The frequency at which the resonance occurs is called resonaut frequency.

e At resopant frequency the capacitive reactance and inductive reactance satisfy
B the fnllowing relation, X = X

o  Band widih of RLC series circuit is —
: 2z L

e  For series resonant circuil quality factor (or figure of Merit) is given by @= —R£

o  For parallel circuit, Q-factor is given by Q = wy RC.

e  Maximum power transfer occurs when the load impedance is equal to the
62 _ complex conjugate of the source impedance.
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Filter can be classified as : Low pass, High pass and Band pass filters.
An atienuator s a network which is used to reduce the signsl level by a given

" “Attenuation offered by a network In dB is given by

P
Attenuadon in dB = IOIOgFl
2.

Where P, is input power and P, is output power. . .

2.8 TERMINAL QUESTIONS

1.

A signal gencrator supplies a 30V,. 100 Hz signal to & series cirenit shown in
Fig. 2.42. Determine the impedance, the linc current and phase angle of the
given circuit.

100 20 mH 30 mH
APV T 411k . -
2
@ 5;309
Fig. 2.4

For (he circuit shown in Fig. 2.43, determine l.he value of R. for which the
circuit resonates.

0 Re

150 : -jl2sQ
J —[_

Fig. 24X

Deduce

.

. Z
M  (Zrpework= 2 +2 7

PN Ay a1 - R
an simh2 =¥ 7z, ~

2.9 SOLUTIONS AND ANSWERS

Vs=Y Vg +VE =Y (07 + 07 =723V

¥,
Phase angle 8 = tan™! [V—L] .
: R

A.C. aud D.C. Circulty
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6.

, =tan™! [E] = 15.95°

70

V.=V VE + ¥2 = (20% + (30%) = 36 V, Phascangle (6) = tan”" [?] = tan”! [gg] =56:3°
R .

o2 x500x0.1

5
R

R;4n$2

2-
0

o2=-L
75

1 1
Lxad 0.1x4x5x500°

Cwm

-——L —107F=0.1uF
100000 7

=112.5Hz

PR 1
= -
mVIC oy o2x10%10°0

wl
Q R 2.33

e R _
fl_fb 4L 92.6Hz

R
fo=fo+ 77 = 132.39Hz.

4
BW = Band width =£, - | = 39.79Hz

In the circuit shown, the resistance Ry is fixed. Hence the maximum power
trapsfer Ltheorem does not apply, Maximum current flows the circuit when Ry is

minimum. For, the maximum current,
Rs =2 !
Total impedance of circuit Z=R;-j5 + Ry

=2-j5+20=22-j5

: -5
=Y+ (5% & ‘““[?z‘]
=22.56L-12.8°

__50L0°
0= e - 2R2L128

* Maximum power =(2.22)% X 20 = 08.6 W

L

(8) T - network : 2

=40mH, C=0.5pF

L
K C =400Q

—i‘: =
fom i g= 1591 Hz=

T ISR TS




C A.C. and D.C. Circulis
(b) = -network 2" 0.5uF:L=10mH

=/ L -
K c 1000
X __1_.
A In - x KC 3183Hz
7. (a) T-network : 2C = 0.2 pF
= C=0.1pF, L =30 mH

f= I ui-
¢ 4xnYIC 4xL

- 1

. 4nV0.1x30x107°

(b) = - network 2L = 100 mH = L = 50 mH

C=4F

K= / /50x1o3
4x10°8

o= 4 KC
dB
8 N anulog[2o]
. 20
anulog[zo] 10

(N - 1) _800x9 7200

&= R°(N+l) TORETE

* _2NRy 2x10x800 16000

Rz— = — = Q
NZ- 99 99

9. N= anulog[zo] 10

Ry -1) 500x99

=N “Tax10

=24750 N

Ry (N+1) 11 _ 5500 -
Ry -1 =500 % 9 9 .

10. N= anlilog[%:]g] -10°

Ry(N-1) 5 100-1

Ry - Nti =id x 105+1=m-n
Ro(N+ 1) 10°+ 1 .
Ry=— =10 x—— =100
. N-d 10°-1 -

TQs

1. Zro. =40+43.98
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semiconductors (elemental, compound or oxides) whose conductivity can easily be
manocuvred to suit the requirement. In this unit we will confine ourselves to
¢lemental semiconductors & their basic propertics in order to understand the physics
of semiconductor devices. The most important are the électrical propertics and their
modification by.doping. This can be understood from their energy band structure. A
detalled explanation of the energy bands is a part of solid state physics course,
however, the main features will be given in coming sections. Since most of the
semiconductor devices likes diodes, transistors, ficld effect transistor (FET) and
metal oxide semiconductor field effect transistors (MOSFET) arc made of either
Silicon or Germanium, it wil} be important to know some parameters of Silicon and
Germanium, which are listed below in Table 3.1

Table 3.1 ' §
Parameters Sllicon (5i) Germanivum (Ge)
Atomic Number : 14 32
Alomic Weight 28.08 72.60
Density (Kgm™) 2.33x 10° 533x%10°
Melting point (°C) 1420 937
Atoms per unit volume @m 5x10%8 - 4.42x10%8
Relative permmiittivity (€,) 11.8 16
Atomic diameter (hm) 0.235 0.246
Energy band gap Eg (ev) 1.12 0.66

In coming sections you will read application of these semiconducting material in

fabricating p - n junction diodes and their use as rectifier, detector, voltage.

reference; junction transistor, their characteristics, binsing and configuration in which

it can be used as an amplifier; field effect transistor and MOSFET. We will start .
this unit with introduction lo vacuum lubes for historical reasons. Although the use i
of vacuum tubes is very limited now as it has becn completely replaced by

semiconductor devices, yet they find some applications in ultra high frequency

amplifying devices and high power (MW) electronic applications. The details of

amplifier cireuit, oscillator circuit and power supplics, will be deait in BLOCK-2 of

this course.

Objectives
After going through this unit you will be able to

s  describe thermionic emission and concept of space charge limiled operation
and functioning of vacuum diode; lriode, ictrode and pentode,

L explain the fundamentals of semiconducting material and the® cnergy band
diagram for intrinsic as well as extrinsic case,

®  cxplain basic mechanism for transport of charge carricrs in semiconductors,

» draw vollagc-currcnt characteristics of bulk semiconductor, p — n ju.nclmn ledB
and zener diode,

-&  describe fuactioning of bipolar jl.l.[l(.‘l.ll)ﬂ ransistor (B3 T); Jicld effect t.ra.ns;sror -

(FET) and MOSFET.

(] diffcrentiate between basje fealures of devices like BIT, FET and MOSFET.

3.2 VACUUM TUBES

The thermionic vacuum diode, invented in 1903, was the first in chain of electronic
devices' thal dominaled the field of electronics Gl the invention of the transistor in

L e i b i et
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1948, The use of vacuum devices is now restricted to amplifying devices in ulaa y

high frequency (MHz) and high power (MW) electronic applications.
3.2.1 Thermionic Emission

Electronic emission Is the process by which the free electrons escape from the
surface of metal. A metal is made up of atoms bound in erystal lattices, of electrons
bound to the atoms, and of free clectrons that are not bountsto any particular
locations in the metal. The free electrons are always in motion and travel more or
less freely throughout the body of the metal, A certain minimum amount of energy
must be given to the free electrons to enable it 1o escape from the metal. This
amount of energy. required at absolute zero temperature is known as *“*Work
function® of the metal. It is expressed in clectron-volis (¢V). In thermionic
emission, the electrons are emitted when a metal s supplied with heat energy.
Suitable metals with low work functions values are tungsten in high-voltage (KV)
tubes, thoriated tungsten in high power (KW) tubes and oxide coated metals in
low-power eleclron tubes,

3.2.2 Vacuum Diode

The simplest form of a lhermionic vacuum tube is the diode, cosisting of a cathode
heated by a filament and an anode enclosed in e evacuated glass or metal envelope

(The pressure jnside the chamber is roughly 107° mm of Hg or less). The

S A © (Anode)
Filamen
Cathode y
Anodc nK
Evacuated tube l Filamenlt
K © (Cathode)
- -)
(a) ()]
1,(mA) 4
80 |
40
0 200 o - » V. (Volis)
{c)

Pig. 3.11 A vacuum dlode (g) construction (b) symbol end {¢) volt-ampere characierisles.

* comsiuction and ‘the symbol ol a vacuum diod€ is shovwn in Fig. 3.1 (a) and by
respectively. The volt-ampere characteristics of this device is shown in Fig. 3.1 (q).
When anode is maintined at a positive potential with respect to cathode, then the
clectrons emilted by the directly or indirectly heated cathode, are -attracted by the
anode and thus allows flow of current through diode. The volt-ampere characteristic
clearly shows (hat this device conducts only in one direction i.e. when anodc is
positive with respect to cathode. Anode current is zero for zero and nepative values
of V4, the voltagé between anode and cathode. One of the major problems

associated with this device is ‘‘space-charge limited operation'*. This can be
' 69
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Network Aoalysls and Devices  ¢xptained as follows. In all the thermionic vacuum tubes, the electron emlssion of

the cathode is at & much higher rate than that at which the electrons are drawn away
by the anode. The resulting cloud of electrons near cathodes, called the negative
space-charge, makes the anode current dependent on the anode potential and
independent of the rate of cmission, which depends on the temperature of the
“cathode. This phenomens is cafled ‘“*space charge limited operation™*, Clearly, in
order to draw large anode current, we will require high potential difference between
anode and cathode. L 4

3.2.3 VYacuom Triode

. +
Filament E Vi
- Cathode (K) ; -
‘- | | Grid (G) 3.
Ancde (A)
Evacuated lube
7272 Ground
(a) b)
f, (mA) 4
5
4
3
2 ]
14 ,
S
0 4

-

g 3,21 A vacuum tdode (s) constructlen (b) symbol along with de biasing scheme
(¢} Vax = Iy end (d) Vex— Iy characterislics,

A vacuum triode has a third electrode, called ““grid’" due 10 its mesh like strucruze,
introduced in the negative space-charge region nearer to the cathode as shown in

Fig. 3.2 (a). The grid therefore has more effect than the anode in controlling the
current flow between the anode and the cathode and hence it is called the **control
grid*",

70




The voltage drop between control grid (G) and cathode (K), Vgx is usually a few
volts negative with respect to the cathode. The symbol of vacuum tiode is shown In
Fig. 3.2 (b). As control grid is nearer to the cathode, a much smeller voltage applied
to the control grid can result in the same change of anode current as will be
produced by a much larger voltage applied to the anode of the tube, This action of
control grid also forms the besis of amplifying action of the wiode. )

In order to determine volt-ampere characteristics of a triode, we have to consider
three variables namely Vg, I, and Vgg The most commonly used plots are the
anode characteristles (I, - V) with Vg kept constant, and the transfer
characteristics (I, - Vgp) with Vyp kept constant as shown in Fig. 32 (c) and (d)
respectively. The cut off grid voltage is that value of Vi at which I; becomes zero
for a given value of V. '

The small signal parameters of triode can be determincd by finding out de operating
point with the help of external voltage sources and resistors. In the near linear
portion of the characteristies, their slope around a de biesing point Q can be
Identified as follows :

AVax
Anode or plate resistance, AT Vex = Const. i
A
Al
Transconductance, Bm = V4x = Const
AVgx
U AVug.
Amplification factor, H=——1I,=Const
AVgy
Clearly, H=TpXgn (3.1}

Small Signal Models :

For small voltage and cufrenl variations around the Q-point, these small signal
paramcters can be considercd to be constant and then a small change in I, can be

expressed as ;

e G 4 ‘.a' A G G ‘.n' -, A
+ T_—o - + + T‘ Q ' T +
;
i
Vlt Ij UL # gmugk grp VI .
K K K ‘ K
{(a) ) )
Fig. 3.3: Small signa! models, (a) vollage source (b) current source.
= (Vag, Yor)
P P SR N
- +—_—
A aVGK K aVAK AK
- o S S
g =8mAVep+ A Viy
Tp
. i
- la “BmVer* T Vo
™ )
- . Vak ™ iq o= E&m rpvgk=iarp_l'lvgl: (3.2)

where i, vop2nd vy represent the varying components of currents, and voltages in

the circuit. This equation can be replaced by circuit known as small signal model
for triode, shown in Fig. 3.3 (a), and (b).
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Figure 3.3 (b) can be understood by rewriting the above equation as :

v Dlviding both sides
',._k' o =8mVer | BY ’P the equation (3.3)

P Var™ “EmTp Vg

324 ' Vacuum Tetrode and Pentode

Yacuum Tetrode

The major problem associated with triode is its inter elecrode capacitances. They
are capacitance between grid and anode, grid and cathode, and anode and cathode.
These capacitances become very effective at high frequencles resulting in instability
in the action of Triode at such kigh frequencies. To overcome this limitation, a new
clectrode 1s introduced, giving us a four clectrode tube called tetrode. The fourth
electrode is called a **Screen grid’*. Structurally it is similar to control grid and is

Control grid Screen Grid

Grid

Cathode and
Suppressor Grid

()

Fig. 3.41 (o) A tetrode with proper blaslng (b) A Pentode.

placed betwcen anode and control grid. It is operated at a fixed positive potenl.ml
The two main functions of the screen grid are (i) to increase the plate current by
overcoming the space charge (ii) to reduce the capacitance between the control grid
and the anode at high frequencies. A tetrode valve is shown in Fig. 3.4 (a).

Vacuum Pentode

The problem associated with tetrode is that when screen grid is at a higher potential
than the anode, the primary electrons from the cathode accelerated by the screen
-grid-hit the anode resuiting in the emission of- secondary cleclrons from-Ure anode,
which are attracted by the screen grid forming e screen current, which reduces the
plate curtent. To avoid the decrease in plate current, a new clectrode js inseried
between the screen grid and the anode. It makes five electrode structure called
Pentode. The new electrode Is called the **Suppressor grid®". Tt is kept at cathode
potential. The purpose of suppressor grid is to return back the secondary clcctrons
emitted by the anode thereby removing the dip in the plate current curve of tetrode.

"'A Pentode valve is shown in Fig. 3.4 (b).
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SAQ 1 @Give cxamples of some elemental, compound and oxide semliconductors?
How does the conductivity of oxide semiconductors change?
SAQ 2. Define "*Work function" Explain thermionic emission.

SAQ 3. What do you understand by space charge limited operation? Explain this
with reference to vacuum diode. How the adverse effect of space charge
reglon controlled in a triode?

SAQ 4. Give volt-ampere characteristics of 8 vacuum triode and give the small
signal parameters. '

SAQ 5. What do-you understand by small signal model of a triode. Give small
signal model for a triode with a voltage source and a current source.

SAQ 6. Write notes on (i) Tetrods (ii) Peatode.

3.3. SEMICONDUCTOR MATERIALS-

: —
The term semiconductor denotes a solid-state material having a resistivity Iying -

N
between that of a good insulator and of a metal i.e. lying in the range of 104\53

107 Qm. Silicon, Germanium and Gallium Arsenide are the three most widely used
semiconductors. Because of the predominance of silicon devices, we will confine our ™
discussion to them. Semiconductor can be of two types : Intrinsic or Extrinsic. An
Intrinsic semiconductor is one which is pure and consisis entircly of the same types
of atoms in a perfect covalent tetrahedral erystalline structure. In order to obtain
exirinsic or doped semiconductor minute, controlled quantities of trivalent (barium,
gallium or indinm) or pentavalent (phosphorous, arsenic or antimony) doping atoms
are intentionally added to en intrinsie tertravalent scmiconductor. Since impurity
atom doping is very small, the basic crystal structure is unaltered. Most physical and
chemical propertics are essentially same and only the electrical properties change
markedly.

3.3.1 Energy Band Diagram (Intrinsic Semiconductor)

A, solid body consist of a host of atoms which strongly interact owing to small inter

atomic distances. Instead of combination of discreate enerpy ievels inherent in an

individual atom, chatacteristic of a solid body is an aggregate of encrgy bands.

Every band originates from a certain level which splits, as it were, s atoms come

closer togetber. As a result, a crystal with an Inler atomjc spacing do features-a

definite arrangement of energy bands; the band diagram where (allowed) energy

bands alternate with energy gaps, also called **forbidden bands** or **band gaps®’, is 4
shown in Flg. 3.5(a)

4

3 2 1 Conduction

= _ Band

Ene - . 1
(ICVCE)Y ] —_— - Bﬂ-n’d Gﬂp

—_ N ——— Valence ——]

= _ — Bund ——
. : . o (Inter atomic

dg d d., spacings)

{a) o L] -
Fig. 3.5: Formotion of enorgy bands () 1-—~ ln‘ﬂl{dunl alomlc levels 1 2 — aggregute of energy
- bands § 3 — almost conllnuous energy bgitds (b) energy band diagram of Inirindc

semiconduciors at T=0LK ) : 73
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1
Hole

Fig. 341 Covalent bond model for fotriosic scmlconducior with thermally generated electron-hole por.

The upper energy band is a conduction band and the band below it is a valence
band as shown in Fig. 3.5(b). At absolute zero, the valence band is always filled
completely with electrons, whereas the conduction band is almost empty.

The silicon or geranium atoms are tetravalent as they have four valence electrons in
their outermost orbit. A simplified model of tetravalent atoms consists of a core with
a4 +de charge surrounded by the four valence clectrons, The arrapgement is shown in
Figure 3.6 in a simplified two dimensional form. Bach of the four valence electrons
of a particular atom is sharcd i.c. associated with cach of the four nearest atoms
forming strong covalent bonds. When a covalent bond is broken as shown in Fig.
3.6, the freed electron leaves behind a vacancy in the covalent bond. There is an
excess of pasitive charge in the broken bond associated with this position of the
missing electron. This vacant position or gap is called a *‘hole’*. Since breaking a
covalent bond results in both a free electron and a hole, consequently, the hole
concentration (p) and electron concentralion (5) must be equal and

n=p=nm . (3.4)

where #; represents the intrinsic concentration of charge carriers. Thus the thermal
agitation generates new electron-hole pairs. The electrons have a limited lifetime in
the conduction band and periodically fall back to the valence band in a
“*recombination™ process with energy of excilation appesring as heat energy. The
lifetimes 7, and T, of clecuons and holes ate very important parameters as they-
indicate the time requl.red for the excess electrons and hole concentration to retum

to their equilibrium values. The intrinsic concentration #; is very sensitive to
temperature and is given by

n; = Ao 7%/ exp [?E (3.5)
!

where 4y and E, are material constants, X-Boltzmann Constant and T is tempmmre

- in K.-The Term- K— appears very ‘often in semiconductor physics and is gcnerally

denoted by symbol V¢ (thermal volmgc)

_XKTr__ T _ -
l"_,-— 4 - 11600 25mV st T=300K

M\"‘m
cleatly, both elecirons and holes contribute to the conduction process in-a
semiconductor. However, the hole mebility-p, is always less. (=3 times lower) than
the electron mobillity u, due to the complexity involved in the motion of a hole.

bt M [ 2 g mmn[u’n nT




The expression for conductivity (a) can be given by Electron’ Devices

c=g(np,+pp,) h (3.6)

In intririsic semiconductors n=p =n;
3.3.2 Effect of Doping on Energy Band Diagram .

As already explained in earlier sub-section, a doped semiconductor (may also be
called extrinsic semiconductor) is one in which minute, controlled quantities of
trivalent (for p-type semiconductor) or pentavalent (for n-type semiconductor) doping
atoms are intentionally added to an intrinsic semicorductor (Si or Ge).

n-type semiconducior

Assume that a small amount of pentavalent element is added to the pure silicon. The
resulting energy-band model and the two-ditmensional bond structures are shown in
Fig. 3.7 (a) and (b) respectively. The pentavalent doping atom is represented by an
ion having +5e charge surrounded by five valence electrons. Four of the five valence
‘electrons of-the impurity atom enter into convalent bonds with neighbouring
tetravalent silicor atoms. The fifth electron is now loosely bound to the parent atom
by .an electrostatic force alone. In the presence of a small thermal energy (0.01 eV
“for-Ge and 0.05 eV for Si) this extra electron becomes a free electron avajlable for
conduction even at low temperatures. The impurity atom is known as donor atom as
it has donated one electron to the crystal. The donor atom cccupies an energy level
very near to the conduction band as shown in Rig. 3.7 (a). In the charge model,
shown in Fig. 3.7 (¢), only the immobile positively ionised impurity atoms nlong
with the free charge carriers (electrons) which they have donated are shown. In Fig.
3.7 (¢) the silicon atoms as well as the relatively small number of thermally
generated electron-hole pairs are omitted for the sake of simplicity.

Encrgy

4

- Free
Conduction Iand Electrans

+ + + + + + + +4— DonorEnergy
level (Impurity ion}

+ + + +

Vulence band

Dislance

()

Dunor '
o I Eleciron (b)

@101 18

@I Ie e

I I®i
i

" e
o
1

Fig. 3 .71 Two dimenslon model for a-type semlconduciors (a) energy-band (b) hond model
(c) charge model.

Pp-type semiconductor

Assume that a small amount of trivalent element is added to the pute silicon. The
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resulting energy-band model and the two dimensional bond structure are shown in
Fig. 3.8 (a) and (b) respectively. The trivalent doping is represented by an ion
having +3e charge surrounded by three valence electrons. These three valence
electrons cnter into covalent bonds with the neighbouring threc tctravalent silicon
atoms. A vacancy or hole exists in the fourth bond as shown in Pig. 3.8 (b). There
is~a-possibility that a valence clectron from s.neighbouring atom hops Inw the
vacancy. That is why doping atoms are called *“acceptor-impurity** as it-accepts an
clectron. The negative acecptor ion occupy Ui encrgy level near the valence band as
shown in Flg. 3.8 (a). The hole now can be assumed to be loosely bound to the
parent impurify atom-by electroatatic force alone which can be overcome caxily by
thermal excitation enctgy of 0.01 ¢V for Ge and 0.05 ¢V for silicon. Thus, even at
low temperatures the impurity atom is ionised and the resulting hole is free to take

. purt in conduction. In the charge model shown in Fig. 3.8 (c), only the immobile

negatively ironised impurity atoms along with the hole are shown.

4 S9N Hale Ac‘i::rli"""
- —P @ e= /
Conduciion Band N +
________ 0 0
A E 2~ L "'\\ 7 "\\ N “\\ + + +
cceplor Energy ! Q@ 0 O
Level D) c:‘,::; = + o+ 1
______________ N ©@ 0 0
+ - + +4—Hole :D ﬂ oo+
AN © 0 6
Valence band \ + + o+
Distance through crystal _,: l

Fg SJ:delmapdnndwhmucformmm(-)hdm(b)hﬂ-dd
(c) charge model

Law of mass action -
In the n-type (p-type) semiconductors, the number of holes (electrons) decrease
below that, which would be available in the intrinsic semiconductor, This is because
the rate of recombination increases due to the prescnce of a large number of free
elecirons (holes). Purther, the law of mass-action states that under thermal
equilibrium for any semiconductor, we have

np= nf G.7

Thus the doping of iatrinslc semiconductor enhances the humber of majority carriers
viz. electrons (holes) in n-type (p-type) semiconductor while suppressing the number
of minority carries vlz holes (clectrons) in the n-type ( p-type) scmiconductor. For
conductivity of the doped semiconductors, the dominant majority carriers alone need
to be considered.

Conductivity
@) n-type semiconductors : g, = gn, j, (3.38)
(i) p-type semiconductors : o, =gp, B, o (3.9)

3.3.3 Transport of Charge Carriers in Semiconductors

In -genetal-, the t-:l:ua.rge- camcr l.l_'ansPort"res-u-lLs from three processes, namely
(i) Temperature gradicnt

(i) Ddfi-duc to the electric potentlal gradient

(iii) Diffusion due to the concentration gradient

Since most of the semiconductor devices are made to operate at constant
temperature, therefore the charge transport due to temperatute gradient is not

T T eI
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relevant for discussion here. We will just concentrate on the other two mechanisms Electron Devices
for charge transport in semiconductors namely Drift and Diffusion. *

Arca A

Semi conductor 4
(Bulk)
>
— . 'V
_I L]
Fig. 3.91 Drift of charge carrers ip semilennducior sample.

Drift of charge carriers under low ficlds

Suppose a voltage V is applied across a block of semiconductor of area A and
thickness 4 as shown in Fig. 3.9. The electrons drift with velocity vy, and hole with

vz, in opposite dircetions. Since the hole carTy a posilive charge and electzon

ncgative charge, the current from both the carriers is in the same direction.
Therefore current I can be expressed as :

I=%=q(nvde+pvdh)d

J = cwrrent density = %“Q(ﬂvdg*'Fth)"’E

Where E is the electric ficld and g, the electrical conductlvity.

ﬂvdc PV, ) 4
- cr=q[-§-+ Edh]=‘1("l-'de+f-’l-'dh) (3.10)
where p gy, and pg, are the drift mobilities of eleetron and hole. You may recall that
mobility is defined as vclocity per unit electrie feld,
Righ Field Conduction
The bigh ficld conduction can be divided into two regions :

(i) Saturatlon of drift veloeily i.c. the current becomes independent of voltage (in
turn electric field)

(ii) Breakdown, when curzent shows sudden incrense with voltage.
Satordtion of drift veloclty

We know that in metals, the drift velocity (vy) is always very much smaller than

the thermal velocity of.electrons [v,,, - -\/ S:T ] : At room temperture ie, at
2

VK, vy=lx 107 ems™? for free electrons. But in inl.rin"sici _ét_:_-.:o_w_'-cquy_ctnrs.—which'
have high reslstance and so it is possible to apply high eleciric field so that the drift
© velocity approaches the thermal velocity. When this situation reaches, the mobility
-beeomics feld dependent as additional scaticring niechanisins -come into- play. The -
decrease in mobility with high electric field causes saluration of drift velocity, We .
can sce for silicon, p, = 1500 cm®/v-s, v4=1%10" em/s for cleetric ficld
E=l X_IO‘ v _cm'l. Typically, the current becomes independent of voltage once the
electric field exceeds 10 KV/cm. The concept of saturation of drift velocity at high

electric ficld is very important in understanding I-V characterislics of semiconductor
devices . -

Breakdown at very high clectric fields

The drift velocity (v,) being average velocity, individual electrons can have . 77
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- Nelwork Aoalysla und Devices  yajnoities higher than average vy Hence, when the electric field in any
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“semiconductor is increased above 8 certain value, some of the carricrs gain enough
energy so that they can excite electron-hole pairs by impact ionisation. These
additional electron and holes gencrated by impact jonisation cause a sudden increase
in the current, and the current shows & very rapid increase with voltage above the
critical voltage for breakdown. A schematc representation of current density as a
function of electric field is shown in Fig. 3.10. At low ficlds, we have ohmic .

" region (OA), which changes into saturation region AB when' didft"velocity is

saturated. The carriet concentration in OA and AB region is constant and the
variation in current density is only due to varialion in drift velocity with electric
field. However, in region BC which is breakdown region; the sudden increase in
current is due to the increase in number of carriers.

s
o

J F 3
. C
Saturation _yy - Breakdown
) region y Tegion
A }
Ohmi > o
rcgrirtl)l:l: 7] : Carri :
I armers [ 4— Increase
—+ remain ——™ in carricrs
: canslant - I
1 e » I *
O

Fg. 3.10: Variation of current densily as o functlon of electrle fleld.
DilTusion of carriers due to concentration gradient

" In diffusion mechanism, the wansport of cartiers is due to conceniration gradjent,
When the concentration of charges-at one place in a semiconductor is more than in
other places, then the carriers from higher concentration region move to lower
concentration region. This phenomena is not limited to the motion of electrons and
holes but is a general phenomenon and we will see that it is used for doping
impurities in semiconduetor.

&

1
n(x)

Elecuron
Density

x~ 8x x + bx

Fig. 3.11: Variatlon of electron densily as a function of dlslance.

- Lot ihe varistion of carricr concentration #{x) as a function .of distance x, be given . -

by Fig. 3.11. We take dx as the mean free path (average distance covered by
clectrons before collision) and T s the time between successive collision. The
thermal velocity (vy) can be writicn as

ox
e 2X
T

VA

The average rate of flow of charge carricrs per unit area crossing the plane at x
{rom left to right, F, , can be expressed ss :

Wk - XM RIEL
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Fx,l[{n(x—ax)m(x)}

Eleciron Devices
2 2 ] Vih '

The factor half is coming because half of the carriers will be moving 1o the right,
and the average number of charge carriers is half of the density of carriers at x and
. x=8x.

Taylor expansion of n(x-8.x) = n(x)~ g—:- Dx+ : B

Neglecting higher order terms and substituting in sbove expression, we obtain

L1|a) _13n. ()
Fe 2[-2 2 9x0%* 2 ]"*"

1 1an i
E[n(x} > Bxbx]v,,,

Similarly, the charge carricrs passing per unit area per uait time from right to left at
the interface x as shown in Fig. 3.11, F;' can be expressed as :

SN | 1adn

F, "-2—|:n(x)+§-aﬁ I]?,;,
The net flow of charge carriers left to right per unit arca per unit time can be
obizined by taking difference of F, and F,' and can be given by :

. 1 dn
F=F -F; —-be vm[-a—x]
The factor (1/2) in above equation arises from the simplifying assumptions. If we
assume that average density between x and x - 8.x is a(x -5 x) and between x and
x+bx as n{x+05x), then the final expression will not have this factor of (1f2). Now,

we define *‘diffusivity™ or *“diffusion constant™ D (cm®s™') of charge carriers as

D =%6xv,;,= 5 x v, (approx.) 3.11)

Hence, the number of charge carricrs moving from left 1o right per unit area per unit
time can be expressed as :

—_plon
F=-D [ 2 x] (3.12)
The current density J=g F, .

where g is charge of the carrier, negative for elecirons and positive for holes. For
simple one dimepsional case, the diffusion current duc to the electrons and holes can

be represented as

J,(diff.)=qD,,[:—:] ) CGay
2
. _ _Jk(ditraa:q_ah[a—‘z] N X 1)

Tbe relation between the diffusion constant D and the mobility is called the
Einstein's relalion, and can be derived by assuming that the charge carriers behave
like a free gas molecules. The Einstein’s relation is given by .

D KT
oSS 1.15
B g @.13)

General ease

In the gencral case when both concentration gradient and electric field E are present,
the current carried by each type of carmier is given by 79
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J,=J, (drif) + J, (diffusion) (3.16)

ad
-qp,nswne[ﬁ] _ _
Jy = J, (drifo) + J, (diffusion) - - @D i

. ap
=quPE-qDy |5+

The 1otal current density J=J,+J, (3.18)

SAQ 7. Explain the formation of energy bands in intrinsic and extrinsie
semiconductors. What diffetence do you observe? -

SAQ 8. What do you understand by Law of mass action?’
SAQ 9. Explain the variation of intrinsic carrier concentration with temperature,
SAQ 10. Explain the process of transport of charge carriers in semiconductors,

SAQ 11. Explair the varialion of cumrent density with electric field when it is low,
bigh and very high.

3.4 p-n JUNCTION DIODES

You have alrcady learned in previous section that the current flow in an extrinsic
semiconductor is due to lwo mechanisms, namely drift and diffusion. The drift
motion of carriers is caused by a potential gradient while diffusion takes place due

. fo the carrier concentration gradicnt. The drift current is proportional to the electre

field strenpth and the cartier conceniration, while the diffusion current is
proportional to only concentration gradient. Diffusion is important ransport
mechanism for minority camricrs as their concentration gradicat is steep. Majotity
carriers mainly conlribute to the drift current as their concentration is more. By its
very nature, diffusion is a slower transport mechanism as compared with drift.
DifTusion is controlled by the number of electrons/holes crossing the barrier, while
in drift the number of elecirons is fixed at a temperature and the current increases
with Increasing field till saturalion. '

If we take an’ n-type semiconductor sample and diffuse p-type impurities into it, a
P~ n junction is formed as shown in Fig. 3.12 (a). Only majority carriers and

Elcciric ficld
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Fig- 3.121 Formatlon of p-n juncilon (o) carrier dlstributlan (b) formation of charge depletion layer.
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impuri¢y ions arc indlcated on the n-and p-sides. OF course, on both » - and p-side,
minarity carriers also exists. When the junction is formed, because of the )
concentration gradieat, holes from the p-side d.iﬂ’u.ue into the n-side and recombine _
with free electrons. Similarly, electrons from n-side diffuse to the p-side and
recombine with holes. Such an exchange of mobile carriers occurs mainly in a
narrow region around-the junction. This region is called the “*depletion layer’” or
*‘space-charge layer'’, a5 it becomnes depleted of the free charge carriers, leaving
behind the un neutralized immobile ions called space charge [due o positive fons on
the n-side and negative jons in the p-side). Such a space charge causes an electric
field in the depletion region and & potential difference called the junction barrier
potential develope across the p-n junction, making the p-side negative with respect
to the n-side. This barrier potentizl cannot be measured with the help of a voltmeter.
This potentinl barrier is of such a polarity that it opposes the diffusion of electrons
from n to p region and holes from p o » region. However, the barrier helps the
movement of minority carriers i.e., holes from the n-side can cross over to the
p-side and electrons from p-side can cross over to the n-side. The magnitude of this
minority carrier drift current is dependent only on the available number of minority
carriers and is almost independent of the value of barrier potential. So, as the barrier
potential builds up, the diffusion current goes on decreasing until the thermal
equilibrium condition is reached i.e., when the drift current equals the diffusion
current and the net curzent across the junction is zero. The barrier potential reaches
the steady state value and does not increase any further as shown in Fig. 3.13 (a)
and (b):"It-may be pointed out that the barrier potential for moderately doped Si p-n
junction is of the order of 1V and the barrier width of the order of 1pum, with the
result that the electric field Is of the order of 10°Vem™ and the carrier passing
through the junction barrier by drift current are already in the saturation state and so
the drift current in p-n junctior diode is indepeRdent of voltage before we reach the
break down. .

4+——— Hole drift
—» Holc dilfusion

v;= Barrier Polential

{(Drilv= Dillusion)

~————-» Elecwron drift
#4—=——— Electron di[fusion

@ )
Fg- 2.1 (a} polcntlal profile ncrcas the p-n junciton (b) barrier poteniial

As pointed out carlier, and external voltage from a battery at the junction can never
exceed the barrier voltage because the barriers width cannot be made zero. In
forward bias, the barrier width decreases as well as the barrier potentiat 5o the drift
current Is still under high field.

3.4.1 V-I Characteristics (p-n Junction with External Voltage)

Fig. 3.14 (a) shows.a p-n junction with an external battery connected to it such that
the poaiuve términal of the battery is connected to the p-side and the negative

- iefminal-to- the -n-gide.- Such & conucction helps 10 reduce the-basticr heighit as l.he

external battery opposes the internal barrier potential. Hence, the diffusion curfent
increases while minority carrier drift current is unaflfecled. A p-n junction connected
in the above manner is said to be forward-biased as it conducts large amount of
current in the forward direction which is taken as the dlrechon. of diffusion current '
flow. The junction presents a low impedance to the forward currént flow.

On the other hand, if the battery polarity is reversed as shown in Fig. 3.14 (b), the

Bluﬁnn.l)-ﬂm
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; Network Avalysls and Devices  poprier hejght 1s increased. Hence majority carriers cangot diffuse. The minority
carrier drift is unaficcied. The p-n junction is said to be reversed hissed and the
minority-carmrier drift curreat is called reverse saniration current. A reverse biased

——— Hole difTusion ‘
+— Hole drilt “4—— Holc drift

o n : P n
4— Electron diffusion — Electron drift
Electon drift - .
o o)
F [ 4
+ ¥~ . P
Ve v,

- | (- vg) Baier

T
——» Total diffision
«— Total drift *—— Total drift

(a) (b)

(c)
Fig. X141 (8} forward-blased p-a Junction
~ {b) reverse-biased p-a junction
(c)wymbol for p-a junctlon diode.

junction does not conduct much cumrent in the reverse direction which is taken as
the direction of minority carrier drift current . ‘

In order to obtain current-voltage (V-I) characteristics of p-n junction disde- we
consider the followings.

(i) Forward blas : As we have already learned, the forward direction current is
mainly duc to diffusion current of majority carricrs and is given by

Ir a expi—;’_

Ir=1 g . 19
r=Io exp XT 3.19)
where Ig is mvelﬁc saturation current

(ii} Reverse blas : Under reverse biased condition, it Is the drift of minority

Ia ,
’
/ .
p Diffusion (forward)
e
A 7 Nevdiode current
” :
.~ ~ qV
/’,z I=1, [ex? ?—1]
_ = s e S VR
o .
R D Drift (reverse)
Az -1,

82

Ay By oy

-




carriers, which determine ii. It is in opposite direction and has a constant value Eleciron Devices
I

IR="'IS ’

Combining the two, the I-V characteristic equation is .given by

I=1 2
s| eXP T
The characteristic Is given in Fig. 3.15.
3.4.2 Applications (Rectifier, Detector and Reference Voliage)

In the application of devices, the major interest is in exploiling V-I characteristic for
different applications without really worrying as to why such a characteristic has
come, which has always been concern of physicist and has resulted into discovery of
various new devices, while engineers have been dble to exploit for day to day
application of the devices. The specifications of the device is always supplied by the
manufacturers. For example,

(8) IN 40001 is a p-n juiction diode with Vo=1.0Vand I ,, = 1mA.

(b) BC-108 is a n-p-n sillcon transistor. The specifications are :
Fomax=100mA ; App ™ 100 - 900 at I ., =2 mA, P /MW = 360,
VCEOmuN =20, VEBOMI/V - 5, FTM'IZ" 250

(i) Rectifiers :

To start with we make an approXimation, that the diode used in this circuit is ideal
one i.e., it only conducts in forward direction and no conduction in reverse
direction. Also, the forward impedance offered by the dicde is taken as zero.

A rectifier circuit is one, whick converts ac wave form to & unidireclional and
pulsating one as shown in Fig. 3.16. ’

VA y &

/\ . . /—\ "

0 P \_/2“: I bid n 3n

(a) {b)

Flg. 3.16t Conversion of ac to unidirectional pulsating wave form.
A half wave reclificr circuit with resistve load is shown in Fig. 3.17. The voltage
soutce is Vg =V, sinut

Let R, be the source resistance. When a supply of suitable voltage (as diode can

withstand only few volts across it) is not available, a step down iransformer can be —_

used and ¥V, will be the secondary voltage of the transformer.
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In the positive half cycle (B < wr$x) of V,, it forward biages the -given diode and
produces a current in the positive direction. Clearly,

N/ —V"'Sinmf 8Sars
i R+ ReR or 0Swrsn

Ve
= I, sinat where I,,, (R_,+RL)

In the negative half cycle (m < or £27), the dlode gets reverse blased and no current

flows’in the circuit as diode will offer very high impedance i.e., it will behave as
open circuit (infinite impedance), Hence

ig=0 for n€wrs2n

L sinwt for 0<wrsx

. VM‘R
ldRL- (R:-I-RQ

=0 forrSwr<2n

A]SO’ VL -

Fig. 3.18 shows the load volmgc wave form which is periodic containing rectified
alternate half cycles.

V., 4

a b r - 3n 4n

Flg. 3.18 Wave form of oulput volinge,

Since it is & periodic, finite and continuous wave form, it can be represented by a
Fourier scries given by

1 1 _2 « ___cos2kot
VimVa| ptysinor=-2% G+ D @i-1)
k=1

It is clearly observed from above expression that the load voltage ¥; consists of &

v
de component [ - ?’" ] and sinusoidal componenis at the fundameatal frequency w

carresponding to the mains frequency and cven harmonics of . Thus, the output
contains {requencies which are not present in-the input voltage. This is a ’
consequence of the noo linearity of the diode.

In order to have an assessment of the ac content of the output of a half wave
rectifier circuit, the parameter that is uscd is known as *‘Ripple factor™ end is
defined as :

rms value of ac component of load voltage
de componcnt of load vollage

Ripple factor (y) =

Ifa s:gnnl consists of more than onc frequency component the rnns value-of the total-

signal is related to the rs values of different frequency components by the
following relation :

where ¥y e, Varpyo cle. are the rms values of each respective frequency

component. In half wave rectifier, ac component consists of fundameatal frequency
and even harmonics.

iy




V,E'rms = (Vucrm))z + (Vl.dr)z

- (V.Eacrm.:)z =(Virms )2 - (Vldc)z

Vinerms) _ 1/ Virmd” = Vi’
(Ve (Vea)®

T Ve

¥ = Ripplefactor =

Vide Trde

. . 1 -
(T rms HHaltwave™ \/ EJ: I?n sin? wr d (wr)

In

2

] v,
also, Ip4. = -1-21 [as Vig = ?m, as scen from Fourier Expansion of load voltage]

Form facter (F) : It is defined as the ratio.of rms value of load voltage to the dc
component.

Virms I
Form factor (F)=—" Lrims
Vde T,
1,72 &
To/n =3 =157

Clearly, ¥ (Ripple factor) =V F2 -1

PIV : It's full form js peak inverse voliage. During ncgative half cycle, when Vp=0
and djode acts as open circuit, the negative inverse voltage appears across l.hc diode
and the maximum inverse voltage is called **Peak Inverse Vollage (P1V) =

“This is on¢ of the important parameters for reclifiers.

Full wave rectificr : In the half wave rectifier, the oulput contains considerable ac
content as compared with Lhe dc content. This is because the rectified output
contains ouly alternate half sinusoids. If we can rectify both the positive and
negative balf eycles of the input sine wave, then we can double the de content and
reduce the ac Hpple. In order to realise this objective, we have to use two half wave

Cenler tapped
ransformer D,

Flg. 3.19: Full wave rectifer circult
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rectifiers connected 10 a common load, one rectilying the positive hall cycle and the
other negative half cycle. Such a full-wave reclifier circuit hes to use two diodes
which are fed by a center-tepped transformer as shown in Fig. 3.19.

In the positive haif cycle (0 € wr £ ®), diode D conducts as it is forward biased and
D, does not conduct as it is reverse biased. But during negstive half cycle

(r <ot<2r) D, is open circuit 8 it is reverse biased and D, conduets, as it is
forward biased. Bolh cycles, provide Vi i.c..vollagc across load R; with same
polari'ty. The out put wave form is shown in Fig. 3.20.

v A

Ll (17

] n n In
Fig. 3.20: Waove form of oul put vollage In [ull wove rectifier.

The load voltnge can be expanded in Fourier series given by

2_4 cos 2 kos
V1= Vn |:1r T X (2k+ 1) (2k- 1)
k=1

2V,
Clcarly, the load voliage contains dc component of n"' » which is double of half

wave rectifier’and a sct of sinusoidal components which are even multiple of
fundamenlal frequency, «, ’

2V, 21,
Here, Vige™ - g -
also, VLW=\{—_;' fsince both cycles are involi-red]
In
=l

2 .
1 2
Ripple factor  (y) = [—"—""—] ~1.=y Z-1 =o04s2
Trge 8

I .
Form factor  (F)=— T =111 -

g 22
PIV=2V,,
Bridge Rectlfier : In applications allowing floating output terminal i.e., no output .

terminal is grounded, a bridge reclifier can be used with advantage. The ripple
faclor and avernge diode current are the same as in the full-wave rectifier circuit.
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‘We slso do not require center-tapped transformer as in the full “‘wave rectifier circuit
The circnit for bridge rectifier is shown in Fig. 3.21.

In the posil.iw_:"half cycle (0 € wr <x), diodes D) and D, arc conducting as they are
forward biased and Da, D, are cut off. But in negative half eyele (n € of €21,
diodes D4 and D, conduct as they are forward biased but D), D, are cut off as they

are reverse biased. In both the eycles curent flows in the same direction through
load resistance Ry . Thus, the load will-have a full wave rectificd voltage. One
major advantage of bridge rectifier circuit is that the PIV rating required of the
diodes is half of the requirement for full-wave rectifier circuit.

So far, we have discussed rectifier circnit using idcal diode (Forward resistance = 0,
reverse resistance = =), But in prectical situations, we do not get such diodes. So
with practical diodes, we can replace a forward biased diode by R and a reverse
biased diode by R,. You can also account for cut-in voltage (V) of the diode, by
placing a battery of value Vpin scries with forward biased diode so that it opposes

the source.
{ii) Deteclor :

The peak detector circuit provides a dc cutput comparable to Lhe peak value of the
input voltage and thercfore can be uscd as a dc power supply. The peak deciector
circuit is shown in Fig. 3.22. The operation ol peak detector is understood by letting
the input voltage V;, = V,sin ¢ and assuming that load resistance is e, Then, during
the first quarter-cycle, the diode conducts, and the capacitor will follow input and
when @f =n/2, the eapacitor will have charged to peak value V5. When Vi,
decreases, the capacitor voltage cannot decrcase because with R =0, the capacitor
discharges through the diode in the reverse direction. Since diode does not conduct
in reverse direction, so the capacitor cannot discharge, The load voltage thercfore
remains at the peak value V. But if load resistance is finite, then eapacitor
discharges with (ime constant R;C, which is also shown in Fig. 3.22.

{Direclion of

iy cepacitor discharge
currcnl)

<—»
"<

ol np \ /,’ (R, =)

Diode shorl circuit

A - |
‘k}’l\ Diode open circuit
5 AN v
—y

A s 1

\ ¥l 1 b -
1) = (1
{} \ !

’
\\\ , (Finie R;)
Fig, 3.22; The hall wave peak detector.

(iii) Refercnce Voltage : (Zencr dlode)

As we have already learned in previous section that when diode is in reverse biased
condition, then only a small reverse saturation current flows. Xt happens because the
depletion layer width becomes wider and behaves like a dielectric. But if the p and
n regions are heavily doped, the depletion layer of the p-n junction becomes very
narrow and, the electric field strength in the depletion layer increases sufficiently to
break covalent bonds and genemte electron-hole pairs even in the reverse biased
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Fig. 3.23) Symbol und V-I Characterialc of Zener dlode.

condition. Consequently, the reverse current rises abruptly. Such a phenomena is
called *“Zener break down®* and the diode is called Zener diode. The symbeol for the
diode, its V.I characteristic is shown in Fip. 3.23.

As it is clear from the characterislics, in and around V2 the current tises abruptly,

suggesting that we can draw large current from zener diode at almost fixed voltage.
This is property of a good voltage supply. Hence, a zener diode can be used as
*‘reference voltage™. A typical circuit is shown in Fig. 3.24.

RS
_‘—"V‘rlr‘v
+ 60— Unregulated * +] +
~ Reciificr v R
_o—J +Filer z L
Circuit 7" - -

Fg. 3.24r Zewer used s reference vollage.

SAQ 12
SAQ 13.
SAQ 14.
SAQ 15
SAQ 16.
SAQ 17.

SAQ 18.

SAQ 19,
SAQ 20.
SAQ 21.

Explain transport of charge carriers in semiconductors.
What do you understand by saturation of drift velocity?
Explain ‘the formation of barrier polenlial.

Explain the V-1 characteristics of the p-n junction diode.
Define the terms : Ripple factor, Form factor and PIV.

Explain the functioning of half wave reclifier and caleulate value of ripple
faetor, \

Explein advantage of full wave recuifier over half wave rectificr. Calculale
value of ripple factor.

Compare full wave rectifier and bridge rectifier.
Explain functioning of peak detector.

Show how zener diode can be used as \;t-)l-tégc‘ reference.

3.5 TRANSISTORS

On the basis of the two terminal p-» properiies described in section 34, an
explanation of the physical operalion of a three-terminal bipolar junction transistor
{BJT) is devcloped in this section.
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3.5.1 Action and Characteristics

A transistor is a single crystalline semiconducting material with three differently
doped rcgions like the n-p-n or p-n-p stmcture. The three regions arc called cmitter,
base and collector. Emitter is heavily doped and its role is to inject carriers into the
basc region. The base is lightly doped and is made very thin to reduce '
recombination losses in this region. The collector’s doping level lies in between that
of emitter and basc. The schematic representation of npn and pnp transistors logether
with their circuit symbols are shown in Fig. 3.25 (a) and (b).

. C
oE-— n n | < B 'Direcl.ic_m of
Emitter | Collector cor:;\lrne_trlé:_ﬁna]
B
Base E
(2)
C
] C Direction of
B conventional
current
E

(b)
Fig. 3.25. (8) npn translstor & He dreull symbol (b) pnp translstor and Its clreull symbol,

The uansistor {npn or prp) can be regarded &s back to back connected diode, In
order to understand transistor action, we forward bias the emitter-base junction and
reverse bias the base-collector junction as shown in Fig. 3.26. (a) and (b).

E B C E B C

. - ng
A

Vep Yec

Fig. 3.24 (o) mpa trupsbstor with proper bluslog (b) pap transiator,

Let us consider forward biased emitter-base junction of npn transistor. The electrons
from the emitter diffuse into the base and holes from base diffuse into the cmirter.
The base-collector junction is reverse biased. As the emitter base junction is forward
biased, the electrons in the emitter and holes in the base move Wwards the junction.
At this junction, some of the clectrons recombine-with holes and are fost. Howevét,
because of the extreme thinness of the base layer (typically less than 107> cm) and
because of the atraction of the relatively high positive collector voltage, almost all
the electrons diffuse through the base o the collector and produce an electron
current in the collector. This current is called collector current (I.) which is of the
order of few milliamperes. To make the colleclion of electron efficient, the
base-collector Junction has a greater area than the emitter-base junction. Let us now
consider the base current. This current is due to the small fraction of electrons
which recombine in the thin base region. Since the base layer is very (hin, the base
- current (fg) is very smali fraction of the collector's current (sbout 1%). In other
words, about 99% of the electrons pass through the base without recombining with
holes. Clearly, the basic current equation for any transistor is given by

IE-IB"'IC

Since Ig< <l so Iz= I;. In a typical transistors, ¢ and I are a few milliamperes
and Jp is a few micro amperes. The value of base current depends on base thickness,
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'bias voltages, doping levels of emitter, base, collector and the gcomcﬁy of the

transistor. The collector current /- of a BIT is related to the forward base-emitter

. voltage Vpg by the relation: '

IC = Iso eVu Y

Where I, is a scale factor directly proportional 1o the cross sectional area of the
emitter-base junction. If ag is the factor of electrons reaching collector, and I¢q is
the reverse saturation current in base-collector diode, then the collector current (Ic)
can be written as ;

Ic=ap Ig+Ico
=ar g+ Ig)+ig

Here af is the de current gain factor relating J- & Igfo= 0.98]

| oF 1
o A L e
=fr Ipgt{Bp+ 1) 1o

Here, Pp is the dc current gain factor relating I & I

ar _ le~lco _Ie-leo I
l1-ap Ig-Ictlco Iz+lce ~ Iy

Br=

The value of f ranges from 15 to 200. A small variation in ap therefore causes
large change in Pp . This results in BIT's of the same type number to have large
variations in iy . PFrom above equation, we may obtain o in terms of Pz as :

fr

aF=pF+1

- V-1 characteristics of BJT

A BIT is a three terminal device. Any one of these terminal ean Be used as the
reference or common terminal for both the varying input v and output v, signal.
This gives rise to three possible configurations in which transistor can be used :

(i) common emitter configuration
(if) common base conﬁgui‘atjon

(iii) common collector configuration -

" Pig 327: A common emitler npn BIT drcull.

