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PREFACE

It gives me great pleasure to present the book 'Information Theory, Coding and Communication Networks' for the
students of Third Year Degree Course in Electronics & Telecommunication Engineering of the Savitribai Phule Pune
University. This book is strictly as per the New Revised Credit System Syllabus 2015 Pattern with effect from the

Academic Year 2017-18.

As per New Revised Examination Scheme which has been implemented from this academic year, In-semester
assessment carries 30 marks over first three units and End Semester Examination carries 70 marks over entire
syllabus out of which first three units will carry 20 marks and units 4, 5, 6 will carry 50 marks. The theory course

will have 4 credits.

The book is written such that all the basic concepts are explained in simplified manner. It is presented in a more
conceptual manner rather than mathematical, as required by the new examination system. It is my objective to keep the

presentation systematic, consistent, intensive and clear through explanatory notes and figures.

Main feature of this book is, Complete Coverage of the New Credit System Syllabus with large number of

Worked Solved Examples, Exercises, Model Question Papers of In Sem. and End Sem. Exams.

I am sure that this book will cater to all needs of students for this subject.

[ also take this opportunity to express my sincere thanks to Shri. Dineshbhai Furia, Shri. Jignesh Furia, Mrs. Nirali Verma,
Shri. M. P. Munde and entire team of Nirali Prakashan namely Mrs. Deepali Lachake (Co-ordinator), who really have taken

keen interest and untiring efforts in publishing this text.

The advice and suggestions of our esteemed readers to improve the text are most welcomed, and will be highly

appreciated.

Pune Author
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INFORMATION THEORY AND SOURCE CODING

1.1 INTRODUCTION TO INFORMATION THEORY |

Information and Communication Technology (ICT) has become backbone of today's economy. Communication systems transmit the

information generated by source to some destination. This information can be voice, electronic mail, computer generated data, video,
fax, etc. Communication systems, through which this information is passed, are likely to distort this information. There is uncertainty at
transmitter, channel and receiver in the communication system. Performance of a communication system must, therefore, be analyzed
from the point of view of information transmitted and processed in the system. This will require use of probabilistic techniques because
of uncertainty involved.
C. E. Shannon in 1948 published his revolutionary work which laid the foundation of "Information Theory". He stated that we can
transmit information through a channel at any rate less than the capacity of channel with arbitrarily small error, whatever may be the
disturbances in the channel.
Information theory deals with

(i) Mathematical laws governing systems that communicate and process information.

(i) Quantitative measures of information and capacity of various systems that transmit, receive or process information.
We have to come out with mathematical models of source which is generating information, channel which is transmitting information
and receiver which is receiving information. Measurement of information involved in each stage also needs to be done so that we can
design an effective and efficient communication system.
To summarize, information theory is used for mathematical modelling and analysis of communication system, so that we will be able to
transmit minimum information and maximize the transmission rate, yet there is reliability in transmission.
1.1.1 Mathematical Model for Information Sources

There are two types of information sources
(i) Analog sources such as voice, video etc.

(i) Discrete sources such as computer generated data, PCM output etc.
Information produced by any source is random. Consider a discrete information source with m different letters or digits given by {xy, X,

X3, ... Xm}- It emits a sequence of letters selected from the set of letters. To construct mathematical model, we assume that each letter

has a probability

P(j)
m

where, > p(j)
j=1

pX =x) 1<j<m

1l
=

Discrete Memoryless Source (DMS)

If the current letter produced by a source is statistically independent of all past and future outputs, then such source is called Discrete
Memoryless Source (DMS).

Discrete Stationary Source (DSS)

If the joint probability of two sequences of length n say (x1, X5, X3, ... Xm} and {X;+n, X2+, --- Xm+n} are identical for all n > 1 and for all
shifts m, then such source is said to be stationary source.

1.2 UNCERTAINTY AND INFORMATION

The most important feature of any communication system is its uncertainty. Information produced by the source is random in nature.

The transmitter, channel and receiver which carry this information, are also statistical in nature. The performance of communication
system can be best described by modelling it statistically. Let us first understand how information is measured. Consider the following
three statements.

1. Today the sun will set in the West. 2. It will rain somewhere in India tomorrow. 3. Man bites dog.
The amount of information contained in each of above three statements is different. The first statement conveys no information at all, or
it is certain to happen. The second statement conveys some information, whereas the last statement carries lot of information as the

(1.1)
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probability of man biting dog is very very small. It means there is an inverse relationship between probability of an event and amount of
information carried by it. Thus, information is an inverse function of probability of occurrence of the event. If we denote I(x)) as

information associated with event Xj, we can write,

1
Ix) = f|:p(Xj)J . (L1)

1. p(xJ') =0, I(Xj) should be highest, say o.
2. p(xJ') =1, I(Xj) should be lowest, say, 0.
3. If p(xJ') < p(xk) then I(xJ') > I(xk)
4. If xj and yj are statistically independent,

Then, Ix, yk) = 1) + Iyl

1

e 105,y = f[p(xp - p(ykJ
Logarithmic function can give such results.
Hence,
- 1

Definition I(xJ') = log [p(_XJ)J =-log p(xJ') .. (1.2)

Thus, for discrete source X producing outputs X, Xp, X3, ... Xm, information of an event x; is given by equation (1.2). It is also called self

information. Unit of information depends on base of logarithm.

