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Preface

Lives of people have tremendously changed in view of the rapid growth of mobile
and wireless communication. Channel coding is the heart of digital communication
and data storage. Traditional block codes and conventional codes are commonly
used in digital communications. To approach the theoretical limit for Shannon’s
channel capacity, the length of a linear block code or constant lengths of convo-
lutional codes have to be increased, which in turn makes the decoder complexity
higher and may render it physically unrealizable. The powerful turbo and LDPC
codes approach the theoretical limit for Shannon’s channel capacity with feasible
complexity for decoding. MIMO communications is a multiple antenna technology
which is an effective way for high-speed or high-reliability communications.
The MIMO can be implemented by space-time coding. Recently, a new channel
coding technique, namely polar codes, has emerged as one of the channel coding
techniques for fifth-generation (5G) wireless communications, and it has been
recommended by third-generation partnership project (3GPP) as a channel coding
scheme for enhanced mobile broadband (eMBB) in 5G systems. However, the
market lacks a book which can serve as a textbook for graduate and undergraduate
students on channel coding techniques.

This book includes illustrative examples in each chapter for easy understanding
of coding techniques. An attractive feature of this book is the inclusion of
MATLAB-based examples with codes encouraging readers to implement them on
their personal computers and become confident of the fundamentals by gaining
more insight into coding theory. In addition to the problems that require analytical
solutions, MATLAB exercises are introduced to the reader at the end of each
chapter.

This book is divided into 13 chapters. Chapter 1 introduces the basic elements of
a digital communication system, statistical models for wireless channels, capacity
of a fading channel, Shannon’s noisy channel coding theorem, and the basic idea of
coding gain. Chapter 2 gives an overview of the performance analysis of different
modulation techniques and also deals with the performance of different diversity
combining techniques in a multichannel receiver. Chapter 3 introduces Galois fields
and polynomials over Galois fields. Chapter 4 covers linear block codes including
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RS codes because of their popularity in burst error correction in wireless networks.
Chapter 5 discusses the design of a convolutional encoder and Viterbi decoding
algorithm for the decoding of convolutional codes, as well as the performance
analysis of convolutional codes over AWGN and Rayleigh fading channels. In this
chapter, punctured convolutional codes, tail-biting convolutional codes, and their
performance analysis are also discussed. Chapter 6 provides a treatment of the
design of turbo codes, BCJR algorithm for iterative decoding of turbo codes, and
performance analysis of turbo codes. In this chapter, enhanced turbo codes,
enhanced list turbo decoding, and their performance evaluation are also described.

Chapter 7 focuses on the design and analysis of trellis-coded modulation
schemes using both the conventional and turbo codes. Chapter 8 describes the
design of low parity check codes (LDPC), quasi-cyclic (QC)-LDPC codes,
decoding algorithms, and performance analysis of LDPC and QC-LDPC codes. The
erasure correcting codes like Luby transform (LT) codes and Raptor codes are
described in Chap. 9. The design of polar encoder and successive cancelation
decoding (SCD), successive cancelation list decoding (SCLD), and multiple bit
decision successive cancelation list decoding algorithms and their performance
evaluation are provided in Chap. 10.

Chapter 11 provides an in-depth study of multiple-input multiple-output
(MIMO) systems in which multiple antennas are used both at the transmitter and
at the receiver. The advanced techniques for MIMO OFDM channel estimation are
also described in this chapter. The design of space-time codes and implementations
of MIMO systems are discussed in Chap. 12. Chapter 13 deals with the evolution of
channel codes for 5G wireless communications.

The motivation in writing this book is to include modern topics of increasing
importance such as turbo codes, LDPC codes, polar codes, LT and Raptor codes,
and space-time coding in detail, in addition to the traditional RS codes and con-
volutional codes, and also to provide a comprehensive exposition of all aspects of
coding for wireless channels. The text is integrated with MATLAB-based programs
to enhance the understanding of the underlying theories of the subject.

This book is written at a level suitable for undergraduate and master students in
electronics and communication engineering, electrical and computer engineering,
computer science, and applied physics as well as for self-study by researchers,
practicing engineers, and scientists. Depending on the chapters chosen, this text can
be used for teaching a one- or two-semester course on coding for wireless channels.
The prerequisite knowledge of the readers in principles of digital communication is
expected.