The common emitter configuration circuit is shown in Fig- 3.27. Here emitter has
been used as the common icrminal (reference). It is the most often used
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configuration (because of large current gain) and is regarded as the basic Electron Devices

configuration.

The input or Vpg~ Ip characteristic of sn npn BIT for a fixed valuc of Vg (> 0.7) is
shown in Fig. 3.28 (a). It is essentially the same as I-V charcteristic of a forward
biased p-n junction diode. The output Vg — I characieristic curves, one for each
value of base current Iy are shown in Fig. 3.28 (b). This device has wide
applications in amplifying & Oscillatory circuits which are discussed in great detail
In Unjts 4, 5 and 6.

41, (pA) I-{mA)4 1y =100 BA
15
50
25
o .
0 —>Ver (ol 3 Vg (Volis)
CE
{0} ()

Fig. 3.281 (@) Vgg— Iy loput CE charcterislic for np- trangdslor (b) Vg ~Ic output CE characterislic
for mpa transistor.

3.5.1 Field Effect Transistor (FET)

i
The operation of a junction ficld effect transistor can be demonsirated using Fig.
3.29 (a to ¢). Let us consider a sample of n-type semiconductor. The n-channel
presents a resistance Rps as shown in Fig. 3.29 (a & b).

Ohmic conlact

S Rps D
————WW————
¥ I\
—
Vos
(®)
(D &
_ Ohmic ! Saturaiion ! .
region | region ! A::gai’;flhc
: I
[ i
[
Gate 1 ! !
Veao=0 ¥ h 1 I
Gy 4TI Depletion d I ! n
reginns P v, v, —eV,
byl
DS =) 2N 1 | N

JD
s

(c)

Flg. 3.29 (e) achanpel (b) equivalent circult (¢} structure of Junctfon field effect transistor
(d) draln characteristle of JFET {e) symbol of a-chonnel JFET. : 91
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" of & semiconductor device.

The ohmic contacts on each side of the channel are used for making external
connection, The n-material is doped heavily near the regions adjacent to the ohmic
contacts for **Source’ and **drain®*. The symbol n* in Fig. 3.29 (a) indicates the
more heavily doped regions. If an external voltage Is applied, the majority carriers
enter the channel through the terminal called source(S). The carriers flow through
the channel and leavé It through the terminal called drain (D). The drain current (Ip)
is equal to the majority carrier current flowing through the channel. The equivalent
circuit shown in Fig. 329 (b), obeys ohm's law. If V) is increased, Ip increases
proporiionately.

Let us now diffuse p-type impurity so that heavily doped p* regions are formed on
cach side of the n-channel as shown in Fig. 3.29 (c). The ohmic contacts known as
Gate 1 and Gate 2 arc added 1o each p* region. The two gates are normally
electrically connected together internally and only one gate terminal is made
available externally. The voltage applicd between gate and source (Vg9 controls the
width of the channel; consequently the conductance of the channel and hence the
drain current also vary with Vgg. Let both the gates be directly connected to the
source so that Vo= 0, The voltage drop in the channel due to the flow of Ip is of
such polarity that it mekes the p-» junction reverse biased. Hence, a depletion region
is formed. The deplection region widih increases with the magnitude of reverse bias,

The reverse bias between p-type gate and n-type channel is zero near the source end
and meximum near the drain end. So the depletion region is much wider and
extends more into the channel negr the drain end. Thus we get wedge shaped
channel, The flow of elecirons from source to drain is now restricted to the parrow
channel between the non conducling depletion reglons. The width of the channel
determines the resistance between the drain and the source,

Let us consider I-V characteristic of the JFET shown in Fig. 3.29 (d). With Vgc=0,
if Vpg is gradually incrensed, I, at first increases as ohm's law and begins to level
off gradually. When V5 equals Vp known as **Pinch-off voltage®, I, saturates and
does not increase any further with increase in Vps. At pinch off, both the depletion
regions close up causing a constriction of the channel which results In high channel
resistance. Any further increase in Vps is absorbed as the voltage drop in the
constricted region of the channel. As with al} P-n junclons, avalanche's breakdown
oceurs at Vpg= V4 and the current I, increases rapidly. The symbol of n-channel
JEET is shown in Fig. 3.29 (¢). We can also have p-channe] JFET,

The JFET has an edge over both vacuum tubes and BIT in that it combines the
advantages of the high input impedance of vacuum tubes and the other advantages

3.52 MOSFET (Enhancement & Depletion Type)

The MOSFET (Metal Oxide Semiconductor Ficld Bffect Transistor) can be explained
using Fig. 3.30 (a). A p-type substrate serves as the basle structure into which
n-type regions are diffused. An oxide layer which scts as an insulator is L£rown over
the entire subsuate and the n-region, Alfler etéhing: suitable openings through the

oxide, metal cont;icis for source and drain connections are made to the n-:_-i:_g_if?_x_a_.s_ ‘No
-eurrent-can flow from the souree to the drain Because ihe n'type source, p-type

substrate and n-type drain behave as two diodes connected back 1o back and hence
no cwrrent can flow immespectve of any polarities. The gate contact-is formed on the

surface of the oxide layer so that gate is electrically insulated from both the
substrate and a-regions. ' '

Suppose we apply a positive potential between gate and the soutce as shown in
Fig. 3.30 (b). Since oxide layer is an insulator sandwitched between conductive
Tegions, an equivalent capacitance is formed as shown in Flg. 3.30 (¢). Whenever a
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g, 3.30: (a)-Structure of enhancement-mode-MOSFET-(b) blasing of n-chaiiel MOSFET ™ - ) o Ty
(¢) capaclior action (d) structure & blasing of depletlon mode MOSFET (&) drafn ,

¢haracterisile of enhancement type MOSFET () dralo charclerislles of depletlon
mode MOSFET.

positive charge is applied to one plate of a capacitor, a negative charge is induced
on the opposite platc due to the action of the clectric ficld in the diclectric, which
gets polarised. So, positive charge on the gate induces a negative charge in the
p-substrate. The charge is conwibuted by the ¢lectrons, which are minority carriers.
in the. substrate and are sttracted towards the aree below the gate. As the number of
clectrons reaching this arca increases, thie relative density of the ajarity .carTicrss. -
decreases until there are more free elections than holes, ]

Thus in relatively small region of the substrate, directly below the gate an n-type
inversion layer is induced, which extends from source to drain and aflowing
conduction path between soirce and drain. If the positive gate potential is removed,
the induced channel will disappear and there will be no conduction again. Thus the
gate voltage controls the conductivily of this device. This device is knuwn as
“Ephancement type MOSFET"" as the channcl conductivity is enbanced by the gate
potential. The input impedance working into the gate is very high since oxide layer.
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behaves as an insulator. If V¢ is kept constant and Vi is incrcased he drain
current increases, linearly for small valuses of Vyg. As Vpg is increased further, the
drop- across the channel increases and hence voltage across the gate oxide at the
drain end of the channel decreases. Therefore, the induced cherges at this end of the
channel decreases and finally the channel is pinched off i.e. there is high resistance
region formed at the drain end due to paueity of induced carriers. The drain current
hence tends to saturate and remain constant.

It Is also possible to produce ‘*depletion-type MOSFET"". In this device there is a
built in n-type channel. As the gale voltage increases, the channel is depleted of the
carriers thus increasing the resistance as shown in Fig. 3.30 (d). If negative Vg is
applied, the ncgalive charge on the gntc- induces an opposite and equal positive
charge on the other side of the oxlde layer. The recombination of the induced holes
with electron in the built-in n-channel reduces the conductivity of the channel. As
Vs is made nepative, I decreases considerably as shown in Fig. 330 (f). If a
positive Vg is applied, negalive charges are induced in the n-channel. This enbances
the channel conductivity and Iy, increases. Thus, this device can be operated both in
**‘enhancement” and *‘depletion’* mode.

SAQ 22, Bxplain how e BJT can be considered as two p-n juncﬁons connected
back 1o back.

SAQ 23. In common base configuration, the current gain is less than unity, and yet
the BJT is called an ampliying device. Justify.

SAQ 24. Why is py more than ag ?

SAQ 25. Explain the formalion of a wedge shaped chaanel in JFET ?

SAQ 26. Distinguish between enhanccment and depletion type MOSFET ™S 7
SAQ 27. Explain how amplification is achieved in JFET and MOSFET.

3.6 SUMMARY

o The inlrinsic semiconductors, germanium and sjlicon, ean be doped to become
_elther p-type or n-lype cxtrinsic semiconductors.

s The majority carricrs, holes in p-lype and electrops in n-type material, move

under the influence of an electric field 10 constitute a cusrent in semiconductors.

o  Noteworthy and uscful properiies arise when p-type and n-type materials make
a pn junction. (A single pa junction is a diode).

o  Holes and electrons diffuse to establish & depletion region. The charges in the
regions adjacent to the depletion region generate a potential difference across
the junctions. ' '

e Two baswally dlffcrcnl kmds of trapsistors are made wnh scm.lconduclmg
materials. . ..

@ - The- blpola.-Juncﬂon transistor- is -formed- by two.pn junctwwbaok o back, — -
enclosing a very thio commeon element (Lhe base). The current from the cmitter
to the base governs the much larger cmitter-collector current, which leaks
through the base.

®  The ficld-effect transistor bas a channe] from source to drain, in which
majorily carriers move.

e  In the junclon field-effect transistor (JFET), the elcctric field from the gate
modifics the depiction region in the pn junction between the gate and channei
to control the current through the channel.
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e In metal-oxlde-semiconductor field-effect transisiors (MOSFETS); the gate is Electron Devices

insulated from the channel carrying the majority carriers.
e  The depletion MOSFETs govern the current by depleting the channel of
majority carriers.

e In enhancement MOSFETS the electtic ficld from the insulated gate induce
majority carriers into the region between the source and the drain to provide
the current.

3.7 TERMINAL QUESTIONS

1. Explain the importance of space charge limited operation in thermionic vacuum
tube devices. :

2. Why is the intreduction of third electrode (grid) in vacuum triode considered a
- land mark in electronics? Explain.

3. Write Note on : Tetrode, Pentode.

4, What is depletion region? Which mechanism, drift or diffusion, is responsible
for the major portion of the forward current In a diode?

5. Give significance of each portion in V-I charactetistic of p-n junction diode.
6. Draw V-I characteristic of a Zener diode.

7. Draw circuit diagrams of half wave, full wave and bridge rectifiers. Explain
the operation of each and compare their performance.

8. How is drain current controlled in an Enhancement MOSFET, a depletion
MOSFET and a JFET?

3.8 SOLUTIONS AND ANSWERS

SAQs

1. Example of elemental semiconduclors : Silicon, Germanium.
Example of compound semiconductors : GaAs, CdTe, GaSh,
Example of oxide semiconductors: Tinoxide, Yittriun Barium Copper oxide.
The conductivity of oxide semiconductors can be changed by changing the
oxygen stolchiometuy in oxides,

2. Work fuaction : The amount of energy required at absolute zero temperature
which must be given to the free electrons to enable it to escape the metal is
defined as work function,

Thermionic Emission : A metal is made up of atoms bound in the crystal
lattices, of clecirons bound to the atoms, and of free elcetrons that arc. not
bound to any particular jocations in the metal. In thermionic emission, the
electrons are emitted when a metal is supplied with thermal energy.

-3.  Space charge limited operation: In sll thermionic vacuum tubes, the eleciron
emission from the cathode is at much higher rate than that at which the
electrons are drawn away by the anode, resuiting In a cloud of electrons near
cathode, called negative space charge, makes the anode current dependent on
the anode potenlial and independent of the rate of emission.

In a triode, the adverse effect of space charge limited opcration js taken care

of by the presence of **grid"’, a mesh-like structure. '
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10,
11.
12.
13.

i4.

15.

16.

17,
18,

19.

20.
21.
22,

See Fig.3.2 of the text and definition of r,, g, andp.

Sec small signal model in the text.
See section 3.2.4 of the text.
See section 3.3.1 and 3.3.2 of the text.

T
See section 3.32 (Law of mass action).

-gk ' .
n; =A,,Ty2 exp[-m.&] .

where A, and E, are material constants, K-boltzman's constant.
Sec section 3.3.3 of the text

See Fig.3.9 and use seclion 3.3.3 to answer this question,

See section 3.3.3 of the text. l

Duc 10 application of high electric field, the drift velocity approaches the
thermal velocity (= 107 cm/s). When this situation arises, the mobility

becomes field dependent as additional scatiering mechanisms come into play.
The decrease in mobility with high electric field causes saturation of drift
velocity,

When a p-n junction is formed, because of the concentration gradient, holes
ftom p-side diffuse into the n-side and recombine with free electrons.

Sitnilarly, electrons from n-side diffuse to the p-side and recombine with holes.

Such an exchange of mobile camiers oceurs mainly in a narrow region around
the junction. This region is called **depletion laycr®* as it becomes depleted of
the free charge carriers, Ieaving behind unneutralised immobile ions called
space charge (due to positive ions on the n-side and negative ions in the
p-side). Such a space charge causes a potential differcnce called **barrier
potential®*®. ' )

See section 3.4.1 of the text,

. rms valuse of ac component of load voltage
Ripple factor dc component of load voliage

ros value of load voltage
dc component of foad voltage = . . _

Form Factor =

PIV : During negative half cycle, diode acts as open circuit, and hence the
negative inverse voltage appears across the diode and the maximum inverse
voltage is called “*Peak Inverse Vollage™,

See seetion 3.4.2 (half wave rectifies) of the text.

See seclion 3.4.2 (full ‘wave rectifier) of the text. It answers both t.he-.par-ts of
the question.

Full wave rectificr : Ripple factor 0.482, From-factor 1,11 aud PIV. ~ 2 Vyp

Bridge rectifier; (1) can be uscd for flonting output terminal i.e., no output
terminal grounded (2) Ripple factor = 0.482, From factor 1.11, PIV = V,,

See text page 91.
See text page 91.

A Transislor can be regarded as back to back connected diode as shown jn
Fig. 3.31
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23. Although in common base configuration, the current gain is less than unity.
The voltage gain is very high and hence power gain is high. This js the
reason, why BJT is called amplifying device even in CB configuration.

24. The relalionship between Prand oy are given by ;

xR

.I."O'.F

br=

- fr> ag

L >1 -
—op

as because op <1 =7

25. Scec scction 3.5.1 of the text.

26. In Enhancement type MOSFET, the channcl conduetivily is cnhanced by the
gale potential. Wheras in deplelion type MOSFET, as the gale polentia] is
increased, the built-in n-channel is depleted of the carriers and thereby its
conduclivily decreases.

27. Sce section 3.5.1 and 3.5.2 of the text.

TQs
1. See answer of SAQ 3 and also section 3.3.2 of the text.

2. In a vacuum dicde, the major problem one encountercd was due to presence of
space charge limited operation. This problem was taken care of by introducing
a mesh like structure in the negative space-charge region nearer 1o the cathode.
This was called **control grid™*. As control grid is much ncar to the cathode, a
,much smaller voltage applied to the control grid can result in the same change
of anode current as will be produced by a much larger voltage applied to the-
platc of the tube. This forms the basis of amplifying action of triode and hence
i_t is considered a landmark in Lhe electronics. S

3., See section 3.2.4 of the text.
4., See answer of SAQ 14,

* Majority carrers, which are responsible for large forward current in a p-n
Junction diode, mainly contribute to the drift current.

5. Sce section 3.4.1 of the text.

. Seo.section 342 (i) of the text

7., See _sccl.ioh 342 (ij of the 1ext. L
g,

See sectidn 3.5.2 of the text. -
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BLOCK 2 ELECTRONIC CIRCUITS

In the previous Block you have studied about dc and ac circuit theory. You were also
introduced (o various clectronic devices, Using the characterislics of transistor described
in Unit 3 and the circuit theory of Unil 2, we are now ready to study the analysis and design
of various types of electronic circuils used in amplifiers, oscillators and power supplies.

The most important property of the semiconductor is (heir ability (o function as amplifiers
of electrical voliage, current or power. When voltage or current signals are applied to the
mnput lerminals of an amplifier, larger voliage or current signals are available at the output
terminals. :

In Unit 4 our approach is first to look at the practical considerations in amplificr operation
and devise circuits for maintaining the proper operating conditions, thento analyze the
performance of onc type of power amplificr and finally (o describe bricfly some other
important types of amplifiers, '

Sometimes, it becomes necessary Lo generale altemaling currents of high frequencies
(ranging uptlo millions and even billions of cycles per second). As we shall see, transistors
together with associated components, may be used (o generate these currents. We call such
generators as oscillators. Unit 5discusses a variety of sinusoidal oscillators include RC
oscillators and LC oscillators.

In all previous units, the voltages and currents required (o operale the analog circuits were
assumed 1o be available . Now we will examine how currents and voltages are provided
and the means by which they are regulated; that is, how (hey are kept within the precise
magnitudes that are desired. Most electronic circuits need a de voltage in order to work
properly. Since line vollage is allernating , the first thing that has to be donc in any
electronic equipment is lo converl ac voltage to dc voltage. The aim of Unit 6 is to explain
how well-regulated de power supplies for electronic circuits can be derived from ihe ac
ITEINS.
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UNIT 4 AMPLIFIERS

Structure
4.1 Introduction
Objeclives

4.2 Classification of Amplifiers

4.3 Equivalent Circuit of Transistor

Common Emitter Amplilier

Common Base Amplilier

Common Collector Amplifier

44 Operating Point and Bias Stability

4.5 Small Signal Amplifier

Coupling and Bypass Capacitors

Multistage Amplifiers

Frequency Response of an RC-Coupled Amplifier

4,6 Large Signal Amplifiers
Single ended Power Amplifier

Push-Pull Amplifier

4.7 Radio Frequency ( ~-f) Amplifiers
Single-Tuned Voltage Amplifier
Double-Tuned Voltage Amplifier

4.8 Summary
4.9 Temuinal Questions
4.10 Solutions/Answers

4.1 INTRODUCTION

You are all familiar wilh an ‘audio system’ which is used to play records, play and record
audio tapes, and rcceive radio broadcasts. Fig. 4.1a shows a simple diagram for such a

» record
Player loud-
speaker
> —»
casselle . function N 16
‘deck 74 swiiching *| amphfier
—>
microphone(s)
loud-
radio * speaker
acrial - -
inputs music-centre main box outputs
(@)
room 1 roorr; 2
~ el - o e -
} I } long cable K I
sound microphone amplifier carphone
source ®)

Fig. 4.1 (1) A Simple block dingram for an audie systent. (W) The simple audio system.
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Eectronte Circuits system. For simplicity, suppose the “audio system’ of Fig. 4.1 performs only one of the
functions, in that case the diagram of the ‘simple audio system’ will be as shown in .
Fig. 4.1(b). It consists of a2 microphone connected {o the input of an amplifier whose output
is connected to the loudspeaker The microphone converts sound into electrical signals.
The loudspeaker carries out the reverse process by converling electrical signals into sound.
Without the amplifier, the electrical uutpul of the microphone is too weak to provide a
comfortable sound level in the loudspeaker. The amplifier is used to convert the
microphone output into a sufficiently powerful electrical signal for the loudspeaker,

Fig.4.1 do not show a power supply but you must know that electronic systems need such a
supply. They may either be provided with batieries or plugged into the mains to make them
operate. In that case Fig.4.1 look something like Fig.4.2(a). Here the amplifier conirols the
flow of power from the power supply (o the londspeaker in response to the electrical signal
received from the microphone. When the sound enters the microphone, it generates an
output voltage. Since the voltage and the current flowing are relatively small, (he product
{voliage x current) i.¢., power is relatively small. But the microphone signal voliage causes
the amplifier to allow power to flow, from the power supply, to the loudspeaker. Inthis
way amplifier helps to supply much more signal power to the loudspeaker than the
microphone can provide,

d.c. power
supply

I con_l.mlling = * oulpul Slgﬂal ﬂ

: signal
microphone en amplifier power earphone

(@) (2]

walter
output

Fig. 4.2: (s) Power flow in the nudio systen1. b) A water-tap analogy of an amplifier.

This can be thought of as being analogous to the control of waler through a tap, as shown
inFig.4.2 (b). Here the “controlling signal’ is fed in at the position of the control knob, and
this determines thie flow of water fromn the mains supply through the tap.

The central ‘black box' of the Fig.4.1 or 4.2(a) is the amplificr whose only function is to
increase (boost) the level of the signal. These amplifier circuits may use eleclron (ubes or
transistors since both are essentially amplifving devices. Amplifier circuits can be
classified in a wide variety of ways. In this unil we will mention the various types of
amplifier within each of these classification.

Also, in this unit you will leam in detail whal happens when a small signal and when a
large signal is given 1o the input terminal of the amplifier. You will sec the difference the
magnitude of the input signal is going 1o make on the oulput signal, Further in small
signal applications you will learn about the gain, band width and input and output
resistances of the amplifier. Finally at the end, various types of large signal amplificrs,
their merits and demerils are going to be discussed. But before discussing this you should
be familiar with e terms such as equw-ﬂcnl circuit of transistors, operatmg pcum bias

alabiu:y CiC.

In the next unit we will sce how the introduction of leedback in (he amplificr circuit makes
itimo a useful device called oscillator.- We wili also sludy dilferent types of oscitlator,

Ohjccli\'r_u'
Alter going through this unit you will be able to :

¢  compare e CE, CB and CC configurations in amplificr circuils.
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e  slate the classification of amplificrs on the basis of purpose, operaling pomt., coupling,
circuit configuration, band width and frequency,

#  calculate the current gain, voltage gain, input impedence and output 1mpcdcncc for
amplifier circuits, by using # parameters,

¢ dmaw diffcrent biasing amangements in transistor circuits,

e  explain with the help of simple equations as to why the potential divider biasing circuit
is the most widely used circuit,

s calculate the overall gain of multistage amplifier, if the gain of each stage is known,
o describe the frequency response curve of an RC coupled amplifier,
o  sketch single ended and push pull amplifier circuits,

e  determine the output ac power developed in a single-ended power amplificr, when
supplied with various paramecteres,

e  cxplain the working of push-pull amplifier circuﬁl..
&  cxplain the working of singlc uncd voltage amplificr and double-tuncd amplificr.

4.2 CLASSIFICATION OF AMPLIFIERS

Amplificr circuils can be classified in a wide variety of ways. They can be classified
according to their use, the type of bias used, the frequency or bandwidth of the signals
they are lo amplify, the type of coupling , if more than one stage is used, and their circuit
configuration

Amplifiers according to use; They fall into two main groups : Voltage amplificrs and
power amplifiers. Vollage amplifiers increase the voltage level of an applied signal. Since
the output voltage of an amplificr is detcrmined by (he voltage drop across the output lead,
the impedence of the load is made as large as is practical in most vollage amplifiers.

Power amplifiers are also called current amplifiers. They deliver a large amount of current
Lo the output load so that the load impedence is usually low enough to allow a high current
output.

Amplifiers according to bias: Amplifiers are also classificd according to (heir biasing
conditicns, or, in other words, according to the poriion of the input signal vollage cycle
during which output current flows. There arc four classcs of amplifiers according Lo bias:
class A, class B, class AB and class C.

Class A amplifiers arc biased in the center of their operating curves so that oulput current
flows during the enlire cycle of the input voltage(see Fig.4.3a). This results in minimum
dislortion of the outpul signal, and, as a resull, class A amplifiers are widely used in audio
systems, where low dislortion is important.

Class B amplifiers are biased at cutoff so that outpul current flows for approximately
onc-half of the inpul signal voltage cycle as shown in Fig.4.3(b) . When no input signal is
present, no output current flows, In effect, a class B amplifier cuts off one half of the a<
input signal waveform.

Class AB amplificrs arc biased so that oniput current Mlows for appreciably more than one

half of the input cycle, but for less than the entire cycle as shown in Fig.4.3(c). Essentially,
class AB amplifiers are a compromise between (he low distortion of class A amplifiers and
the high cfficiency of class B amplifiers.

Class C amplifiers arc biased beyond cutofl so that outpul current only {lows dunng the
posilive going peak of the input cycle (sec Fig.4.3d). Such, amplificrs have high power
outputs. They also have a high degree of distortion, which prevents their use in audio
applications. Qe

Amplifiers according to coupling: Where more than a single amplifier stape is used, the
amplificrs are ofien classified according (o the way in which they are coupled. The basic
coupling methods are: resistance-capacitance (RC) coupling, impedence coupling,

transformer coupling and direct coupling. In RC coupling, the outpul load is a resislance.

Amplifiers
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x| Class A
(a) b)
Al 4
e —— N
I B My — V0 BN
' > More than 180° Less than 180°
E:< g i Less than 360°
' >! Class AB Class C
(e} (d)

Flg. 4.3: Classlfication of amplifier according to blas.

In impedence coupling, a coil is used as (he output load instead of a resisiance. In
transformer coupling the outpul of one circuit is coupled 1o the input of the next by means
of a transformer. In dircct coupling, Lhe output of one stage is applied dircctly to the input
of the next stage. :

Amplifiers according to circuit configuration: Amplificrs are classificd on the basis of
the principal clements returned to ac ground. These are:

(i)  grounded base or common base (CB) amplifier.
(i) grounded-emiticr or common emitter (CE) amplifier
(iii) grounded coilector or common collecior (CC) amplificr.

Amplifiers according to band width: There arc two principal types of amplifiers : those
that arc tuned and amplify a restricted range of frequencies and tlose thal are untuned and
amplifies a wide range of (requency.

Amplifiers according to frequency: They are classificd as direct current (d-c) amplifier,
audio frequency (2-f ) amplificr, infermediatc frequency (if ) amplifier, radio frequency
{r-f') amplificr and video frequency (v-f) amplificr. As their names imply, d< ampliliers
amplify signals of very low frequency. Audio ampiifiers operate in the audio frequency
range 1.¢. from 20 to 20,000 cycles per sccond. Video amplificrs amplify signals from the
lower audio [requencies to as high as 4 or 3 mega cycles per second.

I-f and r-f amplificrs arc not defined in terms of a specific {frcquency range. Insicad, they
arc defined by the nature ol tie Irequencies they amplify. Generally. they are funed ~
amplifiers, and thereforc amplify a relatively small.band of [requencies. 1-F amplificrs
operate at the intermediate frequency of a particular piece of cquipment, and r-L amplificrs
are tuncd to the frequencies of various r-Icarrier waves.

You will find that this method of grouping amplifiers is somewhat arbitrary, in as much as
all of the methods of classification overlap o some degree. [Forinstance, audio amplificrs
ntay also be vollage or power amplifiers. Similarly, an r-f amplifier is nsually a tuncd
amplificr, and at the same time may be a common emitter of common base amplifier. In
spite of this overlap. for purposcs of description, some grouping must be used.
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4.3 EQUIVALENT CIRCUIT OF TRANSISTOR

[n Unit 3 you have Icarned about different eleclronic devices. When you use them for some
application and you want to analyze the circuit it is not possible 1o do so without replacing
these devices by sore equivalent circuit, Therefore, in this unit we will discuss how this
could be done for a transistor. Furiher you have to supply appropriate voliages to the
different elements and the device must operate linearly. So we will also discuss about the
opcraling point and stability.

A transistor equivaleni circuit is basically a circuit consisting of ideal vollage and/or
current “'sources” or “'gencrators” and passive components (R,L and C), which acts
electrically exactly like the transistor. In other words, the transistor can be replaced by an
appropriate collection of generators and passive components of the equivalent circudt. The
advantage of the equivalent circnit is that one can predict the transistor's exact behaviour
(gain,etc.) by writing down the Kirchhoff voltage and current laws for the various loops
and junctions and solving for the desired quantitics by using only algebra and Ohm's law.
A simple example will show how the calculations arc perfonmed. Suppose a certain

, Lransistor's equivalent circuit is simply an ideal vollage generator of magnitude Av;, in
series with a resistance R as shown in Fig.4.4,

+ terminals of +
ransistor

Av;

o
- K l_
R
oulput
[/
L

Fig. 4.4: SImpX equivalent drcult.

Algcebraically, A is a positive number, and v;, is the amplitude of the input vollage to the
transistor. The Ry, is the load resistance connected to the output terminals. The voltage

genenator produces a voltage A times as large as the input , so one might intuitively (hink
of A as the voltage gain at this stage of the calculation. However, the vollage gain is

'or iR
Ay =om @
Vir  Vin
and the current 7 can be obtained from the Kirchhoff voliage equation for the loop
containing the generator, R, and R;.
Avyy —iR- iR, =0
44\?‘;”
or = ——— 42
' R+Ry #2)
“Thus the vollage gain becomes
4 = _Vor.ir _ IRL _ Avf'n RL
Ve Y R+ Rpvy
) "Ry - - - -
or Av=d|- = +.3)
R+ Ry

We sce thal the voltage gain depends on A, R, and Ry, and only as R; becomes very large
compared to R e get A, =4,

Let usnow develop a perfecily general cquivatent circuit that will apply to any
four-terminal device, as shown in Fig.4.5(a). f; and /; are the currents flowing into the

inputand outpul. respectively, and ¥ and ¥ are the vollage differences across the input

Amplifiers
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and the output terminals, respectively. We have four variables 1 fy, ) [y and V3 ; they
presciit the total, instanlancous values of the currents and voltages.

1 l'c
! 52
5 I i
£ % iy
input ¥, i joutpul V. g ; Ve
: Voe i l
1] 2
(@) ]

A transistor has thres terminuls,
whereas our black box from which
the equivalent circuit is developed
has four. Henee, for the equivalent
circuit to be applied o o transislor,
one transislor terminal must be

- commeon between the inpul and

outpuL This can either be the emitler,

the collectar or the base called
respectively the ““common emitter™
(CE), "“common collector™ (CC) or
the **common base' (CB)
conligurations.

10

Fig. 4.5; (n) General four-terminal black box. (b) Transisiur as a four-terminal network.

Any nclwork liaving a pair of input terminals and a pair of output terminals is called a two'
part network or a four terminal network. A transistor in the “common emitter” (CE), the
“common base™ (CB) or the ““commion collector” (CC) configuration can also be treated in
a similar way, as shown in Fig.4.5(b). 1.1 are the input terminals and 2,2 are the output
terminals, i and v, are the input current and input voitage while i; and v, are the
corresponding values of the output circuil. Thus, we have four quanlities two of which are
currenis and two of them are the voltages. Of these four quantities we can take two of them
dependent quantities and the other two as independent quantities. Thus we express the
dependent quantities in terms of independent ones. Selection of these quantities give
different equivalent circuits for the four-terminal network. However, for a ransistor, an
cquivalent circuit by the selection if ip and v, as independent and ic. vy, as dependeat. is
widely used duc to the simplicity involved. Thus we wiite

ie =G Voo (4.4)
and - i

Vbe = iy , Vce) (4.5}
If we consider, Fig.4.5(a), then,

L=5L1, V) (4.6)

Vi=vid, Va) (+.7)

In general, we are interested in the responsc of the transislor 1o ac signals, so we will 1ake
the differential of (4.6) and (4.7) lo obtain ¢xpressions for the change inf; . (i.e. df;) and
the change in J4(i.c. d1/7)

A afﬂ

diz = dfy +|—1 4l 4.8

’ [a'l],,.. ‘,[c‘ﬂfuh ’ Y
177 al”

ar =f | an =L an 4.9)
&l v O!’zf_

Lct us change 1o a notation useful for considering ac sipnals or any change in the currents
and voltages. Let o = dip 1) = diy, Iy = i) and 3 = di". Tnat is, jowercase v's and i's
rcler o changes in the vollages and currents of, cquivalently, to ac signal amplitudes. With
this notation.

o (8h él; )

= ; a3 I £ 4,10
fa [51'1] ”+[al"2] 2 (.10}

i iy
al aly
HNH=|l— f - 2 4.11
. [af,],, ”+[6l"2]! " *1D
g 1

i ATdW I HES L]

TR

TEE T e SRS MU




We now define the # parameters for our four-terminal black box in terms of the partial
derivatives: :

hay =ly= [%] = ::—2 = short circuit forward curmrent ratio, V2 =0
N
ar, I
han =hy = [—2] =2 =open circuit output admitlance, /=0
I

oV noo: i
h=h= [2] =~ =shori circuit inpul impedence, ¥, =0

6[1 v Jrl
G2 v L _ .
hip=h = . =T =0Open circuit reverse voltage ratio, {; =0
2), ]

l
Table 4.1 summarizes the meaning of each &t parameter and the required condition.

Table 4.1: h Parameters.

Parameter Meaning " Equation Condition

hu Input impedance n Output shorted
I

2 Reverse voltage gain "M Input open
]

a1 Curment gain Iz Qutpul shorted
I

hn ’ QOutput admittance I Input open
Va

The h# parameters have a variety of dimensions; hence the name “hybrid™ parameters. With
this notation we have

ia=hay i1 +hn vy (4.12)
Ih=hy i+ v (4.13)

Egs. (4.12) and (4.13), relating the dependent variables iz and v; 1o the independent
varnables i} and v7 via the # parameters, determine the equivatent circuit. The term kg §y
means there is a current generator of magnitude /) times §;. The term /199 v; means the
vollage v, appears across a conductance f2, (or equivalently accross a resistance of El—

22
ohms). The term /; §; means the current #; flows through an effective resistance of by,
ohms. The term /#5v4 means there is a voltage generator of magnitude #y2v9 . Therefore,
we can draw the equivalent circuit of Fig.4.6. Eq.(4.12) is seen merely the Kirchhoff
current cquation for the oulpul, and Eq,. (4.13) is merely (he Kirchhoff voltage equation for
the input.

Some physical feeling for the /i paramelers can be oblained from the equivalent circuit of
Fig.4.6.

fy o B
o VNN~ o5
] 1
s 1 - 1
v R v C) R %-1— ¥y éRL
e 12¥2 214 2 hy i :
e, i - i
1 1
= * e O i—
vy = by + oy, f = hyfy + hpvy

Fig.4.6; Transistor /r poraneter equlvalent cirenit.
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Electronic Circults The ky; parameter is a resislance in (he input circuil, usually called the “input resistance™.
The lerm 7112v5 is Lhe amplitude of a vollage generator in the input: it represents how much
of the output voltage v is transferred or fed back to the input, and /)7 is called ke
“reverse vollage transfer ratio™. The word “reverse” is used Lo denole the transfer from Lhe
oulput back to the input. The 19 parameter represenis how much of the input current §) is
transferred to the output: k21 is called the ““forward current transfer ratio™. The higher the
value of 44| is, the larger is the change in output currerit for a given input current change.
We call /157 the “output admittance'’ because it is an admittance or conductance directly
across the oulput terminals.

The » paramelers of transistors ¢an be listed as

hy = Ay

he'= M2

By = by

ho = b2

where A; = input impedance with output shorted .

hy = refersevoltage gain with input open
hy = forward current gain with output shorted
hs = oulput admittance with inpul open

To remember this, notice that the subscripl is the first letter of the description:

i = inpul
r = mverse
S = TJorward
¢ = outpul

The h parameters of a transistor depend on the connection which is used: CE, Cé, CB.
Becanse of this the letter ¢ is included for CE conbection, ¢ for CC connection and b for
CB connection, Table 4.2 summarizes the notation for commonly used transistor A
paramclers. Asyou can see, CE parameters arc A, , hyp , hpandh,, .

Table 4.2; Reiatiuns

General ) CE CcC CB
ki hie hic ) hip
hiz hre hre hrb
ha hie e Ap
hx2 Aoe hoe hop

The gencral # parameter equivalent circuil of Fig.4.6 and Eqs.(4.12) and (4.13} are widcly
used to calculate the voltage gain, current gain, the input impedence and the oulput
impedencs of the iransisior amplificr in its fhree configurations: o

(i) common emitter
(i) common base

{iii) common colleclor

4.3:1 Common Emitter Amplifier

Fig4.7 shows a CE amplifier. A small sine wave is applied al the input . This produces
variations in the base current. Becausc of P, the collector current is amplified sine wave of
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Fig.4.7: Common emltter amplifier.

the same frequency. This sinusoidal collector current flows through the collector resistance
and produces an amplified output voltage.

Notice that the ac outpul vollage is inverted with respect 1o the ac input voltage, meaning

that it is 180° out of phase with the input. During the positive half cycle of inpul voliage,

the base current increases, causing the collector current (o increase, This produces a larger

voltage drop across Lhe collector resistor, therefore, the collector voltage decreases, and get

the first negative half cycle of output voltage. Conversely, on the negative cycle of input

voltage, collector current flows and the voltage drop across the collector resistor

decreascs. For this reason, the collector-lo-ground voltage rises and we get the positive half
. cycle of output voltage.

Current Gain

The current gain of an amplifier is defined as the ratio of the ac output current to ac input
current. In symbols

i

4= . (4.14)

f

With Eq. (4.12), we can rewrite Eq. (4.14) as

B3y i1 + Ropv v
A=y gy 2
f 1
N

FromFig.4.6 you can sec that v = — i; Ry When this is substituted, we get
f;RL
Ay =l —hyy TR hy —A hnarg

solving for 4;, we get

hay

= 4.15
1+ gy ( )
Voltage Gain

The voitage gain of an amplificr is defined as the ratio of ac oul:pul voltage 10 ac input
voliage. Insymbols,

15
= "

With Eq. {(4.13),

_ V7 —iyry
hyivthzvyy kgl —hpiarg

Dividing the smumerator and denominator by ip pives

T h/Ai=hpr

Amplificrs
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Electronic Circults

Using Eq. (4.15) we gei

-hr
= 4.16
YT+ kg —hokay (4.16)
Input Impedence I
The input impedence of a loaded two port network is
i h
m=3_1_=h|1 i :H‘!lzvz o hyy 4 12Y2
| L) i
sinceva=—igrr.
huiy+hizva
Zin=hy) -H*I-l—=h11 —Ajhary
Using Eq, (4.15), we get
Zi=hyy - 72 L (4.17)

1+ hzer
Qutput Impedence

To get the output impedence, the source voltage shown in Fig4.6 is reduced to zero. Then
drive the output terminals with a signal of v as shown in Fig.4.8, The ratio of vz to iz is
the output impedence of the two port network. In symbols,

¥2 vz

Zout=—-

2 _ 4.18
I hyiy+hpv @18
On the input side, Ohm's law gives

; _~haw
! !‘s+h11

when this is substituted in Eq. (4.18), we get

_ rs+h
{rs + h11) haa — h)2 ha)

4.19)

Zowt

Thus for a CE amplifier, the / formulas are written as follows:

hye

A=

- hfer.[.
e + (hic Poc — Hre AR) 1L

v

ro+h,

Zour;

Fig. 4.8: To find output impcedence, driving the cutput side with a signal v
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4.3.2 Common Base Amplifier Amplifiers

Fig.4.9 shows a common base amplifier. The base terminal is common to both the input
and the output. The inpul is at the emitter, and the oulput is taken off the collector ie.,
across the collector resistor Re. In the common base amplifier, the output is in phase with
ihe input. A positive inpul makes the emitter more positive than base, thus the collector
current decreases. This decrease in the collector current causes the output voltage at the
collector to rise, thus giving a positive going output.

For calculating the current gain, voltage gain, input impedence and output impedence, we
need to use the CB parameters ;3 , A, , hyp and hop. The basic formulas become

i
= 4,203
4 1+hoyry, ( )
- kﬂ, rr
A= {4.20b)
iy + (Hip hot = hep hp) rp -
(4.20¢)
Zo= s+ hip (4.20d)
P (s + higyBop + By hp, '

4.3.3 . Common Collector Amplifier

In the common collector configuration shown in Fig.4.10, the collector terminal is common
to both the input and the output. The inpul is at the base and the output is 1aken off the
enuter, that is, across the emitier resistor Rg. As the input goes more positive, the transistor
tums on and /g increases, which means that the output also goes more posilive. In other
words, the oulput voltage is in phase with (he inpul voltage. The common collector
amplifier i+ thus often called the “emitter Sollower” because the output voitage on the
emutier “follows™ the input voltage at the base.

+Ver
L]

Fig. 4.18: Common collector umplifier. -
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To calculate the current gain, voltage gain, input impedeﬁce, outpul impedence we need to
use the /» parameters of ce connection: 4., A, hg and A .. The following formulas are
obtained:

b
. P 42
Y thger, (4213
—herp
= (4.21b
hig + (hic hoe — hye hﬁ.‘) rr )
o=l e fe'L .
zm ic 1 +hoc r (4 210)
reth
Zout LR (4.21d)

- (rs + hicy broe — hype hige

To sumup, in Table 4.3 we give comparison among three types of amplifier circuits.

Table 4.3: Comparative study of three types of amplifier circuits.

N L i T e L T I T

Property Common Emitter  Common Base Common Collector
Transisior Medium inpul a relatively low high input‘
resistance impedence and input impedence impedence and low
medum outpul and a relalively outpul impedence
impedence high output
impedence
Current gain Large current gain ~ Approximately Current gain is high
. Tlo current
Voltage gain Large vollage gain  Voltage gain is Voltage Igajn i5 less
fair than unity
Phase of inputand  Inpul and output No phase reversal No phase reversal
output signals signals are 180°
: apart
Principal use in transistor invery high In driving low
configuration frequencies impedence loads
such as loudspeakers

4.4 OPERATING POINT AND BIAS STABILITY

In order to get oplimum performance of a device, appropriale voltage have to be applied to
its differcnt elements. The voltages that you apply should be such that the device functions
lincarly even when a small change occurs in the applicd voltage. The operating voltage and
current al the outpul element and that of (he input electrode defines the operating point or
the “quiescent” point of the device. Forexample, for a transistor in common emitter
confligurations the gperating point on the load line is the point that represents Ie, Veg and
Ip for no input signal.

When a transistor is used in amplifier circuit, a small ac signal is put into the transistor 10
gel a larger ac signal of the sane frequency, Before the ac signal can be coupled iito a
transistor, we fave lo set up quiscent (Q) point of operation, typically near the middle of

“the load line. Then the incoming ac signal will produce fluctuations above and below this

Q point. The Q point is specificd by I’ and fe. for a transistor in common cmitter
configuration. Therefore, for the device to function lincarly, the fluctuations in currentand._
voltage must not drive Lhe transistor into either saturation or cut off.

Applying the appropriate voltages to the different clements of the transistor is calted
biasing. The biasing is affected by transistor parameler variations. transistor replacement,
tempetature ctc. Making the Q-point (operating point) independent of these changes is
called stabilisation. The biasing circuits exaploy dc feedback to achicye stabilization of

g o o am B
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various biasing circuits like fixed bias (also called base bias). Self bias (also called Amplifiers

collector feedback bias) and the universal bias (also called the voliage divider bias). Fixed
bias is never used to bias a transistor for linear operation because in this case the Q-point is
unsiable. Fig.4.11 shows the various biasing circuits. In self-bias, the base resistor is
retumed to the collector rather than to the power supply. This is what distinguishes fixed
bias from the self bias. This type of bias is somewhat more effective than fixed bias,
Although the circuit is still sensitive 1o changes it is used in practice. It has the advantage
of simplicity (there are only two resistors). .

Universal bias is the bias most widely used in linear circuits. The name “voltage divider”
comes from the vollage divider formed by R; and R; The vollage across Rz forward biases

the emitter diode.

AARA

AR AR
YYY

I 1

(@ (b) (c}

Fig. 4.11: n) Fixed hlas (b) Self-blas (C) Universal biss.

You can sce [rom Fig.4.11 (c), that we require only one battery + Ve It uses four resistors
and providcs stability of the Q-point according to the following relation :

ch —)IET = (g RE)T > Veel

(since g2 is conslant and is equal (o

Var + IgRE = icl (4.22)
Here, arrow pointing npward shows that the physical quantity accompanying such arrow is B of & transistor is definéd as:
increasing whereas the physical quantity accompanying the arrow pointing downward is I
decreasing in magnitude. For instance, if By increases, the collector current increases. = ﬁ .

This increases the emitier vollage, which decreases the voltage across the base resistor and
reduces the basc current. The reduced base currcnt rcsults in lcss collector current, which

" offsels the original increase in 34

Where I¢ is the collector current
and 5. is the base suivent.

Resistors R; and Ry form a vollage dmder across the Vo supply. The current through the
combinations is selected Lo be ahoul -— l.h of the collector current i.e. J; = /10 _Since the
basc currcnt is small the cument lhrougth can also be taken ~J;. So the voltage across Ry
is '

V.. Ra

=5 Rp=
12 R+ Ry
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This is also = Vgg+ Ve = Vg + I Re

=Vpe +icRg (W e=Ip)

Vec Ry
h Rl +_Rz

= VBE'I-I(:RE ‘

Since the LHS is constant, a change in /¢ causes Vzz to change in a direction, 50 as to
bring 7 back 1o the original values refer, as shown in Eq.(4.22).

Example 1

Calculate the dc bias voitages (i.e., base vollage, emitter voltage, collector voltage and
collector to cmitter voltage) and currents (i.e., emitter current and colleclor current) for the
circuit of Fig.d.11.c. Here R)=40kQ, R, = 5kQ, Re=5kQ), Ve =12V and Rp=1.
Assume Vpe=0.3V and p =60 for the transisior used. .

Solution
The base voliage is

Ry

Ig=Vg, = x V,
B Ry R1+R2 ¢

Here, Rz =5k Q=5x 1039;R1=40k9=40x 1039; Vee=12 V.
Therefore,

5x10°
= —“—3 x12=13V
(40 +5) x 10
The emitter voliage
Ve=Vo-Vpe=13-03=10V

>~
Therefore, the emitter current
Ip=——=—"—=10x 1074

The collector current,
fo+Ig=1.0mA
The collector voltage
Ve=Vec-IcRe
=12-1x1072 x5x10° =7V
Finally, the collector-lo-cmiller voltage

Veg=Ve-Vg=T7- 1=6V

Try 1o solve the following SAQ

SAQ1

Suppose you have built a circuit as in Fig.4.11c. Predict what will llz{pppn in the following
case : Il R is increased by 50% then

(a) Vg, will....b) Vrewill......

€y I will...... d) Fowill........... - -

2 r—ry =
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4.5 SMALL SIGNAL AMPLIFIER

In the last section we discussed ways Lo bias a (ransistor for linear operation. Afer the
transistor has been biased with a Q Point niear the middle of the dc load line we ¢an couple
a small ac signal inlo the transistor. - This preduces fluctuations in the collector current of
the same frequency and shape. For example, if the input is a sine wave with a frequency of
1 kHz, the output will be an enlarged sine wave with a frequency of.1 kHz, The amplifier is
called a linear amplifier if it does not change the shape of the signal . As long as the
amplitude of the inpul signal is small, (he transistor will use only a small portion of the
load linc and the operation will be linear.

Laok at the output characteristics of a transistor shown in Fig.4.12. The operating point Q
is defined by ICQ, Verg & 1gg.

Vero CE
Fig. 4.12 : Swing of Q-point for a sinuscldal Input,

When a sinusoidal signal is applied to the base, the base current changes to Ip, during
positive half cycle of the signal and to 75, during the negative half. The Q-point swings-
fromQ to A and Q to B during this time. You can observe that under all circumstances the
operating point remains on he linear portion of the characteristics. So an amplifier in
which the aperation is linear for the applied signal, is called a small signal amplifier.

This section introduces some ideas needed to analyze small signal amplifier. We will begin
with coupling capacitors, devices that allow us to couple ac signals into and out of 2
iransislor stage without changing the de bias voltages. '

4.5.1 Coupling and Bypass Capacitors

A coupling capacitor passes an ac signal from one point to another. In Fig.4.13(a) the ac
voliage at point A is transmitted to point B. For this to happen, the capacitive reactance X

must be very small compared with the series resistances. A bypass capacitor is similarto a

coupling capacitor, except that it couples an ungrounded point to a grounded point, as
shown in Fig.4.13(b).

In Fig.4.12{c), thc capacitor ideally looks like 2 short te an ac signal. - Because of this, point
A is shorted to ground as far as the signal is concerned. This is why we have labelled point
A asac ground. A bypass capacitor will not disturb the dc vollage al point A because il
looks open (o dc current. However, a bypass capacitor makes poinl A an ac ground pointl.

4.5.2 Multi-Stage Amplifiers
An amplifier is the basic building block of most eleclronic systems. Just as one brick does

not make a house, & single-stage amplificr is not sufficient to build a practical electronic
system. Insection 4.3, we had discussed he single-stage amplificr. The gain of single

Amplifiers
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(b)

Flg. 4.13: @) Coupling capacltor b *tween source and load.
b) Bypass capaclior
<) Bypaus capaciior.

stage is not sufficient for practical applications. The vollage level of a signal can be raised
to the desired level if wé use mére than one stage. When a number of amplificr stapes are
used in succession (one afler the other) il is called a multi-stage amplifier or a cascaded
amplifier. Much higher gains can be obtained from the mulli-stage amplifier,

Gain of 2 Multi Stage Amplifier .

A multi-stage amplifier (n-stages) can be represented by the block diagram as shown in
Fig4.14. You may note that the output of the first stage makes the input of the second

A | % Ay |2 Vap | Ay M
Flg. 4.14: Block diagram of a multistage amplifler having n stages,
stage: the output of the second stage makes the input of the third stage,......... , and 50 on.

The signal vollage v; is applied 1o the input of the first stage. The final output v, is then
available at the output terminals of the last stage. The output of the first (or the input to

'the second stage) is

vi =4y v

where A is the vollage gain of the first stage. Then the output of the second stage (or the
input to the third stage) is

v2=Azv
Similarly, the final output v, is given as
Vo = V=i Va1
where A, is the vollaée gain of the last (#th) stage.

We may look upon this multi-stage amplifier as a single amplifier, whosc input is v and
outpul is v,. The overall gain 4 of the amplificr is then given as

Vo _V1 V2 Vr-1 Vo

e x- -1

= =—X— %, . X
LAIE R Va=2 Vo-|

1M T WETTTaT

Bl




or
A=A1xA2x...>:A,,T1xA,, (4.23)

The gain of an amplifier can also be expressed in another unit called decibel.

Decibel |

In many problems it is found very convenient to compare two powers on a logarithmic
scale rather than on a linear scale. The number of bels by which a power P exceeds a
power P is defined as

P
Number of bels = logjg P—?

For practical pu.fposes it has been found that the unit bel is quite large. Another unit,
one-tenth as L'ugc is more converient. This smaller unit is called the decibel (abbreviated
as dB), and sincé one decibel is one-tenth of a bel, we have

P
Number of dB = 10 x Number of bels =10 log 1 ;—,% (4.24)

For an amplifier, let P represents the input power and Po the output power: If V) and V5
are the inpit and output voltages of the amplifier, then

P1=R—l
and

p 0

2_Ro

Where, Ry a.ndRo are Lhe input and output impedances of the amplifier. TIJ.BII, Eq (4.24)
can be writien as

VZ/R,

Numberof dB =10 log g
. 2+ Ry

In case the input and output impedances of the amplifier are equal , i.e. Ry = R,= Rthe
Eq.(4.24) simplifies to

3 (A8
Number of dB = 10 logjp — V =10 logp 7 (4.25)
2

1% v,
=10 x 2 logyg 7‘} =20 lugm?:

However, in gencral, the imput and output impedances are not always equal. But the
expression of Eq.(4.25) is adopted as a convenient definition of the decible voltage gain of
an amplifier, regardless of the magnitudes of the input and output impedances.