If base is 2, unit is bit. If base is 10, unit is decit or Hartley and if base is e, unit is nat. Most of the time we deal with binary information,
hence base 2 is often used and it is default base for log that we will be assuming hence forth. Note that since 0 < p(x)) < 1, then self

information I(xJ') will be non-negative i.e. I(xJ') >0.
1.3 ENTROPY AND ITS PROPERTIES

Till now, we were talking about information of single message generated by the source. What about information generated by the

source ? It can be total information or average information generated by the source. But only average information can characterize the
source. Average information of a source is information generated per individual message. It is also called entropy of the source.

Definition : Entropy of a source is average amount of information generated by the source per message.
Let us consider a source X generating m different messages, x1, X3, X3, ... Xm With corresponding probabilities p(x1), p(x2), p(X3), ... PXm)-

It means in a long stream of messages generated by source, the probability of generating message x;j will be p(x;).
(If p(xj) = 0.1, then 10 out of 100 messages generated by the source will be xj). Suppose, this source generates L number of messages at
a particular time, where L >> m.
Number of x; messages generated by the source
= pxy) xL
Total amount of information contained in all x;'s will be
1
= xLxlog——~
p(X]_) g p(xl)
Similarly, number of x, messages generated by the source
= px)xL
Total amount of information contained by all x,'s will be

1
= p(x) xLxlog 00)
and so on.
Therefore, total amount of information contained in all L messages will be
1 1
Itotal = p(x7) xLlog m + p(xp) x L Iog@ + o + p(Xm) xLlog 7/
Ltotal

Therefore, average amount of information generated by the source per message will be L

It is called entropy and is denoted by H.

Therefore, entropy of the source X will be

I

total .
HX) = T bits/message
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p(X]_) IOg p(XZ)

1
Py TP log

J

I
1 ™M

1 .
p(x)) log ) bits/message

1

m
- p(xJ') log p(xJ') bits/message ... (14)
j=1

Note that the unit of entropy is bits/message. It can also be given as bits/symbol.

O |
N I

11
Example 1.1 : Find entropy of a source X generating 4 types of messages with probabilities ey

Solution : Let given source be

X {Xl, X, X3, X4}
1111
PR = 14882

Entropy of the source is given by

M b

HX =

1
J p(x)) log, p0g)

1

=

1 1 1

1
= log (l) +3 log G) r log G) +3 log G)
4 8 8 2

1 1 1
><Iog4+8logS+8IogS+2I092

1

2131311
X2 +gX3+gx3+5x

1.75 bits/message

N N

Entropy = 1.75 bits/message

If a source is generating only single message i.e. m = 1, p(x;) = 1. Entropy of this source
1 1
HX) = P(Xl) |Og |:p(xl)j| =1 |Og 1

0 bits/message

Thus, this source is generating no information at all ! It is because there is no uncertainty in generating message. We are certain that the
source is going to generate message x1 only. Now, consider a source which is generating two messages (Binary source) x; and x,. Let

the probabilities be p(x1) and p(x;) respectively. The entropy of this source is given by

1
HX) = p(xy) log _p(xl) + p(xp) log p(xy) .. (L5)
Let p(x) =pandp(x) =q=1-p
1 1
HX) = plog—~ log ~ .. (16
X) plogy+alogy (1.6)
I L 1 I —_ 17
= + - .
plog+ (1-p)log 7~ (L7)
If we plot H(X) against p, the graph will be as shown in Fig. 1.1.
H(x)t
1.0fF-----> 1
0 05 1 e

Entropy variation against p

Fig. 1.1 : Plot of H(X) for Binary Source
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It can be observed from graph that
®  H(X) is non-negative.
e H(X)is zero only for p = 0 and p = 1 as there is no uncertainty.

1
e  H(X) is maximum at p = 5

The value of p, where maximum value of H(X) occurs, can be found by differentiating equation (1.7) w.r.t. p and equating it to zero.

1 1
HX) = plog g +(1-p)log m .. (1.8)
1 1
loge (;) loge (_l — p)
HX) = Ploge@ 17 P Tioge 2)
HX) = — p loge )4 (1-p) loge —= -~ (19)
loge (2) (1-p)

dHX) 1[ (l)l(l)ll
dp ~ loge @[ PP (Tp2) Flogep)x L+ (1P

-1 1
x(l—p)x(l_p)zx(—l)+Ioge(1_p)><(—1)j|

1 1
= loge @ [‘ 1 +loge (p) +1-loge(;— pJ

1 1 1
= Toge (@)°% (E) i} '°9eﬂ}
. 1 1 1
Equatingto 0 = = Joge @ [Ioge (p) - loge (1- p):| =0
I i I L
og o = 097 "
p = 1-p
1
P=3
It can also be seen that,
d?H(X) 1 1
dTp = _B_l—p<o ... (L.10)
i 1
Hence, maxima occurs at p = 3
1 1 1 1 )
and HX)max = 7% log (T) +5X log @ = 1 bit/message
2 2

Above result can be extended for a source generating m messages. The entropy of this source will be maximum when all messages are
equally likely or equiprobable. The maximum value of entropy will be obtained as below

m
HX = 2 pk) Iogﬁ - (111)
j:l p J
M 1
Hodmax = 2 [ log (70 . (112)
J=1
= log m bits/message .. (1.13)

When the messages are equally likely, there is maximum uncertainty. Hence, we have maximum value of entropy. Thus, more is
uncertainty, more will be the entropy.

Example 1.2: A memoryless source has alphabet A = [- 5, — 3, — 1, 0, 3, 5] with corresponding probabilities {0.05, 0.1, 0.1, 0.15, 0.05, 0.25,
0.3}. Find the entropy of source. Assume that the source to be quantized according to the rule,

q-=5) = q=3) = 4
q-1) = q0 = q1)=0
q(3) = q6) = 4

Find the entropy of the quantized source. Comment on the result.
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