Hyderabad, India K. Deergha Rao
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Chapter 1 ®)
Introduction Check for

In this chapter, a digital communication system with coding is first described. Second,
various wireless communication channels, their probability density functions, and
capacities are discussed. Further, Shannon’s noisy channel coding theorem, channel
coding principle and channel coding gain are explained. Finally, some application
examples of channel coding are included.

1.1 Digital Communication System

A communication system is a means of conveying information from one user to
another user. The digital communication system is one in which the data is trans-
mitted in digital form. A digital communication system schematic diagram is shown
in Fig. 1.1. The source coding is used to remove redundancy from source informa-
tion for efficient transmission. The transmitted signal power and channel bandwidth
are the key parameters in the design of digital communication system. Using these
parameters, the signal energy per bit (E,) to noise power spectral density (Ny) ratio
is determined. This ratio is unique in determining the probability of bit error, often
referred to as bit error rate (BER). In practice, for a fixed E; /Ny, acceptable BER
is possible with channel coding. This can be achieved by adding additional digits
to the transmitted information stream. These additional digits do not have any new
information, but they make it possible for the receiver to detect and correct errors,
thereby reducing the overall probability of error.
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Source Source Channel Modulator /
Symbols »| Encoder "| Encoder "| Transmitter
A 4
Physical
Channel
Source - ¥
symbols | Source | Channel | Receiver/
Sink Decoder Decoder Demodulator

Fig. 1.1 Digital communication system with coding
1.2 Wireless Communication Channels

1.2.1 Binary Erasure Channel (BEC)

Erasure is a special type of error with known location. The binary erasure channel
(BEC) transmits one of the two binary bits O and 1. However, an erasure “e” is
produced when the receiver receives an unreliable bit. The BEC output consists of
0, 1, and e as shown in Fig. 1.2. The BEC erases a bit with probability ¢, called the
erasure probability of the channel. Thus, the channel transition probabilities for the

BEC are:

Fig. 1.2 Binary erasure Transmit Receive
channel
0 »
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Fig. 1.3 Binary symmetric
channel

Py=0x=0)=1—¢,
Piy=elx=0) =c¢,
Py=1x=0)=0,
Py=0x=1)=0,
Py=elx=1)=c¢,
Py=1x=1)=1-c¢.

(1.1)

1.2.2 Binary Symmetric Channel (BSC)

The binary symmetric channel (BSC) is a discrete memoryless channel that has
binary symbols both in the input and output. It is symmetric because the probability
for receiving O when 1 is transmitted is same as the probability for receiving 1 when
0 is transmitted. This probability is called the crossover probability of the channel
denoted by P as shown in Fig. 1.3. The probability for no error, i.e., receiving the
same as transmitted is 1 — P. Hence, the channel transition probabilities for the BSC
are:

Py=0x=0)=1-P,
Py=0x=1)=P,
Py=1x=0)=P,
Py=1lx=1)=1-P,

(1.2)

1.2.3 Additive White Gaussian Noise Channel

In an AWGN channel, the signal is degraded by white noise n which has a constant
spectral density and a Gaussian distribution of amplitude. The Gaussian distribution
has a Probability Density Function (PDF) given by
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Pr n) = €X 5 .
df 2 5 p 2 2

where o2 is the variance of a Gaussian random process.

1.2.4 Gilbert-Elliott Channel

For bursty wireless channels, the Gilbert—Elliott (GE) channel [1, 2] is one of the
simplest and practical models. The GE channel is a discrete-time stationary model
as shown in Fig. 1.4 with two states: one bad state or burst state “2” wherein a BSC
resides with high-error probabilities (1 — P,) and the other state is a good state “1”
wherein a BSC resides with low-error probabilities (1 — Py).

Another common GE Example is that the BEC resides in a bad state with ¢ close
to unity and assigns erasures to all of the bits transmitted during the high-error-rate
(bad) state.

Py
1=k 1-P,
P,
1-P,
0 0
P;
P,
1-P,
1 1
Good Channel Bad Channel

Fig. 1.4 Two-state channel
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1.2.5 Fading Channel

In the radio channel, the received power is affected by the attenuations due to the
combinations of the following effects

1. The Path loss: 1t is the signal attenuation. The power received by the receiving
antenna decreases when the distance between transmitter and receiver increases.
The power attenuation is proportional to (distance)®, where « values range from
2 to 4. When the distance varies with time, the path loss also varies.

2. The Shadowing loss: It is due to the absorption of the radiated signal by scattering
structure. It is derived from a random variable with log-normal distribution.