As an example: if the vollage gain of an amplifier is 10, it can be denoted on the dB scale
as i

V-
Gain in dB = 20 log)o 7? =20 logg 10

=20x1=204dB
Gain of Multi-Stage Amplifier in dB i
The gain of a multi-stage amplifier can be casily computed if the gains of the individual
slages are known in dB. The overall voltage gainin dB of a mmuiti-stage amplifier is the
sum of the decibel voltage gains of the individual stages. That is-

Aﬂ-B =Ad_a| +Aap2 +. .. +AdB,_, (4.76)
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SAQ2

A multi-stage amplificr consists of three stages. The voltage gains of the stages arc 30,50
and 80. Calculate the overall vollage gainin dB. Also calculate the overall gain using

Eq4.23. .

How to C_t‘;uple Two Stages

In a multi-stage amplifier, the output of one stage makes the input of the next slage (see
Fig.4.14). Can we connect the output terminals of one amplifier to the input {emminals of
the next amplificr directly ? This may not always be possible due 1o practical difficulties.
We musl use a suitable coupling network between two stages so that a minimum loss of
vollage occurs when the signal passes through this network to the next stage. Also, the dc
voltage at the output of one stage Should not be permitted to go 10 the input of the next. If
it does, the biasing conditions of the next staggs are disturbed. ’

The coupling network not only couples two stages; it also forms a part of the load
impedance of the preceding stage. Thus, the performance of the amplifier will also depend
upon the type of coupling network used. The three gencrally used coupling schemes are :

(i) Resistance-capacilance coupling
(ii) Transformer coupling

(iif) Dirccl coupling
Resistance-Capacitance Coupling

Fig.4.15 shows how to couple two stages of amplifiers using resistance-capacitance (RC)
coupling scheme. This is the mosl widely used method. In this scheme, the signal

developed across the collector resistor R of the first stage is coupled (o Lthe base of the
second stage through the capacitor C;. The coupling capacitor C. blocks the dc voltage of .
the first stage from reaching the base of the second stage. In this way, the dc biasing of the
next stage is not interfered with. For this reason, the capacitorC, is also called a blocking

capacitor.
i Ve

Jr

vo
R R ‘

T

- Flg. 4.15: Two-stage RC-coupled amplifier using { mnsistors.

Transformer Coupling

In this type of coupling, a transformer is used to transfer the ac output voliage of the first
stage to the input of the sccond stage. The resistor R, (see Fig.4.153) is replaced by the
primary winding of the transformer. The sccondary winding of the transformer replaces the
wire between the vollage divider (of the biasing network) and the base of the sccond
stage. Fig.4.16 illustrates the transformer coupling-between the two stages of amplifiers.
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Fig. 4.16: Two stapes, using trwnxistors, are conpled by a transformier,

Note that in this circuit there is no coupling capacitog., Phe dc isolation between the two
stages is provided by the transformer itself. There eists no dc path between the primary
and the secondary windings of a transformer. However, the ac voltage across the primary
winding is transferred (with a multiplication factor depending upon the turns ratio of the

. transformer) to the secondary winding,

The main advantage of the transformer coupling over RC coupling is that all the dc vollage
supplied by V. is available at the collector, There is no voltage drop across the collector
resistor R (of RC-coupled). The absence of resistor R, in the ¢ollector circuit also

. eliminates the unnecessary power 1oss in the resistor. '

The transformer coupling scheme is not used for amplifying low frequency (audio) signals.
However, they are widely used for amplification of radio-frequency signals(above 20 kHz).
Inradio receivers, the rf ranges from 550 KHz to 1600 kHz for the medium-wave band: and
. from 3 MHz to 30 MHz for the short wave band. In TV receivers, the 1f signals have
frequencies ranging from 54 MHz to 216 MHz By putting suitable shunting capacitors
‘across each winding of the transformer, we can get resonance at any desired rf frequency.
Such amplifiers are called tuned-voltage amplifiers. These provide high gain at the desired
f frequency. For this reason, the transformer-coupled amplifiers are used in radio and TV
receivers for amplifying if signals, (such amplifiers are discussed in section 4.7).

The use of a transformer for coupling also helps in proper impedance matching. By
suitably. selecting the turns ratio of the transformer, we can match any load with the output
impedance of the amplifier. This help in transferring maximum power from the amplifier
to the load. This is discussed in more details in section 4.6 on power amplifier.

Direct Coupling

In centain applications, the signal voltages are of very low frequency. The amplifier used
for the amplification of such slowly varying signals makes use of direct coupling. In this
type of coupling scheme, the output of one stage of the amplifier is conrected to the input
of the next stage by means of a simple connecting wire, . ... L . ... -

For applications where the signal frequency is below 10 Hz, coupling capacitors and bypass
capacitors cannot be used. At low frequencies, these capacitors can no longer be treated as
shont circuits, since they offer sufficicntly high impedance. Fig.4.17 shows a two stage
direct coupled amplificr. ' '

The dircet coupling scheme has a setious drawback. The transistor paramelers like ¥z and
3 vary with temperature. This causes the collector current and voltage to change, Because
of the direct coupling. this vollage change appears at the final outpul.

Amplifier»
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Fig. 417: Two siape, direct-coupling amplifier using transistora.

4.5.3 Frequency Response of an RC-Coupled Amplifier

A practical amplifier circuit is meant to raise the vollage level of the input signal, This
signal may be obtained from the sound head of a tape recorder, the microphone in case ofa
PA systéem. Such a signal is not of a'single frequency. But it consists of a band of
frequencies. For example, the electrical signal produced by the voice of lnman being or by
a musical oichestra may contain frequencies as low as 30 Hz and as highas 15 kHz. If the
loudspeakers are to reproduce the original sound faithfully, the amplifier used must amplify
all the frequency components of the signal equally well. If it does not do so, the output of
the loudspeaker will not be an exact replica of the original sound.

The performance of an amplifier is judged by observing whether all frequency components
of the signal are amplified equally well. This informatior is provided by its frequency
response curve. This curve illustrates how the magnitude of the voltage gain of amplifier
varies with the frequency of the input signal (simusoidal).

r 3
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. Fig.4.18: Frequency response curve of an RC-coupled amplifier.

Fig.4.18 shows a frequency response curve of a typical RC-coupled amplifier. Note that the
gain is constant.only for a limited band of frequecncies. This range of frequencies is called
the mid-fréquency range and the gain is caiied mid-pand gain A, O both sidesofthe . ..
mid-frequency range, the gain decreases. For very low and for very high frequencies, the
gain of the amplifier reduces to almost zexo. .

Low-frequency Ranpe

In the section 4.3, we analysed an amplifier circuit 1o determine its vollage gain. This was
the mid-frequency gain. In mid-frequency range, the coupling and bypass capacitors arc as
good as short circuits. But, when the frequency is low, Lhesc capacitors can no longerbe

replaced by the short circuit approximation. The lower the frequency, the preater is the
value of reactance of (hesc capacitors, since
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Tlus causes a significant voltage drop across C,.. The result is that the effective output
voltage decreases. Tle lower the frequency of this signal, higher will be the reactance of
the capacitor C; and more will be the reduction in outpul voltage. At zero frequency (dc
signals), the reactance of capacitor C, is infinitely large (an open circuit). The cffective
output voltage then reduccs to zero. Thus we see that the output voltage (and hence the
vollage gain) decreases as the frequency of the signal decreases below the mid-frequency
range.

The other component. due to which the gain decreases at low frequencies is the bypass
capacitor Cg. The coupling capacitor in the input side is also responsible for the decrease of
gain at low frequencies. ‘

In practical circuits, the value of the bypass capacitor Cg is very large (=100 uF).
Therefore, it is Lthe coupling capacitor that has ihe more pronounced effect in reducing the
gain at low frequencies.

High Frequency Range

As the frequency of the input signal increases, the gain of the amplifier reduces. Several
factors are responsible for this reduction in gain . Firstly, the beta (B ) of the tmnsistor is
frequency dependent. Its value decreases at hj ghirequencies. Because of Lhis, the voltage
gain of the amplificr reduces as the frequency increases.

Another imporiant factor responsible for the reduction in gain of the amplifier al high
frequencies is the presence of the device. In case of a Lransistor, there exists some
capacitance due to the formation of a depletion layer at the junctions. These inter-electrode
capacitances Cy,, Cj,, C., are shown in Fig.4.19. Note that the connection for these
capacitances arc shown by dotted lines to indicate that these are nol physically present in
the circuits, bul are inherently present with the device (whether we like it or not).

I
x

[ T

4

__TL _

Fig.4.1%: RC-coupled amplifier. Capacitances that affect high-frequency response
ore shown by dotted conneclions.

Besides the junction capacilances, there are witing capacitances .. and ~_. as shown in
Fig.4.19. The elfect of the capacitance C... ¢, and the input capacitance C ; af the nexi
stage can be represented by a single shunt capacitance. At high frequency these
capacilance become

Ce=Cro+ Cuz + G
Note that at high frequency, the impedence offered by the coupling capacitor is negligible.

As the frequency of the input signal increases, the impedance of the shunt capacitance Cy
dccreases, since .
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The higher the frequency, the lower is the impedance offered by C3 and lower will be the
output voltage.

Bandwidth of an Amplifier

Frequency response curve of an RC-coupled amplifier of Fig.4.18, shows that the gain
remains constant only for a limited band of frequencies. On both the low-frequency side
as well as on the high frequency side, the gain falls. Now, an importan estion
arises-where exactly should we fix the frequency limits (of input ;193 ) within which the
amplifier may be called a good amplifier ? The Limil is set al tho lrequencies al which the
voltage gain reduces to 70.7% of the maximum gain 4,,. The frequencies are known as
the cut-off frequencies of the amplifier. These frequencies are marked in Fig4.18. The
frequency /] is the lower cut off frequency and the frequency f is the upper cut-off
frequency. The difference of the two frequencies, that is f2 - fi, is called the bandwidth
(BW) of the amplifier. The mid-frequency range of the amplifier is from fj to fz. Usually,
the lower cut-off frequency f; is much lower than the upper cut-off frequency /3, so that we
have .

BW=f,-fi=h.

Al

Example 2

An RC-coupled amplifier has a voltage gain of 100 in the frequency range of 400 Hz to

25 kHz. On either side of these frequencies, the gain falls so that it is reduced by 3 dB at
80 Hz and 40 kHz. Calculate gain in dB at cut-off frequencies and also construct a plot of
frequency response curve,

Solution
The gain in dB is
Agp =20 logyo A =20 logjo 100 = 40 dB

This is the mid band gain. The gain al cut-off frequencies is 3 dB less than the mid band -
gain, i.e. =

(Adp) (at cut-off frequencies) = 40-3 =37 dB

The plot of the frequency response curve is given in Fig.4.20.

771 S
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Flg. 420: RC-coupled amplifier Capacitances that affect high-frequency response
are shown by dotted connectona

4.6 LARGE SIGNAL AMPLIFIERS

In almost all electronic systems, he last stage has to be a power amplifier. For example, i
a public address system, it is the power amplifier that drives the loudspeakers. When g

person speaks into a microphone, the sound waves are converted by it into clectrical signal.
o




This electrical signal is of very low voltage (a few mV). This signal, if fed directly,
cannol dove (he loudspeakers, to give sound (audio) output. The voltage level of this
signal is first raised to sufficiently high values (a few V) by passing it through a multi-stage
voltage amplifier. This voltage is then used to drive {or excite) the power amplificr. The
power amplifier is capable of delivering power to the loudspeakers. The loudspeakers
finally conver the electrical energy into sound energy. Thus, a large audience can hear
the specch (or music from the orchestra, tape recorder, record player, or any other such
gadgel).

Thus we find that 2 power amplifier is an essential part of every clectronic systcm.

The primary function of the voltage amplifier is to raise the voltage level of the signal. It is
designed to achieve the largest possible vollage gain. Only very little power can be drawn
from its output. On the other hand, a power amplifier is meant to boost the power level of
the input signal. This amplifier can feed a large amount of power to the load. To oblain
large power at the output of the power amplifier, its input-signal voltage must be large.
That is why, in an electronic system, a vollage amplifier precedes the power amplificr,
Also, that is why the power amplifiers are called large-signal amplifiers.

Now the question arises that ﬁrhy a voltage amplifier cannot work as a power amplifier or
in other words what is the diffcrence between a voltage amplifier and a power amplifier.
Refer to Fig 4.15 of section 4.5.

The total dc power drawn from the supply is Ve Jcg, Out of this, only Vegg Iog is the
cflective dc input power to the amplifier because, al best , that is the power that could be
converted into uscful ac power. The difference of power which is

IZo (Re+Rp)
goes wasle in unnecessarily healing the resistors.

We can atiempt to reduce this wastage of power. The resistor Rz has to be there in the
circuit, because it is a part of the biasing network. If Rz is absent, the stabilisation of the
operating point becomes poor. However, we can do something about the resistance Re.

We can replace Re by a component whose dc resistance is zero, but ac impedance is very
high We can do this by replacing R¢ by a choke (an inductor). Two things arc achieved
by doing this. First, no dc voltage drop occurs across the choke (since the dc resistance is
almost zer). We can afford to use lower voltage supply ¥, for the same amplifier,
Second, the dc power loss in the choke is almost nil. Thus,-this circuit is much better as
compared to the one in Fig4.15.

Still more improvements can be made in this circuit so (hat it works as a better power
amplifier. How it happens is explained in the next subsection.

4.6.1 Single-ended Power Amplifier

Fig.4.21 shows a typical single ended transistor power amplifier. The lerm *‘single-ended”
{denoting only one transistor) is used to distinguish this type from the push-pull amplifier
(which uses two transistors; and is discussed in next subsection),

T Ve = 15V

Nl:Nz

+3 y ©
walln 3 W= | [T

[——
L E—— |
]
[l

(a) )
Flg.4.21: Single ended power amplificr.
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In many electronic systems, such as radio, ielevision, 1ape recorder, public address system,

. etc. the final outpul is in the form of sound. In such systems, the loudspeaker is the load for

the power amplifier. The power amplifier makes the final stage and it drives the
loudspeaker. In place of choke we have used a transformer in the circuit because it
provides impedence matching.

In a power amplifier, the ac output power is sufficiently high, whereas the power in the
base circuit is quite low. The question naturally arises where the power comes from. The
only source of power in a power amplifier is the dc supply, Vcc. A portion of this dc input
power appears as useful ac power across the load R;. The rest of it is lost in the circuit.
That is

dc input power =ac output .power + losses
or
P (dc) = P, (ac) + Losses o {4.27)

In Eq. (4.27), the input dc power is obtained from the battery. It is given by the product of
voltage Vcc and the average current drawn from the battery. If the amplifier is working in
class-A operation, the average collector current will be the same as the quiescent collector
current /cg. Therefore, the dc input power is

Py=Vecleg - (4.28)

For the transformer coupled amplifier, the only power lost is P which is dissipated by the
transistor (other losses are negligible). We can now write Eq. 4.27 as

or.
Pp=Veclep+P, (4.29)

This equation is very significant in the operation of a power amplifier. The maximum
power dissipalion in the transistor occurs when the ac output power is zero, in which case

Pp (may=Yee Icg (4.30)

Fig.4.22 shows collcctor characteristics of a power transistor. Assume that its dissipation
rating is 3.5 W, we must ensure Pp does not exceed 3.5 W, We first plot its collector .
dissipation curve. We take some arbitrary values of Vg and calculate corresponding
valuesof /¢ so that we always have g Jo = Pp=31.5W. The curve obtained from these
values is a hyperbola, as shown in Fig.4.22. If this transistor is used in a power amplifier,
its Q point must lic below this curve. :

A power amplifier is said to have high efficiency, if it can convert a greater portion of the
dc input power drawn from the battery into the useful ac output power.. We define
output-circuit efficiency as the ratio of ac power to dc input power supplied to the
colleclor-emitter circuit.

_Pofac) P,
" Pi(de) Vee Icp -

(4.315

Efficiency is a measure of how well an amplifier converts de power from the battery into
useful ac cutput power.

Letus analyse the circuit shown in Fig.4.23. The collector characteristics of the transistor
are given in Fig.4.72, We shall find, for this circuit, the rms values of coltector current and
voliage, and the ac power: dcvcloped at the collector and the collector-circuit efficiency

To analyse the circuit, we first draw 1he dc load line on the collector characteristics. The
de resistance of thé primary of the transformer is assumed to be 0 €2. "Also, the resisiance
Rg is negligibly small. The dc load line is therefore a vertical straight line.

From the graph in Fig.4.22, we can find the maxinm and minimum values of the collector
current and voliage, between which the signal swings. The ac power developed across the
transformer primary can be calculated to be

ity pmr Loy
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Fig.4.22: Characieristics of 8 power transisior with its collecior dissipation carve.

Fig. 4.23: A practical single-ended ampliffer.

Voo o
Po (ac) = Ve (rms) % I (pmg = ~CS. 220 o e E220

22 22 '

or

_ [VeE ey — YeEmm) [Uc may — I (min)
- 8

P,

The same power appears across the load Ry, if the transformer is 100% efficient.
Assuming the losscs in the transformer to be negligible, ave may now calculate the ac
power delivered o the loudspeaker Ry, from Eq. 4.32.

In this case,
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transistors flow in opposite directions through the two halves of the primary winding. -
These currents produce opposite flux through the magnetic core of the transformer. If the
two transistors are perfectly matched, the net flux in the core is zero.

Fig.4.26: Detalls of push-pull aperation at the oulput.

When an ac signal is applied to the input, opposite phased, varying base currents flow in
the two transistors, As a result, the ac collector currents in the two transistors are also in
opposite phase. The total current i,; in transistor Ty and the total current i, in transistor T,
varies as shown in Fig.4.27a and b, respectively. These currents flow in opposite
directions in two hatves of the primary winding. The flux produced by these currents will
also be in opposite directions. The net flux in the core will be the same as that produced by
the difference of the currents /.4 and i.,. To find the difference i ; and i, , we first find
the negative of i;2 . This is done in Fig.4.27c. We can now add the currents of Fig.4.27a
and to get the difference , since

fel ~ i =gy + (i)

iaT
Icq
0 t
ot @ b + i)
o2
icg A Ig:on 0
g+ (igg)=0
0
)]
—ig TO
()
TRAN
©

Fig. 4.27: (@) Collector current i, in iransister T
{b) Collector current i, n iransistor T»
{c). The negailve of iy
(d) The difference j., — i.;.

The differcnce of the two collector currents is obtained in Fig.4.27d. Note that during this
process the quiescent currents (/cg) of the two transistors get cancelled, but the ac currents
get added up. The overall operation resulls in a net ac current flow through the primary of
the transformer. This resuits in a varying flux in the core. An ac voltage is induced in the
secondary, and the ac power is delivered to the load resistor R;.

From Fig. 4.27a and b, it may be seen that during the first half-cycle, the current iy,
increases, but at the same lime the current iz decreases. In other words, when one

Ty
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transistor is being driven into more copduction, the other is driven into less conduction,
The reverse happens in (he next half-cygtlc. This amounts (o saying that when'the current in
one transistor is “pushed up”’, the current in the other transistor is “pulled down’. Hence,
the name push-pull amplifier. ‘

4.7 RADIO FREQUENCY (rf) AMPLIFIERS -~ ',

Till now we have discussed audio amplifiers. Such aniplifiers are vised in virions audio
systems, for example, record players, tape recorders, public -address systems etc. In radio
broadcasting, the audio signal (voice or music) is “raised’” to some high-frequency level,
This high frequency is in Ui radio-frequency (rf) range and it serves as the carmier of the -
audio signal. The carrier frequencies (and corresponding wavelengths) of some of tthf‘ i
broadcast stations are given bélow: : NI L -

L

\ Station . I'-“Irequcnéj}_‘-' S
Delhi ‘B’ 1017 kHz _ 2949 m
Bombay °‘C’ . 1183KHz "~ 2525m

The process of raising the audio signal to rf frequencies is called modulation. It is the
modulated wave that is transmitied by the broadcasting station.- This modulated wave has a
relatively narrow band of frequencies centred around: the carmierfrequency, as shown in
Fig.4.28. The bandwidth of the signal /5 - f; is Very small' comjpared to the carrier
frequency f. T

o

Wlen the f signal (modulated wave) reaches the receiving antenna, a very weak voltage is -
induced'in it. This voltagé is of tiie order of a'few pV. Itis not possible to extract the |
original audio signal from this weak voltage. Itis necessary, first, to amplify the rf signal
to a suitable level . This is achieved in a radio receiver with the help of a tuned voliage
amplifier also called radio:frequency amplifier, - -* - .

flf i Y I A
615KHz 700kHz -~ 795Kz | 880kHz S04SKHz . . .
750 kHz . f >

.~ Fig. 4.28: Fl\-equcncy spectium of nedulated waven that are transmitted by dJ[fe_rmt‘iimadl:mtlng stations.

A tuncd-vollage amplificr uses a tuned ciscuit, The rddio frequency amplificr can be.. ...
~"classified into two: single tuned vollage amplifier and double tuned voltage amplificr.

4.7.1 Single-tuned Voltage Amplifier -

Fig.-t.w shows the circuits ofa s_ingiq—_mned_vollag?:pmpliﬁct inthe circuit of Fig.4.29a,
the output is taken with the heljp of capacitive coupling, whercas in Fig.4.29b, the output is
obtained by inductive coupling. =~ . '

InFig4.29. the resistors Ry and R 5 and-Ryz fix up the operating point and also stabilize it
The tuncd circuit consisling of inductance and capacitance acts like a load resistance of
amplilier circuit. Qne of the two componexnts, that is, cither inductance, or capacitance, is
vanable. This is for adjusting “the resoriant frequency of the circuil,

. Ampliiers

L Wa\;elenglh

The process of extracling the original
signal from the rf signals is called
demodulation. These terms
(madulation and demodulation are
presented here merely by way of
introduction. They will be discussed
in detail when we deal with
communication. .
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(&)
Fig.4.29: Single-tuned amplifler clreuits using blpolar junction transistor :

n) Copacitively coupled amplifier.
b) Inductlvely coupled amplifler.

Voltage Gain and Frequency Response Curve

We have already studied that the voltage gain of anamplifier depends upon the ac load
Iesistance.

R
A=— £180° (where 180° shows that output)

n

[n the tuned amplifier, R, is the impedance of the tuned circuit, This impedance is
denoted by Z,. The impedance of the tuned circuit at resonance is resistive and is cqual to
L/CR. Therefore, the voltage gain of the tuned amplifier at resonance is given by

L

Yin

A Z.100°

This voltage gain is very high since the quantity L/CR is very high for a tuned circuit. The
volage gain al the frequencies away from resonance decreascs, since (he impedance of the
tuned circuil at these frequencies also decreases. Thus, as we go away from the resonance
on cither side, the voltage gain of the amplifier decreascs. The frequency ESponse curve
of the uned amplifier is similar to the impedance-frequency curve for a paratlel resonant
circuil. This frequency response curve is plotted in Fig.4.30, The bandwidth of the
amplifier is given by

=% 435
o (4.35)
. 1 5
whee,  foem At (4.36)
Am

0.707 A,
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The above expression comes from the formula for bandwidth of a parallel resonant circuit,
Limitations of Single-tuned Valtage Amplifiers

Tuncd vollage amplificrs are generally used in of stage of wircless communication systems.
Hcre. these circnits are assigned the work of selecting 1he desired carrier frequency and of
amplifying the allowed pass band around this selected carrier frequency: The high
seleclivity requires a high Q-resonant circvil. A high Q circuit will have high gain too, bt
al the same (ime 1he bandwidth wilt be very much reduced. A very narrow band will result
in poor reproduction, This is the drawback with a single-tuned circuit, However, this
dtiTiculty is overcome by using double-tuned circuit, In double-tuncd amplificrs, there are
two tuncd circuits results in change in the shape of the frequency response curve, If (he
coupling between the two coils of the tuned circuits is properly adjusted. the required
results (high sclectivity. high gain and required bandwidth) may be oblained,

4.7.2 Double-Tuned Voltage Amplifier

In double-tuned circuits. inductive coupling is used. The primary and the secondary coils
ol the translormer are shunted by capacitors. thus making two tuned circuits. The circuit
diagram of a double-tuned vollage amplificr is shown in Fig4.31.

.

Fig.4.31: Double-tuned transistor aniph fer.

. The frequency response curve of the double-tuned anplifier for differet coefficients of
coupling is shown in Fig.4.32,
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Vigd.32: Freqoenrey response curve of a duable tunel smplifier for different cocMidients of coupling.
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It should be appreciated that the mosi suitable response curve is one when optimum ~ * -
coefficient of coupling exists between the two tuncd circyits. In this condition, the circuit is
highly selective and a.lso pmv:des sufficient amount of gain for a parucular band oI' T
l'rcqucnc:cs T T T YR - TN

A tuncd amphf' erconmsLs of apara]lclLC cm.:ml, dnvcnbyalransnslorwlm anoulpul S

resistance of 100 k_Q? and conncclod acmss a rcsmme Joad of 100 R.Q The inductor has
an inductance of 100 p.H and lhc total equwalcm capacuancc (mcludmg stray capacnancc) :

RN IR S S S IO Trova Iathr

1. Amplificalion is the process by which a signal’s power is increased.

2. N tlansrswr inCB or CEor CC conﬁgurauon can bc rcplaccd by a h-paramclcr cqulvalcnl '
circuits. "

1. The operating point (Q-point} fixes /g, /¢: and Vg values to be supplied to the transistor
when no signal is applicd.

4. Inasmall signal amplifier, the signal amplitude makes the Q-point to swing on Lhe
linear portion of the characteristics.

5. Alarge sié,nal amplifiers is the one in which the signal amplitude, swings the Q-point
even over the non-linear portion of the characteristics. This produces distortion.

6. In push-pull amplifier, the signal to be amplilicd is converted to two 180 degree out of
phase signals that arc applied simultancously to the inputs of two transistors. The
amplified output signal is developed across a transl'onncr connecied between lhc collec-
1ors of two u'.ansmtors

7. Tuncd ampllﬁers commonly use LCR-tuned circuits and, havc a frequency rcsponsc
similar to lhaL of the parallel tuncd LCR filter.

4.9 TERMINAL QUESTIONS

1. Why doyou sel!cct the operating point on the lincar portion of the characleristics ?
2. What is meant by biasmg;? Which Bli-zl;siiié‘-fé the iiﬁ'bgl 'r-:clmﬁﬁonly used?
3. Ifinthe SAQ 1. Ry is iricreased by 50% thon |

@ Vigwill.....b) Vg Willo....

© lewill...... d) Vewill........
4. Filtin the gap by choosing the comectoption.

(a} Ifinan RC coupled amiplifier !hc value of a couphng capacitoris mcrcascd to twice
the original valuc, the low frcquency rcsponsc of the amplifiers would be...
(worse/remains same/belter).

(o) in the above case Lk lugl: ll'&ﬂuui‘hu} l'CSpOﬂSC v-m.ld be.... {worse/remains
same/better). .

(¢) I a capacitor is connccted across the output tenminals of an R( “coupled amplifier.
its low frequency response would be....(w orse/remains samcfbcttcr) and hlgh l‘rc-
quency response would be.. (\\ orsc!rcm.m*ls samc!’bcncr) ’

5. Inclass B push pull amplifter baucr;r supply is 3 volis, output power is 400 mW and
maximum collcclor d:ss:p'mon ol‘ cach lnnsmlor 1s 100 mW C-llcu]alc pcak collcclor
current. ' o

erepr--a mﬂrrrﬂh:rﬂlrﬂ{ﬂfl




4,10 SOLUTIONS/ANSWERS

SAQs
1. a) decrease b) decrcase
"¢) decrease d) incrcase
2. The overall voltage gain in dB of threc-stage amplifier is given as
Agp =Adm +Adpz +A¢3

We are given the voliage gains of the individual slages as ratios. So, we should first find
the gains of the individual stages in decibels. Thus

Agp1 = 20 log 10 30 = 29.54 dB
Agpz =20 log 10 50=33.98 dB
Adp = 20 log 1o 80 =38.06 dB
Therefore,
' Agp = 29.54 +33.98 + 38.06 = 101.58 dB
Using Eq. (4.23), the overall voltage gainis
A=A xAazx A3
=30 x50 x 80 =120 000
Therefore, the overall vollage gain in dB is
Agp =20 logio 120 000 =101.58 dB
3. fris givenby Eq. (4.36).
Here, L=10"H,C=10""°F
1

_f;:
27v107% x 1070

Bandwidth is obtained from Eq.(4.35).

y I
B =5

where Q is Q-factor of LC circuit.

You know from Unit 2 of Block 1 that Q is given by the following relation

Q0= R o O=Ra,c
Wy

The equivalent resistance across the LC circuit is the transistor output resistance in parallel
with the load resistance, that is

! |

R=1ooka 100k ~ 17 O0KE
o @=Rox: (" wo=21fo=100)
—50 % 10° x 107 x 107" =50
So,
BIW =5 MHz =32 KHz :
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& stale the conditions under which a feedback amplifier works as an oscillator,
® state the classification of oscillators,

e  cxplain the working of LC and RC oscillalors.

5.2 CONCEPT OF FEEDBACK

Feedback simply means transferring a portion of the energy from the output of a device
back to its input. In other words, feedback is the process of laking a part of output signal
and feeding it back (o the inpul circuit. Look at the block diagram shown in Fig.5.1. Let A
be the gain of the amplifier when there is no feedback.

Input signal 4, v, Output
> - Amplifier > signl:f with
> Gain= A feedback
feedback
signal Y
feedback
V= BV, network

Fig.51: Schematle dlapram of fecdback amplifier.

A portion B V, where B < 1, is then applied back 1o the amplifier input. The actual inpul 1o
the amplifier thus consisis of the sum of the signal voltage V; plus the feedback voltage
Vi= P V5. We call p as the feedback fraction (= Vp/V, ).

So the total inp_ut voltage with feedback ==V, +p ¥,
The output voltage with this input is V,=(V;+p V) A
ie. Vo AVi+A BV,
as Vo—ABVy=AV;

Vo (1~ AP) =4V,

- Vo A
Gain with feedback, 4y = = —] ap G0
f 4 )

5.3 NEGATIVE FEEDBACK AND ITS EFFECT ON
AMPLIFIER PERFORMANCE

In Eq. (5.1)1f f is negative, then the feedback signal is out of phase with the applied signal.
In such a case, the net inpul voltage to tlie amplifiers becomes the difference of the external
input voltage and the feedback veltage, Since the net input to. the amplifier is reduced the
oulpul of the amplifier also decreases. In other words, the gain of the amplifier reduces
because of the feedback. Such a feedback is called negative or degenerative feedback, By
putting 3 as a nepative quantity inlo Eq.(5.1) you will get the gain with negative feedback
a5

A4 __ 4
1-A(~B) 1+4p

Ar= (5.2)

Since youn are dividing A by a positive quantity obviously 4-< 4. Thus ncgative
fecdback reduces the gain of the amplilier. ’

Before moving further solve the following SAQ 1o sec for yoursell how the gain is reduced.

SAQ1

balculale the gain of a negative-feedback amplificr with an injgrnal gain. 4 =100, and
feedback factor § =1/10, -
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In the last unit we have discussed the frequency response of an amplifier, The difference
(2 - 1) is called the bandwidth (31 ) of the amplifier. For an amplificr the product of gain
and BIV, called gain bandwidih product remains the same ie, 4 x BY¥ = constant. Since the
gain of the amplifier is decreased with negative feedback, to get the product Ax BI same
as before, BIV has o incréase. In other words, the bandwidth of the amplificr increases
with negative feedback. Fig.5.2 shows the frequency response of thie amplifier both with
and without fecdback.

In Eq. (5.2) you can sce that if AP is very large compared to unity in the denominator, then,
1 canbe neglected im comparision with 4B, So Eq. (5.2) reduces to
A

Ar= Ap

1
- 5.3
5 (5.3)
Since [ does not depend upon the parameters of the active device that yon have used in the
amplifier, such as a transistor, the gain with feedback, Ay is almost independent of the
actual gain 4. On the other land, 4 is dependent upon the (ransistor parameters. Thus by

intreducing negative fcedback one can have thic gain to be completely independent of
1~ transistor paramelters. This is known as stabilization of amplificr gain.

e Likewise other effccls of negative feedback are, reduction in distoriion, reduclion in noise,
' modification of the input and output resislances of the amplificr clc.

A Thus, we have seen.thal the gain of an amplificr is reduced when hegative feedback is used.
.~ However. the negative fecdback improves the performance of the amplificr from so many
i other points of view, The advantages of negative feedback are listed as [ollows :

{i)  Itincreases the bandwidth

(i) Ttimproves the stability of amplifier gain
(iii) It reduces dislortion

(iv) It increascs the input impedence

(v) Itdecreases the output impedence.

5.4 POSITIVE FEEDBACK AND OSCILLATIONS

When the feedback voliage is in phase with the input signal, then it adds to the input
signal. In this case B is positive and the fecdback is termed as positive or regenerative
feedback. You can observe that when 3 is positive, the gain with feedback is given by

dp=— (5.4)

Since A is divided by a number less than unity > 4. So positive feedback increases the
gamn of an amplificr. This in tum reduces the bandwidih because you know that the
product (Gain x BI¥) is constant,

&

without
feedback

with
feedback

Bandwidth with [ecdback

Bandwidth —
without fecdback

Freq, —»
Fip.52: Frequency response of feedback amplifier.
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is lost during each swing, The amplitﬁde of each half-cycle goes on decreasing. Ultimately,
the pendulum comes to rest, though it may like a lIong time. The oscillations of the
pendulum are said 1o be damped.

A practical LC circnit deviates from the ideal one. The inductor coil will have some
resistance, and the dielectric material of the capacitor will have some resistance, and the
dielectric material of the capacitor will have some leakage. Because of-thesé Tactors, some
energy loss takes place during each cycle of the oscillation. As a result of this loss, the
amplitude of oscillation decreases continuously and ullimately the oscillations die down.
Thus, we find that a tank circuit by itself is capable of producing oscillations, but they are
damped as shown in Fig,5.5¢.

Frequency of Oscillations in an LC Circuit

In LC circuit, the constants of the system are the inductance and capacitance values. The
frequency of oscillalion is the same as the resonant frequency of the tank cirenit. Itis given
by

— —1 ’ -
Jo= 2nVLC : (>4)

Sustained Osciilations

The oscillations of a pendulum can be maintained at a constant level, if we supply
additional encrgy to it from time to time, 1o overcome the effect of the losses.

The oscillations of an LC circuit can also be maintained al a constant level in a similar way
For this, we have to supply a spurt of pulse of energy at the right time in cach cycle. The
resulling “‘undamped oscillations’ are called sustained oscillations, as shown in Fig.5.6.
Such sustained oscillations (or cont:nuons waves) are gencrated by the electronic oscillator

UL
i

Fig.5.6: Sustalned oscillatlons.

There are many varicties of LC-oscillator circuits. All of them have following three
features in common :

(i)  They must contain an active device (transisior or rube) that works as an amplifier.
(it) There must be positive feedback in the amplificr.

(iii) The amount of feedback must be sufficient 10 overcome the losses.

5.4.3 Positive Feedback Amplifier as an Oscillator

The main application of posilive feedback is in oscillators. An oscillator generales ac
output signal without any inpui ac signal. A part of the output is fed back to the input; and
this feedback signal is the only input to the internat amplificr,

To understand how an oscillator produces an oiitput signal without an external input signal,
let us comsider Fig.5.7a. The voltage source v drives the input terminals YZ of the internal
amplifier (with voltage gain A). The amplified signal 4} drives the feedback network to
produce feedback voltage AB. This vollage retimns to the point X, If the phase shifi duc (o
the amplifier and feedback network is correct, the signal at point X will be exaclly in phase
with the signal driving the input terminals YZ of the tuminal amplifier.




The action of an oscillator is explained a Jittle later. For the time being, assume thatwe
connect points X and Y. and remove voltage source v. The fecdback signal now drives the
input terminals YZ of the amplificr (sce Fig.5.7b). If AB isless'than unity, APv is less than
v, and-the outpul signal will die out as showninFig.5.7c. This happens becanse enough
vollage is not reterned 1o Lhe input-of The amplifier. On the other hand, if AP is greater
than unity, ABv is greater than v, and the output voltage builds up as shown in Fig.5.7d.
Such oscillations are called growing oscillations. Finally, if 4B equals unity, no change
occurs in the output: we get an output whose amplitude remains constant, as shown in
Fig.5.7¢c. .

X
= T .
A A
o + T O+

(@) )

“ (@ ©

Fig.5.7: Proper posltive feedbackin an amplifter makes It an osclllator.

To find the necessary condition for the sustained oscillations, refer to Eq. (5.4) for the
overall gain of the amplifier when the feedback is positive,

=15 (5.5)

It can now be seen that if AP = | Ay= w0, The gain becoming infinity means that there is

outpul without any input. In other words, the amplifier becomes an oscitlator, The
condition, .

Ap =1, (5.6)

known as Barkhauscn criterion of oscillation, is the necessary condition.

3.5 LC OSCILLATORS

LC oscillators or resonant-circuil oscitlators are widely uscd for generaling high
frequencies. With practicat values of inductors and capacitors, it is possible to produce

- frequencies as high as 500 MHz. The osciflators used in if’ generators, rmdio and TV
receivers, high-frequency healing, ctc. are LC oscillators. Such an oscillator has an
amplifier, an LC resonant circuit and a feedback arrangement. There is a Jarge variety of
LC-oscillator circuits. Here. we shall discuss only a few important ones.

5.5.1 Tuned-collector Oscillator

Fig.5.8 shows a basic LC-oscillator circuit, It is called tuncd-collector oscillator, because
the tuned circuit is connected to the collector, We have used a transformer here. The

Oscillators
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1 a
Multiplying by —= on both sides, we have
joC)

he M 1 ) (R+joLyyhoe

T *m A —R-jolys—————.

hie C1 joC JoC
or

B M _ oy (on )| 2HeeR | L1t 515

h.fexcl -'R+J[0Ll ol ol C (.15)
Equating the real parts in Eq. (5.15), we gel

he M Ly hoe

L =Ry -—=

hie Cy G

he RCithely

» 7 (5.16)

or

Eq. (5.16) gives the condition for sustained oscillation. Equating the imaginary part in Eq.
(5.15), '

we get
b
foe R
(|JL|—'-'1"——L=U
aC; oC)
ar 0l=—L 14k, R
. LICI[_ “]
L2 2 N
or o‘=0j{l+h,eR) . (5.17).

[where mg = ﬁ]
1L

Eq. (5.17) gives the frequency of oscillation. Thus equation shows that the frequency of
oscillation exceeds the frequency of resonance of the tuned circui(,

§.5.2 Hartley Oscillator

The Hartley oscillalor is one of the simplest types of oscillator circuits. In this circuit only
one coil is used, which is tapped such that a portion L of the coil is in the collector circuit,
while L, is in the base circuit. The amplified energy in the collector section is fed back to

Fig: 5.10: Harlley Osclilutor.
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the base by means of inductive coupling and amount of coupling will depend upon the - < " Osdllatorr
number of tums m Ll and L. Fig.5. 10 shows a Harlley oscﬂlator Cl.l'ClllL

AnNRFC. (mdlo frequency choke) permns an easy ﬂow of dc current. At lhc same time, it -

offers very high impedence to high frequency currents, In other words, an RFC ideatly - t
looks like a de short and an ac open; The presence of the coupling capacitor C;inthe - .

output . circuit of the Hartley-oscillator does not-permit-the dc currents to' go to the tank -

circuit. The radio-frequency energy developed across thc RFCis capamuvely onupled o

1hetank circuit through. the capacitor Ce.. ) it . e

The frequency of osciliation can be calculated in a manner similar to t.he one descnbed m'
case of tuned colleclor osmllator Itis gwen by B :

Wﬁ‘el‘e ‘.:. le=.\’|aﬂdﬁ)LQ=X2 ,:’I,: :.;I :II “: ‘.,~|,,(
5.5.3 Colpitts Oscillator .i'. B

The Colpits oscillator in Fig.5.11 is a superb circuit. It is widely used in commercial’

signal generators above 1 MHz, The oscillator is similar to the Hartley oscillator given in
Fig.5.10. The only difference is that the Colpitts oscillator uses a split-tank capacitor

instead of a split-tank inductor. The RFC has the same function'as in the Hariley oscillator.
The voltage developed across the capacitor C;. provides the-regenerative feedback required
for the sustained oscillations. The values of L, Cy and Cp determine the frequency of
oscillation. The frequency of oscillation is given by

1
/= NI | | (5.18)
where,
C1G
o 5.
C] +C2 ( 19)

since C) and C; are in series.

VC C

"7 Fig&11: Colptts oacillator sing & fransistor.
5.6 RCOSCILLATORS

Tillnow we have discussed only these oscillators which use an LC-tuned circnit. - These
tuned circhit oscillators are good for generating high frequencies. But for low frequermes
(say, audio frequencies), the LC circuit becomes impracticable. RC oscillators are fnore
suitable. There arc many types of RC oscﬂlalors bm follo“mg two are most mponam

(i) Phase-smfl osc:llalor
(i) _me_bndgqo;._cullalo;
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Basic Principles of RC QOscillators

We know that a single stage of an amplifier not only amplifics the input signal but also

shifts its phase by 180°. If we take a part of the output and feed it back to the input, a
negative feedback takes place. Tie net output vollage then decreases. But for producing
oscillations we must have positive feedback (of sufficient amount). Positive feedback
occurs only when the feedback voltage is in pliase with the original input signal. This
condition can be achicved in two ways. We can lake a part of the output of a single slage
amplifier (giving a phase shifi of 180° ) and then pass it throngh a phase-shift network
giving an additional phase shift of 180°. Thus a total phase shift of 180° +180° = 360°
(which is equivalent to a phase shift of 0°) occurs, as the signal passes through the
amplifier and the phasc-shift network. This is the principal of a phase-shift oscillator.

Another way of getling a phase shift of 360° is (0 use 1wo stages of amplifiers cach giving

a phﬁsc shift of 180°. A part of this output is fed back (o the input through a feedback
network without producing any further phase shift. This is (he principle of a wein bridge
oscillator.

5.6.1 Fhase-Shift Oscillator

Fig.5.12 shows a phase-shift oscillator,

As shown in the figure, the phase of the signal at the input gets reversed when it is
amplificd by the amplifier. The output of the amplifier gocs to a feedback network. The

Fig.512 : Phase-shift oscillator.

feedback network consists of three identical RC sections. Each RC section provides a

phase shift of 60°. Thus a total of 60° x 3 = 180° phase shilt is provided by the feedback
network: The output of this network is now in the Same phase as the oripinally assunicd
input 1o the amplificr, as shown n figure. If (he condition AB = 1 is satisfied. oscillations
will be maintained.

It may be shown by a straightforward (but a little complicated) analysis that the frequency

at which the RC network provides exactly 180° phase-shifi is given by

1

2R CVG (.20)

f=
This must then be the frequency of oscillation.

SAQ3

A trnsistor phasc-shifl oscillator uscs three identical R sections in the feedback network.
The values of the components arc R =100 k and C=0.01 F. Calculate the frequency of
oscillation,

Hpym s =
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5.6.2 Wein-Bridge Oscillator

The Wein bridge oscillator is a standard circuit for generaling low [requencics in the range
of 10 Hz to about | MHz, 1tis used in all comniercial andio peneralors. Basically, this
oscillator consisis of two stages of RC-coupled amplificr and a feedback network, The
block diagram of Fig.5.13 explains the principles of working of this oscillator.

r |
1 T
i .
| R,
L ==
i - \/ \/
! | q
R, =, =
1
A X '
™~ Feedback neiwork

Fig.5.13: Block dingram of a basic Wein bridgc osclllatar.

Here, the blocks A and 45 represent two amplific stages. The output of the sccond stage
goes 1o the feedback network. The vollage across the parallel combination CaRyisfedo
the input of the first stage. The net phase shift through the two amplificrs is zero.
Therefore, it is evident that for the oscillation to be mainfained, the phase shift through the
coupling network must be zero, It can bé\shown that (his condition occurs at a frequency
given by

1
e ——— WA
fe 2 NRyC1R7Cy (2D

To have a gain we add some amount of negative feedback. The addition of negative
fecdback modifies the circuit in Fig.5.13 to that shown in Fig.5.14. The same circuit is
redrawn as in Fig.5.15.

c, = D t?a‘ WV
A Az
R, ==, 2
4 -

Fig. 514 Cirvuit in Fig: 5.13 mudified w inclade negotive Teedback.

You niay now sce why this circnit is called a bridge osciltator. In this circuit, ilie résistors
Riand R, provide the desired negative feedback. The two blocks in Fig.5.14 represcnting
(hic two stages of the amplificr are replaced by a single block in Fig.5.15.

We can have a contimous variation of frequency in the oscillator by varying the two
capacilors "y and (3 simultaneously. These capacitors are variable air-gang capacitors.
We can change the frequency range of the oscillator by switching into the circuit different
vitbues of resistors Ry and Rs.

Oscillalors :
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Flp.515: dmﬂt*h‘n Fig. 5.14 ls redrawn to show the presoifce of & “*bridge” In Wein bridge oscillator.

SAQ 4

The RC network of a Wein bridge oscillator consists of resistors and capacitors of values R;
=R =220 K and Cy=C>=250 pF. Calculate the frequency of Oscillations,

57 SUMMARY, . . .

( 1)'_ Anampll.ﬁer in wluch a poruon of the oulput volta geor currenl is fed back to the mpul
is called a feedback amplifier.

{2) If the feedback signal is in phase with the applied srgnal and alds 1l., positive or

regenerative feedback takes place.

(3} If the feedback signal is gpposed.lo the applred srgnal (r €. outof phase), negauve or,
degenerat.we feedbitck takes p1aces

(4) Gain increases with posilive feedback, which may lead to oscillatiohs‘."
(5) Negative feedback decreases l.hc-gain, and also distortion.

(6) An oscillator acts as energy converter which changes direct currem euergy imo

alternating cument cnergy.

{7) Esséntial paris of an oscillator are (i) the frequency delerrmrung n}:twork (i) source of
dc cnergy and (111) a feedback clrcuu 0 provide pusrUve fccdback

(8) Hartley oscillator uses a lapped coil in Lhc feedback circuit, -

(9) Colpitt’s oscillator uses a fapped capacitance network in the feedback crrcult It has
better frequency stability than Hartley oscillator. " v !

(10) A Wein bridge oscillator is an RC oscillator whose frequency of csc:llatron can be
varicd over a wide range.

58 TERMINAL QUESTIONS

(1) Gain ofan amphl’crm(houl fccdback is l(i lflhe gain \\rllll ncgai.we feedback is -

(2) An amplrﬁer wrlh negatwe feedback has a vollage gain of 100. 1t is found that without
feedback, an input 51gnal of 50 mV is requircd to produce a glvcn oulput: whereas
with feedback; the i mput su;nal musl be 0 ( V for the sa.me oulpul Calcul'ue (e value
ol‘Aandﬂ ST
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(3) Whatis meant by stabilization of gain ? How is i( achieved with negative feedback ?
{4) Wiat is meant by loop gain 7

(5) A Wicenbridge oscillators uses 10 k resistors and 4,70 nF capacitors in its bridge
circuil. What is the frequency of oscillation ?

5.9 SOLUTIONS/ANSWERS

SAQ’s
1. The gain of the feedback amplifier is given by
A
A=Teap

Her, A=100; B=1/10 =0.1. Hence
100 100 100

A= 1T 100-01-1+10° 1
=9.09

2, (i) Deccreases, Increases

=1 100

@D 0.01

= [

(iii} Reduces
(iv) Degenenative feedback.’ )
3. The frequency of oscillation of a phasc-shift oscillator is given as

1
j;_ZnRC\fg

" Here, R5100k=10" ; C=0.01 pF= 10°%F,
Therefore,

1
o= 5 -8
2x3.141 x 107 x 107" x 2.45

=64.97Hz

4. Fora Wein bridge oscillator, the frequency of oscillation is given as

1 1
T mNRR,C\C;  2nRC

Jo

where Ry =Ry =R, and C,=Cp=C.

Here, R=220K =2.2x 10°; C=250 pF =2.5 x 107 1°F .

Therefore,
o !
 2%3.141x22 % 10°% 2.5 x 10710
= 28937 Hz
= 289KkHz,
TQ’s
A =—4— 47 2100,4 = 1000
I+AB s
IOO:%
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The output from a d.c. power unit on its own is usually unsatisfactory for two reasons:
firstly because it usually carries a small amount of a.c. ripple superimposed on the d.c.
voltage, so that if it is used to supply an audio amplifier it would probably give rise 1o some
audible ‘hum’ from the loudspeaker. Secondly the internal resistance of the d.c. power unit
is usually higher than desirable, implying that the voltage output can be significantly
affected by variations in the current drawn froin the unit. The change in output vollage per
unit change of output current is called the regulation of the d.c. source. This is just another
way of referring to the output resistance of the circuit. The regulating circuitry added to the
d.c. power unit in a regulated d.c. supply reduces the ripple and improves the regulation.

dc power unit de ripple regulating circuitry
) —(
i | Transformer Rectifier ‘ Filter regulator output
i : - -=J Regulated
L - dec supply

AC mains

Fig.6.1: The block diagrum of power supply. It consists of a d.c. power unli, which converts
fhe a.c. supply to a d.c. voltage plus same mains ripple ; followed by circultry which
reauces the ripple and regulates the output voltage.

In this unit we examine the electrical principles involved in transforming ac powerio dc
power and discuss several techniques of transformation. But before doing this we study the
sources of electrical power viz. voltage and current sources.

In the next unit you will come across many testing, me.suring and indicating instruments,
There we will only present and explain the relevant basic details of these instruments. This
would help the student to familiarize himself with these instruments so that he can use thein
effectively. -

Objectives
After going through this unit you will be able to:

®  explain and use correctly the foliowing terms : voltage source, cumrent source,
half-wave rectification, full-wave rectification, bridge rectifier, ripple, load regulation,
line regulation, )

® draw the circuit diagram and explain the working of half-wave rectifier, centre-tapped
[ull wave rectifier and bridge reciifier, )

& derive in case of half-wave and full-wave reclifiers, the cxprqssions for output dc
voltage, ayerage or dc curment, ms current, ripple factor and rectifier efficiency,

¢ explain the necd of filters in dc power supply.,

¢ ~ explain with the help of suitable waveforms the working of rectifiers using
shunt-capacitor, series inductor and LC filtess,

& explain the function of each part of a power supply.

6.2 POWER SOURCE

IINCIT N T

The basic purposc of a source is to supply power to a load. The source may supply cither

de or ac. Sonte de sources are battery and rectification type dc supply. Simi larly, example
of ac source is an oscillator. Source of power can also be classified into two; like voltage

source and current source atroul which we will study in this section:

o § FOETHO 8 BT B T Ty R ) ST T AR :Tm N
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All power sources have some internal impedance (or resistance), It is due to this internal Power Supply |
impedance that the source does not behave ideally. When a voltage source supplies power i
to a load, its lerminal voltage (voltage available at its terminals) drops. A cell used in a '
torch has a voltage of 1.5 V across its two terminals when nothing is connected to,it.

However, when connested to abulb, its voltage becomes less than 1.5 V. Such’ a reduction :

in the terminal voltage of the cell may be explained as follows. P
A
Re |l 0102 I
'R |losa )
15V

2}

Fig. 6.2 : A cell conmecied to & balb.

Fig.6.2 shows a cell of 1.5 V connected to a bulb. When we say “‘cell of 1.5 V" we mean
a cell whose open-circuit voltage is 1.5 V. Here the bulb is replaced by a load resistor Ry

(of, say, 0.9 Q2), and the cell is replaced by a constant voltage source of 1.5 V in series with
the internal resistance R; (of, say, 0.1 Q). The total resistance in the circuit is now 0.1 +

0.9Q =10 . Since the net voltage that sends current into the circuit is 1.5 V, the current
in Lhe ¢ircuit is

The terminal voltage (the voltage across the terminals AB) of the cell is same as the voltage
acruss the load resistor R;,. Therefore,

Vag=I{xRy=15Ax09Q=135V
The voltage that drops because of the internal resistance is
1.5-135=0.15V

Note that, if the internal resistance of the cell were smaller (cumpar;ed to the load E
resistance), the voltage drop would alslo have been smaller than .15 V, —

6.2.1 Voltage Source

Consider an ac source. Let Vg be its open-circuit voltage (i.c.the voltage which exists
across its terminals when nothing is connected to it), and Zg be its imcmal_ impedance. Let
‘it be connected to a load impedance Z;, whose value can be varied, as shown in Fig.6.3.

t_‘Ni
IR A PR Sl T T (T T O

=Y R

A e e e i

v

Fig.6.3: A varinble load conncected toan ne squrce.

Now. supposc Z; is infinite. It mecans that the lerminals 48 of the source are
open-circuited. Under this condition, no current can flow. The (erminal vollage V7 is
obviously the same as the emf . since there is no voltage drop across Zg . Let us now
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Electrunic Circults connect a finite load impedance Z;, and then go on reducing its value. As we do (his, the
current in the circuit goes on increasing. The vollage drop across Zg also goes on
increasing. As aresull, the (erminal voltage.J’7 goes on decreasing.

For a givenwalue of Z;, the current in the circuil is given as

Ve
J=—3
ZS"' ZL
Therefore, the terminal voliage of the source , which is the same as the voltage across the
load, is :
VT=IXZL= s XZL= . VS (61) -
Zs+Zf 1+ 2Ze/71

From the above equation, we find that if the ratio Zg/Zy is small compared to unity, the
terminal voltage V' remains almost the same as the voltage V5. Under this condition, the
source behaves as a good vollage source. Even if the load impedance changes, the
terminal voltage of the source remains practically constant (provided the ratio Zg/Z; ) is
quite small). Such a source is saidtobe a “good (but not ideal) vollage source”.

Ideal Voltage Source

It would have been ideal, if the terminal vollage of a source remains fixed whatever be (he
load connecied to it. In other words, a voltage source should ideally provide a fixed
terminal vollage even though the current drawn ( or load resisiance) may vary. InEq.6.1, to
make the (erminal voltage V7 fixed for any value of Zg, the only way is lo make the
intemnal impedance Zg zero. Thus, we infer that an ideal voltage source must have zero
internal impedance. The symbolic representation of de and ac ideal voltage sources are
shown in Fig.6.4a and b. The characteristics of an ideal voltage sources is shown in
Fig.6.4c. The terminal vollage V7 is seen to be constant at Zg for all values of load
caurrent

o

Nk
+
—

v, > 1
- g ’h H
£3 ;
% O —
= h
B I P
S F
Lead current, I; —» E
+— Load impedance, Z; E
(a) &) © 'g

Fig.6.4: Symbolic representatlon of an idcal voltage source: (a) DC voltage source.
(b) AC voltage source. () V-I charactcristics of an Mdeal voliage source.

Practical Voltage Source

An ideal vollage source is not practical ly possible. There is no source which can maintain
its terminal voltage constanl when ils lerminals are shont-circuited. If it could do so, it
would mean that it can supply ar infinite amount of power to a short-circuit, This is not
possible. Hence. an ideal voltage source does not exist in practice. However, the concept
of an idcal voltage source is very helpful in understanding the circuils containing a practical
voltage source, S . -

A practical vollage source can be considered 1o consist of an ideal voltage source in series
with an impedance. This impedance is calted the internal impedance. The symbolic
representation of practical voltage sources are shown in Fig.6,5.

=t — vty e ] W e

- Terminal 4 and 8 are the terminals available for making cxternal connections.

No practical voltage source can be an ideal voltage source. Thus, no prictical voltage
source can have the V-I characteristic as shown in Fig.6.4c. When (he load current

ecreases, the lerminal voltage of a practical voltage source decreascs as shown in Fig.6.6,
KH
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___________ J
(a) (b)

Fip.6.5: Praciical voltage source: (a) DC voltnpe source (b) AC voltage source.

*
v

VS\
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Fig.6.6: V-I characteristics of a practical veliage source.
6.2.2 Current Source

Like a constant voltage source, there may be a constant current source—a source rl.hat
supplies a constant current to a load even if its impedance varies. Ideally, the current
supplied by it should remain constant, no matter what the load impedance is. A symbolic
representation of such an ideal current source is shown in Fig 6.7a. The amrow inside the
circle indicates the direction in which current will flow in the circuit when a load is
connected to the source, Fig.6.7b shows the V-I characteristic of an ideal current source.

Let us connect a variable load impedance Z;, to a constant current source, as shown in

Fig.6.7¢c
A
R
l.l‘
T
L® g
5
O
B
— ¢ Load impedance —
(@ ®)
A -0 A
o fo |
N S ey
{c) (d)

Fip.6.7: (u) symhbol for un ideal current source.{b) ¥.I chnruciedslic of an ideol current source. {£) A
variable load connected tu an ideal enrrent source. (d) Symbol for & practical current source,
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6.3.2 Half-wave Rectification

In practice most d.c. pmircr unils use full-wave rectification,which is achieved cither by |
the use dF the “full-wave rectiffer’ circuit with a centre-tapped transformer winding, of cls¢”
by a *bridge rectifier’ with a single sccondary transformer winding. Both {hese circuits will
be explained afler having explained the simpler half-wave rectification circuit.

Fig.6.9 shows the circuit of a d.c. power unit with half-wave rectifier where the diode forms
a series circuit with the secondary of the transformer and the load resistor R;.

Diode
P
. ip +
V= Vm sin o L [] - dc(?:i?ul
220V - 1
50Hz
POWLT mains

Flg.6.9: A halE-wave rectifler cireudi consisting of a transformer, a diode ond a load resistor.
Let us sce how this circuil rectifies ac into dc. .

‘The primary of the transformer is connected to the power mains. An ac voltage is induced
across the secondary of the transformer. The voltage may be less than, or equal to, or
greater than the primary voltage depending upon the turns ratio of the transformer. We can
represent the voltage across the secondary by the equation.

v="V,sinaf : (6.3)

Fig.6.10a shows how voltage varies with time. It has alternate positive and negative
half-cycles. Voltage V;, is the peak value of this altemating voltage,
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Fig.6.10: llnif-wave rectifier: (a) Input voltage waveform {b) Output voltage wavelonn.
() The transformer output volinge (Input voltnge) waveferm together with the
rectified voltage (output voltage) waveform across the Joad (shawn dasThed).
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- During the positive half-cycle of the inpul voltage, (he polarity of the voltage across the
secondary is as shown in Fig.6.11a. This polarity makes tlic diode forward biased, because
it trics to push the current in the direction of the diode armow. The diede conducts, and a
current /g, ftows through the load resister ;. This current makes the terminal A positive
with respect to terminal B. Since a forward-biased diode offers'a very low resistance, the
voltage drop across it is also very small (about 0.3 V for Ge diode and about 0.7 V for
Sidiode). Therefore, the voltage appearing across the load terminals 4B is practically
arlicularly the same as that the input vollage v; at every inslant. But ideally speaking the
situation is slightly different. By solving the following SAQ find out for yourself.

T T
e ke [k
(a) - -(b)

Fig.6.11: Hall-wave rectifier circuit : (a) During positive half-cycle; (b) During negative hsif cycle.

SAQ 2

Fig.6.10(c) shows the transformer outpul (input voltage) waveform as a continuous line
and the vollage across the load resistor (output voltage) as a dashed line. Why the output

voltage is less than the input voltage. Give reasons for the difference between the two
waveforms.

During the negative halfcycle of the input voltage, the polarity gets reversed. The voltage
tries 10 send current against the direction of diode arrow. See Fig.6.11b. The diode is now
reverse biased. It is shown shaded in the figure to indicate that it is non-conducting.
Practically no current flows through the circuit. Therefore, almost no voltage is developed
across the load resislance. All the input vollage appears across the diode itself. This
explains how we obtain the output waveshape as shown in Fig.6.10b

To sum up, when the input voltage is going through its positive half-cycle, the voltage of
the output is almost the same as the input voltage. During the negative half-cycle, no
vollage is available across the load. The complete waveform of the outpul voltage v,

across the load is shown in Fig.6.10b. This voltage, though not a perfect dc, is at least
unidirectional,

Peak Inverse Yoltage

Let us again focus our atiention on the diode in Fig.6.11b. During the negative halfcycle
of the input, the diode is reverse biased. The whole of the input vollage appears across the
diede (as there is no voltage across the load resistance). When the input reaches its peak
value I}, in the negative half-cycle, the*voltage across the diode is also maximum, This
maxinum voltage is known as the peak inverse voltage (PIV). Il represents the maximum
voltage the diode must withstand during the negative halfcycle of the input. Thus fora
half-wave rectifier,

PIV=V, : (6.4) .
Output de Voltage

The average value of a sine wave (such as that in Fig.6. 10a) over one complele cycle is
zero. If a de ammeter (méving coil type) is connected in an ac circuit, it will read zero.
(The dc meter reads average value of current in a circuit) Now, if the dc ammeteris
connected in the half-wave rectifier circuit (Fig.6.9), it will show some reading. This
indicates that there is some dc current flowing through the load ;. We can find oul the
value of this current in a half-wave rectificr circuit.

Power Sapply
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Fig.6 12: Waveform of the current flowing threagh foad R, In 2 half-wave rectifier.

In Fig.6.10b, we had plotted the waveform of the vollage across the load resistor Ry. If we
divide each ordinate of this curve by the valuc of resistance Ry, , we get the current

waveform, This is shown in Fig.6.12. Note that the two waveforms (for current and for
voltage) are similar. Mathcmatically, we can describe the current waveform as follows :

ig=I,sinot; for0 <of <n . {6.5)
and i =0 forr<wf<dn ) (6.6)

Here, 1, is the peak value of the corrent iy . It is obviously related to the peak value of
voliage Vy, as

Ve

In= 7" ©7)

since the diode resistance in the conducting statc is assumed to be zero. To find the de or
average value of curmrent, we add or integrate the instantaneous values of the current over
onc complete cycle, i.e. from O to 2% (curve repeats itself after the first cycle). Using Eq.6.5
and 6.6 we {ind the dc current as follows :

. . _
Idc=‘2'1'1;_|: lLd(ﬁJf)
1 . n
=E[J‘:!,,, smcnrd’(m!)+f‘ Od(ﬁlf)]

®
=ﬁ[m I(—cosml)lc| +0]

-1

[I,,,(-—cosn—(—cosO))]

2z

_im

=

I

. Idc =" (6-3)

T

The dc voltage developed across the load Ry, is
I

Vdc=fchRL="T'I"XRL ’ (69)

While writing Eq. 6.7, we had assumed that

(i) the diode resistance in forward bias is zemo, and
(i) the secondary winding of transformer has zero resistance:

The second assumplion is ofien very near the trath. The winding resistance is almaost zero. -
But, the forward diode-resistance rg is somclimes not so small. If it is comparable to the

load resistance Ry, we must Lake it into consideration. Eq.6.7 for peak current then gets

~ modified to
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The dc voltage across the load resistor Ry, can now be writien with the help of Eq.6.7 as .
]  te = VmRL i Vm

MR +ry) w1 +ra/R)

) p’f"
=7 Wra<Ry) : (6.11)

Example 1

The turns ratio of a transformer used jn a half-wave rectifier (such as shown in Fig.6.9) is
12 : 1. The primary is connected (o the power mains: 220 V, 50 Hz. Assuming the diode
resistance in forward bias to be zero, calculate the dc vollage across the load. What is the
PIV of the diode ? .

Solution .
The maximum (peak value) primary voltage is
Vp = N2 Vs =2 x 220 = 311V.

Therefore, the maximum sccondary voltage is

V= x 3112259V

12
The dc load voltage is
) Vo
V,,:—':E'E:s_zw
T b

The peak inverse voltage is

PIV=V,=259V

6.3.3  Full-wave Rectification

In a half-wave rectificr. discussed above, we utilize only one half-cycle of the input wave.
Ina full-wave rectifier we utilize both the half cycles. Alternate half cycles are inverted to
give a unidirectional load current. There are two types of rectifier circuit that are in use,

One is called centre-1ap rectifier and uses two diodes. The other is called bridge rectifier
and uses four diodes,

Centre-Tap Rectifjcr . o .

The circuit of a centre-1ap rectificr is shown in Fig.6.13a. It uses two diodes D1 and D2.
During the positive half-cycles of secondary voltage, the diode D1 is forward biased and
‘D2 is reverse biased. The current flows through the diode D1, load resistor Ry, and the
upper half of the winding, as shown in F 1g.6.13b. During ncgative half: ~cycles diode D2
becomes fonward biased and D1 reverse biased. Now D2 conducts and D1 becomes open.
The current flows through diode D2, load resistor Ry, and the lower half of the winding , as
shown in Fig.6.13¢. Note that the load current in both Figs, 6.13b and ¢ is in the same
direction. The waveform of the cunrent iy, and hence of the lpad voltage V,, is shown in
Fig6.13d. : '

Peak Inverse Voltage

Fig.t. 1E shows the cenlre-lap rectifier circuit al the instant the secondary voltage reaches its
positive maximum value. : : ’ T

The voltage I, is the maximum (peak) voltage across half of the secondary winding. At
ihis instant, the diode D1 is conducting and it offers almost zero resistance. The wholc of
the voltage I, across the upper hall winding appears across the load resislor Ry, Therefore

the reverse voliage that Appears across the nonconducting diode is the summation of the
65
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Fig.6.13: Centre-iap full-wave rectlfler.

D2

Flg.6.14: The PIV ncruss the non-conducting diode D2 in a centre-tap rectifier is 2Vim -

voltage across the lower half winding and the voltagé acmss the load resistor Ry, From the
figure this vollage is ¥, + Vp, = 2V, . Thus,

PIV =2V, . . . o .1612)

Bridge Rectilicr

A more widely used ull-wave rectifier circnii is the bridge rectifier, shown inFig.6.15a. It
requires four diodes instead of two, but avoids the needs for a centre-tapped transformer.
During the positive half-cycle of the secondary voltage, diodes D2 and D4 are conducting
and diodes D1 and D3 are nonconducting. Therefore, cument flows through the secondary
winding, diode D2 load resistor Ry, and diode D4, as shown in Fig.6.15b. Dunng negative
half-cycles of the secondary voltage, diodes D1 and D3 conduct, and the diodes D2 and D4
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do no{ conduct. The cumrent fows through the secondary winding, diode D1, load resistor
1, and diode D3. as shown in Fig.6,15¢. In both cascs, the current passes through the load
resistor in the same direction, Fherefore, a fluctuating, unidircctional vollage is developed
across the load. The load voltage waveform is shown in Fig.6.15d,

' _ D1 )
power
mains ,
220V dbj f —
S0 Hz
D4 D3

Gy (e

Dl 2
0 T 2T in —

Wi

(@)

Fig.615: Bridge rectiffer.

Peuk Inverse Voltage

Let us now find the peak inverse vollage that apears acmoss a nonconducting diede in
bridge rectifier, Fig.6.16 shows the bridge rectificr circuit at the instant the secondary

. voltage reachcs its positive peak valug, V,,, . The diodes D2 and D4 are conducling,
whereas diodes D1 and D3 are reverse biased and are nonconducting. The conducting
diodes D2 and D4 have almost zero resistance (and hence zero voltage drops across them),
Point B is al the same potential as (he point A, Similarly, point D is at the same polential as
the point C. The entire volta Ee ¥ across Lhe secondary winding appears across the load

tesistor R, . The reverse voltage across the nonconducting diede D1 (or D3) is also V,,,,
Thus, ’

' Pawer Supply
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PIV=V, . (6.13)
Output dc Voltage in Full Wave Rectifiers

The voltage waveform in Fig.6.15d is exactly the same as that in Fig.6.13d. Inboththe
reclificr circuits, (he load vollage is the same. However, there is one” difference. Inthe
bridge rectifier, ¥}, is the maximum voltage across the secondary winding. Butinthe
centre-1ap rectifier, ¥, represents the maximum voltage across half the secondary winding.

Now let us compare the full-wave reciified voltage waveform (of Fig.6.15d or Fig.6.13d)
with the halfswave rectified voltage waveform (of Fig.6.9b). In a half-wave rectifier, only
positive half-cycles are utilized for the dc output. But a full-wave rectifier utilizes both the
half-cycles. There, the dc or average voltage available in a [ull-wave rectificr will be
double the dc voltage available in a half-wave rectifier. 1f the resistance of a forward
biased diode is assumed zero, the dc voltage of a full-wave rectifier (refer Eq.6.11) is

Vae=—""" : (6.14)

We can mathematically derive Eq.6.14. on the same lines as we derived Eq. (6.8) in the
previous sub-scction. Try to derive it by solving the following SAQ.

SAQ3

The output voltage of a full wave reclifier (sce Fig.6,15b) is described as ;
Vo=V sin ot G<or<n
V,=-V,sinat T <@f <21

A minus sign appears in the second equation because during the second half-cycle the wave
is still sinusoidal, but inverted. The average or the dc value of voltage is

1 2n
Vg=—— 17, d (of
e ZKIU o d ()

Prove that

- 2Vm
Vde=""_"-

T

Therefore, a dc power unit can take onc of the (hre¢ forms: il can contain a hall-wave
rectifier, or a full-wave rectificr or a bridge rectifier circuit.

Yau have seen that the types of rectifiers described above converl an a< inpul into 2
fluctuating d-c output. The fluctuation of the d-c output above and below ils average valuc
is called ripple. In a half-wave reclifier, the frequency of the ripple is the same as the
frequency of the a-c input, because it produces one pulse per cycle. Tna [ull-wave rectifier.
the ripple frequency is twice that of the a~ inpul, because two pulses per cycle are
produced.

Most clectronie equipment requircs simooth d-c operating voltages. The output of a rectificr
cannol be applied directly 10 such'equipment because of the ripple. Consequently. the
ripple must be climinated. Circuits for accomplishing this are-called filter circuits. Bul
belore studying about filter circuits let us know what does riple factor. rectificr efficiency
mean. -

6.4 HOW EFFECTIVELY A RECTIFIER CONVERTS
ac INTO dc

If we connect a load resistor Ry, directly across an ac power niains, the current flowing

through it will be purely ac (sinusoidal having zcro average valuc). This current is shown
in Fig.6.17a. ’
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Flg.6.17: Comparlson of hall-wave and (ull-wave rectifiers with an Idcal ac-to-de converfer.
r

In some applications, we require a dc current (o flow through (he load. The de current is
unidirectional and, ideally, has no fluctuations with time. The ideal dc current is shown in
Fig.6.17b. To see how effectively a rectifier converts ac into dc, we compare its output
current waveshape with the ideal dc curreni.

If the load lakes current from a half-wave rectificr, the curent waveform will be as in
Fig.6.17c. It is unidirectional, but fluctraies greatly with time. The waveform of the load
current, when the load is connected to a full-wave rectifier, is shown in Fig.6.17d. This too

- is unidirectional and fluctuates with time. A unidirectional, fluctuating waveformn may be
considered as consisting of a number of components, It has an average or dc valuc over
which are superimposed a mumber of ac (sinusoidal) components of different frequencies.
These undesired ac components are called ripples. The lowest rpple frequency in case of a
half-wave rectificr is the same as the power-mains frequency. Bul, for full-wave rectificr it
1s ot 50. As can be scen from Figs.6.17d and &, the period of the output wave of a
full-wave rectificr is half the period of the input wave. The variation in current (or vollage)
repeals itscif after cach angle m of the input wave. Therefore, the lowest lrequency of the -
ripple in the outpul of 2 full-wave rectifier is twice the input frequency. That is, the ripple
frequency ) )

Jr=/i=50 Hz (hall-wavc rectifier) * (6.15)

Sr=2f=100Hz (full-wave reclificr) (6.16)

How cflectively a rectifier converls ac powver into dc power is described quantitatively by
terms such as ripple factor, rectification ¢ficicncy, etc.

" The ﬁpblé factor is a measure of purity of the do outpul of a reétiﬁcr, and is defincdas

- = [msvalue of the components of wave
average or dc value

The rectificatioii efficiency tells us what percentage of total input ac power is converted
into uscful de output power. Thus, -rectification cfficicncy is defined as

_ de power dclivered Lo load
M= input power [rom transformer secondary

Power Supply
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EiLt

P

or
Pac

(6.18)

Here, Py is the power that would be indicated by a wattimeter connected in the rectifying
circuit with its voltage terminals placed across the secondary winding and P, is the dc
ou(put power.

We shall now analyse half-wave and lull-wave rectificrs to findtheir ripple factor and
rectification efficiency.

6.4.1 Performance of Half-wave Rectifier

The hall-wave reclificd current wave is plotied in Fig.6.18 and is described mathematically
as -

ip=lysinor.  for temiex (0.19)
and
ip =0 for m<wr<2n {6.20)

For delermining the ripple factor or rectificalion efficiency, we first find the rms value of
the current,

0 n pi it o

Fig.6.18: Hnif-wave rectifted current waveform. (The Instantaneous ac compenent of current s the
dlfference between Instanfaneous lotal current and de current, ke., i ' = if — far, )

RMS Value of Current

‘The mus or effective value of the current flowing through the load is given as

l In ]
!m.r = E'[D i ((l.)l)

where current iy, is described by Eqgs. (6.19) and (6.20). Therelore,

lne = Jﬁ[ J; 12 sin? or d(wr)+ j:"o d(mé)]

13 ex{1-cos2wt)
= —_— —_— wy
"2n '['J 2 a

n sin2o|"
= —_—|W -
2mx2 2y
or
I
fr'ms=é" (6.21)

This is the nns value of the total current (de value and ac components). As can be scen
from Fig.6.18, the instantaneous value of ac Muctuation is the diflference of the
instantancous total value and the de value. That is. the instantancous ac value is given as

i =iy - Iy

=L ma) A AL LT

T
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Therefore. the rms value of ac components is given.as ' Power Supply

Fone = \/‘21; j: (i~ 1 d{wr)

| (2n K ;
=JZI-ID (ri+!i—2q !J‘.) d((ﬂ!)
= ngm"'fgc"yﬁc

or Iy = !J:Hr.t — I (6.22)
Ripple Factor ™

FromEq. 6.17. the ripple factor is given as

‘,, 22 2
F= ey ‘/_”."_.ﬁi = J[!L"l] -1 (6.23)

Id' !d;,- !dc
Using Eqs. 6.8 and 6.21. fo nalf-wave rectifier the mtio

Ioms _dn?2 _

= 1.57
‘(df.' !m/?t

Thercfore. the ripple factor is given as
r=Y(577—1=121 (6.24)

Thus, we see tlat the ripple current (or vollage) exceeds the de current (or voltage). This
shows that + half-wave reclifier is a poor converter of ac intg dc.

Rectification Efficicncy

For a hall-wavc rectificr, the dc power delivered to the load is

. L2

Pae=Tje Ry, = [—] Ry

n
and the (otal input ac power is
2
2 Iy

Poc = Iry (rg+Rp)= ? (ra+Ryp)

Therefore. thic rectification efliciency is

Pac __ Un/m’ Ry,

P = 2 X ll)ll%
a I/ 2) (rg+Ry)

= U, (6.25)

Wry<Ry . vy —40.6 pereent. It means that under the best conditions (i.e. no diode loss),
only 40.6% of the ac inpaw power is converted into dc power. The rest remains as ac power
in the load. '

6.4.2 Performance of Full-wave Rectifier

Fig.6.19 shows a lull-wave rectificd enrrent waveform, s period may be scen 10 be 7.
The wave repeats itself afier cach n . Therclore. while computing 1he average or nos
values. we should take the integration between the limits 0 {o =, instead of U0 10 2n. The

wiveshape between is descrbed as
it =1y sinmy 6.26)

where @ (= 2rf) is the angulur frequency of the inpul ac voltage.
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Fip.6.19: Full-wave rectificd current waveforo,

RMS Value of Current

Effective or nms value of current is given as

\‘-——
l . 1 B .
fone = JEIO ird(t) = \/_'EJ: IZ sin” ot d (o)

1% nf 1=cos2ar 2 in2 o [" \
=J_,H:( c0520 Jd(mr) _ 2w sin2ar
T " 2 T 2 4 o
’Ij, L
= —_——
T 2
or
I )
Toms = _-J%' 627)

Nolie that this is the same as the rms value of the full sinisoidal ac wave.

. The dc or average value of the cumrent is

1" 1"
L= ia@n=11 I,sinerd@y
L ™y

= (6.28)

This current, as it should be,"is double the dc curreni of a half-wave rectifier.
Ripple Factor

Eq.(6.22) is valid for a full-wave reclifier too. We can therefore use Eq. 6.23 10 calculate
the ripple factor of a full-wave rectifier. . L

"~ [ET_I - [l 2—Il
"Jc - 2fﬂ;/n

=0482 : (6.29)
Rectification Efficiency
For a full-wave rectifier. the dc power delivered to the load is

2
2/
Pg=1%Ry= (Tm] Ry

and the tolal input ac power is

2
In Y .
Poe=1Tons (ra+Rp) =[T’;} {ra+Ry)

Therefore, the rectification efficiency is

TR T T O o 17
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2L, /7Y R
=—_(.£W?1_T)_'_é_,x 100%,
ac (I \2) (rg+Ryp)

N

n

-

=82, 630)
I+ .f'd/R.!_ s

This shows that (he rectification clliciency of a full wave rectifier is twice that of a

half-wave rectificr under identical conditions. The maximum possible cificiency can be

8L.2% (whenry <) .

Example 2

In a centre-tap full-wave rectifier, tic load resistance Ry =1k, Eachdiode has a
forward-bias dynamic resistance ry of 10 Q. The vollage across half the secondary winding

is 220 sin 314/, Find (a) the peak value of current, (b) the dc or average value of current, (c)
the rms value of current, (d) the ripple factor, and (¢) the rectification efficiency.

Solution

The voliage across half the secondary winding is given as
v=220sin314 ¢

{a), The peak vatuc of vollage is
V= 220V

Therefore, peak viu. ¢ of current is

V220
ra+ Ry 1041000

I, = =02178A

=2178mA
(0) The dc or average value of current is

2 17.
Je=" 2218 Lo o ma
L8 T

(¢} The rms value of current is
fos = I =154 mA
FHix _JZ_

(d} The dpple factor is piven as

;ﬂ'ﬂ\' 2 2
r= [— -1 = (—ﬂ-J -1 =0.482
g 138.66

(e} The rectification clliciency is given as

_Pa

P(FC

But. Pae=1I4e Ry = (1.38.66) (1072 x 1000 = 19,2265 W

Py:  19.2265
= 2 _12.e40) ) ar _ 9,
7 .= 23.953 0.3026 x 100% = %0.26%

A full-wave rectifier is preferred (o a half-wave rectifier. because its rectification ef] ficiency
is double and its ripple factor is low. Table 6.1 gives the comparison between different
rectifiers discussed so far, Unless otherwise indicated, all recttficrs discussed from now on
are full-wave rectiliers (cither centre-tap or bridge).
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Table 6.1: Comparison Between Different Rectifiers.

Half-wave Full-wave

Centre-tap Bridpe
Number of diodes | -2 4
Transformer necessary - No Yes No
Peak secondary voltage . Vm Vm Vm
Peak inverse voltage Via 2Vm Vn
Peak load current, / Ve (rat81) Vm (2rat+Re) Ve (2ra+Rp)
RMS current, /rms Iw2 Im/2 In/2
DC current, [ _ ImfTe 2t 2/
Ripple factor, r 1.21 0.482 0.482
Rectification efficiency (max) 40.6% 81.2% 81.2%
Lowest ripple frequency, fi fi 2f 2fi

6.5 FILTER CIRCUITS

The object of rectification is to provide a steady dc voliage, similar to the voliage from a
battery, We have secn that a full-wave rectifier provides a better dc than a half-wave
rectifier. But, even a full-wave rectifier docs not provide ripple-free dc voltage. The
rectifiers provide what we may call “‘a pulsating dc™’. We can filter or smooth out the ac
variations from the rectificd voltage. For this we usc a filter or smoothing circuit (see
Fig.6.1). In this section, we shall discuss different types of filler circuils.

6.5.1 Capacitance Filter

The ripplc output of a rectifier represents energy being supplied to the load in pulses. The
ripple fluctuations can be reduced considerably if some of the output is stored while the
rectifier is delivering a pulse and then released to the foad between output pulscs, This is
the basic operating principle of the capacitance filler.

Such a filter consists of a large value capacitor C in shunt with the load resistor Ry, as
shown in Fig.6.20a. The capacitance offcrs a low-resistance path to the ac components of
current. To de (with zero frequency), this is an open circuit. All the dc current passes
through the load. Only a small part of the ac component passcs through the load producing
a small ripple voltage.

The capacitor changes the conditions under which the diodes (of the reclifier) conduct.
When the rectifier output voltage is increasing, (he capacitor charges (o the peak vollage
V... Jusl pasl the positive peak, the rectifier output vollage tries 10 fall (scc the doited curve
in Fig 6.20b). But at point B, the capacitor has -+ V4 volis across il. Since Lhe source
voltage becomes slightly less than ¥, the capacitor will try to send currenl back through
the diode (of the rectifier). This reversc-biases the diode, i.e. it becomes open-circuiled.

The diode (open-circuil) disconnects or scparates the source from the load. The capacitor
starts {o discharge through the load. This prevents the load voltage from falling to zero.
The capacitor.continues to discharge until the source voltage (the dolied curve) becomes
more than the capacitor voltage (at point C). The diode again starts conducting, and the
capacitor is again charged to peak value V. During the time the capacitor is charging
(from point C to point D) the rectificr supplics the charging current i through the capacitor
branch as well as the load current iy When the capacilor discharges {{rom point B 1o point

), the rectifier does not supply any curren, the capacitor sends current iy, through the load.

Tne current is maintained through the load all the time.
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The rate at which the capacitor discharges between points B and C (in Fig.6.20) depends
upon the time constant CR;. The longer this time conslant js, the steadier is the output
voltage. If the load current is fairly small (i.e., R; is sufficiently large) the capacilor does -
no( discharge very much, and the average load voltage ¥4, is slightly Iess than the peak
value V), (see Fig.6.20b).

Any increase in the load current (i.e. decrease in the value of Ry) makes the time constant
of the discharge path smaller. The capacitor then discharges more rapidly, and the load
voltage is not constant (see Fig.6.20c). The ripple increases with increase in load current.
Also, the dc output voltage, V4. decreases.

1 Fillcr é Load
1 i : T
. H |
| + i
Power Full-wave & i Ry v
mains rectifier ! i
| a
O &
! H

(a)

g
."f Ve
/ \ l
1 X, |I' ‘I|
0 T n In 4 or”

()
Fig.6.20 : Full-wave rectifier with shunt capacltance Alter.

- 6.5.2 Inductance Filter .

An inductor is another device (hal can altlemately store and release electrical energy. It
does this by extracting energy from a flowing current and storing it in a magnetic field
when the current is increasing. Then it releases Lhe energy o keep the current flowing
when the current begins to decrease, This ability of an inductor 1o store and release energy

~can be used to help prevent the abrupt changes in the output of a rectifier, This property is
used in the inductance filter of Fig.6.21. Whenever the carrent through an inductor tends to
change. a “'back emi” is induced in the inductor. This induced back emf prevents the
curreni from changing its value. Any sudden change in current that might have occurred in
the circuit without an inductor is smoothed out by the presence of the inductor. Its effecis
on the output wavelfom is shown in Fig.6.21b.

The inductance filter prevents the current, and, therefore, the outpul vollage from cver
reaching the peak value that would be obtained if the inductor were not in the circuit.
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Power Full-waye
mains rectifier

Filter
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Flg.6.21: Full-wave rectifler with Inductance filter.

Therefore, a rectifier that has an inductance filter will not produce as high an oulput voliage
as one that has a capacitance filter. However, a large load current can' be drawn from the
inductance filter without changing the output voltage.

The operation of a series inducter filler depends upon the current flowing through it.
Therefore (his (ilter (and also the choke-input LC filter discussed in (he next sub-seclion)
can only be used togetlher with a full-wave rectifier (since it requires current to flow at all
times). Furthermore, the higher the current flowing through it, the better is its filtering
aclion. Therefore, an increase in lead current results in reduced ripple.

6.5.3 LCFilter

We have seen that an inductance [ilter has a feature of decreasing the ripples when the load
cument is increased. Reverse is the case with a capacitor filter. In this case, as the load
corrent is increased, the ripples also increase. An LC filter combines the features of both
the inductor filter and shunt capacitor filler. Therefore, the ripples remain fairly (the same
even when the load current changes. There are two types of LC filter: capacitor input {ilter
and Choke inpul filter. Let us describe each one of them,

Capacitor input filter

This type of LC filter is shown in Fig,6.22, This is called the capacitor input filter because
capacilor (Cy) is the first fillering element directly aficr (he rectifier. ILis also called. the
“pi” filler becanse of its schematic resemblence (o the Greek letler n.

Flg.6.22; Capacitor input filter.

In this type of filter, capacitor C} performs the same function as the simple capacitor filter
previously described. It charges on the peaks of ilie rectifted output pulses and then
discharges through the load, when the rectificr output falls. Capacitor C, provides similar
filtering action bul to a lesser degree. Inductor L) adds to the overall filtering action by
opposing changes in both the output current filtered by C; and the curent drawn by the
load:

The output of such a filter contains only small amount of ripple. However, the vollage
regulation of such a filter is relatively poor. This is becausc of the decrease in the voltage
across C as it discharges between rectified pulscs, '

Choke input filter

When an inductor is used as primary [ilicring clement in an LC filter, the nelwork is called
a choke input filter. The tenm choke is used because of the inductor’s ability to stop, or
choke, the passage of ripple voltage to the load, Fig6.23 shows a simple choke input filter.
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Fig.6.23: Choke Input fllter,

The inductor opposcs current changes while the capacitor charges and discharges in
standard filter-capacitor fashion. Since the inductor reduces the peak rectifier current and
this inturn reduces the maximum vollage (o which the capacitor charges, the outpul vollage

- of the choke inpul filter is Iower than that of the capacitor input filler. This oulput voltage,
though, is affected less by changes in (he load current,

6.6 REGULATION OF OUTPUT VOLTAGE

In the previous section we have discusscd the filler system. The filters are used to reduce
the ripple and help in regulation of voltage. A very important characteristic of any power
supply is the degree to which its output voltage remains constant déspite changes in the
amount of current drawn from the supply by the load. This characteristic is called the
regulation of the supply. A supply whosc outpul voltage changes little over a wide
variation in load current is said to have good regnlation. One whosc output voltage falls
sharply as the load current increases has poor regulation. Ceriain types of power supplics
have inherently good regulation, mainly because of the type of filler nsed. However, for
many applications, even these supplies do not have good regulation. Additional circuils arc
added so hat the output voltage remain constant. These additional circuits are called
vollage regiilar circuits.

Basically, the output voltage tends to vary because of two things : (1) fluctuating line
voltage and (2) fluctuating load cnrrent. Every time the line voltage goes up, the output
voltage will go up. But when the load current goes up, the output voltage will go down.
This is because the output voltage is actually what is left after the internal voltage drops of
the supply are taken away from the oulput. As the load increases, the intcrnal drop
increases and less is left for the output. Thus we define two terms: (i) source regulation and
(ii) load mgulation. -

Source regulation: It is also called source effect or line regulation, It is the change in
regulaled load voltage for the specificd range of line voltage and is defined as:

SR

I/.HO!?I'

% SR = x 100%

where
26SR = percent source regulation
SR = change in load voltage for full line change -
Vyom = nominal load voliage .
For instance, il the change in load voltage is 5SmV and the nominal load vollage is 1OV then

SmV
10V

% source regulation = x 100%=0.05%

Load regulation: It is also calfed load effect. It is defined as the change in regulated output
vollage when the load current changes from minimum (o maximum

LR=V, ML~ VFL
whcre LR =load regulation
Vi = load voltage with no load current

Vrr=load veltage with full load current
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" Load regulation is oficn cxpressed as a pcrcc]n by dividing the change in load voltage by

the no load voltage.

Fnr -V,
YLR = — =L« 100%
where %LR = percent load regulation

¥y = load voltage with no load current
Vpr = load voltage with full load current

For instance, if no load voltage is 10V and the full load voltage is 9.9V, then the percent
load regulation is

V- 9.9V
%LR:IO 9

ol _ 10,
’ g X 100%=1%

6.6.1 Principal of Regulation

The basic regulator circuit works by inserting resistance in the output of the supply. When"
a load resistor is connected across the filter circuit il provides a small degree of regulation.
Let us undersiand how it works. Fig.6.24 shows that a load resistor and the load are
connected directly across the power supply output. When either the load current increases
or the ac input voltage decreases, the supply output voltage and therefore the vollage across
R, tend fo decrease. This means that less current-flows through R in accordance with
Ohm’s law. As a result, the portion of the internal voliage drop in the supply caused by R
goes down somewhat to increase the output voltage by the same amount

Filier
A
 — M
O—T_W Py
Output Load
from —_ = ;-|":'~. Output Resistor Load
Rectifier voliage R
ot — *

Fig.5.24: The load realstor provides a small degree of voltage regulation.

The opposite situation occurs if the ontput vollage tends to increase. The resulting higher
vollage causes more current lo flow through the load resistor, which increases the internal
voltage drops of (he supply so that the output voltage goes down,

.f the load resistor is replaced by a device that would cause large changes in internal
vollage drops for small change in output voltage, much better regulation could be oblained.

Such a device should have non-linear characteristic instead of following Ohm's law. Such a
device is zencr diode.

6.6.2 Zener Regulator

Fig.6.25 shows the simplest regulator circuit consisting of a resistor Rg connecied in serics
with the inpul Vvollage and a zener diode connected in parallel with the load The voltage
{rom the dc power unit is used as the inpul voltage /1 1o the regulalor circuil. The zener
diode is reverse biased so that il operates in break down region. Furlhermore, to produce
break down, the vollage across & should be greater than the zener breakdown voliage 1.
A series resislor is ahways used to linuit the zener current to'less than its current raling
othenwisc, the zener diode will bum out with too much power dissipation.

The current from the dc power unit splits at the junction of the zener diode and the load
resistor.
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Fig.6.25: Simplest regulator clrenit.

Therefore,
Iy=Iz+1; (6.31)

When the zener diode operates in its breakdown region, the vollage 7 across it remains
fairly constant even though the current 7z flowing through it may vary considerably. If the
~ load current /7 increases (because of reduclion in load resistance), the current /7 through
the zener diode will decrease in order to maintain constant current /. This keeps the
vollage drop across Ry constant. Hence the output voliage ¥, goes upto normal. If on the
other hand, the load current decreases, the zener diode passes an extra current /7 such that
Is is kept constant. Thus, the output voltage of the circuit is stabilized.

Let us examine the other cause of the output' vollage variation, If the input voltage V;

increases, there is more current through the zener diode but al the same zener voltage. This
is the basic idea of vollage regulation.

6.7 SUMMARY

® d.c. powerunit converts the a.c. mains into one or more dc voltages with relatively
poor regulation and significant ripplc voltage superimposed on the dc culput voliage.

®  The ac mains vollage is first reduced by means of a (ransformer. With an untapped
secondary winding (he ac is rectified either by a-half-wave rectifier circuit orby a
bridge circuit, Witha centre-tapped secondary winding, ac is rectified by a full-wave
rectifier circuit.

* A half-wave rectificr consists of a diode and a load resistor. Il delivers an outpul
during only hall of the input vollage cycle,

*  Full-wave rectilier circuit consists of two diodes having a common load, 11 delivers an
output during both halves of the input voltage cycle,

®  Bridge rectifier consists of four diodes and a common load. The output voltage
produced by it is nearly twice as large as that produced by full-wave rectificr.

e Flucwation of the dc output from a rectifier above and below its average value is
called ripple.

®  Capacitor filter consists of a capacilor connected across the rectifier output.

*  Inductance filter consists of an inductor conneclor in serdes with the rectifier load.

6.8 TERMINAL QUESTIONS

1. Ifthe peak voltage cross a transformer sccoﬁdaly is 10U volts, whal is the peak value
ol a hall wave rectified voltage ? Fult Wave ? Bridge ?

[ 0%

Which has greater fpple frequency: a half wave reclifier whose input is 500 ¢cps, or 2
full wave rectifier whose input is 300 ¢ps 7

ad

The turns ratio of the transformer used in 3 bridge rectificris s :m =12 : |. The
primary is connected (o 220 V, 50 Hz power niains. Assuming that the diode voltage
drops to be zero, find the de voltage across the [oad. What is the P1V of each diode ?
IT the same de voliage is obtained by using a centre tap rectificr, what is the PTV 7
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4. Ina full-wave rctifier without filler, the load resistance is of 400 ohms. Each diode

has a resistance of 800 ohms, valtage applied to each diode is 240 sin 100 = 1.
Calculate

a) peak, average and r.m.s. values of current,
b) dc power outpul and total power input

¢) rectifier efficiency

d) form factor

e) ripple factor

6.9 SOLUTIONS & ANSWERS

SAQs

1. a) Therm.s, value of a sinusoidal waveform is the amplitude divided by V2, so in this
case the amplitude, or maximum voltage, is 220 x V2 =311V,

b) Maximum voltage across primary =220 x ¥2 =311 V.

Maximum voltage across secondary = % =207V,

2. The difference between the output vollage and input voliage is caused by the presence
of a silicon (or Germanium diode). When the transformer outpul vollage is positive the
diode conducts, so the vollage applied 1o the load resistance is the ac voltage minus the
voltage dropped across the diede. When the transformer output voliage is negative no
currenl flows so there is zero voltage drop across the load, as shown.

l '3
Vdé=£I:'fod(G)f)

= zlﬁ [V sinord (on +j1“ (~V,, sinof) o)
[H] n

=i[|—Vm ;:osmf|’g'+|Vmcosmr|§":|
n
Vm
=-2—[—cosn+coso+c052n—cosn]
T
Wy
=

This is same as Eq, 6.12.
TQs

L l@volts,*:',‘quc)lls,‘2-0—'3‘»@1{3
SRR .

2. Full-wave rectifier.
For half-wave rectifier, ripple frequeéncy is 500 eps.
For full-wave rectifier, nipple frequency is 300 x 2 = 600 cps.
3. The maximum primary voltage is
Vp=N2 Vs =2 x 220 =311V
Therefore, the maximum secondary voltage is

"y =l
oo Vp=13 % 311=259V

Vs =

4
1
|
|
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The dc voltage across the load is

"The PIV (for bridge rectifier) is
PIV =V, =259V
For the centre-tap rectifier, the PIV is

PIV=2/,=2%259=518V

E
4. a) Peak valuc of current, £, = —2
rg+ R
240 4
= =50 x 10
T =300 +a000 = 0 X 107°A
2]"]' 2
Average value of current, /. = —ﬂ— = 5—:{::—4- =31.84 mA

' /
The r.m.s. value of current output, /s = Bolalc 3536 mA

b} The dc power output Py, = Iﬁc xR

=(31.84)% x 107 x 4000
= 40.56 watt.

Total power input £, = (/) % (rg + R)

=(35.36 x 10724)” x (800 + 4000)
 6.0001 watt '

P
¢) Rectifier efficiency n = fﬁ = 233‘15
I -

x 100% = 67.59%

Lms 3536
"l T 3184 L1

d) Form factor,

2
/
&) Rippie factor = [—”’“—] ~1
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BLOCK 3 LINEAR INTEGRATED CIRCUITS

In the previous two Blocks we dealt with electronic circuils and devices. In the
present block, we will be studying about linear integraled circuits.

The linear integrated circuils is the most domnant technology in the present world of

Electronics. With the advent of the transistor, the electronics engineers, were sct to
convert every thing that used vacuum tubes 1o solid statc, the prime motivation was
to reduce the size of clectronic cquipment, but not at the cost of reliability. Thus to
improve the reliability and reduce the size and cost of electronic equipment gave
birth to the linear integrated circuits. The [first IC was manufactured by Texas
Instruments in 1959. This circuit was an operational amplifier (OP amp). In Unit 7,
we will study about the technical details, characleristics and functioning of the QP
amps.

In Unit 8 we will study some of the important applicalions of QP amps. The use of
an OP amp as inverting and non inverting amplifier will be dealt with. We will also
learn how an QP amp can be used as an adder, differentiator and mtegralor.

In Unit 9 we will study about the special purpose 1.C.5. The use of IC LM380 as a
power amplifier in audio systems will be discussed., The 7800 and 7900 series;or
fixed posilive and fixed negative voltage regulator ICS and LM317 and LM337
serics of adjustable positive and negalive voltage regulaling ICs will be described.
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"UNIT 7 THE OPERATIONAL AMPLIFIER

Structure

7.1 Introduction
Objectives
7.2 Technical Details of Op Amps
Symbol
Package
Number Code
Power Supply
".;  “Precautions
© 73 -~Characteristics of Op Amps
- Input-Output Relationship
Input Offset Voltage _
Output Offset Voltage '
Differential Input Resistance
Oulput Resistance
Common Made Rejection Ratio
Maximum Output Current
" Power Consumption
Slew Rute
Gain Bandwidth Product
Characleristics of Ideal Op Amp and 741C

7.4 Equpment Circuit of an Op Amp
7.5 Ideal Voltage Transfer Curve

7.6 Op Amp as a Comparator
Voltage Level Delector
Zero Crossing Deteclor

7.7 Summary
7.8 Terminal Questions
7.9 Solutions and Answers

7.1 INTRODUCTION

Operational Amplifier (Op Amp) was first designed.in 1948 based upon a single
vacuum tube. The primary use of early op amps was in analog compu;érs. The op
amps derived their first name ‘operational’ basically because at that time they were
used in mathematical operations such as addition, subtraction, multiplication, division
and solving differential equations. '

The limited accuracy of analog computers upto three significant figures had limited
their use. They were lather replaced by digital compulers which were faster, more
accuratc arkl versatile. '

With (he advancement of integrated circuit (IC) technology, several types of IC based
op amps were produced in mid-sixties which were available in the market, These op
-amps required much lower power as compared to the discrete components baged '
_amplifiers, They were cheaper and needed mich less spage, Wi 1-such-cp-amps - -

commercially available, the task of designing circuits became very easy. With one or

two op amps and a few resistors or some other components, very good quality
amplifiers, signal generators, modulators, etc. could be made.

The sophistica:tion in Lhe recent times in the IC technology enabled the manufacturers
to produce special purpose op amps. The dual and quad op amp packages have two
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and four op amps respechvely on a single chip. Thcy are commercially avallable and
are quite cheap.

For the user of an op amp it is not at all necessary to know the actual circuit. of the
operational amplifier which is grown on a single chip. The user neither derives any
information from the circuit nor ¢an change it. What the user needs is the .

performance characleristics of the op amp available in the data shect supplled by the

manufacturer. With such characleristics known, the user can use the op amp in any
application where they fit in,

Objectives

Afler studying thus unit, you should be able to :

®  draw a schematic symbol for an op amp,

&  distinguish between two types of packages of op amp Ic; _
®  draw the pin-out diagram for op zfrnp 741C,
]

identify the manufacturer’s name and temperature range of an op amp by noting
the number code printed on the IC,

explain the power supply requirements for op amps,
®  slale precautions which have to be borne in mind while working' with op amps,

®  cstablish input-output relationship for op amps,

define input offset voltage, oulput offset voltage, differential input resistance,
oulput resistance, common mode rejection ratio, maximum output current, power
consumption, slew rate and pain bandwidth product,

distinguish belwceen the characteristics of ideal op amp and of 741C.
“describe the cquivalent circuit of an op amp, /

draw Lhe ideal voltage transfer curves for an op amp, -

describe comparators and zero crossing detector.

7.2 TECHNICAL DETAILS OF OP AMPS

Before learning the usapge of op amp, we shall learn some general technical detatls of
op amps and associated requirements in this section.

7.2.1 Symbol

The symbol used for. op amp is shown in Fig.7.1. It is a triangle pointing to the
signal flow. This symbol also shows part identification numbers (PIN) for a general

Pirf or terminal + Positive supply
numbcr terminal
. Invering mpul 2 |\ !
- . - IE I.I 1 i s - T T [E—

. Oulpul lermmﬂl
Nunmvertmg

input terminal

4 .
. V-
. . Negative supply

- — _ ternminal

) Flg 7.1: Cm:utt symbol for an op amp.
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purpose and very popular op amp 741C. All op amps have at least five terminals— The Operatlonal Amplifier
two for input§, two for power supply and one for the output. General purpose 74IC
has other terminals as well.

The op amp input has two terminals. Pin 2 is named inverting input because when , )
the input is given to it, the cutput at'pin 6 is available with 180 degree phasc '

change. Pin 3 is named non-inverting input because when the input is given to it,

the output at pin 6 is available without phase change. Therefore, pin 2 is quite often

shown with a (-) sign and non-inverting inpul with a (+) sign. These (=) and (H)

lerminals are quite often known as differential input terminals. The output voltage

depends upon the difference in voltages between them.

Negalive voltage terminal of the dual power supply is connected to pin 4 and

positive voltage terminal is connected to pin 7. Note that if the polarities of the
voltages applied to pins 4 and 7 are reversed the op amp shall be damaged and
cannot be used, o

SAQ 1
What are the numbers of input and output pins?

7.2.2 Package

The op amp which is Fabricated on a silicon chip is housed in a suitable package,
Op amp 741C is available in two most popular packages (a) metal can and (b) dual-
in-line packages (DIP). Thesc packages are shown in Fig.7.2 (a) and (b) respectively.
The combination of the op amp symbol and package view is quitc commonky used by
the manufacturers in their dala sheets. These combinations arc shown in Fip.7.3 (a)
and (b) respectively.