3. The Fading loss: The combination of multipath propagation and the Doppler
frequency shift produces the random fluctuations in the received power which
gives the fading losses.

1.2.6 Fading

Fading gives the variations of the received power along with the time. It is due to
the combination of multipath propagation and the Doppler frequency shift which
gives the time-varying attenuations and delays that may degrade the communication
system performance. The received signal is a distorted version of the transmitted
signal which is a sum of the signal components from the various paths with different
delays due to multipath and motion.

Let T be the duration of a transmitted signal and B, be the signal bandwidth. The
fading channel can be classified based on coherence time and coherence bandwidth
of the channel. The coherence time and coherence bandwidth of a channel are defined
as

Doppler spread:

Doppler shift is defined as the perceived change in the frequency of the electromag-
netic wave due to the mobility of the mobile user.

If the mobile station is moving with a velocity v at an angle 6 with the line joining
mobile user and base station, the Doppler shift f; is expressed by

fi= (Ecos 9>fc (1.4a)

where f, is the carrier frequency, and c is the velocity of light.

From the above equation, it can be observed that the Doppler shift is maximum
when 6 = 0 and the Doppler shift is zero when 6 = 0 = 7 that is, when the mobile
motion is perpendicular to the receive direction.
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Thus, the maximum Doppler shift f;max 1S given by

v
fdmax = (‘) c (14b)
c
Then, the delay spread Bp = 2fymax

The coherence time of the channel T is

2 L _ 1
2BD 4fdmax

(1.4¢)

c

The coherence time implies that the channel changes at every coherence time
duration, and the channel is to be estimated at least once in every coherence time
interval.

Example 1.1 Consider a mobile user is moving at 40 kmph with f. = 2.4 GHz.
Compute the coherence time.

Solution
5 2000
40kmph =40 x — = —— = 11.1111 m/s
18 18
11.1111 6
Samax = ————= x 2400 x 10° = 88.8888 Hz
3 x 108
1 1
T. = = =22.5ms
4fdmax 4 x 88.8888
Delay spread:

The maximum among the path delay differences, a significant change occurs when the
frequency change exceeds the inverse of Tp, called the delay spread of the channel.
The channel bandwidth of the channel B, is

1
B . & — 1.5
™ (1.5

For example, if a 4-multipath channel with the delays corresponding to the first
and the last arriving are O s and 6 s, the maximum delay spread

Tp =6 s —0pus = 6us

RMS Delay spread:

In a typical wireless channel, the later arriving paths are with lower power due to
larger propagation distances and weaker reflections. In such a scenario, maximum
delay spread metric is not reliable.
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The RMS delay spread is defined by

T \/Z, ogz(ft_f)
DRMS —

,og:

where

7; is the delay of the ith path.
g; is the power corresponding to the ith path.
T is the average delay given by

Z,-L;ol giTi

Z,‘L:_ol gi
Example 1.2 Consider a wireless channel consists of L = 4 multipath with the delays
and power tabulated as follows

0

i Ti (1s) gi

0 0 1

1 1 0.1

2 3 0.1

3 5 0.01
Solution

1x0+0.1x1+0.1x3+001x5
g X OO IHO0IX 001X O 37101
1+0.1+0.1+001

1% (0—0.3719)2 + 0.1 x (1 —0.3719)2 + 0.1 x (3 —0.3719)2 +0.01 x (5 — 0.3719)2
TpRMS = ns
140.1+0.1+0.01

=0.9459 s

1.2.6.1 Fading Channels Classification

The classification of fading channels is shown in Fig. 1.5.

The fast fading causes short burst errors which are easy to correct. The slow
fading will affect many successive symbols leading to long burst errors. Due to
energy absorption and scattering in physical channel propagation media, the trans-
mitted signal is attenuated and becomes noisy. The attenuation will vary in mobile
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Fading Channel Classification

|
L l l

T, & T, T,>T, B, < B, B, = B,

Slow fading Fast fading Frequency flat Frequency selective

Fig. 1.5 Classification of fading channels

communications based on the vehicle speed, surrounding trees, buildings, moun-

tains, and terrain. Based on the receiver location, moving receiver signals interfere

with one another and take several different paths. As such, the wireless channels are

called multipath fading channels. Hence, the additive white Gaussian noise (AWGN)

assumption for wireless channels is not realistic. Thus, the amplitudes in the wireless

channels are often modeled using Rayleigh or Rician probability density function.
The most common fading channel models are

1. Flat independent fading channel
2. Block fading channel.

In flat independent fading channel, the attenuation remains constant for one sym-
bol period and varies from symbol to symbol. Whereas in block fading channel, the
attenuation is constant over a block of symbols and varies from block to block.