Tab

(&)

Fig.7.2: Op amp packages. (a) Metal can, and (b} 8-pin DIP package. 7
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© 7.2.3 Number Code

OllseL
null W
Invert offesnul []1 7 1 ne
v .
mpur 5 (Jouput  Inverting Input (- .y
. Nooovrting [ -
pu
v([J4 ] omset null

Noninverting
input

-V

(a) 8-1cad metal can - (b) 8-lead mini, dip
(TO-99), wop view top view .
Flg.'! 3 Pln dingrams for (a) metal can, and (b) 8-pln dip paclmge of op amp. NC means
no connection.
The pin count of eyery IC inclucli.ng op amps is done as follows. Look at the top
view of the IC and nofe-the position of a notch or a dot in case of DIPs and a tab in
case of a metal can package. The notch or dot or tab identifies the pin 1 which is on
its left. Then other pins are counted counterclockwise. Here is caution. Never count
looking at the bottom view.

SAQ 2

~
What is the way in which the IC pins are counted?
7

On the package of the IC including op amps some numbers are printed with the help
of which the IC is identified. On op amp package, say in a typical IC, CA741CP is
printed. The first two letters ‘CA’ identify the manufacture’s code. CA is the code
for RCA, AD is for Analog Devices, LM is for National Semiconductor Corp, WA is
for Fairchild, etc. The word 741C is the circuit designator for commercial purpose op
amp. This word for any other IC could be of three to seven numbers and letters. In
741C, C identifies the commercial temperature range (0 to 70°C). Other temperature
codes are I for industrial purpose (25 to 85°C) and M for military purposes (-55to
125°C). Last letter P stands for plastic package.

SAQ 3
Identify the IC with number code LM7411

7.2.4 Power Supply

For supplying bias to a peneral purpose op amp (741C), a bipolar power supply is
required. Commercially available duslepower supplies which give voltages (+15)-0-
(-15)V or (+9) —0— (-9)V arc used with the op amps. Such voltage ranges are quile
oflen mentioned as 15V or #9V. Two equal voltage sources as shown in the
Fig.7.4 can also be used with a common terminal.

hl;ﬁ’ +V
1’4
- Power

supply

1BV =
- L common
+f é I
=153V =
- 1—’ -V

Fig.7.4: Dual power supply.
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SAQ 4
Name the pins of op amp 741C to which power supply is connetted.

7.2.5 Precautions

A circuit in which op amp is being used is made either on a breadboard or on a
printed circuit board. There are certain precautions in making and using the circuit -
which must always be borne in mind, '

— Do the entire wiring of the circuit with power supply off
—  Use Wires as short as possible.

— Al ground connections should meet at a common point;
—  First of all, power (V) should be supplied to the op amp.
—  Apply signal onI;’ after op amp is supplied power.

— Always measure voltages and not currents, The current may be found by
finding voltage at two ends of a resistor, ‘

—  When the work is over, remove signal first and then switch off op amp power
supply.

It is necessary here to stress further that never, never

— reverse the bias polarity,

—  apply signal voltages greater then +V and less than -V,

—  connect ac signal with op amp power off.

SAQS

Can you connect positive terminal of the dual power supply to pin 4 of op Amp
741C and negative terminal fo pin 77 Why?

7.3 CHARACTERISTICS OF OP AMPS

The ideal characteristics of an operational amplifier will be outlined in detail later.
For the time being, it should be remembered that an ideal operational amplifier has
infinite voltage gain, infinite input impedance and zero cutput impedance, o

Actual cha_racteristics_ of an op amp arc as a matter of fact different.

7.3.1 Input—Outpi:t Relationship

As pointed out earlier, op amp amplifies the difference of voltage present between
the input pins 3 and 2. If the difference voltage is ¥, and the gain of the op amp is
A, then the output voltage is AVp. In Fig.7.5, the voltage at pin 3 is designated to be
¥, and at pin 2 it is ¥, Thus

Vo=V, -7,
+Veo
Vzr.-— o
Vp
Vi o— +

d l R, } V=AoVy

"'VEE

Fig.7.5: Output voltage depends on the Input difference voltage.

The Operational Amplifler
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and the output voltage is
This gives the voltage gain

The voltage gain 4 in this equation i3 referred to by several pames—large signal

" voltage gain (LSVG), open loop gair (4,,) or Differential voltage gain (4.,).

Remember that the. difference voltage, ¥, has been calculated as follows:
Vp = voltage at pin 3 (¥]) — Voltage at pin 2 (V)

‘Both V¥, and V, aremeamn’edmthrespecttothegmund.Noteﬂlatﬂlegmnofthe

ideal operahonal amplifier is infinite, while for the realistic, éay pA741C, the ‘gain is
200,000, Thus theoretically, the output voltage should be 200,000 times ¥7,. But one
cannot obtain from any amplifier a voltage which is greater than the bias voltage
supplied by the power supply. Therefore, the output voltage gets stuck to the bias
voltage. Actually, the op amps consist of several transistors across which certain
voltages are dropped so as to maintain their proper functioning. This limits the output
voltage below the bias voltage. The upper limit of the output voltage V, is the
positive saturation voltage, +¥g, and the lower limit is the negativo saturation
voltage, =V, In the case of the general purpose op amp biased with =15 power
supply the +¥g, and Vg, are +14V and 13V respsctivély restricting the peak-to-
peak symmetrical swing io 13 V. It should now be remembered! that if the input to
pin 3 is greater than that to pin 2, then memlu\émdﬁeWMBabawwmd
and15+Vs_ﬂ..AndlfﬁtemputtomeBgreaterthanthattopm3 thenr ¥, is
negative and the output is below ground and is —Vg,p

SAQ 6 _
How do you calculate input difference voltage to an op amp?
7.3.2 Input Offset Voltage

Input offset voltage is the voltage which is applied between pins 2 and 3 s0 as to get
zero output at pin 6. Ifﬂiedcinpmfolmgiapphedmlms3md2m? and ¥,
ag shown in Fig.7.6, ﬂ:mthemputoﬁ‘setvoltngctsl’m v, - thhmoutput
voltage. The value of ¥, can be positive or negative. The amnlle:r is the value of

w,bettensthemal:hmg of input terminals. For 741C, the maximum value of ¥,

is 6 mV. +Ve=+I15V ‘

v, lo‘kn

Vio=(",—V2)

3 ’ -
1R’i:n lVo=W
V=5V

Flg.7.6: Measuring Input offset volfage.
7.3.3 Output Offset Voltage

Outputvoltageofanopampshouldbeldeallyzero‘:g'hmbolhﬂwinputsmm"or
gromnded. -However, it may not be so. Some output voltage may be available with
both the inputs grounded. This voltage is known as output offset voltage and it should
be made zero, otherwise the results will be inaccurate.

To reduce the output offset voltage to zero, a carbon potentiometer of high resistance,
say 22 k0, ig connected between the pins 1 and 5, and-the wiper is connected to pin

" 4 as shown in Fig.7.7. Adjust the position of the wiper so that output offset voltage

isreducedtoz:ero.lncas\elheoﬁq:utoﬂ‘setvoltageisnotrpducedmzerodespitetbe

Tl T e TI R -
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adjustments, then a voltage oompmsahngnetwukmdmsncd(whmhmbeymdﬂu ¢ The Operatianal Ampiifiey.

course of this unif). -

~ Fig7.7: Adjusting output offeet volinge.
SAQ 7 o '
Whnfi.sﬂleoutpqtoﬂ'setvoltage?

7.3.4 Differential Input Resistance _
Differential input resistance, R, is generally referred to a3 the input resigtance of the

o'pamp.Thisisﬂ:eequivalmtmistancowhiéhcanbemeasm’edateitbuofﬂm"
inputs-inverting or non-inverting with the other terminal grounded. Ideally this
resistance is infinite. But in case of 741C, R, iz 2MD).

'_ 7.3.5 Output Resistance
-ouxpm:mm.nohmeeqmvﬂmmmmwmmﬂum@mpms
and the ground. Ideaﬂylhcvalueofﬂoism,butfm-%lCitis-?SQ '
7.3.6 Common Mode Rejeclion Ratio
TjhaemaybesimnﬁnnswhenﬂwOpampisbeingusedinamisemvhmmmTyé

ms2and3maypickupsamcnoisemltages. Simeﬂwol:uampampljﬁeuﬂle_
diﬁ'umcehmlmseatﬂleminputs,thnefmﬁﬂlthesmwlmgemmme

CMRR_-..fEL :
Ao
Theomnmmmodevdthgegain,AmisobtainedasshaminFigJ.S.Bmhﬂm
inpulsmcmechdtoeachotheraudg'ivmthesmemmmmodevoltago, Vo

nndﬂ:emmnmmndeoutpmvoltageV mode voltage
gain is
vV,
A, =0CM
CM VCM

Fi5.7.8: Common mode connections. -
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¥

The A, should be as small as possible and ideally it should be zero. The CMRR
should be very high, ideally infinite. The higher is the CMRR, better is the matching
of input terminals and smaller is the Yocu The CMRR, bemg large, is measured in
decibels (dB). For op amp 741C, it is 90 dB. ’

SAQ 8
Will you usc an op amp with a low CMRR?

7.3.7 Maximum Qutput Current

Maximum output current obviously flows when the output terminal is shorted out
which will damage the op amp. No one likes it to happen even accidentally. All op

f

amps of 741 family have built-in protection circnitry and are protected upto 23 mA of -

cuwrrent. Thereflore, the maximum output short circuit current is 25 mA.
7.3.83 Power Consumption

The amount of power that is consumed by an op amp to operate properly (with zero
input voltage) is defined as the power consumption of the op amp. For 741C, it is
85mW. The op amp also draws a current of 2.8 mA from the power supply.

7.3.9 Siew Rate

Slew rate indicates how rapidly the output of an op amp changes with the change in
the input frequency. It is defined as the maximum rate of change of oulpul vollage
(in volts) per unit time (in micro seconds). Thus

sk = 2o 7/

dr | max HS

Slew rate changes with the voltage pain and is normally specified by the
manufacturer at the unity closed loop gain (+1). ldeally the slew rate should be
infinite, The drawback of 741C is that its slew rate is 0.5 V/ps which limits ifs use
at higher frequencies, For use at higher frequencics other special purpose op amp
have to be chosen. The latest op amps — LF351, uAF771, and MC 34001 have slew
rate of 13 V/ps, while high spced op amp LM318 has a slew rate of 70 V/ps.

7.3.10 Gain Bandwidth Product

Ideally the opcrational amplifier has infinite bandwidth, but as the closed loop gain is
increased the bandwidth dccreases.

Normally it is defined as bandwidth of the op amp when its closed loop gain is 1.
For 741C, the gain bandwidth product {(GB) is approximatcly 1 MHz.

7.3.11 Characteristics of Ideal op Amp and 741C

Ideal - 741C

1. Infinite voltage gain , 200,000
(LSVG, 44, Ap).

2. Infinite input resistance (R)) 2 MQ

(any signal source may be used to give
input 1o the op amp wilhout being loaded by it).

_ 3. . Zero output resistance (R3). SRV &1 ¢ S
{oufput can dnve any numbcr of olher '
devices).

4. Zero oulput voltage when input is zero. May not be so.

Usc high R carbon
pol. belween pins 1
and 5, connect wiper
to pin 4. Adjust
wipe, for V= 0.

AT I, . ﬂnn'ltnvﬂlw-r[m‘n T




5. Infinite CMRR
(Common mode noise voltage output is zcro).

6. Infinite slew rate
(output voltage changes occur simultaneously
with input voltage changes).

7.  Infinite bandwidth (BW)

(any frequency can be
amplified without attenuation).

- 90dB
0.5V/us
BW decreases with

gain. Refer to
GB product = 1 MHz.

7.4 EQUIVALENT CIRCUIT OF AN OP AMP

The equivalent circuit of an op amp is shown in Fig.7.9. In the circuit R; and R,
input and output resistance of the op amp and AV}, is the equivalent Thevenin .
voltage source. The value of 4, R, and R, are available from the manufacturer’s data
sheet,

+Wer
lnwerting Pﬁ, -
mput } R .
VD f Cutput
Mannverting .I/f '[i Yo < Avﬂ
input N

Ve

Fig.7.9: Equivalent circuit of an op amp.

7.5 IDEAL VOLTAGE TRANSFER CURVE

Fig.7.10 shows a plot drawn not (o the scale, between the difference input voltage,
Vp, and the output voltage, V. The curve in the plot is known as ideal voltage
transfer curve. If ¥, is positive, Vo reaches +Vg, and if it is negative than —¥,
Thus output voltage cannot be grealer than +V,, and less than ~Vg,r If the plot is
drawn to the scale, then curve will be vertical straight line. .

Positive waluration

voltage + U: <+ 777
. Slopa = A

+Vb

Negative s3turation
voitage ~ fl'g;T(‘-V“

Fig.7.10: Tdeal voltage transfer curve.

-
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7.6 COMPARATORS

7,6,1 Voltage Level Detector

Recall that an operational amplifier is a difference amplifier and that its maximum
output voltage is ¥ gy Fig.7.11 shows a circuit for an op amp used as a

+=% gomparator. A fixed reference voltage Vppp, say of 1V, is applied to inverting input
pin 2. The time dependent signal V., is applied to the non-inverting input pin 3. The
output voltage ¥, is '

=AW, - V).

Fig.7.11: Comparator or voltage level detector.

Now, if ¥,, = 1V}, then ¥, = 0. Hence ¥;, = 0 as shown in Fig.7.12 and 7.13. If

in Fig 7.12. If ¥, < 1V, then ¥, is negative which limits the output to —Vg, Thus
at any instant of time the output voltage V,, shows whether the input is greater than
Y, or less than V. This circuit acts like an analog to digital converter. This non-
inverting comparator is also known as voltage level detector. The value of Vg can

be 0, or any value posilive or negative. It can also be connected to any of the inputs.

However, to find the output waveform, onc must note whether V), is positive or
negative. If the reference voltage Vo is connccted to the non-inverting input pin 3
and the input signal is given to pin 2, the comparator is known as inverling
comparator. :

oer O

NV

Tl VVin> Vaer !
+Ver / >A—‘

oV - |

Ve |

Vin <Vagr

Flg.7.12: Output waveform of the comparator with +V/,

V.. > 1V, then ¥V}, is positivc. In this case the output gets limited to +Vg . as shown - ‘

R B T T
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o
g
¥, | . .
R ] \ .
_V’
V. >V
v ; AF
+Viy / \
ov -
o -
\/,_-:Vw

Fig.7.13: Output waveform of the comparator with ~Vepsr '
7.6.2 Zero Crossing Detector

The zero crossing detector is an application of comparators. Fig.7.14 shows a circuit
for zero crossing detector in which pin 3 is grounded making the ground potential
(0V) to be the reference voltage. The input signal is given to pin 2. When the ¥,
exceeds OV, then V7, is negative and the Vo is limited 1o ~¥,.. Likewise, when Vin
is less than OV, then Vp is positive and the Vo is limited to +¥g,.. Thus the output
voltage shows whether the input voltage is above or below the zero Ievel as is
shown in Fig.7.15.

Ly
oo TV sar

ov !

i

Fig.7.15: Input and output waveiorms of a zern crossing detector. 15
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SAQ 9
Trace the output vollage waveform of the circuit given in Fig.7.16.

+15V

vh/\./\ '-/\\, __‘;"__
VAR

741
ks '
10 k0 }Vo

=15V

Fig.7.16

7.7 SUMMARY

®  Several manufacturers use a combination of op amp symbol and IC package to
give the pin-out diagram.

®  The name of the manufacturer the op and amp temperature range can be found
out by reading the number code printed on the top of the IC package.

® A dual power supply is needed to operate the op amp.

®  Input signal should be given to the op amp only after supplying bias voltage

- to it.

®  Polarity of the bias supply voltages to pin 4 and 7 should never be reversed.

®  The ideal operational amplifier has infinite voltage gain, input resistance,
CMRR and slew rate. ’f

®  The ideal operational amplifier also has zero output resistance and output offset
voltage.

®  The realistic characteristics are markedly different than the ideal characteristics.

~ However, in comparative terms they can be taken to be ideal.

®  The equivalent circuit of an ideal op amp is quite often used in the analysis of
the basic operating principles of op amps,

®  The voltage transfer curve of an op amp is the curve between the output voltage

" and the difference input voltage. ‘

®  Comparators are basically voltage level detectors with reference voltage source
connected to either of the inputs of the op amp. Reference voltage can be 0,
positive or negative,

¢  Inverting and non-inverting comparators and zero crossing dctectors are used in
many applications.

7.8 TERMINAL QUESTIONS

1) " Give the pin-out disgram of op amp DIP 741C. -

2) What are the precautions that must always be kept in mind while working with
op amps?

3) Distinguish bétween characteristics of an ideal op amp and that of 741C.

4)  Trace the output waveform of the circuit given in Fig.7.17.

LSI=RTT,
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+15V

A
"

Fig.7.17 .

5} If the input pin 2 is grounded and a triangular wave input is given to pin 3,
then what will be the output waveform?”

7.10 SOLUTIONS AND ANSWERS

SAQs
. Inverting input pin 2, non-inverting input pin 3 and the output pin 6.

2. See the top view of the IC. Look for the notch or dot on the body of the IC.
The pin on the lcft of the notch or dot js pin . Then start counting pins
counter-clockwise. . .

3. For the IC with number LM741], the letters LM identify the name of the
manufacturcr, National Semiconductor Corp. The letters 741 indicate op amp,
The letter I indicates the lemperature range for the indusirial purposes, ie. ~25°
to 85°C. Thus LM7411 means that it is an op amp manufactured by National
Semiconductor Corp, for industrial purpose for a temperature range of ~25° to
85°C.

4. Pins 4 and 7. —V gz is connected to pin 4 and +V ¢ is connected to pin 7.
5. No. It will permanently damage the op a.ﬁ:p.
6.  Input difference voltage to an op amp ¥y, is calculated as follows:

Vp = voitagc at pin 3 (¥;) - voltage_ 8t pin 2 (V,)

AR i-s-the vdllage available at the output pin 6 even when both the input pins 2
and 3 are grounded.

“"No. Higher is the CMRR, better is the matching of input terminals.

o

9. The output waveform is as shown in Fig.7.18.

.The Operational Amplifier
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vil l {
+Veur
Vo » L
—VYsar
Fig.7.18

TQs

1) Given in Fig.7.3 (b).

2) Listed in section 7.2.5.

3) Given in section 7.3.11.

4)  Qutput waveform is given in Fig.7.19.

+Vgr
Yo U
-
—Vear

Fig.7.19
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5) The circuit for this question and the output wavefor;n are as shown in Fig.7.20.

V.
'I-Pm
1
]
“VMT .
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UNIT 8 APPLICATIONS OF
OPERATIONAL AMPLIFIERS

Structure
8.1 Introduction
Objectives

8.2 Inverting Amplifier

8.3 Non-inverting Amplifier
84 Inverting Adder

8.5 Basic Differentiator

8.6 Basic Integrator

8.7 Feedback in Op Amp
88 Summary ‘
8% Teminal Questions
8.10 Solutions and Answers

8.1 INTRODUCTION

The infinite open loop gain, 4, of an ideal op amp or as high 4, as 200,000 for
realistic op amp 741C is of no use for most applications in which op amp can be
used. The open loop gain is also not a constant. It varies with changes in the
temperature, power supplied, and manufacturing techniques. With such a large gain,
the output corrcsponding to a small input voltage gets clipped to +Vg p or ~Vg o
Moreover for output voltages wilhin the saturation voltages, the input voltages, have
to be of the order of a few microvolts. Such low voltages are difficult to obtain even
in laboratorics. Since in linear amplificrs the output voltage is proportional to the
input voltage, therelore the open loop operaticnal amplifiers cannot be used.
However, in certain applications like comparators (already discussed in Unit 9) and
square wave generators open loop amplifiers are used.

In order for using the op amp in linear amplificrs and most other applications, it is
cssential 1o design somc external circuit. Such a circuit is made using the concept of
negative feedback which will be discussed later in section 8.7. In this application
based Unit, unless stated otherwise, we shall use op amp 741C. The output pin is
connected to the inverting input pin 2 using & resistor. It can be shown that the gain
of such an amplifier with negative feedback, which is known as the closed loop gain,
Aqy is totally independent of the open loop gain, 4, of the op amp and depends
only upon external circuit parameters.

Objectives
After studying this unit, you should be able to:

®  draw the circuit diagram for the inverting amplifier and find out its closed loop
. gmr ACL: ’

®  usc m inverting amplifier as a multiplier or divider,
® - design en inverting ‘ampiifier with'a particutar gam,” - -

¢  draw a circuit diagram for a non-inverting amplifier and find out its closed loop
gain,

®  draw a circuit diagram for an inverting adder and use this circuit for a channel
amplifier,

F At e e T g L WY T TR IO HE A @ L cef 2 STHE ra i .[" Loy




~®  draw the circuit diagram for a basic differcntiator and show (hat the output of Applications of Operational
such a circuit is the derivative of the inpul waveform, Ampliflers

®  draw the circuit diagram for a basic integrator and show that the output of such
a circuit is the integral of the input waveform,

®  explain the concept of feedback in ampliﬂcrsl.

8.2 INVERTING AMPLIFIER

Introduction

Consider the circuit given in the Fig.8.1. In this circuil the output pin 6 is connccted .
through a resistor Ry to the inverting input pin 2. The input voltage is given to pin 2

through an input resistor R, The inverting input pin 3 is grounded. The output pin 6

is also grounded through a resistdr R,. In this circuit, two realistic but very

simplifying assumptions are made which are as follows. If the ouiput voltages is not

in saturation thén the differential input is zero and the current entering into inverting

and non-inverting inpul pins is negligible. -

Fig.8.1: Inverting amplificr.

Positive input

A positive input voltage (+¥)) is applicd to the inverting () input pin 2 through
input resistor R, and the feedback resistor R provides the necessary fecdback from
the output (o the input. As per the realistic assumptions made above, no current is
entering into the op amp through pin 2. And because non-inverting (+) input pin 3 is
grounded, therefore pin 2 is also at ground voltage, i.e. OV. Thus though the pin 2 is
not connected to the ground, yet it virtually appears to be grounded. It should be
noted that in the equivalent circuit of an op amp (Fig.7.9) pins 2 and 3 are
connected to each other through a very high resistance (ideally infinite). We,
therefore, say that pin 2 or the inverting input is at virtual ground.

In the circuit of Fig.8.1, the current through R, is decided by the voltage drop across
it. Cne'cend of R, is connected to +V, and another cnd is at OV. Therefore, the
voltage drop across R, is +¥,. The input current, I, flowing through R, from a point
of higher potential to a point of lower potential (i.e. pin 2 which js at 0V ) is

oS

ey

I =
! fid

—

Since the current does not enter the op amp, thersiore /; has iv flow through R
Therefore, /I, the current ﬂpwing through R is equal to I, Thatis I =1 = [ Thus -
the voltage drop across Rpis o

Ve= IR, - (32
Putting for 7 from Eq. (8.1) we get . b
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Ve=7, % | B

Since pin 2 is at virtual ground, R, is in paraltel with R, Therefore, the magnitude
of Vg is equal to ¥, But V. is negative because the current flows from pin 2 (which
is at OV) to pin 6. Thus, ¥, the voltage between pin 6 and ground is

Vo=~V
v,

oY g =- By (using Eq 83)
R, o Ry I_

The closed loop gain of the smplifier, A, is
=2-_Lr . _ - (8.4)

Thus A, depends on R and R; only and does not at all depends on the open loop
gain operational amplifier. Since A, is negative, that is may we call this
configuration of the amplifier as inverting amplifier. The choice of R and R, is in
the hands of the designer and the gain of practically any value can be obtained. In
all practical applications the value of R; should be chosen to be large, say 10 k() so
that it does not short out the input resistance of the op amp.

The output current I, is the sum of the current 7 flowmg through R, and the current
I, = Vy/R, flowing through the load R;. Thus ,

Iy=1+1 (8.5)

While designing an op amp based amplifier, the amount of current required at the
output should also be kept in mind. The value of I is set by ¥, and R, which are in
turn set by the’ design requirement. Thus, the output cusrent J,, is controlled by proper
choice of R,. .

The inverting amplifier circuit car be used for multiplication and division. The cutput

voltage is R./R, times the input voltage. If the input voltage represents some number
then the output voitage will be equal to that number multiplied by the factor Ro/R,.
The ratio Rz/R, is under the control of the user and can assume any value. By
making R; greater than R, the inverting amplifier can be used for division.

Example:

Design an amplifier using op amp 741C and ¥} of 1V for a gain of -8 and with J,
of 0.9 mA.

Solution:

Choose R, = 10 k.

with 4., = -8, R, = -8R, = 80 k.
Using equation (8.1)

v, 1V
J=—- =

‘TR, T 10K

= 0.1 mA

. From equation (8.5),

I, =1,-I=09mA - 0.lmA = 0.8mA
Vy= 1V, x (-8) = -8V

Yo
R »
' v, AY
Or R, = 10 kO,

= T 1-=mﬂn=ﬁﬂﬂﬂmﬁ[1m"mﬂﬂ..




Hence, for the required design R; = 10 kQQ and R = 80kQ and R, = 10kQ. The dc
bias for the op amp should be well above the expected output. In this example Vo is
—8V, therefore a £9V power supply will not be & good choice, for —8V would be

_ just equal to —V¢,n Therefore, a greater value of power supply is chosen, 10V or
above.

SAQ1 _
What is the output voltage in the circuit given below?

- a2v 2R

Fig _
8.3 NON-INVERTING AMPLIFIER

The circuit given in Fig.8.2 is for a non-inverting amplifier. In this circuit R,
continue to be connected as in the case of mvertmg amplifier except that the R,is
ground as shown and the input voltage V; is given to the non-inverting (+) input

pin 3.

Fig.8.2: Non-inverting amplifier.

For the reasons discussed in the previous section, the inverting mput pin 2 is also at
the same voltage at which non-inverting input pin 3 is. Thus, the pin 2 is at +V}
~wiich seis the cuyrent f; through X, The voitage drop acrogs' &; being ¥, we get

o .
L=—— (8.6)
Jl!
Obviously, I, flows from pin 2 to the ground. For the same reasons, I the current

flowing through Ry has to be equal to I, ie. I =1 = I, Thus, the currentIﬂows
from output termmal pin 6 to pin 2 to ground Hence the output pin 6 is at a greater
potential than pin 2. Since the load resistor R, is mow in parallel with the series

App]:lclltlom. of Operational
Amplifiers

23

b Donen LF 2

R L T T Ty —— T T e m e, o R




Linear Integrated Clreuits

24

combination of R, and R therefore the output voltage is equal to the sum of voltage
across R, and Ry Thus

Vo=V, +IRg

i o
= P:,,+R—Jr R (using Eq. 8.6)

R
= I"?(l +TI)
Or the closed loop gain of the amplifier is
Agg=——=01+—— @&.7

Notice that 4, has the same sign as the input voltage V, i.e. positive. For this
reason, we call such an amplifier to be a non-inverting amplifier. Notice Further that
in this case also the gain depends upon the values of Rp and R, and not*on the
paramelers of the operational amplifier. However, the gain is always greater than
unity. The ratio R/R, can be made as small as possible and the gain can be made
close to unity, but it can never be less than unity. Pin 6 being at a potential greater
than the ground polential, therefore the load current I, flows from pin 6 to ground
through the load resistor R, .

Example:

Design an amplifier using op ainp 741C and V¥, of 0.2V for a gain of +10 with I, of
0.1mA.

Solution:
Choose R, = 10kQ.

Given 4, = +10 =1 + (R/R)
or R /R,=10-1=9
or Rp=9R =90kQ
I=VJ/R =02V/10 k& = 0.02 mA.
Vo =—+10V, =10 x 0.2V = 2V
From 1, = I+, weget
of Iy=002+V,/R =0.1mA
or  V,/R, = (0.1 -~ 0.02)mA = 0.08mA
or R, =2V/008mA = 25kQ).
Hénce, for the required design R, = 10k, Ry = 90k and R, = 25kQ2.
SAQ 2
What is the gain of the amplifier shown in the figure given Bclow?

AL
Lidd g

15T

15 k2 2

.

LI S TE TR .ﬂrv*-:-lﬂurmumr!m—rl

gt v




8.4 INVERTING ADDER Applestion of Operstional

L IO XTI T

L

‘h*

The inverting amplifier configuration of the op amp is useful in many applications.
The inverting amplifier can be used for multiplication and division as stated in
section 8.2. The circuit of Fig.8.1 has only one input through R, The number of
inputs can be increased to any number. Consider the circuit given in Fig.8.3 in which

there are three resistors as put resistors connected to pin 2 and a common R for
all the R,’s. Since the pin 3 is grounded, pin 2 is at OV,

The current flowing through Ry is the sum of all the currents reaching summing point
S at pin 2. These current are set by Vn and Ry ¥V, and R,, and Vp and R,
Therefore,

I.F'=Ill tlp 1
- Yn Vi Y
Ry Rp Ry
The output voltage Vo is
Vo =~ I Ry

V, V, V
=__< 2, ”)RF &8
R]l Rﬂ ’ RB

And if all the resistors are of same value, ie R = Re=R, =R, = Ry then we get ‘

Vo=~ W+ ¥V, +¥y) _ (8.9)

Thus the output of this circuit is the sum of all the input voltages. This circuit is
known as inverting adder. The negative sign indicates 180° phase change between the
input and the output,

If all the R,’s are chosen o be same and R is of different value then the output
voltage will be :

Vo ==y +Vy+Vp) © o (8.10)
This equation indicates that the sum of the input is multiplied by a factor Rp/R,

which is under the control of the user. In this equation if R./R, is made equal to
173, then the resulting amplifier is averaging amplifier,

The circnit of Fig.8.3 has several applications. Apart from the aepplications mentioned
above if the circuit is made with different values of R;’s as shawn, then Eq.8.8
suggests that the output voltage is the sum of all the outputs corresponding to each
input. Such a circuit is also used in digital to analog conversion (which will be
discussed in Unit 12, Block 4), Altematively; all the inputs need not be used. Only
one may be used at a time. In that situation, this cirenit is being used for different
gains set by different R/s. Such a circuit can be used as a channel amplifier.

I R
_.'_’_1_._ I '.i*
+y R
i
~Vn " +Vee
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Example: )

Design a 4-channel inverting amplifict using op amp 741C with gains ~20, ~15, 10,
and 5. _
Solution: : _

Make a 4-input inverting ampliﬁér circuit as shown in Fig.8.4. The Eq.88 is
rewritten for four inputs as follows

/R R, R R
=y, SEay, Ly, Frv, 5 (8.11)
(n R, 7 R R Ry M Ry

the input resistor. We have _
Re Re

A - R A Re A A
c= 5 AcaT 5 fcaT T e T
Rﬂ ‘Rﬂ RB RM .

Choose the valuc of R, equal to 10k for the channel with the highest gain, i.e¢ —20
in this example. Find out the value of R as
R Re
A =-20= 3 "= Tk

Fig.8.4: Four-input inverting amplifier.
Thus R, = 20 x 10 = 200k, With the thus obtained value of Ry find thie values of
R/'s for other channels. .
For channel 2, A.,, = —15 = 200/Rp,
or Ry =200/15 = 1333k
For chamel 3, Ay = -10 = 200/R;,
or R =200/10 = 2040 o
For channel 4, A, = -5 = 200/R,
or Ry =200/5 = 40kQ.

T

e

I T
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The design result can be summarised as follows

R = 200k

* Channe] Aoy
1 -20

2 -15

3 10

Y -5

‘RI
10k
1333kQ
20kQ
40K

Applications of Operations]
Amplifiers-

SAQ 3

+5V

=3V o—

+HV S W——

10K

1040

What is the output of the circuit given below?

10 KQ

{ ;

70 k2
+15V
2 7
B 6
741
+ i
3 4 S_EJ.E
=15V v
Fig.-

8.5 BASIC DIFFERENTIATOR

Fig(8.5) shows the circuit for basic differentiator which performs the mathematical
operation of differentiation. The output waveform is the derivative of the input '
waveform. The differentiator circuit is obtained by replacing R, of an inverting

amplifier by a capacitor, while rest of the circuit remains the same. For the reasons
discussed in the case of inverting -amplifier, the current I flowing through the

-capacitor C should be equal to the current I flowing through the resistor Ry, Thus

I =1,

The current 7. flows from the generator to
The pin 2 being at 0V, the voltage drop across C is V;

~¥o- Rexall that the current flowing through a capaci

change of voltage across the capacitor. Therefore

4]

+

pin 2 from where it flows through Rp
and the drop across Ry is
tor C is C times the rate of

27
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Linear Integrated Circuits

L=cC dv,
[ I dt
v,
and I.=-—%2
RF
Thus we get
dv, - Vo
T de | R
Rearranging, we get
dv;
Vo = Rl t
If the product R.C, = 1, then
14
V== —1 8.12
0 o (8.12)

Thus the output voltage is the negalive derivative of the input voltage V. If the input
waveform is a sine wave, then the output waveform will be a cosine wave. And if
the input waveform is a square wave, then the output waveform will be a spike wave

from as shown in the Fig.8.6.

vr . v

1V = ~ /-\ 1V I
ov Pi(ms) 0OV bt (sec)

0.94“’" /\ /\ t (ms) 2"’ [\ .I h\'

1 ms -
' (@) ®

Flg.8.6: Qutput of a basic differentiator when input is (a) sine wave and
28 (b) square wave,

I l'. | 1r ) ‘a : [ ._“ N T
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SAQ 4

Find the output waveform for the basic differentiator shown below.

.
L
-

gr>

V=

" 86 BASIC INTEGRATOR

Fig.(8.7) shows the circuit for a basic integrator which performs the mathematical
operation of integration. The output waveform, ¥,,, is the integral of the input
waveform, ¥, The integrator circuit is obtained by replacing the resistor Rz by a
capacitor Cr. in the circuit of nverting amplifier, while rest of the circuit remaining
Same. For the reasons stated in the case of inverting amplifier, the current I, flowing

through the resistor R; has to be cqual to the current I flowing through the capacitor
Cr. Thus

e

Fig.8.7: Basic Integrator.

The current 7, flows from the generator to pin 2 and from it flows through the )
capacitor Cg. The pin 2 being at OV, the voltage drop across R, =V, and that across
Cris —V,,. Therefore, -

“

14
I =—1
! _Rf
d{-V.
and I.F‘ = C,F‘ —gfl
14 d(-¥,)
1 o
Thus R, Cr T

Applications of Operational
Amplifiers
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-

Vi

d .
or T dt = CF_df_ Vo) dt - ‘
= Cg (-V,) + constant of integration
or Vo=- ! ¥, dt + constant of integration
R, Cp

(8.13)

The constant of integration is proportional to the value of .Vo at time £ = 0. The
Eq.(8.13) shows that the output is directly proportional to the integral of the input
voltage waveform. If the product R,Cr is made equal to 1 and constant of integration

is 0, then we get _
Vo=—Vdt

(8.14)

If the input waveform is sine wave then the output waveform is cosine wave. And if
the, input waveform is a square wave, then the output waveform is a triangular wave

as shown in Fig.8.8.

¥
b

v 4 /\
{1\ T
., ov
ov ) {_\/" \/ t
s T
T 1

avl

-1I¥F o5 1 15 .2 !

13

>

L
2 T
T T

Slopei= |1 YA
(s} . m -

s f(m)
. . )
» w Tl :
ov 1 (mx)

Fig.8.8: Outpat of a basic integrator when input is () square wave, () 1ine wave and’

y

-

$aQ5 |
" Trace the output waveform for the basic integrator shown below.-
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Applications of Operatlonal

8.7 FEEDBACK IN OP AMP Ampliflers

In the beginning of this unil, two simplifying assumptions were made. Consequently,
it was practically taken that no current enters the pin 2 and the current flowing
through R, has to be cqual to that flowing through R, The pins 2 and 3 were also
taken at the same potential. This made the derivations to be quite simplistic.
However, the situalion is not so. Some current, howsoever small, enters the op amp
giving rise to some voltage drop across the input. A mention was made about the
negative feedback, but il was not described. Let us see whether the realistic analysis
of the circuits used above leads to the same results. The closed loop amplifiers
considered above have all been negative feedback amplifiers. '

In an amplifier with feedback, there are two basic networks. One is the amplifier and
anather is feedback network which feeds back a part of the output voltage to the
input. If the feedback voltage adds to the input voltage, then the feedback is known
as positive feedback. Positive feedback increase the gain. If the feedback voltage is
such that it decreases the inpul vollage, then the feedback is known as the nepgative
feedback. Negative feedback decreases the gain. A description of advantages and
disadvantages ol negative and positive feedback is beyond the scope of this unit.
Therefore, this aspect will not be considered here.

Consider the circuit shown in Fig.8.9. The output terminals are connccted to the
feedback network and the output of the feedback network is connected in series with
the input voltage source. Thus the input voltage ¥, in this configuration goes to the
non-inverting input pin 3 and the feedback voltage Vg goes to the inverting input
pin 2.

t_‘hu

Opamp Vs

)

: Feedback |
Ve circuit 2

]

Fig.8.9: Feedback in op amp.

Let us consider the non-inverting circuit of Fig.8.2 which is redrawn herc as shown
in Fig.8.10. Comparing this circnit with that of Fig.8.9, we find (hat R, and R form
a feedback network. The output voltage Vo is dropped across the series combination
of R, and R.. The voltage drop across R, is the feedback voltage V- and is applied
lo the inverting input pin 2. The input voltage V; is applied to the non-inverting input
pin 3. '

v]: R '
L ¢ §~ I
Feedback

P {7 . ‘_circuilm;t

Fig.8.10: Non-inverting amplifier circuit of Fig. 182 redrawn. 31
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’

Recall that the closed loop gain 4, is defined as

V
Aoy = =2
v
The oulput voltage ¥, in the circuit of Fig.8.10 is
Vo =Ag, - V) (8.15)

where ¥, is the input voltage V, and 7, is the feedback vollagc V.. Thus considering
division of V, by the feedback nctwork across R, and R, we get

Vo=Ve
RYo
=10 8.16
R+ R, (8.16)
Putting for ¥, and ¥, in Eq.(8.15), we gt
Vy=A4, (V,-—-2)
o~ ‘o R,+R,
Rearranging, we get
Ao, B+ RV,
O R+ Rp+ AyR,
Yo _ Ao, R+ R

A
““ ¥, R+R.+R/A,

Since the value of 4, is ideally infinite, and for op amp 741C it is 200,000, i.c.
~ 10°, therefore

AorRy >> R, + Ry

Thus
4, = Ao B+ R) R+ Ry
c Ao Ry R,
R
— £

Thus the equation for A, for the non-inverting amplifier is same as obtained earlier
in section 8.3 through the Eq.(8.7). Hence the assumptions made by us in the
beginning did not cause any mathematical error, rather helped us solving various
networks in a simplified way.

8.8 SUMMARY

¢ Infinite open loop gain of an ideal op amp is of no use in most of the
applications of the op amp, and therefore external circuitary is used to control
_ the gain of the amplifier.

@ With-the use of the feedback resistor B, connecting nine £ and 2. the closed

loop gain of an op amp can be controlled.

®  Inverting amplifier gain is absolutely dependent on the feedback resistor Ry and
inpul resisior R, Negative sign in the equation for its gain means that there is a
phase change of 180° between the input voltage and the output voltage. Becaunse
of this reason, il is called mvemng amplifier. Input voltage is supplicd to pin 2
in this case.

T T b w ey A RS i ey




Inverting amplifier can be used as a ﬁultipl_ier and divider.

‘In non-inverting amplifier, there is no phase change between the input and

output voltages. The input is given to the pin 3. The closed loop gain of this
amplifier is always greater than unity.

_ Inverting amplifier can have several inputs with common feédback resistor.

Such 2 circuit can be used as an adder, average and channel amplifier.

In a basic differentiator, the input resistor is replaced by a capacitor, The
output waveform of the differentiator is the derivative of the input waveform.

In a basic integrator, the feedback resistor is replaced by a capacitor. The
output waveform of the integrator is the integral of the input waveform.

Closed loop gain of the op amp can also be derived from the negative feedback
considerations. Such a derivation shows that the assumption of pins 2 and 3 at -
the same potential, though not exactly true, helps us in deriving results in a
simplified way. '

8.9 TERMINAL QUESTIONS

Y

2)

3

4)
3)

6)

Design an amplifier using op amp 741C for a gain of -20 for an input of
0.5V and an output current of SmA. '

Identify the circuit iven below and delermine the amount of output current.
What changes should bec made in the circuit so that output current is doubled
without changing the gain of the amplifier?

4540 \
+15V
07
10

) sm=§_yr
S L

Design an amplificr using op amp 741C for a gain +19. If the input voltage of
0.5V is to be amplified with an output current of SmA, determine the value of
the load resistor.

Design a two-channel amplifier with gains -8 and -17.
.Design a differentiating circuit the output of which is twice the derivative of the

‘ input signal;

Design an integrating circuit the output of which is one-fifth the integral of the

... input signal

810 'SOIJU‘TIONS' AND ANSWERS o

SAQs

1.

"The output voltage is ~Vg,. (Nole that the gain of the amplifier is —10. With
+2V input, the output should be —-20V. However, the output cannot be greater
than +Vg .. and less than —V¢ o Thercfore the output is —Vg4 which is
approximately —1377)

Applications of Operational
Amplificrs
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Linear Integrated Circuits 2.  This is a non-inverting amplifier and its gain is 1 + R/R, With R.= 75kQ
: and R, = 15k, the gain of thé amplifier is 6.
3. The circuit is for an inverting adder. The output voltage is
‘ ' 70 kQ '

V
o 10 kO
4.  The output waveform is as given below.

C-3+DV=-7x3=-21V

v,:’

[]
Vo, =

5. The output waveform is as given below.

TQs -
1) Choose the value of R, = 10k Therefore, for Acp =20,
Rp=-Aq R, = 200kQ. -
Now 7 = 0.5 V/I0k(} = 0.05mA.
Io=I+1 =5mA=005mA +1I,
Orl, =(5-005)mA = 495mA.
Now 7 =V, /R, = 10 V/R, = 495mA.
Or Ro =10 V/4.95mA = 202kQ

Thcrefore the. reqmred dbSIgl’l is R,— lOk_Q, RF = 2001:.0., and R, =2kQ. U.,c_ o

e T EISV power supply.

2)  The given circuit is for an inverting amplifier with gain = —4.5. The output
voltage is 4.3V, .

Now I, =1+ 1, = 1V/10k + 4.5V/5kQ
=01mA + 09mA = 1 mA.

34
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3)

¢ 4)

)

6)

For doubling the output current without changing the gain of the amphﬁer I
should be = 1.9mA.

'I'herefore, R; =4.5V/19 mA = 2368Q.
Thus, the value of R, should be reduced from 5k 1o 2368 Q.

The (+) sign with gain +19 means that a non-inverting amplifier is desired the
gam of which is I + R./R,. It means that Rp/R, should be 18. Choose

= 10 kQ, then R~ 180 kQ. The output voltage is ¥, = 19 x 0.5V =
9 SV

Now I, =I+1 =5mA =05V/I0kQ + 1,
or I, =(5-05)mA=495mA
or R, =VyI =95V/495 mA = 1919 Q,

Thus the required design is R, = 10 kQ, R = 180 k€2, and RL =1919 Q or
= 2 k(.

This is a two input inverting adder. Choose R;, for channel-1 with gain -17.
Therefore, R = 170 kQ) which is common to both the inputs. To find Ry, for
the ‘channel-2, we have R 7Ry =—8. Or R, = 170 kQ)/8 = 21.25 kO,

Thus the required design is R,; = 10 k€, Ry, = 21.25 or = 20 k2.
Rp= 170 KO, and choose R, = 5 kQ (as no current requirement is stated).

Basic differentiator output is ¥, = —RC,dv,/dt. Given is RC, = 2. Choose
C;= 1 WF, then R, =2 MQ so that R.C,= 2.

Thus with C, = 1 pF and R= 2 MQ, the output will be twice the derivative
of the input signal.

1
Basic integrator output is Vo= —-E—-—I V,dr
i1

For the outpul to be one-fifth of the integral of the input, R,C should be =
Therefor, choose C. = 1 WF, then R, = 5 MQ so that R, Ce= 5 Thus, w1th
R,=5 MQ and C 1 WF, the output of the basic mlcgrator will be one-fifth
of the integral of the input signal,

IAppl.{utlom of Operational

Amplifier~ .

i5

[0

TT 8 |2 Y AT

1 = A




36

UNIT 9 LINEAR ICs—AMPLIFIERS AND
VOLTAGE REGULATORS |

Structure

9.1 Introduction
Objectives

9.2 Power Amplifier IC LM380

Characieristics of LM380
Pin-out and Block Diagram
Fixed Gain Audio Amplifier
Higher and Variable Gain Amplifiers
9.3 Voltage Regulator ICs
Dropout Vollage
Self Protectiont Circuits
Performance Parameters
Fixed Voltage Regulalors
" Adjustable Vollage Regulators

- 9.4 Summary

9.5 Terminal Questions
9.6 Solulions and Answers

9.1 INTRODUCTION

In the Units 7 and 8, lincar IC op amps werc described in delail basically because

they find large scale applications in the electronic circuilry, There arc several other
widely used special purpose linear ICs. The description of all such ICs available in
the market is beyond the scope of this unit. Howcever, a few but most popular have
been selected for coverage in this unil.

Small signal amplifiers amplify vollages giving at the load larger and amplified
voltages. However, the power amplificrs or large signal amplifiers supply to their
current operated loads a large signal current, Such loads are like speakers and
motors. The operational amplifier is essentially a small signal amplifier which
amplifies vollage. The current capabilify of op amps is also limited. The maximum
current that can be obtained in case of general purpose op amp 741C with R,= 0 is
25mA. This current will ebviously decreasc with increase in R,. In several
applications, like audio systems, much higher current is requlrcd wluch cannot be
supplicd by gencral purpose op amps. Thus the loads like speakers and motors cannot
be driven dircctly by the oulput of op amps. To boost the current one has o usc
power amplificrs based on cither transistors or specialised 1Cs which are now
commonly available in the markel. In this unit, a special purposc power amplifer IC
LM380, which is quite commonly used in audio syslems, will be described.

Another linear IC which is quite popular now a days for its use in almost all kinds
of power supplies is the voliage regulator. A voltage rcgulator s onc that gives a
constant voltage regardless of changes in the load current. An cxcellent performance

- voltage repulator can be designed using an op amp, zcner diode, two_rcsistors, and

one or more transistors. Al these component': and somé otheérs were intégrated [first
by Fairchild Semiconductor Division in 1968 1o give a voltage regulator. Further
advancement in the IC technology greatly improved voltage regulators. Currently a
varioty of threc-tcrminal fixed voltage regulators for several positive and ncgative
voltages and adjustable voltage rcgulalors for a range of positive and negative
vollages are available in thc market. In this unit, 7800 and 7900 series of fixed
positive and ncgalive voltage regulator ICs, and LM317 and LM337 scrics of
adjustable positive and negative voltage regulator ICs will be described.
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Objectives Regulators

Alter sludyir;g this unit, you should be able to:
®  draw the pin-out and block diagrams of IC LM380,

®  use IC LM380 as an audio power amplifier with fixed, ephanced and variablc‘
gains, )

®  draw the pin-out diagrams of voltage regulators ICs of 7800, 7900, LM317 and
LM337 series,

®  choose an appropriate voltage regulator for your application, '

®  design a voltage regulalion circuit for a fixed positive or negative, and
adjustable positive or negative output voltages,

® using ICs of 7800, 7900 and LM317 and LM337 scries,

®  usc a voltage regulator as a current source of desired valie,

9.2 POWER AMPLIFIER IC LM380

The IC LM380 is a power audio amplifier manufactured by National semiconductor.
It is an integration on a single chip of a pnp emitter follower, differential amplifier,
common enutier and quasi-complementary emitter follower. The minimum power
delivered by it to a load of 8 Q) 15 2.5 W (rms). This makes it highly suitable for
consumer electronics and other Aapplications.

9.2.1 Characteristlics ‘of LM380

1) It has intemajly fixed gain of 50.

- 2} OQutput of LM380 is automatically selfcentred to one-half of t.he__su;p_pl;,r voltage.
3)  Output is also short circuit proof, -

4] It has an intemal thermal limiting arranpement and therefore therc is no need fo
use a separatc heat sink.

5)  Its input stage allows input signals to be ac coupled or direct coupled to either E

of the inputs with reference to the ground.

6) It can work on a wide range of supply voltage from 5 to 22V.

7) It has a bandwidth of 100kHz when used with 2‘1\{,". power output and B QQ load:
8) It has a sufficiently large peak current capability with a maximum of 1 3A.

9)  Total harmonic distortion is.as low as 0.2%.

10) It is available in standard dip package. ' '

9.2.2 Pin-out and Block Diagram

"LM380 ig a 14-pin IC with standard DIP package. Its pin-out diagram is shown in
Fig.9.1. The central three pins on both sides of the package (pins 3, 4; and 5 on the 1
left, and pins 10, 11 and 12 on the right sides) are connected o a copper lead frame

p LR AERC 2IT S -
'

. - - o - R— - e - L-.. R

~50:85-16-work-as-a-heat sink. Note aiso’ that pin 2 is & non-inverting fnput and pin 6
is inverting input and the oufput is taken from pin 8. A gapacitor of a few
microfarads should be connected between the bypass pin 1 and the ground pin 7 to
decouple the input siage from the supply voltage. internally fixed voltage gain of 50 i

can bec-changed by external circuitry as explained later. Fig 9.2 shows the block ) !
diagram of LM380. The asterisk indicates ground heat sink pins. .~

37




. Linear Imtegrated Circulty -~

38

Bypass [1| 14]+v
Noninv -2 Nc.u
input 2] . &l

[3] iz]

- o . .
GND{ [4] 1] GND
(5] 0]

Inv
mpue (6] - 9 Inc
Ground [7 , 8 ]V,
14-pin DIP packet
Fig.9.1: Pin-out disgram of the IC LM380 power audic amplifier.
Bypass .y
o]
" Nomiv 2N
inpur O————+ 14
M3z S0y,
_].]W o__;‘_ — 3' 4. 5,
nput 7 10,11, 12,

/ .
Fig9.2: Block disgram of the IC LM380.