1.3 Statistical Models for Fading Channels

1.3.1 Probability Density Function of Rician Fading Channel

When the received signal is made up of multiple reflective rays plus a significant
line-of-sight (non-faded) component, the received envelope amplitude has a Rician
Probability Density Function (PDF) as given in Eq. (1.6), and the fading is referred
to as Rician fading.
2 2
Py (x) = ﬁexp(— (x;:; )>Io(§—‘2) ;forx>0,A>0
=0 ; Otherwise

(1.6)

where x is the amplitude of the received faded signal, I is the zero-order modified
Bessel function of the first kind, and A denotes the peak magnitude of the non-faded
signal component called the specular component. The Rician PDF for different values
of sigma and A = 1 is shown in Fig. 1.6.
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Fig. 1.6 Probability density 1.8
of Rician fading channel
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1.3.2 Probability Density Function of Rayleigh Fading
Channel

Rayleigh fading occurs when there are multiple indirect paths between the transmit-
ter and the receiver and no direct non-fading or line-of-sight (LOS) path. It represents
the worst case scenario for the transmission channel. Rayleigh fading assumes that a
received multipath signal consists of a large number of reflected waves with indepen-
dent and identically distributed phase and amplitude. The envelope of the received
carrier signal is Rayleigh distributed in wireless communications [3].

As the magnitude of the specular component approaches zero, the Rician PDF
approaches a Rayleigh PDF expressed as follows:

Py (x) = %exp(—%) forx >0
=0 Otherwise

(1.7)

The Rayleigh PDF for different values of sigma is shown in Fig. 1.7.

Additive white Gaussian noise and Rician channels provide fairly good perfor-
mance corresponding to an open country environment, while Rayleigh channel,
which best describes the urban environment fading, provides relatively worse per-
formance.

1.3.3 Probability Density Function of Nakagami Fading
Channel

The Nakagami model is another very popular empirical fading model [4]
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Fig. 1.7 Probability density 35 : : :
of Rayleigh fading channel —+— sigma=0.2
— — — sigma=0.6
3t sigma=1.0 | |
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_ 2 M AN™ o1 —111’—22
Pdf(r) = m(ﬁ) r c 20 (18)

where
o2 = 1E[r?], I'() is the gamma function.
m > % is the fading figure.
The received instantaneous power r satisfies a gamma distribution. The phase of
the signal is uniformly distributed in [0, 27t). The Nakagami distribution is a general

model obtained from experimental data fitting and its shape very similar to that of
the Rice distribution. The shape parameter “m” measures the severity of fading.

when

m = 1, it is Rayleigh fading.
m — 00, it is AWGN channel, that is, there is no fading.
m > 1, it is close to Rician fading.

However, due to lack of physical basis, the Nakagami distribution is not as popular
as the Rician and Rayleigh fading models in mobile communications. Many other
fading channel models are discussed in [5].

1.4 Channel Capacity

Channel capacity can be defined as the maximum rate at which the information can
be transmitted over a reliable channel.
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Transmission rate _ R/H
Channel Bandwidth ~ B

bits/s/Hz
(1.9)

Spectral or Bandwidth Efficiency =

where R; is the symbol rate, H is the entropy.
The channel capacity is also known as Shannon’s capacity which can be defined
as the average mutual information for a channel with energy constraint.

1.4.1 Channel Capacity of Binary Erasure Channel

The channel capacity of binary erasure channel is
Cpgec=1-—c¢ (1.10)

¢ is the probability of a bit erasure, which is represented by the symbol e.

1.4.2 Channel Capacity of Binary Symmetric Channel

The channel capacity of binary symmetric channel is
Cpsc =1 —"H(P) (1.11)
‘H(P) is the binary entropy function given by Ryan and Lin [6]
H(P) = —Plog,(P) — (1 — P)log,(1 — P) (1.12)

P is the probability of a bit error.

1.4.3 Capacity of AWGN Channel

An additive white Gaussian noise (AWGN) channel can be expressed by the following
input—output relationship

y=x+n (1.13)

where x is the transmitted source signal, y denotes the output of the channel, n is a

real Gaussian process with zero mean, variance (7,’2 = E[nz], and two-sided power

spectral density % The mutual information / (x; y) with constraint on the energy of
the input signal can be expressed as