9.2.3 Fixed Gain Audio Amplifier
Simplest circuit using LM380 is that of an andio power amplifier shown in Fig.9.3.

Because of the characteristics of LM380 outlined in section (9.2.1) and as is clear .

from the circuit, anly a few components are externally required for use with this IC.
Either of the inverting and non-inverting inprts of LM380 can be used. If the non-
imverting input pin 2 is used, then the inverting input pin 6 may be cither left opén
or connected to the ground directly ar through a resistor or capecitor. If the
inverting pin 6 is used, then the non-inverting imput pin 2 is connected to ground
directly or through a resistor or capacitor. The bias supply should be decoupled, in -
either case, by connecting a capacitor of 0.1 uF between supply pin 14 and the
ground If working in rf sensftive area, then an RC combination is also used -
between cutput pin 8 and ground, as shown in Fig.9.3, to avoid unwanted .
oscillations in the range of 5 to 10 MHz.

for stability with hij
é, - ﬁu:unlo?ds_ gh_

Fig9.3: Audlo power mpuﬂer\dm’{l{ using the IC LM380.
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9.2.4 Higher and Variable Gain Amplifier

As stated earlier, the gain of LM380 is internally fixed at 50. However, it can be
changed and made variable by using some external components. By making use of
positivefee_dbackthegainofLMBBOcanbcinorcasedwagninashighas.:-lﬂo.
Fig.9.4 shows a circuit using LM380 in its inverting configuration and designed for a
gain of 200. Fig.9.5 shows a circuit designed for a variable gain upto 50 using a
potentiometer between two inputs of the IC.

al 22 - 1Mo
24pF| 15 k2
/o |
Fig9.4: The IC LM380 power andio mpﬂﬂermﬂagdnofmmmmm

ALAL

Fig.9.5: The IC LM380 power audlo ampifier with s variable gals upto 50.

‘Lhur ICs—Awplifiers

SAQ 1 v
Whmisthemaindiﬁ'ambﬁwemmmndgulmﬁiﬁamdlugadwapow
ifier? . .

93 VOLTAGE REGULATOR ICs-

- There-aro soveral. mcivolmgaqum IIC.;I Fiked cutpat voltag n-'re: gulators mlh

posiﬁvcmneﬂaﬁvaoﬂbﬂéta_avaﬂnbkfmmuﬂﬁudstmﬂuﬂvolﬁmbﬁm
25V and 24V, The voltage of the adjustable outpat voliage regulators with positive
oF Dogative oulput can be adjusted between £1.2V to 437V, The voltage regulator
Cs with:output currents of 0.1A to 10A are algo available. Most regulators are
three-pin devices while some special regulators are multi-pin devices.

nnd Voltage
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9.3.1 Dropout Voltage

The instantangous voltage at the input of an IC regulator must always be greater than
the de output voltage of the regulator by a value typically equal to 0.5V 1o 3V even
during the low point on the input ripple voltage. In case of 7800 series of the IC
voltage regulators this value is 2V, This voltagc is known as dropout voltage: or

_headroom.

The pA7815 is a voltage regulator with a fixed positive voitage output of 15V.
Suppose a power supply, unregulated output of which is connccted to the input of the
nA7815, has a capacitor filter and a ripple voltage of 2V. As shown in Fig.9.6, the
minimum load voltage from lhe powcr supply which is minimum input vollage to the
repulator is given by

= V,, + dropout voltage . h 9.1)

VI min
Vi vsa
19
18 -z
17 y T
) Headroom
15 f
V,vs. 1
w0 Ya
Vi min
5 -
P .
D 1
83 16.7
I {ms)

Fig.9.6: The dropout voltage.

where V, . is the minimum input voltage to the regulalor, V,, is regulated vollage
output from the regulator. Thus

Vimin = 15V + 2V F 17V

Therefore, the de voltage output of the power supply feeding the regulator should be
at least 18V (17V + half the ripple voltage, i.c. 1V in this example). The dropout
voltage or headroom should not be too large either. A higher dc vollage fed by the
power supply to the repulator wastes more heat in the reguiator.

_SAQ 2.
Will you usc a ﬁxcd voltagc rcgulator IC giving it loo much headroom"

9.3.2 Self Protection Circuits -

There is intemnal circuilry lo protect these devices from load currenis exceeding the
limiting values. If the load current exceeds the limiting value specilied by the
manufacturer, then the load current is automatically limited until the overload current
is removed. And also, these regulators sense whether heat sinking is proper or not. If
the internal lemperature of the regulator exceeds 150 to 175°C, it shuts down its
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again, = .
9.3.3 Performance Parameters

There are four performance parameters associated with voltage regulators. These are
line or inpnt regulation, load regulation, temperature stability and ripple rejection.
The input regulation is the change in the output voltage for a change in the input
voltage and is measured as a percentage of output voltage. The load regulation is_the
change in the output voltage for a change in the input voltage. 1t is also measured as
a percentage of the output voltage. Temperature stability is the change in the output
voltage per unit change in the temperature and is measured in mV/°C. Ripple
rejection is the ralio of peak-to-peak input ripple voltage to the peak-to-peak output

- - nipple voltage and is expressed in decibels (dB). For beiter regulations, the values of

input regulation, load regulation and temperature stability should be smaller, and the
value of ripple rejection should be higher.

SAQ 3
For a voltage regulator IC, define ripple rejection,
9.3.4 Fixed Voltage Regulators |

The IC 7800 series of voltage regulators is for fixed positive voltage output with
several voltage options from 5 to 24V, They have three pins—input, output and
common ground. With proper heat sinking, they can deliver currents greater than

1A. The package type and pin connections are shown in Fig.9.7. Standard application
circuit for the voltage regulators is shown in Fig.9.8. The Capacitor C, is needed if
the regulator is located much away from the power supply filter, while C, though
not required, improves the transient response of the regulator. )

Metal package Plastic package
(TO-3 type) (TO-220 :yk;f)

Pin 1. Input
2. Ground
Pin 1. Input
1n2- &p;lm. Case Cutput
Case Ground

- Fig.9.7: Package types and pin connections for the 7800 series ICs.

Input 1 3 Owmput
Vin 0—— 78 XX 0 v,
033 uF —I— 0.1 uF

The two number is xx
of the type mumber indicate
output voliage,

I
J,

Fig.9.8: Standard application circuit for 7800 series ICs.

operation. Once the fault in heat sinking is removed, the regulator starts functioning : Linear ICs—Amplifiers

and Voltage
Regulators
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The IC 7800 series llegulalors can also be iscd as current sovrces. Consider the
circuit of Fig.9.9 in which the 7803 is being used as a current source ol' 0. 25mA
The current supplied to the load resistor R, is given by .

r

V,
_ _R

where IQ is the quiscent current and its typical value is equal to 4.3 mA for the
IC 7805. From Fig.9.9, ¥}, is the voltage drop across R which is the oulput voliage
of the regulator. 'Iherel'ore Va=Vp =3 V. With R =20 Q, V /R = 025A Thus

I, =025A + 43mA ~.0.25A

Drnpmvohnp-
Vig—=V,m2V

Fig.9.9: The IC 7805 as a currcnt source.

The current I;- = 0.25 A is flowing through thc load rcsistor R, of 200 producing a
voltage drop across R, equal o ¥; = I;.R;= 5V. Thc oulpul \'oltagc avith reference
to the groundis

Vp=Vat+V¥, 9.3)
=5V+5V=10V.

With 2V dropout voltagc in case of the IC 78035, the ninimum input voltage requm:d
is 12V. Thus, we have a current source of 0.25A. The amount of load current can
be controlled by the choice of the value of B, However, the amounl of a minimum
input voltage requircd depends upon the value of &, and the dropout voltage.

The 1C 7900 scries is of fixed negative voltage rcgulators, These arc complements 1o
the IC 7800 series fixed vollage regulators. They are also available in the same
range in which the 7800 ICs arc available ond have two extra option of -2 and

-3.2 V. The package typcs and the pin-out diagram for the 1C 7900 scrics arc shown
in Fig.9.10.

Mcla] gm:kugc
lmc)

Pin 1. Ground
2. Input
3. Quiput

(Heat-sink surface 1
(Rotiom view) connecied on pin2) 23

Fig.9.10: Packape types and pin connections for the 7900 series ICs.

(9:2)

Plasiic package @
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9.3.5 Adjustable Voltage Regulator

The pin connections of four standard package regulalors are shown in Fip9.11.

. Linesr ICs—Amplifiers and Voltage

Repgulatoys

Adjustment - Vin AJ
Input | i
Adjustment ‘j i,‘_ Vour —
) S
Case is Ouiput | 1
oulput .
. Case is output ADJ—
Botom view . ADJ —» , -
Boltom view - Vv 3112
v,
VOUT our
Front view
TO-3 STEEL TO-39 TO-220 TO-202
Meual can Package Moetal can Package Plasiic Package ~ Plastc Package

Fig.9.11: Standard package types and pin connections for the LM317 series ICs.

A typical connection diagram for using these ICs is shown in Fig.9.12. A 2400
resistor R| is connected between the output and adjustment pins to conduct a current
of 1| = Vpro/R through R,. Since the reference voltage is constant, thercfore 7, is
also constant for the value of R,. This resistor is known as current set or programmc
resistor as it sets the current ). A small but fixed value of current also flows out of
the adjustment pin through the output set resistor R,. The maximum value of the

current I, is 100 pA. Thus the ouiput voltage is
o =RL U+ LR,
=I R +R)+1,, R,

o | )
_ Y rer
"R Ry +R)+ 1R,

- VREF@ +§—?> + (100 pA) R,

Fig.9.12: A connection diagram for the IC LM317.

The sccond term is ignored as it is very small (Maximum Lins

(9.4)

(9.5)

= 100 pA). Thus any

desired valuc of the regulated output voltage cin be ‘obtained by changing R,. The

current set resistor X, which is normally 2400 is connected dir
outpul pins rather than ncar the load [or good load regulation.

ectly to the regulator
The dropout voltage

43
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for the LM317 is 3V. So the lower point on the input voltagc should be at least 3V
above the regulated output voltage, :

The bypass capacitors C, (0.1uF) and C, (1 uF tantalum) arc connected as shown in
Fig.9.12. While C, minimises the problems caused by long leads between the
rectifier and the regulator, C, improves transient response. Any ripple voltage from
the rectifier will be reduced by a factor of 1000 if R, is bypassed by a 10uF
electrolytic capacitor. While using extemnal capacitor, it becomes quite often
necessary {o provide additional protection by connecting diodes D, and D, as shown
in Fig.9.13 to prevent the capacitors from discharging through low current points into
the regulator. However, the diodes are not needed if the output is less than 25V and
the bypass capacitors are of values less than 25 pF.

D .
e IN4DD2
d
LM317
o Vie Vour 0
ADJ )
R,
LDy 7 2400
INAGO2]
= G ' ‘ I L O
L 0.1 uF ' - 1 pF
R,
C: 1 Ve=1.25V 1+ +(!,J|m) (Rz)
= Ry N R,
sl o
o : » i : Q

Fig.9-13: Use of capacitors and protective circuit for the IC LM317.

The IC LM337 series of adjustable voltage regulators is the c:)mplement of the IC
LM317 sen&r. devices. They are also available in the same rahge of voltages and
currents as shown in Table 9.2. The package types and pin connections are shown in
Fig.9.14. The adjustable regulators operate in the same way as the posilive adjustable
regulators with the difference that R, is' 120 Q.

| l‘— Vin ot Vs
Adjustment Vour I . O O !
Adjustment i i
P |
Output g L - -
 IN—
- Input [
- ADJ
Case in input Case is input ADJ] —P» Vour
Bottom view Bottom view ’ Vour
TO-3 TO-38 v
Moctal can pacakage Metal can packege Ve w
Front view Front view
TO-220 TO-202
PL'!_m: pnca_ka,,c . Plaslic pachans=_

Fig.9.14: Standard psckage types and pin conncc:uuns for the LM337 scries ul‘ ICs.

Examnle 9.2

Using an IC LM317, design an édju’sthblc voltage repulator for an output voltage of
51020V,

2 v
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Solution: .

Using equation (9.4) and R, = 2400, we get

240 Q)

-, 1.25 ~
. =125 +R, 2ag + 107

= 125 + R, (53 x 107%)
3
263109
=708 Q

R
5V =1.25(1+ 2>+(1oom)R2

Similarly, for 20V, the value of R, is

20

1.25(1 +

18.75
B = G a0

= 35380,

R?. -
240) PR,

Thus to obtain an adjustable voltage regulator for the voltage range from 5 to 20V,

we need to vary the value of R, from 7082 to 3538, Therefore, connect a carbon

potentiometer of 5k( as variable R,. As stated earlier, connect C, of 0.14F, C, of
- 1QuF and C; of 104F for improved ripple rejéction.

SAQ S .
What is reference voltage for the ICs LM317 and LM337?
SAQ 6 '

What is dropout voltage in case of the ICs LM317 and LM337?

9.4 SUMMARY

Though general purpose op amps can be used satisfactorily in certain
applications, yet it is easier and cheaper to use some special purpose linear ICs
commercially available in the market,

Power amplifiers supply large signal current to cwrrent operated loads like
speakers and motors. The IC LM380 manufactured by National Semiconductor
1s a very popular linear IC used in audio amplifiers. It can deliver a minimum
of 2.5W (rms) power to a load of 8 Q. The gain of the IC LM380 is internally
fixed at 50. However, it can be increased upto 300 and varied upto 50 by using

. positive feedback through external circuitry.

The’ 7800, series of the voltage regulator IC is used for gelting fixed positive

--rogulated voliages in the range-of 3 t0' 24 V. “These ICx éiire & dropoit

voltage of 2V, that is the input voltage to the regulator should be at least 2V
more than the regulated voltage required even at the lowest point at the input
ripplc. Two capacilors C, and C, are used if the regulator is away from the

- power supply and to improve transient response réspectively, -

The 7900 series of ICs is the complement of the IC 7800 series and-is for
fixed negative regulated voltages. These ICs work ir the same way as the 7800
serics ICs works. - :

" Linear ICs—Amplifiers and Voltage

Regulators
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The IC 7800 scries vollage regulators can also be used as current source of
desired values as stated in the text. Apart from the regulator IC, only two
resistors are required for this application.

The LM317 scrics of ICs is for adjustable positive regulated voltages. The
voltage range available from the series is from 1.2V to 57V. The dropout
voltage for these 1Cs is 3V, Apart from the IC, a 240 resistor is used
between the outpul and adjustment pins to set the current and another resistor
used is a carbon potentiomeler which scts the adjustable output voltage. As
stated in the text, three capacitors arc also used with the IC for tmproved
performance and ripple rejection,

The IC LM337 scries is the complement of the IC LM317 and is for adjustable
ncgalive regulated vollages. These ICs funclion in the same way as the [Cs of
the LM317 scries function. The only difference here is that the current sct
resistor is of 1202 rather than 240 as in the case of LM317.

9.5

TERMINAL QUESTIONS

D
2)

3)

4y -

What are the important characteristics of the IC LM380?

The output of a power supply with a capacitor filter is having a ripplc voliage
of 3V, What should be the de vollage output of (his power supply if the
regulated oulput desired is of 10V? What is the number code of“the regulator
chosen by you for this purposc? ‘

A voltage regulator IC has a ripple rejection of 60 dB. If the ripple voltage at
the input of the regulator is 5V, then what is value of the npplc al the
rcgulator oulput?

Design an adjustable voltage rcgulator usmg IC LM317 for a vollage rangc of
810 16V

9.6

SOLUTIONS AND ANSWERS

SAQs

TQs
1)

Small signal amplificrs arc basically voltage amplifiers which give at the load
larger amplified voltages, while the large signal or power amplifiers supply
large-signal currents to current-operatcd loads like spcakers and motors. This is
the main difference between the small-signal and large signal or power
amplificrs.

No, becausc it will wastc more heat in the regulator.
Definition given in section (9.3.3).

In case of ICs of 7800 serics, pin 1 is input, pin 2 is ground and pin 3 is
oulput, Whercas, in case of ICs of 7900 serics, pin 1 is ground, pin 2 is input
and pin 3 is output.

It is the fixed vollage dc\clopcd bcmccn thc oulput and adjuslment pins and is
1.25V.

Charactenistics arc listed in section (9.2.1).

Choose the regulator 1C 7810. This IC has.a dropoul voltage of 2 V. Therelore.
Vimin= 10V + 2V = 12V. But the given power supply has a ripple of 3V.
Hence the dc output of the power supply should be ¥, +half tht ripple

I mii
voliage, that is 12 + 1.5 = 13.5V. "
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‘ripple at input . Lincar ICs—Ampliflers and Voltage i
= 60dB (given) Regulntors

3)  Ripple rejection = 20 log—
) Ppie rejection %8 ripple at output

It means that log term should be cqual to 3. It would be so when numerator in

the log term is-1000 and denominator js 1. Hence, the input and output ripples

are in the ratio of 1000:1. Since the input ripple is of 5V, the output ripple -
would be SmV. )

[Another way is to put the valuc of input ripple, and solve the equation for the
output ripple).

4)  Follow the steps given in the example 9.2 in the text. The valuc of R, for 8V
is 12730, and that for 16V is 2783Q), Therefore, a carbon potentiomeler of ‘
3kQ shouid be used. [
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'BLOCK 4 DIGITAL ELECTRONICS

In the previous three Blocks we dealt with analog electronics in which the inputs and
output are analog (oonhnuously varying) signals. In this block, we will be smdymg about -
digital circuits where the signals are discrete.

The origin of digit was in the caves, thonsands of years before written-history when
man learned to count on the fingers (digits). The basic number names, are- therefore,
known as digits. There are different numbering systems followed in digital electronics.
In Unit 10 you will be introduced to some of the important number systems used. We
will learn how to convert numbers from one system to another. We will discuss binary
number and some mathematical operations using them.

In Unit 11 we will introduce some of the circuits that are able-to operate on binary _
numbers to perform a logical function. These circuits are called electronic gates. Also |
you will be familiarised with boolean algebra which is used in digital systems. -After
having learned about different types of gates you will be introduced to flip flop which
can be built using gales.

in Unit 12 we will study about counters.which are used for counting the d.lglta.l pulses

and registers which are used to store binary information. Many dlg:l.al systems include
some form of memory, where data can be held on a permanent or-a temporary basis.
There are different types of memories used in a digital system. We will learn about
semiconductor memories in the this Unit. Data from the physical world are usually
analog in form and continuous in time. The digital computer or processor operates with
numbers and discontinuous data. To utilize the digital processor in the solution or
control of physical problems it requires devices to sample the analog data and code it in
digital form or to perform reverse processing and decoding in conversion of processed
information back to analog form. Therefore, in Unit 12 we have discussed analog to
digital converier and their counterpart digital to analog converter.

In Unit 13 we will come across many testing, measuring and indicating instruments like

" CRO, electronic voltmeter, powermeter etc. It would help the students to familiarize
themselves with these instruments. :
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Digital Electranics minutes, or more .accurately 10 hour 39 minutes 50 seconds). As is clear from the
- exa.mples above, the atcuracy of the value of an analog quahuty genera.lly depends upon
the judgement-of the observer. ST

Many number systems are being used’in digital technology. Most common amongst them,
are decimal, binary, octal, and hexadecimal systems. We are most familiar with the
decimal number system, because we use it everyday. In this vnit we shall describe these
nurnbcr systems, the conversion of a number. from one system to another, and finally
binary arithmeétic. This unit is intended to provide the first step in our understandmg of
digital-electronics. -

In the next unit you will be introduced to some of the gaics which are fundamental in
digital electronics. There you will be familiarised with Boolean algebra which is a
mathematical method used in the design of digital systems.

Objectives
After studying this unit, you should be able to :

e - write binary number and convert it into its decimal équ_iva.lenl and a decimal
number into its binary equivalent,

) explain octal number system, understand octal counting, convert an_octal number
into its decimal and binary equivalents and decimal and binary numbers into their
octal equivalents, '

) explain hexadecimal number system, understand hex counting, convert hex number
into its decimal, binary and octal equivalents and decimal, binary and octal
numbers into their hex equivalents,

® wri_lé BCD code and convert a decimal number into its equivalent BCD code and
vice versa,

® understand ASCII code, -

® leam addmon, subtraction, mu]llpllcauon and dwlsnon usmg blnary numbers.

10.2 BINARY NUMBER SYSTEM

First let us consider the familiar decimal system. In this system therc are ten distinct and
different digits (0, 1, 2, 3, 4, 5, 6, 7, 8, and 9). For magnitudes greater than 9 the
convention is 1o arrange digits in rows starting with the most significant on the left and
concluding with the least significant on the right. The significance is determined by what
is called the ‘weighting’ of a digit. Thus arises the concept of ‘tens’, *hundreds’,
‘thousands’, etc. For example 3458 = (3% 10°) + (4 X 10%) + (5 x 10") + (8 x 10%. Each
digit is one of the symbols 0 to 9 and is multiplied by a power of len, depending upon
the position of digit. Thus decimal numbers are said to have a base of len and the
, multiplying powers 10° 10', 10%, 10° etc. are called ‘weight’ or ‘positional values’.

In_the binary number system (base of 2}, there are only two digits: O'and I ana the
‘place_values are 29, 2!, 2%, 2? ete. Binary digils are abbreviated as bits. For example
- 1101 is a binary number of 4 bits (i.e., it is a binary number containing four binary

digits.) -

A binary number may have any number of bits. Consider the number 11001.011. Note
the binary point (counterpart of decimal point in decimal number system) in this °
number. The bit on the extreme right is called least significant bit (LSB) and the hit on_
the extreme left is called most significant bit (MSB). Each bit has its posmonal value as
shown in Fig. 10.1.

2 P ¢ 2 P o zE 3 Positional values or welght
1 1 0 o0 1.0 1 1

MSB Binary Point 15B
: Fia;_. 10.1: Binary number: showing positional values (weight) of each bit.-
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The bits on the left of the binary point are posilive powers of 2 and bits on the right of
binary point are negative powers of 2. The decimal equivalent of this number is found
by summing the products of each bit and its positional value as follows:

11001.011,

(UIx29+ (1 x2H+(O0Ox2H+Ox 2D+ (Ix2% + (0x 27 +
(Ix2H+Ux2YH -

16 +8 +0+0+ 1 + 0+ 0250 + 0.125

25375,

Note that to avoid confusion the subscripts 2 and 10 are written with the numbers.
to indicate (he basc of the appropriale number system in which the number is
expressed.

Any number can be expressed in binary form in the usual way as shown in Table 10.1.

Table 10.1: Counting in Binary System.

23 22 2! 2° Binary Number Decimal Number

0 0 0 0 0000 0

0 b+ 0 0 1 0001 1

0 0 1 0 0010 2

0 0 1 1 . oon 3

0 1 0 0 0100 ! 4

0 1 0 1 0101 5

0 1 1 0 0110 6

0 1 1 1 orn 7

1 0 0 0 1000 8
o1 0 0 I - 1001 : 9

1 0 1 0 1010 ' 10

1 0 1 1 1011 ‘ 11

1 I 0 0 1100 12

1 | 0 1 1101 13

1 i 1 0 1110 : 14

1 | 1 1 111 s

From this Table, note that 4 binary digits are required to do counting upto 15, Thus if
the number of bils is », then we can go upto 2" counts and the largest decimal number
represented will be 27 — 1. For example, in the above casé. n = 4 and therefore, the
'largest decimal number represented is 27— 1 = 15,5 To write the next higher number in
Table 10.1, we need an additional column for the next power of the base i.c, 2%,

SAQ 1

What is the largest decimal number that can be represented using [0 bits?

The advantage of binary system is that it has made the job of designing the digital
circyitry very casy because only two distinct states or levels of voltages have to be
handled. For cxample, ‘ON’ state of a bulb may be represented by the bit *1' and 'OFF"
state by ‘0. In terms of voltages, 0 V or a ‘LOW’ voltage may represent bit ‘0" and
5V ar a ‘HIGH' voltage may represent bit “1°. Actually, it is not necessary also to have
precise voltages assigned 10 each bil. In analog system the exact value of voltage is very
important which makes the design of accurate analog circuitry very difficult. However,
in digital systems exact value of voltage is not important because a voltage of 3.9V
means the same thing as a voltage of 4.4V or 5 V. This aspect will be dealt with in
Unit 12.

Number System and Cod;s
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. Digltol Electronics

Let us now see how binary numbers can be converted into equivalent decimat form and
vice-versa.

10.2.1 Binary to Decimal Conversion

' From the example discussed above it is clear that a binary number can be converted into

its decimal equivalent by simply adding the weights of various positions in the binary
number which have bit 1. For example, consider the conversion of 100011. 101,

1 6 0 0 1 1.1 0 1
2+04+04+0+2'+2°+ 21 +0 423
32+2+1+05+0.125 -
35.625,,

~
]

Let us take up another example of conversion of 11100111.010L,,.

11100111.0101
+2+2+0+0+22+2'+2°+0+22+0+ 2
128 + 64 + 32 + 44 2 + 1 +0.250 + 0.0625
231.3125,

Consider the following examples.
1111.00 =15
111100 =30
111100.0 = 60

From these examples il is clear that if the binary point is shifted towards right side, then
the value of the number is doubled,

Now consider the following examples.

111100 = 7.5
11.1100 = 3.75
I1.1110D = 1.875

From these examples it is clear that if the binary point is shified towards the 1cft side,
then the value of the number is halved.

SAQ 2

Convert 1011.101 into its decimal equivalent.

" 10.2.2 Decimal to Binary Conversion

A decimal number is converied into its binary equivalent by its repeated divisions by 2.
The division is continued till we get a quotient of 0. Then all the remainders are
arranged sequentially with first remainder taking the position of LSB and the last one
taking the position of MSB. Consider the conversion of 27 into its binary equivalent as
follows. .

2|22

2 13 -1
2 | 6-1
2[3-0 -

SR T

Thus 27, = 11011,
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If the number also has some figures on the right of the decimal point, then this part of
the number is to be treated separately. Multiply this part repeatedly by 2, After first
multiplication by 2, either 1 or O will appear on the left of the decimal point. Keep this
1 or 0 separately and do not multiply it by-2 subsequently, This should be followed for
every multiplication. Continue multiplication by 2 till you get all Os after the decimal
point or uple the level of the accuracy desired. This will be clear from the following’
example. Consider the conversion of 27.623,4 inlo its binary equivalent. We have
already converted 27 inlo its binary equivalent which is 11011,. Now for the conversion
of 0.625, mulGply it by 2 repeatedly as follows:

625
X2
1.250-
250
x2
0.500 T
500
x 2
1.000
D00
1 0 I

Thus 27.625,, = 11011.101,,

Let us try another example, conversion of 58.0725,, into binary. Split this number in
two parts, i.c. 58 and .0725 and convert them into binary separately as described above.

L]
29 -0
Iﬁ—-]
|_7—0
|_3—1
u—l—‘.
-1 —|

I 1 1 0 1 0

BN RN N

Now take up the conversion of (725

0725
x 2
0.1450
1450
x 2
0.2900
.2300
X2
] 5309 )
) 5300
® 2
1.1600
1600 -
%2
|0.3200
0 0 0 I ]

Thus 58.0725,, = 111010.00010,

Nuraher System and Codes |
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SAQ 3

What is the binary equivalent of 37.75,,?

Representing numbers in Binary is very ledicus since binary numbers often consist of a
large chain of 0's and 1's. Imagine the length of the binary equivalent of a 10 digit
decimal number !l. So, convenient shorthand forms for represenling the binary numbers
ar¢ developed such as octal system and hexadecimal system. With these number systems
long strings of 0’s and 1's can be reduced (o a manageable form. Lel us see what these
systems are,

103 OCTAL NUMBER SYSTEM

The octal number system has base-8, that is there arc 8 digits in this system. These
digits are 0, 1, 2, 3, 4, 5, 6, and 7. The weight of cach octal digit is some power of 8
depending upon the position of the digit. This is explained in Fig. 10.2.

g g g g g g1 g2 Weights

1 0 6 2 7. 4 5

MSD Octal LSD
Point

Octal Number

Fig. 10.2: Octal number: showing posilional values (weights) of each digit.

Octal number does not include the decimal digits 8 and 9. If any number includes
decimal digits 8 and 9, then the number can not be an octal number.

Now let us see how counling is done in octal system. You are familiar with the _
counting in decimal system. In decimal system there are 10 digits from | 1o 9 hence the
counting in such system is done as in Table 10.2.

Table 10.2: Counting in decimal syslem.

10 20 30 40 50 6 70 100 ¢ ... 170
21 31 4 51 61 T 100 111

2 22 32 4 52 6 72 W2 112

13 23 33 43 53 63 T3 103 113

14 24 3 44 54 64 T4 104 1i4

15 25 35 45 55 65 75 tos 115

6 2 36 46 S6 66 76 106 116

17 22 31T 41 51 -61 71 107 117

18 - 28 38 48 S8 68 78 108 1i8
o2 M 49 g & 9 09 19 L. 17

L= - - B = R T S R

In the same style, counting can be done in octal system as shown in Table 10.3.

Table 10,3: Counting in cctal system.

0 20 0 40 S0 6 70 100
Imo20 31 4 51 & 7 101
12 2 32 4 52 & 7 162
13 23 33 4 53 6 73 103
24 34 4 54 64 74 104
15 25 35 45 S5 65 75 105
16 26 36 46 56 6 76 106
7 2 37 41 ST 61 7., O

W oW R W N~ O
™~

T
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In the octal counting, if n is the number of digits then the total number of counts is 8"
The largest decimal number represented by an octal number having » digits is 8" - 1.
Thus with 2 = 4, the total number of counts is 8* = 4096 and the largest decimal
number represented is 4096 — 1 = 4095,

SAQ 4
Can the number 128.96 be an octal number?
o SAQ 5

What is the largest decimal number that can be represented by a three digit ocial
number?

10.3.1 Octal to Decimal Cor_wersion

As has been deone in case of binary numbers, an octal number can be converled into its
decimal equivalent by multiplying the octal digit by its positional value. For example,

126.25, (X8 +2x8)+(6x8)+ (2x8Y+(5x8D)
64 + 16 + 6 + 0.25 + 0.078

86.328

I

Let us convert 36.48 into decimal number.
364, =3x8 +6x8"+4x8"

24+ 6+ 05

30.5,,

N

SAQ 6

What is the decimal equivalent 6f 3127

10.3.2 Decimal to Octal Conversion

© A decimal numbcr can be converted by repeated division by 8 into cquwalent octal
number. This method is similar to that adopted in decimal to binary conversion.

If the decimal numbcr has some digits on the right of the decimal point, then this part
of the number is cdnverted into its octal cquivalent by repeatedly mulliplying it by 8.
The process is same as has been followed in binary number system. Consider the
conversion of 126.38,, into its decimal equivalent. Split it into two parts, that is 126
and .38

-

s [126
Blj_.ﬁ - - ]

Bl_l—'}' ‘
R || |

| 7 6

Now the conversion of .38 is as follows:

Number System and Cudllas
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x 8
3.04
: 04
x 8
032
1 32
X8
2.56
.56
X8
. 448 48
3 0 2. - 4

Thus 126.38,, = 176.3024,

SAQ 7

What is the octal equivalent of 15.250,,?7° -

1033 Octal to Binary Conversion

In the octal number system the highest octal digit i.e. 7 can be expressed &s 2 3-bit
binary number. Therefore, all the octal digits have to be represented by a 3-bit binary
number. The binary equivalent of each octal digit is shown in Table 10.4. The main
advantage of the octal number system is the easiness with which any octal number can

be converted into ils binary equivalent. -

Table 10.4: Binary equivalent of each octal diglt.

Octal digit 3-bit binary equivalent

000
001
010
01l
100
]101
110
- 11

O T - L =]

Using this conversion of octal digit into 3-bit binary number, any octal number can be
converted intoits binary equivalent by simply replacing each octal digit- by a 3-bit
binary number. For example, conversion of 567, into its binary equivalent is:

101 110 111

567, =
= 101110111,
Thus 567, = 101110111,

Another cxample:

Conversion of 672.27,-into its binary equivalent.

. 672.27, = 110 111 010.010 111
= 110111010.010111,
Thus 672.27, = 110111010.010111,




—
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SAQ 8

Represent 10027.12; in binary number.

‘10.3.4 Binary to Octal Conversion

A binary number can be converted into its octal equivalent by first making groups of
3-bits starting from the LSB side. If the MSB side does not have 3 bits, then add Os to
make th: last group of 3 bits. Then by replacing each group of 3 bits by its octal
equivalent, a binary number can be converted into its binary equivalent. For example,
consider the conversion of 1100011001, into its octal equivalent as fullows

1100011001, 1 100 011 001

001 100 011 001 [As the MSB side does not have 3 bits, we
have added two 0’s to make the last group
of 3 bils] .

=1 431
= 1431,
" Thus 1100011001, = 1431,

"SAQ 9

Whatis the octal equivalent of 10010,?

104  HEXADECIMAL NUMBER SYSTEM .

The hexadecimal number system has base-16, that is it has 16 digits (Hexadecimal
means ‘16"). These digits are 0, 1, 2,3, 4, 5,6,7,8,9, A, B, C, D, E, and F. The
digits A, B, C, D, E, and F have equivalent decimal values 10, 11, 12, 13, 14, and 15
respectively. Each Hex (hexadecimal is popularly known as hex) digit in a hex number
has a positional value ihat is some power of 16 depending upon its posumn in the
number. This is illustrated in Fig. 10.3.

16 16* 16> 16! 18" 167! 167 Weights
H 2 4 A ", B 9 Hex number
1 I 1
MSD Hex LSb
Point

Fig. 10.3: Hexudecimal number: showing positional values (weight) of each digit.

The relationship of hex digits with decimal and binary numbers is given in Table 10.5.
Nole thal to represent the largest hex digit we require four binary bits. Therefore, the
binary equivalent of all the hex digits have o be written in 4-bit numbers,

Table [0.5: Binary and Decimal equivalent of each Hex Digit.

Hex dipit ‘Decimal equivalent 4-bit Dinary equivalent

] 0 0000

1 I 0001

! 2 2 0010

2 kl N

4 4 0100

.5 5 0101

6 6 o110

7 7 Olii

8 B 1000

9 9 1001

A 10 1010

B 11 1011

- C 12 1100
D 13 o1 13

E 14 o 1110

F 15 . 1111
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While doing counting in hex number system if n is the number of hex digits then
counting can be done upto 16" counts and the largest decimal number represented-by a
hex number is 16" — 1. The hex counting is shown in Table 10.6.

"

-:Table 10.6: Counting in Hexadecimal system.

0 10 20 10 4 .. 9% A0 B0 C0O DO EO FO 100
1 11 21 3t 4 .. 9 Al Bl ¢ DI E Fl
2 12 22 32 42 ... 92 A2 ‘B2 C2 D2 E2 R
3 13 23 33 43 ... 9 A3 B3 C3 D3 E3 F3
9 19 29 39 4 .. 99 A9 B9 9 DY E? F -
A A 2A 3A 4A .. 9A AA BA CA DA EA FA
B IB 28 3 48 ... 98 AB BB CB DB EB FB
C IC 2C 3C 4C ... 9% AC BC CC DC EC FC.
D ID 20 3D 4D .. 90 AD BD CD DD ED FD.
E IE 2 3E 4 .. 9 AE BE CE DE EE FE
F IF 2F 3 4 .. 9F AF BF CF DF EF FF
SAQ 10
What is the number next to 835F,?
SAQ 11

What s the largest decimal number represented by a 3-digit hex number?

10.4.1 Hex to Decimal Conversion

Hex to decimal conversion is done in the same way as in the cases of binary and octal
lo decimal conversions. A hex number is converted into its equivalent decimal number
by summing the produycts of the weights of each digit and their values. This is clear
from the example of conversion of 514.AF,, into its decimal equivalent.

SXI6%+ 1 %16 +4x16%+ 10 X167 + 15 x 1672
1280 + 16 + 4 + 0.625 + 0.0586
1300.6836 .

514.AF,,

Another example:

3x162 + 11 X 16! + 14X 16° + 1 X 16~ + 10 x 167

3BE.1A , =
= 768 + 176 + 14 + 0.0625 + 0.0391
= 958.1016,,

SAQ 12

What is decimal equivalent of 1BE2,?

10.4.2 Decimal to Hex Conversion

A decimal number is converted into hex number in the same way as a decimal nurnber
is converled into its equivalent binary and cctal numbers. The part of the number on the
left of the decimal point is to be divided repeatedly by 16 and the part on the right of
the decimal peint is o be repeatedly multiplied by 16. This will be clear from the
examples of conversion of 579.26,, into hex equivalent. Split the numker into two parts
579 and .26.

Wi

'!
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6] 36-1
6| _2-4
|_0‘~ 2—|
2 4 3
Thus 579, = 243,,.

Now .26 is converled into hex number as follows:

.26 ——
x 16
4.16
16 -
X |6
2.56 ' \
' .56
% |6
896
96
4 2 8

Thus 579.26,, = 243.428 .

SAQ 13

What is the hex equivalent of 37,

10.4.3 Hex to Binary Conversion

As in octal number system, a hex number is converted into its binary cquivaleﬁl by
replacing each hex digit by its equivalent 4-bit binary number. This is clear from the
following example: ’

BAG,, = B A 6
= 1011 1010  Ol10 p
= 101110100110,
SAQ 14

What is (he binary cquivalent of 6F10,,7

10.4.4 Binary to Hex Conversion

By a process that is reverse ol the process dexcribed in section 10.4.4 above, a binary
number can be converted into its hex equivalent. Starting from the LSB side, group the
binary number bits into groups of four bits. If towards the MSB side, the number of bits
is less than four then add zeros on the left of the MSB so that the group of four is
complete. Replace each group by its equivalent hex digit. This is clear from the

fellAannne nVavv\nLﬁ' N
- RCGIWIRD SRAMDEC

1001101110, = 0010 0110 1110
= 2 & E
= 26E,.
SAQ 15

What is the hex equivalent of 110010101001111,7
15

X
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- . 10.4.5 Hex to Octal Conversion

Each digit of the hex number is first converied into its equivalent four bit binary -
number. Then the bits of the equivalent binary number are grouped into groups of three
bits. Then each group is replaced by its equivalent octal digit to get the octal number.
For example: .

5AF, = 0101 1010 1111 , -

= 010110101111 -
= 010 110~ 101 111
= 2 6 5 1
= 2657,
SAQ 16

What is the octal eq}iivalenl of 5A9,;7

10.4.6 Octal tb Hex Conversion

For oclal to hex cbnversion, just reverse (he process described in section 10.4.6 above.
This -is clear from' the following example: :

5457, = 101 100 101 LIl
= 1011 000 11Kl )
2 B 2 F
o | B2,

\ .
This method can also be applied to hex to decimal and decimal to hex conversions, For
cxample consider the conversion of 3C,, into its decimal equivalent:

3C,, = 0011 1100 ' .
= 111100, -
Check the conversion. _
3C,, = 3x16' + Cxi6°
= 3x16 +12x16°
= 48412
= 60,
111100, = 2% +2'+27+22
2 R+16+8+4
= 60y,
Thus 3¢15 = 111100, = 60,4,

SAQ 17

What is the hex equivalent of 327,7-

10.5 - -CODES

So far you have learnt aboul binary, octal and hexadecimal number system. For any
number systeth with a base B and digits Ny (LSB), N, N, ...... N, (MSB), the decimal
equivalent N, is given by

'1 :
No=N, XB"+ .. N;xB'+N,xB?+ N, xB' + NB® - - (10.1)

. I—-'ﬂ"!'!m1lhm=“m|!rﬂ'lﬂr-'ﬂﬂI‘nﬂll'll#‘l‘*’"ﬂh’fﬂ‘!l] TN TP T T




Yon havé’also observed thal a number in any system can be wrilten in the binary - . Number System and Cokles
form. A number codé is a relationship between the binary digits and the number L )
represented. Thus, all number systems are codes and the decimal equivalent is given

_by Eq. (10.1). But there are other relationships or codes that relate decimal numbers and

groups of binary digits that do not obey Eq. (10.1) These relationships are called codes,,
We will now discuss some of the important codes used in digital work. ‘

10.5.1 BCD Codq

In BCD (BCD stands for binary code_d decimal) code, each digil of a decimal gyﬁlbcr is
converted into its four bit binary equivalent. The largest decimal digit is 9, therefore the
largest binary cquivalent is 1001. This is illustrated as follows:

951,, = 1001 0101 0001

100101610001 5.,

Remember that the conversion of a decimal number into its binary equivalent and BCD

" __cquivalent leads to two different numbers. For example: : -

158, = 0001 0101 1000
101611000,,.

158,, = 10011110, (obtained by repeated division method),

Thus we see thal it is quite easy to convert from decimal to BCD and from BCD to
decimal. It is much easier 10 convernt [rom BCD to decimal than from straight binary to
decimal, because 'we only have to count uplo 9 in binary to do so. However, it lakes
more bits 10 represent a number in BCD than in binary.

" A BCD number is converted into its decimal equivalent by lhe Teverse process. For

example:

0001 0101 0111 0010
= 1 5 7 2
1572,

1010101 110010,

Although the main funttion of a compuler is to perform arithmetic operations, it also
processes messages and information in a language that uses leiters of the alphabert (e.g.
English) and darta of other kinds. Computers operate by coding lelters of the alphabet,
other symbols, and data into binary form. The code used for this purpose is ASCII code
about which you will study now,

10.5.2 ASCII Code

The word ASCII is an acronym of American Standard Code for Information Interchange.
This is the alphanumeric code most widely used in computers, The alphanumeric code is
one that represerits alphabefs, numerical numbers, punctuation marks and other special
characters recognised by a computer. The ASCH code is a 7-bit code representing 26
-English alphabets, O through 9 digif}, punctuation marks, etc. A 7-bit code has 27 = 128 °

" possible code groups which are quite sufficient. A partial ASCII code listing is shown in,
~“Table 10.6. -

f17”
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" Diglial Electronlcs Table 10.6: Some of the ASCII codes for numbers, alphabets and other common symbols.
AhA,
AAAA,
010 011 100 ¥ o1 110 S 1
SP 0 @ P 0000
1 1 A Q - a 0001
v 2 B R b 0010
# 3 C S c s 0011
$ 4 D T d v 0100
% 5 E U e u 0101
& 6 F ' v i v Mo -
' 7 G W g w o111
( % H X  h x 1000 .
) 9 I Y i ¥ 1001
* ] vA j z 1010
* : K k _ oo
< L 1 _ 1100
- = M m t101
> N n o 1110
/ 9 o o 1111

- The code is’ A A A AAA A, For example, A has A(A A, of 100 and an A A,A A, of
0001. Therefore. 1l5 ASCI code is

100 000] = A,
The ASCII code for a is 110 0001,

SAQ 18
What is the ASCII code of SHARMA?

10.6 BINARY ARITHMETIC

Digital computers can perform arithmetic operations using only binary numbers. We will
learn how to add, subtract, multiply and divide binary numbers. We will first review this
in the familiar décimal system and apply the same ideas to binary system.

10.6.1 Addition

Let us recall the addition in decimal numbers. Suppese we want to add 563 and 146.
We start adding the digits in (he lenst significont column. We get,

563 ' S

+ 146

Ll

(no carry to (he nexl column)

%
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Next, the digits of the second column are added ‘and we get, : Number Synunpnd&da

563
+146

09 (camy 1 to the next column)

In l.luscase6+4gweso with a carry 1 to the next column. Then the digits of the last
column and the ‘camry’ from the previous column are added. We get,

563
146
\..:. carry from previous column

709 (no carry)

Addition of binary numbers can be carried out in a similar way by the column method.’
But before we do this, we need to discuss four simple cases, We known in the decimal
number system, 3 + 6 = 9 symbolizes the combining of ... with ...... 1o get a total of
............... Let us now discuss the four simple cases.

Case 1: When nothing is combined with nothing, we get nothing. The binary
. representation of this is 0 + 0 = 0.

Case 2: When nothing is combined with ., we get. Using binary numbers to denote
this gives 0 + 1 = 1,

Case 3: Combining . with nothing gives. The binary equivalent of this is 1 + 0 = 1.

Case 4: When we combine . with ., the result is .. Using binary numbers, we symbolize
1+1=10 .

The last result is sometimes 'confusmg because of our long time association with decimal
numbers. But it is correct and makes sense because we are using binary numbers.
Bmary number 10 stands for.. and not for .......... (ten).

To summarize our résults for binary addition,

0+0=0
0+1=1
1+0=1
1+1=10

To add large binary numbers, carry into higher-order columns as is done with decimal
numbers. As an example, add 10 io 1§ as follows

10
+ 10,

100

In the first columpn, O plus 0 is 0. Inlhesecondculumn.lplusllso carry a-1. As
- -another example, take 141+ 1. Add tivo of the 1's'w get 10 + 1.-

Adding again gives 11 as follows:
1+1+¥1=10+1=11
See another example

101  first column; 1 + 0 =1
+ 110 secondcolumn:0+1=1

1011  third column: 1 + 1 = 10 (zero, can'y one) 19
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Further examples are

F10 101.011
+ 11 + 111110
1101 ' ! i101.001

In all digital networks or computers only two binary numbers are added at a time. To
add more than two numbers, first two numbers are added, then (o their sum the third
" number is added, and so on. Therefore, we should not worry about the addition ef more

than two numbers. The compuler can add numbers in a few microseconds or even less.

You will see that the multiplication, division and subtractions are actually done by the
-computers by way of addition. '

SAQ 19
Add he following : (a) 1010 and 110l
(b) 1011 and 1010

10.6.2 Subtraction

Binary subtraction is done in the same way as in decimal system. Let us recall the
decimal subtraction, for example.

56
- 49

7

In this example, a 1 is borrowed from the ten's position giving 16 in the LSD.
Then 16 -9 = 7. Borrowing a 1 from the ten’s position leaves 4 in place ol 5.
Then 4 — 4 = 0. In the same way the binary subtraction can be done.

To subtract binary numbers, we first nee‘d 1o discuss four simple cases.
Case 1 0-0= 0
Case 2 1-0 =1
Case 3 1-1 =0
Case 4 0-1=1

The last result represents . . — . = . which makes sense. To sil_bl.racl large binary
numbers, subiract column by column, borrowing from the adjacent column when
necessary. For-example, in subtracting 101 from 111, we proceed as follows:

Sl fistcolumn:  1-1=0
- 101 second column: 1-0=1
010 third column: 1-1=0

Here is another cxample: subtract 1010 from 1101

N l'.ll_(_].lﬁ B _fﬁmtﬁcp_l.“m“:'_' l_ 0 = l ST -
-~ 1010 - second column: - - 10 (after barow) —1 =
third column: 0 (after borrow)"— 1=0
fourth column: - 1 -1 =10,
SAQ 20
Subtract binary 100011 from 110011, o g
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10.63 Multiplication and Division 7 Nomber System and Codey

“The mﬁlﬁplication of binary numbers is also done in the same manner as in decimal
system. It is rather easier, because the multiplication table for binary has only four
cases. c - :

Case 1. 0x0=20
Case 2 Ox1=0
Case 3 . I1x0=0
Case 4 Ix1=1
-For example, in multiplying 1101 by lOOi. we proceed as Tollows:

1101
1001

1101
ao00
0000
1101

1110101

In the beginninp the first partial product is written. Subsequently cach paniial product is
written below the previous one by shifting one place towards left relative 1o the previous
place. However, the digital circuits or computers add only two binary numbers at a time.
Therefore, to the sum of first two partial products is added the third partial product. To
this sum is added the third pantial product to give the final sum.

The process of dividing a binary number is once again the same as followed in the
decimal system. To divide L1100 by 10, we proceed as follows.

110

10| 1140

10 .

SAQ 21
Multiply 10110 by 110,

10.7 SUMMARY

- ® . There are mainly four number systems namely binary, octal, decimnal and
. bexadecimal which have 2, 8, 10 and 16 digits respectively. But it is Lhe ease in
.. applications that decides which kind of number sysiemmn should be.defined. and
" Tuséd."Evéry computer uses iwo or more of the above mentionéd number systems
simultaneously. ) : .-
®  The binary number system has only two digits: 0 and 1. A binary d!gll is called -
bit. A binary number can be converted mto its cqunralcnt octal, decimal and hex
numbers as described in the lext. And also octal, decimal and hex numbers can be
converted into equivalent binary numbers.

® . The octal number system has -8 digits: 0 through 7. An octal number can be
converted into its equivalent binary, decimal and hex numbers and vice versa as
described in the text. ’ : .21

'
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Dikihl.Eletlmn!cs N @  The hex number system has 16 digits: 0 through 9; A (10) through F‘(IS). As in.
. the other systems, the hex numbers can be converted as described in the text into
“their binary, octal and decimal equivalents and vice versa.

® It is possible to arrange sets of binary digits to represent numbers, letters of the
alphabet or other information by using a given code. Some of<the important codes
are BCD and ASCII codes. :

® °  In the BCD code, each decimal digit is replaced by its 4-bit binary equivalent. The
conversion of BCD code into ity decimal equivalent and vice versa is quite easy. .
Therefore, it is quite often used in computers.

®  The ASCII code is the most widely used alphanumeric code. Jt is a 7-bit binary
- number and has 2’ = 128 possible 7-bit binary numbers which are quite sufficient
to describé the capital and small letters of the alphabet, digits, punctuation marks,
and other symbols. ‘

® The fundamel;lal arithmetic of binary addition is contained in four rules:
1. 0+0=0
2. 0+1=1
3. 1+0=1
4. 1+1=0 but] must be carried over to ﬁext higher

(more significant) bit,

® . The fundamental arithmetic of binary subtraction is contained in four rules:

~ L. 0-0=0
N 2. 0-1=1 and borrow 1 from the next more significant bit
3. 1-0=1 '
4. I-1=0

®  The four rules for binary muitiplication are:

L 0><0=/b
2 Oxl1=1
3. I1x0=1
4 Ixx1=0

108 TERMINAL QUESTIONS

1) In the binary sequence, wha\t“is’ number that followy 101117

2)  What is the largest decimal number that can be expressed by 6 bits?

3)  Convert 11011011010.1101, into it§ decimal equivalent. |

4)  Convert 372.125,, into its binary equivalent. '

5)  Coavert 89.875,; into its binary equivalent.

6)  What is the largest decimal number represented by a five digit octal number? -

7)  Convert 7777, into its decimal equivalent, -

8)  Convert 6789, into its octal equivalent.

9 Con_v'erl 23401, into its binary equivalent.

10) Convert 1100110111001010, into its octal equivalent.

11) Add the foliowing binary numbers 1110001 and 1010101

12) Multiply 101.1 by 1101 '
22 13) Divide 11011 by 100

STty
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10.9

SOLUTIONS AND ANSWERS

5)

SAQs
[ Largest decimal number =2" — . With n=10,20_1=1024—1= 1023,
2. 11625,
3. 10010111,
4,  No. Octal numbers do not have digits 8 and 9.
5. The largest decimal number is 8 — | = 512- | = 511,,.
6. 31.250,
7172
8 0010000000101 1.4.001010,.
9. 22,
10. 8360,
11, Largest decimal number = 16° - | = 4096 — 1 = 4095,
12. IBE2 = 1x 16" + 11 x 167 + 14 X‘lﬁl +2x 16°
= 4096 + 2816 + 224 + 2
= 7138,
13, 25,,.
14. GF10,,=0110 1151 000i 0000 = 110111100010000,,
15, 11001010100111F, = 0110 0101 0100 1111 = 654F
16. 5A9, = 0101 1010 1001
= 010 110 101 001
= 2651,
17. 3278 = 011 010 |11 ]
= 01101 0111
= D7,
18. SHARMA = 1010011 1001000 1000001 1010010 1001101 1000001
19. (a) [0111 (b 10101
20, 10000, ‘
21. 10000100,
TQs
- oo,
2) 63,
N 17548125,
4} 1011 lOIIOU.ODIZ.
1011001.111,.

~ 4
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6)
7
8)
9)
10)

11)
12)
13)

32%67m.

4095,

15205,

10011 100000001,
1100110111001010,

110600110
10001.111

110.11

0ol 100 110 I11 001 Ol10

1 4
146712,

6

7 1 2
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UNIT 11 FUNDAMENTALS OF BOOLEAN
ALGEBRA AND FLIP FLOPS

Strucmre

11.1  Introduction
Objectives

112 . Logic Gates
AND Gate
OR Gate
NOT Gate 2,
Combination of Logic Gales

113 Boolean Algebra

Boolean Theorems
Algebraic Method for Combinational Logic

~ Obtaining 2 Truth Table from a Boolean Expression
Oblaining a Boolean Expression from a Truth Table
Exclusive — OR Gate
Exclusive —NOR Gate
Addition of Two Cne Bit Binary Numbers (Half Adder)
Addition of Three One Bit Binary Numbers (Full Adder)
Designing Circuits Using NAND Galtes Only

114  Flip-flops.
RS Flipilop
Clocked RS Flipflop
Clocked D Flipflop
Clocked JK thﬂop

11.5 Summary
11.6 Terminal Questions
11.7 Solutions and Answeérs

11.1 INTRODUCTION

A digital circuit is designed for a desired apphcauon by a combination of several logic
gates. This application mvolvmg several logic gates may be a simple or complex one.
Different users may design digital circuits by using different combinations of logic gates
for the same application. In selecting one of these digital circuits for that application,

it is necessary to keep in mind that the chosen digital circuit should have a minimum
number of logic gates. By secing a digital circuit, it is not obvjous that a circuit is
minimal or certain gates may be removed from the circuit without changing its
operation. Boolean algebra provides a means by which loglc circuitry may be expressed
symbol:cally, rnampulaled and reduced.

In this Unit we shall learn about three basic logic gates: AND, OR, NOT and their
various combinations. All digital (logic) circuits operate in the binary mode where all
the inputs and outputs are predefined voltages representing binary digit either 1 or 0. It
- is this characteristics of the logic circuits that enables us to use boolean algebra for
designing .and analysing the digital systems. This area of digital circuitry is known as
_ combmat:onnl logic where the relationship between the inputs and. outpuls can bc '
- -~ precisely defined by the iogic summarised-in-atruth lable

In the combinational logic circuits there is no memory, i.e. the output of the digital
circuit ddes not denend upon the: occurrence of a previous event, But it is very
- essential for more advanced digital circuits meant for storing and manipulating

. information to have memory. The basic memory element is a flipflop which is obtained
by using NAND or NOR gates. In this Unit we shall learn about various kinds of
fMipflops and their operation. This area of digital circnitry is known as sequential
circuits,
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Objectives

After studying this unit, you should be able to

o  describe lhe. operalion of AND, OR and NOT -Gates and write their truth tables,

e  describe 1he combination of gates and write the truth tables of NAND and NOR
© gates,

e  explain as to how a liming diagram of the output of all the logic circuils is
obtained,

e  cxplain how the operation of three basic logic gales lead us to vanous theorems or
rules used in the boolean algebra,

wrile boolean theorems and use algebrai-c methed for combinational logic,
oblain a truth table from a give boolean expression,

describe the operation of exclusive——OR and exclusive—NOR gates,
design a half adder and describe its operation, ‘

design a full adder and describe its gperation,

design logic circuils using only NAND gates,

describe the construction and explain the operation of the RS flipflop,

describe the construction and explain the operation of clocked RS flipflop,
D flipflop, and JK flipflop,

®  obtain the timing diagrams of the outputs of flipflops.

11.2 LOGIC GATES

A logic gate is a digital circuit which has logical relationship be.tween-input and output
voltages. There are three basic gates: AND, OR and NOT (also called inverter) gates.
We shall now learn these gates one by one.

11.2.1 AND Gate

The AND gate can be understood by the circuit given in Fig. 11.1. In this circuit
switch (s) is input and the bulb is output. Let us assign 0 to the event when the switch
is open and 1 to the event when the switch is close. Similarly when the bulb does not
glow we call it 0 and when the bulb glows we call it 1. With both the switches (A and
B) off, the bulb {Y) does not glow.

1 jer
: . [Bulb. -

Fig. 11.1: AND gate using .wnlches

With one of the switches off and another swnlch on, once again the bulb (Y) does not

glow.. However, with both the switches (A and B) pn, the bulb (Y) glow. Thus there are

four events which can be summarised in the form of a table which is-called the truth
- table of this circuit. This is given in Table 11.1. The switches A and B, which control
the input voliage are usually called input of the truth table and Y as the output.
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“Table 11.1: Truth Table of AND Gate.

inputs output
A B Y
0 0 0

0 1 0

1 0 0.
1 1 1

From this table it is clear that the bulb glows (1) only when both the switches (A and
B) are on (1). Stated in a different way, the oulput is 1 when both the inputs A and B
are 1. This state of the circuit is distinct from other three states. This circuit is known
as the AND gate. The symbol of AND gate is given in Fig. 11.2. It is clear from the
Fig. 11.1 that if the circuit has any numbér of switches in series, then the output will be
1 if and only if all inputs are 1. Now for all times to come, you must remember that
for an AND gate the output is 1 if and only if all the inputs are 1.

Ae——o/]
Y
Be—

Fig. 11.2: Symhol of AND gate.

Electronically the AND gate can be realised by using two pn junction diodes as shown
in the circuit of Fig. 11.3. The resistor R is used to control the current passmg through
* the diodes. As stated above, a 0 bit is assigned OV and a 1 bit is assigned 5V.
However, such accurate values of voltage will not always be available at the outpnt in
electronic circuits. Therefore, a O bit is assigned a voltage range of 0 to 0.8V and a 1-
bit is assigned to a voltage range of 2.8 to 5.0V. Quite often these voltage ranges are
referred to a LOW and a HIGH respectively. The voltages greater than 0.8V and less
than 2.8 V are indeterminate and hence not used.

Y
ir
5v

+
5 D, T 5v
* Fig. 11.3: Realisation of AND Gate using diodes.

In the circuit of Fig. 11.3 when the inputs A and B are 0, i.e. when Lhey are_connected
to the OV or ground terminal, both the diodes are forward biased with a veltage drop of

0TV across each diode if the diodes sre of Sior of 0.3V.if the dicdes are of G Hence. . . ..

~ the output voliage is a LOW or a 0 bit. If the input A'is 0 and B is 1 (i.e. 5V), the
diode A is forward biased with 0.7V drop across it (assuming diode to be of Si) while
the diode B is not biased (because both p and n sides of the diode are at the same
voltage, 5V). Therefore the output voltage is 0.7V, i.e. a LOW or a 0 bit. Similarly, if
the input A is 1 and®input B is 0, the output is a 0. However, if both inputs are 1, i.e.
connected to 5V, then both the sides of the diodes are at the same voltage and hence

- nol conducting. Therefore, the output voltage is nathing but the battery voltage which is
SV ie. a HIGH or a 1 bit. These four cases satisfy the truth table of Table 11.1. For
more input AND gate, the number of diodes may be more. The input output relationship
of the AND gate is written as A.B = Y and is read as A AND B equal to Y.

Fundamentals of Boolean

Algebra and Flip Flops - -~
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1122 OR Gate ~ .

Example 11.1 - ' -
oo, ’
If the inputs A and B to the AND gate are as shown in Fig. 11.4, trace the output Y.

ST

A
*—
—— ]

B

Hi]

Fig. 11.4:

Solution

Recall that output of an AND gate is 1 when all the inputs are 1. If any of the inputs
is 0, then Lhe output is 0. With this understanding, the output comes out to be as shown
in the trace for Y. ' '

SAQ1_
Trace (he output of an AND éalc, if the inpuls A and B are as shown in Fig. 11.5.

1
]

The OR gate operalion can be understood by the circuit of Fig. 11.4. "If both the
swilches are off, (0), the bulb does not glow (0). If one of the swiltches is on (1) and
other is off (0), the bulb glows (1). And if both the switches are on (1}, then also
the bulb glows (1). These events are summarised in the truth table given in

Table 11.2. i

- Bulo
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Table 11.2: Truth Table of- OR Gate.

A B Y
0 0 0
0 1 1
1 0 1
1 1 1

It is clear from the truth table that the output of OR gate is O if both the inputs are 0
and the oulput is 1 if any one of the inputs or both the inputs are 1, If a larger number
of switches are used in parallel in the ¢ircuit, then the bulb does not glow if all the
switches are off, and the bulb glows if any one of the switches is on. The symbol of
OR gate is given in Fig. 11.7. The OR gate operation is expressed as A + B = Y and
isrcad as ACRB =Y. .

A -,
B .
Fig. 11.7: Symbol of OR gale.

_Electronically OR gate can be realised by using two pn junction dicdes as shown in the
circuit of Fig, 11.8. If both the inputs are 0, that is connected to the ground, then the
diodes are not biased and hence no current flows through the diodes. The oulput is zero
or a 0 bit. If the inputs to diede A is 0 and B is 1 (i.e. 5V), then the diode A is not .
biased and thus does not conduct, but the diode B is forward biased with a 0.7V drop
across jt and 4.3V drop across the resistor. Thus the output is a HIGH or a 1 bit.
Similarly, if the inputs to the diode A is [ and diode B is 0, the output is 1. When the
inputs to bath the diodes A and B are 1, both the diodes are forward biased, the voltage
drop across the resistor R continues to be 4.3V, Hence, the output is a I bil. All these
four cases satisfy the truth table of OR gate. A more input OR gate is oblained by using
more diodes in the circuit, Analysing the truth table of OR gate, we learn that the
output is 0 if both or all the inputs are 0, and the output is 1 if at least one of the
input is 1,

D
A 1
f — Y
- +
5V R
0 .
—
B Dz
v

- Fig. 11.8: Reaiisation of OR gnte-'l-lsing dicdes:
- Exami)le 11.2
If the inputs A and B to OR gale arc as shown in Fig. 11.9, trace the output Y.

Recall that ‘the output of an OR gate is | if any of the input is 1, and the cutput is 0 if
all the inputs are 0. With this understanding, the output comes out to be as shown in the
trace for Y.

Fundamentals of Boolean ™
Algebrs and Flip Flops
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B

b4

O T
o

Fig. 11.9:

SAQ 2

Trace the output of an OR gate if the inputs A and B are as shown in Fig, 11.10

o UL
S LT T

Fig. 11.10;

11.2.3 NOT Gate

The NOT gate can be understood by considering the electrical circuit shown in

Fig. 1L.I1. Let us assign a 0 bit to the even when bulb does _not glow and 1 bit to the
cvent when bufb glows, and a 0 bit o switch off and ! bit (0 switch closed. In

Fig. 11.1L, when switch is closed, no’current will pass through the bulb and the bulb
will not glow. This is because the current always flow through the least resistance path.
Similarly, when the swilch is open then the whole current will flow through the bulb

making it glow.

V0 fi=0
s Bulb
. Fig 11.11: NOT g2t ué@ng:a_év.fitch. T

If input to the circuit is 1, the output is O and if the input is O then the output is 1. This

is the NOT gate operation which is summarised in the truth table given in Tahle 1.3,

Table 11.3: Truth table for NOT gate.

A Y

SHACILT
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The NOT gate is also known as INVERTER. It has only one input. Its symbol is given
in Fig. 11.12. The input-cutput relationship is expressed as A = Y.

A ‘—“ o—e Y
Fig. 11.12: Symbol of NOT gate.

The NOT gate can be realised wsing the circuit given in Fig. 11.13. The circuit uses
the cutoff and saturation modes of the transistor. When the input to the circuit is a

0 bit, i.e. zero volt, no base current, Iy, Mlows. This means the collector current, I, is
zero. This is cutoff mode of the transistor.

™,
hY

R Z
1 a R ii)

v v

Fig. 11.13: Realisation of NOT gate using a transistor.

Therefore, the output voliage is the bias voltage of 5V indicaling the output to be a 1
bil. When the input to ihe circuit is a | bit, i.c. 5V, very large I flows resulting in very
large I, in fact I, . This is the saturaiion mode of the transistor. This indicates that
most of the bias voltage is dropped across R¢ with outpul 1o be a 0 bit.

- [

Example 11.3

Il the input A o NOT gate is as shown w Fig. 11.14, trace the output Y, )

!
L || | -
- —

A

. v | [

L€

0

Fig. 11.14:
Solution

-Recall -that the output of a NOT gate is | il lhc input is 0, and the output is 0 il the

Cinput is L. Wilh this understanding, the output comes out to be as shown in the trace
- for ¥ in Fig. 11.14

SAQ 3

Trace the oulput ol a NOT gate il the inpul is as shown in Fig. I1.15.

Fundamentals of ‘Boolean
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L

Elininls

Fig. 11.15:

11.2.4 "Combination of Logic Gates

The AND, OR and NOT gates are the fundamental gates for all digital circuits. These
gates can be combined with each other for a particular application. However, two types
of combinations are very important as you will learn now.

NAND Gate

B e—

Fig. 11.16: Combination of AND and NOT éate.

A

.

- g el
Fig. 11.17: Symbol of NAND gate.
If the output of an AND pgate is given to the input of a NOT gate, as shown in

Fig. 11.16, the resuling circuit is known as NAND gate the symbol for which is
shown in Fig.'11.17. The truth table of this gate is obtained as tollows:

A B Y’ (AB) Y
0 1] 0 -1
1] 1 0 ' 1
1 0 0 l
1 . 1 1 0

Thus the truth table of NAND gale is shown in Table 11.4.

Table 11.4: Truth iable for NAND gate,

A B Y ]
R B -
0 1 L

1 0 I

[ 1 0

The input-oulput relalionsh}p of a NAND gale is cxpressed as A-B = Y. The NAND
gate is known as the building block for the digital circuits because using NAND gates,
one can abtain AND, OR and NOT gates. This aspect will be explained later.

T r T tmr-v'-mru[mal.
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B

A+B Y=A+8

" Fig- 11.18: Combination,of OR and NOT gate.

Fig. 11.19: Symbaol of NOR gate,

If the output of an OR gate is given to the input of a NOT gate, as shown in
Fig. 11.18, the resulting circuit is known as NOR gate the symbol for wh:ch is shown
“in Fig ll 19. The truth table of this gate is obtamed as follows:

A B Y'(A+B) | Y
0 0 0 1
0 1 1 0
1 0 1 0
1 1 1 0

Thus the truth table of a NOR gate is shown in Tahle 11.5.

Table 11.5: Truth tablé for NOR gate.

A

Y

0
0
1

1

- 0 = O |

D 9O O =

The in';:ut;out'pul relationship of a NOR gale is expressed as A + B = Y. The NOR gate
is also known as the building block for the d;g:lal circuits because using NOR gates
* one can obtain AND, OR and NOT gates.

Emmple 11.4 '

If the inputs A and B to NAND gate are as shown in Fig, 11.20, trace the output Y,

o Y
LT .ﬂﬂ

\,
s

. i :,,1-".‘.:‘ {1 ."I,-.- .
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It is guite clear from these equations that all the four Boolean equations using AND
operation satisfy the binary multiplication vsing bits 0 and 1. However, in the case of
OR operation, while first three Boolean equation satisfy binary addition, but the Iast
equation 1 + 1 = 1 does not. It is'because in binary arithmetic 1 + 1 = 10. Despite this
contradiction between Boolean and binary additions which will be settled later, the
Boolean operations are very helpful in digital circuits. The Table 11.8 will lead us to
various Boolean theorems which will be described in the following section.

For the moment let us sec how Boolean equations are written and used for a digital
circuit. Consider (he circuit of Fig. 11.24 in which A and B are the inputs to AND gate

Fig. 11.247 Digital circult for ¥ = A'B + C.

while C is one of the inputs to OR gate. Another input to OR gate is the outiJul of
AND gate, i.e. AB. The outpul ¢f this combination is Y which is

Y=(AB)+C=AB+C
Let us find Y if, say, A=0,B=1,and C= 1.
Y=01+1
From Table 11.8, 0-1 = 0, so
Y=0+1
From Table 11.8, 0 +1 = 1. Hence,
Y=1~

Let us now convert a given Boolean expression into a logic circuit. Say, Y = ¢A-B) +
(A-B). The equation means that Y is the output of a 2-input OR gate the inputs to
which are A-B and A-B which in wm are the outputs of two AND gates. The inpults to
these AND gates are A and B and A and B respectively. The whole of this excrcise is

summarised in the Fig. 11.25.
Y=(A8) +[AB)

NSps

A H—ajm
- =
B :
5 Il'>c__|;f‘ ’
Y

Fig. 11.25: Converslon of a boolean expression Y = AB + AB into a digital circuit.
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11.3.1 Boolean Thedrems

Recalling Table 11.8 we can now write several identities or, theorems which are used in
Boolean algebra. It is also worthwhile to recall that

A.i) Output of an AND gate is 1 only when all the inputs are 1,

ii) Output of an AND gate is 0 when all or any of the inputs is 0.
B.i) Output of an OR gate is O when all the inputs are 0.

ii) Output of an OR gate is 1 when either of the inputs or all the inputs are 1.
C. Output of a NOT gate is inversion of its input,

From these conclusions and postulates, we derive the following properties or rules/law/
theorems:

From AND function,

1. X-0=0
2 0-X=0
3. X-1=X
4 1-X=X

From OR functions,

5., X+0=X
6 0+X=X
7. X+1=1
8. 1+X=1

Combination variable with itself or its complement.

9. X X=X

10. X-X =0

1L X+X=X

12 X+X=1 -
From double complementation.

3B X=X

Commutative laws for multiplication and addition. These laws-show that the order in
which two variables are ORed or ANDed together makes no difference.

4. X-¥Y=Y-X
15. X+Y=Y+X

Associative laws for addition and multiplication. These laws show while ORing or
ANDing several variables, it makes no difference in what order the variables are

grouped.

;16 Xoe VLD =(X+Y)+Z= X+Y+Z
17. X (YZ) = XY) Z = XYZ

Distmibutive laws,

B, XY+ =X -N+X -2

19 X+(¥-Z)=X+Y)-(X+2

200 (Wa+X) (Y+2D)=WY+XY+WZ+XZ

Fundsmentals of Booles
Algebra 'and Flip Flops -
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Note here that commutative, associative and distributive laws are similar to ordinary
algebra, -

Absorption laws. These have no counterpart in ordinary algebra,

J2l. X+X.Y=X

2. X E+V=X
23, X+XY=X+Y
24 X-X+Y)=XY

DeMorgan's\ theorems. First theorem says that the complement of a sum is equal to the
product of complements: -

25. X+Y=X-Y

Second theorem says that the complement of a product is equal to the sum of
complements. :

6. X-Y=X+Y

These theorems are valid even when the variables are expressions. There is no algebraic \
proof of these theorems. However, each theorem/law can be proved by pulling the
values (0 or 1) of variables and applying boolean postulates given in Table 11.8.

11.3.2  Algebraic Method for Combinational Logic

We have now know that a logic circuit can be expressed in the form of boolean
expression which, in turn, can be simplified using boolean laws. We have also known
that a boolean expression can also be transformed into an equivalent logic circuit.

Before we leamn the simplification method and other techniques, let us understand the
meaning of combinational logic. Whenever a logic circuit is explicitly defined by its
truth table to provide a fixed, invariant relationship between input and output, the circuit
is calied the combinational circuit. A combinational circuit does not have a memory. It
always operales in accordance with its truth table regardless of any prior input which
may have been given to the circuit. This will be further understood afier we have taken
up some examples.

A boolean expression can be simplified in either of the two forms — {a) Sum of Product
(SOP), and (b) Product of Sum (POS). We shall limit ourselves to only SOP form
which is most commonly used. Object of simplification is to minimise the number of
variables or occurrences of a variable in an expression. This means minimising operation
symbols and hence the number of gates to be used in the circuit. Many a times we get
more than one simplified form of an cxpression, each being equivalent in number of
gates and varables.to be used. In final analysis, we shall use the Minimum Sum of
Product (MSP) form which is written without brackets. Consider the reduced expression
A (B + C) which is written in MSP form AB + AC. While the reduced expression <
requires one AND gale and onc OR gate, the MSP expression requires one AND gates
and one OR gate. Thus in this casc MSP expression is not the simplest: Fundamental
rule is that-the expression must be (a) reduced as much as possible, and (b) written
without brackets. For the simplification of boolean expression, boolean operations should
be carried out in the following order; '

1)  Inversion of single variables,

2) - Ail'obcmrjo-né'wiih-'brac}_céls; B

3) - AND operations before OR opcrations.
41 OR operations.

5)  IF an expression is with a bar, then before inverting perform all operations.
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Example 115

1)  Find the MSP expression for

Y =

| The logic circuils for the given and the MSP expressions arc shown in Figs. 11.26 and -

(A +B)C + AB
A+B)C+A+B

C(A+B)[C+1)

A+B).1
(A +§_)‘_

MSP expression.

11.27 respectively.

Ae »

Example 11.6

Using DeMorgan's theorem, Th. 26 -

Taking A + B) common
Using Th. 7
Usiog Th. 3

il

Fig. 11.27: Digital drcunit for Y = A + B.

Find the MSP expression for

__IY .._..=_ - -

AC+AB(B+C)'
AC + ABB + ABC
AL+A D+ABC

"AC + ABC

(A + AB) C

(A + B)C

AC+ BC )

MSP .@Xpression |

Using Th. 10
Usiﬁg Th. 1
Taking C common
Using Th. 23

.:Dtl:§+(ﬁ'+§)5

rmanmam
Msebr--ndl'lbl’lq-

el UG LT L
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The logic circnits for the given.and the MSP expressions are shown in ngs. 11.28 and

11.29 respectively.

.

Y=AC+AB(B +C)

Fig. 11.29: Digital dircult for Y = AC + BC.

Example 11.7

Find the MSP expression for

Y = AB+A®B+C)+B@B+0C)
= AB + AB +AC + BB + BC

"= AB+AB+ AC+B +BC
= AB+ AC+B +BC -
= AB+AC+B(+0)

= AB+AC+B-!

.= AB+AC+8B

= (A+1)B+AC

‘= 1-B + AC

= B+ AC

= MSP expression. .

The logic circuits for the given and the MSP expressions are shown in Figs. 11.22 and _-

11.23 respectively.

Using Th. 9
Using Th. 11
Taking B common
Using Th. 8
Using Th. 3

Using Th. 7
Using Th. 4

SAQ 5

Find the MSP exprésslilo-n for Y = ABC + ABC + ABC.
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11.3.3 . Obtaining a Truth Table from a Boolean Expression ' Fundsmentals of Boglean **
: . Algebra and Flip Flops

A simplest method of obtaining the truth table from a boolean expression has already
been mentioned. That is, substitute the values of variables in each possible combinations
of values in the expression. Perform all the logic operations and get the, result for each

- combmatlon For example,

Y = AB+AB+QO)+BB+0C)

In Lhis,expre'ssion. say, A=1,B =0, and C = 0, then
Y 1-0+1-0+0)+0(0+0)

0+1:-0+0-0

= 0+0+0

= 0

1l

Similarly, find Y for all combinations of values for A, B, and C, and complete the truth
table which is given in Table 11.9.

Table 11.9: Truth table for Y =AB+ AB + C)+BB + C)

A B C Y
0 0 0 0
0 0 1 0
0 1 0 1
0 1 1 1 ]
1 0 0 0
1 0 1 1
1 1 0 |
1 1 1 1

The alternative method of obteining a truth table from a boolean expression involves
reasoning. Ask yourself:

When shall the output of the expression be 1. Consider the expression
Y = AC + BC = MSP expression

This -expression is 1 so long as either AC or BC is 1. Therefore, put Y = 1 for all

- entries of AC = 1 (i.e. entries 5 and 7). Then put Y =1 for-all entries of BC = 1-(i.e.
entries 4 and 8). Now, Y for all other entries is 0. Table 11.10 is thus the truth table for
the given expression.

Table 11.10: Truth table for Y = A_'(': + BC.

A B c Y
0 0 0 0
2. 0 0 1 0
-3, o 1t o | 0o )
) 4. 0 1 t 1
5. 1 0 0 | 1
6. 1 0 1 0
7. 1 1 0 1
g 1 1 I 1 _
41
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HDIE“-'] Electronles Hence, it is better to use the method of reasoning for obtaining the truth table. This
- method involves just two steps:

BT LR
.

1) 'Obtain the MSP form of the given boolean expression, and

2}  Reason out which of the truth table entries should be 1 for each product in MSP ™
. form.

Example 11.8
Obtain the truth table for the boolean expression Y = A + AB + BCD.
Y

_A + AB + BCD
= A(l+B)+BCD
= A-1+BCD

= A+BCD

= MSP expreséion

Reasoning out we find that Y = | whenever A = 1 or the product BCD = 1. Therefore,
in the truth table for this expression, put'Y =1 for all entries of A = 1, {i.e. entries 9
to 16) and put Y = 1 for all entries of product BCD = | (i.e. entries 8 and 16). For all
other entrics put Y = 0 (i.e. entries 1 to 7). The complete truth table is given in

Table 11.11. .

-'stle I1.11: Truth table for Y = A + AB + BCD.

A B C D |-Y

1. 0 0 0 0 0

2. 0 0 0 1 0

3. 0 0 1 0 0

4, 0 0 1 1 0

5. 0 1 0 0 0

6. 0 1 0 1 0

7. 0 I ] 0 0

8. 0 1 1 1 1

9. 1 0 0 0 1

10. 1 0 0 i i

11. I 0 1 0 .

- 12. 1 0 1 1 1

13 1 1 0 09 1

14, 1 1 0 1 1

15. 1 i 1° 0 1

16 1 1 1 1 1

SAQ 6

Obtain the truth table for Y = AB + BC + CA.

11.3.4 Obtaining a Boolean Expression from a Truth Table

9 Consider the truth table given in Table 11.12.
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Table 11.12: Given truth table. '

A B C Y

Lo -0 0 0

’ 2. 0 0 1 | o
3, 0 1 0 0

4, 0 1 1 0

5. 1 0o 0 1

T s 1 0 1 0

7. | 1 0 1

8. 1 1 I I

Note, that the entries 5, 7, and 8 contribute a logic 1 to the operation while all other .
entries give a logic 0. To obtain the boolean expression, we need only write a product
term for each entry that contribute 2 Jogic 1, and then assemble the operations by
connecting all the products with a logic OR. Do as follows,

EntryS: Y = l1forA=1,B=0,C=0
= ABC
because. the output of an AND gate will'be | only if all the inputs are 1. Similarly,

Entry 7: Y = 1forA=1,B=1,C=0
= ABC

Entry 8: Y = 1forA=1,B=1C=1
= ABC.

Now connect all the three products with an OR logic. Hence
Y = ABC+ABC+ ABC (Sum of Product)
Which can.be simplified as
Y = ABC+AB(C+0O)
= ABC+AB
= A(BC+B)
= AB+C)
= AB+AC
The procedure can be summarised as follows:

1)  Combine with an AND operation all the mput vanables for the entries that
contribute a logic 1,

2)  Select for each variable in the product an overbar or no overbar so that when the
input values of the entries are substituted, the product gives a loglc 1. These
- products are also known & fundamental products.

3) The products are assembled with an OR opegation. -

4) The sum of product expression thus ohtained may not he minimal, Use boglesn
algebra to bring an SP expression in an MSP form. .

SAQ 7

Obtain the boolean expression for the truth table given below:

b -
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In this example of addition, the bit on the right hand side is sum while the bit on the
left hand side is carry. This can be put in a truth table as shown in Table LL15.

Table 11.15: Truth table for half adder,

A B Carry * Sum
0 0 0 0
¢ 1 0 1
1 o 0 1
11 1 0

This application has two outputs, one for ‘sum' and another for ‘carry’. 'I‘herofore we

_have to obtain two boolean expressions for the two outputs.

The expression for carry is

Carry = AB
that is, i‘tl is the butput of an AND gate.
The exi:res_sion for sum is

Sum = AB + AB

that is, it is the ‘outpul of an XOR pgate described in the previous section. These two
circuits are connected together as shown in Fig. 11.34, This circuit is known as half
adder and its symbol is given in Fig. 11.35,

AO—"_D‘
5o >

Cary Sum

Fig. 11.34: Half adder circuit.

Av—] —=o .Sum -
HA_
2 e — Cnrry

Fig.ll."ls. Sylnbdol'hnlfaﬂder

Recall the contradiction pointed out while describing adchuon by an OR gate. While'it .
could justify addition in case of its first three entries of mputs. it could not give correct
resuli of addiiion of binary numbers in iis iast entry of inpuis, he. it gave i + 1 = i,
(boolean addition) rather-than 1 + 1 = 10 (binary addition). This contradiction is now -
taken care of by the design of half adder. We can now say that the binary addition
shonld be done using half adder or circuits described later in the Unit. But as far as
booldan postulates, including based on OR gate, are concerned, thcy are helpful in
designing circuits for bmary amhmeuc ' .
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11.3.8 Addition of Three One Bit Binary Numbers (Full Adder) | F'fl'::m m

The full adder can add three single-bit binary numbers. The binary addition Ihree smgle—
bit binary numbers is as follows:

0 0o 0 - 0 1 1 1 1
+0 +0 +1 +1 +0 40 +1 +1
+0 +1 +0 o+ +0 +1 +0 +1
0w o0 ol - 10 ol 0 10 1

The right hand bits of these additions represent the sum and the left hand bits represent
the carry. These eight possible cumbmal.nqns of three single-bit binary numbers can be
presented in the' form of a truth table given in Table 11.16.

Table 11,16: Truth iable for full adder.

A B C Camry Sum
0 @ 0 0 0
0o 0 1 0 1
o 1 . 0 0 1
0 1 1 I 0
1 0 0 0 I
1 0 1 10
1 1 o0 1 0
111 11

In order to design the logic circuit for a full adder boolean expressioﬁ§ have to be
written and simplified in MSP form for both sum and carry which are as follows:

Sum = ABC + ABC + ABC + ABC
= A®BC+BE) + ABC + BO)
= AB® C)+ A(B @O0
= AX+AX where X=B@C
= AgX
= A@B&C
= MSP expression,

i

This is the output of a 3-input XOR gate.
ABC + ABC + ABC + ABC
= BC(A + A) '+ ABC + ABC

= BC + ABC + ABC
= CB+ ABJ + ABC
= 'C(B + A) + ABC
= BC+AC + ABC
= BC+A(CC +80
= BC+A(C+B)
= BC+ AC + AB

= MSP expression.

Carry

.47
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From these two MSP expressions, Lhe logic circuit for a full adder can be obtained
as described earlier. This circuit is given in Flg 11.36 and its symbol is given in
Fig. 11.37.

A® i.

. Be®

TS

Sluea

g .

Fig. 11.36: Full adder circoit.

Ar— —* Sum
Be—— FA
Ci— —e Carry

Fig. 11.37: Symbol of full adder.

You would recall that a computer or a digital circuit can add only two binary numbes at
a time. If a digital circuit has to add more than two binary numbers, as would mostly be
the case, the circuit will add first two binary numbers and to the sum of these two
numbers it will add the third binary number, and so on. But while adding two bits a
carry is likely to appear as shown above. Therefore if the two binary numbers to be
added are having more than one bit, then after the addition of first bits of the numbers
the addition of second bits will also require the addilion of -any carry which appears
from the addition of first bits. Thus the addition of first bits can be carried out by the
half adder which has two inputs, but the addition of second bits require & 3-input adder
which is realised by the full adder. There are eight entries to the truth table of a full
adder, half of which are satisfied by the truth table of half adder ignoring carry bit .

{because the addition of first bits of two numbers do not have a carry to be added). For

this reason, the adder described in the previous section is called :he half adder and the
described in this section is called the full adder.

Example 11.8 .

Addition of two 4-bit binary numbers. Let us say the numbers-are A,A A A, and
B,B,B,B,. This addition requires one half adder (o add A, and B, and threg full adders
to add rest of the bits as shown in the circuit of Fig:11:30. The outputs of the half -
_..adder are sum' (S.¥ and “carry, The’ ¢arry_output of ‘the helf ‘adderis given as the third _

input to the first full adder which has a carry outpuit and' a sum (8,) duiput. The carry o

ottput of the first full adder is given to tlie second full adder, and so on. Thus for
addition of two 4-bit binary numbers, we require one half adder and three full.
adders. For cach additional bit in the numbers to be added we require one more
full adder.
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Ay B, A5, A, B Ay By :
Algebm and Flp Flops
C3 G, Lo}
| ga FA. FA. HA.
Cu 33 . S § So

Fig. 11.38: A 4-bit binary adder.

SAQ 8

Draw a digital circuit for a 2-bit binary adder.

1139 Designing Circuits Using NAND Gates Ouly

Quite often it is required that only NAND gates should be used in designing digital
circuits. The NAND gate being universal can be used to realise AND, OR and NOT
gates. Therefore, wherever (hese gates are appearing, the equivalent NAND circuit is
used. The realisation of AND, OR and NOT gates from NAND gates is shown in
Fig. 11.39. :

@] B e
B o—— ) . = 8 —
AT D T
.o : =2
. -— B "
BC
© | = A%[>D__‘A

Fig. 11.39: Realisation of (a) AND, ('b?_OR, and (c¢) NOT gates using NAND gates,

Example 11.9 _
Design a eircuil for Y = AB + CD using NAND gates only.
The circuit for- Y = AB + CD using AND and OR gates-is shown in Fig. 11,40,

A e—]

8 e—
Y=AB+CD

Fundamentals of Booleari
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Digital Electronics

A:D o s oh
o o)

- g

- Fig. 11.41: AND and OR gates in the circuit given in Fig. 11.40 replaced by thelr equivalents.

The AND gates and OR gate in Fig. 11.40 are replaced by equivalent NAND gate
circuits from Fig. 11.39 as shown in Fig. 11.41. It requires two NAND ICs, Since the
input and output of a combination shown as dotted of a NOT. gate followed by another
NOT gate are same, therefore such a combination is useless and hence eliminate it. The
final circuit after su¢h-elimination is shown in Fig. 11.42.

As—

7400
Be— AB

Y=AB+CD
D

Co— .

CT400
D.-—— CcD

Fig. 11.42: Circuit for Y = AB + CD usirig NAND gates.

Another method involves the use of Demorgan’s theorems. Consider the example of
XOR gate. It requires one NOT IC, one AND IC and one OR IC, i.e. three ICs in toral.

The MSP equation for XOR gate is Y = AB + AB. Double complement the right hand
side and solve using DeMorgan’s theorem.

Y AB, + AB
AB + AB

(AB)- (AB)

The right hand side is the output _g_f_# NAND gate the inputs to which are the cutputs of

two NAND gates, i.e. (AB) and (AB). The final circuit for XOR gate using NAND
gates only is shown in Fig. 11.43. It requires two NAND ICs.

O

Fig. 11.43: Clrcuit for XOR gate using NAND gates only.

'SAQ 9

Design a digital circuit for Y = A + BC using NAND gates only.
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14 FLIPFLOPS

We have learnt combinational logic circuits in the previous section. The combinational
logic circuits operate strictly in accordance with their truth 1able. However, there are
lagic circuits which have feedback path and the operation of which is not strictly
defined by their-truth tables. Such circuits operate differeny for a given input condition
depending upon Lhe prior input sequence applied to the circuit. Such circuits are known
as sequential logic circuits. These circuits have memory element also. In addition to the
logic gates, a computer requires memory element. The simplest memory element is a
flipflop. It has two stable states and remains in any one of these two stable states untii
triggered into the other state. Quite often the flipflop is also known as a latch,

11.4.1 RS Flipflop

The most basic flipflop circuit is constructed using two NAND gates or two NOR gates.
In NAND gate flipflop, two NAND gates are cross-coupled as shown in Fig. 11.44. It
has two latched outputs Q and Q. It has two inputs: SET (S) and RESET (R) or
CLEAR (C). The input names signify their actions as well. For the jnput names such a
flipflop is known as RS flipflop.

SET o—1_ |

©

RESET N
(CLEAR) &1

Fig. 11.44: RS flipflop.

Let us now understand the working of a RS flipflop. Both the ﬁ1puts. SET and RESET,
are kept HIGH, i.e. at logic 1. In the beginning, let us say S = R = 1. With the oulputs
Q= OandQ--l NAND-1I has the inpuis [ and 1 hence Q = 0, and NAND-2 has

“inputs 1 and 0, hence Q = 1. These outputs are latched or stuck with each other and
continue to be latched until mput conditions are changed,

Second possibility with § = ll =1 is when Q = 1 and Q 0. The NAND-! will have 1
and O inputs giving Q = I. Likewise the NAND-2 will have 1 and 1 inputs giving Q =
0. Once again the two outpnts are laiched together and they will continue to be latched
until input conditions are changed. S and R both high means the two sets of possible
Outputs remains in its last state indefinitely because of the internal latching action. Thus,
a high S and a high R gives us the inaclive state; the circuit stores or remembers.

When we want to change the flipflop output onc of the inputs will be pulsed LOW

+ (i.e. logic 0),

Setting the Flipflop

Lcl us say that the SET is mometarily pulsed LOW (i.e. S = 0 for a moment) while
_RESET continucs to be 1. Now if Q =0 and Q = 1 prior {0 the occurrence of a LOW

~pulsc-at §ET, Q-goes - which in turn forces'Q to a' 0. Thus whén SET retums 10 1, the

NAND-1 output remains HIGH which in turn keeps the NAND-2 output at 0.

I prior 10 the application of SET pulse, Q = . 1 and Q = 0, then & LOW pulse a1 SET
will not change anything because Q = 0 is already keeping the NAND-1 output to 1.
Thus when SET retumns to 1, the outputs are still Q = 1 and Q=0

Thus a LOW on the SET input will always cause the flipflop to end up in Q = | state.
Hence, this operation is called setting the flipflop, and Q = 1 state is known as SET
state.

Fundamentals of B -
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. . Dightal Electronles,“ .. Note the difference in symbol of clack activated by a PGT and NGT. The change in the

DT SELLIRIRY ’ * control inputs R and S to the flipflop will not effect a change in the Q output until an
active clock (CLK) transition, i.e. a PGT in case of Fig. 11.51(a) and a NGT in case of
Fig. 11.51(b), occurs. The control inputs keep the fipflop ready to change and the active
clock transition at the CLK input actually triggers the change. To ensure that a clocked -
Yipflop responds properly when the acuve clock transition occurs, the inpuis must be
stable, i.e. unchanging.

] | |—Negalivc Going Transition (NGT)
{Change from 1 to 0}

Postive going kansition (PGT)
{Change rom 0 to 1)

Fig. 11.50: Positive und negalive going transitions.

Conirol
Inpur " -

-— QF—= — T O}

_f_l_,_.._ >CLK _|_t >CLK

Conirol — —
Input o— Or—e — 0—e
CLK activuted by a PGT CLK activated by a NGT
() ®)

Fig. 11.51: Symbol of edge triggered flipllop activated by a (a) PGT, and (b) NGT.

Consider the circuit given in Fig. 11.52 in which two additional NAND gates arc_used
as the clock pulse steering circuit and is triggered by a PGT. A LOW (i.c. 0) clock
CLK prevents S and R from controlling the flipflop, because with whatever values of

Se
Edge
J—'I— Derector
CLK
Re

M- M- I o
© Pulse'steering © 0 T B
Circuit -

Fig. 11.52 C:rcmt of edge triggered, RS l]jpﬂup

S and-R the outputs -of the NAND-1 and-NAND-2 w:ﬂ—bc 1-which will not produce any
change in the Q output of the flipflop. However, when the CLK is HIGH (ie. 1) and
S = R.= 0, the culputs of the two NAND gates will be T and there would be no change

in the Q oulpuL
54
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Table 11.18 shows the truth table for'a positive edge iriggered RS flipflop. The, Q =
is output level before the amrival of the PGT of the CLK. The arrow dlrecled upward

indicates that a PGT is required at the CLK.

-

Table 11.18: Truth table for a positive edge triggered RS flipflop.

Inputs Output
R S CLK Q
Q- 0 T Q, (No change)
0 1 T 1
1 0 T 0
1 1 T *Race

The inputs S and R, and corresponding Q output, assuming the initial value of Q, i.e.

Q,: equal to 0, are as shown in Fig. 11.53. It is clear that at the arrival of first clock
transition both R and S are 0, therefore there is no change in the Q output which
continues to be Q. But at the arrival of the second clock transition S is 1 and R is @,
this sets the flipflop with Q = 1 which does not change till third clock transition. At the
time of the third clock transition R is 1 and S = 0 which resets the flipflop with Q= 0
This is how the Q output is raced. Note that between two PGTs of the CLK, the Q
outpit does not change. It must be remembered that whenever tracing a Q output
comresponding to the inputs, you have to look for the active clock, note the values of
inputs nand then decide the value of the Q output,

CLK {ll )

o

L

Fig, 11.53: Inputs and output of a clocked RS flipflop.
f

The truth table of a RS flipflop Lriggera{i by a NGT is shown in Table 11.19,

bt "

-

Table 11.19: Truth table for 4 negative edge triggered RS flipflop.

’ ’ Inputs | O\ulpuf
R § CLK Q
o o Q, Mo change)
o 1 | 1
1 0o 1. 0
11 4 “*Race
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The PGT -or' NGT can be obta.med by using a combination of gates or a dlffcl‘el‘lllallng
cireuit’ consisting of a capacnor and a resistor.

SAQ 11

If the train of pulses to 5-and R inputs of a clocked RS flipflop are as shown in
Fig. 11.54, and if the initial value of Q i Is 0, trace its Q output.

|
G UL

Fig--11.54%

1143 Clocked D Flipflop

The RS flipflop has 1wo inputs S and R. Generating two signals to drive a Aipflop is a
disadvantage in many dpplications. Furthermore, the race condition of both § and R low
may occur inadvertently. In order to eliminate the possibility of a race condition a new
kind of flipflop is designed. This is called a D flipflop. The letter D stands for the data.
The data input is given to S-input of the RS flipflop while the same input goes to its
R-input through an inverter ag-shown in Fig. 11.55. The symbol of the edge triggered

D flipflop activated by a PGT is shown in Fig. [1.56. Its truth table is given in

Table 11.20 which shows that the Q output of D flipflop follows the input data D.

The D input and corresponding Q output, assuming initial Q to be 1, are shown in

Fig. 11.57.

Doy s Q0

C";K_>CLK
R gr—0

Fig. 11.55: Circuit for D flipNop.

—D o=
P>k

Fig. 11.56: Symbol of D Nipflop.
Y
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Table 11.20: Truth table for a positive edge triggered D Mipftop.

D CLK Q
0 T 0
1 T I

« T

Fig. 11.57: Input and oulpul of a D flipflop.

l_:.l Latch

Sometimes edge trigger detecling circuit (like RC combination) for D flipflop is not
used. In this case the D flipflop functions slightly differently and is known as D latch.
Instead of edge triggering, level clock or an ENABLE (abbrevialed as'EN) signal is
used as shown in Fig. 11.58. When EN/CLK is 1, D will produce a O at either SET or
CLEAR inputs of the NAND latch to give a Q output to be at the same level of D.

Fig.11.58: Circuit for D latch.

When EN/CLK is 1, if D changes, Q will follow changes exactly like D as the Q cutput
does_not have to wait for the clock transilion to respond to changes in D. The D latch is
thus ‘transparent’ to the input in this mods, When EN/CLK is at'0, D is inhibited from
affecting NAND 1dich because the outpuls of both steering NAND gates will be I. Thus
Q and Q continue to slay wherever they were before EN/CLK became 0. In other
words, the oulputs are Jatched t6 their curremt level and cannol change during the period
EN/CLK is 0, even if D changes. The truth table of D latch is given in Table 11.21.

\

Table 11.21: Truth {able for D laich.

D EN/CLK | Q-
X 0 | wNc

0 1 0

1 1 i

Quitc often two AND gales arc introduced between the pulse steering circuit and the
NAND laich as shown in Fig. 11.59. One input each of these AND gates are known as
RESET (direct SET) and CLEAR (direct RESET) and are kept at 1 so as to allow the

Fundamentals of Boolgan
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CIK® ED

Preset (Set)

Q]

l_Cles: {Resct)

Fig. 11.59: Edge triggered D flipflop with preset and clear.

]

o—D PREQgL—»

ek
CLR

l

Fig. 11.60: Symbol of edge trigpered D flipflop with preset and clenr,

output of pulse steering circuit to pass through. However, if we want to set the flipflop
irrespective of the value of D input, then give a 0 to PRESET which will set the -
flipflop. Similarly, by giving a 0 to clear will directly reset the flipflop. The symbol for

D flipflop with PRESET and CLEAR is shown in Fig. 11.60 and its truth table is given

in Table 11.22.

Table 11.22: Truth table for docked D flipflop with preset and clear.

Preset Clear CLK D Q
0 0 X X *Race
0 1 X X 1
1 0 X X 0
1 1 0 X NC
1 1 1 X NC
1 1 - T X - NC
1 1 T 0 0 .
1 1 T 1 1

SAQ 12

The D input to a positive edge miggered I flipflop is as.shown in Fig. 11.61. Trace the..
Q output. : ; - ) ) . )
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1144 Clocked JK Flipflop

In the next unit, we show you how to build a counter, a circuit that counts the number
of positive or negative clock edges driving its clock input. When it comes to circuits
that count, JK flipflop is the ideal element to use. Therefore before ending this unit we
will study about JK flipflop. : .

The circuit for an edge triggered JK ipflop is shown in Fig. 11.62 and its symbol s
shown in Fig. 11.63..The working of JK flipflop is same as that of RS flipflop

L
J e
—e
cLx ——|gp
Ko — . - .
14 .l_j

——7 Qr—e
>0k
K Q--——-.

Fig. 11.63: Symbol of edge triggered JK flipflop.

except-that race condition is not there: That is, there is no ambiguous result. The outputs
'Q and Q of the NAND latch are fedback to NAND-2 and NAND-1 respectively of the

- pulse steering circuit which gives toggle operation. With J = K = 1, assume that Q is 0 _
‘when clock transition arrives. With Q = 0 and Q = 1, NAND-1 will steer PGT to sel
the NAND iatch to give Q = 1. If we assume Q = 1 when PGT of the clock appearg,

- NAND-2 will steer PGT to clear the NAND latch to produce Q = 0. Thus Q always
ends up in opposite state. This is known as the toggle mode of operation. If both J and

" K are left to & state of 1, the flipflop will change state for each clock transition. The Q
‘output equak to Q, means that the new value of Q will be inverse of the value it had
prior to"the PGT. The truth table of this flipflop is given in Table 11.23. Fig. 11.64
shows J and K inputs and the comesponding Q output.

~

Table 11.23: Truth table for a positive edge triggered JK flipflop.

B K CLK Q

"0 0 T Q, (No ci:ange)
| 0 1T 1
o 1 1 "0
1 i 1 Qs (Toggle)

a0
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Fig. 11.70;

5. Y = ABC+ABC+ ABC
= ABC+AB(C+0)
= AEE+AB
= A(E+B)
=. A®+0
= AB +AC.
6. Using l.hereasqning method, Y = 1 when either or all of AB.

BC, and CA/are 1. Thus we get the truth table as follows:

Table 11.29:
A B .C Y
0 0. 0 0
0 0 1 0
0 . 0 0
) 1 1 I
1 0 0 0
1 0 1 1 i
1 1 0 1
1 1 1 1
7. Y =ABC + ABC + ABC
8.
By A By Ag
e 1]
FA HA
[T ]
c 5 Sy

- Fig. 11.71: A 2-bit binary adder,
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9.  Digial circuit for Y = A + BC is as shown in Fig. 11.72. . Fundamentals of Boolean
. . Algebra and Fug Flops

Fig. 11.72:

Now replace OR and AND gates by their NAND cqui{'alénts as shown in Fig. 11.73.

ol
a
'

I
| 1 '
1’- 1
T - . 1
! -L} .
1 1
1 [
e ————— e !
| N }"’
IO
) 1
el o = |
" "-NOT b 1 NOT [
i AND =3 - g OR d
Fig. 11.73:

Removing the combination of a NOT gate followed by a NOT gate, we get the circuit
as shown in Fig. 11.74. "

o D

Be—r

coe—1

Fig. 11.74:

Alternatively, simplify the expression using DeMorgan’s theorem as follows:

Y=A+BC

=A-BC
- This.equation gives the circuit-already obtained in Fig. 11,74,
10.

. UL

Flg 11.75:
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12.
13,

TQs

LY =
2. Y =
3. Y =
4 Y =
5. Y =
6 Y =
..I' i -
8. Y =

a

Fig. 1L.77:

I

Fig. 11.78: .

ABD + ABD
AB D + D)
AB-1

AB.
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purpose, you have to convert the digital output in analog form. 'l'herefore. it is necessary

to have circuits which will convert an analog quantity (such as voltage) into digital form

_and vice versa. Such circuits are analog-to-digital (AD) and dlglml-to-analog (DA)

converters. In this unit, yon will leam d.lffcrcnt hnds of memoncs and"AD and DA
COnvmers also, :

Objectives

'Aftcr studymg this unit, you should be able to

explain- the functioning of buffer and contro]led bufer registers,

describe the functioning of the shift register,

describe the functioning of the shife left and shift right registers,

explain the functioning of the controlled shift register, _

explain the construction and functioning of an as_vjnchroﬁous'-(ﬁpplc) counter,
describe the functioning of ring and mod 10 (decads) counters,

explain several memory terms used in digital circuits,

explain the capacity of memory and specl.fy how many bus can bc stored i in a
memory device,

describe general memory operation,
explain and distinguish between RAM and ROM, )
® - describe the functioning of a digilal-to-analog and an analog-to-digital c;qurters.

12.2 REGISTERS

A register is a group of memory elemems which stores a binary word and it may
miodify the stored word in a particular fashion as is desired by the application in which
it is used. It is capable of shifting the stored binary word a step or more towards left or
right. In this section yon will learn about them.

12.2.1 Buffer Register

The simplest kind of register is a buffer register which stores a binary word. It is made
up of several D flipflops, the number of which depends on the number of bits present in’
a binary word. A buffer register for storing a 4-bit word, XXX, X, with Q,Q.Q, Qn as™
its output word is shown in Pig. 12.1.

— 0, D:LTL —0, Dyl o oppd do cpgldo o
<M < < <
' ' ' L!-f- -
Qz Q1 o QO £
" Fig. 12.1: Boffer Register. - - /

T




Each flipflop is positive edgc triggered. At every clock the output, Q of each ﬂlpﬂop is Registers, Counters, Memary

same as the input X. For thi$ 4-bit register, we can write | , Clreults and %
Q3Q2_Q|Qn = XXX X, ’ - '

In chunked notation, this expression is written as
Q=X |

_Thls circuit is very basic. We should have some method to hold the input word till such
time we are ready to'store it. This is achieved by a controlled buffer reglsler

12.2.2  Controlled Buffer Register

A controlled buffer register is shown in Fig. 12.2. AH flipflops are with CLEAR which ' e
- Tesets flipflops when HIGH. The CLEAR is inactive when LOW. The control LOAD

terminal when HIGH allows input X to reach the flipflop and does not allow when

LOW. When CLR is HIGH, all ‘flipflops reset and the stored word is

Q= 0000 )
When CLR returns LOW, the register is ready for desired action.

X,
1 ]
“"""‘--.,_‘__“
— Q3 'DB — .._.Qz DZ — — Ql Dl — +— QO DU
<t < < <t
__CILR CLR CLR CLR |
(7)) : ¢ o ) 2 - (g‘f".‘.lg

Fig. 12.2; Cootrolled buffer register.

“The conl:rol terminal LOAD detenmnes the circuit l'uncl:lon When LOAD lS I-IIGH the

' :-_dataxls allowed to reach the flipflop. ~ . ~.. ... T LD

‘However when LOAD is LOW. LOAD is HIGH which allows the Q outputs to goto D -
. inputs. It means that so long as the LOAD is LOW, the input data X is circulated or
- retained at the PGT of the each CLK. That is, the contenls of the register continue to
remain unchanged so long as LOAD is LOW.

When the LOAD is made HIGH, the word or data X is transmitted to the D inputs and
" the flipflops are ready to change. When-the PGT of the CLK amves the, X input is
loaded and is available st Q outputs, and

QR XXX, | - 7

AT = P P T U T L LU st T AT [T Y S by K pr
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With LOAD remrnmg o LOW the input word is stored. That i is, so long as the LOAD

remains LOW, it is not affected even when X input is changed. In this kind of register, °

as is seen from the circuit, the input is given to all the flipflops simultaneously and the
output is also obtained from-all the Ihpfhps sunu]ta.ncously This is quite often referred

to as pamllel-m!pmnllel-out register.

1223 Shift Registers

The shift registers move the stored word towards left or right. Therefore there are two
types of shift registers — Shift-left and shift-right registers,- Slufhng of bits of the .stored
word towards left or right is essentiel in arithmetical opemnons '

1

Shift Left Register

" A régister which shifts the I:uts of !hn stored word towards leﬂ. called shift-left reglster,
is shown in Fig. 12.3. As is clear from the circuit, the data input D,_ sets up first
. ﬂlpﬂop. and the Q, output of this ﬂlpﬂop sets up second flipflop, Q, .sets up the third

and Q, sets up the fourth: Since the dala is given to the input of the first flipflop, i.e.,
D, and the output is obtained simultaneously from all the flipflops, the circuit is known

as senal -in/parallel-out. _
The working of shifi-left register can be understood by the following example'

Consider that the 1npmdamD is l. ie, t.he mputto ﬂlpﬂop-l D, = 1 and the initial
output

QOOOO

-.That is, initially lhempulswauﬁeolherdneeﬂlpﬂopsarco Now with the afrival of
mePGTofmeﬁmax,megjoutpuml and the siored word becomes

Q = 0001,
NowwllhD =1and D, -l whenﬂlePGTofﬂ:esecondCLKamvesthenﬁrstand

_'wcondﬂxpﬂopsmsetmahngtheregma'mtpmtobe

Q o011,
NowD =1, D =1, andD =], WhenthePGTofmelhml(LKmnmtlnnﬁrst,

. swondmﬁﬂmﬂﬂlpﬂopsmselmahnsthoreglmmlpmtobo

Q=0111.

. Similarly when the PGT of the-fourth CI.K_arﬁves. then cutput becomes

Q=111"

The stored word is thus 1111 and it remains unchanged 80 long as D, = 1. However, lt‘
=0, ﬂlen with succegsive CLK pulses the register outpul or content becomes

AtlstCLK Q= 1110
At20d CLK ~. ' Q= 1100
At3d CLK Q= 1000

AT 4th CLK. Q= ='0000._ L

.Tbhwa'dowthcmnimm'edsolong-Dh—O ’Iheennmopenﬂonofdwsluﬁ-leﬂ
i!lphinmaofmmmngdlamislhownmﬁg 12.4

'-ﬁ'--D:- —2: -’Dz ——Q BT Do

WL BRETL T o u—nlwwr "
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Fig. 12.4: Timing diagram of shift-lel1 reglster.

Shift Right Registerl

The circuit for a shifi-right register is shown in Fig. 12.5. The data input, D, is given to
the input of the fourth flipflop as D,. The Q output of each flipflop is fedback to the D
input of the previous flipflop, i.c. Q, is given to D,, Q, is given to D,, and Q, is given
to D;. When the PGT of the CLK arrives, the stored word shifts one step to its right.

@ ]

— 2z (2

S

— g

2o

JIQa ’ 'Qz

o Fig. 12.5: Shift-right register.

The operation of the shift-right register can be understood as follows. Consider that in
the beginning D, = 1, and’

Q = 0000.

"At the arrival of the PGT of the first CLK, D, = 1, and all other D inputs are 0.
Therefore, the fourth flipflop is set and the stored word is

Q= 1000

Now D, =1 and D2,= 1. When the PGT of the second CLK arrives,. third and fourth
flipflops are set, and the stored word becomes

Q = 1100.

WOTRT O P

o
|
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, . Count/ High
I 123 I3 2 4y Qo Y
< <] < < T LI LT
K, K, K, K| o
T . :r P T ‘ CLR
: I 1 '

L2 2 Qo

Flg. 12.8: Asynchronous (ripple} counter.

Let us understand the operation of the ripple counter. The clock pulses are applied to
the CLK input of the first flipflop. Since the flipflops are driven by the NGT of the
CLK, with J = K = 1, the first flipflop toggles when the CLK pulse goes form 1to0.
The Q, output of second flipflop toggles when Q, output of the first ﬂ]pflop goes from
1 to 0, and so on. With CLR = 0, all the ﬂlpﬂDpS are reset to

Q = 0000.

Afier resetting keep CLR = 1. Now the counter is ready to count. The Q, toggles for
each NGT. Therefore, when the NGT of the first CLK arrives, then the Q output is

Q= 0001. _.-

At the second CLK, Q, loggles from 1 to O which acts as a NG‘I‘ for the CLK input of
the second flipflop, the Q, output of which toggles to 1. Therefore,

At the third CLK, Q, toggles from O to 1, and there is no change in Q,. Therefore,

Q = 0011.

At the fourth CLK, Q, loggles from 1 to O resulting in toggling of Q, from 1 to 0. The
Q, going from 1 to 0 acts as a NGT for the CLK input of the third flipflop, the Q,
output of which toggles from 0 to 1. Therefore, .

Q = 0100.
The Q output of the counter at each CLK is summarised in Table 12.1.
Table 12.1:

-Mo. of CLK pulses - - - Q-

R R . N SR
=)
|
=)
L

e N ]
Lh B W = O
ol S =
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1
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Next CLK resets all the flipflops and the Q outputs on successive CLK would be _ Registers, Counters, Memory
T - , Circuits and Analog/Digital

16 . " 0000 (recycles) © Converters
17 CT 0001 )
18 0010

" While analysing the Q outputs, we find that whenever a flipflop resets to 0, the oulput
of the next flipflop is 1. That is, resetting of a flipflop send a carry to the next higher
flipflop. Therefore, the counter acts like a binary odometer. The Q, output of the first
flipflop acts es a LSB and that of the last flipflop as the MSB. This would now be clear
as to why asynchronous counter is called a ripple counter. It is because the.carry in the

. output moves like a ripple on water. -

Mod of a Counter . . -

The counter described above has 16 distinct states or outputs (0000 to 1111). It is said
that the Mod number of this counter is 16. The Mod number of a counter is equal to
the number of states which the counter goes through in each compléte.cycle before it
recycles back lo its starting state. The Mod number can be increased by increasing the
_number of flipflops. If n is the number of flipflops used in a counter, then .

Mod Number = 2.
' ﬁé&ﬁénc‘y Division

The output of each flipflop and the CLK are shown in Fig. 12.9, It is clear that the

- frequency of Q, output is half the frequency of the CLK. The Q, output acts as a CLK .
. 'to-the second flipflop, and the frequency of its Q, output is half the frequency of Q, or
one-fourth the frequency of the CLK. : “

First ﬂ_ipﬂdp divides by

' Second flipflop divides by 4
Third flipflop divides by 8
Fourth flipftop divides by R '
mh flipflop:divides by 2%,
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expected output at the arrival of 5th CLK is 101 which should be used to activate CLR
to reset the flipflops. The required circuit is given in Fig. 12.14.

&—8 [ligh

| [} S A2 AT % o

; : .

2 2 % .
Fip. 12.14: A Mod 5 counter. . [

N

SAQ 2

What is the Mad of a counter which consists of six flipflops?

124 SEMICONDUCTOR MEMORIES

The advantage of digital systems over analog systems is their ability to store information
for short as well as long periods which makes them versatile. A digital computer hasa - -
minimum amount of memory with the help of which it is able Lo manipulate information
or data as desired by us. It also has memory which makes it capable of storing this
information as long as we want and make it available 1o us whencver we want.

We have already studied about the basic memory element which stores a single bit, that
is the flipflop. We have also learnt about registers which store a word of any number of
bits. The registers are very high speed memory clements and are used extensively in the
internal operation of a digital computer. With the invent of integrated circuit technology
and its further advancement in LSI (Large Scale Integration) and VLSI (Very Large
Scale Integration), a large number of registers can be obtained on a single chip.

The cost of these semiconductor devices is also decreasing. However, the cost of these
devices per bit of storage is very high which prohibits their use as mass storage devices.

- A computer has intcrnal memory which is constantly in communication with the central

processing onit of the computer as a program of instructions is being exccuted. The
program and any other information or data used by the program are also stored in the
internal memory.

The mass storage memory devices are external (o the computer and are capable of

storing millions of bils even without requiring any electrical power. The mass storage
memory is generally very slow compared (o the internal memory and the information
stored is.the one which is not currently required by the compuier. It is supplied 1o the __ -
compuler only when required. The mass storage memory devices are {loppics, magnetic
tapes.and disks, etc. The cost of per bit storage .of these device is much less compared
to the internal memory. '

12.41 Whata Memory is!

A ‘memory’ is simply an array of regisiers, and each regisier siciing a word. Every -
register has an address number which identifics the location of a-word-in a memory.

“The location of a word is nothing but the register that stores the word to be identified.

The address of each location is unique and is described by a binary number. To
illustrate, let us consider thal we have a memory which consists of cight registers. It is
clear that this memory has eight memory locations. The unique addresses of the memory
locations are given in Table 12.4. ' '

TN O YT CrY AT O T




Table 12.4:
Address Location
000 word 0
i 001 word 1
010 " word 2
011 - word 3
100 word 4
101 | word 5
110 : word 6
111 word 7

- Each word in the memory is thus identificd by an address. By a read operation, the

binary word stored in a memory location is sensed and, if desired,-it can be transferred
to another device. For example, if we have to read word 6, then we have Lo do read
operation on address 110. By & write operation, a new word can be placcd or stored on
a particular memory location.

The memories are volatile and nonvolatile. A memory is volatile if it requires electrical
power to slore information and if the power is removed then the slored information is
lost. Many types of semiconductor memories are volatile. The nonvolatile memory
relains Lhe stored information even when electrical power is removed. The mass slorage
memory devices fall in this category. The other types of memories like Random-Access
Memory (RAM) and Read Only Memory (ROM) will be described in later sections.

12.4.2 Capacity of Memory

Before understanding the meaning of capacity of memory let us know some of the
memory terms. A device, such as a flipllop, which can store a single bit (0 or 1) is
called a memory cell. In a memory a group of bits or cells which represents instructions
or data is known as a memory word. A register consisting of four flipflops is 2 memory
which' can store a 4-bit word. Similarly, a register having eight flipflops is a memory
which can store a 8-bit word, The size of the word in modern computers range from 4
to 64 bils. A 4-bit word is called a nybble and B-bit word is called a byte. A byte is the
most commonly used word size.

The capacity of a memory is a terrn used to express how many bits can be stored in a
particular memory device or in a complete memory system. For example, let us say that

2048 x 8 = 16384 bits and we say that this memory can store 16384 bits. Another way
to express this capacity is as 2048 x 8. This kind of expression of memory means that
there are 2048 words and the size of the word is 8 bits. The number of words in a
memory is generally a multiple of 1024. The figure of 1024 = 2'° is commonly
represented as ‘1K' Thus memory capacity of 2048 x 8 is also expressed as 2K x 8.
For larger memories, ‘1M’ or ‘1 meg’ is used for 22* = 1,048,576. Therefore, a AM x 8
memory has a capacity of 4,194,304 x 8 or alternatively of 33,554,432 bits,

Example 12 2

B A uscr has two memary dewces One of these stores 10M words of 8-bit size, whlle the
other stores 2M words of 16-bit size. Which of the two stores most bits?

Solution

ﬁu’. -lwo memc-Jriés arc of 10M % 8 and 2M x 16.
10M x 8 = 10 x 1,048,576 x & = 83,886, 080 bils.
2M X 16 = 2 x 1,048,576 X 16 = 33,554,432 bits.

Therefore, the fncmory of 10M x 8 stores more bits.

Reglsters, Counters, Memory
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Physical
Variable

12.5 A/D AND D/A CONVERTERS

As pointed out in the introduction of this unit, digital systems or compulers perform all
of their functions and intemnal operations using digital circuits which require digital
inputs. A digital quantity will have a value either 0 or 1, while an analog quantity can
take any value over a continuous range of values and its exact value is significant. Most
physical variables are analog in nature, such as lemperature, pressure, light intensity,
audio signals, posilion, speed, etc. Therefore, it is essential 1o put an apalog quanlity to
be anatysed using a digital system first in a digital form. The analog-to-digital (A/D or
ADC) converter is a digital circuit which converts an analog quantity into digital form
consisting of a number of bits that represents the value of the analog input. This circuit
is used as an interface between the digital system or computer and the analog systemn of
the input stage. The outpul of a-digital system is digital and has to be converted back
into analog quantity. The digital-to-analog (D/A or DAC) converter serves this_purpose
and its output is a proportional analog voltage or current corresponding to an analog
quantity. This is used as an interface between the digital system or computer and the
analog system of the oulpul stage.

Pictorially this is summarised in Fig. 12.18. Let us say that in a physical system a
quantity, such as temperature, is to be controlled using a computer. This physical
quantity is first converted into a corresponding voltage or current with the use of a
transducer. A transducer is a device which converis a physical variable“into an electrical
signal. Thermistors, bolometers, photocells, thermo-couples are some of the commonly
available wransducers. Actuator used in this illustration is a device that controls the
physical quantity, lemperature, in a computer controlled system. In this section, we
shall learn about design and working of digilal-to-analog and analog-to-digital
converters.

p—| Anaog ™ Digital [ ] Digital to Ef:mm
o systemn/ Analog T
»— Digil | compuer | | Converter Physical
Converier f—w » Quanuicy
Transducer aciuator

Fig. 12.18: ADC and DAC used as interfaces.

12.5.1 "D-ig-it-:;l-t_o-Al_la_luog éoﬁv;e;ter . ' i

We are first treating Digilal-to-Analog Converter (DAC) because the Analog-lo-Digital
Converler (ADC) requires the use of DAC. The circuil for DAC takes the BCD or
binary inpul and converts it to a veltage or current that is proportional to the digital
value. The digilal input is generally derived from an outpul register of the digital system
which can theoretcally be of any number of bits. In geneml, the registers used are 8-bit
registers. For the purpose of an illustration, let us consider that the digital outpul from

the’digilal systeni is of four bils. Thereforé, we require a DAC thdt can convert 4 4-bit ~ ~

‘digital cutput to a ‘proportional afialeg walde. .7 . ... T .. L L S T

A block diagram of such a DAC is shown in Fig. 12.19. It has four bhinary input lines
represenling A,A,A; A, and one output line representing comresponding proportional
analog quantity. Each 4-bit input has unique proportional oulpul voltage. There are 2* =
16 states that the binary input can have. Let us say that each input specifies’a decimal’
pumber. Let us designate 1V output equivalent to decimal number 1, 2V as number 2,
and so on. ’
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. 20— D/A | analog
A, o— Converler output
Age

Fig. 12.19: Block diagram of DAC.

The digital input and the corresponding proportional voltage as the analog output is
summarised_ in Table 12.5 In this example, the analog output voliage is equal in volts
to the binary number. The out put voliage could be twice the binary number or any
multiple. We can, therefore, wrile

. Analog oulput = k x digital input
Where k is proportionality faclor, a constant for a (12.1) given’DAC.

/I'he value of k in the given example is 1V, therefore V,, is 1V times the digital input.
'For 0110, = 6,,, we get

V= 1Vx6=6V.

Table 12.5: B - )
. A, Ay A, Ay Vou
0 0 0 0 0 )
0 0 0 1 i _
0 0 1 0 2
0 <0 1 i 3
0 ! 0 0 4
0 I 0 1 5
0 L i 0 6
0 I 1 1 7
10 0 0 8
I 0 0 ! 9 :
| 0 1 0 0
i 0 - 1 1
1 1 o 0 12
11 o 1 13
I 1 1 0 14
1 I 1 1 15 )

The DAC output is technically not an analog quantity. It.can have only specific values.

In the above example, it can have values only from 0 to 15 in steps of 1, that is 1, 2,

3, ..., 15. Therefore, suictly speaking it is digital. By increasing the number of input

bits, ‘the number of possible output values can be increased and the difference between

successive values decreased. Thus the cutput can be made more or less analog. For the )

time bging we can only say that the DAC outpul is pseudo analog. - 87
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DAC circuit i .

There are several methods and circuits for digilal to analog conversion which need not
be known. A basic DAC circuit is obtained using an op-amp as a summing amplifier. A
4-bit DAC circuit is shown in Fig. 12.21. The input resistors are binary weighted, that is
they are in the ratio of 1: 2 : 4 : 8. The output voltage of this circuit is given as

4

1 1
Vuul='_(vﬁ3+?' vaz+4_‘vm +‘8_‘Vao)

Negative sign indicates that it is an inverting amplifier. Note that the digital input bits

~can be either  or 1, therefore V5, V,,, V,, Vo will have values cither 0 or 5V.

1 kQ 1xQ
A, — AN —e MW
2kQ +v
Ay e— A, -
I ——— Your
5V| | 4 kQ t "y,
0 O L A AWA—
Digital :
Inputs 8k 47
Ay @——y VVH
' 4

Fig. 12.21: A 4-bit DAC.

Therefore, th for 0001 or LSB would be one-eighth of 5V, i.e. 0.625V. And (his is 1he
slep size of this converter. Sixteen levels of the Vg are shown in Table 12.7.

Table 12.'1'_; Ideal values of Vo for & 4-bit DAC,

Ay A, A Aq Voul

0 ) 0 0 0

0 0 0 1 ~0.625 LSB
0 0 1 0 ~1.250

0 0 i | —1.875

0 | 0 0 ~2.500

0 1 0 1 23425 .

0 1 1" 0 -3.750

0 1 1 1 - 4375

! 0 0 0 ~5.000
-0 0 1 ~5.625
) SR U« S 3 1§

I 0 L —6.875

1 1 0 0 ~7.500
L. 0 1 ~8.125
1. 1 0 -8.750
11 1. 1. : —9.375MSB Full Scale

T O
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These values are ideal values. However, the actual values may not be same. There may Registers, Conntery, Memory
be some error due to fluctuations in the voltages or inaccurate resistors. The error in a Circuits and Analog/Digital

DAC is specified by a term called full scale error which js the maximum deviation of
the DAC’s outpt from its expected ideal value expressed as the percentage of the full
scale (FS). Let us say that a DAC has an emor of + 0.01 % FS in the example
considered above, It means that error is 0.01 % of 9.375V, i.c + 0.9375 mV.

SAQ 6
What are the weights of each input bit of Fig. 12.21.

Example 12.6

If in the DAC circuit of Fig. 12.21, R is rcduce«d to half , i.es 50062, then what witl V
be for 10017

Solution

The MSB passes with gein 0.5. Therefore, its weight is reduced to half of the previons
case. That is, it is now 2.5V. Thus each input weight is the half of the prewous case,
ie. 1.25 0.625 ‘and 0.312V. The ¥V, for 1001 is

25+ 0+ 0+ 0312 =2812V,

12.5.2 Analog-to-Digital Converter N

The circuit of 2 counter type (or digital ramp) Analog-to-Digital Converter (ADC) is
shown in Fig. 12.22. It consists of an op amp as a comparator, a DAC, counter and a-
3-input AND gate. The functioning of this type of ADC is as follows:

Ta
\

L «| DAC

 Fig 1220: Comnter type: ADC.

Apply start pulse, i.e. make START input equal to 1. This resets the counter to ¢
output. With 1 at START input. the AND gate is inhibited which does not allow the
CLK from passing through the AND gate. The counter output is the input to the DAC.
With counter reset, the DAC output V, = 0. V,,.is the analog input-to be converted into
its digital equivalent. Since V<V, the op amp comparator output EOC is HIGH,

ie. 1. When the stast pulse. retums o 0, AND gate allows the CLK to pass through and
the CLK reaches the counter which starts counting. As the counter advances, the DAC
output V,, advances step by step as shown in the figure. When V_ reaches a step that

91
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The word size of the computer X is 8 bits and that of computer Y is 16 _bits.
For computer X -

IMx8=1x1048576%x 8 = 8,388,608 bits

- For computer Y

500 x 1024 x 16 = 8, 192,000 bits.-
Therefore, compuler X can store more bits.

Follow Example 12.4. Smallest change in the output voltage is 0.5V. The output
voltage for 1001 is 4.5V.

00110010, = 50,,
1V=Kx350

-

Therefore, K = 20 mV.

The largest output will occur for 11111111, = 255,,,

_le(m) =20mV x 255

= 5.10V.

Follow the example 12.6. The resolution is 0,312V and the output voltage for
1101 is 4.062V.
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13.1 INTRODUCTION

As you are aware, in practical applications of a system, we typically encounter a situation
as shown in Fig. 13.1. In study of Signal Processing Circuits we assume that we have the

Sensor . Electrical Signal , Ouput | o
O— or el Signal > Processing Trnns.gm
Transducer )
Non-Electrical
Signal

Fig.13.1: Situation encountered in pructical applications of a system.,

desired electrical signal and do not worry about input sensor. The performance of a
circitit is displayed on an instrument which can be seen by us. The signals of different
shapes and time duration areprovided by signal generators and a general purpose
oscilloscope is used to display them, '

We know that all circuits are made up of some active components like transistors, FET,
MOSFET etc. and passive components like resistors, inducters & capacitors. To measure
‘values of passive components, we use multimeter, bridges (for L&C) etc. In this unit, we
will be studying Electronic Voltmeter (EVM), which is a more sensitive and hence
accurate instrument as compared to Muitimeter. EVM can also be used for very low
current measurements by nsing a standard resistance. The power consumed by these
circuits is of vital importance and hence we will also study the power meter. While
studying the construction of power meter, we will see that the necessary torque required
_-for meter movement is generated with the help of interaction of magnetic field and
current and hence we will also discuss the art of measurement of magnetic field.

' Ot-ij_e;:li_vés
After going through this unit, you will be able to understand

- basic construction, working and some of the appiications-of Osctiloscope,
. generation of various shapes of signals, '
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. accurate measurement of voltage using Electronic voltmeter, )
. measurement of power, and o
. measurement of magnetic field.

- 13.2 CATHODE RAY OSCILLOSCOPE

|
The cathode ray oscilloscope, generally referred to as the oscilloscope or simple "scope”,
is probably the most versatile electrical measuring instrument available. Some of the
electrical parameters that can be observed with the oscilloscope are ac or dc voltage,
indirect measurement of ac or dc current, time, phase relationships, frequency, and a
wide range of waveform evaluations such as rise time, fall time, ringing, and overshoot.
The oscilloscope consists of the following major subsystems:

Cathode ray tube or CRT

Vertical amp.ifier

Horizontal amplifier

Sweep generator-

Trigger circuit

Associated power supplies - . R

The heart of the jnstrument is the cathode ray tube. The remaining sub-systems are
necessary for signal conditioning so that a visual representation of the input signal will be
displayed on the face of the CRT.

13.2.1 Cathode Ray Tube (CRT)

The cathode ray tube used in an oscilloscope is very similar to the picture _fube ina
television set. A cross sectional representation of a CRT is shown in Fig.13.2. Major
components of & generat purpose CRT are: -

Evecuated glass envelope
. Electron gun assembly

Deflection plate assembly

Phosphor coated screen

\
Control Acceleraling
Grid anode

Fig.13.2 : Cathode ray tiube with major t:omp;hents‘ideriﬁﬁed.

The glass envélope is evacuated to a fairly high vacuum to permit the electron beam to
traverse the tube easily. Most laboratory quality oscilloscopes use a CRTwhich-has -

circular screen approximately 5 inich in diameter. All electrical connections except the
high-voltage connection are made through the base of the CRT.
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The electron \gu.n assembly consists of an indirectly heated cathode and the necessary Electronic Instruments

heater, a control grid, focussing anode and accelerating anode. The purpose of the
electron gun assembly is to provide a source of electrons, converged and focussed into 2
well-defined beam, which is accelerated towards the fluorescent screen.  The electrons
that make up the beam are given off by thermionic emission from the heated cathode.
The cathode is surrounded by a cylindrical cap that is at a negative potential. This acts as
a control grid. Because the control grid is at-negative potential, electrons are repelled
away from the cylinder walls and, therefore, stream lhrough the hole where they move
into the electric field of the focussing and accelerating anodes. The “magnitude ofthe
accelerating field is given by

d

where, ¥, = accelerating anode voltage and & = distance between the cathode and

second anode measured in meters. When electrons enter the electric field, which is

assumed to be of uniform intensity, a force Wll] be exerted on the electrons that will
accelerate them along the axis of the tube. The magmrude of the force is given by

£0

FeEQ=ma=a=-
m

g=te

N

where E = electric field intensity and O = electronic charge =" 1.6 x 107'?C, m = mass of
electrons, a = acceleration produced due to electric field. Using the expressnon for
electric field in above equation, we obtain

A
dm

,During the penod of acceleration, the electrons are gaining kinetic energy as they gain
"velacities. If v is the veloelty acquired then, .

1 2V,

Em'l.r2 =V, 0>v= _m_Q
After the electrons leave the electron gun assembly at a speed given by above mentioned
equation, they enter and pass through a region controlled by the deflection plates. One
pair of plates control the vertical motion of the beam while the other pair controls the
longitudinal component of the electron velocity. The deflection plates are described by
two geometric parameters of length (L) of the plates and the plate separation (d). The
deflecting action of the plates is dependent on Lhe mtens;ty of the electric field (£,)
between the plates given by .

where - V5= magnitude of the deflecting voltage. This field will exert 4 force = E,Q on
the elecirons, dewatmg the beam from a slr.nght line trajectory,

fa=eg=fg=m%

:_ =_Q

a, = Acceleration along y — axis

It can be shown that the Jateral distance travelled by electron is given by

v,01

h=
- 2dm
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where {=time required for electrons to pass through the plates is given by

L

t=—

v

- Here v is the velocity of electrons when it comes out of electron gun assembly.

Combining these equations, we get

v,
4v.d

a

1S
\
LY
1
3
5
LY
1
]
LY
LY
1
v
\
L ]
f—<—|

The term .Vi is referred to as "deflection sensitivity” and is defined as voltage required
y .
per unit deflection. When the electron beam strikes the phosphor-coated face of the CRT,
a spot of light is produced due to "fluorescence" as phosphor is a florescent material.
The high velocity.electrons that strike the phosphor. coated face of the CRT are either. .
repelled by the collision or cause secondary emission of electrons to maintain electrical
equilibrium of the sereen. To provide return path to ground for these electrons, the inside
surface of the CRT is coated with graphite called "aquadag".

13.2.2 The Basic Oscilloscope

The CRT and the associated controls for accelerating, deflecting and focussing the
electron beam, permit us to obtain a lighted spot on the screen. To be of practical use as
a measuring instrument, we must connect additional electronic circuitary to the CRT to

. provide a mieans of very fast deflection and control of the” electron beam. . The purpose of

the electronic circuits is to cause the beam 10 trace on the CRT screen a reproduction of
the signal we apply to the input terminals of the oscilloscope. A block diagram of a basic
oscnloscope is shown m Fig. 13 4(a)
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Internal Swee -
P Elecironic Instruments

. O———0 External

S Syne.
e
Vertical plitier 1 . Triggered
input 1 . Sweep generator
\/ foternal
Sweep
Horizontal S,
- —_ Amplifier Holr;zomul
: ‘ ‘X-Ymode PO
Associated
Power Supplies '
(a) ’
Sl ittt t
i i :
i , selec:i ) : amplifier
i ¢ Range i
i X — Selector | | 1A
i — i
! w . !
(b)

Fig.13.4: (a) Block diagram of a basic cathade ray oscilioscope (b) Input to amplilier of
vertical plate.

A signal to be displayed on the CRT screen is applied to the vertical input terminal where it
is fed into the vertical amplifier. The signal is amplified and applied to the vertical deflection
plates, which causes the beam to be deflected in the vertical plane.

Input to 'lhe Amplifier of Vertical Plate

The external signal is applied to the terminal marked x-input as shown in Fig. 13.4 (b). The
select switch is put on the position ac or dc depending on the signal we are measuring. The
input amplifier to the y-plate is normally calibrated for a standard input range of amplifier A.
For higher voltage measurement we have a range selector which basically attenuates the signal
to the desired input at A (we have already studied filters and attenuators).

Input to the Amplifier of Horizontal Plate

As can be seen in Fig. 13.4 (a), the output of the vertical amplifier is connected to the intenal
sync position of switch ;. With the switch set to inlei-nal SYRC, as it is for normal operation of

input voltage wavefonn irrespective of shape at a pamcular value triggers the switch, whlch
creates pulses and these pulses are then fed to the Sawtooth generator circuit and that provides

the ramp signal. This signal triggers the sweep generator as shown in Fig. 13.5.
&

-
l"ig.ig'.s : Simple sawtooth generator and assocciated waveforms.
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The purpose of sweep generator is to develop.a voltage at l.hB honzontal deflection plate
that increases linearly with time. This linearly increasing: \foltage, called a ‘ramp-stage’
or a ‘Sawtooth waveform’, causes the beam to be deflected equal distances horizontally
per unit time. The pulse for sawtooth generation can also be gl\fen by extemal source to
which the input is synchronized (the sawtooth signal at the X"plate is generated at the
same time the wave form at y-plate starts). Normally we use oscilloscope in internal
synchmmmtlon mede. The horizontal amplifier serves to amplify the signal at its input
prior to the signal being applied to the horizontal deflection plate.

The funclion of switch S,, is 1o either generate sawtooth wave in x-plate, or put a direct
signal to the x-plate of the oscilloscope. The sine wave from two oscillators can be
introduced in x and y-plates of oscilloscope to get Lissajous figures, which allows
measurement of frequency. The input signal to the horizontal amplifier depends on the
position to which switch 8, is set.

| 13.2.3 Laboratory Oscilloscopes

(i) Dual-trace Oscilloscope

A dual trace is obtained by electronically switching the single electron beam. Fig. 13.6
shows a block diagram of the two vertical input channels and the electronic switch that
alternately connects the two input channels to the vertical amplifier. There are generally

_at least four modes of operation with dual-trace oscilloscopes; they are labeled A, B,

Channel A
"O—p— Preamp

Electronic - Vertical |
Switch > amplifier > To CRT

&

Channel B
O—p—{ Preamp

Fig.13.6 : Block diagram of the input channels of a dual trace oscilloscope.

alternate, and chopped. When set to A or B, oaly the input at that channel is displayed.
In the alternate mode the inputs are displayed on alternate traces. Since the switching
rate is synchronised with the sweep generator, switching occurs at the same rate as the
output of the sweep generator. The “alternate mode"” of operation is generally preferred
when displaying relatively high-frequency signals. .In the "chopped mode”, electronic
swilching bccurs at'a faté complétély indeperident of the sweep rate, drid therefore each
display has portions missing during which time the other signals is being displayed. The
chopped mode is normally used at low sweep rates when the alternate mode would

.provide a display with appreciable flicker.

(ii) Storage Oscilloscope

There are many oncitloscope applications where the limited persistence of the CRT
pheripher amitkes real time-observation of onc-time events nearly impossible. Although
wich eventi cin be recorded photographically, this may prove (o be fairly expensive and

Aime-cunsuming. The storage ascilloscope makes it possible to rotain-a CRT display for

an extended period of time. The storage CRT vses two electron guns, the usual electron
gun catled a writing gun and a {lood gun which uniformty bombards the entire CRT

AT ANT I T CRTEC A

b

Ay




screen with low-energy electrons. The phosphor partjcles struck by these low energy Electronic Instruments

electrons takes on a fairly low-level charge; however, unenergised particles remains in a
no-change condition. When a trace is to be recorded, the writing gun is turned on and
high energy electrons strike the screen forming an image. The screen is erased by
grounding the phosphor screen, which removes excess charge.

13.2.4 Measurement of Voltage, Current and Time

The range of applications of oscilloscopes varies from basic voltage, time, frequency -
measurements and wave form observations to highly specialised applications in all areas
of science, engineering and technology.

Voltage measurements

The most direct voltage measurement made with an oscilloscope is the peak-to-peak
value. The rms value of the voltage can easily be calculated from the peak-to-peak
measurements if desired. To arrive at a voltage value from the CRT display, one must
observe the setting of the vertical attenuator, expressed in volts/div, and the peak-to-peak
deflection of the beam. The peak-to-peak value of the voltage is then computed as (see

Fig. 13.7)
Va

T

v

fv ,' / >t

&

Fig. 13.7 : Voltage measurement.

Vep = [vo-lts] x no.of div
div
This can be easily explained with the example 13.1.

Example 13.1

Let !he waveform shown in Fig. 13.8 is observed on the screen of an oscilloscope. If the
vertical attenuator is set to 0.5 volts/div, find the peak to peak amaplitude of the signal.

- _S_dl_ulion_ :

volis

= x no.of div
PP div

0.5v
iv
=15V

x 3div
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Digital Electronics , Period and Frequency Measurements

The period and frequency of periodic signals are easily measured with the oscilloscope.
The waveform must be displayed in such a manner that one complete cycle is displayed
on the CRT screen. Accuracy is generally improved if the single cycle displayed fills as
much of the horizontal distance across the screen as possible. The period is calculated as
follows: ' -

e time) no.of div
div cycle

The frequency is then computed as the reciprocal of the pericd.

1
I=7

13.2.5 Digital and Storage Oscilloscope

The storage oscilloscope described in earlier section are quite expensive and are now

being replaced by digital oscilloscope. In these oscilloscope the signal on screen is

sampled and digitized. The amplitude and time base per cm are displayed in numbers at a

comer of the screen. The digitized signal can be put into a memory (like computer

memory) and recalled (D/A converter ) to display when desired. Thus they also serve as
. storage oscilloscope.

SAQ1 _
Draw a pictorial representation of a general purpose CRT and label the components
by name.

SAQ?2
Describe the basic principle of operation of dual-trace/storage oscilloscope.
SAQ3 .

If the time/div control is set to 2ps/div and the displayed signal covers 4 div on the
horizontal scale_ of the CRT screen, determine the frequency of the signal.

SAQ4 . -
Explain the principle of Digital Oscilloscope.

133 SIGNAL GENERATORS

W1 A R ITT TEC T T

A signal source is a vital component at a test set up. Signal sources provide a variety of
waveforms for lesting electronic circuits, usually at low power. A function generator-is
an instrument that provides variety of output waveforms over a wide range of frequency.
The most common output waveforms are Sine, pulse, triangular, ramp. The frequency
range generally extends from a fraction of a Hertz to atleast several hundred kilohenz.
The different wave shapes are given. in Fig. 13.9. .

Fig. 13.9 : Different shapes of wave form. (a) Sinusoidal (b) Rectangular
(c) Triangular {d) Ramp.
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Definition of rise time ( 7;): Time taken by the signal to rise from 10% to 90% of the : Electronie Instruments
maximum value of the signal is called rise time,

Fall time ( 7)): Time taken by the signal to fall from 90% to 10% of the maximum value
of the signal is called fall time. -

There are several circuils to provide such waveforms individually. For example, you are
aware that an LC oscillator can provide sine wave while multivibrator can provide
pulses. However, by starting from any particular waveform we can with proper
circuitary, generate other waveforms. In a function generator, a simple instrument is
capable of providing different types of waveform. The most commonly used circuit is
described below. .

Function generator:

The primary waveform in the circuit shown is a square wave, This is because some
square wave generator circuits offer significantly better amplitude and frequency
stability characteristics with simpler circuits than sine wave generating circuits.

R,
"l'l'l'

R. +V., 7%_
. “ hLy

e

-]
-
:n-

-
-
-
~

Fig.13.10 : Circuit of a basic function generator.
Working of the Circuit

The first stage A, which is a voltage comparator, generates a square wave output Fy,,
The output of A, is driven to saturation; therefore the square wave is either at +¥cor
—Vccasshown in Fig. 13.11. The second stage, Ay, is an integrator that generates a
triangular output at ¥y, as discussed later. ’

The squere wave is also applied to a square-to-sine wave converter that filters out the
odd harmonics making up the square-wave while passing only the fundamental sine
wave. You will learn later that the square waves are produced by the combination of
several sine waves, and by differentiation and integration we can convert pulses to
triangular waves and vice-versa,

The operation of the circuit can be analysed by starting at the output of the comparator,

which is either +¥: or —Vce- Consider ¥y, to be at V.. The voltage Vy, will remain at

=V until the vollage at the invertihg input of A, exceeds the voltage at the non-

inverting input, which in this case is at zero volts. The hon-inverting input voitage, ¥, is .
due, in part, to the voltage /5, and, in pari, to.the. voliage ¥, and is given by.. - -

Ve =~Vee & + Vo2 &
R[ +R1 R] + Rz

TLR DT AT Y N o
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Digital Electronlcs The output ¥, changes state when V, = 0, therefore

b
R R
==, L |+V 2
CC[R, +R1J m{RﬁRJ

= Vel =Vl

= Voz = Vcc[;:'} -
2 -

The above expression determines the maximum amplitude of the triangular output, ¥,.
When output Vg, reaches peak value, the output of the comparator changes states and the
tna.ngu[ar wave begms to decrease linearly. The waveforms at ¥y, Vop and ¥, are shown
in Fig, 13.1)-for 5t the case where R, = Rj.

&

ee p=--

i
2

A A A
{/AAVARVAR
NN
S G

Fig.13.11 : Output waveforms for function generator.

The frequency of the circuit is controlled by the RC time constant of the integrator. To
obtain an expression for the frequency, we begin with the expression relatmg capacitor

current:
= lc[
. . dg
= dg=idl =i =—
q _ L e &t
Also, q= CVDZ

d. dVys.
| == V. C 02
f T (C 02) |

CICI

‘Since the mput resistance ofthe operatmnal ampllﬁer is very hlgh Lhc current lh.rough
resistor R is approximately equal to the charging current of the capacitor, therefore, we
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can write

4o

ITR ”ic = df

‘
-

-Also, since the vqitage gain of the operational amplifier is very high, the voltage at the
input of the amplifier is very nearly zero, therefore,

Vg =0 dVyy
= =C
®="g dr

= Ay = —= Vol

Integrating both sides,

1ty .V
dVy = — |V di=—Lx¢
I 2 RCIN RC

Vorx £
RC

= Voz =
We know,
1R
Vy =V | =L
02 cc[RzJ

R |_ Pyt
Gy
2

= = RC(‘ELJ as VDI = VC(.'
R,

‘The above equation has been deduced assuming no initial charge and therefore no initial
voltage on the capacitor. Therefore, the time ¢ given above is the time for the capacitor to
change from OV until switching occurs, which is 1/4 cycle. Since 1= T/4,

Pulse Generators

Pulse Eenerators are instruments that produce a rectangular waveform similar to a square
wave but of different duty cycle. Duty cycle is defined as the ratio of the pulse width to
the pulse period, expressed in percent.

Duty cycle = M x
Pulseperiod

The dﬁty cycle of a square wavé is 50% whereas the duty eycle of a pulse is generally
from approximately 5 to 95%.

The output of  stable multivibrator is a square wave. The duty.cyéle of the square wave . -

“an-be. varicd--by changing vejues of Rand ¢, -~ -

SAQS5

Desecribe the functicn gencrator. ’

Electronlc Instruments
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Digital Electronics SAQ6 ,
; - What is difference between a square wave and a pulse:

SAQ7 _
Compute the frequency and the peak amplitude of the triangular output of the circuit
shown in Fig 13,12 :

C= ||J.ou4 m.
‘ {
N 15V

-15v

Fig. 13.12

13.4 ELECTRONIC VOLTMETER

Recall from class XII Physics course that the volt-ohm-milliammeter (VOM), is a rugged
and accurate instrument, but suffers from certain disddvantages. The main prablem is that -
it lacks both sensitivity and high input resistance. (A sensitivity of 20,000 Q /V with a 0
to 0.5 V range has an input impedance of only 0.5%20,000 = 10 KQ2. The electronic
voltmeter (EVM), on the other hand, can have an input resistance ranging from 10 to 100
M), and input resistance will remain constant over all ranges instead of being different
on each range as in the VOM. The EVM presents less loading to circuit under tes* than
the VOM. The original EVMSs used vacunm tubes, so they were called vacuum tube
voltmeters (VTVM). Wilh the introduction of the transistor and other semiconductor
devices, vacuuni tubes are no longer used in these instruments. We will discuss below in
detail the differential amplifier type of EVM.

The Differential-Amplifier type of EVM

The field effect transistors (FET) can be used to increase the input resistance of a de
voltmeter. Fig. 13.13 shows the schematic of a difference amplifier using field-effect
transistor.

Voa =V, -V, W=V,

13

1
+ Difference + » ¢
B N T ), - -
Vig L emplifier L V2 | L

Fig.13.13 : Difference amplifier with balance adjustment.

106




This circuit also applies to a difference amplifier with bipolar junction transistors (BJTs),
The circuit shown here consists of two FETs that should be reasonably matched for
current gain to ensure thermal stability of the circuit. Therefore, an increase in source
current in one FET is offset by a corresponding decrease in the source current of the
other FET. The two FETs form the Iower arms of the bridge circuit. Drain resistors Rp
together form the upper arms. The meter movement is connected across the drain
terminals of the FETS, representing two opposite corners of the bridge.

The circuit is balanced when identical FET's are used so that for a zero input there is no
current through ammeter. If a positive dc voltage is applied to the gate of the left FET, a
current will flow through the ammeter in the direction shown in Fig. 13.14.

T"'VDD
RD% X =Y %R"
- __\)_'/+
‘_
v,
+ §10Mﬂ )
- Voo

Fig.13.14 : The difference amplifier type EVM.

The size of the current depehds on the magnitude of the input voltage. By properly
designing the circuit, the ammeter current will be directly proportional to the dc voltage
across the imput. Thus, the ammeter can be calibrated in volts to indicate the input
voltage.

By using Thevenin's theorem, we can find the relation between the ammeter current and
the input dc voltage, where ammeter is considered as the load. To determine V. we

remove the ammeter and the output voltage is the voltage gain of a single FET times the
difference of ¥} & V5. Since V; is zero, the output voltage under apen circuit condition is

ry R
Vam’ = Bor Cha Vl =Bu (rd' ”RD)VI
rd +Rﬂ

where r; is the ac drain resistance, g,,= transconductance. To find the Thevenin
resistance at terminals XY, we first set V, and Vjp equal to zero. Under this condition,
both the FETs have a resistance of r; as shown in Fig. 13.15. Assuming Rs 1o be
relatively large, “

.rd

Fig.13.15 : Setting ail voltages equal to zere to find Ry, of EVM.
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Rm = 2r; ||2Rp=2(rsil Rp)

_ 4| _%Rp
- g+ RD_

The Thevenin equivalent ¢ircuit with ammeter connected as a load is shown in Fig.13. 16.

2rgtRp) X
AMA- s

s

Em (rdl RD) Vl -[ Rm

Y i -
Fig.13.16 : Equivalent circuit of EVM.

From Fig. 13.16 the current through ammeter is found as:

o Vo _ _gnlullRp)

i= = 1.
RJTJ + Rm z(rd”RD)"' Rm

where R, = meter resistance.
If Rp << r,, the above equation simplifies to

= gm"RD Vi
2Rp+R,

.

This equation relates ammeter current to.the input dc voltage.

SAQS8
How does FET EVM differs from the VOM?

SAQY .
Give circuit for the difference-amplifier type of EVM.

SAQ 10

Given a difference mﬁl-i'ﬁgr-fjri:he of FET voltmeter, find tht".‘ ammeter current
under the following conditions:

V=1V Ro=10KQ
 R=100KQ | R,=50MQ°

€~ = 0.005 Siemens

135 POWER METER

“Wattmeter is an inskcument to measure the power or raté of consumption of efectricity in

a circuit in watts. The most commonly used powermeter is Siemen's wattmeter shown in
Fig. 13.17.

ey =gy

-




Fig.13.17 : Siemen's W:nttrneter.

The Siemen's Wattmeter is identical in principle with Siemen's electrodynamometer. It
cansists of two coils at right angles to one another. One coil C is movable and the other,
V is fixed. The moving coil C is of low resistance and is inserted in the main circuit. The
high resistance fixed coil V, is joined as a shunt (i.e. in parallzl) to that part of the circuit
for which the power consumption is required. In Fig. 13.17, this part is an electric lamp
{L). On closing:the circuit, the main cuszent § passes through the moving coil and a small
current, proportionai to the voltage £ across the lamp terminals, passes through V. The
tuming moment is proportiona) to the product of these two i.e. proportional to Ei or the
Watts used in L. When the moving coil is brought back to its normal position by turning
the torsion head and its pointer through an angle say 8, the turning moment is balanced
by the torsional moment. Since torsional moment is proportional to 6§ .

Ei < 0
or WattexpendedinL = K0

Where the constant of proportionality X is a constant of the instrument and must be
determined experimentally.

13.6 MAGNETIC FIELD METER

There are several techniques for the measurement of magnetic field. These are based on
the change in the resistance of a material {magneto-resistance) under the application of
magnetic field, or the voltage developed across a semiconductor under magnetic field

. (Hall effect). The instruments based on these principles will form a subject of study at
higher level. In this section we shall discuss a method which is based on electromagnetic
induction or the voltage developed across a coil when flux changes through a coil. The
change of flux can be preduced by moving the coil across a magnetic field. This method
is often called determination of magnetic field by search coil.

A fluxmeter, an important instrument qu measuring magnetic field strengths, has the

same principle as that of a ballistic galvanometer. Fluxmeter consists.of amoving coil -

-suspended by-a single silk-fibre withour torsion, ‘the upper énd 'of the fibré being ~ ~ ~
cannected to a fixed flat spring as shown in Fig. 13.18 (a) below. .
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—
] Seatth B v, R, L, Rpdy Q‘) Fluxmeter
Tﬁ?rCoill
2 &
@ {b)

IFig.l.‘!.lS : (a) Construction of Fluxmeter (b) F‘lumlleter ju o cireuit
The coil is connected to the terminal X-X through two spirals C,C of thin silvered coil
' and is suspended in magnetic field of a permanent magnet NS. For direct measurement
of the flux, a search coil is provided which can be connected to the terminals X, X as
shown ia Fig. 13.18 (b).
The expression for the change in magnetic flux of a fluxmeter can be derived as follows:
Let,
R;="Resisténce of fluxmeter
_Ly=Self Inductance of fluxmeter
R,= Resistance of search coil

N, =No. of tums in search coil

T L, =Self Inductaflce of search coil

The emf induced in the search coil is —N, % , where -‘ﬁ is the rate of change of flux

. : aB
in the search coil and the emf in fluxmeter coil is G Z where x is angular velocity

of the fluxmeter coil and G = NAB is a constant depending on the construction of the .
fluxmeter. In addition, the emf produced in the circuit due to self inductances is

di di
@+ L) p or L Z° where L is the total inductance of the circuit. The potentiat drop tn

the resistance is (Ry+ R;) i or Ri where R bei-rig total resistance of the circuit. Usi.ﬁg

' Kirchoff's law, we get
AL e® L R0
, dt dt dt
= N.ﬂ’- = E + Ld' + R
d dt di

1In'practical applications; the potential drop in resistances (=R/) is small and can be-

_nealected in comparisons to-other terms, giving .. T U T I
Nlﬁ = Gﬁ 3 Lﬂ

. dt dt dt

110 , ' .

e




‘ .
Integrating over time 1, during which the flux change occurs,
r ' ! '
B p-g (R {2
N I " dt=C Idtdf +L.Id!dr
0 s g
. % . 8 ' L
= N, _[d¢=G faB+L_[df
) : i
= M (¢2_¢|) _= G(ez;e|)+ L(l'lz-f-l)

Now, if we assume that the period in which the flux is changing is complete-ly contained
“within the period (0-) over which integration is carried, both the initial and final currents
are zero, giving : )

A

\ N (¢z —¢|) =G (92 _el)
Ny Ab=G2AO = A0 = [%’-] Ad
= ADoc AP

which suggests that the deflection in the fluxmeter accurately follows any change in flux
in the search coil.

13.7 SUMMARY

» Cathode ray oscilloscope is used for the measurement of electrical parameters like,
acand de voltage, ac and dc current, time-phase relationship, frequency and for
observing various wave forms.

* Laboratory oscilloscope can be classified into two categories: (i) Dual-trace
oscilloscope (if) Storage oscilloscope.

e Signal generator provides variety of output waveforms over a wide range of
frequency. The most commeon output waveforms are: sine, pulse, square, triangular
and ramp. :

* Electronic voltmeter is characterised by high input resistance.

» Power meter is used to measure the power or rate of consumption of electricity in a
circuit. ' -

* Magpetic field meter is an instrument for measuring magnetic field strengths.

13.8 TERMINAL QUESTIONS

1) Explain the ﬂlnctitz;ning of a general purpose CRO giving block diagram.
2) Explain the basic principle involved in dual trace CRO. |

3) How astorage CRO works? Explain.

A}-Describe in-detail the functions of a function gencrator: - -+ - -

5} Describe in detail the functioning of Differential-amplifier type electronic
voltmeler, -
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* - 6) How a Siemens power meter works? Explain.

7} Givein detail-how magnetic field can be measured with the help of a fluxmeter.

139 SOLUTIONS AND ANSWERS

SAQs
1. Seetext
2. See text
3
T= 2usec . 4div _ 8usec
div cyc cyc
f=do 1 15k
T  8usec/cye '
4. See text
5. Seetext
6. Seetext
7. Weknow,
1R
= xe R
_ 1 © 10010
4x500x10°%.004x107¢  60x10°
= 208Hz ;
R
Also, Vy = Vee]l =+
174 C(,[Rz]
3
) =15 6l'.i:-c103 Y
. 100x10
8. Seetext
9. Seetext
0o _slullRy)

2 ("d]i an"‘Rn

Substituting all the values, we get

i=25mA

TQs

See text
See text
See text
See text
© See text
- Sesltext
See text
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